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Environment-Induced Cracking of Metals
Editors' Summary

R.P. Gangloff
University of Virginia

Charlottesville, Virginia, USA

M.B. Ives
McMaster University

Hamilton, Ontario, Canada

Throughout the 1988 World Materials Congress in Chicago, we were reminded of how
the scope of materials science and engineering has expanded over the few years of its AS ' InternatOnahs
ioentifiable existence as a discipline. E .ny studies emphasized the relationship between
structure and properties. This was soon expanded to add a third component, processing. NvIBONME~N
Problems with engineered components and a myriad of frontier challenges on earth and in E V CKNN
space focus our attention on a fourth dimension, performance. It is this final element of the INDUCED CRACKING
materials tetrahedron that underlies the importance and urgency of the topics covered in this OF METAL
First International Conference on Environment-Induced Cracking of Metals- "EICM-I'-held
as a "satellite" event of the 1988 World Materials Congress. The predictable, reliable, and
high performance of engineering materials under combinations of load and aggressive
environment are without a doubt important challenges to the materials community.

Since it is, perhaps, folly to search for the unifying mechanism for all forms of
environmental cracking, so it is ill-advised to summarize a conference of the scope of this one.
In both endeavors, the considerations are legion, the biases of the obst. urs are substantial,
and many factors are beyond our current state of measurement and comprehension.

This volume provides the final written record of the Koh'er conference. Here, we have
worked to record the proceedngs in a format that is inclusive of all invited and contributed
papers, which have been peer reviewed and include substantial discussion contnibution5 from
a large proportion of the participants. The final discussion session is particularly interesting
in that many of the participants offered their perspectives on consensus issues, uncertainties,
and areas for future research and engineering.

Each reader of this volume must ultimately develop his or her own summary of the
significant accomplishments and weaknesses of the first International Conference on
Environment-Induced Cracking of Metals. Our opinions are offered as follows.

Consensus Issues
Identification of consensus issues is undoubtedly controversial. Many of the written

comments from participants suggested that no true con~eilsus was reached on any particular
aspect of environmental cracking! Th. ,tmp believes that while we may have progressed
somewhat in our appreciation of the various environmental cracking phenomena since the
Firminy meeting, we have not reached any true understanding of the phenomena as a whole.
This view proposes that continued, often unsubstantiated and qualitative, debate on the
details of a variety of mechanisms hinders our progress toward material and component
performance predictions. This situation, more than anything else, makes for frustration within
the engineering design community.

A second camp of participants concludes that substantial progress has been made since
Firminy Much of the speculation of the 1970s has been replaced by quantitative experimental
evidence Quantitative and testable models are emerging, with focus on specific embrittle-
ment mechanisms that are relevant to classes of alloys and environments. Meaningful life
predictions may be developed to include environmental cracking. The critical importance of
crack chemistry and crack tip process-zone deformation and fracture has spawned new
models and experimental probes. Those with this view do not believe that all problems are",
solved, but rather that the field is generally on the right track. Useful information is being made
available for the user, but improvements and new ideas are, of course, still required. ,

Transgranular vs Intergranular Cracking
A major discussion topic was the significance of intergranular vs transgranular crack

paths, and whether each t,pe is indicative of a unique crack growth mechanism. R.N. Parkins,
unarguably a significant contributor to the field of stress corrosion cracking over the years, is W
of the view that there is no overwhelming need for different mechanisms, although it was clear
that his viewpoint, since it has not been conclusively proven, was not shared by all. More
detailed microscopic analysis of fracture paths and whether the transitions of a single cracK
between these paths is a consequence of changes in micromechanics or electrochemical •
driving force remain to be determined.

Quantitative fractographic investigations of environmental cracking were not repre-
sented at the Kohler meeting. This approach has much to offer to mechanistic and failure
analysis studies, and is worthy of renewed emphasis.

Photos M.B. Ives



Relevance of Fracture Mechanics A New Material Property:
to Environmental Failure Mechanisms "Situation-Dependent Strength" -

Extensive debate on the application of fracture mechanics The thought-provokng presentation made by Staehle at the
concepts (for example, using the stress-intensity factor to correlate final session reviewed the progress of the field sinca 1961 and
the behavior of different alloys and environmental effects) puiiited to introduced the term situation-dependent strength to emphasize the
an interesting dichotomy. The fractur6 mechanics approach has critica, role played by the environment on the mechanical behavior of
yielded significant mechanistic and component life-prediction gain. engineering materia!s. Specifically, Staehle noted that the strength ot
since-the Firminy Conference and provides a rational characteriza- a material in a given engineering application depenus on the specific
tion of the mechanical driving force for environmentat crack growth. situatoo as defined simultaneously by material, envronment, stress,
No other approach has been developed quanlitatively. and geometry." Acceptance of Staehle's proposal by those present

In contrast, nany participants expressed difficulty in accepting (although some sought a property other than strength for the
that macroscopic mechanics parameters can d. cribe tne local definition) was significant. Some participants suggested that the
mechanical driving force at a crack tip. Additional problems are concept, while useful for designer comprehension, does not address
associated with cack-geometry-dependent chemistry, phenomena the complex factors that confront true predictions of strengtil.
not described by a purely mechanical approach. While clearly a
critical problem requiring future research, recent successes in Reduction to Practice
modeling crack-tip chemistry and crack-tip stress-strain-rate fields to Whenever a group of researchers meets together for an
within microns of the crack tip show the usefulness of the fracture extended period to discuss their 'life works,' a cor~siderable amount
mechanics approach. Perhaps the most important challenge is to of introversion can be expected, and this conference was no
relate continuurn crack-tip deformation to microscopic events such as exception fo most of the week. However, the final session iiicluded
single-grain slip, gran-boundary sliding, and interface decohesion. discussion of how we may better translate the meuhanistic concepts

Any abandoning of the fracture mechanics approach would of environmental cracking to engineering practice. Sparked by the
require that it be replaced by a mechanicdl method that is capaole of banquet address on the significant envircnmental challenges to
quantitative prediction. Both mechanistic and component life-predic- materials represented by the hypersonic U.S. National Aerospace
tion issues must be served in this iegard. No such appioaches were Plane" (NASP) and the situation-dependent strength concept aimed
offered at Kohler. at catching the interest of the design engineer, participants appeared

sympathetic to improving the transition from theory to engineering
The "Film-Induced Fracture" Model practice. Assisted by the presence of delegates concerned primarily

with the application of materials in aggressive engineering environ-The recent work of Sieradzki and coworkers has quantified a ments, it was agreed that the first move must come from the
thought-provoking model to explain the local brittleness exhibited by researchers.
certain nominally ductile metals when stressed in corrosive environ-
ments. This has emphasized the possibility that cracks originate in Topics Not Discussed
brittle surface corrosion films and "overshoot" to propagate directly Several important topics were not covered by any of the invited
into the otherwise ductile substrate metal. Many are skeptical of this review papers, contributed papers, or discussions. These include the
process ior a variety of reasons, evidence of which was provided by following:
the extensive discussions on this subject at the meeting. It appears
that the model has now found some respectability, especially when (1) The environmental fracture behavior of advanced monolithic and
coupled with newer concepts involving local dealloying that occurs, composite materials.
for example, in austenitic stainless steels as well as in brasses. (2) Applications of advanced optical and electron microscopic and

A statement by Parkins on this subject is particularly illuminat- surface spectroscopic techniques, particularly those capable of
ing: "While I have no difficulty in accepting the concept of film- in situ application, to probe localized chemical reactions and
induced cleavage, I feel that there is still a need to show, by direct mechanical damage.
measurement, that the cracks do jump very rapidlly. At present this is (3) Descriptions of integrated and quantitative life-prediction meth-mnlynfeasredrome that terkdjmavey rapidl. tr epentatis. ods for specific applications.
only inferred from experiments that may have other explanations. (4) Developments of environment chemistry and crack initiation/
There are others who have difficulty in accepting the concept growth damage sensors for in situ laboratory and component
because of the considerable microplasticity associated with cracking. applications,
Some of this deformation may be involved in initiating the dealloying appli tan
or dissolution that leads to other films that actually initiate the These important topics are in an infant state and are likely to be
cleavage, so that emerging stip steps may play an integral part in the the target of increased research in!rest in the near future.
film-induced cleavage mechanism." This subject will undoubtedly be Final Thoughts
actively researched over the next decade. Finally, our week in Wisconsin did not solve the environmental

cracking problem nor did it provide a reliable blueprint for engineering
Mechanisms of Enviro,. iental Embrittlement success in the near future. We are now sure that there is no one

An oft debated topic, that o' 'f ,iechanism" for environmental unified theory of environmental cracking. But this review and analysis
cracking, received significant a -he emerging view appears should help the corrosion research community assess the current
to support the idea that each di.;, .,,chanism jhydrogen embrit- state of knowledge and provide for more efficient research direction
tlement by either decohesion or enhanced slip localization, film- for the future.
induced cleavage andlor film rupture, and transient metal dissolution This volume contains two types of paper. Eighteen world-
during crack tip repassivation) is a strong candidate for most renowned specialists were .ommissiconed to critically review the state
materiaL'environment systems. Moreover, these mechanisms are of the art and knowledge of all aspects and mechanisms in particular
likely to contribute jointly to crack growth in many materials, of environmental cracking. Additionally, 35 contributed papers are

Elegant experimental evidence was presented to demonstrate included. Each of these manuscripts was peer reviewed by a three-
the occurrence of these mechanisms in simple systems (e.g., pure person panel according to international journal standards.
metal in hydrogen gas). Unfortunately, elaborate analyses are This conference, from its inception through the planning,
required to preclude a specific mechanism anJ v,.ific uncertainties running, reviewing, editing, and publication, was made possible
remain for engineering alloys and complex electrolytes. Perhaps the through the enoimous individual contributions of so many colleagues
correct view, as indicated by the discussions, is that these atomistic and a dedicated NACE staff. We extend our sincere thanks to
processes can and do operate in series or parallel for most important everyone, but particularly o the authors, who ultimately determine
situations involving environmental cracking. the archival quality of this book.

Charlottesville, Virginia USA
and Lausanne, Switzerland

October 1989
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SECTION I

Stress Corrosion, Hydrogen Embrittlement,
and Metal-!nduced Cracking

Co-Chairmen's Introduction

E.N. Pugh
National Institute of Standards and Technology

Gaithersburg, Maryland, USA

M.B. Ives
McMaster University

Hamilton, Ontaro, Canada

The first day of the conferance was devoted to overview papers, describing the state of
knowledge of the major phenomena of environment-induced cracking. The first session
included reviews on stress corrosion cracking, hydrogen embrittlement, and metal-induced
cracking. Each review was prepared by an author with worldwide recognition for his
continuing contributions to the subject. As such, the three reviews in this session and the
three in the following session represent a definitive exposition of the current scope of the
conference topic.

Stress corrosion cracking was reviewed by Parkins in a paper that ably summarizes the
critical considerations within an enormous field, and one that is constantly being added to in
the scientific research literature. Parkins points out that the evidence now points against the
existence of a single, all-embracing mechanism of stress corrosion cracking, and that a
spectrum of different mechanisms is more !ikely. Thus, in the review, the proposed
mechanisms are divided into two groups, one that considers that cracking involves
embrittlement of the metal by interaction with the environment, and one that believes cracks
grow by localized dissolution processes. The review, and much of the following discussion,
compares and contrasts the processes involved in transgranular and intergranular cracking
modes, since the fracture path is considered to be a principal indicator of operative
mechanism, even if there is still considerable ambiguity about which precise mechanism
might be appropriate in a given metal-environment system. Parkins also focuses on
environmental aspects of stress corrosion cracking. It is noted that the earlier concept of
specificity. e.g., ammonia for copper alloys, chlorides for stainless steels, and nitrates and
hydroxides for ferritic steels, has become less relevant as the environments known to cause
stress corrosion cracking in specific alloys grow in number. Attention is now being directed
to the relevant environmental processes, such as film formation and breakdown, with
environments considered more generically.

In his overview of hydrogen embrittlement, Birnbaum also emphasizes that a single,
universal mechanism is unlikely. Rather, it is concluded that at least three types of fracture
mechanisms can be operative, viz., hydride formation and cleavage, hydrogen-induced local
plasticity, and hydrogen related weakening of bonds (decohesion). These and other viable
mechanisms are disc.ssed in terms of the experimental evidence, with particular emphasis
on in situ transmission electron microscopy. The discussion is aided by the classification of
metal-hydride systems on the basis of the stability of hydrides, including cases in which
hydrides are stress induced. Despite the review of a large amount of data, Birnbaum
concludes that there Is still insufficient data to establish firmly the appropriate mechanism of
hydrogen embrittlement in many systems.

Stoloff reviews a subject for which the scope of the phenomenon and the extent of its
study Is much less than the other two processes. Nevertheless, there is an increasing use of
engineering systems involving metal-metal contacts, and it is likely that metal-induced
fracture will become more important as time goes on. Indeed, Stoloff observes, "It is quite
likely that virtually all higher melting solid metals can be embrittled by lower melting metals
provided that the microstructural and environmental conditions are favorable." From a
mechanistic standpoint, metal-induced cracking can be expected to provide insight into the
processes operating in stress corrosion cracking and hydrogen embrittlement. Stoloff
indicates that there are at least three mechanisms of crack nucleation involving metal-metal
contact, involving any or all of surface diffusion, grain-boundary diffusion, and locally
enhanced plasticity.

Newcomers to the environment induced cracking field would do well to review these
papers in detail, since they represent an excellent overview of the current appreciation of
some extremely complex phenomena. -.,--.,Ie Photos: M 13. Ives



Stress Corrosion Cracking
R.N. Parkins*

Abstract
Mechanisms of stress corrosion cracking can be divided for convenience into those mechanisms that
invclve embritilement of the metal as a consequence of corrosive reactions or those in which the cracks
grow by extremely localized dissolution processes. The arguments supporting and opposing such ideas
are considered in the context of specific systems with particular emphasis upon the environmental
requirements for cracking. Thus, the cracking domains for steels and for copper-base alloys are
considered in relation to the relevant potential-pH diagrams, as are crack growth kinetics involving
dissolution, film growth, and crack-tip strain rates as the controlling parameters. Brief consideration is
also given to the phenomenon of crack coalescence as a matter that has implications for mechanistically
oriented studies, as well as for its engineering implications in service situations.

Introduction corrosive attack being concentrated in regions that had suffered the
The early literature on the stress corrosion cracking (SCC) of metallic greatest amount of cold work, which bears a similarity to the
materials is associated with the earlier part of the present century, explanation offered by Straub and Parr' involving, inter aba, the
although it is probable that service failures were experienced before suggestion that, under stress, grain boundaries will be seats of high
that, while the last three decades have seen a considerable increase energy and will therefore suffer enhanced corrosion, an offering
in interest in this subject. Possible reasons for the latter are that as frequently taken up subsequently by others.
the problem of general corrosion has been overcome, by control of These early ideas, dominated by physico-metallurgical consid-
environmental factors and the development and use of inherently erations at the expense of electrochemistry, lacked the rigorous tests
more corrosion-resistant materials, the probability of localized forms of critical experiments, an affliction not restricted to early papers in
of corrosion occurring has increased. These trends have been the field. Nevertheless, while consideration of the role of the
accompanied by moves towards higher operating stresses, deriving environment rarely extended beyond the stage of writing chemical
from the more efficient use of materials, and the more extensive use equations that showed reactions leading to the release of hydrogen
of welding as a method of fabrication, resulting in relatively high or the formation of an oxide film, until the advent of the paper by Dix,3

residual stresses in structures, all of which may be expected to current ideas on the mechanistic aspects of SCC are not essentially
increase the incidence of SCC. different from those propounded more than half a century earlier. This

The earliest hypotheses offered by way of explaining such is not to imply that understanding has not changed over that period,
failures are still reflected in current thinking. Thus, Andrew1 was one since some of the critical experiments not always available to early
of the first to suggest that the embrittlement caused by the ingress of workers have now been conducted to test the early hypotheses and,
hydrogen into ferritic materials offered a possible explanation of the as a consequence, some of these concepts have gained acceptance.
intergranular cracking of a boiler steel as reported by Stromeyer,2  The problems to be considered in explaining environment-
although the latter was the first of a number of workers to suggest that sensitive fracture are essentially twofold. The first problem concerns
chemical heterogeneity at the grain boundaries was the cause, a accounting for the fracture of normally ductile materials with little
mechanism subsequently developed in more detail by Dix 3 in relation attendant deformation at relatively low stresses and the second with
to aluminum alloys The beginnings of oxide film rupture mechanisms the role of specific environments, with its thermodynamic and kinetic
are apparent in the early papers of Straub and Parr, ' while overtones, in promoting such failure. The mechanistic options
mechanics occupies the dominant role in an explanation offered s for available would also appear to be essentially twofold. Thus, either the
the caustic cracking of boilers, the stresses remaining in the boiler metal must become embrittled as a consequence of the corrosive
seams after riveting, together with the working stresses, being reactions or the cracks propagate by extremely localized dissolution
considered to be high enough to exceed the fracture strength of the processes. The precise details may vary from one system to another,
steel. This rather simplistic view might have had more credence if it or even for the same metal exposed to different environmental
had invoked the concept of surface energy, but the classical work of conditions, since ihe variability of the mechanisms of fracture of
Griffith6 on the fracture of glass based on an energy argument was metals in the absence of environmental influence by brittle, ductile, or
still about 20 years away The possibility of accounting for the caustic fatigue fracture, and the variability of electrochemical reactions,
cracking of boilers on the basis of a fatigue mechanism was according to potential and solution composition, would appear to
suggested by Wolff,7 and McAdam8 attempted an explanation based preclude the possibility of some all-embracing mechanism of envi-
on his experience with corrosion fatigue, reflecting the more recent ronment-sensitive fracture that accounts for all such instances.
interest in the interface between stress corrosion and corrosion
fatigue. In the discussion that the Faraday Society held in 1921, Embrittlement Mechanisms
Fletcher9 suggested that the problem might be explained by the Embrittlement MechanismsEmbrittlement mechanisms are the detailed concerns of other

papers1° . 10 and so will be touched upon only briefly here. Since
'Department of Metallurgy and Engineering Materials, University of stress corrosion cracks propagate in an apparently brittle manner,
Newcastle upon Tyne, Newcastle upon Tyne, NEI 7RU England. albeit at low velocities, the Griffith approach6 to brittle fracture has

EICM Proceedings



often proved attractive in the context of environment-sensitive face-centered cubic (fcc) meta;s, as a-brass, has not been demon-
fracture. Thus, the fracture stress (oc) to cause the spread of an strated in a like manner. However, relatively recent atomic modeling
elliptical crack, Length 2(c), is given by: studies indicate the theoretical possibility of short-range cleavage of

ductile metals from an initiating surface film of appropriate
characteristics,' 1.21.22 and there vr3 claims for the apparent cleava3t

c =( 2 (1) of fcc metals from electron microscopical studies of stressed thinCIc (1) foils.22

The attraction of a microcleavage-based mechanism for trans-
where E is Young's modulus aid -y. is the surface energy Clearly, granular stress corrosion cracking (TGSCC) in a number of systems
any process that lowers -y. will reduce the stress for brittle frarture derives from fractographic observations2 3 and the emission of
anu -3 may be lowered by the absorption of app'opriate species at discrete acoustic events and electrochemical current transients
the fracture surface. Petch and Stables 2 ha, invoked such an accompanying crack growth.22 Thus, stress corrosion fracture sur-
approach in relation to the hydrogen embrittlement of steel, the initial faces are characedzeJ by flat, parallel facets separated by steps.
Griff,tns cracks, being likened to bloo,.ed glide planes, extending by opposite fracture surfaces beiry matching and interlocking Arrest
the formation of a surface on ti which hydrogen is absorbed markings are somet,,nes observed, suggesting that crack growth is

The "stress sorption cracking" hypothesis of Uhlig' 3 is not discontinuous, as obseivsd in the experiments of Edeleanu and
essentially different from that indicated above, except that the Forty.' Moreover, there is a strong correlation between peak
chemisorbed species are effective at the surface of the crack tip amplitude acoustic emission events and electrochemical current
rather than at some distdrnce into the metal beyond the crack tip, as transient peaks during the transgranular cracking of a-brass exposed
is often assumed in relation to hydrogen-induced cracking. There are to NaNO 2 solution.22 Of course, it may be argued that such
various difficulties associated with the "stress sorption cracking" observations are not unequivocal demonstrations of crack growth by
c.oncept,1 4 but the demonstration by many workers that small, fast cleavage. Thus, arrest markings make no comment upon the
although measurable, amounts of plastic deformation are involved in processes occurring between successive markirgs, which simply
stress corrosion crack propagation creates a particular problem. indicate that the crack stopped. If, as is likely, the crack stops
Where plastic deformation is involved in fracture, Orowan 5 suggests because of plastic deformation and crack yawning, the acoustic
that the surface energy term in Equation (1) needs to be modified to emissions and electrochemical current transients could be a conse-
take into account the work done in plastic deformation, so that to 1. quence of such deformation. Attempts to measure possible cleavage
should be added yp, the work for plastic strain. Now 1. is greater than events directly2' by appropriately sensitive electrical resistivity changes
-ys by a few orders of magnitude (5 kJ/m 2 as opposed to 5 Jim2), and during crack growth in fine a-brass wires exposed to NaNO 2 have not
therefo-e any reduction in the latter by absorption will have a indicated rapid changes in resistance, despite the presence of
negligible effect on the fracture stress. Moreover, in some instances cleavage-like features and arrest markings being observed on the
of hydrogen-related fracture of metals, evidence of the fracture wires after failure. Moreover, the expression used in the analytical
mechanism involving enhanced local plasticity caused by the pres- modeling of cleavage initiated by films22 appears to involve dislocation-
ence of hydrogen 0 has become apparent in recent years and, for crack interactions that are only likely to be valid under small scale
those cases at least, the mechanism of crack growth is hardly yielding conditions. Yet, the initiation of stress corrosion cracks in
consistent with an approach based on Equation (1). a-brass exposed to NaNO 2 solution is associated with the onset of

Apart from hydrogen reacting with dislocations, vacancies, or yielding and continues with general yielding.25 The latter leads to
larger voids to influence fracture behavior, there is another type of extensive branching, which seems more likely to be related to shear
reaction into which it can enter and influence cracking, namely, the strains being very effective in producing crack growth than to any
formation of hydrides in appropriate alloys. Scully and Powell "6 have dynamic effects, not least because crack branching in cleavage-type
developed earlier observations' 7 on the formation of a brittle hydride fracture only occurs at very high crack velocities
phase in a-Ti alloys to explain the SCC of such materials, involving Despite these current difficulties, the film-induced cleavage
cleavage of the hydride as an important step in the cracking process. model for TGSCC in some systems has advantages over the only
Pugh and his coworkers have extended these observations or, the realistic alternative, the so-called "slip-step dissolution model."
importance of hydride formation in the cracking of Ti alloys and have Although the latter expression is often used incorrectly, it has its
shown that the fracture planes correspond to the habit plant, s of the origins in the work of Hoar and his colleagues26 27 on yield-assisted
hydride, as well as showing that Mg/Al alloys may form hydrides." anodic dissolution, the expression that is usually more appropriate

From the localized repetitive generation of brittle hydrides in Slip step dissolution implicitly means dissolution at or along slip lines
advance of a crack tip, it is a short step to consider the possibility that and, although such has been observed,28 .'29 it does not appear likely
embrittling films formed at exposed surfaces of metals may play a to lead to the matching and interlocking fracture surfaces often
critical role in SCC. Film rupture has often been invoked as a observed in the transgranular cracking of fcc metals .3 Nevertheless,
mechanism of SCC since the early work of Straub and Parr,4 the Kaufman and Fink3° consider that TGSCC of a-brass in ammoniacal
name of Logan.' in particular, frequently being mentioned in this solutions occurs by extremely localized ductile fracture, reflecting the
context. Despite the fact that in many cases where it has been offered recent interest in such a mechanism for hydrogen-related cracking in
as a mechanism of crack growth, it has been no "nore than a certain materials. 0 They suggest that the mechanism involves the
rate-determining step, rather than the mechanism of growth per se, following steps:
the concept has certain attractions, especially in the form that it has (1) Anodic dissolution of both Cu and Zn occurs preferentially
more recently been developed. Edeleanu and Forty' observed that along slip bands.
the cracking ol a-brass single crystals exposed to an ammoniacal (2) As the preferential anodic dissolution continues to cause
solution occurred discontinuously, with short bursts of extremely atom removal, the stress becomes concentrated locally,
rapid cracking followed by relatively long rest periods. It was leading to dislocation activity in these regions.
suggested that truly brittle fracture was associated with the bursts, (3) Corresponding to this enhancement in localized deforma-
while the rate-controlling periods of nonpropagation were concerned tion, the rate of anodic dissolution is accelerated locally
with the corrosive processes that established the conditions for resulting in further increases in the stress.
further crack buists. The model requires that a-brass can support a (4) Deformation continues to be localized by the action of the
free-running cleavage crack, albeit over short distances of the order anod c dissolution, and the material undergoes ductile
of a few microns and this presented a major difficulty. Thus, while fracture, albeit on a very local scale.
cleavage in a body-centered cubic (bcc) metal, such as a-iron, has (5) The combined action of localized anodic dissolution and
been observed on a micro-scale, to reflect its well-known tendensy deformation continues leading to fractures that appear brittle
for macroscopic cleavage in appropriate conditions, such cleavage of macroscopically.
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Howevc r, their arguments appear to be strongly dependent upon the test (HNO3-K2Cr0 4), there was no correlation with Cr depletion,
observations of great6r densities of dislocations very close to fracture although the extent of grain-boundary attack in the solution did
surfaces, compared to relatively few such features about 1 mm from correlate with the segregation of S to the grain boundaries.
the fracture surfaces. This is hardly surprising in view of the facts that In relation to the IGSCC of ferritic steels in an NH4N03 solution,
SCC is associated with macroscopically brittle fracture, but is Lea and Hondros 3 have defined susceptibility in terms of a fraglt

accompanied by microplastic behavior in the crack-tip region, as are ie a podof he defined suanelmen terea o rain

some other processes of fracture in wh,,, tnvronments play no part. Index (a product of the propers;V of an element to segregate to grai
The proposals of Kaufman and Fink .,, er, obvious reseniblance to boundaries and its relative harmfulness, atom for atom, once at thethe ideas of Hoar and his colleagues, apn grom the rather ill-defined grain boundary) From tests on 11 ingots of mild steel to which

differences in the relative contributions of dissolution and ductile different elements were added, the data are presented as
fracture to the overall crack growth. Nevertheless, the paper should
be read for a useful comparison of the arguments for and against the fragility index = 20%P + 1.9%Cu + 1 %Sn + 0.9%Sb
various preferred mechanisms for TGSCC. + 0.4%As + 0.3%Zn + 0.2%Ni

(+ 700%S + 27%Ca + 1 %AI) (2)
Dissolution Mechanisms

Although these mechanisms relate to some of the oldest It is claimed that since S, Ca, and A will be present as precipitates,
concepts offered by way of explanation of SCC, they are now applied they would not, in general, be detected as grain-boundary segre-
mostly to instances of intergranular cracking, possibly because many gants and their ineffectiveness is indicated by the brackets in
workers believe that the fractographic differences between transgran- Equation (2). The extent of segregation to the grain boundaries was
ular and intergranular cracking are so marked that different mecha- determined by AES. Since such steels do not normally fracture
nisms must operate. However, the problem is not so simple because intergranularly and in order to allow spectroscopic measurement on
hydrogen-induced cracking can be intergranular as well as transgra- grain-boundary material, a stress corrosion crack was produced from
nular, and the cracking of a-brass in nitrite solutions, for example, is a notch in the specimens by exposure to the nitrate solution, and then
initiated at grain boundaries, and immediately becomes transgranu- the remaining metal was fractured at liquid nitrogen temperature. The
lar and sometimes reverts to intergranular after some transgranular authors indicate that this produced short lengths of grain-boundary
propagation.25 It is difficult to imagine that the essential features of fracture beyond the stress corrosion crack before the brittle crack
the mechanism can change so dramatically as the crack path, became transgranular, and it was upon this small area of grain-
especially in the brass system just mentioned. Moreover, the difficulty boundary fracture that the spectroscopy was conducted. The SCC
mentioned earlier in relation to explaining transgranular fractogra- data are shown in Figure 1 as fracture times in slow strain rate tests
phies for some systems on the basis of the slip-step dissolution (SSRTs) for the mild steels in nitrate and paraffin, the latter as an inert
model, that the mating surfaces match and interlock to an extent that environment. Clearly, P had the most deleterious effect, but only
is difficult to relate to dissolution at two separated surfaces, may also marginally so by comparison with S, while A and Ca, the other
be a problem in relation to intergranular cracking. elements, together with S, that are discounted in relation to Equation

Nevertheless, there is one factor relevant to intergranular (2), also show significantly deleterious effects.
cracking that does not apply to transgranular failure and is the
segregation of solutes or the precipitation of discrete phases that can
occur at grain boundaries and that may result in electrochemical Base steel
heterogeneity. It appears reasonable to expect that those combina- - .
tions of metal and environment that show a propensity towards As
intergranular attack in the absence of stress may display intergranu- Sb -

lar stress corrosion cracking (IGSCC) in the presence of stress of Iq -
appropriate magnitude. In the absence of stress, the initial penetra- Sn-
tion may not extend far before ceasing; whereas, in other cases, C-,
intergranular corrosion may continue, albeit at a slower rate than Ca -

when stresses are present, e.g., in the weld decay of steels. For Commercial steel - -

various environments that promote intergranular attack on ferritic S Al

steels, it has been shown that the same environments promote P'" -
intergranular attack in the presence of appropriate stresses, even Tests
though the initial attack on unstressed samples may penetrate to I tr T i raI
much less than a typical grain diameter before filming prevents 0 20 40 60
further penetration; similar observations have been made on other TIME TO FAILURE h
alloy-environment combinations.

Discussion of such phenomena is now largely concerned with FIGURE 1 -Failure times from replicated SSRTs In 5 N NH4NO3
the nature of the substances present at grain boundaries that induce and In liquid paraffin for a mild steel base to which various
such sensitivity to selective corrosion. The relatively recent advent of Impurities were added (after Lea and Hondros33).
experimental and analytical methods3' for assessing the extent of
segregation to interfaces, including grain boundaries, has provided Lea used a reduced form of Equation (2), involving only the
information that previously was largely inferred from indirect mea- first four elements, to compare the cracking susceptibilities of various
surements. However, there are some possible problems in simply steels that had failed in service in a variety of environments. The
assuming that the demonstration of specific heterogeneity at grain fragility indexes for steels that did and did Pot crack for similar
boundaries is sufficient to indicato the causes of selective dissolution e s c a
orexposure conditions are compared, and itis shown that the fragilityStiamen m e ct ed Tahy index was nearly always higher in cracked than in the correspondingthat is necessary, the work of Joshi and Stein32 may be cited. They uncracked specimens Since the first four terms in Equation (2) are
used Auger electron spectroscopy (AES) to determine the segrega- dominated by the high coefficient for P, Lea states that a similar
tion effects in the vicinity of intergranular fracture surfaces in type 304 correlation with cracking is obtained by considering P alone.
(UNS S30400) stainless steel (SS) and showed that Cr-depleted
zones accounted for grain-boundary attack in a weakly oxidizing More recently, Krautschick, et al.,35 have measured the crack-
solution such as the H2SO4-CuSO 4 environment involved in the ing responses of iron-phosphorous alloys containing 0.003 to 2 wt%
Strauss test. However, in the strongly oxidizing solution of the Huey P in SSRTs with exposure to 5 N NH4NO3 at 75°C. Figure 2 shows
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the work of fracture in the nitrate solution, relative to that for an inert operative in promoting cracking. The early work of Mears, Brown, and
environment, for what the authors describe as "carbon steels" with Dix 39 showed that the Mg2AI3 phase precipitated in Al-Mg allcys is
different P contents, the samples being heat treated at 9400C for 1 h -0.2 V anodic to the matrix when the two phases are immersed in a
followed by 48 h at 500"C, the latter to establish grain-boundary NaCI/H 202 solution. Several workers have subsequently shown
segregation of P. In the potential range from -300 to -100 mV, the similargalvanic effects at grain boundaries, using micro-electrodes to
resistance to cracking is somewhat greater for the low-P material measure potential differences between grain-boundary regions rel-
than the corresponding values for the high-P steels and, for the latter, ative to the bulk corrosion potential or by the preparation of
the relative work of fracture is reduced further by extended subcritical substances in bulk representing the differences in composition
heat treatment. Unfortunately, although the authors refer to the between boundary and matrix materials. Lea and Hondros3 have
materials as carbon steels, no chemical analyses other than for P are applied what they term a simplistic approach to their data for the
given, but the fact that the 0,003 wt% P steel shows appreciable IGSCC of steel in nitrate (Figure 1). They consider that the driving
susceptibility to cracking indicates that substances other than P could force for dissolution is related to the potential difference between the
be involved in promoting susceptibility to cracking, despite the matrix and the segregant atoms forming a galvanic cell. They
correlations with the grain-boundary P contents determined by AES calculate this potential difference from the equilibrium potentials at
analysis. Krautschick, et al., attribute the effects of P to impeding the pH 5 (taken from potential-pH diagrams and on the assumption that
formation of oxides in the grain-boundary regions, thereby stimulat- there is an ionic concentration of about 0.1 M of the dissolving
ing selective corrosion at the boundaries. However, because of the species at the crack tip) for each segregant and for iron. Although
absence of any influence of P at potentials above -100 mV, they there are obvious queries as to the validity of such an approach,
conclude ". ..that P segregation is not necessarily the origin of especially for the elements S, P, As, and Sb, their plot of these
IGSCC of mild steels in nitrate solutions and that special low P potential differences between iron and the iron segregants, IAEot =
containing carbon steels could also show susceptibility to IGSCC in Eo9 - E., against the normalized effect on SCC propensity shows
certain conditions." a tendency for the potency of the segregant to increase as IAEoI

increases, as is apparent from Figure 3. While the use of such
equilibrium potentials may be too simplistic for some to accept, Lea

P content P segregated and Hondros claim that even with accepting Figure 3 just as an
wt% % of monolayer empirical indication, the trend is sufficient to be used predictively.
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While there are these indications of the possible importance of
P in ferritic steels in promoting IGSCC, there are other data EQUILIBRIUM POTENTIAL DIFFERENCE
available3 ,37 indicating that C and N are important in such materials BETWEEN Fe AND SEGREGANT ATOMS V
in relation to nitrate-induced cracking. Moreover, attempts to repro-
duce the Auger measurements of Lea and Hondros,3 by propagat- FIGURE 3-Normalized times to failure of the steels shown In

ing intergranular stress corrosion cracks through brittle fracture at Figure 1 as a function of the equilibrium potential between Fe

liquid nitrogen temperature to produce intergranular facets on which and the segregant atoms at the grain boundaries (after Lea and

spectroscopy could be conducted, were not successful on a range of Hondros33 ).

ferritic steels.3 Consequently, a different approach was applied to If that is done in relation to the effects of other alloying eiements
the problem of determining the relative contributions of C, N, and P upon the cracking propensities of ferritic steels, but in a NaNO 3
to the IGSCC of ferritic material This involved starting with pure iron solution, it is clear that precisely the opposite effect to that shown in
(0.001 wt% C, 0.002 wt% P, and N not detectable), which was shown Figure 3 is obtained. Tests upon some 45 steels containing various
to be not susceptible to IGSCC in SSRTs with exposure to a alloying additions were expressed in terms of a stress corrosion index
carbonate-bicarbonate solution, and adding controlled amounts of C, (SCI) that not only reflected the normalized cracking susceptibility, as
N, or P by diffusion and subsequent homogenization. The addition of in Figure 3, but the variation of that parameter with potential.40 The
0.03 to 0.231 wt% C, 0.0226 or 0.393 wt% N, or 0.03 wt% P all SCI for a given steel was, therefore, a measure of the area bounded
resulted in IGSCC, although such was not observed with 0.005 wt% by a plot of the normalized time-to-failure in SSRTs against potential.
P. Clearly, the eonclusion of Krautschick, et al.,35 that P segregation Regression analysis of such data for tests in a NaNO3 solution
is not necessarily the origin of IGSCC of mild steels is confirmed, produced:
even in relation to a different environment.

Quite apart from ensuring that corrobatory experiments or SCI = 1777 - 996%C - 390%i - 343%AI (-132%Mn)
measurements are undertaken to ensure that substances segre- - 11%Cu - 90%Mo - 62%Ni + 292%Si (3)
gated to grain boundaries are involved in the cracking reactions, the
question remains as to the mechanism whereby such segregants are
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A negative coefficient indicates a beneficial effect in relation to thickness of the surface film if unfilmed metal is to be exposed to the
cracking susceptibility, while the result in brackets for Mn indicates environment. Measurements of film thickness and maximum slip-
that the t ratio from the statistical treatment was small and the result, step heights, the latter dependent upon the grain size of the metal,
therefore, probably insignificant. If the IAE0I values as defined by Lea have been measured for a-brass exposed to a NaNO2 solution."
and Hondros are calculated for these various elements, it will be seen
that as iAEoI increases, so does the coefficient in Equation (3), i.e.,
precisely the reverse of the effect indicated in Figure 3. There are
available40 equivalent equations to Equation (3) for tests in NaOH
and a sodium carbonate-bicarbonate solution, and they also do not
conform to the predicted trend suggested by Lea and Hondros on the
basis of Figure 3. The effects of the alloying elements indicated in
Equation (3) for these various solutions are more rdadily explicable
on the basis of their filming tendencies than upon their tendency to
segregate to grain boundaries, although their carbide-forming ten-
dencies also probably have some influence.40

Apart from, or probably in addition to, simple galvanic effects
arising from segregants located at grain boundaries, there is also the
possibility that filming characteristics are modified in grain-boundary
regions where segregants are present. The suggestions of Krauts-
chick, et al.,3 5 along these lines to explain the effect of P segregated
to grain boundaries in steels has already been mentioned, but Flis 4"
ascribes a similar role to segregated C in the IGSCC of Armco iron
and other low C, iron alloys in a phosphate solution. It would appear
inevitable that if enhanced dissolution occurs in grain-boundary
regions because of the presence of segregants, then filming will be
impaired in these regions and to offer the latter as an effective
explanation of IGSCC simply restates the problem in different terms. 0
Moreover, the evidence offered in support of such explanations is
usually in the form of potentiodynamic polarization curves for alloys
of different C contents, so the electrochemical behavior is that of a
heterogeneous etectrode and presumably reflects, at best, some
averaged behavior of the phases exposed. The inadequacies of such
approaches are readily apparent from the work of Cron, et al.,42 who
studied the distribution of attack in transmission electron microscopy
(TEM) foils of a 0.45% C steel immersed in various environments at
different potentials. Selective attack was upon the carbide, the
iron-rich matrix or the interface between these phases depending
upon the pH, potential, and anion present. Similar observations have
been made in relation to the exposure of mild steel to the IGSCC
environments, nitrates, hydroxides, and carbonate-bicarbonate
solutions" There is need for more work oi the type conducted by
Cron, et al,, 2 and where associated polarization measurements are ..4 °.
made it would be more appropriate that they be on single phase ..-
materials representing the different compositions and phases present
in multicomponent alloys. Only by such approaches coupled with the , , . , , ,
identification of precipitates or segregates at grain boundaries will 10A 'p . V• if ,.r . ..

those aspects of the IGSCC mechanism in specific systems be .,-
;emoved from the realms of guesswork.

Apart from being preferred sites t,.r the generation of localized FIGURE 4-Evidence of grain-boundary sliding accompanying
electrochemical heterogeneity, there are other rolus that grain (a) IGSCC in an AI-Zn-Mg alloy exposed to a chloride solution
boundaries may fill in cracking mechanisms, The -;Association of and (b) transgranular cracking In a-brass exposed to NaNO2

IGSCC in aluminum alloys with the existence of precipitate-free solution.

zones near grain boundaries suggests that the relative ease of plastic Figure 5 shows the film thicknesses, measured by different methods,
deformation in such zones will facilitate crack growth. The well as a function of potential together with the maximum slip-step heights
established role of grain boundaries, even in single phase materials, for three differert grain sizes, from which it is apparent that only for
in providing obstacles to dislocation motion whereby pile-ups occur at the 180-t.m grain size material below about 0 VscE , and below about
boundaries has also been Invoked in the context of the importance to 0.1 Vsc E for the grain size of 35 itm, is slip-step emergence beyond
cracking mechanisms of localized deformation in grain-boundary the oxide film thickness likely. For the smallest grain size material
regions Certainly, there is evidence for grain-boundary sliding shown in Figure 5, the maximum slip-step heights are always below
accompanying IGSCC [Figure 4(a)], but so also is there for trans- the film thickness for any potential at which cracking occurs, These
granular cracking [Figure 4(b)], which is hardly surprising in view of indications, especially for the smaller grain size brasses, that no
the compatibility requirements of deformation in polycrystalline crack initiation at emergent slip steps should occur were confirmed by
materials However, the precise role of plastic deformation in crack metallographic observations on specimens strained in the NaNO 2
initiation or growth does not always conform to the apparent solution. What did occur was that cracks invariably initiated at grain
mechanistic requirements, especially of those that are dissolution or twin boundaries. Even in 180-ttm grain size brass at -0.1 VscE,
related, cracks initiated at grain boundaries before initiating at merging slip

It has already been mentioned that dissolution at slip steps has steps. However, although intergranular initiation was dominant, the
beer, observed28 2

1
9 in conformity with the slip step dissolution model. cracks immediately propagated in a transgranular mode, behaviors

However, a further requirement of the lattei is that for such a also shown to be operative in the presence of other environments
mechanism to operate, the slip-step height should exceed the that promote transgranular propagation.
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the dissolution in such cases is most often related to slip and
I- Calculated from charge fim particularly that which occurs with some fcc alloys having a low
0 8 o Measured interferomeircally thi6kness stacking fault energy or displaying short range order, where planar
9L Measured Iron microtomed sections groups of dislocations are favored and cross slip made more

.' difficult.46 The observations of Swann and his coworkers4 74 9 of
6- -..- Maximum SSH dissolution associated with planar dislocation arrays in TEM foils led

to the suggestion that arrays of fine corrosion tunnels form, which
subsequently interconnect by the tearing of the remaining ligaments

-4 between the tunnels. The objections that have most frequently been
~18_Ou m _' .-- -raised to such transgranular dissolution models is that they have

"W" - difficulties in accounting for the matching opposite fracture surfaces,
Z gd.351Jmle - and the fact that the planes on which tunneling and fracture occur are
z 

dt

T .- not the same. However, at about the same time that Swann was
- - -.. . .... developing the tunneling model, Nielsen' was examining, by TEM,

. the corrosion products removed from stress corrosion cracks in
-0.1 0 O'.1 austenitic SSs after exposure to chloride solutions. In general, these

POTENTIAL V(SCE) take the form of fans showing lamella markings (Figure 6), suggest-

FIGURE 5-Measured and calculated film thickness as a func- ing that crack growth was discontinuous. It may, of course, be argued

tion of applied potential for a-brass exposed to 1 M NaNO2.The that such oxide films are formed after the crack tip has advanced and

maximum slip-step heights, measured interferometrically after that they are simply replicating the stress corrosion fracture surface.
2% strain for typical grain sizes, are also shown to indicate the However, when Nielsen exposed samples of the steel to MgCl2
condition for crack initiation by slip-step emergence.44  solution for only a few minutes, oxide-filled corrosion tunnels

developed, which, as Figure 7 indicates, were joined by lateral
The protagonists of the slip-step dissolution model for SCC may tunnels that increased in number on moving towards the original

find support in the result that transgranular crack initiation was only surface of the specimen, to produce a corrosion-product fan resem-
observed when the maximum slip-step -height exceeded the film bling Figure 6. Figure 7, in particular, shows features that appear
thickness However, such a result was obtained only for relatively more consistent with crystallographically related dissolution than with
coarse-grained brass, to maximize the slip-step height, and at low film-induced cleavage. Somewhat similar effects have been
potentials, to minimize the film thickness; yet, SCC occurs in coarse- observed s in a copper alloy exposed to ammonia vapor and again
and fine-grained brasses where it would not be predicted to occur on suggest that localized dissolution processes cannot be ruled out as
the basis of such an approach It may be argued that the common a contriluting factor in the growth of transgranular stress corrosion
factor throughout was crack initiation at grain or twin boundaries, and cracks in some systems. Of course, one of the most important tests
so the slip-step dissolution model for propagation is not reflected by of any model is the extent to which it can predict the known or likely
such observations on initiation. But why should cracks prefer to behavior of a system, and in this respect, some models are quite
initiate at grain or twin boundaries when the subsequent propagation successful, especially in relation to the environmental requirements
is transgranular? It appears likely that this will relate to either for cracking, the matter now considered.
chemical heterogeneity at the grain boundaries, mechanical phe-
nomena concentrated in such regions, to some peculiarity of the
overlying film at these locations, or to some combination thereof.
Consideration of these alternatives suggests that filming character-
istics at boundaries probably plays the dominant role. No evidence
was obtained that the film thickness was essentially different at such
sites from those at grain surfaces, although the fact that the strain to
initiate cracking at boundaries is appreciably less than that to initiate
transgranular cracks at emergent slip s!eps in coarse-grained
material2" may indicate that the mechanical properties of the film in
such regions are different from those covering other-parts of the
exposed surfaces. The epitaxy that probably obtains at grain
surfaces is likely to be perturbed in boundary regions and may
account for a preference for fracture in such locations.

Of course, even such suggestions make no comment upon why
cracks initiated at grain or twin boundaries should subsequently
propagate transgranularly. Indeed, the problem is further compli-
cated by the observation25 for the brass-NaNO2 system that, in some 1-4 /4
circumstances, the crack propagation reverts to intergranular after ---
some transgranular growth. It is possible to speculate that the latter FIGURE 6-Corrosion product fans emanating from cracks In
change may result from changes in the environment contained within stainless steel (original magnification X7200).50

the crack enclave, but there is, as yet, no evidence of such for this
system, Interchanges between intergranular and transgranular crack-
ing are not unique to the brass-NaNO2 system and can result from Environmental Aspects of Cracking
small changes in applied potential, from changes in environment One of the most important problems in relation to avoiding
composition or from modifications to the structure or composition of service failures by SCC is cuncerned with predicting those environ-
an alloy Such phenomenology should not be ignored, as is so mental conditions that sustain this mode o! failure. The specificity of
frequently the case, since it sometimes will constitute a test of solution conditions that promote SCC has sometimes been mislead-
mechanistically oriented models that might otherwise persist through ing in that it has engendered the thought that cracking only occurs in
default. those almost classical environments that have long been known to

While the current fashion may bs to invoke dissolution. on- promote this type of failure in specific alloys, e.g., nitrate and
trolled mechanisms primarily in relation to intergranular cracking, hydroxides in relation to ferritic steels, chlorides in relation to SSs,
there remains a considerable body of evidence45 relating transgran- and ammp".!z , relaticn to brasses. While the concept of solution
ular cracking to localized dissolution processes. The localization of specificity remains in the sense that not all environments corrosive
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towards a particular metal will promote SCC, nevertheless, the whereas with stress corrosion, the retention of crack geometry is
number of environments that are potent towards a specific alloy dependent upon achieving an appropriate active -* pa.sive transi-
continue to increase with the passage of time. tion, with cyclic loading, mechanics retains the geometry of the crack.

The consequence is that the environmental requirements for crack-
. . . .. ...:• . ing are less specific for corrosion fatigue than for stress corrosion.

, , ,.There are various methods available for measuring the propen-
-:'K' '- sity for active -) passive transitions, all involving the observation of

.,,: .- the current response of the metal surface for specific exposure
conditions since the obvious implication of such a transition is that the
current density should diminish at an appropriate rate with time.52

The methods vary in relation to the technique used for creating the
bare metal surface upon which the current response is monitored,
and these range from cathodic reduction of the initial air-formed film,

, . in those relatively few cases where such is possible, to scratching or
otherwise mechanically rupturing surface films of the more electro-

.. ,chemically stable forms. Such methods will usually give at least an
... approximate indication of the potentials at which SCC is likely, and

they can be useful in indicating probable upper-bound crack growth
"4rates, matters which are considered below.

Various thermodynamic considerations
FIGURE 7-Oxide extraction replica of corrosion tunnels In It is now well established that SCC only occurs over particular
18Cr-8N1-type SS (original magnification X6400).50  ranges of potential for a given metal-environment combination. Such

Assuming an alloy of appropriate composition and structure and potential dependence must be related to specific reactions whereby
a stress intensity factor or strain rate of suitable magnitude to the environmental requirements for cracking are met. Probably the

promote SCC, what are the environmental requirements? If the crack simplest situation in this respect arises with hydrogen-induced
growth involves dissolution, then, like any localized corrosion prob- cracking, where the hydrogen derives directly from the bulk environ-
lem, stress corrosion requires some critical balance between active ment to which the metal is exposed, and in which circumstances the

and passive behavior since gross activity is likely to promote general, conditions for cracking would be predicted to be met where the
rather than localized, dissolution, and passivity, by definition, will not potential is below that for hydrogen discharge at the relevant pH.
be associated with any corrosion. More specifically, the geometry of Figure 8 shows a plot of the highest poientials at which hydrogen-
a crack requires that the reactions that occur at a crack tip proceed induced cracking was observed in various ferritic steels exposed to

at a considerably faster rate than any dissolution processes that different solutions." Clearly, those potentials lie just below the
occur at all other exposed surfaces of the metal, including the crack calculated equilibrium potential for hydrogen discharge as P ',nction

sides, so that there is not a requirement of complete passivation of all of pH, so, there is reasonable agreement between the predicted and

surfaces except for the crack tip, but merely that the relative rates of observed behaviors.
reaction are very different. Moreover, as the crack tip advances,
those parts of the surface that at ain earlier stage constitute part of the -02 'tr-Mo sieel / NH4CA3 2 soluiion
crack-tip region become incorporated in the crack sides, so that they
must undergo an active -) passive, or relatively inactive, transition. Pre-stressing steel I Ca(OH) -HCI

If this did not occur and the crack sides remained active, then they .04 a Maraging steel I NaCl solution
would spread laterally and the ,rack geometry would be lost.

The extent to which metal surfaces will exhibit active - passive >CMn stel inhibited HCl

transitions at rates appropriate to sustain SCC depends not only -06

upon the nature of the environment, including its composition, _J
temperature, and the potential that it engenders, but also upon the
composition and tha structure of the metal, Thus, the environmental .........
requirements for cracking will vary fiom one alloy to another, as o. .
exemplified by the observations that those materials that are .
inherently more reactive, such as C steels and Mg-base alloys,
require the passivating influence to be incorporated into the environ- 0 2 4 6 8 io 12
ment, hence the cracking of mild steels in nitrates, hydroxides, pH
carbonates, phosphates, and the like, and the cracking of Mg-A'
alloys in appropriate mixtures of chromate and chloride. On the other FIGURE 8-HIghest potentials at which hydrogjen-lnduced crack-
hand, those metals that are inherently less active, such as the Al and Ing was observed In various ferritlc ,teels exposed to different
Ti base alloys and the SSs, because of the ease with which they form solutions and subjected to SSRT3. The line represents the
protective oxide films, crack most readily in the presence of aggres- equilibrium potential for hydrogen discharge ns a function of
si'" i halide ions. The highly specific nature of the solution composi- PH.53

tion ,oquirements for crack growth by a dissolution-controlled mech-
ani.,' are not so rigid in relation to crack growth resulting from the Where crack growth is by dissolution associated with filming
ingruss of hydrogen Into the metal, the primary requirement being reactions to retain crck geometry, the potential dependence of
that the environment provides a source of hydrogen that is released crdcking should reflect those requirements, agair. with some pH
by appropriate electrochemical conditions, dependence because of the influences of that quantity upon the

There is an :nteresting distinction between stress corrosion and potentials at which the varinus reactions are possible. Where the
currosion fatigue in relatior, to the environmental requirements foi necebbiry thermodynamaL. data are available for the species invoived
crack growth under nominally stati and cyclic loading. Thus, with in a particular system, it should be possible to calculate the limits of
cyclic loading, those environments that promote stress corrosion will the cracking domain. This has been donu for the cracking of
also promote corrosion fatigue, but so will many other environments low strength ferritic bteel exposed to phosphate solutic'- and the
that do not promute stress corrosion. The prubable reason is that agreement between the observed and calculated boundaries of the
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cracking domain is reasonable 64 For that system, as with ferritic crack that allowed measurements of the potential and current flow in
steels in other environments, the upper boundary of the cracking the enclave.60 Figure 10 shows the potential along the simulated
domain is met when the stable phase becomes -y-Fe203, i.e., at crack at various times and indicates that although there was initially
potentials where only the latter forms cracking does not occur. While a steep potential gradient, it was approximately halved in 315 min
the potentials and pHs at which that phase can form will depend upon and then disappeared, quite suddenly, at 360 min. The reason for this
the phases formed within the cracking domain, it is interesting to behavior is shown by the associated current measurements indicated
consider the location of the potential-pH domains for cracking in in Figure 11. At the outset, there was a large current density gradient,
various systems involving different ferritic steels in a range of but the current density at the entrance to the simulated crack soon
environments at temperatures between 20-and 2880C. Figure 9 began to form and the peak current density moved down the
shows the various cracking domains together with the calculated simulated crack. These changes continued with the passage of time,
equilibrium potentials for reactions between Fe20 3 and Fe30 4 and the entrance to the crack passivating and requiring little current so
between Fe3O4 and Fe and for hydrogen discharge, all at 900C as that more of the current could flow into the crack to extend the
representing an average temperature for the various systems passivating process further from the mouth. When the peak current
involved. s Clearly, each cracking domain is associated with the density reached the tip of the crack, that region finally passivated and
calculated Fe30 4/Fe20 3 line and, indeed, in all of these systems, the potential and current density gradients disappeared. Indeed, a
Fe30 4 is observed to form under conditions where cracking occurs, visible film, largely of Fe3O4, could be observed progressing down
although it is frequently associated with other phases, e.g., FeCO3 in the simulated crack as the potential and current density gradients
the case of cracking by carbonate-bicarbonate solutions and Fe3(P04)2  changed, until the film reached the end of the crack and the gradients
for cracking by phosphate solutions. Moreover, for most of the disappeared. Although the aspect ratio of the simulated crack to
systems shown in Figure 9, only ductile failures occur in SSRTs which Figures 10 and 11 refer was only 280, and, therefore, about an
conducted at potentials high enough to form Fe20 3 alone. While it is order of magnitude less han that for many real cracks, when the
clear that the anions exert a significant influence upon the location of aspect ratio for the simulated crack was increased to exceed 1000,
the cracking domains, the importance of Fe30 4 formation within the the only effect was to delay the disappearance of the potential and
cra king ranges and Fe20 3 formation under conditions associated current density gradient. A criticism of that work is that it did not
with ductile fracture appear well established, but tife reasons for such involve an actively growing crack tip having a continuing current
are less so. requirement. Consequently, further experiments have been con-

ducted involving, at the remote end of the simulated crack, a
10 specimen that could be dynamically strained at various rates.61 This

latter work was conducted upon a Ni-Cr-Mo-V steel exposed to
Il NaOH solution, which showed similar behavior to that shown in

-. , T,,w=,a wHo Figures 10 and 11. When SSRTs were conducted on specimens at
0 11 I" the remote end of the simulated crack for various potentials applied

at the entrance to the enclave, the maximum crack velocities were
a not essentially different from those obtained with specimens openly

0 " PO 4 2  exposed, i.e., not exposed to the creviced condition of the simulated
" ccrack, for the same potentials. This is apparent from Figure 12

< C -HCO involving a simulated crack with an aspect ratio in excess of 1000.-_,4
" 5 -650

4 6 b 10 12 14 16

FIGURE 9-Potential and pH ranges for the SCC of ferrltic steels
In various environments, together with the pH-dependent equl- \
librlum potentials for reactions Involving Fe -- Fe3, H - H', and -700
Fe3O4 -* Fe03.5

5

The exceptions in Figure 9 to only ductile failure occurring at >

potentials high enough to fcrm Fe,O 3 involve nitrates and high- E

temperature water. In both of those systems, cracks grow from pits .750- \5
and within the pit crack enclaves, Fe.0 4 forms, despite the external '-
surfaces being covered with Fe2O3 films. The initiation of stress <

corrosion cracks from pits has been observed In a variety of systems Z \285
and is usually taken as indicative of the local environment within the
pit being potent and different from that of the bulk environment 0 -800- 135
external to the crack. Where cracking does extend from pits, there is 210
usually reasonable correlation of the onset of cracking with the pitting
potential, as, for example, with ferritic steel exposed to nitrite-
containing nitrate solutions.5 The perturbation of the electrochemical
conditions within pits has inevitably led to simil.r considerations -850 - , .__0
being given to the conditions within crack enclaves and since the
early pioneering work of Brown,57 the subject has attracted much I._____
attention.58-9 While there can be no doubt of the existence and 0 0.5 1.5 2.5 3.5 4.5 5.5 6.5
importance of localized changes in environment composition and
potential within crack enclaves in some systems, it is equally clear DISTANCE ALONG CREVICE cm
that such changes are negligible in other systems. FIGURE 10-Potential-dlstance at various times f-' C-Mn steel

The latter point may be illustrated with data for a C-Mn steel surfaces exposed to CO/HCO, solutions In segmented crevices
immersed in a carbonate-bicarbonate solution involving a simulated at 750C. Well potential -0.65 V, crevice thickness 0.25 mm.60
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is observed will be a function of whether precracked or initially plain

Mins specimens are used for determining the potential range in which
+500 A cracking is observed. If results from both types of specimen are

s obtained, then the potential ranges for cracking may be expected to
be displaced by the amount of the potential drop along the precracks,
assuming that the stress corrosion cracks are propagated over
relatively short distances compared to the lengths of the precracks so

400- that any change in the magnitude of the potential drop is small.
CResults are available5 2 for the system to which Figures 10 and 11°E refer and which show that the potential ranges for cracking in that

system are not essentially different according to whether precracked

+300" 30 or initially plain specimens are used in determining that range. The
reaso; i is clear from Figures 10 and 11 since if the crack-tip potential
initially differs from the applied potential, that difference will disap-

>- ,/pear in a relatively short time compared to typical total test times; so
90 that for most of the test, the crack-tip potential will be effectively at the

Z +200 / applied potential. This is likely to be so for other systems in which the
aJ 20 -crack growth involves dissolution and the crack sides become filmed
F- 285 so that there is insignificant current drainage at the crack sides.
z Moreover, if, as is so for the systems to which Figures 10 through 12
-315 refer, the environment is one that is essentially buffered and in which

+-00- the dissolving metal has a very low solubility, then the chances of
marked changes in the composition of the electrolyte in the crack

/ -enclave are remote. On the other hand, where these various
/ Iconditions do not obtain then the potentials that will promote cracking

/360 for precracked and initially plain specimens can be appreciably
360 different. Thus, with a maraging steel exposed to NaCl solution at

" I i i I initial pHs of 6 or 11, initially smooth specimens failed in two regimes
o 0.5 1.5 2.6 3.5 4.5 5.5 6.5 of potential separated by a region, some 300 mV in extent, in which

cracking did not occur.62 However, precracked specimens did display
DISTANCE ALONG CREVICE cm environment-sensitive crack growth over the whole range of poten-

tials, as indeed did smooth specimens that were pitted beforeFIGURE 11-Current density-dIstance curves at various times epsrttoeodtoshtintrmtcakniupte

for C-Mn steel surfaces exposed to C03 /HCO 3 solution in exposuretothoseconditionsthatdidnotpromotecrackinginunpitted
segmented crevice at 751C. Well potential -0.65 V, crevice specimens.
thickness 0.25 mm.60 This cracking of a maraging steel in two regimes of potential

separated by a range of potentials in which cracking did not occur for
initially plain specimens is indicative of cracking by two different
mechanisms above and below the range of immune potentials. This
has been observed in a number of different systems and the
separation of hydrogen-induced and dissolution-related cracking in
Figures 8 and 9 is not intended to imply that, for the systems involved,
cracking is invariably by one or other of these mechanisms. The

o interrelation of these, and other failure mechanisms, in a poten-
0) tial-pH diagram for a single system may be illustrated by Figure 13,
E which refers to the exposure of Ni-Cr-Mo steel specimens to an

E -5 ammonium acetate solution.' The experimental data have been
superimposed upon part of the potential-pH diagram for the Fe-H 20

CREVICED S N system calculated for 90'C, but because the solution pHs were
I- omeasured at 25°C, the scales have been adjusted for the latter
6 (..... temperature. Moreover, the calculated boundaries were moved, en
0 /• bloc, relative to the experimental data until reasonable coincidence
J/ was obtained, that amount corresponding to an overpotential in effect

> OPEWLT EXPOSED and being about 100 mV, a reasonable value for overpotentials. The
, O Eagreement between the experimentally observed modes of failure
o * and the various domains of the potential-pH diagram is reasonable,

with ductile failure in the presence of Fe203, intergranular stress
0 corrosion when Fe30 4 formed and hydrogen-induced cracking at
3 potentials where hydrogen discharge is to be expected.
0 While such approaches to identifying the potential ranges for

-08 -4 SCC provide hope for predictive approaches to the study of other
0 -0- 4 0 04systems, the above all refers to ferritic steels and raises the question
POTENTIAL V Hg/HgO as to the extent that it is applicable to other metals, Figure 14 shows

the cracking domains for a-brasses exposed to various nonammo-
FIGURE 12-Crack velocities from SSRTs In openly exposed niacal environments superimposed upon the Cu-H 20, potential-pH
and creviced specimens, the latter to simulate crack-tip condi- diagram.5 While the anions will have a significant influence upon the
tlons, of a NI-Cr-Mo-V steel In 10 M NaOH at 1000C and various location of the cracking domains, as with those involved in the
potentials.61 cracking of steels, there is a tendency for the cracking domains to be

concentrated in regions where Cu2O is likely to form, comparable to
Such results are, of course, relevant to the observed potential the role of Fe30 4 in the cracking of ferritic steels, If the indications of

ranges for SCC If significant potential changes exist along cracks, the importance of Cu2O films in the SCC of brasses shown in Figure
then it may be expected that the potential range over which cracking 14 is other than fortuitous, it is not immediately clear fow this relates
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to the apparent importance of dealloying and TGSCC in brasses.' where ia = anodic current density, M = atomic weight of the metal,
Some of the cracking induced by the environments indicated in z = valency of the solvated species, and F = Faraday's constant.
Figure 14 are intergranular, for which dealloying and film-induced Figure 15 shows a plot of the measured crack growth rates and
cleavage are not claimed to be involved in the crack growth dissolution current densities gathered from papers presented at a
mechanism. Moreover, pure copper, in which dealloying clearly particular conference,67 and to which much additional data could now
cannot be involved, can also be made to display TGSCC in nitrite be added, that indicates a reasonable correlation of these parame-
solutions over essentially the same potential range as is shown in ters, the line being that calculated from Equation (4) assuming a
Figure 14 for a-brass.65 It is difficult, therefore, to escape the valency of 2. It is interesting to note that the two systems shown in
conclusion that Cu20 films are involved in the SCC of such materials Figure 15 which displayed significantly higher crack velocities than
in a variety of environments Congruently, the evidence suggesting Equation (4) indicates, brass in ammonia and SS in MgC 2 solution,
that dealloying is associated with cracking by some environments are those most frequently offered as examples involving crack growth
cannot be ignored and there is an obvious need for these apparent by short-range cleavage initiated in a brittle surface film.
conflicts to be resolved, the beginnings of which are apparent from
recent work by Fritz, et al.,6 By working with a Cu-Au alloy exposed
to an acidified sulfate solution, they have shown that dissolution is - C-steelin Ni0i

necessary during crack propagation and not simply as a prerequisite c-sleel in N0O
for film-induced cleavage. A C-seel in OH-

D - C-sleel in OH-
W -6• Fe~rilic Ni-sfeel in MgClz

E C-steel in CO/HCOi 0
0 MODES OF FAILURE E -3018-8 (type 304) in MgCl 2

0 C-steel in CO/c2/1zo 0
S oo Duclre _ A-7Mg in NaC

Fe203 Gerral corrosion V Bross in NH*4ci -0. I o • tergranrlAr SCC ( 16IO4 -
0-2- 0o o Liited H embritlement 0o A A

-0' 304

04 -O'---------- --- * r,. 0

I OG0 I0 U I
"l

I

5.5 60 6.5 70 75 t, 02141

pH AT 250 C
CURRENT DENSITY ON BARE SURFACE A /cm 2

FIGURE 13-SSRT results showing the modes of failure of a

NI-Cr-Mo steel In 1 M NH4C2 H302 at 900C, superimposed upon FIGURE 15-Observed stress corrosion crack velocities and
part of the Fe-H20 potential-pH diagram. 63  measured anodlc peak current densities for a variety of metal-

environment systems. The line is that calculated from Equation
(4) assuming a valency of 2 for all solvated specIes.67

o W 4te oo ,. W04 o" Equation (4) represents an upper-bound crack velocity by
" continuous dissolution, requiring strain rates, and hence stresses or

stress intensity factors, that probably do not exist in many service
> 04- situations until the later stages of stress corrosion crack growth. The

---- ... I . earlier stages of growth may involve appreciably lower crack
'E W velocities than those given by Equation (4), and even from laboratory

I tests, there is evidence of such. Figure 16 shows data from laboratory
CO .tests on initially plain specimens exposed to static or cyclic loads or

- to monotonic slow straining for various times and all show significant
.041_ - reductions in crack velocity with increasing test time. The reasons for

j 4" such behavior most probably relate to the relative rates of film growth
2and bare metal creation at crack tips. Once a crack tip has become

filmed, growth will cease, until the film is ruptured and dissolution can
FIGURE 14-Potential and pH ranges for the stress corrosion of restart until film gowth prevents it again, the frequency of such
a-brass In various environments, together with the equilibrium events depending upon the crack-tip strain rate and the dissolution
potentials for various reactions. 53  and film growth kinetics. Integration of the current transients over an

appropriate time interval will provide the relevant anodic charge (or

Various kinetic considerations charge density) passed (01), which can then be incorporated into
Where crack growth is by a dissolution-controlled process and Equation (4) to reflect the fact that the crack is not propagating

the crack-tip strain rate is such that filming of the crack tip is continuously at the upper bound, i.e.,
prevented then the crack velocity may be expected to be related to
the bare metal dissolution rate. Thus, writing Faraday's second law
as a penetration rate, the crack velocity CV = M

t zFd (5)
CV = (a -

zFd (4) where ef = strain to rupture the film and t = crack-tip strain rate.
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where N = the number of cracks along the gauge length and p=
A applied strain rate. [The ccnstants in Equation (6) will depend on the

material involved and test specimen size.]

5-

10

z

00 200 300 < 5
TOAE 0' aU

SrbO.SS BI
.2 024 7 14 30 60

6 .6 TEST TIME days

FIGURE 17-Average number of cracks along a 12.5-cm gauge
0length for specimens of a ferritic steel subjected to cyclic

5 loading while exposed to 1 N Na2CO3 + 1 N NaHCO 3 solution at

5 750C and -650 mVscE for various times.70

6. If some appropriate values for the applied strain rate, crack
velocity, and number of cracks are put into Equation (6), the results
can be expressed graphically, as shown in Figure 18. Because the

500 000 1500 first term in Equation (6) dominates at high applied strain rates and
TM 1 the second term at low applied strain rates, there is little effect of

crack velocity at high applied strain rates; i.e., the crack growth
C contributes little to the crack-tip strain rate. However, at low applied
C strain rates, the stress corrosion crack growth maintains the crack-tip

strain rate at values that are appreciably higher than would be
obtained if the crack growth had been ignored. This probably explains
why it is not always possible to find a lower limiting strain rate below

"-*-*-- which SCC does not occur.

U3

., 1 2LOG. CRACK VELOCITYmmsec
TIME ht -

-7
FIGURE 16-Effects of test time upon crack velocity In (a) .4
constant-load tests on C-Mn steel In C03-HCO 3 solution; (b) 0
cyclic loading tests (maximum stress = yield stress) on ferritic .,.
steel In C03-HCO 3 solution; and (c) SSRT below yield stress on .
C-Mn steel In NO3 solution.6 9  -5

3c cf ,'

The most obvious reason for the reductions in crack velocity </
with test time shown in Figure 16 is work hardening, accompanying _ _...... /
the creep in the constant-load tests or the hysteresis in repetitive , cracks

cyclic loading. There is, however, another factor, and probably that v100 acks
which explains the reduction in crack velocity with time in the SSRTs <.-- .,
shown in Figure 16, which is concerned with the fact that in Initially q .- . - -

plain specimens, new cracks continue to be nucleated with increas- o
ing time. Figure 17 shows some results from tests on C-Mn steel
specimens exposed to a carbonate-bicarbonate solution that !-;dicate
the marked effect of test time upon the number of cracks detected. .8-10 -9 -8 -7 -6 -5

Obviously, if a given applied strain rate is distributed over the cracks
present in the gauge length, then as the number of crrcks increases, LOG. APPLIED STRAIN RATE Isec
the crack-tip strain rate will decrease. An expression is available' for FIGURE 18-Effects of crack velocity and number of cracks on
the crack-tip strain rate as a function of the number of cracks in slow the crack-tip strain rate calculated from Equation (6).6
strain rate specimens and is:

Equations (5) and (6) may be used to calculate the crack
75 Ivelocity as a function of applied strain rate for comparison with

Ect = x =,po + CV in 1experimental data.6 Figure 19 shows the results for tests involving
N 5 N (6) a C-Mn steel exposed to a carbonate-bicarbonate solution and
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indicates reasonable agreement between the observed and calcu- in agreement with the straining electrode measurements in the
ated values, except that the latter show the Faraday upper bound vicinity of t 100 mV, but the current densities remain at similar values
given by Equation (4) and this was not observed experimentally. This for the scratching electrode measurements as the potential is
arises from a change in the number of cracks with applied strain rate reduced, whereas, the straining electrode measurements show a
and is considered in the source of Figure 19. marked decrease in current densities with decreasing potential. The

consequence is that the straining electrode measurements predict
the lower limit of the potential range for cracking, whereas the
scratching electrode measurements do not.

I 1STRAINING ELECTRODE
oRef 77 6313ibrasso

i *Ref 65 70/30 brass 0

SCRATCHING ELECTRODE /

7 
0 Ref 76 69/31 brass

A/- CCY, 3-p 0v rt o,
E 0

< A
0"

~/7

o
Otr wApplred stramifate

uack-t strai rate
0W 2-

-E 8 -7 .6 .5 -4 3

LOG. STRAIN RATE /sec L iI.
FIGURE 19-Comparison of calculated and experimental crack
velocities as a function of strain rate for a ferritic steel exposed UI
to 1 N Na2003 + 1 N NaHCO 3 at -650 MVSCE and 750C.68

OTher workerS 75 have applied Equation (S), or some modified
version !hereof, to SCC in other systems than that to which Figure 19
refers. Usually, some empiricism needs to be introduced to obtain 0
reasonable agreement between observed and calculated behaviors,
either because of difficulties in estimating the crack-tip strain rate or 01
because of the crack enclave electrochemistry presenting problems. -0it2 -01 0 0.1
The same approach has been applied to the TGSCC of b-brass by
NaN 2 solutions, but without the agreement obtained for the POTENTIAL V (SCE)
cracking of C-Mn steels in carbonate-bicarbonate solution.65 At
relatively high strain rates, the observed and calculated crack 3.
velocities approximate one another for tests at 20C, but at strain No SCCeer S-c
rates below 10-5s-1, the calculated crack velocities reduce with
decreasing strain rate much more markedly than do the observed
values. At higher temperatures, the disagreement between the B 00
observed crack velocities and those calculated from Equation (5) is B

LU1

even more marked for this system. The reasons for this discrepancy c
are considered65 in terms of the data used in performing the E
calculations, where, instead of the crack-tip strain rate, the engineer- Z
ing strain rate was used, simply because the numbers of cracks
nucleated in the slow strain rate specimens were not determined. E -
Data from other systems suggest that the number of cracks increases
with decreasing strain rate, probably because the total test time F-
increases, ani if that is so for the brassNaNO2 system, the ) 1 7
discrepancy between calculated and observed crack velocities will be Z

decreased. Cole, et al.,76 have criticized the method for determining
the anodic current and charge densities used in manipulating -0'5
straining of a filmed specimen to observe its current response is X
inappropriate because the surface film undergoes a gross mechan-
ical failure when strained, It is surprising that those who have used 0
the rapid straining method in studying this system65 e7 have not 6 i Rf 78 s atching
noticed this gross mechanical failure in the form of detachment of0
films during straining or upon subsequent examination of strained vi Ref 65 straining
specimens. Cole, et al., prefer the method of obtaining current
response by producing a scratch over a filmed surface, but the data
from that approach leave something to be desired. Figure 20 shows ' *' ' ' ,i a a
the maximum current densities observed from various applied -0-5 0
potentials by different workers using the straining and scratching
electrode techniques on copper and ft-brass exposed to NaNO2  POTENTIAL V (SCE)
solutions. The two data sets from the straining electrode measure- FIGURE 20-Comparlson of maximum current densities at
ments on at-brass agree reasonably, but those from the scratching various controlled potentials from straining and scratching
electrode measurements are markedly different at the higher poten- electrode experiments in NaNO2 solution on (a) brasses and (b)
tials, With pure copper, the scratching electrode measurements are pure copper.
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Cole, et al ,7 also criticize the low passivation rates involved in from the paper by Cole, et al., to which have been addee additional
the measurements of Alvarez, et al.,77 following the cessation of rapid data for the strain rates of 1.8 A 10- 6and4.5 A 10 -

7 s ',which were
straining, claiming that such low rates are indicative of the exposed not shown in the original version. Their argument that the difference
surface area be ig much larger than that calculated from the amount between the predicted crack velocities and those obtained experi-
of strain applied However, the repassivation rates for strained and mentally "epitomizes the concept of film-induced cleavage" because
nonstrained electrodes of a-brass in NaNO2 solutions are not "nearly all the advance of the crack occurs by cleavage" clearly
significantly different,6 which does not appear to support the becomes less convincing as the applied strain rate is reduced.
suggestion of gross mechanical failure of the surface film on Indeed, the experimental results shown in Figure 21 indicate the
straining, unless film detachment also occurs with unstrained spec- need for a strain rate term in any expression that attempts to model
imens Although Cole, et al, conclude that "there is a surprisingly crack velocity in this system. Moreover, the crack velocities predicted
large area of new surface produced during the rapid straining tests," from Equation (8) and shown in Figure 21 on the basis of scratching
that is inferred rather than proven, and on the evidence currently electrode measurements are not markedly different from those
available, it would be equally feasible to conclude that the effective calculated from measurements on a static electrode by rapidly
area involved in scratching tests is appreciably less than is assumed switching potentials from a nonfilming value to that for which the
from the measurements-of the scratch size. Nevertheless, while the current response is required."5 This underlines the thought that the
different methods of measuring the current responses of electrodes strain rate sensitivity of either SCC or the current response of a-brass
have been shown to give reasonably consistent results for some in NaNO 2 solutions requires further study and that the distinction
systems, this does not appear to be so for copper base materials and between the dissolution and film-induced cleavage mechanisms for
there is need for further investigation in this area. this system on the basis of crack growth kinetics still leaves much to

The reason for the interest in such electrode kinetics in copper be desired.
alloy systems comes from the mechanistic implications of such.
Thus, the straining electrode measurements of Alvarez, et al.,.77 are
claimed to predict crack velocities on the basis of a dissolution model MEASURED CRACK VELOCITIES
that are in reasonable agreement with observed crack velocities. On o Ref 77 2. lxl 4/s
the other hand, Cole, et al.,76 claim that straining electrode measure- *oef 65 6.6x 10 4/s
ments are not reliable and so they prefer scratching tests that do not 0 A Ref 65 1.8x 10"6/s
predict crack velocities that are in good agreement with observed E Ref 65 4.5x10" 6/s 0
values. An alternative to the simple dissolution model is that involving E -3- 0
film-induced cleavage.' 1 2 1

.
2 2 A simple approach' to quantifying the .-

crack velocity for a growth mechanism dominated by rapid mechan- -

ical jumps interspersed between periods of dissolution and film . 0 S 0
growth is as follows. The unit step in crack growth is the formation of J
a film, thickness (t), followed by a rapid jump over a distance (i) before J 0
arrest and repetition of these processes. The tine interval between v 4
these repetitions may be taken as that required to reach the critical 0 -4
strain for crack initiation, Ec, the time intervals being strain-rate : / .
dependent and equal to Ec/E. The crack velocity may then be defined o /
as: W I* A /0

j~t 0

C EJi (7) -5

a. rnr0265 n..0

for the effect of strain rate upon crack velocity for a-brass in NaNO2, O
Film thicknesses at 20°C are 430 nm at 0.1 V, 300 nm at 0 V, and 180 0
nm at -0.1 VSCE, and taking the distance between arrest markings, cc
the jump distance, as 2 txm, the crack velocities calculated from D:: PREDICTED CRACK
Equation (7) as a function of engineering strain rate are in agreement < VELOCITIES
with observed values at strain rates of about 10" s- I for each of the W -
potentials indicated above. However, the calculated velocities are o Ref 76 scratching electrode
about an order of magnitude too high at the strain rate of 10- 3 s - 1 0 Ref65 static e

and about an order of magnitude too low at 10- 6 s- 1, and so this R

simple model is no better, nor worse, than the dissolution model in -0'1 0 0.1 0-2
predicting crack velocities, However, Equaton (7) would be more
appropriately manipulated if crack-tip strain rates were used, and it is
also possible that the strain to initiate a crack growth event and the POTENTIAL V (SCE)
jump distance are both functions of strain rate, all of which await the
acquisition of appropriate data. FIGURE 21-Measured and predicted crack velocities from

Cole, et al.,78 take a somewhat different approach to that various sources for brasses exposed to NaNO 2 solution.
involved in Equation (7),because the film-induced cleavage model
emphasizes a critical film thickness rather than strain Increment. This Although previously a protagonist of dissolution models,
requires Equation (4) to be modified to: Galvele79 appears to have abandoned that position recently in favor

of a mechanism based upon surface mobility. This change has been

CV = 0, M engendered by the view that available mechanisms are unable to
T zFd (8) predict now cases of environment-sensitive fracture (a view that is

not consistent with some of the data given earlier) and by the
where 0, anodic charge density passed 14ring the first i se.,unds ubservation, folluwing others, that SCC, hydrogen embrittlement, and
after scratching, and i the interval between cleavage events hquid metal embrittlement exhibit great similarities and, therefore, a
calculated from the spacing between arrest markings divided by the single all-embracing mechanism must explain all of these phenum-
crack velocity, reflecting the variation in the time to reach the critical ena. The model leads to an expression for crack growth rates in these
film thickness at different potentials. Figure 21 shows a plot taken farious modes of failure on the basis of the surface diffusion of
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atoms, as depicted in Figure 22, the equation for the crack velocity small cracks in a C-Mn steel exposed to a carbonate-bicarbonate
being: solution, while Figure 24 shows the fracture surfaces of a high-pres-

sure gas transmission pipeline involving relatively large stress
corrosion cracks and, in both instances, the shapes suggest that

C D [exp ( a 3 + crEb ) -] crack coalescence occurred. A common form of crack coalescence
L kT (9) observod at external surfaces involves two slightly misaligned cracks

initially propagating beyond one another and then their closest tips
where Ds . coefficient of surface self-diffusion of the metal, L = moving towards the opposite crack and joining the latter. The
diffusion path length ( 10 8 m), a = atomic diameter, a = maximum consequence is that a small island of metal is initially left within the
stress at the tip of the crack, Eb = hydrogen-vacancy binding energy, crack but later may become detached, Figure 25 shows a typical
a relative degree of saturation with hydrogen of a vacancy at the example. Similar behavior has been reported by Kitagawa, et al.,' in
tip of a crack, k Boltzmann's constant, and T = absolute relation to corrosion fatigue crack growth in a highi-strength steel
temperature. There are problems in estimating D, for ,:ontaminated exposed to a NaCI solution. They consider the interactions in terms
metal surfaces, as will almost invariably obtain with SCC in aqueous of stress intensity factors and show that because of decreasing K,
environments, but Galvele concludes that a D. value of 10 m2 s I and increasing K1, values when two appropriately spaced cracks pass
is a safe limit, below which surface diffusion and hence cracking are one another, the tips curve and approach one another to achieve
unlikely. Such a D, value will be related to temperature, and the coalescence, as in Figure 25.
implication is that compounds having melting points below 12000C,
corresponding to the value of D. quoted above at room temperature, 0.2
will promote stress corrosion; whereas, compounds with higher
melting points are protective. This appears to raise a difficulty in
relation to, say, the cracking of iron-base alloys since, while
predicting that nitrates would promote cracking because the melting
point of iron nitrate is very low, it would predict that Fe30 4 is a
protective compound, since its melting point is 15970C. It has already
been mentioned that in many instances of SCC in steels, the potential
range for cracking is associated with Fe304 formation. Galveie 0.1

surmounts this problem by invoking arguments relating to the
bre,,down of the film, chemically or electrochemically, so that active I
-- passive transitions and potential dependence, for example, are I
expected to be involved in SOC. In that sense, the surface-mobility E
model is not essentially different from some considered earlier, with
the essential difference being that the experimental determination of
relevant electrochemical data is replaced to some extent by the " 0
properties of the salts involved. " 006 0-2 0-4
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S _ , FIGURE 23-TypIcal small stress corrosion crack profiles from
0 C e * • * * - 0  speclmen, of a ferrltlc steel subjected to cyclic loading while
S0 0 0 • 0 0 • 0 " * '- exposedto1NNaCO +1NNaHCO 3soIutIonat750 Cand-6500 0 • 9 0 0 0 ••• mVsc E for one week,81

0 0 0 0 If cracks are to coalesce in this manner, the lateral distance
between the cracks would be expected to be important, since if the

FIGURE22-Schematicllustraton of the surfacemobllty crack- separation is too large for given sized cracks, the stress fieldsIng m echanism . S tresses at the crack tip w ill favor the m ove-as o i t d w h t e t o cr ks il n ti t r c ,F g u e 2 s o s a
ment of an atom at A to position B, Introducing a vacancy at the associated with the two cracks will not interact. Figure 26 shows a
tip of the crack and advancing the crack one atomic distance, plot of the conditions under which cracks in a ferritic steel exposed to
The rate-determInIng step will be the rate at which excess atoms carbonate-bicarbonate solution did or did not coalesce8 l and makes
are transported by surface diffusion from the tip of the crack to the points that, at lateral separations greater than about 0 75 of half
new lattice sites, B-C-D (after Galvele). 0  the crack lengths, merging is not likely and that coalescence is more

likely after 'he nearest tips have passed one another (negative values
Crack coalescence. There is a particula| respect in which the of xa) than before that situation has arisen. Obviously, the greater

various crack growth kinetics models referred to above are all the lengths of the merging cracks, the higher the chances of
deficient, and this is in relation to them ignoring crack coalescence. coalescence for a given lateral spacing. An implication of such
Measurement at the profiles uf cracK suggests that crack toales- merging is that the length.depth ratio should increase beyond that for
cence uccurs both at the miicruscopt, ana macruscopic levelb and the a single crack and that this occurs is suggested by the results shown
observation at growing cracks at surfaces shows more direct in Figure 27, where the longest cracks have a length.depth ratio of
evidence et cracks mergirig. Figure 23 shuws the profiles of some about 15 and the shortest about 5. (It is possible that sbme of the
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FIGURE 24-Matching surfaces of stress corrosion cracks In a high-pressure gas pipeline. (The outside surfaces of the pipe
have been placed together.)"
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FIGURE 25-Scanning electron micrograph showing crack co- FIGURE 27-Maximum lengths and depths of stress corrosion
alescence and the formation of a metallic island in a ferritic steel cracks in ferritic steels that failed in service or in laboratory
exposed to I N Na2CO3 + 1 N NaHCO 3 at 750C and -650 mVSCE ,  tests involving exposure to CO3 -HCO 3 solution.
shorter cracks shown in Figure 27 had undergone merging and the
profiles subsequently changed during further crack growth so that previously existing small crac;s (Figure 23) will increase until the
their shapes reflected those shown at the bottom of Figure 23; only critical crack size corresponding to Kiscc is reached. The crack
those cracks having shapes of the form shown at the top of Figure 23 velocity will then increase to the upper bound for the exposure
or having features at the surface such as are shown in Figure 25 are conditions involved, with further coalescence of relatively large
classed as merged in Figure 27.) cracks (Figure 24) until the critical crack size corresponding to Klscc

is reached, as indicated schematically in Figure 28. It is possible to
quantify the behavior shown in Figure 28 in a simple fashion and to

1-250 compare the predictions with observed behavior." Comparison with
* Merged cracks ~service behavior indicates the importance of crack coalescence, in
o Non-merged cracks the absence of which lifetimes would be markedly greater than

C 000 sometimes experienced and a leak rather than a rupture would more

0 0 00 0 0 often occur. Such indications of the very significant contributions of
0 0 crack coalescence to service behavior indicates the need for its

0. 75 . consideration in laboratory studies and especially to those where
...• o ••kinetic considerations are used for differentiating between mecha-

4 o nistic alternatives. Moreover, even in the context of the engineering
05, . * implications of SCC, it suggests that less obsession with the events

,*. * after Kiscc is exceeded and more consideration of the circumstances
0258 .; *whereby Kiscc is reached in initially defect-free structures is justifi-

02 . able.

01%

-2-0 -1.5 -10 -05 0 0'5 1'0

XIa
FIGURE 26-Dimensional conditions for the coalescence of
adjacent stress corrosion cracks at the surfaces of ferritlc steel
specimens exposed to a CO-HCO3 solution."' ,

The merging of cracks appears relevant to points made earlier
about the time dependence of crack velocities (Figure 16) and of the
numbers of cracks (Figure 17), all of which have considerable c o ,,sc"
significance to service situations and the increasing interest in life I

prediction of structures containing growing cracks, It is likely that ,, ,,, - I
cracks nucleated at initially defect-free surfaces will grow at dimin- I
ishing rates with the passage of time (Figure 16), with probably many I
cracks ceasing to propagate, but others reaching some low but
essentially constant velocity when the crack-tip strain rate reaches a Tog

lower bound (Figure 18). However, new cracks continue to be FIGURE 28-Schematic Illustration of the effect of time of
nucleated (Figure 17) and the chances of such coalescing with exposure upon stress corrosion crack velocity.
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Conclusion 33. C. Lea, E.D. Hondros, Proc. Roy. Soc. 377A(1981): p. 477.
While statements will continue to be made to the effect that the 34. C. Lea, Corrosion 40, (1984): p. 337.

mechanism of SCC is still not.known or understood-the definite 35. H.J. Krautschick, J.H. Grabke, W. Diekmann, Corros. Sci.

article implying some all embracing mechanism-considerable strides 28(1988): p. 251.

have been made over the last two or three decades towards a better 36. R.N. Parkins, J. Iron Steel Inst. 172(1952): p. 149.

understanding of this phenomenon. Certainly, predictability of potent 37. H.H. Uhlig, J. Sava, Trans. ASM 56(1963): p. 361.
metal-environment combinations is vastly improved, even if based 38. E. Belhimer, R.N. Parkins, to be published.
upon experimental methods, but with the latter underpinned by a 39. R.B. Mears, R.H. Brown,'E.H. Dix Jr., ASTM-AIME Symposium
better understanding of the mechanistically oriented parameters. The on Stress-Corrosion Cracking of Metals (1945), p. 323.
search for some all-embracing mechanism to explain all instances of 40. R.N. Parkins, P.W. Slattery, B.S. Poulson, Corrosion 37 (1981):

environment-sensitive fracture will continue to attract some investi- p. 650.
gators, despite the evidence to the contrary. But the concept of a 41. J. Flis, Corros. Sci. 25(1985): p. 317.
spectrum of mechanisms,8 3 despite its current limitations in defining 42. C.J. Cron, J.H. Payer, R.W. Staehle, Corrosion 27, 1(1971): p.
the ingredients with precision or where particular systems fall in the 1.
spectrum, continues to have attractions, if only as a reminder that 43. R.N. Parkins, The Theory of Stress Corrosion Cracking in
changes in the environmental conditions for the exposure of a given Alloys, ed. J.C. Scully (Brussels, Belgium: NATO, 1971), p.
metal or change in the structure or composition of an alloy for 167.
constant exposure conditions may result in a change in the mecha- 44. J. Yu, R.N. Parkins, Y. Xu, G. Thompson, G.C. Wood, Corros.
nism of cracking. Some of the areas in which more reliable and Sci. 27(1987): p. 141.
definitive experimental dataare required have alreadybeen indicated 45. R.N. Parkins, Met. Rev. 9(1964): p. 201.
but, in very general terms, it may be that a subject that was 46. P.R. Swann, Corrosion 19(1963): p. 102t.
dominated by physico-metallurgical considerations in its early years 47. H.W. Pickering, P.R. Swann, Ioc. cit. 19(1963): p. 373t.
is in need of a return to that area in the light of the markedly improved 48. P.R. Swann, The Theoiy of Stress Corrosion Cracking in
understanding in more recent years of the environmental and Alloys, p. 113.
mechanics overtones to this mode of failure. 49. J.M. Silcock, P.R. Swann, Environment-Sensitive Fracture of

1966 Engineering Materials, ed. Z.A. Foroulis (Warrendale, PA:
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80. H. Kitagawa, T. Fujita, K. Miyazawa, "Corrosion Fatigue mechanism. In the case of brass in nitrites, we found that the change
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observed simultaneously [Manfredi, Meier, and Galvele, Corros. Sci.
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cracks are formed (see Duffo and Galvele, this proceedings).
However, when passivity breakdown is involved, as, for example, for
brass in nitrite and stainless steel in magnesium chloride, a low
melting point compound is formed on the slip steps, where the

Discussion passive film is fractured, and transgranular cracking starts.
R.N. Parkins: I am not aware that I have said or written that a

E.N. Pugh (Natlonal Institute of Standards and Technology, transition in crack path is a reason for rejecting the surface-mobility
USA): You have described both intergranular and transgranufar mechanism. I reject it on the same grounds as I reject any
failures and transitions between them. Do you favor the view that the mechanism that attempts to explain all instances of environment-
mechanisms are different, or do you believe the path changes with no sensitive fracture in some all-embracing hypothesis. It is not usually
change in mechanism? accepted that the mechanisms of fracture, in the absence of

R.N. Parkins: Where the conditions of exposure remain the environmental influences, by cleavage, fatigue, creep, or ductile
same, i.e, the crack-tip environment, potential, and strain rate do not failure are the same, nor is it usually accepted that the reactions that
change significantly but there is a change in crack path, I have result in different forms of environment-induced degradation of
difficulty in imagining that the mechanism of growth can change in materials are the same. If those statements are accepted, then I, for
any significant way, However, when the same material is exposed to one, have difficulty in imagining that when materials are simulta-
different environmental or stressing conditions and there are mor- neously exposed to appropriate stresses and environments, they
phological differences, the mechanism can be different for intergran- suddenly begin to behave in ways very different from those experi-
ular and transgranular cracking. enced when stresses or environments are applied separately. The

F.P. Ford (General Electric R&D Center, USA): With regard to single-mechanism concept, whichever one is invoked, invariably has
the change in cracking morphology during the same test, surely the to ignore so much reliable phenomenological information that, so far,
crack will follow the path by which it propagates the fastest. Thus the they have lacked the rigor to which they need to be subjected it they
changes in morphology are related to changes In rate-determining are to be acceptable.
step for the various systems available at the crack tip. For example, J.R. Galvele: While we supported for several years the idea of
changes in mass transport, crack-tip plasticity, etc., will change with anodic dissolution, we found that such a mechanism could not
crack depth There is no need to invoke a change of mechanism, explain "specificity' in SCC. By "specificity,' we mean not the

R.N. Parkins: Obviously the crack path that is observed will susceptibility to SCC, but the different crack propagation rates found
correspond to the mechanism that has the most favorable kinetics, as in various environments, as happens, for example, when we com-
is apparent from studies of the effects of cyclic loading on the pare brass in nitrites to brass in pyrophosphates. These differences
cracking of carbon manganese steel in a nitrate solution where are easily explained by the surface-mobility mechanism.
transitions fron intergranular to transgranular and vice versa occur, R.N. Parkins. I have no difficulty in accepting the concept of the
depending upon the relative velocities of the different modes surface-mobility mechanism in explaining specific instances of envi-
[Greenwell and Parkins in Fatigue of Engineering Materials and ronment-sensitive fracture, as in the solid-metal embrittlement of
Structures, vol. 5 (1982), p. 115]. However, that does not mean that certain materials, where it has often been invoked, My objection is
a change in crack path will never be associated with a change ;' when it is invoked to explain everything in relatiun to environment-
mechanism. For example, if a system displays an inherent sensitivity sensitive fracture. You may be correct in stating that the differences
to grain boundary attack in the absence of applied stress, and the in crack velocities for brass in nitrites and pyrophosphatus are easily
penetration rate is significantly enhanced in the presence of an explained by the surface-mobility mechanism, just as I am sure I
appropriate stress tu produce itergranular cracking, that sensitivity could make the same statement if someone else were to claim that
to intergranular attack is likely to be dependent upon solution such differences are easily explained by some alternative sugges-
composition and potential- If, after some intergranular growth, the tlion. Just because dissolution may not explain the different crack
crack tip environment and,'or potential change to conditions that no veloLties in brass exposed to nitrites or pyrophosphates is no reason
longer favor intergranular cracking, then growth may still occur, for assuming that dissolution cannot explain any instances of
following a transgranular path by a different mechanism, environment-sensitive cracking.
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R.C. Newman (University of Manchester Institute of Science and being the rate of film rupture at strain rates that permit crack-tip
Technology, UK): I wonder if one can addrees the intergranular- filming.
transgranular transition problem in terms of alloy type. Would you It is interesting in relation to Figure 15 that the two systems that
agree with the view that the solid-solution type of alloys (brass, show crack velocities consistently and appreciably above the v-i line
austenitic stainless steels) show the most facile transition with little or are for type 304 stainless steel in chloride and a-brass in ammonia,
no change in rate, whereas in low-alloy ferritic steels,:for example, both of which are strong candidates for a film-induced cleavage
the transition either never occurs (especially in~-statically loaded mechanism of crack growth. Obviously, where crack growth rates are
material) or involves a large change in rate? Maybe this tells us in excess of any maximum current-density measurement, it is difficult
something, especially about transgranular cracking, and maybe to conclude other than that some purely mechanical component of
about the role of dealloying. crack growth is involved in making at least a partial contribution to
R.N. Parkins: An interesting thought, but I am not sure that the growth.
premises on which it is based are valid, i.e., that single-phase alloys S.M. Bruemmer (Pacific Northwest Laboratory, USA): I have
show little change in crack velocity with change in crack morphology, a comment and a general question. The two empirical equations to
whereas ferritic steels show large changes in crack growth rate with estimate elemental effects on cracking propensity that you compared
change in crack path. For example, slow-strain-rate tests on a-brass basically address two different conditions. Seah and Hondros's
in a formate solution can show an order of magnitude change in crack equation can only be valid for steels of a constant microstructure, and
velocity between intergranular and transgranular cracking, the latter it indicates potential effects on grain-boundary chemistry, while the
being slower [Parkins and Holroyd, Corrosion 34(1982): p. 245]. On other deals primarily with alloying element effects on bulk and grain-
the other hand, similar tests on a carbon-manganese steel exposed boundary microstructures. The fact that these two equations do not
to an arsenic-containing potassium carbonate solution show virtually agree with one another is not surprising.
no change in crack velocity when a transition from intergranular to My general question relates to our current understanding of
transgranular cracking occurs as a result of a small change in applied dissolution-controlled intergranular SCC. We commonly refer to
potential [Parkins, Alexandriou, and Majumdar, Materials Perfor- grain-boundary structure and chemistry controlling susceptibility to
mance 25, 10(1986): p. 20]. intergranular SCC, but most practical examples link only chemistry to
H. Kaesche (Friedrich Alexander University Erlangen-Nurnburg, cracking. Do you feel that grain-boundary structure has a primary or
Federal Republic of Germany): Concerning the change from trans- secondary effect on intergranular SCC?
to intergranular crack propagation, we have (Kessler and Kaesche, R.N. Parkins: Your comment is fair, but ihe comparison was
Werkst. u. Korros. 35(1984): p. 171] studied the case of type 304 made to show that the claim of Lea and Hondros-that accepting
(UNS S30400) stainless steel in HCI-MgCI, solution. Cracks start Figure 3 of the text as an empirical indication that can be used
from micropits on repassivated slip steps filled with brittle chromium- predictively-is not valid.
rich oxides proceeding transgranularly into the material as long as the Insofar as grain-bourdary structure, as opposed to grain-
passage of dislocations across relatively soft grain boundaries is boundary chemistry, may influence grain-boundary deformation (as
easily possible. Deformation of the specimen is, however, accompa- indeed may grain-boundary chemistry), then I think it may have a
nied by hydrogen uptake from local corrosion at the crack tip, being significant role to play in intergranular cracking.
transported by dislocations and eventually stopped at grain bound- W.W. Gerberich (University of Minnesota, USA): A comment
aries. With deformation increasing during the progress of cracking, and a question on your observation that intergranular attack occurs
dislocations will pile up at hydrogen-embrittled grain boundaries, without stress. If either chemical reaction products or chemical
Crack growth then turns to being intergranular, but apparentlyonly at concentration gradients result, very large self-stresses may be
a relatively late stage of cracking. induced. Have the magnitudes of these been measured?
R.N. Parkins: This is an interesting comment and underlines the R.N. Parkins: Reaction products formed within cracks as a
suggestion, made in the text of the paper, that study of the localized source of self-stresses have been argued as occupying an important
deformation characteristics in the context of environment-sensitive role, for example, by Nielson [in Physical Metallurgy of Stress
cracking may well pay significant dividends. Corrosion Fracture, ed. Rhodin (New York, NY: Interscience, 1959),
R.L. Jones (Pacific Northwest Laboratory, USA): With regard to p. 121] in relation to the cracking of austenitic stainless steel, but I am

your figure showing crack velocity vs current density, how do you not aware of any measurements of such stresses. The issue is
account for very high crack-tip current densities, such as those complicated by virtue of the fact that, in many cases, crack growth will
exceeding 1 Acm? Where do the cations go, and what is the rate- be accompanied by crack opening and, just as with cyclic loading
limiting step? How do we account for crack velocities exceeding the where crack-closure effects associated with corrosion products are
v-i curve shown? much more prevalent with negative R values, the wedging open of

stress corrosion cracks is only possible if the corrosion products grow
R.N. Parkns: The current densities in excess of 1 A/cm 2 n Figure 15 faster in the appropriate direction than the crack-opening displace-
of the paper relate to the cracking of C-Mn steel in nitrate solutions ment rate.
and were reported (by T.P. Hoar) at the conference to which R.W. Staehle (University of Minnesota, USA): The state of
Reference 67 refers. In that particular system, but involving a affairs at the crack tips might be clarified by considering more
different nitrate solution from that used by Hoar and his coworkers, carefully the real chemistry inside the crack, i.e., the saturated
average intergranular penetration rates in the absence of stress of solution with metal cations; the formation of compounds from grain-
about 2 , 10- minis have been observed (Henthorn and Parkins, boundary specias; the rush of ions into a saturated solution with
Brit Corros, J. 2(1967). p. 186], and that requires an average current these previous species.
density of about 0.1 Ncm2. At strain rates that maintain the crack tip R.N. Parkins: I agree A small amount of work along these lines
in an essentially bare condition, crack velocity increases by about an has been performed for a few systems, usually by varying the pH of
order of magnitude, and the current density measurements quoted by the bulk environment to reflect changes in the crack enclave, but
Hoar also show an order of magnitude increase. It is most likely that, much more needs to be done.
in that particular system, there is appreciable acidification of the M.M. Hall Jr. (Westinghouse Corporation, USA): An under-
environment at the crack tip, and so I see no particular difficulty standing of the factors that determine mode of cracking (intergranular
with the high current densities required. It should be remembered that vs transgranular) is of engineering importance in that laboratory
the current requirements are very small at the crack tip, being of the specimens may not always produce the mode of cracking experi-
order of 10-5 A for a typical stress corrosion crack in a slow-strain- enced in the field. We find that slow-strain-rate tests reproduce the
rate test specimen some 10-3 mm wide at the tip, and propagating transgranular cracking of an austenitic stainless steel found in our
on a 1-mm front. The rate-limiting step, in relation to the crack application, but that compact-tension specimens do not. Is ft possible
velocity, is probably as indicated in Figure 19, being the rate of that stress state is important, and do you know of examples in which
dissolution at strain rates high enough to keep the crack tip bare, and this has been demonstrated?
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R.N. Parkins: Clearly, laboratory tests must reproduce, as "Stress Corrosion Cracking-The Slow Strain Rate Technique,"
closely as possible, the mode of failure produced in a service ASTM STP 665, ed. Ugianski and Payer, 1979, p. 5). Alternatively, it
situation that they purport to simulate. If they do not, they are of little is conceivable that the environmental conditions within the enclave of
value in that context. There are a number of possible explanations of the compact-tension specimens were not conducive to cracking.
the result that is quoted, one obvious one being that cracking in that Those are the factors that I would tend to consider in explaining the
system is strain rate dependent and that the compact-tension differences between the results from the two different tests, rather
specimens did not achieve the minimum strain rate for cracking. Such than differences in stress state, because once cracking has propa-
may occur when specimens are loaded and not brought into contact gated for an appropriate distance in a slow-strain-rate specimen, the
with the test environment before the crack-tip strain rate has stress state is not likely to be markedly different from that in a
exhausted to below the minimum rate for cracking (see Parkins, in compact-tension specimen.
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Mechanisms of Hydrogen-Related Fracture of Metals
H.K. Birnbaum*

Introduction fugacity conditions at the crack tip.' 8 In some cases, hydrides can be
The number of studies of hydrogen-related fracture in recent years is shown to resut from this stress stabilization even when they are not
quite impressive both in the vanety of systems studied and in the formed in the absence of the stress.21.2 Among systems that exhibit
amount of materials characterization that has been obtained.'"  hydride embrittlement are the group Vb metals (Nb, V,
Despite this effort, there is still incompiete understanding of the and Ta), 8 "13. 3-25 Zr,28.27 Ti,28-30 and alloys based on these metals.
mechanisms by which the hydrogen-related failures occur, and There are also a number of alloy systems that form "pseudo-
hence each material becomes a new and novel problem. The hydrides" under high-fugacity conditions such as cathodic charging.
advantage of obtaining an adequate understanding of the failure These "pseudo-hydrides" are in fact high-concentration solid solu-
mechanisms is that general rules of behavior can then guide the tions formed in the presence of a miscibility gap.31 .32 These systems
selection and application of new materials in aggressive environ- often exhibit embrittlement in the presence of this high-concentration
ments. solid solution (or by the stress-induced formation of this high-

In focusing on the understanding of the basic mechanisms of concentration solid solution), even though this phase is not a true
environment-related fracture, it is important to distinguish between hydride; i.e., it lacks the ordering of the hydrogen in the interstitial
those experiments and effects that are dependent on the kinetics of positions. Examples of these systems include Ni and its alloys; 32 Pd
fracture and those that are mechanistically related. Kinetic studies and its alloys;3 the Group Vb metals Nb, Ta, and V at elevated
can be applied to develop an understanding of the factors that temperatures;31 and possibly SS, which forms a "pseudo-hydride"
determine the failure rates but should not be used to classify phase at high hydrogen fugacity.16

materials with respect to the mechanisms of failure. Thus, materials Hydrogen embrittlement by stress-induced formation of hy-
previously classified as insensitive to hydrogen effects, e.g. AI,4  drid9s (or high-concentration solid solutions) is observed under
stainless steels (SSs), etc. have recently been shown to be highly conditions in which the hydrides can form at a rate sufficient to
susceptible to "hydrogen embrittlement" when exposed to a suffi- preclude other forms of failure. In these systems, ductile rupture can
ciently high fugacity of hydrogen or tested at sufficiently low strain occur if the strain rate is increased or if the temperature is
rates and the proper temperature range.5.6  decreased,3 since both cause ductile fracture prior to failure by

There has been no shortage of suggested mechanisms,' 2' 7 but hydride formation and cleavage. Similarly, if the temperature is
few have stood the test of critical examination, particularly as new increased, the stability of the hydride may be sufficiently decreased
experimental and theoretical methods become available. At present, so that it can no longer be stress induced, and hence failure may
several viable mechanisms remain, each of which can be supported again occur by ductile processes. The thermodynamics of the
by some experimental and theoretical evidence. The preponderance processes allow prediction of the conditions under which hydride-
of evidence indicates that there are several hydrogen-related failure related embrittlement can be observed.' 8 Establishment of this
mechanisms rather than a single, dominant mechanism, and that failure mechanism requires direct evidence for the formation of a
even within one material system, several of these may be operative, hydride at the crack tip of a propagating crack."' 2.23 30 In some
In cases in which this is true, the particular mechanism leading to cases, the stress-induced hydrides remain at the fracture surface and
failure is controlled by kinetics. An example of this will be discussed can be detected;' 2,35 in others they disappear when the stress field
subsequently. In the present paper, three mechanisms will be of the crack tip is removed 23 and must be observed while under
discussed: (1) embrittlement resulting from hydrogen-related phase stress.
changes, (2) hydrogen-enhanced plasticity-related fracture, and (3) Another condition for hydride embrittlement is that the hydride
the decohesion mechanism. be a brittle phase that undergoes "cleavage" fracture. In general, this

is not a restrictive condition, since most of the hydrides exhibit very
limited ductility because of restricted dislocation mobility resulting

Hydrogen-Related Phase-Change Mechanisms from the disordering of the hydrogen by dislocation motion '9 20
A number of metallic systems have demonstrated hydrogen The embrittloment mechanism may be qualitatively described

embrittlement resulting from stress-induced formation of hydrides or as follows. Under the applied stress, the chemical potential of the
other relatively brittle phases and the subsequent brittle fracture of solute hydrogen and the hydride are reduced at tensile stress
these phases.8 13 Several types of phases may take part in this concentrations, such as crack tips Diffusion of hydrogen to these
failure mechanism, e.g. hydrides, martensitic phases,1'4 " etc. The elastic singularities and precipitation of hydrides at the crack tips then
basic requirements are that these phases be stabilized by the occur. The phase change is accompanied by a decrease in the
presence of hydrogen and the crack-tip stress field,'0 

16 8 and that critical stress Intensity for crack propagation because the hydrides
the phase that forms be brittle.192" The typical system that exhibits are generally brittle phases. The crack may propagate into the
failure by this mechanism forms stable hydrides in the absence of hydride, the formation of which is accompanied by a high, compres-
stress, and these hydrides, by virtue of their large V are sive local stress field resulting from the very large o This
thermodynamically more stable under the stress and hydrogen- compressive stress field can give rise to "phase transformation

toughening." 0 However, the greatly decreased Kk allows rapid
'Materials Research Laboratory, University of Illinois, Urbana, IL crack propagation when the applied stress is only moderately
61801. increased, and the crack propagates by cleavage until the hydride-

solid solution boundary is reached. At this point, the crack enters a
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ductile phase with a high Kic and the crack stops until more hydride In a qualitative sense, all of the phenomena described above ror
is formed. The process repeats itself, resulting in discontinuous crack hydride embrittlement can apply to the embrittlement caused by
growth through the stress-induced hydride phase and with hydride stress-induced formation of other phases. ' n These may be oodes,
formation along the flanks of the cracks. nitrides, etc., or may be phases stabilized by the enhanced hydrogen

The stress-induced hydride formation and cleavage mechanism concentration at the stressed crack tips. In all cases, the important
can account for all of the observed characteristics of hydrogen factors are the same. (1) the effects of stress on the stability of the
embrittlement in those system in which it is observed. precipitated phases (i.e., the requirement that the precipitated phase

(1) Hydride embrittlement occurs only over a limited tempera- have a significant and positive AVfomat.o,,,), (2) the kinetics of phase
ture range with ductile behavior being observed at higher and lower transition, and (3) the mechanical properties of the precipitated
temperatures.9 ,1 The solvus temperature of the hydride-forming phases One significant difference between hydride embrittlement
systems depends on the local stress at the crack tip and the local and that resulting from the formation of other phases is that the
hydrogen concentration. Therefore, above a critical temperature, diffusivity of hydrogen is much greater than that of other solites at
the stress-induced increase in solvus is not sufficient to cause any particular temperature.3 6

hydride formation before ductile failure intervenes. At the lower One important case of hydrogen-related second-phase embrit-
temperatures, previously precipitated hydrides crack under the tlement of some importance is the embrittlement of SSs. This matter
applied stress. However, the hydogen diffusivity and the rate of is still quite controversial and the mechanism(s) unproven. In a
hydride formation are too low to allow re-precipitation of the hydrides, number of cases, hydrogen embrittlement of metastable SSs [e.g.,
and ductile fracture intervenes, types 304 and 316 (UNS S30400 and S31600)] have been associ-

(2) The extent of hydrogen embritdement is decreased as the ated with hydrogen-enhanced transformation of the -y-fcc phase tostrain ratens increased.h Ductile fracture and stress-induced hydrde the ox-bcc and E-hcp martensites. 14"1 
41.43 In situ transmission

formation and cleavage are competitive faidure mechanisms. Ashe electron microscopy (TEM) studies have shown that these marten-stratin rate s increased, less time is available for the diffusion- sitic phases are formed in front of the crack tip and along the crackcontrolled hydrde formation at the crack tis p, and ducte fracture sides 15.17 While the fracture surfaces of hydrogen-embrittled SSsintervenes. The temperature range over which hydrogen embrttle- (which show a quasicleavage aspect) are clearly different from thement is observed is increasingly restrcted and the strain to failure microvoid coalescence fracture seen in 'he absence of hydrogen, theincreases as the strain rate decreases. A clear demonstration that the actual structure of the surface is a controversial matter. There areextent of hydrinde fracture s dependent on diffusivty-controlled several difficulties in making a delinitive association of hydrogenhydrde growth rate was provided by studies that used deuterium at embrittlement with the formation of these martensitic phases.low temperatures?4  o The deuteum diffusivty at low temperatures is (1) The very presence of these phases along the hydrogen-very much lower than that of hydrogen the dffusion is highly embrittled fracture surfaces has been disputed.444 5 In part, this may
nonclassic ), and the metal-deuterium alloy behavior is correspond- result from the fact that the martensitic phases occur only very close
ingly much morndute tal-during fracture h to the fracture surfaces (within 1 jim) and hence require detection

ingly muchnmoresductileiduringsfracture.ases.
(3) Pre-existing hydride precipitates do not necessarily cause techniques sensitive to surface phases.

severe embrittlement. In some systems, such as Zr-based alloys, 37 (2) The martensitic phases are present near the fracturesheveresembrment In m soe ystides, dscht acssr-bd csurfaces even in the absence of hydrogen because of deformation-
the presence of massive hydrides does not necessarily cause induced martensites. The major difference is that the amount of
hydrogen embrittlement. While these pre-existing hydrides often transformation and the stress at which the transformation occurs is

crack under external stresses, the fracture proceeds between the

hydrides in a ductile manner. The loss of ductility is then similar to that much less in the presence of hydrogen gas or hydrogen in solid

caused by other brittle phases. The solid solution in equilibrium with solution. ed
thep ni(3) While few studies have been conducted, it does appear that

manner unless new hydrides grow at the tips of the cracks formed by the M. temperatures are not significantly affected by the presence of

fracture of the hydrides. It is this stress-stabilized hydride that is reducen in hydr o n 4te

responsible for the propagation of brittle cracks. A continued fracture reduced by hydrogen.16

by the hydride mechanism may not occur for several reasons. The (4) While the presence of martensitic phases at the surface of

hydrogen diffusivity may be too low to allow significant hydride growth hydrogen-embrittled metastable SSs has been established, it has not
pior to ductile failure. Alternatvely, the temperature may be too high been shown whether or not these phases are a necessary condition

prir t dutil falur. ltenatvel, te tmpratre ay e to hgh for fracture or a consequence of the enhanced deformation caused
relative to the solvus of the solid solution to allow stress-stabilized by frogen orhydride at the crack tip, by hydrogen."7

In addition to the hydrogen-enhanced martensitic phases, the
(4) Hydrides are not always observed at the fracture surfaces. metastable and stable SSs both exhibit formation of a "pseudo-

Brittle fracture by a crack propagating through the hydride hydride" phase' 6
.
4 7 at high hydrogen concentrations. Thls -'-phase

phase ,',.3( will occur on the habit plane and/or the cleavage plane has an expanded fcc structure and has been suggested to result from
of the hydride. The presence of hydride at the sides of the cracks a miscibility gap in the Fe-Cr-Ni system." The role of this "y'-phase
requires that the hydride be stable after removal of the crack-tip in the fracture of the alloys is not known. While stable SSs generally
stress field. In some cases (e.g., Nb t

1.
2 and Ti?4), this is possible do not exhibit hydrogen embrittlement, except possibly in very high

because of the large thermal hysteresis between precipitation and hydrogen fugacities [embrittlement has been obsered in type 310

reversion, while in other cases (e.g,, V2), reversion occurs behind SS (UNS S31000)4 61, these stable steels do form the -y'-phase during
the crack. In the case of Zr alloys, reversion of precipitated hydrides hydrogen charging, and it is possible that this high-hydrogen-
occurs in front of the crack to supply hydrogen to the crack tip,38 and concentration phase may be associated with the fracture.
similar reversion of the stress-induced hydride behind the crack may
therefore occur.

(5) Hydrogen embrittlement of metal hydrogen alloys is often Hydrogen-Enhanced Local Plasticity Mechanism
seen at temperatures above the solvus temperatures. This observa In many cases, the definition of hydrogen-related fracture as a
tion is a natural consequence of the effects of stress on the solvus of "brittle fracture" is based on loss of macroscopic ductility andior
the metal-hydrogen systems.'8 The shift in the hydride solvus can be relatively low-resolution studies of the fracture surfaces. It was
appreciable since the solvus temperatures published in the phase Beachem *ho first suggested, " on the basis ul sareful fractographic
diagrams correspond to precipitation of hydrides that are constrained examnation, that hydrogen embrittiemeit ol steels was in fact
by the surrounding solid solutions." In some cases, embrittlement associated with locally enhanced plasticity at the crack tip. This
results at high temperatures because the stabilization of dihydrides"' viewpoint received little attentiun fui many years. in reent years, it
by the applied stress, has become evident that hydrogen "embrittlement" by means of
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locally enhanced plasticity is a viable fracture mechanism, the term by which shear localization causes fracture is not known.73 In the in
hydrogen-enhanced local plasticity (HELP) will be used as a descrip- situ TEM experiments, void formation is observed along the intense
tive phrase. While the concept of enhanced plasticity appears to be slip bands,58- °63 66 and shallow microvoids have been observed
at variance with embrittlement, there is no contradiction when it is along the fracture surfaces of macroscopic hydrogen-embrittled
recalled that the distribution of hydrogen can be highly nonuniform specimens.5 The in situ TEM experiments show fracture occurs
under an applied stress Thus, locally the flow stress can be reduced, along slip planes in a saw-toothed morphology and 3-dimensional
resulting in localized deformation that leads to highly localized failure analogs, pyramidal features bounded by {111} slip planes, are
by ductile processes, while the total macroscopic deformation observed on macroscopic fracture surfaces.5s55 One consequence
remains Emall In fact, we are familiar with shear localization ia many of the HELP mechanism is that the fracture surface is predicted to be
systems,5° '52 the HELP mechanism proposes shea, localization that along which the shear localization occurs. In general, this is the
resulting from hydrogen. From a macroscopic vantage point, this type slip plane, as has been observed,' 1

4 but in cases where cross slip
of failure will appear "brittle." Strain-to-failure measurements made is prevalent or where special constraints are imposed by the
over a macroscopic gauge length will be greatly reduced despite the stressing mode, 7 " 8 the fracture plane may differ from the slip
high degree of local plasticity. Examination of the fracture surfaces at plane.
low resolution will induce a conclusion of a "brittle" fracture surface The behavior of many systems observed during in situ environ-
because of the highly localized nature of the ductile failure. mental cell TEM experiments is consistent with the above description

In recent years, this point of view has been supported by the of the HELP mechanism. Deformation of the specimens in vacuum
work of Lynch* 3- and Birnbaum, et al., 3 '5 '6 ' on a variety of systems. resulted in failure by plastic deformation in front of the crack tip with
Using both fractographic evidence and in situ environmental cell TEM the region of deformation extending in front of the crack and being
deformation and fracture studies, it has clearly been shown that the relatively broad, In general, the deformation occurred in several
HELP mechanism is a viable failue mechanism for a large number relatiod In eera, the defaion occurred al

of ystms boh uremealsan aloys bsedonNi,~~SSWFe 57
-
59  positions in the specimen, and ductile failure often occurred atof systems, both pure metals and alloys, based on Ni, ' .E ,  Fes 9  several different points. Propagation of these ductile cracks generally

In 718,61.65 type 304, 7 A533-B (UNS K03005),66 and 316 (UNS was preceded by voids opening in front of the crack front as well as
$3i600)17 SSs; AI,6 4 7075 (UNS A97075), and 7050 Al age- appreciable thinning of the material in front of the crack.
hardened alloys;' and -Ti alloys.3 The phenomenon is quite
general, having been observed in pure metals, solid-solution- The effects of hydrogen on fracture in these TEM specimens
strengthened alloys, precipitation-hardened alloys, and in bcc, hcp, were studied for static cracks under stress. On adding hydrogen gas
and fcc crystal structures. In addition to the direct studies of fracture to the environmental cell, dislocation sources began to operate and
cited above, there is a growing body of results that support the dislocations began to increase their velocities. Removal of the
microscopic ooservation that the addition of hydrogen to a system hydrogen gas resulted in a cessation of the dislocation motion, this
can decrease the flow stress of that system0' 1' and lead to strain cycle could be repeated many times. The effect of the hydrogen was
localization.4 '3 All of these points will be discussed below, to reduce the stress for dislocation motion! .16 Similar effects were

While there is agreement between Lynch and Birnbaum, et al., seen for dislocations in parts of the specimen that were of uniform
on the basic thesis that the presence of hydrogen increases the thickness and far from the cracks and that were in thick (several
plasticity at the crack tip and leads to fracture, there are significant hundred nm thicknesses) and thin parts of the specimen. Enhanced
differences in that Lynch views the phenomenon as a surface effect, dislocation velocities resulting from hydrogen were observed for
whilo Birnbaum, et al., consider the hydrogen effect to occur in the screw, edge, and mixed dislocations and for dislocations that were in
volume of the material as well as near the surface. Since the views tangles, in slip bands, and far from other dislocations. Similar
of Lynch have recently been reviewed,53 the following will primarily behavior was observed for dislocations in fcc, bcc, and hcp crystal
discuss the HELP mechanism proposed by Birnbaum, et al. The structures and in alloys as well as in pure metals. In the case of a
systems to which this mechanism appears to apply are principally number of metals, the effects of hydrogen are enhanced by the
those that do not form hydrides. The HELP mechanism is competitive addition of small amounts of solutes,5 ' 8 One of the remarkable
with the stress-induced hydride mechanism, as shown by the studies features of this phenomenon is its generality, which suggests that the
of " -Ti° and possibly the metastable SSs"; in which both failure mechanism is not specific to a particular type of material or
mechanisms have been shown to apply in different regimes of crack dislocation type The effects of hydrogen1 on fracture result from these
velocities, effects on dislocation behavior. Fracture In hydrogen was similar to

The HELP mechanism is operative for hydrogen in solid solution that in vacuum but with several very important differences. In the
and for gaseous hydrogen environments. In both cases, the appli- presence of hydrogen, the plastic deformation processes and the
cation of a stress results in a nonuniform distribution of hydrogen with resulting fracture took place at greatly reduced stresses, and the
a high concentration in front of an elastic singularity such as a crack plastic zones were more limited in extent. Thus, hydrogen caused
or a precipitate. The nigh local stress field at the tip of a crack reduces enhanced plasticity and local plastic failure at lower applied stresses,
the chemical potential of solute hydrogen,.74 and as a result of i.e., "hydrogen embrittlement."
diffusion, the concentration is locally increased. The tip of the crack Decreases in the macroscopic Ilow stresses because of the
is also the most likely place fot hydrogen entry from a gaseous addition of hydrogen into solod solution have been interpreted as
atmosphere wnce it is the pla-.e where plastic deformation first resulting fru m enhanced dislocation mution. These effects have been
u,.urs, and hence any surfate barriers tu entry are minimized. As will observed for hydiogen introduced Ly cathodic charging of pure

be discussed shortly, the resistance to dislocation motion, and thus iron, " " b plasma charging of iron," and by gaseous charging of
the flow stress, is devreased by the presence of hydrogen. Thus, in pure nickel." Very significant decreases in the flow stresses were
the regions of high hydrogen concentratioti, the flow stress is observed, particularly after cathodic charging of high-punty iron, and
Jec reased and slip u.urs at stresses well below those required for while these i.an result from dislocations introduced by hydrogen
pldotic defuirriatio n n other parts of the specimen. ,.e., slip Ioializa ,harging, the experiments were condlcted carefully to avoid surface
huli ucurs in lhe vi.inity Of the ,.ac.k tip. This has been clearly shown damage. Flow stress decreases in iron were interpreted based on
foi high purity At' and Fe N alloys." In addition to the local decrease decreases in the energy to nucleate kinks on dislocations, thus
,n fluw stress, hydrogen has been shown to result in serrated yielding decreasing the Peierls-Nabarro latti;e interactions. " 6 However,
jPortevin LeChateliei effect) in the temperature range in which observations of the phenomena in systems in which there are no
hydiugeri embrittlement .s severe.-= The regiun of serrated yielding strung dislocation lattice interactions ,uggest that this explanation is
is one cf negative strain rate dependence (d,.ldt 0). and shear not correct. The generality of the phenomena suggests that an
localization is a consequence.76 explanation must be based on interactions common to many

Continued localization of sheai is expected tu lead to fracture by systems, such interactions are the elastic interactions between
the various plastic-failure processes, although the exact mechanism dislocations and hydrogen solutes.
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The reasons for the enhanced dislocation motion resulting from instruments, in many cases these "intergranular" fractures exhibit
hydrogen are not yet established. One mechanism being studied is features that suggest the fracture paths are not confined to the grain
based on "elastic shielding" of dislocations and other elastic singu- boundaries. One of the important issues is whether or not the
larities by hydrogen atmospheres.7 9 In this mechanism, the mobility intergranular and transgranular fractures are in fact caused by
of hydrogen allows it to diffuse to positions-of lowest free energy and different mechanisms or if they are variants of the same fracture
form high-concentration atmospheres around dislocations, solutes, mechanism. This cannot be answered with great certainty, because
and precipitates. The binding enthalpies for the hydrogen are in many systems the intergranular fracture in hydrogen environments
typically of the order of 10 to 50 kJ/mole,8° which allows the is intimately related to the segregation of other solute species to grain
atmospheres to form and to move with the dislocations in the boundaries and interfaces. The synergistic effects of solute segre-
temperature ranges where embrittlement is observed. Thus, in gation complicate an already difficult situation. In the case of Ni and
contrast to other solute atmospheres, when the dislocations move, Fe, the interaction of H with segregants such as S and P has been
the hydrogen atmospheres can move with them. The significant studied,8 2

-
8 4 and it has been shown that segregation of species such

interactions are therefore between dislocations and defects, which as S at the grain boundaries reduces the fugacity and amount of H
include the respective atmospheres. Furthermore, since the hydro- required for intergranular fracture.
gen remains mobile during the interaction, the concentrations and In Ni, the causes of intergranular fracture resulting from
configurations of the atmospheres respond to the stress fields of all hydrogen have been extensively studied. "88 Transgranular fracture
of the elastic defects participating in the interaction. Thus, for by the HELP mechanism is observed on slow-rate straining in a
example, as two dislocations approach each other, their hydrogen hydrogen atmosphere at temperatures in the vicinity of room
atmospheres reconfigure themselves, and the hydrogen concentra- temperature, while the same testing conditions lead to "intergranu-
tion at each point responds to the sum of the stress fields of both lar" fracture when hydrogen is present as a solute.55 The basis for
dislocations; a reconfiguration that reduces the energy of the entire this difference in behavior can be seen in experiments using
system. Similarly, in calculating the force one dislocation exerts on a secondary ion mass spectroscopy (SIMS) to determine the distribu-
second, the contributions to this force must be summed over both tion of hydrogen in Ni89 and in Nb-V alloys.' Very large segregation
dislocations and the hydrogen atmospheres. of solute H (D) was observed at external surfaces and at some grain

Self-consistent elasticity calculations using finite element meth- boundaries. Furthermore, studies of "intergranular" fracture using in
ods were performed to study the hydrogen atmosphere configura- situ TEM straining techniques have shown that in the presence of
tions, the interaction energies, and the forces between elastic hydrogen, the "intergranular" fracture was in fact fracture by the
singularities.7 9 In general, the effects of hydrogen atmospheres at HELP mechanism that occurred in the vicinity of the grain boundaries
dislocations is to decrease the interactions of elastic defects at short and occasionally along the grain boundaries.9' Furthermore, this
range and to have no effect at large distances. This spatial hydrogen segregation occurred over appreciable regions (about 100
dependence is a consequence of the result that the hydrogen nm thick) adjacent to the surfaces and grain boundaries. Sulfur
atmosphere interactions vary as 1/r2, while the dislocation stress segregation at external surfaces had the effect of increasing the
fields vary as 1/r. The magnitude of this decrease of the interaction amount of hydrogen segregation in the vicinity of these surfaces.
stress can be of the order of the dislocation stresses at distances of These results are consistent with the view that in Ni, and
about 10 Burger's vectors for reasonable hydrogen concentrations, perhaps in other systems, hydrogen-enhanced "intergranular" frac-

The magnitude of the hydrogen effect increases as the concen- ture is in fact transgranular fracture by the HELP mechanism that
tration of hydrogen in the atmosphere increases, i.e., as the lattice occurs in the vicinity of the grain boundaries. Localization of the
hydrogen concentration increases and as the temperature de- enhanced dislocation mobility to regions near the grain boundaries
creases. As a consequence, the "elastic-shielding" effects are small and therefore localization of the fracture resulting from this enhanced
at high temperatures in which the concentration of hydrogen in the dislocation mobility is a consequence of the hydrogen segregation in
atmospheres is small. These effects are also small at low tempera- the vicinity of the boundaries. Fracture occurs near the grain
tures in which the atmospheres are not mobile. In the intermediate boundaries because that is where the greatest extent of hydrogen
temperature range and at low dislocation velocities, the effects are softening occurs Under relatively low magnification, these appear as
largest because the atmosphere rearrangements can occur in phase intergranular fracture, but with higher resolution examination, frac-
with the dislocation motion, tures on the fracture surfaces that are consistent with plastic failure

These shielding effects correspond well to the macroscopic adjacent to the grain boundaries are observed.
softening that has been observed (e.g., the softening is greatest at The importance of H segregation to grain boundaries was
temperatures around 2000K in Fe67

,6
9) is largest at low strain rates clearly shown in a study of the fracture of Ni-H alloys at 771K.IsIS 8

and increases as the number of short-range obstacles such as Ni-H alloys in which segregation of the H to grain boundaries did not
solutes are increased.5 59 In nickel and Ni-C alloys, the temperature occur were completely ductile As the extent of segregation in-
range of hydrogen-enhanced dislocation motion is also that in which creased, the amount of intergranular fracture increased until the
serrated yielding is seen, indicating that hydrogen atmospheres can specimens exhibited completely intergranular fracture at a critical
move along with the dislocations. Direct elastic-shielding effects have grain-boundary hydrogen concentration, It was the achievement of
been observed using the N anelastic relaxation in iron,81  this critical concentration that controlled the fracture at the grain

The general dependence of hydrogen embrittlement on tem- boundaries rather than the overall concentration in the lattice.
perature and strain rates is similar to that observed for hydrogen Achievement of this critical grain-boundary concentration was con-
softening of the resistance for dislocation motion. The in situ TEM trolled by diffusion of H to the grain boundaries either before or during
studies directly show that the hydrogen-enhanced dislocation motion the tensile tests (if they were performed at temperatures at which H
leads directly to fracture by slip localization, opening up of voids, and could diffuse) At any segregation temperature, the lattice H concen-
thinning of the material along slip bands. This slip localization also tration determined whether or not this critical grain-boundary hydro-
leads to fracture in macroscopic specimens, although the detailed gen concentration could be achieved by segregation. Synergistic
mechanism Is not established. A detailed connection between the effects of S and H segregation were observed similar to those
hydrogen effects on dislocation behavior, slip localization, and observed by cathodic charging.82 

83 In the presence of S segregation,
hydrogen "embrittlement" is not well established and remains a the amount of solute hydrogen required to achieve the critical
major issue. grain-boundary concentration for fracture was greatly decreased.87

No distinction was made between transgranular and intergran-
ular fracture In the above discussion. Many of the nonhydride forming
systems exhibit primarily "intergranular" fracture, as observed by Hydrogen Effects on the Cohesive Energy
relatively low-magnification optical and scanning electron micro- One of the oldest and most commonly referred to mechanisms
scope (SEM) fractography. On observation with higher-resolution of hydrogen embrittlement is the "decohesion" mechanism.9 29 4 In
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general outline, decohesion associates hydrogen embrittlement with more remarkable because they occur despite the very large volume
a decrease in the atomic bond strength resulting from the local increases that accompany H in solid solution; these volume in-
concentration of hydrogen. Thus, the fracture is cleavage, which creases normally cause decreases.in the elastic and atomic force
occurs wheanhe applied stress exceeds the "cohesive stress," a constants (as observed in the fcc metals). Both the elastic constants
material parameter that is assumed to be decreased by the presence and the phonon frequencies correspond to "small-strain" parameters
of hydrogen in solid solution. This cleavage fracture is generally and describe the effect of hydrogen on the part of the lattice potential
accompanied by plastic deformation,95 which greatly increases the curve close to the equilibrium positions. Despite this limitation, the
total energy of fracture and hence the macroscopic K10. In the dependencies of these parameters on H concentration in bcc metals
systems in which fracture occurs transgranularly, failure is expected are not consistent with hydrogen-related decreases in the cohesive
to be along the cleavage planes and to exhibit the fractography of energy or the cohesive force. In fcc metals, the situation is somewhat
cleavage, while intergranular fracture should occur directly along the different in that hydrogen decreases the elastic parameters,' 0'
grain-boundary surfaces. In intergranular fracture, the relevant principally as a result of the volume increase on adding H to solid
parameters are the cohesive energy and cohesive force of the grain solution.
boundary, which are also postulated to be decreased by the Since the elastic and atomic force constants pertain to the initial
presence of hydrogen as well as the segregation of many other part of the atomic force-displacement curves, an increase in these
solutes. parameters does not necessarily imply an increase in the cohesive

There are a number of "open issues" relating to the observa- force, i.e., the maximum of the force-displacement curve. A direct
tional base on which the decohesion mechanism is founded. measurement of this parameter is not yet possible. The area under
Intergranular fracture by decohesion resulting from hydrogen implies the atomic force displacement curve is 2"y/ where "Yf is the fracture
that the fractography should reveal the morphology of the grain surface energy. This parameter has been measured in the brittle 13
interfaces, whereas most high-resolution fractography shows a great NbH0 8 hydride phase19 and shown to be equal to the equilibrium
deal more structure on the hydrogen-embrittled intergranular fracture surface energy of Nb. Thus, even at H/Nb = 0.8, there was no
surfaces than is expected from brittle fracture along the grain significant decrease in the surface energy because of hydrogen A
boundaries. In situ TEM observations of the hydrogen-related similar conclusion was drawn from measurements of the equilibrium
intergranular fracture of a numberof systems9 1 show that the fracture surface free energy of Ni + 300 appm H.102

occurs mostly along slip planes in the vicinity of the grain boundaries, Recent theoretical discussions of this problem have suggested
often crossing the grain boundary to follow slip planes in the adjacent that H causes a significant decrease in the bonding of atoms, i e, a
grains. In contrast to this behavior associated with hydrogen-assisted decohesion during stressing. While these calculations, based on a
fracture, hydrogen-assisted failure in the Ni-S system with S segre- cluster variational method' °3 and on the embedded-atom method, 97
gated at the grain boundary does occur by crack propagation along support the decohesion mechanism, they remain the only support for
the grain boundary, albeit accompanied by significant plasticity on it in the absence of direct experimental measurements. What is
both sides of the boundary. 8796  required is a sounder basis for this fracture mechanism before it is

The fractography of transgranular fracture resulting from deco- accepted as a viable embrittlement mechanism.
hesion should be cleavage fracture, whereas most observations can
be classified as "quasicleavage." This term, whose meaning is Conclusion
somewhat elusive, generally describes a fracture surface that shows Several theories of hydrogen-related fracture nave been dis-
evidence of significant local plasticity and fracture features that cussed in the context of critical experimental measurements. While
resemble those on cleavage fracture surfaces but that are consid- the discussion of the voluminous literature was limited to those
eranly less crystallographic. The differences in true cleavage sur- experments designed to challenge and test the theoretical concepts,
laces are often ascribed to plastic deformation, this explanation is eperiments desned chall and st he toeca othe evidence presented clearly shows support for two mechanisms of
somewhat specious, since plastic deformation is crystallographically hydrogen embrittlement," "stress-induced hydride formation and
conservative, at least on a local scale. Thus cleavage of a prede- cleavage," and "hydrogen-enhanced localized plasticity." A third
formed material should show similar crystallographic features to mechanism, "hydrogen-induced decohesion," remains a possible
those seen in an undeformed specimen This is not generally true of tailure mechanism, since no definitive support can be mustered nor
the o'actures cited as evidence for the decohesion mechanism The can completely convincing counter evidence be adduced.
other obsevation cited as evidence for dlecohesion is that the The existence of several "hydrogen-embrittlement" mecha-
fracture surface corresponds to what is believed to be the cleavage nisms is clearly established. In a sense, these are competitive with
plane of the system rather than the slip plane. However, the actual each other and with ductile (nonhydrogen-related) fracture. Several
macroscopic plane will reflect the nature of the macroscopic stress mechanisms may even operate in a single system. The observed
tensor and may reflect frackre on a combination of slip planes on a fracture mechanism is controlled by the thermodynamics and kinetics
line scale that sum to an overall fracture plane corresponding to the of Ihe various fracture processes.
supposed cleavage plane. This can only be determined by careful All of the observed environmental fracture characteristics can
high-resolution fractography, which generally has nct been con- be accounted for on the basis of the above three fracture mecha-
ducted. nisms.

The principal issue in determining whether or not the decohe-
sion mechanism has any validity is whether or not hydrogen
decreases the "cohesive energy" or the "cohesive stress." Evidence Acknowledgment
for a hydrogen-related decrease in the "cohesive energy" may be The above discussion summarizes the efforts of many of my
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Discussion strain region of a fracture.
B. Cox (Atomic Energy of Canada Ltd., Canada): The H.K. Birnbaum: I agree caution is necessary. We try to

stress-induced hydride precipitation mechanism for cracking of correlate our observations with careful fractography of macroscopichexagonal metals is interesting because it is dl etly testable after the specimens and with mechanical property tests. As described in theevent by fractography. If this mechanism is operating, then the paper, we observe features on the fracture surface that can befracture surface must satisfy the crystallography of the hydride phase directly correlated with the electron microscope observations.(tetragonal or cubic) and not the matrix (hexagonal). I have not seen R.A. Oriani (University of Minnesota, USA): I believe that theany fractography for stress corrosion cracking (SCC) of 1-Ti that is effects of hydrogen or. the phonon frequencies and the elasticother than hexagonal-suggesting this hydride cracking mechanism constants of the host metal are irrelevant to a discussion of theis not operating in SCC Have you seen any such SCC fractures (i.e., validity of the decohesion model. This is because the decohesionwith cubic or tetragonal symmetry)? model addresses how hydrogen affects Fm, the maximum cohesive
H.K. Birnbaum: Evidence for hydride on the fracture surface force in the cohesive force-separation curve, but there is nohas been obtained in the Nb-H system where there is a large thermal necessary, or even probable, relation between Fm and the initial

hysteresis between the hydride formation and reversion. This thermal slope of the curve.
hysteresis depends on the volume change on forming the hydride H.K. Birnbaum: If you believe in continuity in the latticeand on the extent of plastic accommodation. It should be large in Ti potential, then one can expect a relationship between changes in theand Zr alloys, and therefore hydride should remain at the fracture maximum cohesive force and the initial slope as measured bysurface if care is taken to prevent loss of hydrogen after the fracture. phonon frequencies and elastic constants. I agree that the form ofHydride at the fracture surface of macroscopic specimens has been this relationship is not known. However, for most commonly usedreported by Paton, et al., and of course we have een it in the lattice potentials, a decrease in the initial slope of the cohesivetransmission electron microscope for embrittlement of alpha-ila- force-separation curve requires a Jecrease in the maximum cohe-nium The hydride layer may be rather thin because the hydride sive force. However, I also agree that we are badly in need of moreplates are thin I would look for its presence with electron or x-ray measurements of the cohesive force-separation curve, even one
diffraction on the fracture surface. I am not sure that it would be measurement would be welcome.expected to be seen with fractography The epitaxial relationship R.A. Orlani: There may be another source of mechanical stressbetween the hydride and the alpha-solid solution is such that the involved in the in situ electron microscope experiments that show thatfracture plane would have symmetry close to the hcp alpha-phase. introduction of gaseous hydrogen enhances dislocation of activity.Hence, it is not clear that examination of fractographic evidence This source is that a hydrogen concentration gradient arising from thewould distinguish the hydride from the matrix, hydrogen injection can produce large stresses that can generate

D Hardie (University of Newcastle upon Tyne, UK): You dislocations. Because the dislocations serve as sinks for the injectedshowed an electron micrograph of a crack passing through stress- hydrogen, it is possible that concentration gradient, and therefore theinduced hydride precipitate in alpha-titanium. Re-solution of such stresses, are maintained beyond the initial time of hydrogen presen-
precipitate after passage of a crack has been reported, and I wonder tation.
whether you have otserved such a phenomenon. Whether or not H.K. Birnbaum: Concentration gradients certainly exist whensuch solution occurs is very relevant to the comment made by Brian hydrogen is added to the environmental cell. However, for theCox. specimen thickness used and for the separation of dislocations, a

H.K. Blrnbaum: In our case, the hydride is formed in a steady-state hydrogen distribution is achieved in one second or less.hydrogen atmosphere and is thermodynamically stable. Reversion of The enhanced dislocation velocity continues for rather long timesthe hydride occurs in vacuum but rather slowly, because it depends (depending on stress relaxation) compared to a second. Hence, I do
on the loss of hydrogen through the surface, not believe that the stress due to concentration gradients has any

D. Hardle: I would certainly support your contention that significant effect.hydrogen produces localization of strain in materials such as R.W. Staehle (University of Minnesota): To what extent canaluminum alloys and steel, bit I was surprised by your statement that your ideas be generalized to other environmental species such as
an overall increase in hydrogen content (as opposed to a localized oxygen, chloride, fluorine, etc.?
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H.K. Blrnbaum: Many of the concepts developed for hydrogen- T. Murata (Nippon Steel Corporation, Japan): My question is
related fracture can be extended to other species such as oxygen, associated with cracking of bright annealed (annealed in N2 + 3H2)
chlorine, fluorine. The major difference is that hydrogen has a much 304 (UNS S30400) stainless steels. We have noticed the effect of
higher diffusivity. Stress-induced oxide formation and cracking should either gas (air, hydrogen, hydrogen sulfide) or nonaqueous solutions
be observable, and I believe it has been observed in vanadium, as an (oils of various nature) on the propagation of cracks related to
example. phase-transformation-related hydrogen cracking. I wo.-der if we have

R.W. Staehle: Would you comment on Magnani's work [Ad- to consider the role of surface tension or energy in explaining the
vances in Corrosion Science, Vol. 6 (New York, NY: Plenum Press, cracking mechanism, since environmental effects cannot be ex-
1976)] on uranium, which shows that cracks will propagate in plained only by the role of hydrogen entry.
precracked specimens without stress being applied? H.K. Birnbaum: These results are interesting and require more

H.K. Birnbaum: I am not familiar with that particular work. consideration than I can give them at the moment. I do not believe
However, hydride precipitation results in high localized stresses as that changes of surface energy are important for several arguments.
the hydride plates act as wedge-opening-load notches, and it is For example, the observation that other elements that cause larger
possible that as the hydrides form in uranium their stress fields will decreases in surface energies do not cause embrittlement.
cause cracking in front of the hydride plates. E. Ryan (Rocketdyne, USA): I would like s,.,ne elaboration on

W.W. Gerberich (University of Minnesota, USA): You have the subject of hydrogen-enhanced lccal plasticity. While the stress
admonished us to look for microplasticity in the SEM at 10,OOOX, field around a dislocation can be reduced by an atmosphere, the
much as Lynch has in the past, to see if hydrogen-induced cracking more effective an atmosphere in stress relief, the more effective it
is really brittle. I would equally caution that, in those processes that should be in stabilizing the dislocation. If diffusivity is high enough for
we think are ductile, we should look for cleavage or some other brittle the atmosphere to follow the dislocation, would not the drag of the
process. In {100} cleavage of Fe-Si single crystals, external hydro- atmosphere dominate the "shielding" effect? Has this point been
gen produces a ductile/ brittle switching when the crack is growing addressed quantitatively?
with many ductile ligaments and a small amount of cleavage to H.K. Birnbaum: Both qualitative and quantitative consider-
almost pure cleavage. This switches back and forth in dead-weight ations support the "elastic-shielding" effect on dislocation interac-
loaded sustained-load growth. I believe that both of these processes tions with other stress centers. As long as the atmosphere solutes
are controlled by the cleavage process as the extensive ductile have sufficient mobility to move with the dislocations and to rearrange
ligaments fracture after microcleavage Do you have evidence in bulk to a minimum energy configuration, the stress field of the dislocation
samples where cracking on the cleavage plane is in fact led by and the solute atmosphere must be considered in calculating elastic
microscopic ductile fracture? interactions. At lower temperature where the atmospheres lag behind

H.K. Blrnbaum: Yes, to the extent that you would accept in situ moving dislocations, hardening (or increases in flow stresses) is
scanning electron microscope tensile observations as macroscopic observed.
experiments. In nickel (and in other observations on aluminum), we M.M. Hall (Westinghouse Electric Corporation, USA): In
have seen hydrogen-localized deformation preceding the fracture your discussion you illustrated hydride precipitation at the macro-
Your observations, the details with which I am not familiar, may crack tip and concluded that crack extension occurs w.hen the "local"

suggest that both localized plasticity and decohesion are viable stress-intensity factor exceeds the hydride toughness, K,,. In our
mechanisms in your experimental conditions and that they are delayed hydride cracking studies on zirconium alloys, we find that (1)
chosen according to the detailed crack-tip conditions I certainly do hydrides precipitate at a distance from the crack tip and (2) ductile
not argue for the existence of a single failure mechanism and shear of the ligament between the hydride and macrocrack tip is
certainly agree that an open mind is required when viewing fracto- required for crack advance. When we account for the additional strain
graphic observations. energy required to shear this ligament, better correspondence with

R.P. Gangloff (University of Virginia, USA): Acknowledging the observed threshold stress-intensity factor is obtained. Have you
the experimental difficulties, have you obtained in situ transmission ever observed in the microscope this two-step process for crack
electron microscopy evidence for interactions between initially uni- extension, and it not, is it possible that plane-strain conditions may be
formly dissolved hydrogen and crack-tip dislocations? I ask this a necessary requirement for this latter mechanism of hydride-

question in order to pose the scenario in which external, high-fugacity assisted fracture?
hydrogen "reduces" surface films and adsorbates (oxides, vacuum As an added note, our observations, which were obtained in
system carbon) that would otherwise impede dislocation motion room-temperature tests of precracked compact tension specimens,
Would you comment on this concern? suggested to us that we should be able to measure significantly large

deformation rates in room-temperature constant-load tests of tensile
Secondly, do hydrogen-dislocation interactions result in unique specimens. We were able, in fact, to obtain sustained load ductile

crack-wake, near-surface dislocation morphologies? stress rupture of Zircaloyl tensile specimens in less than 24 h for
H.K. Blrnbaum: Transmission electron microscopy studies of stresses slightly greater than the engineering yield stress Thermal

systems with internal (solute) hydrogen are possible only in systems creep rates extr,. .lated to room temperature cannot account for this
having oxide films that prevent loss of hydrogen to the vacuum (e.g.. observation. Is it possible that hydrogen-enhanced plasticity can
Nb, V, Ta). The hydride fracture mechanism hau been studied in account for our observations?
these systems in the transmission electron microsope. Since we H.K. Blrnbaum. Since the hydride formation depends on the
cannot measure the streses in transmission efectro=: microscope local stress conditions, it will differ in detail between plane stress (as
specimens, the hydrogen-dislocation interactions must be studied by in the transmission electron microscope) and plane strain conditions
"differential experiments in which H2 is added or removed and the The hydride is expected to form at the region of maximum triaxiality
response of dislocatians at constant stress is observed. that is in advance of the crack tip In a plane-strain specimen We

We do not believe that these experiments are controlled by H2  observe a "field" of hydrides, some of which are separated from the
effects on surface films as qualitatively similar behavior Is observed crack tip by a volume of solic solution We have not observed
in a wide range of systems, viz., Al and Ti with stable oxides, Ni and ligament fracture between the crack tip and the hydride, but it seems
Fe with less stable alloys. etc. The hydrogen effects are also to be perfectly reasonable.
observed for dislocations that are completely contained in the volume I would expect to see hydrogen-enhanced plasticity in Zircaloy
of the foil, e.g., Frank-Read sources. but we have not examined the zirconium-based systems.

Our work suggests that a very high dislocation density should S.M. Bruemmer (Battelle Pacific Northwest Laboratories,
exist below the fracture surface due to hydrogen-enhanced plasticity. USA): Considerable work has been done in recent years on
It is difficult to distinguish this from the dislocation distribution that
accompanies a crack in the absence of hydrogen. tTrade name.
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dislocation activity within grain boundaries and dislocation interac- ,)= E hydrde

tions with grain boundaries. What do we currently know concerning J

hydrogen effects on this behavior? Does hydrogen enhance dislo- In a thin film, the stress component u., will dominate the interaction
cation movement in, emission from, and/or transmission through but there will also be shear stress contributions The transmission
grain boundaries? electron microscope experiments we conducted on alpha-titanium

H.K. Birnbaum: We are currently studying just these effects, were at high enough hydrogen fugacities to form hydrides
and it is clear that no simple answer can be given. In general,
hydrogen increases dislocation activity near the grain boundaries as A. Atrens (University of Queensland, Australia): In the case
well as in the grain interior. The situation is complicated by hydrogen of cracking due to hydrides, do the cracks stop at the hydride/matrix
segregation in the vicinity of the grain boundaries, which has been interface or do they propagate into the ductile matrix ahead of the
shown using secondary ion mass spectrometry. In a number of hydrides? That is, have you seen any evidence of brittle cracks
systems we have seen hydrogen-related fracture by enhanced propagating into the ductile matrix ahead of the cracked hydride?
plasticity in the vicinity of the boundaries (within several hundred
Angstroms) rather than in the grain-boundary plane itself This H.K. Brnbaum: We see the cracks stopping in the hydride or
suggests that many hydrogen-related intergranular fractures are in at the hydrde interface. However, recall that we can only study
fact predominantly transgranular fractures that parallel grain bound- relatively slow-moving cracks with our technique because these are
aries because of the enhanced hydrogen concentrations near the the only ones we can follow and record.
grain boundaries. A. Atrens: Would you like to comment/speculate what condi-

We have seen cases of true intergranular fracture associated tions produce hydrogen-induced plasticity in iron and iron alloys?
with hydrogen in certain systems, e.g., Ni with S segregated at grain That is, what are the controlling parameters/magnitudes?
boundaries, Ni3AI, and a few others.

R.H. Jones (Pacific Northwest Laboratories, USA): You H.K. Birnbaum: This question deserves more attention than
illustrated the effect of stress on the alpha + hydride solvus that can be provided in a short answer. We will be publishing our views
results from hydrostatic stress accommodating the volume expan- on the subject shortly. Briefly, we believe the hydrogen-enhanced
sion of the hydride. However, you proceeded to show hydrides in plasticity results from elastic shielding of the dislocation interactions
transmission electron microscope foils where the hydrostatic com- with other stress centers such as other dislocations, solute atoms, or
ponent was virtually zero. Were these results of high fugacity where precipitates. The hydrogen atmospheres rearrange dynamically to
the hydride was stable or is something else occurring in these tests? minimize the energy of the system, and this rearrangement results in

H.K. Birnbaum: The interaction between a stress field and a a decrease of the pinning of the dislocations. These effects will occur
hydride is with the hydrostatic stresses as well as with the deviatoric as long as the hydrogen mobility is high enough to allow the dynamic
components: rearrangement of the hydrogen atmospheres at stress singularities.

P
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Metal-Induced Fracture
N.S. Stoloff*

Abstract
Metal-induced embrittlement encompasses a variety of phenomena, induced by both liquid and solid
environments. Long-range diffusion is sometimes involved, but it is rarely necessary to cause fracture.
Similarly, grain boundaries are sometimes the preferred sites for embrittlement, but they are clearly not
necessary for embrittlement to occur. In view of the number and complexity of embrittlement
phenomena, the scope of this paper is limited to a discussion of "classic" embrittlement, in which
corrosion and/or long-range mass transfer are not involved. Also, effects limited to selective dissolution
of grain-boundary precipitates (e.g., lithium interaction with carbides in steels) or to rapid grain-boundary
penetration (liquid gallium on aluminum) are excluded. However, treatment of cases involving
short-range diffusion are included. The primary thrust of the paper is to summarize developments in the
field since the last international conference on the subject (1982), and to assess the work that needs
to be done to further enhance understanding of mechanisms.

Introduction peratures of less than 75% of the melting temperature of the

Liquid metal embrittlement (LME) was first reported in the literature embrittler. However, in at least one case (silver or gold on
in 1874.1 However, it was not until the late 1950s that experiments titanium alloys), embrittlement occurred at 0.38 melting
were reported that suggested that solid films (or inclusions) could temperature. 15

also lead to embrittlement.2 3 Neither author commented upon the (6) Embrittlement may occur even when intermetallics or solid

possibility of solid metal-induced embrittlement; instead, Tiner' was solutions are formed between substrate and metal film (e.g, zinc
the first to actually discuss the role of solid environments (mercury on or tin on steels16.1), contrary to earlier suggestions.
copper and brass) in embrittlement. There are now numerous cases (7) The enormous diversity in susceptibility caused by microstruc-

of solid or liquid metal-induced failures reported in research and from tural changes or altered test conditions requires very careful
industry, so that metal-induced embrittlement is far from being a testing over a wide range of test conditions before it may be
laboratory curiosity, concluded that a particular environment does not embrittle a

Further, the resemblance of many cases of metal-induced given substrate. Accordingly, the list of embrittlement couples is

embrittlement to hydrogen-induced cracking has suggested to many constantly expanding. Table 1 summarizes some recent addi-
researchers a commonality of mechanisms for both phenomena,' 5 ' 0  tions to the list.18.23

The principal features of "classic" metal-induced embrittlement have (8) No single mechanism is generally accepted for metal-induced

been summarized in several recent reviews, 9 and a brief synopsis embrittlement. However, most cases of classic embrittlement

of these findings follows, may be explained either by a decohesion mode 24 ,26 or by the

(1) Embrittlement of crystalline metals requires the simultaneous mechanism of enhanced shear7 ,26 These are also the most
application of tensile stresses (including residual stresses) and widely accepted models for hydrogen-induced cracking A third

intimate contact between environment and substrate. The latter mechanism, based upon short-range diffusion of embrittler

condition is obtained only when wetting is achieved; wettability atoms along grain boundaries, resulting in the formation of a

is itself a function of the atmosphere around the embrittler.1" zone of high dislocation density,2 7 is also capable of explaining

(2) Amorphous metals are severely embrittled by several low- some cases of embrittlement, particularly those involving de-

melting liquid metals; for these materials, compressive stresses layed failure or solid metal environments. However, while this

may be sufficient for embrittlement to occur. 12  mechanism may be applicable to crack nucleation, it must be

(3) Test conditions, particularly temperature, strain rate, the pres- modified to account for crack propagation.2 8

ence or absence of notches and embrittler composition, drasti-
cally alter susceptibility. The role of temperature is shown
schematically in Figure 1,13 while data for varying embrittler Historical Review
compositions on type 4140 steel (UNS G43400) are shown in
Figure 2,14 Amalgamated zinc and zinc-coated iron were the first reported

(4) Microstructure exerts a substantial influence on environmental embrittlement couples (cited by Johnson' in 1874). During the early

susceptibility. Most notable factors are grain size (large grains part of this century, mercury embrittlement of alpha-brass '3 1 and

are usually, but not always, detrimental, (Figure 3)11, slip the embrittlement of plain carbon and alloy steels by various lower

character, cold work, and precipitate size and spacing. melting metals were reported.32 " 5 In fact, by 1936 Austin35 had

(5) Solid metal embrittlement is rarely observed at absolute tem- concluded that virtually all steels used for general engineering
purposes were susceptible to "penetration embrittlement" when
immersed in solder, Van Ewyk6 went so far as to suggest that
soldering be avoided in assembling structural components. By the

Materials Engineering Department, Rensselaer Polytechnic Insh late 1950s, the literature on LME was extensive enough to warrant a
tute, Troy, NY 12180-3590. comprehensive monograph on the subject, the classic book by
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Rattention seems to have been focused upon metal-induced embritt-
20o lement as an important industrial problem until the Flixborough

0 Z disaster in England in 1975 [which resulted in 28 deaths and waso0 0 linked to cracking of stainless steel (SS) by zinc42 and the obser-
40- vation of reduced toughness in aircraft forgings containing lead
20- impurities and in intentionally leaded steels 43 (to imr-e machina-

bility).
O P0-00.o05 Zn :Surprisingly, the nuclear fission and fusion industries, although

60 dealing with alkali metal coolants in a number of reactor designs
40- (including the fast breeder reactor), seem to have found few cases of
20 classic embrittlement from these coolants. Apparently, alkali metals,

-0 with a few notable exceptions, do not cause such embrittlement at
P -00004 % Zn normal coolant temperatures. Nevertheless, alkali metals clearly do~60-

.cause embrittlement of a number of metals and alloys, One may cite/L ,0 the recently noted cleavage of aluminum alloys in the presence of
a20 sodium44 45 and the embrittlement of magnesium by sodium.2 Nickel

0 is severely embrittled by lithium 46
.
47 and moderately embrittled by

P60 - /, Zn sodium.47 Also, the nuclear industry has had to deal with numerous

40- / examples of solid and LME of zirconium alloy fuel element cladding
by cadmium 48 .49 and cesium-cadmium 48 and type 316 SS (UNS

20 S31600) by telluriumsc environments. Solid cadmium embrittiement
o of Zircaloyt 2 is so severe that cracking can occur at stresses below

6 P, .,. Zn the nominal yield strength of the alloy.49 The most complete, recent

40 review of specific embrittlement couples is by Nicholas.5 1
20o The importance of wetting as a precursor to embrittlement
2 0 cannot be overemphasized. While most studies of embrittlement are

0 2cc oC 600 so0 We conducted with the specimen and metal environment in air, several
TEST TEMPERATURE. "F studies of embrittlement of iron by lead in vacuum have been

FIGURE 2-Influence of zinc additions to lead on embrlttlement reported in the Soviet literature.5277 The results show that although
of type 4140 steel.' 4  lead-iron is an immiscible system, when a vacuum surrounding iron

permits good wetting by mercury, embrittlement is readily observed.
Rostoker, McCaughey, and Markus?7 This period coincided with On the other hand, in air, wetting of iron and steels by lead is very
great activity in the Soviet Union on LME, with numerous publications difficult, and embrittlement is usually observed only in medium- to
by the "Rebinder school.' '

1
.39  high-strength steels, e.g., types 434020 (UNS G43400) and 4140.17

Studies of embnttlement under cyclic loading apparently were The susceptibility of steels to lead is a function of both strengthlevel
first reported in 1956.40 To date, relatively little attention has been and presence or absence of a precrack. Kamdar2° has shown that
directed to fatigue phenomena in the presence of liquid metals, precracking is necessary to see embrittlement at the 700 MPa level
perhaps because there seems to be no significant difference in in a Cr-Mo steel, as described in more detail below.
susceptibility under either cyclic or monotonic loading, A summary of An alternative to manipulating the gaseous environment to
fatigue data reported prior to 1979 appears in Reference 9. improve wetting is to use an intermediate layer between substrate

Since the book by Rostoker, et al., 37 was published, many and embrittler. For example, wetting of alloy steels by liquid lead is
examples of solid metal-induced embrittlement, noted mostly in the facilitated by precoating them with tin Unfortunately. embrittlement
laboratory, were recorded; these have been admirably summarized
(to 1982) in a review by Druschitz and Gordon.4 ' Remarkably little tTrade name,
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TABLE 1
Recently Reported Embrittlement Couples

Substrate Environment Temperature (°C) Test Conditions References

Niobium Sn 250 tension, drilling Polukarova, et al.' 8

Al-Li Na RT Charpy Webster' 9

Al-Li K RT Charpy Webster19

Type 4340 Pb 350 tension, fatigue (A) Kamdar2°

IN7181) Hg RT HCF Price and Good21

Cr-Mo steel Pb 350 HCF Kamdar2'

Mg Na 120 bend, tension Trevena and Lynch2 -

A-286 Ag 500-600 delayed failure Assayama 3

Fe-Si Li 210 tension Trevena and Lynch2
7017-T651 In 10-150 (solid) da Trevena and Lynch22

(A)Static and HCF.
(1)One of ten different Ni-base alloys.

revealed in subsequent tensile tests is not readily interpreted, since Fractography
tin is itself an embrittler. Furthermore, many cases of grain-boundary Fractography has played a central role in efforts to establish
penetration of steels by lead and lead-tin alloys have been mechanisms of metal-induced embrittlement. Lynch,7,26

.
64 in partic-

reported " " The influence of several lead-tin environments on a ular, has offered extensive fractographic evidence for an enhanced
commercial low-alloy steel (ASTM A543) has been studied by shear model of embrittlement (Figure 5) for both hydrogen and
Balaguer, et al ,1 at two strain rates, and temperatures in the range metal-induced failures. This point of view is based upon Beachem s5

1
22 to 343°C Tensile tests in lead tin at 343°C resulted in severe proposal that dissolved hydrogen facilitates dislocation motion in the
embrittlement as measured by strain-to-fracture and true fracture plastic zone at crack tips, causing fracture by localized deformation
stress. However, contrary to most observations on metal-induced to occur more readily. Birnbaum and coworkers5 6 have shown direct
embrittlement, increasing strain rate by 25 times decreased the evidence for enhanced dislocation activity in nickel and nickel alloys
degree of embrittlement Metallographic studies revealed grain- as well as several other alloys in the presence of hydrogen gas,
boundary penetration and secondary cracking in embrittled samples. therefore, no reason exists to doubt the basic premise that environ-
Taken together with the anomalous strain-rate dependence, these mentally induced plasticity can cause fracture at reduced macro-
results suggest a time dependent mechanism of intergranular crack- scopic strains. Specifically, Lynch 2 suggests that adsorption facili-
ing, perhaps akin to the solder induced embrittlement of steels tales the injection of dislocations from crack tips, thereby promoting
reported by Austins or to the Khristal 27 mechanism of grain- link up of cracks with voids ahead of cracks.
boundary penetration favored (with modifications) by Gordon and
An.2" An inverse embrittlement-strain rate relation has also been SURFACE CHARACTERISTICS PETED FRACTURE BEHAVIOUR
reported by Adamson, et al.,, for neutron-irradiated, cold-worked Clean surface
type 316 SS tested at 625°C in liquid cesium-tellurium in fatigue and
by Price and Fredell1° for Monel t 400 (UNS N04400) tested in Y
mercury (Figure 4). These may be additional examples of grain-
boundary penetration. S _Dutleboudar peetrtio. S~ngctimiscptonStrong _ Predominantly egress fracture

Strong cht isofptio1 bonding of dislocationsfr

voids

700-

ARWeak cheisoption Predominantly
AIR____ croscopicalty

..- , Weak _nucleation--o- ibrttle fracture
600, / F R 5eac \ eVoid(1.~~ ~ A- A A,.- " A' dii locations "

L HYDROGEN /
'5 0/ /00 FIGURE 5-Schmatic of adsorpton.Induced embrittlement,

showing role of dislocations."

Fractographic observations to support Lynch's dislocation in-
O... MERCURY Jection mechanism in the presence of liquid metals (as well as

400 aqueous and/or hydrogen environments) have been reported for the

following substrates:
7
!

22
,
2
6
57.

6
4

10- 6  
10- 5  

10 - 4  10 - 3  
10 - 2 (1) Aluminum and Al-Zn-Mg single crystals

. s" 1(2) D6ac steel
(3) o-titanium alloys

FIGURE 4-Effect of strain rate on fracture stress of Monel 400 (4) Pure magnesium(UNS N04400) In mercury and hydrogent (5) I-brass single crystals
(6) Cadmium

(7) Nickel single crystals
t Trade name. (8) Iron-silicon single crystals
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The principal components of the fractographic and metallogra- point out that the hardened layer concept is capable of explaining
phic evidence are as follows: solid metal embrittlement, while the dislocation injection model,

(1) Cleavage-like k100) cracks with fronts parallel to .110. slip which requires molten metal to be present at the crack tip throughout
directions in aluminum and nickel single crystals, as shown in Figure crack propagation, does not. Also, this concept predicts a size effect
6,'4 110 crack fronts also were noted in f-brass,"6 although the on fracture, which was indeed noted." However, the principal
usual slip vector in this alloy is of type 001 . This discrepancy has weakness of the Popovich mechanism, noted by Pickens and
not been explained. Westwood,69 is the lack of metallographic and fractographic evi-

(2) Shallow dimples or tear ridges on fracture surfaces of dence to support the model.
embrittled D6ac, steel, iron-silicon, aluminum, cadmium, and Several recent fractographic studies of metal-induced embritt-
nickel 22 6 3 For magnesium, fluted fracture surfaces parallel to lement also support the decohesion model. For example, overaging
pyramidal planes and cleavage-like basal facets were produced by 7075-T651 aluminum results in reduced susceptibility to embrittle-
liquid cesium, as shown in Figure 7 226 Similar fracture surfaces ment by mercury (Figure 10),' but in all heat-treatment conditions,
have been noted in a-titanium alloys ambrittled by liquid mercury." a flat, cleavage-like fracture surface was observed. No dimples could

(3) Observations of large crack-tip opening displacements and be observed even at high magnification. Since the decreased
enhanced dislocation activity in metal-coated aluminum and nickel strength is expected to enhance dislocation activity at any given
single crystals.26  

stress-intensity level, the decreasing susceptibility to embrittlement
(4) Large shear band offsets with no major change in fracture with decreasing stress levels appears to offer support for the

appearance relative to air for amorphous metals tested in various decohesion model.
liauid metals (Figure 8).12 Several investigators have reported the incidence of (001}

fracture in mercury-embrittled aluminum single crystals 61 62 and
polycrystals.4 4'" Recently, Fager, et al.," ' have shown that cleavage
along (001) and (1101 of Al-Li alloys can be induced by sodium
impurities. Furthermore, cleavage was produced in an Al-Li-Cu-Zr
alloy and in type 2024 (UNS A92024) aluminum by placing liquid
Na-K eutectic next to a propagating crack. Miller, et al.,45 extended
the observation of sodium-induced cleavage to a type 7075 alloy, as
well as confirming the effect in an alloy similar in composition to that
used by Fager, et al. Sodium was directly identified on the surfaces
of the cleavage facets. These results also tend to support the

1 H24 Hz decohesion model, since no dimples were observed on the fracture
Z ~surfaces, although one could argue that the fractographic studies

were not conducted with the sophistication of Lynch's work.

Finally, Lynch' has s',own that the hardness (varied by
tempering) of a D6ac steel ha,,a profound influence on the proportion
of intergranular (IG) failure noted in mercury or hydrogen environ-
ments (Figure 11). For tempering temperatures above 300°C, the
proportion of IG fracture was nearly identical in both environments.
For as-quenched material, transgranular (TG) fracture in both
environments was mixed mode, with dimpled regions, quasi-cleavage
facets, and martenite-lath boundary facets [Figure 12(a)]. For other

I I1mm I heat-treatment conditions, TG facets were predominantly dimpled
(Figure 12(b)]. Predominantly IG failure at tempering temperatures in

FIGURE 6-Cleavage crack on '100; In aluminum single crys- the range 345 to 650"C was attributed to segregation uf impurities to
tals cycled In liquid gallium.7  

prior austenite grain boundaries. For nondimpled fracture modes,

Soviet research on metal-induced embrittlement also provides Lynch6 concluded that crack growth occurred by either localized slip
some supporting evidence for the concept of enhanced shear. or a mixture of slip and decohesion. Lynch' also has attributed
Popovich527,7 has summarized a series of observations on adsorption- cracking of zinc in mercury to decohesion.
induced plasticity as follows: Shallow hardness measurements of
steels In molten lithium and in vacuum as well as tensile tests in Cyclic Behavior
cadmium-coated Armcot iron indicate that plasticity is first facilitated In most cases, metal-induced embnttlement can be observed
by the environment, but that an increased work-hardening rate under monotonic, cyclic, or static conditions in a susceptible sub-
rapidly increases the flow stress in the medium to higher levels than strate/environment system. However, a sharp fatigue crack often
that in vacuum, as shown schematically in Figure 9.52 Although provides the most severe condition for embrittlement, as Kamdar °

Popovich and Lyiich agree, therefore, that dislocation activity is noted for a Cr-Mo steel in lead and Price and Good"' noted for
stimulated in the presence of an active medium, they differ in their several nickel alloys tested in liquid mercury. A machined notch did
conclusions as to the result. Popovich and coworkers" 5258' not provide sufficient stress concentration to cause embrittlement of
conclude that rapid hardening in surface layers after the initiation of the steel by lead, yet a fatigue-precracked sample readily displayed
plastic deformation leads to microcrack formation. These cracks are embrilttement.2 Similarly, Incoloy t 800 and 825 (UNS N08800 and
then proposed to propagate in bursts to the depth of the layer, crack N08825) were not embrittled by mercury in tensile tests, but
origins formed in Armco iron samples of differing grain size were displayed considerable reduction in life when cycled in mercury21
reported to correspond to the average grain size. Furthermore, Price and Good2' 65 observed that ten widely differing nickel alloys
serrated stress-strain curves of embrittled Armco iron, fractographic were all susceptible under certain conditions (tension, fatigue,
evidence of intermittent crack growth of zinc crystals in mercury and notched, unnotched) to embrittlement by mercury. Therefore, they
gallium, and acoustic emission measurements during crack growth in concluded that similar effects would be found in most other nickel-
embrittled metals support the concept of repeated formation and base alloys.
fracture of hardened surface layers. Dmukhovskaya and Popovichl Fatigue resistance in the presence of metal environments has

usually been evaluated under high cycle conditions, with life mea-
tTrade name. surements recorded rather than the rate of crack growth. Kapp, et

34 EICM Proceedings



,30 m,50,±rn

a) b)
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FIGURE 8-Fracture along shear bands in amorphous DEFORMATION BEHAVIOR NEAR CRACK TIP:
Fe4oN138BISMo 4 tested In bending In lithium at 200*C.12  O' I BUT do- I dE I ' SO EF I

al.,.6 have reported such measurements on three aluminum alloys: FIGURE 9-Popovlch mechanism of enchanced shear coupled
types 1100-0, 6062-T651, and 7075-T651, and compared the results with rapid work hardening."
with those from static loading under fixed loads or fixed displace-
ments. Typical fatiguu cracK results are shown in Figure 13 for the growth rates in type 6061. Interestingly, the 4.rauk growth threshuldb
I 100,0 alloy, tests were performed at 5 or 30 Hz at a constant R ratio were nearly the same in both cyclic and static loading, with type 7075

(R , ) of 0.1. Note that more rapid cracking was noted in embrittled the most and type 6061 embrittled the least by mercury.
mercury, but only at high AK levels. Identical behavior was noted in Fracture surfaue appearan.e did not change with the loading
type 6061 -T651. However, limited data for type 7075-T651 revealed condition.
severe embrittlement at all AK levels. The data for the first two alloys
resembled the behavior of hydrogen-embrittled steel in that, below
a certain minimum AK, the environment had no effect on crack Critical Issues
growth. Once this level was exceeded, the crack growth rate rose A cential feature of many early works on metal induced
rapidly with 1K, however, at higher AK, the growth rate increased embrittlement was concern for "specificity," that is, whether only
very little. Decreasing the requent.y frum 30 Hz to 5 Hz produced up -,ertain combinations of substrates and environments constituted
to 100 times greater growth rates in type 7075 and 50 times greater embidtlement wouples. There is now little doubt that virtually all sulid
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and crack path In D6ac steel In mercury and hydrogen.c p

metals can be embrittled by some, if not most, lower melting point
environments, provided that the experimental conditions are opti-. io "

mized. This point of view has also been adopted by others.5' A list of
recently discovered embrittlement couples is shown in Table 1; the
list is constantly expanding. The most favorable conditions for classic 0

embrittlement have been enumerated in the introduction and need
not be repeated here. However, it is important to remind the reader
that susceptibility to embrittlement of any given substrate can only be Id0- 0 O5HzAIR
evaluated when a large number of experimental conditions have 030Hz,AIR
been examined. The mechanism of embrittlement in any given I 5 HzMERCURY
situation may then be deduced based upon the effects of critical 0 3OHz,MERCURY
variables such as strain rate and grain size on fractographic features.
Furthormcre, the strength level of the substrate can have a pro-
nounced effect on susceptibility. For example, with type 7075-T651, io-9 1 1 n t I
increasing strength levels resulting from heat treatment cause a large I 2 5 10 20
decrease in the cracking threshold, accompanied by more rapid AK (MP r,-)
cracking at all stress intensity levels, as is shown in Figure 10.6°

Dislocation mobility is enhanced in low-strength alloys, so that
correlations of degree of embrittlement with strength level can reveal FIGURE 13-Effect of frequenc .n crack growth rates In 1100-0
the mechanism of fracture. aluminum, cycled In mercury.
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The second issue to be dealt with is the role of grain boundaries. hardness, with increasing hardness leading to sharply reduced
Grain boundaries are not necessary for embrittlement to occur, fracture stzcsses in hydrogen and relatively smaller effects in
Numerous single crystals and amorphous films have been embrittled mercury (Figure 15).73 A tenfold increase in strain rate had little effect
by a variety of metals.9'6 Furthermore, even face-centered cubic on the flow curves in air or mercury, but it appreciably reduced the
(fcc) metals, which usually fail intergranularly, are now known to degree of embrittlement (in terms of fracture stress) in hydrogen
display TG cracking in many instances (e.g., aluminum single With both D6ac steel and nickel alloys, cracks initiated more readily
crystals in sodium and nickel polycrystals fatigued in mercury or in hydrogen but propagated more easily in mercury Another differ-
tensile tested in sodium). However, since grain boundaries are ence between the two environments is that only IG cracking of the
present in virtually all service applications, factors such as impurity steel occurred in mercury, but a brittle TG fracture mode was also
segregation to grain boundaries, time of pre-exposure, and strain- noted under dynamic charging with hydrogen. It was postulated that
rate changes can strikingly alter the degree of embrittlement ob- hydrogen could diffuse inward from the surface and promote
served. For example, internal lead-induced IG cracking of AI-Mg-Si subsurface dislocation nucleation and motion while the influence of
alloys is observed only in slow-strain-rate tensile tests ( -s 10- 6 s-1 ) mercury was -limited to the surface.6 Also note the difference in
or in constant load tests (Figure 14), and only at temperatures high embrittlement with grain size for Monet 400 in mercury and hydrogen
enough to permit transport of lead.69 Embrittlement was not observed gas (Figure 3).l ° On the basis of these and other studies, it may be
at high strain rates at room temperature or in slow-strain-rate tests at concluded that wetting problems, differing modes of embrittler
-196°C at any lead level. However, embrittlement was noted at transport, and different substrate strength levels can give rise to
temperatures as low as -4°C.69 Thus, there is a complex interaction substantial differences in the response of metals to a given environ-
among test temperature, strain rate, embrittler composition, and ment, and may lead to situations where hydrogen and a liquid metal
substrate impurities that can change what appears to be a non- cause strikingly different experimental results. Indirect evidence for
susceptible system to one in which severe embrittlement occurs, enhanced plasticity in the presence of liquid or solid metals has

primarily come from the Soviet literature.' 1 .
52

.8.
77 Tensile and

superficial hardness tests indicate lower critical flow stresses be-
cause of active environments, but rapid hardening is then observed.

100 No such reports appear in the Western literature. Metallographic and
scanning electron microscopy (SEM) studies ort amorphous metals

4 in our own laboratory also indicate that shear is facilitated by liquid
10"9, metals, although no effect on macroscopic yield stresses was

Z observed." This may be a consequence of insensitivity of the tensile
, o .10" machine to changes in plasticity in the micro-yield region, although

C -changes in flow stresses in the presence of hydrogen are very readily
observed. 70 Clearly, more work is needed on direct measurements of

/ flow stress in high surface/volume specimens to reconcile Soviet
observations and negative results reported elsewhere.

-1c
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FIGURE 14-Crack growth rates of AI-Mg-SI alloys at vailous
lead levels.69
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The third issue of concern is the influence of metallic environ- FIGURE 15-Influence of hardness on fracture strain of type
ments on surface plasticity and the relationship, if any, between 4142 steel In hydrogen and In mercury.'
hydrogen- and metal-induced embrittlement, In situ transmission
electron microscopy (TEM) experiments by Birnbaum and coworkers "6 Sincr the stress state at the tip of a crack is bound to influence
have unequivocally demonstrated that hydrogen facilitates disloca- susceptibility to metallic environments, tests under compression or
tion motion in nickel. Similarly, Kimura and Mitsui70 have confirmed torsion, as well as the almost universally used tensile tests, are
Beachem's55 conclusions that hydrogen enhances plasticity in for- necessary, Kapp 1 has used torsion tests (Mode III) on 70/30 brass
rous materials under certain specified conditions. However, while in mercury to attempt to distinguish between shear- and tensile-
many similarities exist between metal- and hydrogen-induced em- dominated fracture modes, Unfortunately, the results shown in Figure
brittlement, significant differences have also been recorded, espe- 16 were inconclusive, since enhanced shear appeared to facilitate
cially in the response of high-strength steels to mercury and crack Initiation, while crack propagation occurred along planes of
hydrogen.6- 73 Much higher crack velocities and a greater proportion maximum tensile stress, suggesting a decohesion mechanism.
of IG cracking were noted in D6ac steel in mercury,6 On the contrary, Finally, with respect to the impact of metallic environments in
Price and Norman" found that on smooth samples of type 4142 industry, alloy steels present a series of problems with respect to
steel, embrittlement by mercury was much less severe than hydro- basic understanding of embrittlement mechanisms. Attempts to
gen embrittlement, perhaps because of incomplete wetting by correlate the embrittling effects of various low-melting liquid metals
mercury. The degree of embrittlement was also a function of on steels with either composition, melting point, or vapor pressure of
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the embrittler have not been successful' 4, 7 "7 2 For example, impu- orientation and chemistry of grain boundaries are carefully controlled.
rities or solutes in lead can drastically alter susceptibility to cracking, (Watanabe, et al., have already performed studies on well-charac-
with zinc exhibiting the greatest effect (Figure 2) followed by terized bicrystals and polycrystals, but they did not address the
antimony, tin, and bismuth.14 The major influence of these solutes is atomic mechanisms of fracture74

-
76). With such materials and

on the recovery temperature (TR) at which embrittlement is no longer suitable environments, the following experiments (some of which
observed (Figure 17).14 It is highly unlikely that the properties of the have been proposed earlier68.7 ") are suggested:
substrate control this recovery; instead, the degree of wetting, of (1) Determine influence of surface/volume ratio (i.e., specimen
adsorption, or rate of surface diffusion more likely controls this size, cross section) upon cracking susceptibility. These experiments
transition. Of course, impurities in the substrate also can substantially should be combined with examination for near-surface microcracks,
alter fracture behavior. For example, small additions of sodium or as suggested in the Soviet literature. ' 77

potassium to Al-Li alloys reduce their impact toughness and ductility (2) Measure crack growth rates under cyclic and static condi-
by forming discrete grain-boundary particles that are liquid at room tions, and correlate these with diffusivities associated with likely
temperature.19 Careful control of both substrate and environment transport mechanisms.
composition, as well as the gas surrounding the embrittler, is clearly (3) Carry out experiments with metal environments applied in
required to accurately assess susceptibility to embrittlement. vacuum as well as in air to minimize spurious results due to

inadequate wetting in air.
(4) Study response to cyclic loading with varying mean stresses;

8-for a given stress intensity range (AK), enhancement of embrittle-
Air ment at high R ratios (Kmin/(,,) should be observed if decohesion

is responsible.
.0 - (5) Study crack initiation in single crystals or bicrystals tested in

,¢ compression, torsion, or bending; if enhanced shear is responsible
for embrittlement, crack nuclei should be seen in compression or

M / Mercury torsion as well as in tension. (Note, however, ambiguities in Kapp's
19 resultsZ')

20 (6) If possible, all sets of experiments should use strain rate as
a variable to aid in distinguishing diffusion-controlled from adsorption-

0 I I I i I controlled embrittlement processes.
0 20 40 60 80 (7) Work should concentrate on a single substrate in each of a

group of related potential embrittlers, so that differences in effective-
Angle of Twist (degrees) ness of embrittlement might be correlated with physical or chemical

FIGURE 16-Torque-twist diagrams of 70/30 brass In air and characteristics of the environments. For example, nickel is severelymercury. Tembrittled by lithium, less so by sodium, and apparently unaffected
by potassium, rubidium, or cesium. Nicholas and Fernback47 have

PERCENT ALLOY ADDITION indicated that the nickel-lithium system is attractive for further study
,o

6  
1o5 io' io3  iO62  

61 100 10 because it is relatively simple and able to be characterized; wetting
U. I I I l F- characteristics and surface energies are well known.

/ TABLE 2
4o20 / I Mechanisms and Critical Factors for Embrittlement

a- 0
W 0 0 Decoheslon Enhanced Penetration

60Pb-Zn _____________________________Shear___/ Shear

instantaneous instantaneous incubation time

9 7af:ad-11 (Fa d-2 F a dl
40 0 continuous continuous discontinuous

cleavage dimples intergranularor

intergranular EF,. F Q C" (F,0
7

F Cl .

o 10 FpTp= C i " shear stresses tension only
-6 -5 -4 -3 -2 -i o 1 tension only OrF (I(Tb F O o.yS-

LOG PERCENT ALLOY ADDITION VF a oys-b

LOG PERCENT Sn ADITION FOR TERNARY
FIGURE 17-Influence of solutes In lead on recovery tempera-
ture (Tn) of ductility of type 4145 steel."4

Suggestions for Future Research TABLE 3
Table 1 illustrates the rapid expansion of observed embrittle- Mechanisms Identified

ment phenomena to new substratelembrittler combinations. Data
from these and earlier Investigations have established those factors Decoheslon Enhanced Shear Penetration
that tend to support each of the proposed theories of embrittlement
(Table 2). Systems that have been identified with each of these
mechanisms are summarized In Table 3. Most investigators continue Zn/Hg28  NirHg Monel 400/Hg(A) 1°

to use polycrystalline substrates to examine new systems. For those D6acgHg " FeCBS IHl M 4140/n-Sn4'
to ue poycrytallne .a-brassl-Ig (prop.)"' D6ac/H-g

substrates that usually fail Intergranularly in the presence of metal 7075/Hg8o At-Zn-Mg/Hg
environments, grain boundary chemistry Is bound to play a significant a-brasslHg (init.)71

role, as previously cited. 47 Therefore, mechanistic studies are best
conducted either on systems exhibiting TG failure in polycrystals
(listed in Table 4),73 or on single crystals or bicrystals in which both (A)Contrary to authors' suggestions.
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TABLE 4
Transgranular Embrittlement Couples26

Material Liquid-Metal Environment

Hg Ga In Sn U Na K Rb Cs
(- 3 9) (A) (30) (156) (232) (179) (98) (63) (39) (28)

Ni E N N N E(A) E N N N
Al E E E E
Cul/-brass N(6 )  NM61  N N
p-brass E E
Fe-Si E E E E
Mg N N E E E E
T, E N

(A)Mixed mode, predominantly IG.2
(1)lntercrystalline LME occurs in these and possibly other systems listed as not embrittled.

(8) In situ experiments in the TEM to observe the influence of 7. S.P. Lynch, Acta Metall. 29(1981): p. 325.
metal environments on dislocation mobility would be very helpful in 8. G.V. Karpenko, A.K. Litvin, V.I. Tkachev, A.i. Soshko, Fiz-
clarifying the role of enhanced shear. However, much care would be Khim. Mekh. Mater. 9, 4(1973): p. 6.
needed to avoid contamination of the microscope chamber. 9. N.S. Stoloff, Environment Sensitive Fracture of Engineering

In all experiments such as those described above, distinctions Materials, ed. Z A. Foroulis (Warrendale, PA. The Metallurgical
must be made between the mechanism of fracture and the rate- Society of the American Institute of Mining, Metallurgical, and
controlling steps in bringing metal embrittler atoms to the crack tip. Petroleum Engineers, 1979), p. 486.
Druschitz and Gordon41 have pointed out that the local atomic 10. C.E. Price, R.S. Fredell, Metall. Trans. A 17A(1986)- p 889
mechanism of fracture at a crack tip may be either by tensile 11. I.G. Dmukhovskaya, V.V. Popovich, Fiz.-Khim. Mekh. Mater
decohesion or enhanced shear. However, for crack nucleation, the 15, 4(1979): p. 64.
rate.controlling steps will be grain-boundary diffusion (or other rapid 12. S. Ashok, T.P. Slavin, N.S. Stoloff, M.E. Glicksman, Proceed-
diffusion paths in single crystals), and for crack propagation, trans- ings of the MRS Symposium on Rapidly Solidified Amorphous
port of the environment to the crack tip, perhaps by surface diffusion, and Crystalline Alloys, Vol. 8 (Pittsburgh, PA Materials Re-
Lynch79 has recently compared surface-diffusion coefficients ob- search Society, 1982), p. 309.
tamed from solid-metal-induced embrittlement couples with value of 13. F.A. Shunk, W.R. Warke, Scripta Metall 8(1974). p 519
surface self-diffusion coefficients obtained from other experiments 14. M. Landow, A. Harsolia, N.N. Breyer, J. Mater for Energy
and finds agreement within one crder of magnitude. Nevertheless, Systs. 2(1981): p. 50.
the concept of a hardened layer susceptible to cracking at the 15. R.E. Stoltz, RH. Stulen, Corrosion 35, 3(1979). p. 165.
surface" 17 or along grain boundaries27 as a precursor to embrittle- 16. J.C. Lynn, W.R, Warke, P. Gordon, Mater. Sci. Eng. 18(1975).
ment may be considered a distinct additional mechanism. p. 51.

17. M. Macek, "Liquid Metal Embrittlement of High Strength Steels
Summary by Tin and Tin Alloys" (Master's thesis, Illinois Institute ofA bref istoy o Sum aryTechnology, 1979),

A brief history of metal-induced embrittlement has been pre- 18. Z.M Polukarova, L.S. Bryukhanova, VS. Yuschenko, E.D.

sented, It is quite likely that virtually all higher melting solid metals can Shchukn, Fiz-KhLm. Mekh. Mater. 22, 5(1986). p, 39.

be embrittled by lower melting metals, provided that the microstruc- 19. D. Webster, Metall. Trans. A 18A(1 987). p. 2181.

tural and environmental conditions are favorable. However. there are 20. M.H. Kamdar, Fatigue Life, Analysis and Predictions, d. V.S.

at least three mechanisms of crack nucleation that have received Goe M talar, OH:iAu ierna tion , . .

support in the literature, at least one of which requires time- Goel (Metals Park, OH: ASM International, 1986), p. 333.

dependent, short.range diffusion. (Lynch7 points out the importance 21. C.E. Price, J.K, Good, J. Eng. Mater. Tech. Trans. ASME

of surface diffusion in solid-metal-induced embrittlement: Khristal's 106(1984): pp. 178-183.
mechanism27 requires grain-boundary diffusion.) Ways of distinguish- 22. P. Trevena, S.P. Lynch, unpublished research.23. V. Assayama, Embrittlement by Liquid and Solid Metals, ed.
ing between the mechanisms on the basis of experimental data are 23. a ar (Warrele , by L i ME 1984) , d.

described. Fina;ly, several critical experiments to elucidate further the M.H. Kamdar (Warrendale, PA. TMS-AIME, 1984), p. 317.

characteristics and mechanisms of embrittlemant are suggested 25. A.R.C. Westwood, M.H. Kamdar, Phil. Mag. 8(1963). p. 787.

26. SP. Lynch, "Environmentally Assisted Cracking: Overview of
References Evidence for an Adsorption-Induced Localized Slip Process,"

1. W.H. Johnson, Proc. Roy. Soc. Lend. 23(1874): p. 168. Aircraft Materials Report 119, Aeronautical Res. Labs, Mel-
2, R, Eborall, P. Gregory, J. Inst. Met. 84(1955-56): p. 88. bourne, Australia, AR-004-516, December 1986.
3. E.M. Kennedy, The Effect of Cadmium Plating on Aircraft 27. M.A. Khristal, Sov. Phys. Doki. 15(1970): p. 614 (in English)

Steels in the Presence of Stress Concentrations at Elevated 28. P. Gordon, H.H. An, Metall. Trans. A 13A(1982), p. 457
Temperatures, WADDTR40-4, September (1961), p. 468. 29. E. Heyn, J. Inst. Met. 12(1914): p. 3.

4. N.A. Tiner, Trans. TMS-AIME 221(1961): p. 261. 30. C.H. Desch, J. Inst. Met. 22(1919): p. 241.
5. E. Coleman, D. Weinstein, W. Rostoker, Acta Metall. 9(1961): 31. A.K. Huntington, J. Inst. Met. 11(1914): p, 108.

p. 491. 32. R. Genders, J, Inst. Met. 37(1927): p. 215.
6. A,S. Tetelman, S. Kunz, Stress Corrosion Cracking and Hy- 33. W.E. Goodrich, I.I.S.I. 132(1935): p. 63.

drogen Embrittlement of Iron Base Alloys, NACE-5, ed. R. 34. T. Swinden, J.I.S.I. 148(1943): p. 441.
Staehle, J. Hochmann, R. McCright, J. Slater (Houston, TX: 35. G.W. Austin, J. Inst. Met. 58(1936): p. 173.
National Association of Corrosion Engineers, 1977), p. 369. 36. L.S.G. Van Ewijk, discussion to Ref. 35 (1936): p. 187
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37. W. Rostoker, J.M. McCaughey, H. Markus, Embrittlement by 76. T. Watanabe, S. Shima, S. Karashima, Embrittlement by Liquid
Liquid Metals (New York, NY: Reinhold, 1960). and Solid Metals, p. 183.

38. N.V. Pertsov, P.A. Rebinder, Dokl. Akad. NaukSSR 123(1958): 77. V.V. Popovich, Fiz.-Khim. Mekh. Mater. 20, 5(1984): p. 84.
p. 1068. 78. N.S. Stoloff, Atomistics of Fracture, p. 921.

39. E.D. Shchukin, B.D. Summ, Y.V. Goryunov, Dokl. Akad. Nauk 79. S.P. Lynch, Mater. Sci. Eng., in press.
SSR 167(1966): p. 155.

40. J.W. Martin, J.C. Smith, Metallurgia 53(1956): p. 227.
41. A.P. Druschitz, P. Gordon, Embrittlement by Liquid and Solid

Metals, p. 285. Discussion
42. "The Flixborough Disaster," Report of the Court of Inquiry, B. Cox (Atomic Energy of Canada Ltd., Canada): In your

Dept. of Employment, Her Majesty's Stationery Office, May classification of mechanisms for metal embrittlement, I would like to
1975. point out that for HCP metals, the decohesion and perhaps the

43. N.N. Breyer, P. Gordon, Proceedings of the Third International poin o har me tal t dcoioa prhatheenhanced shear mechanisms can lead to discontinuous propagation
Conference on Strength of Metals and Alloys, Vol 1 (New York, because pseudo-cleavage occurs only on (or near) the basal plane,
NY: Pergamon Press, 1973), p. 493. and crack propagation must then wait for slip on the prism planes to

44. D.N. Fager, M.V. Hyatt, H.T. Diep, Scripta Metall 20(1986)- p. break those grains not oriented for cleavage. In practice (e.g.,
1159. Zircaloy in mercury), discontinuous acoustic emission is observed

45. W.S. Miller, M.P. Thomas, J. White, Scripta Metall. 21(1987)" p and fracture surfaces consist only of basal pseudo-cleavage and
663. prismatic slip (there is little or no evidence for pyramidal slip).46. N .M . Parikh, Environm ent Sensitive M echanical Behavior, ed .. .S o o f n al H P m ta s lp s s e s a e f w riA.RC.Wetwod NS. toof (ewYokNY: Gordon and N.S. Stoloff: In all HOP metals, slip systems are fewer in
A.R.. Westwood, N.S. Stoloff (New York, NYnumber than in cubic metals. Nevertheless, the extensive literatureBreach, 1966), p. 563.47. M.G. Nicholas, P.J. Fernback, "Some Tensile Properties of on metal-induced embrittlement of zinc and cadmium, as well as
High Puriy Nicls, StresednAka omeTnEnvironments," recent unpublished work on embrittlement of magnesium, have notHigh Purity Nickel Stressed in Alkali Metal provided evidence for discontinuous crack growth. Similarly, cracking
48. well W.T ab, atre2577) March 5. of cubic metals in liquid metal environments appears to be continu-

49. W.T. Grubb, Nature by256lidan19, p. 5ous. For these reasons, I listed adsorption-induced cleavage or
49. R.P. Gangloff, Embrittlement by Solid and Liquid Metals, p enhanced shear as continuous processes. The case you cite seems
50. M.G. Adamson, W.H. Reineking, S Vaidyanathan, T Lauritzin, not to be inherent in the embrittlement process, but I would need to

Embrittlement by Liquid and Solid Metals, p. 523. know more about the experimental conditions in the Zircaloy/mercury

51. M.G. Nicholas, Embrittlement by Liquid and Solid Metals, p. 27, experiments to provide a more complete answer.

52. V.V. Popovich, V. Kalyandruk, G. Dumukhovskaya, M.A. Pe- B. Cox: The specimens were self-stressed double-cantilever

resichanskaya, Fiz.-Khim. Mekh. Mater. 20, 5(1984): p. 84. beams from a Zircaloy-2 slab with mercury contained in the top of the
53. J. Balaguer, D.J. Duquette, N.S. Stoloff, B. Sikora, M. Motyl, specimen. Acoustic emission was massive over the plateau region of

unpublished research. the V vs K curve but appeared to be discontinuous as the crack

54. M.G. Adamson, W.H. Reineking, S. Vaidyanathan, Metall slowed down as K, (LME) was approached. Signals might have been

Trans. A 17A(1986): p. 2090. discontinuous at higher velocities but could not be resolved by our

55. C.D. Beachem, Metall. Trans. 3(1972): p. 437 acoustic emission system.
N.S. Stoloff: I reiterate that for most HCP single-phase metals,56. H.K. Birnbaum, Atomistics of Fracture, ed, R.M. Latanision, there is no evidence for discontinuous crack growth.

F.R. Pickens (New York, NY: Plenum Press, 1983), p. 733.

57. S.P. Lynch, Corros. Sci. 22(1982): p. 925. R.A. Orlani (University of Minnesota, USA): I would like to
58. I.G. Dmukhovskaya, NY. Yaremchenko, Y.V. Zima, V.V, suggest that it would be valuable for the development of understand-

Popovich, Fiz.-Khim. Mekh. Mater. 19, 5(1983): p. 66. ing of metal-induced fracture to establish experimentally whether or
59. J.R, Pickens, A.R.C. Westwood, Embrittlement by Liquid and notthere exists an equilibrium functionality between K and the activity

Solid Metals, p. 51. of an embrittling species. This could be done by using various
60. D.A. Wheeler, R.G. Hoagland, J.P. Hirth, Scripta Metall, concentrations of embrittling species in an inert metal solvent. The

22(1988): p. 533. old work by Westwood, et al., is a step in the right direction, but it is
61. C.F. Old, P. Trevena, Met. Sci. 13(1979): p. 591. necessary to show that the K-a curve is not kinetically determined.
62. S.P. Lynch, Mater. Sci. Eng. 72(1985): p. 633, N.S. Stoloff: I agree with the desirability of such a set of

63. S.P. Lynch, Acta Metall. 32(1984): p. 79. experiments. However, it may be difficult to find an "inert" metal

64. S.P. Lynch, Embrittlement by Liquid and Solid Metals, p 105 carrier to which an active species could be added. This is because

65. C.E. Price, J.K. Good, J. Eng. Mater, Tech, Trans, ASME many metals previously thought to be nonembrittling to a given
substrate turn out to be susceptible under certain conditions.106(1984): p. 184. Therefore, considerable care would have to be taken to avoid a

66. J.A. Kapp, D.J. Duquette, M.H. Kamdar, J. Eng. Mater, Tech. , conieblement fo he rre

108(1contribution to embrittlement from the carrier.

67. R.P. Wei, ASTM STP 675, ed. J.T. Fong (Philadelphia, PA- J.R. Galvele (Comislon Nacional de Energla Atomlca, Ar-

816 .97), p. 816 gentina): I would like to call your attention to some work we
ASTM, 1979), p 86.published in Corrosion Science [27(1987): p. 1] where we explained

68. N.S. St3loff, Embrittlement by Solid and Liquid Metals, p 3 environment embrittlement by a surface mobility mechanisn. The
69. J.J. Lewandowski, V. Kohler, N.J.H. Holroyd, Mater Sci Eng crack velocities calculated, for example, for aluminum in mercury,

96(1987): p. 185. were very close to those published by Speidel. The same happened
70. H. Kimura, H. Matsui, Scripta Metall. 21(1987). p. 319 with crack velocities measured by Veins and Staehle for high-
71. J.A. Kapp, Embrittlement by Liquid and Solid Metals, p. 117. strength steels in chlorine.
72. M.W. Macek, N.N. Breyer, Embrittlement by Liquid and Solid N.S. Stoloff: I thank you for calling my attention to this work. Is

Metals. p. 133. it possible that your mechanism relates more to the kinetics of
73. C.E. Pnce, R.G. Norman, Acta Metall. 35(1987). p. 1639. transport of the embrittling speries than to the actual bond-breaking
14. T. Watanabe, S. Shima, S. Karashima, Embrittlement by Liquid process that causes fracture? Note also that Figure 10 of my paper,

and Solid Metals, p. 161. showing the influence of aging of 7075 Al on crack velocity in mercury
75. T. Watanabe, S. Shima, S. Karashima, Embrittlement by Liquid in both Stage I and Stage II, seems to be at variance with a surface

and Solid Metals, p. 173. mobility model.
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R. Pelloux (Massachusetts Institute of Technology, USA): K. Sieradzkl (The Johns Hopkins University, USA): OverOne of the examples you referred to was an AI-Mg-Si alloy embrittled recent years, considerable theoretical modeling has suggested that
by lead. The da/dt vs K data for this alloy suggest that it is a case of surface energy reductions resulting from adsorption tend to favor or
"creep crack growth" strongly dependent upon the amount (ppm) of enhance cleavage processes over shear. What is your current
lead at the grain boundaries. Could this be the case for many of the thinking regarding mechanism(s) of enhanced shear processes
examples cited? resulting from pure surface effects?

N.S. Stoloff: The work you refer to is shown in Figure 16 of my N.S. Stoloff: Experimental evidence (metallographic, fractogra-
paper It should be possible to distinguish between creep crack phic, and in situ transmission electron microscopy) for enhancedgrowth and metal-induced embrittlement by fractography and surface shear is quite convincing, both with respect to hydrogen and metal
analytical techniques Although creep crack growth is possible at environments. The theoretical basis for enhanced shear is not wellroom temperature in aluminum alloys, the authors of that study established. The interaction of hydrogen with dislocation cores very
provided substantial evidence in favor of lead-induced embrittlement. near the surface is probably more amenable to theoretical analysis
However, your point is well taken that creep crack growth and metal- than is similar interaction between metal environments and disloca-
induced embrittlement may occur in the same temperature range. tion cores. I would welcome the attention of theoreticians to this
Therefore, careful analysis of test data, especially as a function of problem.
temperature and including detailed fractographic analysis, is neces-
sary to distinguish between the two cracking mechanisms.
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SECTION II

Corrosion Fatigue and High-Temperature Effects
Co.Chairmen's Introduction

K. Komai
Kyoto University

Kyoto, Japan

R. Pelloux
Massachusetts Institute of Technology

Cambridge, Massachusetts, USA

The first two papers of this session are concerned with the mechanisms of crack initiation
and crack propagation in corrosion fatigue. The last paper deals with the role of oxidation in
high-temperature fatigue.

In the paper by D.J. Duquette, he discusses the effects of corrosion on the density and
distribution of persistent slip bands during fatigue of copper single crystals. He shows that
there is always a corrosion current generated by cyclic plastic strains, The persistent slip
bands show preferential attack and grooving. In polycrystalline copper, corrosion fatigue
cracking proceeds along the grain boundaries. It is shown that the near-surface dislocation
density is usually dependent upon the corrosion rate. Duquette concludes by giving a list of
research problems related to corrosion fatigue crack initiation.

R.P. Gangloff first reviews the applicability of linear elastic fracture mechanics (LEFM)
to report the fatigue crack growth data (dadn) for long cracks in relatively inert environments.
He then shows the sharp increase in the rates of crack growth that occurs in the presence
of a corrosive environment with a strong effect of cyclic frequency. The roles of crack tip
chemistry and crack closure are discussed, It is found that the principles of similitude,
generally used in LEFM, do not work in the case of short cracks, where accelerated crack
growth rates may lead to unconservative life prediction. Different models of corrosion fatigue
crack growth based on hydrogen diffus:on at the crack tip are available for steels. It is
concluded that corrosion fatigue crack growth has a good database that needs better
theoretical modeling,

The review by A. Pineau presents the mechanisms of creep fatigue-environment
interactions in stainless steels and in nickel-base superalloys. He demonstrates the strong
effects of loading hold limes on the rates of fatigue crack growth as a result of oxidation
embrittlement. The oxide layer can be either a spinel Fe(NiO) or Cr, O3. The latter oxide offers
better resistance to grain-boundary embrittlement by oxygen.

Two types of oxidation damage are presented. Type A consists of an oxide film wedging
the crack tip, Typu B is related to diffusion of oxygen at grain boundaries ahead of the crack
tip. The detrimental effect of oxidation is due to a reduction of fracture ductility at the tip of the
fatigue crack. The acceleration of the crack growth rate because of oxidation can be modeled
by including the oxidation effects in a damage rate equation. A large amount of detailed
research work remains to be done to achieve a better understanding of the role of oxidation
on fatigue crack growth rates.

In summary, there is a strong detrimental effect of corrosion and oxidation on fatigue
crack initiation and growth. The corrosion and oxidation rates of freshly exposed microsteps
at a free surface or at a crack tip are poorly understood and not quantified. Further research
work on the micromechanisms of corrosion and oxidation is needed in order to derive sound
life-prediction models.

These papers complete the overview of the phenomena of environment-induced
cracking covered in the first phase of the conference.
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Corrosion Fatigue Crack Initiation Processes:
A State-of-the-Art Review

D.J. Duquette*

Abstract
This review attempts to define the areas of aqueous corrosion fatigue deformation processes that lead
to crack initiation. It is apparent that there are three distinct corrosion situations under which cyclic
deformation and crack initiation are affected. These situations are (1) under active dissolution
conditions, (2) under electrochemically passive conditions, and (3) when bulk surface films, such as
three-dimensional oxides, are formed on the surface. In the first instance, emerging persistent slip
bands (PSBs) are preferentially attacked by dissolution. This preferential attack leads to enhanced
mechanical instability of the free surface of a metal or alloy, and the generation of new and larger PSBs,
which, in turn, lead to a localization of corrosion attack and, accordingly, crack initiation.
Under passive conditions, the relative rates of periodic rupture and reformation of the passive film
appear to be the important phenomena that determine the extent to which fatigue resistance is lowered
by the environment. Less is known about the surface deformation characteristics that are associated
with passive metals or alloys, although it is known that changes in slip character have marked effects
on the corrosion fatigue response.
When bulk oxide films are present on a surface, rupture of the film by PSBs leads to preferential
dissolution of the fresh metal that is produced. However, little is known concerning the effects of such
variables as film growth kinetics, film thicknesses, film plasticity, etc.
It is obvious that while a better understanding of corrosion fatigue deformation and crack initiation
processes is being gained, there are still many areas that remain undefined.

Introduction will not be discussed. Other effects such as precorrosion, which may
Fatigue processes can be divided into three principal mechanistic result in surface roughening or pitting (and accordingly stress
processes: (1) precrack deformation, (2) crack initiation, and (3) concentrations), will only be discussed in a historical context.
crack propagation, It should be noted that these divisions are Similarly, except where appropriate, the roles of metallurgical phase
essentially arbitrary and are only a convenience used in describing transformations, such as grain.boundary precipitation of carbides or
the phenomena, and that there is a continuity in behavior from one other second-phase particles, which are known to have profound
process to the next. effects on localized corrosion resistance, will only be discussed in the

When metals or alloys are exposed to aqueous environments, context of crack initiation site preferences,
it has been observed that each of these processes may be profoundly Prior to discussing the recent history of research on CF damage
affected, The effects that are observed Include changes both in and crack Initiation, it is interesting to note that, in contrast to some
microstructural development and electiochemical response. It is conventional fatigue processes, only a very small group of research-
interesting to note that many of these changes have been observed ers is presently engaged in pursuing a basic understanding of CF
for pure metals as well as for more complex alloys where second crack initiation processes, This is in marked contrast to studies of CF
phases, grain boundaries, Impurities, etc., can be expected to crack propagation processes, which have been and are the subjects
produce electrochemically inhomogeneous surfaces. These differ- of numerous investigations. A review of that subject is included in the
ences In microstructural evolution and electrochemical response that proceedings of this conference.'
occur during fatigue in aqueous environments are observed under The last comprehensive review of fatigue crack initiation pro-
conditions of active dissolution or when a metal or alloy surface is In cosses that included CF processes was published in 1971.2 Since
the passive state, then, several reviews of various aspects of CF have been pub-

The purpose of this review Is to examine the current state of lished,3 "7 with the latest being published as part of a conference
understanding of precrack and crack initiation processes where devoted to the chemistry and the physics of fracture, held in Bad
"true" corrosion fatigue (CF) occurs. In this context, CF refers to the Reichenhall, West Germany, in 1986.8 In view of the number of
phenomena where surface dissolution or cyclic disruption of passive reviews that has been published in the last few years, the purpose of
films results In an Intrinsic sensible alteration In the conventional this particular review will be to present a broad overview of the current
fatigue processes. Thus, corrosion-related phenomena such as state of understanding, to discuss some of the issues that remain
hydrogen evolution or dissolution and their elfect on fatigue behavior unresolved, and to make suggestions for future work.

'Materials Engineering Department, Rensselaer Polytechnic Insti-
tute, Troy, NY 12180-3590.
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Background Planar slip alloys such as Cu-AI or Ni-Co and many precipitation-
hardened alloys do not exhibit veinous or cellular dislocation struc-

General fatigue behavior tures, but rather retain their planar slip character. However, from a
macroscopic point of view, they behave in a similar manner to wavyThe development of fatigue deformation, leading to crack slip alloys in that they exhibit cyclic hardening, reach a saturation

initiation, particularly for pure metals, in the absence of aggressive stress, and also generally exhibit PSBs.
environments has been extensively studied. (For more detailed Certain metals and alloys also exhibit a characteristic surface
discussions of the state of the art regarding general fatigue pro- morphology known as extrusions, whie stil others exhibit both
cesses, see References 9 through 14.) It has been shown that the extrusions and intru,,ons. These surface-related substructures are
resultant deformation substructure that develops is a direct function clusters of slip bands that either erupt from the free surface
of the microdeformational behavior of the specific metal or alloy. For (extrusions) or form notches in the surface (intrusions). While crack
example, single-phase, wavy slip metals or alloys, such as copper, initiation is often associated with these structural discontinuities, they
copper-nickel, etc., form dense veins of dislocation tangles early in are by no means general, and many metals and alloys do not form
the fatigue life of the material. During the formation of these either extrusions or intrusions; crack initiation being associated with
dislocation tangles, the metals or alloy cyclically harden until a either PSBs or, in the case of many engineering alloys, with
saturation stress (under constant cyclic strain conditions) or strain second-phase particles that intersect the surface. Crack initiation,
(under constant cyclic stress conditions) is reached. At this time, the however, is virtually always a surface-rlated phenomena (barring
relatively uniform, veined dislocation structure begins to become large subsurface defects).
unstable and bands of dislocation ladders and/or cells (ladders at low A sbrface fectsAs has been stated, for most metals and alloys, crack initiation
strains and cells at high strains) occur within the structure with occurs as a crystallographic event, generally related to PSBs and/or
specific crystallographic orientations (Figure 1),' s These bands are to intrusion or extrusions. These initiated cracks are referred to as
generally glissile and their reverse slip action supports most of the Stage I cracks and, for highly planar slip alloy, may progress for very
cyclic plastic strain in the alloy. For many materials, the traces of large distances into the alloy; although for wavy slip materials, they
these bands are readily observed at the external surface and are may only progress for one or two grains. For most polycrystalline
called persistent slip bands (PSBs). They were so named because materials, the Stage I cracks eventually become approximately
it was observed that when certain metals were cyclically re-strained, normal to the applied stress or strain direction, where they are
after eliminating the visible slip bands by electropolishing, the glissile referred to as Stage II cracks. It is at this juncture that fatigue crack
bands reappeared; whereas, monotonically induced slip bands, propagation properly enters the realm of the fracture mechanician.
which were observed in the first quarter cycle of deformation, did not
reappear. It is in these bands that fatigue crack initiation and early
crystallographic crack growth occur. Corrosion fatigue behavior

I r "-I Traditionally, CF crack initiation has been associated with
pitting" " or, alternatively, with enhanced electrochemical dissolu
tion resulting frum deformation.' There have also been some
suggestions that the environment may lower the surface energy of a
metal or alloy (the so-called "Rebinder effect"), resulting in enhanced
deformation and possibly easy crack nitiation. " " When films are
involved, rupture of the protective films by fatigue-generated defor
mation has also been implicated in crack initiation.2 4  The general

" ,. " subject of CF was extensively studied in the 1930s and early 1940s,
40 " :Xiil and then lay relatively dormant until the late 1960s when new

scientific concepts related to fatigue processes as well as to
electrochemical processes were evolving. There has been a marked
acceleration of interest in the problem, beginning in the mid-1970s
and extending to the present, particularly with the massive efforts thatj have coupled fracture mechanics principles to fatigue and environ.. -" "€ mentally assisted fatigue problems. In the area of corrosion-related
fatigue deformation and crack initiation, however, only a small

number of researcai efforts have been undertaken, These newer
research efforts have begun to successfully couple modern fatigue
concepts with electrochemical analytical techniques. In addition to
the author's :esearch efforts, significant advances have been achieved
by Laird and his coworkers at the University of Pennsylvania," 3

3 by
Magnin and his coworkers in France,38 '

2 and somewhat earlier by
Pyle and Robbins in the United Kingdom." " Much of the work of the
latter two groups has been related to CF of passive alloys such as the
stainless steels, whereas, the work of the former two groups has
been primarily (but not exclusively) related to CF processes involving
actively dissolving metals and have focused primarily on pure metals
such as copper and nickel, although a considerable effort has aIs6
addressed aluminum, copper, and iron-based alloys.

Among other observations, it has been shown that controlled
dissolution of a polycrystalline copper surface during cyclic deforma-
tion (under load control), results in broadening of the PSBs as well as
enhanced growth of both the number and the height PSBs when
compared to specimens cyclically deformed in laboratory air. In
polycrystals, however, crack initiation and early propagation were, in
general, primarily confined to grain boundaries (Figures 2 and 3)3 .2

FIGURE 1-Dislocation structures In Cu single crystals: (a) When single crystals were tested, PSB formation was also en-
ladder structure (PSB) and (b) cell structure." hanced, although the broadening of the PSBs (Figure 4) resulted in
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a delay in crack initiation and fatigue lives that were even longer than
for those observed in air.2 These early experiments demonstrated
that there is a significant interaction between the development and
growth of PSBs and corrosion. PSB formation also resulted in
marked electrochemical perturbations of the free surface. For exam-
pie; it was shown that the dislocation-free zone, which occurs at the
free surface in copper, was effectively removed (Figure 5) and that
the PSBs are preferential sites forenhanced corrosion (Figures 6 and
7). Also, it was noted that the application of a cyclic load resulted in
an almost reversible increase in current density when the potential of
the copper was fixed (Figure 8).27 The generality of these results was
confirmed by a series of experiments conducted by Garcia and (a)
Duquette on polycrystals and on monocrystals of nickel.2 8 30 These
experiments were performed at constant strain amplitudes, almost
exclusively with controlled electrochemical potentials. In these stud-
ies, it was shown that anodic dissolution of nickel surfaces resulted
in a considerable redistribution and multiplication of PSBs when
compared with the PSB morphologies obtained under cyclic defor-
mation in air. The growth of the PSBs was, of necessity, inhibited
since a larger number of PSBs accommodated the plastic strain of
the metal. It was also noted that the rate of cyclic hardening appeared
to be more rapid under corrosive conditions, although since the
specimens were not cycled into saturation, there is still some
question concerning the accuracy of this observation. 31 In fact, Laird
and his coworkers have performed experiments on single crystals of
copper, both unfilmed (actively dissolving) and filmed (corrosion
resulting in a bulk oxide film).3 2. 3 For unfilmed specimens (active
corrosion), an increase in the number of PSBs was reported, and the
spacing of the PSBs was decreased and preferential dissolution of
the PSBs was observed, which is in agreement with the results of (b)
Duquette and coworkers.24"29 It was also reported, however, that an FIGURE 3-Cross sections through copper polycrystals (a)
increase was noted in the maximum slip offset gradient, which is fatigued in air and (b) in 0.5 N NaCI solution with an applied
somewhat in disagreement and may be very significant for crack current density of 100 jxA/cm 2. In air, the initiated crack is
initiation processes. entirely transgranular while under anodic dissolution condi-

tions the primary failure crack is intergranular, although there is
some transgranular initiation.2 4 Enhanced deformation can also
be observed at the specimen-free surface.

0.2 mm_

(a))

(b)

FIGURE 2-Surface characteristics of polycrystalline copper (b)
after 108 cycles of fatigue In25 (a) air, (b) 0.5 N NaCI under free FIGURE 4-Surface slip characteristics of copper single crys-
corrosion conditions, and (c) 0.5 N NaCI solution with an applied tals at 105 cycles (10% of Nf) In (a) air and (b) 0.5 N NaCl solution
anodic current of 100 RA/cm 2. with an anodic current of 100 pNcm

2
.
2
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(a)( ." (a)

(b)

FIGURE 5-TEM micrographs of the fatigued surfaces of copper 1014m
single crystals in (a) air and (b) 0.5 N NaCI solution with an
applied anodic current of 100 VAJcm

2. P indicates deposited (b)
plate and S indicates specimen. Note that the surface-related
dislocation free zone in (a) is not observed in (b).11 FIGURE 7-Cross sections of similarly oriented single crystals

of copper in (a) air and (b) 0.5 N NaCI solution with an applied
anodic current of 100 IxA/cm 2. P Indicates deposited plate and S
Indicates specimen. An extrusion and an associated Stage I
crack are shown In (a), while the crystallographic orientation of
corrosion In the same direction as the Stage I crack Is shown In
(b).

26

CURRENT DENSITY VS TIME
2.o 1=-O,125V vs SCE

:5. A- Stort Cyclic Stress

O ,8 8 B- Stop Cyclic Stress

0. 1 MMz 1,4-
0C
C- 160

S In -N I n.FIGURE 8-Measured current density as a function of applied
cyclic stress for a copper single crystal held at a potential of
-0.125 V vs SCE In 0.5 N NaCl solution 27

However, the work performed under oxidizing (but presumably
not filmed) conditions showed no'effect on the rapid hardening rate
or on the cyclic stress-strain curve.32 Results obtained on filmed
specimens, on the other hand, showed some effect in that the

0.1m Mhardening rate increased with a small "overshoot" in the stress prior
to saturation, but no effect on the saturation stress itself.31 The

(b) generality of these results remains to be determined.
In another study of the CF behavior of copper, Yan arid Laird

also demonstrated that there are strong interactions between simul-
FIGURE 6-Surface deformation characteristics of similarly taneous corrosion and cyclic straining in that enhanced corrosion
oriented single crystals of copper In (a) air and (b) 0.5 N NaCl was observed.?2- They confirmed the results of Duquette, et
solution with an applied anodic current of 100 ItA/cm2. The al.2 4,2 0

° that enhanced dissolution is caused by the emergence of
preferential corrosion attack of the PSBs Is clearly shown.28  mobile dislocations, specifically, enhanced dissolution of metal
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atoms associated with those dislocations that form the PSBs. This was also observed that the free corrosion potential cycled in parallel
study also concluded that below a critical preferential corrosion rate, with the strain, reaching the largest negative potential at the
corrosion has no appreciable effect on fatigue resistance.32 A similar maximum tensile applied strain. All of these effects were observed to
result had been reported for carbon steels,34 although Yan and Laird be functions of the strain rate, with high strain rates leading to more
indicated that the critical corrosion rate was specific to PSBs rather intense local depassivation and dissolution (Figure 11). This is an
than a general corrosion rate. interesting result since it had been widely believed that CF is not

For filmed surfaces, Ortner3l has reported that even thin films expected to be a problem at high frequencies. Obviously, frequency
impede dislocation egress and increase the rate of rapid hardening. effects (and associated strain rates) are important parameters, and
This makes PSB formation more difficult than in air and impedes the amount of corrosion that occurs in each cycle must be compared
intrusion/extrusion formation.31 Upon penetration of the film by PSBs, with the repassivation rate (for alloys that show active-passive
the corrosion rate of the copper suddenly increases. This is in transitions). Table 1 indicates the effects of strain rate on the surface
accordance with the results reported by Hahn.27 A decrease in thb damage characteristics of 26Cr-IMo stainless steels, at different
rest potential was also observed by both investigators, and Hahn levels of strain, and indicates the role of the deformation mode on the
determined that it was virtually reversible; i.e., when cyclic loading of crack initiation mode in air and in 3.5% NaCl solution.39

the metal was interrupted, the corrosion potential returned to the
original rest potential (Figure 9). Thus, there is an implication that
dynamic straining shifts the potential of anodic regions on the surface 4

in the active direction. Whether this results from a physical shift in the 3 -

reversible potential because of the strain energy or to a decrease in
the anodic reaction kinetics because of the ease in removing 2

unstable atoms (resulting from local strains) by electrochemical 2

dissolution is not yet known. P 1

OCOrr. VS. TIME O
0230 A.Stcrt Sclut, Flow

.Stort cyclic Stress LOAD-520 N mm -"

0 240
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FIGURE 9-Measured potential as a function of applied cyclic
stress for a copper single crystal under free corrosion rondl. ,43

tions In 0.5 N NaCI solution.27  2 P I

With reference to surfaces covered with ultra-thin films (pas- Iap

sive), Rollins, Patel, and Pyle have pioneered some electrochemical
studies relating cyclic deformation to current transients under elec-
trochemical potential control,1 '37 By examining a diverse group of H*2

alloys, including mild steel, stainless steels, and aluminum alloys,
they have demonstrated that there are significant current transients P

associated with each cycle of plastic strain. In general, current spikes
associated with more or lessi rapid decays were observed in both PH a
tension and compression when the peak currents increased with
increasing cycles, CF resulted; whereas, if peak currents decreased , a t2 X 4 a = ,
with Increasing numbers of cycles, cracks were not initiated (Figurv N -Io.
10), These results suggested a definite relationship between cyclic
plastic strain, repassivation rates after passive film rupture, and CF FIGUiE 10-(a) Typical dissolution transients for mild steel
failures, fatigued In 3.5% NaCI solutions. (b) Variations of peak current

This type of experimentation nas. been considerably rofined by densities associated with current transients and cyclic strains
T ye ofperime ntheirworkthesauration psbeoheak y as a function cf a number of applied strain cycles for mild steel

Magnin and his coworker " 2 in their work, the saturation peak In 3.5% NaC, All pHs except pH 12 resulted In reductions In
stress for a 26Cr-1 Mo stainless steel was siown to be identical in air fatigue resistvce when compared to laboratory air.37

and in aggressive solutions, confirming the 5enerality of the result
that had been reported for copper. It was also noted that the free Additionally, also using 26Cr-1Mo stainless steels, current
corrosion potential decreased (moved in the active direction) during transients under electrochemical potential control were observed. An
rapid hardening, increased at saturation, and decreased again at example of these results is shown in Figure 12 where it is noted that
crack initiation. This suggests that newly exposed metal, resulting in accordance with the work of Patel, Pyle, and Rollins, current
from cyclic slip-band generation, prior to crack nucleation, locally transients are larger in tension than in compression. The total amount
destroys the passive film. The film then attempts to repair itself when of metal that is dissolved is related to the area under the curve.
the stress level is constant (at saturation), sh;fting the potential In the However, the shapes of the current transient curves cannot be readily
noble direction, and Is broken again at crack initiation. Thus, it explained by single events rupturing the passive film. Rather, it is
appears that the rapid hardening portion of the cyclic stress-strain imagined that the curve is actually the sum of consecutive film
curve is very important to localized passivation aid repassvation. It ruptures by individual or groups of slip bands that are activated at
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different stress or strain levels. A schematic diagram showing this In the first case, there is strong evidence that there is a definitive
sequence is shown in Figure 13. interactive reaction between the deformation induced by cyclic

Thus, it is apparent that there are at least three major stresses or strains and the corrosive environment. This interaction is
electrochemical and/or environmentally related conditions that affect supported by the observation that the PSB distribution is altered by
CF precrack deformation and crack initiation. These are under active dissolution of the surface, and by the observation that the
conditions of (1) active dissolution (unfilmed), (2) passivity (ultra-thin geometry of the PSBs is also altered by the dissolution process.
films), and (3) where a bulk oxide film either pre-exists or is formed These observations have now been made on polycrystalline and
during exposure to fatigue, on the surface. monocrystalline pure copper as well as nickel, on high-purity

polycrystalline Cu-Al alloys,43 and on a commercial Cu-Ni-Cr-Fe alloy,
both in the solutionized and in the aged heat-treatment condition.25

There is also a strong implication that a similar rearrangement of
intrusions and extrusions occurs in low-carbon steels.3 .'"

t

"E6 mV £: 102 s" J=3 5 4R.T

-E mV
-165- E _10-S1J DJ

-120-

t FIGURE 13-Schematic representation of the current transients

at an applied electrochemical potential. The total current is
made up of the sum of Individual film-rupture events, the

FIGURE 11-Influence of strain rate on the cyclic evolution of number of which Is a function of the applied strain.39

potential as a function of straining for an Fe-26Cr- Mo alloy. The
higher strain rate exhibits larger potential swings an assymetry
in tension vs compression and more active potential shifts.38  It is the current belief of this investigator that the rearrangement

of the surface deformation morphology occurs because of enhanced
corrosion reactions of metal atoms that surround mobile dislocations
and that are associated with the cyclic surface sl;p processes as they
interact with the free surface. While it has been demonstrated that
PS~s may form within a crystal when fatigue deformation occurs in
air (in contrast to being observed only at the surface), , , it is quite
probable that the PSBs observed under active dissolution conditions
are virtually all surface initiated, When fatigue occurs in nonaggres-
sive environments, some slip bands become sessile (or nonper-
sistent) after the first one or at most few cycles, while others remain
glissile and eventually become PSBs. When surface dissolution
occurs, however, back stresses that may be generated because of
surface-dislocation interactions are relieved,3 1 and more slip bands
become mobile, resulting in a higher density as well as a more

--- ,uniform distribution of PSBs. This hypothesis is supported by the

c  ,observation that the dislocation-free zone associated with the free
surfaces of fatigued copper is eliminated under conditions of even
mild dissolution.15 .2

0 Under strain control, the requirement for strain
compatibility requires that if there are more PSBs, then the average
slip offset height must, in general, be less, as is observed. Under load
control, on the other hand, a form of low-temperature creep may
actually occur, where more PSBs are generated and the removal of

3
b back stresses in the PSBs, by surface dissolution results in enhanced

OA- surface slip offsets, as well as a more uniform distribution of the
PSBs. In this case, a saturation strain may not be observed for
constant-load applications. While there is some limited evidence for

FIGURE 12-Current transient characteristics at constant elec- such a phenomenon, further research must be conducted to verify
trochemlcal potential for Fe-26Cr-lMo In 3.5% NaCl solution.3 9  this hypothesis.
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TABLE 1
Influence of Strain Rate on the Crack Initiation Processes39

i (S
-

1) AEW2 Surface Damage Nl(=5%) Crack Initiation Mode

In air In 3.5% NaCI In Air In 3.5% NaCI

5x10 - 5  4x 10- 3  Persistent slip bands 1200 1150 (pH6) Transgranular At persistent
in persistent slip band-grain
slip bands boundary

intersections
10-3  4x 10 Strain localization at 1400 700 (pH6) Intergranular Intergranufar

grain boundaries 350 (pH2) mixed
10-2 4x10 - 3  Strain localization at 1600 1200 (pH6) Intergranular Intergranular

grain boundaries
10

-
2 4x 10- 4  Glide of edge 17,000 13.000 (pH6) Transgranular Transgranular

dislocations
10-2 10-4  Glide of edge 95,000 60,000 (pH6) Transgranular Transgranular

dislocations

With reference to the electrochemistry of the PSB,'matrx couple significant shp processes are required to initiate fatigue cracks For
when active corrosion is occurring, it appears that there is a engineering alloys, enhanced slip associated with second-phase
partitioning of electrochemical potentials under open circuit kor free particles, or with nonmetallic inclusions, probably has an equivalent
corrosion) conditions since there is a shift in the corrosion potential result except that transgranular CF cracking occurs. In every case,
in the active direction.2

' "' This may result from an alteration in the however, enhanced plasticity interacts with corrosion processes to
reversible potential of anodic areas kthe PSBs) or to a reduction in the further enhance local plasticity and accordingly affect fatigue crack
activation energy for dissolution of the metal associated with the initiation.
emerging PSBs. The latter suggestion is more likely since it has been
shown that there is only a minuscule shift in the reversible potential
even when a metal is heavily co!d worked, 4" whereas, the shift in the The observations that dissolution promotes surface plasticity,
corrosion potential for copper during cyclic loading is on the order of which, in turn, favors dissolution of the plastically deformed regions
10 mV in NaCI2' and on the order of 100 mV in a strong oxidizing of a metal or alloy surface, also has important implications for both
environment, NaCIO4, where a bulk film is formed on the surface." Stage I and 11 crack growths. The concept of environmentally affected
In this case, the shift in potential also may be a measuie of an plasticity has been suggested by the crgep experiments of Revie and
alteration in reversible potential because of local destruction of the Uhlig," "' and Lynch has suggest-" that aqueous environments
oxide film and the consequent exposure of bare, or unfilmed, metal. may affect dislocation initiation procebses at growing crack tips,
It is important to note that under active dissolution conditions, resulting in crack surfaces that appear more "brittle.' ' 16 In the first
interruption of cyclic stressing causes the rest potential tu return to case, enhanced roum temperature creep of copper was associated
the stable, more noble potential, which is measured prior to applying with divatancy injection into the metal surface by anodic dissolution
the cyclic load. Thus, the electrochemical shift in the rest potential of copper atoms, with the result that dislocation climb was believed
upon cyclic loading must be associated with the emergence of fresh to be enhanced. In the second case, ,heinisorption on the metal or
metal that is provided to the environment by the continued to-and-ro alloy crack surface is believed to enhance dislocation generation
motion of the PSBs. It is further suggested that atoms associated with source activtion) and accordingly increase the amount of shear
mobile dislocations in the PSBs are dissolved more readily than associated with crack propagation. It is well known that fatigue
atoms that are only in the matrix. This is indicated by the prefeiential intimsically generates large concentrations of vacancies, " and it is
dissolution of the PSBs and, in particular of PSBmatrix iterfaces likely that this excess of vacancies is primarily concentrated in the
under constant applied current conditions." Under constant applied PSBs or at least at the PSB,'matrix interfaces resulting from the
potentials, there is a partitioning of current between the matriA and dislocation dipoles in that interface."' Thus, it is unlikely that a small
the PSBs, which results in higher anodic current densities at the number of divacancies generated by surface d,ssolution could
PSBs and, accordingly, preferential corrosion of the PSBs. This significantly alter the extent of surface slip. In the second case,
preferential corrosion accelerates further development uf the PSBs chemiorption is credited with reducing the plastic zone size at a
or, if constant strain is imposed, results in the initiation of new PSBs. growing crack tip, rather than with an increase in plasticity The
For very ductile single crystals, this sometimes results in a delay in results cited here, however, indicate a marked increase in local
the crack initiation process. Howevel, for polycrystais, the enhanced plabti ity resulting from dissolution processes, and it is believed that
deformation associated with grain boundaries results in preferential this octurs because dislocation locking processes, i e, tangles,
dissolution of meli associated with the PSBs that are generated by sessile slip bands, etc., are effectively removed by dissolution, thus
strain interactions with the boundaries. This, in turn, intensifies sip at leading to surface destabilization. Accordingly. if surface plasticity is
the boundaries, with the result being total grain-boundary separation directly affected by active dissolution during cyclic stressing or
under CF conditions, whereas, transgranular crack initiation and straining, it is reasonable to assume that plasticity at a nucleated or
propagation are generally observed in less aggressive media, growing crack (either Stage I or II) will be similarly affected Thus, the
Interestingly, a similar shift in the crack initiation site is also observed enhanced growth rate often associated with CF (and sometimes
when large cyclic strains are applied to metal poly- modeled by superposition equations, which simply add fatigue crack
crystals.4 a 5 Thus, the effect of surface dissolution may be equiva- growth rates to corrosion rates) may, in fact, be more rapid because
lent to the local application of large strains. Accordingly, intergranula of both enhanced plasticity and enhanced corrosion acting in concert
crack initiation is pnmarily observed in pure metals, where very This is obviously a very interesting area for further research.
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Corrosion Fatigue Crack Propagation
in Metals
R.P. Gangloff*

Abstract: Conclusions of the Review
The objective of this paper is to critically compile and evaluate experimental results and mechanistic
models for corrosion fatigue (CF) crack propagation in structural alloys exposed to ambient temperature
gases and electrolytes. Data and models are based on continuum fracture mechanics descriptions of
crack-tip stress and strain fields, coupled with continuum modeling of occluded crack mass transport
and chemical reactions. The aim is to inform the person seeking to broadly understand environmental
effects on fatigue, to provide an experimental basis for life-prediction analyses and evaluations of
mechanistic models relevant to specialists, and to define current uncertainties and worthwhile directions
for CF research.
The second section ("Introduction") provides an introduction to CF crack propagation. The state of the
art that emanated from the Storrs and Firminy conferences is summarized. Qualitative mechanisms for
cracking are presented.
The third section ("The Fracture Mechanics Approach") assesses the fracture mechanics approach to
CF, while the fourth section ("Experimental Procedures") considers experimental methods. The
following conclusions are established:

(1) Fracture mechanics descriptions of CF crack propagation, viz., growth rate as a function of
stress-intensity factor, provide an established and physically meaningful basis that couples alloy
performance, damage mechanisms, and life-prediction studies through the concept of growth-rate
similitude. Extensive databases have been developed for structural alloys over the past three
decades.

(2) Experimental methods are developed for determinations of average crack growth rate as a
function of continuum fracture mechanics crack-tip parameters, particularly AK. Nonsteady-state
crack growth, unique to CF, and crack closure are not understood. Future procedures will
incorporate precision crack-length measurement and computer control of stress intensity to
develop quantitative and novel CF crack growth rate data, particularly near threshold. Advances
have been recorded in measurements of small crack growth kinetics; however, such approaches
are not easily adapted to controlled environments. The fundamental experimental problem is the
lack of methods to probe mechanical and chemical damage processes local to the CF crack tip,

The fifth section ("Effects of Critical Variables") illustrates important variables that affect CF crack
growth. The following is concluded:

(3) A plethora of interactive variables influences the CF crack growth rate-stress intensity
relationship. The effects of chemical, metallurgical, and mechanical variables are well character-
ized and reasonably explained by qualitative arguments. Growth rates are affected by environ-
ment chemistry variables (viz., temperature; gas pressure and impurity content; electrolyte pH,
potential, conductivity, and halogen or sulfide Ion content); by mechanical variables such as AK,
mean stress, frequency, waveform, and overloads; and by metallurgical variables including
impurity composition, microstructure, and cyclic-deformation mode. Time, or loading frequency, is
critical, complicating long-life component performance predictions based on shorter-term labora-
tory data. Limited studies show that yield strength Is not a critical variable in cycle-time-dependent
CF. Fractographic analyses of microscopic crack paths provide a basis for failure analyses and
Input to mechanistic studies.

The sixth section ("Quantitative Models of Corrosion Fatigue Crack Propagation") develops Ihe
mechanical crack-tip field and chemical mass transport and reaction components that are central to
quantitative models of CF crack growth rates. Current predictions of crack growth rate, from both the
hydrogen embrittlement and dissolutionfilm-rupture perspectives, are discussed.

'Department of Materials Science, University of Virginia,
Charlottesville, VA 22903-2442.
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(4) Micromechanical-chemical models of crack-tip driving forces and process-zone CF damage
provide a sensible means to predict and extrapolate the effects of variables and to modify the
fracture mechanics approach to account for compromises in similitude. Models have been
formulated based on hydrogen embrittlement and film rupture/transient dissolution/repassivation.
Fatigue damage due to crack surface films has not been considered quantitatively. Models
successfully predict the time (frequency) dependence of CF and the effects of electrode potential,
solution composition, and gas activity. All are, however, hindered by uncertainties associated with
crack-tip processes and the fundamental mechanisms of environmental embrittlement. A
process-zone model has not been developed for CF; as such, stress-intensity, yield-strength, and
microstructure effects are not predictable. Furthermore, absolute rates of hydrogen-assisted crack
growth are not predictable, and the film-rupture formulation is being debated. Successes to date
indicate that a new level of mechanistic understanding is achievable.

The seventh section ("Complications and Compromises of Fracture Mechanics") reviews processes
that compromise the fracture mechanics approach to CF.

(5) Fracture mechanics descriptions of CF and the similitude concept are complicated by the inability
of stress intensity to describe the controlling crack-tip mechanical and chemical driving forces. The
so-called closure, small crack, and high-strain problems in mechanical fatigue are relevant to CF.
Data and analyses demonstrate that the unique relationship between da/dN and AK is
compromised by mechanisms, including (a) premature crack-wake surface contact, (b) deflected,
branched, end multiple cracking, and (c) time- and geometry-dependent occluded crack
chemistry. Stress-intensity descriptions of elastic-plastic stresses, strains, and strain rates in the
crack-tip plastic zone are uncertain within about 5 I~m of the crack tip, within single grains that are
not well described by the constitutive behavior of the polycrystal, and when deformation is time
or environment sensitive. These limitations do not preclude the only quantitative approach
developed to date to characterize subcritical crack propagation. Rather, they indicate the need for
crack-tip modeling.

The eighth section ("Necessary Research") suggests necessary directions for future research in CF.

(6) Opportunities exist for research on CF: (a) to broaden phenomenological understanding,
particularly near threshold, (b) to develop integrated and quantitative microchemical-mechanics
models, (c) to develop experimental methods to probe crack-tip damage and to measure
near-threshold cycle-time-dependent crack growth, (d) to characterize the behavior of advanced
monolithic and composite alloys, and (e) to develop damage-tolerant life-prediction methods and
in situ sensors for environment chemistry and crack growth.

A table of contents is provided in Appendix A.

Introduction relatively pure materials, often monocrystalline, while crack propa-
Corrosion fatigue (CF) is defined as the deleterious effect of an gation studies are typically performed on complex structural materi
external chemical environment on one or more of the progressive als, including steels and precipitation hardened aluminum or nickel
stages of damage accumulation that constitute fatigue failure of based alloys. CF damage is highly localized at slip substructure and
metals, compared to behavior in inert surroundings. Damage results near the crack tip, direct experimental observations are not available,
from the synergistic interaction of cyclic plastic deformation and local and behavioral interpretations must be based on indirect, averaged
chemical or electrochemical reactions. measurements, As the case for stress corrosion, CF is likely

controlled by hydrogen-based, cleavage, and dissolution/passivationThe cumulative damage processes for environmentally assisted mcaimteaoitc fwihaentkon

fatigue are subdivided into four sequential categories: (1) cyclic mechanisms, the atomistics of which are not known.

plastic deformation, (2) microcrack initiation, (3) small crack growth to
linkup and coalescence into a single short crack, and (4) macrocrack Scope of the review
propagation. The mechanisms for these processes are in part The objective of this review is to critically summarize the
common, phenomenology and mechanistic models of CF crack propagation

A goal of fatigue research is the development of an lnteqrated and to identify current understanding and uncertainties that are
mechanistic description of whole life. A sensible means to this end is principal to control of this failure mode in structural alloys. Results are
to isolate and to characterize quantitatively each of the fout regimes emphasized that satisfy technological needs, inuluding ,1,i quantita-
of fatigue damage. This approach Is advocated because (1) the tive mechanism-based predictions of long-term 4.omponent life,
experimental and analytical methods necessary to study each regime derived fruiTi short-term laboratory data and describing the eftetlb of
are different, (2) variables may affect each regime uniquely, and (3) interactive variables, t2) high-performance CF-resistant monolithic.
many applications are dominated by one of the fatigue regimes, for and composited alloys and chemically inhibited envirunments, and
example, the behavior of crack like defected components in largo t3j a basis for nondestructive inspection procedures and sensors of
structures. Environmental effects on cyclic deformation and micro environment chemistry and CF cracking damage.
crack initiation are considered separately in this volume by Duquette.' In scope, this review emphasizes cycle-time-dependent CF
This paper reviews CF crack propagation; regimes 3 and 4 in the crack propagation. Understanding of time-dependent fatigue above
above hierarchy, the threshold stress intensity (Kiscc) for monotonic load stress

The development of an integrated and basic understanding of wrrosion cracking SCCj follows from work summarized by Parkins.?
CF is hindered by several factors that are recurrent thruughuut Structurai materials are discussed. includng low carbon high strength
studies of initiation and propagation. CF is influenced by a wide low alloy HSLA) and heat treated alloy steels, austenitic stainless
variety of mechanical, chemical, and micrustructural variables that steels, and precipitatiun hardened aluminum alloys in vailuus em
interact. It is necessary to investigate very sluw rate dfofurmatiun and brittling gaseous and eleutruyt.iL, envirunments fui temperatures neat
cracking phenomena in a finite and realistic time. Model system 300"K. Spaehn discusses CF in ferritic and martensitic. stainless
studies on deformation and crack initiation have been conducted un steels, while Pinea reviews elevated temperature fatigue ane.
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creep-fatigue interactions elsewhere in this volume.3-4 There are
similarities between low-temperature electrolytes and elevated-tern- Squard -
perature gas environments.5

Despite important and controversial uncertainties, the fracture 10"3
mechanics approach provides the foundation for this review of CF Sine
crack propagation data and predictive models. The issue considered % 'Sowtooth
here is the extent to which crack-tip modeling can extend the applied A
stress intensity and bulk-environment-based approach to CF.

State of the art: Storrs and Firminy Conferences 10/4

CF crack propagation has been the focal point for many 100
international conferences6 24 and major review papers .25 '39 Fatigue R - 0.8 0
is described in a massive literature, with important symposia includ-
ing discussions on environmental effects.4° 48 A foundation for the " f -0.5 Hz. 00
current review is provided by the proceedings of the seminal . f '5- 0 Hz.
conferences held at Storrs, Connecticut, in 1971 and in Firminy, N.
France, in 1973.6.7 Several points emerged from these meetings.

Fracture mechanics characterization. The fracture mechan- i 10"5 S 0
ics description of CF crack propagation, presented as average crack Z
propagation rate (da/dN) as a function of applied stress-intensity 0 0

range (AK = K.. - Kmin), was embraced by many researchers. The 0

schematics in Figure 1 indicate a variety of crack growth responses 0 0

for embrittling environments, in sharp contrast to the power-law
(Paris regime) relation between da/dN and AK coupled with a single 0 0
crack growth threshold (AKi) observed for alloys in vacuum and 10"6 00
moist air.25

.
' ) The magnitude and pattern of CF cracking depend on 0

SCC above Kiscc, and a synergistic fatigue-corrosion interaction at 0 Argon H20 Waveform
lower stress intensities. The proportions of these events depend o 0
upon material and environment. 000 0 o Sine

0 - n Square
- AL Sawtooth

10-? 1 -

Ag~i.e I ~,2 4 6 8 10 12 14
Z A K -ks /I_

S II I4r

I- at FIGURE 2-Time-dependent corrosion fatigue above Kisco for
- I high-strength type 4340 (UNS G43400) steel In water vapor,

I I I modeled by linear superposition; after Wel, at al. .(1 ln/cycle
/ L /I , [Iii = 25.4 mm/cycle; I ksiT = 1.098 MPaVm)

XIC KEC N " Kt KCr 'K15 KKis K

tog Ktm, iog K,,,, lo K,,, The solid line in Figure 2 demonstrates that time-dependent CF
Type A Type a ype C crack growth rates are accurately predicted by linear superposition of

- - stress corrosion crack growth rates (da/dt) integrated over the
load-time function for fatigue.' Equivalent CF behavior is predicted

FIGURE 1-Schematic representations of corrosion fatigue and observed for sinusoidal, square, and asymmetric triangular
crack propagation rate behavior; after McEvlly and Wel.25  load-time functions. Linear superposition modeling also predicts the

effect of stress ratio.

Classes of corrosion fatigue crack growth. Purely time A second class of CF behavior is based on synergistic interac-
dependent CF crack piopagation is observed for materials and lion between cyclic plastic deformatiun and environment, which
environments in which monotonic luading SCC occurs over a portion produces cycle- and time-dependent crack growth rates (Type A in
of the cyclic stress intensity loading wave Jype B in Figure 1). The Figure 1). Here, the environment accelerates fatigue crack growth
cyclic character of loading and local plastic straining are not below Kisco, a common scenario for low- to moderate-strength alloys
important. The fracture mechanics approach was launched by that are either immune to SCC or exhibit high Kisco and low da/dt.
studies of subcritical fatigue crai.k propaduaion ir, high strength This class of behavior was discussed by Barsom, based on data in
materials exposed to environments that readily induce stress corro- Figure 3 for a maraging steel exposed to 3% NaCl,'" 5, Note the
sion ,rack growth. Type B behavior is piealent foi these bystems, as substantial CF effect below the static load threshold, but only for
is illustrated by data !oi high strength type 4340 kUNS G43400) sleei those loading waveforms that include a sluw deformation rate to
in water vapor and argon (Figure 2)."' maximum stress intensity.

At the time of the Storrs and Firminy conferences, there were
"'The older representation in Figure 1. based on K .,, .is equivalent only limited data that showed an environment-induced reduction in

to current growth rate data based on AK for fixed mean stress AK, threshold measurements and concepts were in an infant state.
intensity."' of these three parameters are independent variables Cycle-time-dependent CF below Kiscc was further categonzed
in CF. based on observed frequency dependencies.
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4I I I i those instances when da/dN calculated from da/dt and the vacuum
8g rate sum to a value less than that measured for the environment.

4 0 Speidel and others suggest that this behavior is best described as

I2Na-5Cr-3Mo '6 "cyclic SCC," where cyclic deformation lowers the susceptibility of
6 STEEL the material to environmental cracking or "SCC." For the current

i 8 review, all forms of CF below K,scc are viewed as cycle-time-
/ 'dependent behavior.
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(b) Cyclic Frequency (Hz)

Frequency effects. Wei, Barsom, and Speidel independently FIGURE 4-Frequency dependence of corrosion fatigue crack
emphasized the principal importance of loading frequency (f) for each propagation Illustrating time-dependent, cycle-dependent, and
class of CF, as typified by Figure 4 for aluminum alloy 7079 in cycle-time-dependent behavior for (a) aluminum alloys In NaCI
aqueous sodium chloride and Inconelt 600 (UNS N06600) in hot and (b) Inconel 600 (UNS N06600) In hot NaOH; after Speldel.26 ,53

sodium hydroxide solutions ,25 2,2 06 4  For time-dependent CF, da/dN
due to environment is inversely proportional to I if the stress corrosion
growth rate is constant with K, based on the assumptions that da/dN From this discussion, the most general form of CF (Type C in
= (da/dt) x (1/f) and crack growth occurs throughout the loading and Figure 1) involves cycle-time-dependent accelerations in da/dN
unloading portions of the fatigue cycle. This behavior is illustrated by below Kscc, combined with time-dependent cracking (SCC) above
the inclined dashed lines on the logarithmic plots in Figure 4. the threshold, AK1h may or may not be environment sensitive.
Superposition modeling (Figure 2 and Reference 50) predicts the Principal variables. Extensive crack growth rate data pie-
effect of cyclic load period on time-depsndent CF. sented at Storrs and Firminy demonstrate that mechanical, chemical,

The frequency dependence of cycle-time-dependent CF is and metallurgical variables affect CF. The effects of AK, loading
more complex. At low stress Intensities, Speidel reported CF waveform, and loading frequency are illustrated in Figures 1 through
accelerations of da/dN for steels and nicKel-based alloys that were 4. These conferences further established the important effects of
independent of frequency.520 This behavior was defined as "true" or environment chemistry, viz., temperature, gas pressure, electrolyte
cycle-dependent CF and is illustrated by horizontal lines in Figure 4 pH, electrode potential, dissolved oxygen, and environment compo-
for air or the environments. A second behavior, that in which sition. The effect of applied electrode potential on CF of a high-
sub-Kiscc CF growth rates increase with decreasing frequency, strength aluminum alloy in an aqueous halogen solution is shown in
reflects the more general case of synergistic mechanically and Figure 5.5 The deleterious effect of low-pressure gaseous hydrogen
chemically driven fatigue. This result is shown as the connecting and the associated beneficial poisoning effect of small 02 additions
region between time- and cycle-dependent daldN in Figure 4 for on sub-Klscc CF in 4340 steel (a, = 1240 MPa) are shown in Figure

6.54 Note the mild frequency effect for pure hydrogen, consistent with
t Trade name. cracking below Kiscc and cycle-time-dependent embrittlement.
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103 Mechanisms for corrosion fatigue crack propagation
0@ Aluminum Alloy 7079-T651 0 Qualitative descriptions of the mechanisms for CF crack prop-

S ., agation provide a second foundation for this review. These mecha-
E 5MTL Orientatio n nisms are the basis for understanding the CF crack propagation dataE 23C pH 6 10-4 presented in the third section, the necessary measurement methods

0 p discussed in the fourth section, the effects of critical variables in the0 MPa./' - fifth section, and quantitative models of CF cracking kinetics in the
cu Sinusoidal Load Wave a: sixth section.Ir 10 - 4  

R-0 4 Hz..

While debate continues on the microscopic and atomistic details
o 0 of CF and while mechanisms are often specific to each material-en-
0 0 vironment system, several common concepts have been developed

._ over the past 25 years. CF involves the synergistic interaction of
o cyclically reversed plastic deformation and local chemical or electro-

0 chemical reactions. Models differ based on the chemical damage
/ mechanism.

10-5 O.C. Hydrogen environment embrittlement. Since hydrogen em-0. it . brittles many alloys under static and dynamic monotonic loading,' 5s ,

cILL this mechanism is invoked to explain CF crack propagation in au.
0c variety of alloy-gaseous or aqueous environment systems. Apart

- 0 from occurring for many structural alloys in hydrogen gas, hydrogen
2 - "  O embrittlement (HE) is proposed as the dominant mechanism

0 for CF crack propagation of C-Mn and alloy steels in various electro-
0 lytes,3° ' 334 3 7 49 .5 5 7'5 9 aluminum alloys in water vapory 49 ' 63

I I I and titanium alloys in aqueous chloride.17,' While controversial, CF
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0 of aluminum alloys in aqueous chloride solutions has been ascribed

to H E .
s'
6 2 63 65 '

6 6

Potential (Volts vs. EH2 /H*) In this view, atomic hydrogen chemically adsorbs on clean
crack-tip surfaces as the result of dissociative gaseous H2-metal

FIGURE 5-Effect of applied electrode potential on corrosion reactions, of gas molecule (e.g., H20 or H2S) surface chemical
fatigue crack propagation in an aluminum alloy in aqueous reactions, or of electrochemical cathodic reduction reactions involv-

ing hydrogen ions or water. These reactions are catalyzed by clean
metal surfaces and proceed to near completion in short times near

1000 room temperature. At higher temperatures, recombination of H to
. 180,000 ps evolving H2 greatly reduces HE.

Hydrogen production on crack surfaces follows environment
0 mass transport within the crack and precedes hydrogen diffusion in

the crack-tip plastic zone to the points of fatigue damage. Hydrogen
o /atoms are often segregated or "trapped" at grain boundaries,

n-34 precipitate interfaces, and dislocation cores. Trapping is detrimental7j . 4if cracking occurs at such sites, but is beneficial if broadly distributedn H trapping reduces hydrogen transport kinetics and accumulation at
00- 5sfracture sites. Crack growth rates are likely to depend on the amount

o 5 cps of adsorbed hydrogen produced per loading cycle by an environ-
do .5 cps ment. Crack growth will be rate limited by one or more of the slow/-5 steps in the crack environment mass transport, crack surface

reaction, and plastic-zone hydrogen-diffusion sequence.
J n n-7.1 HZ  .4% 02 Major uncertainties exist. The location of hydrogen-enhanced

cycle * 5 cps crack-tip fatigue damage is not known. The atomistic processes by
£ .5 cps which hydrogen embrittles the metal, including bond decohesion and

n=u6.4 .05 cps hydrogen-enhanced localized plasticity, are debated, as discussed in
1o A! this volume by Oriani and Birnbaum, and elsewhere by Lynch.67

-
69

10 AIR The occurrence of HE for a given CF system is inferred based on
10/ 5c circumstantial evidence, as discussed in the section "Justification for

, . 5 cps Hydrogen Embrittlement."
o. cpHd Quantitative HE models are discussed in the section "Corrosion

/c /'k =. .05 Fatigue by Hydrogen Embrittlement."

o A/a Film rupture and anodic dissolution. Chemical damage
0based on film rupture, transient electrochemical anodic dissolution;I and film reformation is invoked for several important CF problems,

I . iil I, including carbon and stainless steels exposed to high-temperature
tO 100 water environments.3439'7071 This mechanism was originally devel-

A AK (KSI in) oped for SCC and was extended to CF based on the common role of
0 crack-tip strain rate.70 While controversial, film-rupture models have

been applied to the aluminum-aqueous chloride system.6 72

FIGURE 6-Effect of gaseous hydrogen and H2 + 02 mixtures In this view, localized plastic straining ruptures otherwise
on corrosion fatigue crack propagation In type 4340 (UNS protective films at the crack tip. Crack advance occurs during
G43400) steel (ev, = 1240 MPa); after Johnson.54 (1 dn./cycle transient anodic dissolution of metal at the breached film and while
0,0254 tm/cycle, 1 ksi\in. = 1.098 MPa\/m) the surface repassivates. The amount of CF crack grrMh per fatigue

EICM Proceedings 59



cycle depends faradaically on the amount of anodic current that flows Reductions in surface energy by adsorption of an atom from the
and therefore' on the kinetics of ,clean surface reaction (charge gas or liquid have long been proposed to reduce the associated work
transfer) and on the time between film ruptures given by the crack-tip of fracture. For HE in gases or electrolytes, this mechanism is not
strain rate and film ductility The balance between sharp crack viewed as sufficient.67 For fatigue of aluminum alloys in 02, this
extension and crack broadening or blunting by general corrosion is mechanism has been proposed but not proven convincingly.74

important Quantitative film-rupture models are discussed in the Alternately, the chloride ion, oxidized irom solution onto clean metal
section "Corrosion Fatigue by Film Rupture and Transient Dissolu- surfaces above a critical electrode potential, is held to embnttle
tion." austenitic stainless steels during SCC. 3 This concept has not been

Surface films. Early studies of CF, predominantly smooth- developed for CF.

specimen whole life and crack initiation in gases, focused on the Anodic dissolution and plasticity. CF crack propagation by

effects of environmentally produced thin surface films on slip-based localized anodic dissolution, the electrochemical knife, is generally

damage processes. This work was reviewed by Duquette,29 73  not proposed Rather, Uhlig and coworkers84 
86 and more recently

Marcus, et al.,7' 4 and Sudarshan and Louthan. 8 Over the past 20 Jones 7 argue that anodic corrosion eliminates work-hardened

years, these concepts have been advanceu for CF crack initiation in material and stimulates localized plastic deformation to produce CF

electrolytes.1 6 Film-based mechanisms have not been developed damage This model is based on the observation that smooth-

for crack propagation, however, recent advances in this regard were specimen CF life is only degraded for electrode potentials that are

reviewed by Grinberg for moist air compared to vacuum.7 noble to a critical value.84 The idea is that CF crack initiation requires

Films may affect crack extension by one or more processes, a critical anodic current to progress.

viz, (1) interference with reversible slip, (2) localization of the Anodic dissolution-plastic deformation processes have not

distribution and morphology of persistent slip bands and resultant been quantitatively modeled, particularly for CF crack propagation.

crack damage, (3) reduction of near-surface plasticity and thus either
reduced or enhanced fatigue crack growth rates, depending on the The Fracture Mechanics Approach
cracking mechanism, and (4) localization of near-surface
dislocation debris and voids and thus enhanced fatigue crack
growth.'1,29, 6.38' .73 7 6 These mechanisms have not been quantita- Conclusion
lively developed nor experimentally tested. Fracture mechanics descriptions of CF crack propagation, viz.,

Film effects on CF crack propagation are often speculatively growth rate as a function of stress-intensity factor, provide an

considered. For example, Stoltz and Pelloux argue that crack-tip established and physically meaningful basis that couples alloy

surface films minimize plasticity for aluminum alloys in aqueous performance, damage mechanisms, and life-prediction studies through
NaCl, and thereby trigger local cleavage at high resulting stresses." the concept of growth rate similitude. Extensive databases have

Others argue that crack-tip surface films reduce slip reversibility and been developed for structural alloys over the past three decades.

thus increase damage and fatigue crack growth rates, at least for
planar slip alloys.7'e.78 A classic system here is aluminum alloys in Stress-intensity similitude:
vacuum compared to moist air. Faster crack growth in the latter inert environments
occurs (hypothetically) by irreversible slip and crack blunting, which The fracture mechanics description of fatigue crack propagation
produces striations. Flat striation-free surfaces are observed for illustrated in Figure 7 is traceable to the seminal work of Paris and
slowed crack propagation in vacuum, leading to the inference that coworkers for the case of moist air environments.88 This evolution is
slip is reversible because of the lack of an oxide film.75 .08 Others chronicled by Hertzberg.19

argue that crack-tip surface films minimize slip localization by
preventing the emergence of slip bands, and thus homogenizing Material
plastic deformation and decreasing da/dN relative to film-free envi- Envi,onment
ronments such as vacuum.61 Still others argue that crack-tip slip is 0 d

homogenized, plastic-zone size at constant AK is increased, and 0 A2

fatigue damage is least in vacuum compared to air.75  
-p-

Sleradzki and coworkers recently proposed that tens of Ang- 0
stroms thick, environmentally produced crack-tip films fracture to
promote cleavage in the adjacent alloy substrate, over a distance IASTM E647-88) AKth
considerably larger than the film thickness.82 The Implications of this 10
model to CF are Important but have not been systematically + LOG AK
considered.

The wide variety of film-based explanations for CF is possible AKCOMPONENT I (Loading, Flaw size, Geometry)
because of a lack of direct observations of crack-tip damage
processes and quantitative formulations of film effects. Controlled
experiments in helium and film-forming gaseous environments such NN, f aL'M
as 02 are lacking: rather, effects of films are argued for complex a , ( od
electrochemical systems or for moist air in which several damage
processes may be operative. This view Is amplified in the section
"Corrosion Fatigue by Surface Film Effects."

Adsorbed atoms. Adsorbed atoms may affect fatigue defor-
mation and fracture by mechanisms similar to those of surface films, ao a
as reviewed by Marcus, et al,,74 and Duquette.3 . ' A variety of
processes are possible; however, none are modeled in detail for CF.
For example, oxygen from the gas phase or a reduced cation from an
electrolyte could adsorb on persistent slip sites at the crack tip, bind
with dislocations, and reduce slip reversibility. Alternately, such N N
soecles could form on slip-plane material to prevent rewelding on FIGURE 7-Fracture mechanics approach to corrosion fatigue,
unloading, Pre3umably, these processes could lead to enhanced crack propagation characterization and component life predlc-
fatigue damage. tlion.
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Subcritical fatigue crack propagation is measured in precracked Stress-intensity similitude:
laboratory specimens according to standardized methods. Cyclic reactive environments
crack length data are analyzed to yield a material property, averaged The apphcaton of fracture mechanics to subcritical stress
fatigue crack growth rate (da/dNl) as a function of the applied stress- corrosion and CF crack propagation progressed dramatically and in
intensity range (AK). AK is the difference between maximum and several periods over the past 25years, as reviewed by Wei and
minimum stress-intensity values during any load cycle. Gang!off.37

Paris experimentally demonstrated the principle of similitude;
thatisequl faigu crck gowt raes ae podued fr eualThe beginning: 1965-1971. Extension of the fracture mechan-that is, equal fatigue crack growth rates are produced for equal ics method to stress corrosion and CF crack propagation was

applied stress-intensity factors, independent of load, crack size, and pioneered by Brown and by Wei' 9 and was exploited by early
component or specimen geometry. This da/dN-AK behavior is experimentalists.92 

9 highlight of this effort was the demonstration,
explained based on the fact that AK uniquely describes the magni- following from the work of Paris on "K-inureasing" remotely loaded
tude and distribution of (1) elastic stresses, (2) elastic-plastic and "K-decreasing" crack-surface-loaded specimens, that similitude
stresses, (3) plastic strains, and (4) plastic-zone and fracture is obeyed for OF crack growth. As shown in Figure 9(a), equal rates
process-zone sizes, all local to the crack tip (See the section of CF crack growth are produced for equal AK, but for both increasing
"Models of Crack-Tip Mechanics .") The similitude principle and decreasing net section stress specimens, demonstrating stress-
enables an integration of laboratory da/dN-AK data to predict intensity controlsec
component fatigue behavior, in terms of either applied stress
range-total life or crack length-load cycles, for any initial defect size. Phenomenologlcal characterizations: 1970-1984. The frac-

Fatigue crack propagation rates for inert environments are ture mechanics approach was broadly applied following these initial
reasonably approximated by a single function of applied stress- successes. High-strength materials were investigated in the early
intensity range, normalized by the modulus of elasticity, for a variety stages of work (1970-1976), while more recently (1976-1984),
of engineering alloys and microstructures tested in vacuum (Figure low-strength stress-corrosion resistant alloys were characterized
8).26 This result provides a basis for comparisons of environmental During this later period, concepts of premature crack surface
effects. Caution is, however, required. Crack propagation rates in closure were developed, significant understanding of near-threshold
vacuum may be influenced by surface welding during unloading, a fatigue crack propagation emerged, and the small crack problem was
more meaningful reference may be provided by ultra-high-purity intensively investigated, largely for benign environments 4"' Work
nelium cr argon gas, where physically adsorbed molecules minimize on the implications of these problems to CF indicated cases in which
surface welding. " Second, data in Figure 8 were ubtained for the similitude concept was compromised. Data in Figure 9(b) show a
near-zero stress-intensity ratio (R - Km,,n/K,), where extrinsic wide range of CF crack growth rates for any constant AK for
crack closure can complicate the interpretation of mechanical crack- high-strength type 4130 (UNS G41300) steel in aqueous 3%
ing as discussed in the section Crack Closure." Data in Figure 8 are NaCI. 69' Here, dadN depends on varying short crack size and
a useful guide, however, inert environment experimentation is a applied stress for the aqueous environment but is uniquely AK-
requirement for specific CF studies. controlled for benign moist air and vacuum. The origin of this effect

is crack-size-dependent crack-tip electrochemistry, as detailed in the
10 r I section "Crack-Geometry-Dependent Occluded Environment Chem-I ' polymers istry."

T Mg Scientific studies: 1973-1987. Work during this period dem-
- ' Al onstrated that crack growth kinetics provide a basis for formulation

10 *Ag and evaluation of CF crack propagation models.3 .o 3 4. . 9 .49 .9

a Cu Concepts of mass transport, chemical reaction rate, and diffusion
V Zr control of da/dN were developed for gaseous and aqueous environ-
l e ments. Work in this period emphasized the complex cycle-time-
a No %dependent class of CF problems for the moderate AK regime but with

Be limited studies on near-threshold phenomena. These models are
or oAgC dre tdiscussed in the section, "Quantitative Models of CF Crack Propa-

ZIZO 67 Mogation."

Applications to corrosion fatigue life prediction
,; •,Synthesis of life-prediction methods: 1983-1987. The frac-

lure mechanics life-prediction method illustrated in Figure 7 was
• 16, developed for complex structural applications in the energy, petro-
o chemical, and transportation sectors as reviewed by Andresen and

,0 coworkers 9 -5 Tompkins and Scott,1 '00101 and Novak and Barsom.102

S0,1. R 0 Vosikovsky and Cooke provide an example analysis for CF crack
, propagation in a welded carbon steel pipeline carrying H2S-contam-,,1 sinusoidal load wave nated oil. r

temperature 21-24 C As a further example, the damage-tolerant approach has been
Irequency 1 to 5 Hz extensively investigated for welded carbon steel tubular components

T 1 vacuum I0' Tort of oil and gas platforms operating in aggressive marine
environments. 1 0  Here, classic design rules, based on smooth-
specimen fatigue data and modified to account for complex time-
dependent CF,108 are being challenged by damage tolerant crack

1 _- _ _ _ _ _ _ _ _ _ _ _I _ _ g ro w th p ro c e d u re s .9 10 1 1  ° r t1 1

0 10 20 30 40 so 60 An example of the fracture mechanics framework and compo-
nent life predictions are shown in Figure 10. An Integrated approach

AK/E. C(VM ) 10, includes fracture mechanics laboratory data, mechanism-based

FIGURE 8-Inert environment fatigue crack propagation rate as models to extrapolate the database, and stress/stress-intensity
a function of modulus normalized stress-IntensIty range for a analyses of the component to predict cyclic life as a function of
variety of engineering alloys; after Speldel .2  applied stress.57,9 Such a prediction is represented by the band in
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Figure 10.11" Additionally, full-scale component tests are needed to concurrent actions of anod,. dissol jtion, passive film formation, and
verify the fracture mechanics analysis, the data points in Figure 10 hydrogen production obscure the Jominant mechanism.
resulted from extensive (and expensive) fatigue experiments with
0.5-m diameter, 1.6-cm wall thickness, welded carbon steel tubulars. For 3% NaCl, the large amount of data at moderate AK and low
Agreement is excellent. Note that the comparison in Figure 10 is for R generally describes CF below K,,,, Here, aqueous chloride at
moist air. Predictions and tests are in progress for tubulars fatigued typical free-corrosion potentials (about 800 mVsE) increases

in actual sea environments with applied cathodic polarization.' 140' da/dN by between 4- and 100-fold relative tc. helium Distilled water
The state of this development is, however, less than that represented also induces CF, Cl exacerbates but is not a requisite for cracking

for air. Moist air is an embrittling environment compared to helium, particu-
Active sensors of environment chemistry and CF crack growth larly for the 7000 series alloys. Wei and colleagues conducted

are important aspects of a life-prediction approach. Such devices extensive studies of the deleterious effect of pure water vapor on
have been successfu!ly used in commercial nuclear power plants, 7000 and 2000 series alloys at moderate stress-intensity levels." '

piping systems, and offshore structures.99 11
2 -114  The range of rates varies between an upper bound provided by moist

air and a lower bound for inert gas. 7000 series aluminum alloys

Corrosion fatigue crack propagation databases containing Zn, Mg, and Cu are more susceptible to CF compared to
Extensive fatiueCF crack propagation das 2000 series alloys in the Mg-Cu and Li-Cu classes.Extensive fracture-mechanics-based CF crack propagation da-

tabases were developed over the past two decades Examples are Only limited data have been obtained to describe near-threshold
presented in Figures 11 through 15. CF crack propagation in aluminum alloys.r' 1 25,

1
26, 132 Here, only high

Carbon steels In hydrogen-producIng environments. CF is stress ratio results are reasonably interpreted, because the compli-

significant for low-strength carbon-manganese steels of normalized cating extrinsic effects of crack closure are minimal. (See the section

ferrite-pearlite microstructures, stressed in a variety of gaseous and "Crack Closure.") As shown in Figure 12, water vapor, moist air, and

aqueous manne environments. Extensive data are represented in aqueous chloride (either free corrosion or cathodicaly polarized) are

Figure 11.115 Here, Kiscc is well above 100 MPav\/; CF is embrittling relative to helium. The mechanism for this effect is

cycle-time-dependent, speculative, with both HE and film-rupture/dissolution processes
being possible. Notably, similar dadN are reported for helium and

HE is implicated for these systems, as demonstrated by the two oxygen, suggesting a minimal effect of surface oxide films. The 7000
to three order of magnitude increase in da/dN for X42 steel in alloy is more prone to CF compared to 2090, an advanced Al-Li-Cu
high-pressure, purified hydrogen gas (Curve 2).'1 7 Nelson reported alloy.
similar results for gaseous HE of low-strength 1020 (UNS G10200)
steei." 8 Considering aqueous environments, seawater produces The transgranular CF sensitivity of 7000 series aloys (Figure
enhanced fatigue crack growth relative to vacuum and moist air, with 12) parallels the well-known difterenceb in intergranular SCC resis-
the magnitude of the effect increasing from free corrosion (Curve 4) tance foi these alloy classes,'' the fundamental mechanism for the
to cathodic polarization (Curve 3) to HS additions at free corrosion effect of alloy composition is, however, unclear. That a similar ranking
(CL Ve 1). The strong effect of H2S is further evidence for HE and is is observed for aqueous chloride, moist air, and water vapor suggests
important to marine applications where biological reactions produce that HE is central to the explanation. The systems represented in
ionic sulfur-bearing products.' 6-12 Figure 12 were reviewed by Speidel and Duquette.5 -6 2

The power-law regime of fatigue cracking observed for moist air C-Mn and austenltlc stainless steels In high-temperature
and vacuum is altered by aqueous environments. A two-slope water environments. An extensive database describes the stress
behavior is shown in Figure 11, where a strong AK dependence of corrosion and CF crack propagation kinetics for austenilic stainless
rate at lower stress intensities transforms to a milder dependence at and C-Mn pressure vessel steels in elevated-temperature, pressur-
higher AK. For cathodic polarization, da/dN values within the latter ized water environments. 34 . 35 Such data resulted from work over
regime are nearly independent of increasing AK: a plateau is the past two decades aimed at guaranteeing the structural integrity of
sometimes observed. Environmental effects on near-threshold crack light water nuclear reactor plant materials and organized under the
growth are less well characterized. For free corrosion, AK, is auspices of the International Cyclic Crack Growth Rate Group.134' 13 5

reduced by seawater exposure, with the effect of stress ratio These fracture mechanics data, the hypothesized film-rupture mech-
paralleling that reported for crack growth in benign environments. For anism, component life-prediction procedures, and new environment
cathodic polarization, high R thresholds are probably similar to those chemistry and crack growth damage sensors were reviewed by Ford,
reported for free corrosion, but notably, very high AKh values are Andresen, and coworkers3 . °7 0 ,7 . 9. 13

6 138 and by Scott and
reported for low R loading (Curve 5), Cathodic polarization produces Tompkins.3 rooJ"oI
calcium and magnesium hydroxide precipitates within the fatigue
crack, causing corrosion product induced crack surface closure con CF clack propagation in nuclear reactor materials and environ-
tact and Increased AK.... (See the section "Crack Closure in ments is complex because of the interactive effects of many
Aggressive Environments.") variables.39 Typical data are presented in Figures 13 and 14. DaIdN

The carbon steel-hydrogen environment system was reviewed vs AK data for normalized C-Mn steel in 288C low-oxygen water

indetail by Krishnamurthy, Marzinsky, and Gangloff" and byJaske, (Figure 13) show a strong environmental effect relative to inert

et al? 2  environment behavior.3 .136 Note the low loading frequency (0.017
Hz) and high mean stress (R = 0.7) conditions, Environmental

Precipitation-hardened aluminum alloys In aqueous chi- cracking can exceed ASME Section Xl criteria, such empirical
ride and water vapor environments. Extensive CF data have beer guidelines have been increased as new results and heightened
produced for high-strength 2000 and 7000 series aluminum alloys in conceins on CF emerged from laboratory experimentation.",
aqueous chloride and purified water vapor environments. Several
conclusions are drawn from a tabulation of typical results (Figure The significant variability shown in Figure 13, further empha-

12 ).5.w61.1.79.95.12-s 3 sized if a larger population of results are considered,139 is traceable
to a complex interaction between the MnS inclusions ;n the steel, the

Both gaseous and aqueous environments produce significant flow .onditions of solution surrounding the fractuis mechanics
CF crack propagation in aluminum alloys, relative to helium or specimen in the autoclave, and the electrode potential of the
vacuum for a wide range of stress intensities. Hyerugen production bpeumrieri, laigely established by the disbulved ux~ygeri ,.untent uf the
and embrittlement are implicated for these systems; however, the solution .39" 39
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growth kinetics, however, such approaches are not easily adapted to
C-Mn Steel controlled environments. The fundamental experimental problem is

10-2 BS4360:50D the lack of methods to probe mechanical and chemical damage

NORMALIZED processes local to the CF crack tip.

O-ys < 400 MPa Fracture mechanics methods
0.1 HZR0.5 . Following from Figure 7, the procedure for laboratory measure-

1 0 120C1 Hzment of fatigue crack growth rate as a function of AK is standardized
o ,AIR by ASTM Committee E24 on Fracture Mechanics. '43 Additional
E details, specific to moist air, are provided by a summary chapter in the

E / Metals Handbook and by user experiences.1441 45 Two aspects,

S0 -4 I environment control and crack-length measurement, are uniquely
1- 10 important to OF, as indicated by an annex to the ASTM standard and

VACUUM a U.S. Navy procedure for seawater.143
,
146

Control and characterization of the gaseous or aqueous envi-

-ronment that surrounds the specimen is of paramount importance to
-5 /I CF experiments. Particular emphasis must be placed on control and

0 10 measurement of variables such as electrode potential, environment
ionic and dissolved oxygen compositions, purity, flow rate, and
temperature. Successful approaches have been reported for most

147
1- Senvironments, as reviewed by Gangloff, et al. Detailed procedures

< 10-6 are often complex, as illustrated by work on fatigue in high-
0 Seawater+H 2S (F.C.) temperature, pressurized water environments. Owing to the impor-
Q) H2 (6.9 MPa): X42 tance of slow loading frequency in exacerbating CF, experiments

R .() Seawater (C.P.) must often be maintained for weeks or months.

10- 7  . Seawater (F.C.) A wide range of crack-length monitoring methods are used in
® Seawater (C.P.,R =0.1) fracture mechanics studies of fatigue, as illustrated in Figure 16 after

, I I I I Marsh and Smith.'4 8 The indirect or remote methods are required for
5 10 50 CF because the fracture mechanics specimen is immersed in an

environmental chambcr. Periodic interruption of loading or chemical
STRESS INTENSITY RANGE (MPa /-/) exposure may introduce tratisient cracking. To date, successful

applications have been reported for the compliance and electrical
FIGURE 11 -Corroslon fatigue crack propagation In low-strength, potental-difference methods. Procedures for each approach are
normalized carbon-manganese steels In hydrogen-producIng reviewed in two volumes edited by Beevers 4 9 IS
environments: (1) seawater contaminated by H2S;" (2) High-
pressure H2;"

7 (3) seawater with cathodic polarization;'19'22 (4) The electrcal potential method has been widely applied to

seawater at free corrosion; 11 1-123 and (5) seawater with cathodic studies of CF (for example, References 50,61, 97, 121,151) because
polarization at low R;112 moist air, and vacuum,

$e
,1

1 5 '12 4  of the simplicity of using simple wire probes in aggressive environ-
munts, and because the approach is applicable to through-thickness

The strong effect of cyclic loading frequency is illustrated in and surface-crauk geometries. Typical data are presented in Figure
Figure 14 by dadN-AK data for sensitized type 304 (UNS S30400) 17, where cumputer acquisition and high-gain stable amplification
stainless steel in oxygenated, high-temperature, pressurized water."," produced hundreds of measured data points that merge to a
As typically observed, CF crack propagation rates increase with ontinuous line. Here crack growth occurred at constant AK, .Vith a
declining frequency, certainly for moderate levels of AK, with the stngle rate observed for aii but not the aqueous chloride enviror- ,ent.
near-threshold response unclear. Film-rupture models, including The averagt~d resulutiuon o the potential-difference approach varies
detailed treatments of crack electrochemistry, explain the distributed betwebn 2 and 30 txm, depending on circuitry and specimen
results shown in Figure 13 and predict the effects of a broad range geometry.
of variables, including frequency."" 1 

1 3e 63 Comparison between In all cases reported, the application of high (1 to 50 amperes)
measured and predicted da/dN (Figure 14) provides an example of direct or alternating current has no effect on CF for gases or
this predictive power. electrolytes. Presumably, the conductivity of the specimen is orders

Titanium alloys In aqueous electrolytes. Since the pioneer- of magnitude higher than that cf electrolytes, including conductive
Ing SCC work of Brown, which showed the sensitivity of precracked chloride, current leakage into solution at the crack tip is not
titanium alloys to aqueous chloride solutions,"" many studies have signil icant, Possible drawbacks of the potential-difference method
investigated the CF behavior of this structural material.3 Typical data include specimen heating, crack-surface electrical contact (or short
are presented In Figure 15. Here CF crack growth rates are ingj when the crack surfaces are maintained clean and conductive,
enhanced up to tenfold by cyclic loading in several halogen bearing and a lack of information un crack-surface contact and mechanical
solutions at the free-corrosion potential, A wide range of da/dN is load transfer.
likely, depending on solution electrochemistry. AK, frequency, and Complance measurements yield accurate determinations of
titanium alloy mtcrostructure. • , 'crack length and provide an approximate indication of the extent of

Experimental Procedures crack closure. (See the section "Crack Closure.") Crack-length
resolution is on the order of 25 gm for typical long (25 mm) crack

Conclusion specimens. While the use of crack-mouth or back-face displacement
Experimental methods are developed for determinations of gauges in gases and liquids is complex, the problems are not

average crack growth rate as a function of continuum fracture insurmountable, as indicated by specific applica-
mechanics crack-tip parameters, particularly AK Nonsteady-state tions. .-  The mam issue associated with the

crack growth, unique to CF, and crack closure are not understood compliance approach is the arbitrary character of the determination
Future procedures will incorporate precision crack-length measure- of an "effective" stress intensity to describe growth rates indepen-
ment and computer control of stress intensity to develop quantitative dent of crack closure. In this regard, the usefulness of crack-mouth
and novel CF crack growth rate data, particularly near threshold, opening and back-face ^umpliance measurements is currently de-
Advances have been recorded in measurements of small crack bated.
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CYCLIC STRESS INTENSITY og- Mrm311) several levels of constant AK selected to decrease with increasing R
30 20 30 40 50 60 70 8o (Points 3 and 4 through 7). In this way, near-threshold CF crack

propagation is characterized without the complicating effects of delay
retardation or crack closure. The possibility of closure effects at any

A A combination of AK and R can be assessed by the linearity of cyclic
10,4 crack-length data and by compliance measurements coupled with

variations in Kn,n below the indicated crack-opening load.
The approach in Figure 18 has several advantages in addition

to demonstrably steady-state kinetics. With constant AK and preci-
10 ?o5 sion measurements of crack length, low values of da/dN can be

e obtained for low-frequency loading over a reasonable test time,
- 0- because the crack growth increment for a meaningful rate determi-

O DRY ARGON nation is small. Secondly, environmental and loading-frequency
, DISTILLEDWATER variable effects are readily determined to within about t 20%

. 4 " - uncertainty, based on changing cyclic crack growth rate response at
•~~ 0.6M'' KCI 1

6 ,, 5M KI constant AK and R. Finally, the procedure in Figure 18 probes two
10. important regimes of fatigue crack propagation, including conven-

tional high-AK low R and high R near-threshold or "ripple" loading.
Z This approach was successfully applied in an investigation of CF

_10 2 crack propagation in an aluminum-lithium alloy.' 2

The methods discussed above are based on small-scale
ri-6AI-4V (MAI - ALLOY 8 yielding throughout the precracked specimen. Dowling extended this
OCB linear-elastic approach to describe fatigue crack propagation during
R. 0 large-scale yielding based on the J-integral characterization of the
F 240 cpn crack-tip stress and strain fields.' While established for moist air,

24PC 1 0 Ithis approach has not been applied to CF.
0 5 D0 15 20 25 30

CYCLIC STRESS INTENSITY IKsi T. I

FIGURE 15-Corrosion fatigue crack propagation data for a
high-strength titanium alloy In aqueous halide solutions, after Novel measurements of corrosion fatigue cracking
Speldel, et al.5 (1 ksI\/i'. = 1.098 MPaV/-m)

The fracture mechanics approach is based on measurements of
average crack growth rate and applied stress intensity for specimens

It is critical to differentiate experimentally transient and steady- containing single, large ( 25 mm) cracks. A second level of
state CF crack growth rates, with the former dependent on time or measurement probes mechanical and chemical damage processes
equivalently loading cycles at constant applied stress intensity, as local to the crack tip. Only limited successes have been recorded.
discussed by Hudak and Wei."' Crack geometries, programmed Electrical potential measurements can be used to monitor
loading histories, and test interruptions, which are allowable under continuously the growth of single, defect-nucleated fatigue cracks
the ASTM standard and do not influence benign environment fatigue, sized above about 50 ttm.1-8 This method is applicable to aqueous
can significantly influence CF crack propagation.' 43 This complicat- (for example, Figure 17) and high-purity gaseous environments, and
ing phenomena is attributed to time-dependent chemical contribu has been successfully used to monitor the growth of CF cracks in
tions to fatigue damage. (See the section "Crack-Geometry-De- single, albeit large, grains of steels, nickel-based, and aluminum
pendent Occluded Environment Chemistry.") alloys.97 .125 .126  59 Despite these successes, this method does not

directly probe crack-tip damage processes.
New procedures Plastic-tape replication measurements are used to monitor theTheNdp es d ures surface growth of small fatigue cracks in moist air.' 57 This methodconstant load, increasing AK, or by programmed, continuously requires periodic loading interruptions that may affect CF. it does notdcnstant loamethods 5s That such rates represent steady-state directly probe crack-tip damage, and it does not provide informationdecreasing AK odslely by sK s eresent prove on the crack perimeter. The only benefit over electrical potentialconditions governed solely by AK is, however, generally not proven, monitoring is that replication methods characterize fatigue crack

and the effects of loading history and crack size are not understood, nucleation at natural microstructural features and defects such as
The coupling of recent advances in remote crack-length mea- inclusions.

surement with the computer-controlled servohydraulic test machine Papers within this volume do not discuss experimental charac-
enables meaningful characterizations of CF crack propagation rates, terizations of crack-tip chemical and mechanical damage. This
A useful procedure to supplement constant load or continuously omission is traceable to the complexity of such endeavors. Gerb-
decreasing AK cracking is represented in Figure 18 for the case of erich, Davidson, nd Lankford reviewed various microscopic tech-
ferntic steel in aqueous chloride. Here, AK is maintained constant at niques directed at cracktip fracture observations 6

0
. 

16 The follow-
selected levels labeled 1 through 7, and by either compliance or niqes ieed t crack ration follow-
electrical potential measurements of crack length and computer- ing methods yieldedinsightsonfatiguecrackpropagationforvacuum
controlled load reductions. Steady-state crack growth and transient
behavior will be indicated by the character of the crack length vs (1) In situ scanning electron microscopy of a cyclically loaded
loading cycles data; viz., linear for the former and nonlinear for the specimen: stereoimaging analysis;
transient case. (2) Electron channeling pattern techniques;

As a second sophistication, two regimes of crack growth can be (3) High-voltage transmission electron microscopy,
probed by a procedure recently discussed by Hertzberg and (4) X-ray diffraction and topographic techniques;
coworkers.1s For high AK and low R (points 1 to 3), stress ratio is (5) TEM analysis of crack wake dislocation morphologies, and
maintained constant as increasing levels of constant AK are pro- (6) In situ Auger cracking and chemical analysis.
grammed. Subsequent tests are conducted at constant K11,., and These methods have not been widely applied to CF.
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Crack Length Measurement Techniques

Direct Indirect
(Require Calibration)

*1 ... 7 I I
During Test After Test Resistivity Compliance Others

Visual Photographic Strain Gauge Beach Marks Ink Stains AC or DC Potential Difference
filaments Striations Heat Tints

Displacement Strain

Replication of I I Acoustic
Surface Emission

Loading Point Back Face Eddy Current
COD or Crack Tip Ultrasonics

FIGURE 16-Methods for measurement of fatigue crack length; after Marsh and Smith.148

Air 3% NaCI -1000 mV (SCE)
1 Hz 0.1 Hz

2 2

1 4.4 x10 -5 5mCycle

A "4.3 X10- mm/Cycle

0 60 14 20

Cycles (x1000)

FIGURE 17-Cyclic crack-length data from automated dc electrical potential measurements of
cracks In API-2H steel in moist air or aqueous NaCI with cathodic polarization and at constant
AK; after Gangloff. t58

o 3% NaCI
o Constant Potential (-650, -1000 mV (s.c.e.)) As an example, Davidson and Lankford used stereolmaging to
E 10-2  show that environment affects crack-tip plasticity and crack growth
E mode.16 2"t6 For constant applied AK, near-crack-tip-opening strain
z Cosant ",o I decreased for embrittling compared to inert environments. These

"cteasl , studies were conducted with 1020 steel and 7075-T651 aluminum
IC 1 o. ti "" specimens that were loaded cyclically and observed in the SEM

0.*r, 22 3 jCONVENTIONALI vacuum after prior fatigue cracking In either moist air or dry N2.

cc N Additional work involved SEM analysis of crack-wake subboundaries
formed by prior fatigue in moist air or dry N2. In situ environmental

1074cracking was not attempted. The mechanistic implications of this
0 % . work are discussed in the section "Environment-Sensitive Micro-

0< * Constant AK scopic Deformation,"

/ to , 6oa, ta Wei and coworkers used Auger spectroscopy to measure rates
47 of water vapor and H2S roact'ons with both polished and In situ0 fractured alloy surfaces,- 7. '1.t These chemical kinetics were U.sed

-J 1 PP to model rates of CF crack propagation.10"6 I toI

3 20 30

Since the early work of Brown,tM researchers have used
Log Stress Intensity Range - AK (MPa,/Ii) electrochemical probes to define the crack environment. CF of a

carbon-manganese steel in seawater has been extensively investi-
gated by this approachtt6 Near-crack-tip pH, potential, and

FIGURE 18-Programmed stress-intensity characterization of chloride ion concentration were measured for comparisons with
corrosion fatigue crack propagation for steel in chloride, based mass transport and reaction model predictions. Detailed reviews of
on constant AK segments at constant K, and varying R. these experimental measurements are presented elsewhere. t1 8 9
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Effects of Critical Variables consider that three regimes of CF crack growth are possible, as
represented schematically in Figure 1 for Type A cycle-time-

Conclusion dependent behavior.
A plethora of interactive variables -influences the CF crack Near-threshold (da/dN < 10-6 mm/cycle) environmental effects

growth rate-stress intensity relationship. The effects of chemical, may reduce AKth and increase da/dN paralleling benign environment
metallurgical, and mechanical variables are well characterized and behavior. In Figure 19, rates for the titanium alloy are well above 10-6
reasonably explained by qualitative arguments. Growth rates are mm/cycle, however, imaginative extrapolation suggests that the
affected by environment chemistry variables (viz., temperature; gas environment could lower AK,, and raise growth rates relative to moist
pressure and impurity content; electrolyte pH, potential, conductivity, air. For steels, indications of this effect were reported by Booth, et
and halogen or sulfide ion content); by mechanical variables such as al.,123 and by Bardal; " 9 however, little difference is seen for
AK, mean stress, frequency, waveform, and overloads; and by near-threshold cracking in chloride vs moist air in Figure 19. In fact,
metallurgical variables including impurity composition, microstruc- near-threshold rates for the former are less than moist air kinetics and
lure, and cyclic deformation mode Time, or loading frequency, is perhaps approach vacuum behavior. Near-threshold CF in aluminum
critical, complicating long-life component performance predictions alloys is largely unexplored, limited data are shown in Figure 12.126
based on shiter-term laboratory data. Limited studies show that Measurements of crack growth in the near-threshold regime are
yield strength is not a critical variable in cycle-time-dependent CF. prohibitively time consuming owing to the low loading frequencies
Fractographic analyses of microscopic crack paths provide a basis relevant to CF.12 0.17 As such, environmental effects are poorly
for failure analyses and input to mechanistic studies. understood, as illustrated by models that predict HE may reduce

AKh, while corrosion blunting of the crack-tip may increase the
Introduction threshold relative to an inert reference environment.39.172 The

Alloy development and life-prediction approaches to control CF experimenta! procedure outlined in Figure 18 provides a means of
are confounded by the many interactive variables that affect crack characterizing low-growth-rate CF.
propagation beyond that expected based on benign environment A second regime of CF crack propagation is often observed for
fatigue Table 1 lists these variables for steels in marine environ- stress-intensity levels above the fatigue threshold. Here CF da/dN
ments The goal in CF is to develop da/dN-AK relationships, which values increase rapidly relative to the reference environment and
include the effects of all such variables, with a significantly stronger power-law dependence. This behavior is

The variables in Table 1 influence fatigue crack propagation in shown for each alloy in Figure 19 and may be interpreted as the
most alloy systems Detailed analysis of each effect is not possible. intervention of cyclic-deformation-stimulated "SCC. ,

34 .59 . '4 1 The
Rather, the following discussion illustrates typical effects of the more steep slope is interpreted as evidence of mechanically rate-limited
important variables for ferrous, aluminum, and titanium alloys, crack propagation in the presence of fast and sufficiently completed
Qualitative explanations for the experimental trends are provided. chemical reactions and mass transport.
Quantitative models of fatigue crack growth rate response are A third regime of CF response at higher AK is typified by so-
outlined in the section "Quantitative Models of Corrosion Fatigue called plateau (nearly) K-independent behavior, or more generally.
Crack Propagation." by a reduction in the slope of the da/dN-AK dependence. This former

behavior is Indicated for the steel-NaCI system in Figures 11 and 19,
Mechanical loading variables while a reduced power-law relationship is observed for the titanium

Stress-Intensity factor range, Figure 1 illustrates that applied and aluminum alloys. The reduced dependence on AK is interpreted
stress-intensity range affects rates of CF crack propagation in a to result from a constant, K-independent, transport-limited "cyclic
complex fashion compared to inert environments. Specific data are SCC" rate superimposed on a AK-dependent mechanical fatigue
presented in Figures 3, 6, 9, 11, 13, 15, and 19. process. Stated equivalently, plateau behavior may be a result of

chemically rate-limited environmental cracking that cannot respond
TABLE 1 to increasing mechanical driving force.

Mechanical, Environment Chemistry, and CF crack growth rates intersect and equal benign environment
Metallurgical Variables Affecting Corrosion Fatigue values at very high AK approaching Kic. This regime is of little

in Marine Environments significance owing to the high levels of AK and fast crack growth rates
involved.

Stress-intensity range Mean stress The stress-intensity dependence of CF is typically characterized
Crack size and geometry Residual stress by a simple constant-load, Increasing AK experiment. The data in
Loading waveform and sequence Loading frequency Figure 19 were determined by this method. To date there have been
Solution C1,H ',0 2 ,Mg * .Ca ' Electrode potential no extensive studies of the load and crack-length history dependence
Hydrogen uptake promoters, S' Solution flow of the da/dN-AK relationship for CF. That the results in Figure 19 are
Calcareous deposit formation Exposure time true material property laws that are independent of loading and
Steel yield strength Specimen thickness geometry factors remains to be proven. This issue is particularly
Steel composition and microstructure important when small crack and crack-closure processes occur, as

discussed in the section "Complications and Compromises of
Fracture Mechanics."

While a simple power-law response Is typical for a limited range When characterizing the effects of variables on CF crack
of AK (Figures 3, 6, and 11), the more general behavior Is Indicated propagation and when developing models, it is important to recog-
In Figure 19 for TI-6AI-4V; X65 controlled, rolled, microalloyed ferritic nizo the various AK regimes.
steel; and precipitation-hardened aluminum alloy 7017-T651, each In Mean stress. Increasing mean stress intensity, as character-
aqueous chloride (see also Figures 9, 13. and 15),.34 .141.17° Such Ized by the "stress ratio" (R - K ..,KJ) generally increases rates
results are expected because Inert environment fatigue Is driven by of fatigue crack propagation, particularly for low growth rates (- 10 -
crack-tip plasticity, which Is simply related to AK. and compared to mm/cycle) and inert or aggressive environments, For the former case
the conjoint plastic strain and chemical processes Involved In CF. and at temperatures where time-dependent plastic deformation is

At present, there are only limited analytical predictions of the minimal, the casual mechanism is universally crack closure; see the
stress.intensity dependence ol CF crack propagation rates. Micro- section "Crack Mechanics."'13 Effects of increasing Km,, the
mechanical-chemical models exist, as discussed In the section monotonic plastic-zone size, and crack-tip mean strain on the
"Quantitative Models of Corrosion Fatigue Crack Propagation"; da/dN-AK applied relationship are not well defined for intrinsic
however, most are based on simplifying assumptions, It Is useful to mechanical fatigue crack propagation.

68 EICM Proceedings



Ti-6AI-4V IMIIl Anneal) R 0-2
WR R - 0.1
Haversine Wave Form 0 - 1 Hzsquare wot

a-10/
ids 0 2S Solurated/

10to 3  oi O1 ll
o - o~o 1r%

0.01
ZCyclic Plastic/

-40-/ Zone Size

c 10  a

U /4
1010'0azee

.0 /O Ambient Air - 10 Hr t

+ 0.6M NC -10

Q 0.6M NCI 50

+~ Or-6 A-----K 0.9 Kl c SC AIR

&Ksc ¢ • 12 15 HOl

L*K$¢¢ * 10 10 111) IDS

X-65 steel
10

.7  
1 t I I I£ 1 I, I
810 20 30 40 60 i00 150 68 10 20 40 60 8o 10

(a) Stress ntensity Range. ksi in 112 (b) AK - MP o(-

7017-T651 For cycle-time.dependont CF, closure cedainly contributes to
the R-value effect; however, the magnitude of the maximum stress

Intensity could influence the cracking mechanism, as for example in
HE. The relative contributions of crack closure and intrinsic mean

cstress effects have not been modeled. Dramatic stress ratio effects
on CF above Kiscc are well described by linear superposition

" modeling."
Vosikovsky and coworkers demonstrated the deleterious effect

N of stress ratio on CF in carbon and heal-treated alloy steels exposed

Q 10-6 to NaC.1 73 074 For a specific frequency, single-crack growth rate laws
Z of the type shown In Figure 19 were produced for air and for NaCI
c, V'  

when AK was replaced by a function including the stress ratio; viz.,
.Diy Alf (4H) (AK + 4R) for X70 C-Mn steel and (AK + 3R) for HY130 steel. The

0 ,.o9 relative contributions of crack closure and R-sensitive environmental

Sea Wale, cracking were not defined. Given that the (AK + R) function equally
Se ,Watr correlates daldN data for air and aqueous chloride and based on the

10io-7 Hz relatively small effect of R on CF, it is likely that mean stress
. 70 0 1 predominantly affected crack closure for this system. Indeed, Ewalds

010 0 0.2 argued that those fatigue data are equally well correlated with an
A 4 $ 0.1 "effective AK" equal to (0.6 + 0.3R) x AK and based on Elber's
0 2 =physical notion of plasticity-induced crack closure.175

The need In this area is to define the effect of stress ratio on
Intrinsic CF crack propagation independent of crack closure. This aim

__o ____................_ is hindered by the complexity of measuring displacement in aggres-
0 10 20 30 sive environments and by the lack of understanding of the relation-

(C) K, MNm 312  ship between such measurements, physical load transfer, and the

FIGURE 19-Effect of AK on corrosion fatigue crack growth rate relevant stress-intensity range.
at several frequencies for (a) TI-6AI-4V In 0.6 M NaCI (after Loading waveform and loading sequence. Two factors.
Dawson and Pelloux14l); (b) X65 C-Mn steel in 3.5% NaCl with constant amplitude loading wave shape and loading spectra, can
cathodic polarization (after Vosikovsky ' 170), and (c) 7071-T651 influence CF crack propagation, The data presented in this review
aluminum alloy in seawater (after Holroyd and Hardleas). (I were obtained for constant amplitude, sinusoidal loading. Results on
InJcycle = 25.4 mmlcycle, 1 ksl\ In. = 1.098 MPa\ i) waveform and load-interaction effects in CF are limited.
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Rates of CF crack propagation are well correlated by the (Figure 19).l"o17 '4 This effect was also observed by Gangloff for
root-mean square of the applied stress-intensity distribution for the carbon and heat-treated alloy steels in 3% NaCl with cathodic
steel-NaCl system under narrow-band random loading." 

172 176177 polarization. '8 Specific data in Figure 20 were obtained for constant
Complex overload and associated delay retardation effects in CF are AK at a level within the steeply rising portion of the da/dN-AK
beginning to be examined, for example, Reference 131. Hertzberg dependence for each frequency. Note that crack growth rates in NaCI
outlines a basis for such studies in benign environments8 9  are independent of loading frequency, are about 3- to 4-fold greater

Several studies show that cycle-time-dependent CF crack than the value for moist air, and are 20 times tie da/dN for vacuum.
growth rates are increased by waveforms that involve slow-rising At very low AK, frequency-independent crack growth rates in
load, compared to fast-rising-slow-falling or fast-rise-prolonged Kmax aqueous chloride and moist air merge, as suggested in Figure 19.
hold periods for constant cyclic frequency. This trend was demon- In selected instances, low AK CF crack growth rates increase
strated by Pelloux and Selines for a type 7075 (UNS A97075) with increasing frequency. Specific examples were reported by
aluminum alloy,1 28 by Barsom s ' for high-strength steel, and by Dawson and Pelloux for Ti-6Ai-4V in NaCI (Figure 19)141 and by Ford
Vosikovskyt '0 for low-strength C-Mn steel, all exposed to aqueous for an AI-7%Mg alloy loaded cyclically in 1 N Na2SO4 with cathodic
NaCl. A typical example is presented in Figure 3.5' "2 Scott, et aL., polarization.72 In the latter case, crack growth rates increased by an
observed a modest reduction in da/dN for the low-strength carbon order of magnitude as f increased from 3 to 33 Hz, all rates were
steel-seawater system when subjected to a fast-rise sawtoothed significantly faster than reference values for dry argon. This behavior
waveform and compared to equal CF for sinusoidal, triangular, and was explained based on the film-rupture, repassivation model and the
slow-rise sawtoothed loadings at constant frequency." In contrast, idea that environmental crack extension per unit time increases
Wei and Hudak reported that varying rise time had no effect on CF strongly with increasing crack-tip strain rate, equivalently increasing
of 7075-T651 in distilled water (in Reference 51). f, as discussed in the section "Corrosion Fatigue by Film Rupture/

It is reasonable to expect that environmental effects are Transient Dissolution., 72

stimulated by slow strain and surface creation rates during rising Frequency (itz)
loading. Nonetheless, the effect of waveform depends on the 0 1 0. 001
rate-controlling mechanism and will be material-environment spe-
cific. Changing rate of loading may have little effect on CF governed • APi.2H

4230 t650"C)

by fast surface reactions but a large effect on systems where 3,, 760 MPI

hydrogen diffusion in the crack-tip plastic zone is rate limiting, The - 1o AK 99 1pa1'm

microscopic processes of surface creation on loading and of crack-tipRA06
shape change on unloading with varying convective mixing may also ,
affect the waveform dependence. .. .... ..

Loading waveform effects on CF crack propagation above Kiscc 3C

are well described by the integrated load-time history for each io

cycle.-" Results suggest that crack growth only occurs on the loading " Air

portion of the cycle. 26  
3% NaCl Aerated
-1000 mV (SCE)

10 v4 vacuum 0 I ! !
Cyclic loading frequency ,0 20 1 to, 2

The time dependence of CF is arguably the most important tSe)
aspect of this fracture mode. The general notion is that CF crack 2 Frequency

growth rates increase with decreasing cyclic loading frequency (f) FIGURE 20-Effect of frequency on low-growth-rate corrosion
because of ncreasing time per cycle available for increased hemical fatigue crack propagation in the steel-aqueuus chloride sys-
reaction and mass transport. This trend may be altered for cases in tern; after Gangloff.178

which increased frequency increases the rate of environmental Moderate AK "plateau" regime. For AK levels where the
cracking because of (1) enhanced mass transport by convective power-law dependence of da/dN is reduced and approaching plateau
mixing. (2) enhanced crack-tip strain and surface creation rates, and behavior, sub-Kiscc CF growth rates generally increase with de-
(3) reduced crack-tip blunting by dissolution The frequency depen creasing frequency. A saturation crack growth rate is often observed
dence of cycle-time-dependent CF is accordingly complex. for low frequencies. Extensive data supporting these trends were

To understand frequency effects, it Is of paramount importance reported by Vosikovsky [Figure 19(b),"O "4 Scoh. et al.." 2
to identify the rate.limiting step in the transport, chutical reaction and Gallagher.' ' Gangloff, "' "' "' and Hinton and Proctei '' for steels
fracture sequence for CF crack growth?0 "I "  Additionally, the in aqueous chloride, by Wei and Shim"' ', for steels in distilled water
effect of stress lntensity must be considered, the frequency depen and water vapor, by Brazill, et al., ' for an alloy steel in gaseous
dence may be specific to each of the three AK regimes, H2S, by Holroyd and Hardie," for 7000 seius aluminum alloys in

AIKh and near-threshold regimes. Two unique frequency seawater [Figure 19tc)], by Wei and coworkers8 ' ' ''and Dicus"'8
dependencies are reported for near threshold CF crack propagation, fur 2000 and 7000 series aluminum alluyb in purified weti vdpu, by
da.dN Is constant with increasing f, or alternately, dadN increases Chiou and Wei 'a and Dawson and Pelluux [Figuro t9ta)j"' lor
with Increasing f. No data are available that show increasing Ti-6AI.4V in aqueous NaCI, and by Ford and Andresen (Figure
near-threshold CF crack growth rates with decreasing frequency. 14) "  

'" for austenitic stainless steels in hiygi teperature purified
More research Is required, particularly at slow loading frequencies water. Three cases are discussed. stel ,n aqueous hluride,
where test times are prolonged. aluminum alloys in water vapor, and stainlessferritic C-Mn steels in

Frequency-independent CF crack growth was reported by high-temperature water.
Speldel for steels and nickel based alloys." This "true" or cycle Steels ,n aqueous .hlonde -The frequency dependen.e ul the
dependent CF behavior is illustrated by the hvizontal dashed lines in CF cracK propagation rate in APi-2H C-Mn steel exposea tu 3-.. fQCi
Figure 4 for both moist air and NaOH. A similar lrequency indepen with ,athodic polarization is shown in Figure 2 1.'w' These febults
Jence of near threshold da'dN was reported by Meyn foi T 8AI 1 Mu were ubtaiied by wunstai it stres-intentity experimenidtion, with the
1V in 3.5% NaCl6 and by Plascik and Gangloff for an aluminum specific AK level of 23 MPa\- m selected to be within the plateau
lithium copper alloy exposed to 1% NaCI with anodic polarization.'" region of CF cracking for this steel tsee Figure 32). The loyarithmic.

Frequency independent near threshold cracking is well estab plot of environmental crack growth rate vs ru procai frequency is
tished for the stee aqueous chloride system. Vosikovsky repurted suggested by mechanstit mudeling, disiussed in an ensuing set,-
daldN Independent of f for X65 and HY130 steels at low AK levels tion.
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At frequencies above about 20 Hz, equal rates of fatigue crack aluminum alloys, 2219-T851 and 7075-T651, in terms of environ-
propagation are observed for aqueous chloride and moist air, this mental crack growth rate vs PH2O/2f or PH. Several constant
value is about three times faster than cr ack growth in vacuum. Three stress-intensity range levels are represented for a single frequency of
regimes of behavior are observed with decreasing frequency. Ini- 5 Hz and variable PHO .(3)

tially, da/dN increases mildly, followed by a strong acceleration of CF
for frequencies between 4 and 0.1 Hz, and leading to a third regime
where daldN is constant or mildly increasing as frequency declines to PRESSURE/21 FREQUENCY (Po -)
very small values. (2)  1o, 1 0 t,°

The trend shown in Figure 21 is general, as is indicated 2219-T851 Alumim Alloy

by the behavior of a variety of additional steels of varying yield io- Room Temperotue R.005

strength but similar AK, R, and electrochemical condi- Ii
tions.3 7'58-12 1

.
17 0, 17 4. 17 9 "

1
82 .

1
8 6 Results indicate similar behavior for

the first two stages of the frequency response. Interestingly, the " ' .o-

saturation behavior seems to be observed for the high-strength ." . t ,..-.
quenched and tempered steels (viz., API2H and HY13t with ry = 1 " t1 -

760 and 900 MPa, respectively) but nr' for lower-strength ferrite- fi * . . -- ',  K MP .m ,)

pearlite BS4360 and X65 steels \,ys = 450 MPa). Additional §En,ouen, Feq o iS 20

experiments are required to exp' )re this point. vocWm.(,O5,,W Hz , 0
Oehumid Argon 20Hz u . ,

Frequency (Hz) Water eP~or 5 Hz . .
Oe A) (40 6OPctRH) 20Hz

10 1 0.1 001 0001 Distiled Water 20Hz . ,

T' APi21 ' I " 13 5pcl NoCI So'n 20Hiz -
.- )"

0o 
760 MPa10 AK . 23 MlPa\(m -.10 ,o 10 I , , ,,f , ,, O

E 0.1 WATER VAPOR PRESSURE (Po)

FIGURE 22-Effect of environmental exposure (water vapor
3o NaCi Aerated partial pressure/frequency) on corrosion fatigue crack propa-

NC, -1000~ my(SE)gatlon In a precipitatlon-hardened aluminum alloy; after Wei, etA 1 " -1000 my (SCE) a 2

U Valcuum

10 10 10 1 104 101 101 The effect of frequency (water vapor pressure) on CF crack
(see) growth rates in the aluminum-water vapor system is similar to that

2 x Frequency

exhibited by steel in aqueous chloride. Rates at high frequencies with
FIGURE 21 -Effect of frequency on corrosion fatigue crack water vapor are equal to values for inert environments. As frequency
propagation in the "plateau" regime of AK for API-2H steel In 3% declines (or P,,o increases), da,'dN values increase sharply to a
NaCI with cathodic polarization; after Gangloff." 0 Literature saturation level. Some alloys such as 7075-T651 exhibit a second
data: +, X, 89 X65, A, @ HY130, 0BS4360:50D °0'1 70 .174181 186  rate increase and saturation level,

Since frequency was not varied, the data in Figures 22 and 23
The frequency dependence in Figure 21 is explained by HE do not unequivocally establish the interchangeable influences of

modeling reviewed in the section "Corrosion Fatigue by Hydrogen PH.O and frequency. The role of exposure to describe both frequency
Embrittlement." The slope of the second regime is suggestive of the and water vapor pressure effects on crack propagation is better
mechanism that controls CF. be it 1.2, indicating hydrogen diffusion established when several studies are considered. Bradshaw and
control, or some other value, indicating hydrogen production (by Wheeler examined an Ai-Cu-Mg alloy (DTA 5070A) in water vapor at
surface reaction) rate control. The saturation behavior observed for two frequencies tl and 100 Hz) and a range of PH2O'87 The pressure
the higher strength steels at the lower frequencies Is also mecha dependence at each frequency was equivalent to that shown in
nistically significant. Similar results were reported for an aluminum Figures 22 and 23, the levels of PH.O required to produce a given
alloy in seawater as indicated in Figure 19(c)."  crack growth rate scaled with inverse frequency. Dicus concluded

Aluminum alloys in water vapor- While no one study has that frequencies between 1 and 10 Hz had no influence on CF rates
examined the frequency dependence of CF crack propagation in the for 7475-T651, only water vapor pressure controlled daidN.' 0' These
high strength aluminum alloy -pure water vapor system, in tote, results are consistent with the saturation behavior in Figures 22 and
several Investigations lIdicate that growth rates depend uniquely on 23, at least for water vapor pressures up to the point of the second
environmental exposure, which is given by the product of load cycle rise. Dicus found that this second rate transition occurred at a
period and water vapor pressure (PH.O) (viz., P14to/oadlng constant pressure for the two frequencies.
frequency).376' '" Data are presented in Figures 22 and 23 for two Theoretical modeling described in the sections "Gaseous

Environments" and "Quantitative Hydrogen Embrittlement Models"
supports the goerning influence of the exposure parameter. None-

'"'For perspective, the data point at a cyclic loading frequency of theless, a complete characterization of the frequency dependence for
0.0002 Hz required 12 days to produce a crack length interval of selected constant Pio levels would confirm this relationship.
0.10 mm during 250 load cycles. The frequency dependence of CF in the aluminum-water vapor

,3 Environmental cracK growth rate data are plotted for several system has not been determined for near-threshold crack growth.

constant stress-inlensity ranges in Figures 22 and 23; however, Recent results for an AI-LI alloy suggest that the trends presented in

expenments were conducted under constant load-increasing AK Figures 22 and 23 are obeyed near AKi.1 25 Limited data by Niegelexpomens wre cndutedundr costat lad~icresin AK and coworkers show that AKtr, for the onset of environmental fatigue
with several specimens cracked at a variety of frequencies or water cc king al o h ha a in o r e in an l-Znmalloyti s

cracking along high-angle grain boundaries in an AI-Zn-Mg alloy is
vapor press'Jres. Data were cross plotted from complete daldN-AK reduced from the level for inert environment Stage II transgranular
relations. Constant AK was generally not maintained over an crack growth according to the reciprocal square root of PH2>. 32

,nterval uf ..ra(k eAtensiun, in ,untrast to the results presented in Presumabi), the exposure parameter would describe the effect of
Figures 20 and 21. pressure and frequency.
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FIGURE 23-Effect of water vapor pressure on corrosion fatigue crack propagation in
high-strength 7075-T651 at constant frequency; after Gao, et al.6'

Mass transport and reaction rate modeling hydrogen embritt- rise in Figure 23 is ascribed to slow chemical reaction between water
lement-The essence of the mechanistic explanations for the aque- vapor and magnesium that is segregated to grain boundaries in
ous and gaseous environment results contained in Figures 21 to 23 aluminum alloys.18
is equivalent. Crack growth per cycle is assumed to be proportional For both systems, the transport and reaction processes have
to the amount of hydrogen generated at the crack tip by chemical or been modeled as discussed in the section "Quantitative Models of
electrochemical reactions. The frequency dependence is determined Cor
by the slow rate.limiting transport or reaction process, coupled with torosion Fatigue Crack Propagation• '376t ,29 p288 If the satura-othe fat seps in t e C se uen e. his ubict as een tion growth rate is taken as an adjustable parameter, then theother fast steps in the C F seq uence. T his sub ect has been f e u n y d p n e c e h w n F g r s 2 , 2 , a d 2 r
extensively investigated by Wei and coworkers.37 For steel in prequency dependencies shown in Figures 21, 22, and 23 are
aqueous chloride, hydrogen is produced by electrochemical reaction predicted A specific example is shown by the solid lines in Figures
at the straining crack tip and in an amount proportional to the total 22 and 23: these are model predictions. 6 1''
charge passed per cycle. Electrochemical reaction on the clean crack Steels in high-temperature water: him-rupture modehng-The
surface is rate limiting. Measurements of the kinetics of these strong effect of frequency on CF crack growth in "film-rupture"
reactions demonstrate that the rise in the frequency response in systems is illustrated by the behavior of stainless and ferritic C-Mn
Figure 21 is controlled by this slow surface-reaction step: lower steels in elevated-temperature water.3 9.7 1-0 3 Specific data and
frequencies result in longer exposure time per cycle, increased modeling predictions are shown in Figures 14 and 24. Here,
charge passed, and hydrogen produced.37.-82 " At sufficiently low moderate AK CF crack growth rates increase with decreasing
frequencies, the surface reaction per cycle is complete, with little frequency. Notably, however, AKt, decreases with increasing fre-
additional hydrogen produced with further decreases in time; daldN quency, as seen in Figure 24(b). Film.rupture modeling, summarized
is constant. An alternate explanation based on hydrogen diffusion is in the section "Corrosion Fatigue by Film Rupture/Transient Disso-
described in the section "Corrosion Fatigue by Hydrogen Embrittle- lution," predicts that da/dN increases with decreasing frequency, as
ment." indicated by the predicted sets of power-law lines in Figures 14 and

For the aluminum-water vapor system, hydrogen is produced 24(a).
by water vapor oxidation of aluminum. This reaction is fast and not
rate limiting Rather, the first rise to saturation In Figures 22 and 23 For a given crack-tip strain rate (equivalently, AK), a frequency
is due to slow water molecule transport along the crack, the exists below which brittle crack growth is replaced by crack-tip
rate-limiting process, and as influenced by crack wall-molecule blunting by corrosion. This behavior is approximated by the shaded
interactions or impeded Knudsen flow. DaldN increases with de- band in Figure 24(a). Crack growth rates cannot be sustained above
creasing frequency because the amount of fast reaction at the crack this band, a threshold stress-intensity range is defined by the
tip is increased by Increased transport supply and crack-tip intersection of the bluntg line and the film-rupture crack growth rate
pressure 6"29 Above a specific exposure, rates are insensitive to prediction. As shown in Figure 24(b), AK, defined in this manner, is
frequency (and pressure) because mass transport is sufficient for the predicted to decrease with increasing frequency, that is, with
surface reaction to reach completion; daldN is constant. The second decreasing time for blunting.
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AK, ksJ"3/2  Three environment chemistry variables have been extensively
investigated: (1) water vapor pressure for aluminum alloys, as

1 2 4 6 8 10 20 40 60 discussed in the section "Aluminum Alloys in Water Vapor," (2)
I I I I I IIit V

I 
5  I0 solution composition for stainless or carbon-manganese steels in

10 high-temperature water, and (3) electrode potential for steels and
103 -REUNYfHZ\ aluminum alloys in aqueous chloride environments. A fourth case,

gaseous hydrogen pressure and temperature effects on CF in steels,
W31 is not well understood.

Stainless and C-Mn ferritic steels in high-temperature
-4 water. Ford and Andresen broadly investigated the effects of

electrolyte composition, oxygen concentration, solution flow, and
-10o2 10 electrode potential on stress corrosion and CF crack propagation in

0O ! stainless and C-Mn ferritic steels exposed to high-temperature water
i0" environments typical of nuclear reactor and piping

applications." °.1-71 136 . ' 37 Many of these effects are explained by
_3 " mass transport and electrochemical analyses of crack chemistry and

--0d J transient repassivation reactions, coupled with the film-rupture model,
-a as reviewed by Ford." 3

0-. Steels and aluminum in aqueous chloride: effect of elec-
1100 /trode potential. Studies have been -conducted on the effect of

16 electrode potential on aqueous chloride CF crack initiation and
0t H I' SULPHUR propagation in low-strength C-Mn and heat-treated alloy steels and to

0R=0.7 a lesser extent in precipitation-hardened aluminum alloys.
DEOXYGENATED C-Mn ferritic steels-For steels of yield strength below about

INERT WATER -0 1000 MPa, fracture mechanics crack propagation experiments have

lO ENVIRONMENT emphasized the moderate AK "plateau" regime (> 18 MPaVr/,
Figure 11) and frequencies generally within the saturation range

S -(<0.2 Hz, Figure 21). CF in this AK-f regime is cycle-time-
2 4 6 8 10 20 40 60 dependent below Kiscc.

(a) AK, MNm "3/ 2  Results from several laboratories demonstrate that CF crack
growth rates generally increase with increasing cathodic

t 3C polarization .-' 15.22170.173.174.178,189 Specific data in Figure 25
30 li M I I I II I 1 1111 illustrate this trend for two carbon-manganese steels. Note, however,

V 0. HIGH SULPHUR STEEL that "plateau AK" crack growth rates exhibit a minimum at about 200

2=1: 25 - VS R =0.7- 0.85 mV cathodic to the free-corrosion potential.
EDEOXYGENATED

'0,"// WATER

~20 -288*C 43000ronazdo,37Mi9.0 O 6S43,60:500 (Nomahzed.oy-370MP&)
I-" 3%NaCl IHM 23-C R-0.5

u 1l5 V : 09. Solwater 0.1Hz 20'C R-0.i
- 0 API-2H (Quench Temps.oy$-760MP&) AK-23MPa

8,0 3%NICl 0 Hz 23'C R-0.1 -,11.t.0$m dCyces~~ 8 o - N, , ,, . . .
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w(1 6.0 - 15 1

=, ,,, . .'Free AKt20 to
10"3 to*, 1Ot io 5.0- Corrosor 30 MP&m

(b) CYCLIC FREQUENCY, Hz o

FIGURE 24-Effect of frequency on corrosion fatigue crack 4.0

propagation In ASTM A508/A533-type steels In deoxygenated "0'0
water at 2881C: (a) predictions of the film-rupture model and (b) 0K-17MP,,"
predicted and measured threshold stress-intensity values; after 3.0

Ford.39

2.0

1.0 ARIABILITY FOR AiR
Environment chemical activity _ ,___ _ __ __ _ __ _ f

Environment chemistry variables including temperature; gas -600 -800 -1000 -1200
pressure and purity; and electrolyte pH, potential, flow rate, and
halogen or sulfur ion content strongly affect rates of CF crack Applied Electrode Potential (mV-SCE)
propagation. Understanding of these effects requires that a specific
chemical variable be considered: (1) within each of the regimes of FIGURE 25-Effect of applied cathodic potential on corrosion
stress-intensity behavior, (2) as a function of loading frequency; and fatigue crack propagation In C-Mn steel/aqueous chloride
(3) uniquely for cyclic deformation, crack initiation, microcrack system,115 BS4360:50D In 3% NaCI 122 or In seawater,58 API-2H In
propagation and long crack grov-th. This task is formidable. 3% NaCI.17

EICM Proceedings 73



The behavior shown in Figure 25 is explained based on HE and The opposite effects of cathodic polarization on smooth speci-
analytical modeling of crack chemistry. The notion is that oa/dN men life and crack propagation are readily understood. Presumably,
increases with increasing crack-tip hydrogen production, as dis- anodic corrosion leading to either enhanced plastic deformation or
cussed in the sections "Models of Occluded Crack Chemistry and localized pitting is required for CF crack intiation. 1

,2
.3 6.87 Here,

Transient Reactions" and "Corrosion Fatigue by Hydrogen Embritt- hydrogen plays a secondary role, particularly for the moderate
lement." The minima is explained because crack-tip hydrogen is potentials, fast-loading frequencies and near-threshold stress inten-
produced by both proton and water reduction; the former decreases sities typical of the smooth-specimen studies. Anodic dissolution
with increasing cathodic polarization, while the latter increases in should similarly affect near-threshold crack propagation in steels;
importance for potentials below about -800 mVscE. 1

9
° '19 1  however, evidence in this regard is lacking. Cathodic polarization

The correlation of CF crack growth rate with the amount of enhances moderate AK rates of CF crack propagation by the HE
hydrogen produced at the crack tip and on surfaces exposed to bulk mechanism. Slow-loading frequencies, significant plastic straining
electrolyte is suggested by static-load HE models. 192 Turnbull and concentrated hydrogen production within the occluded crack
developed analytica: predictions of specimen surface and crack-tip provide the basis for HE as dissolution becomes less important.
hydrogen production as a function of bulk solution pH and applied Electrode potential effects-on CF of steels in marine environ-
electrode potential.'1 ° .

1
91', 93 Gangloff correlated Kjscc with hydro- ments are critical because of the requirement to cathodically protect

gen uptak- from electrolytes and gases for static load cracking of structures against general corrosion. Designers have debated the
high-strength steels.1 94.' 9

- Such information, coupled with in situ effects of cathodic potential on fatigue cracking.104"
10

7 From the
permeation measurements of hydrogen uptake in a component, above discussion and based on experiments with large-scale struc-
provide a meaningful approach to control of cracking.5 ,"1 3 Yama- tural components, it is concluded that cathodic polarization can be
kawa and coworkers and DeLuccia and Berman developed hydrogen either beneficial or deleterious to the CF resistance of a
permeation sensors." 3

."
4 Unfortunately, this integrated sensor, component. 99 "0", '0 The specific effect depends on the level of

crack chemistry, and micromechanical cracking analysis has not applied cathodic current, and the regime of fatigue that dominates
been applied to CF. component life, be it initiation or propagation.

Studies of the effect of electrode potential on CF illustrate an Precipitation-hardened aluminum alloys-Applied electrode po-
irportant distinction between crack initiation and propagation. Uhlig tential significantly affects CF crack propaga;on. ,a. precipitation-
and coworkers reported that CF of polished specimens of types 1020 hardened aluminum alloys in aqueous chloride. In general, CF
(UNS G10200) and 4140 steels, exposed to NaCI during high- cracking occurs at the free-corrosion potential, is exacerbated by
frequency rotating-bending "S-N" conditions, only occurred if a either anodic polarization or large cathodic polarization, and is
critical anodic corrosion current was exceeded.84 '86 Typical data are mitigated by mild cathodic polarization. Mechanistic explanations are
presented in Figure 26 for 4140 steel in 3% NaCI at varying electrode lacking.
potentials and loaded at stress levels above and below the moist air As reviewed by Speidol and later Holroyd and Scamans,
endurance limit of 379 MPa (55 ksi).86 Mild cathodic polarization fracture mechanics stress corrosion crack growth rates and slow-
restores this air endurance limit and the number of cycles (4 x 105 strain-rate tensile ductility both indicate a maximum resistance to
for dry air) for fatigue failure at 448 MPa. Polarization noble to a cracking at potentials that are mildly cathodic to the free-corrosion
critical value degrades both of these fatigue properties. A similar potential for 7000 series aluminum alloys in halogen-bearing
beneficial effect of cathodic polarization was reported by Rajpathak solutions.6 .197 Data are limited for 2000 series alloys; however,
and Hartt based on measurements of CF crack initiation and early anodicpolarization appears to enhance SCC.' 97 .similar trend could
growth to a 1-mm depth at the root of a notch (see Figure 54).19 6  be expected for CF crack propagation above Kiscc; data in Figure 5

-0.3 1for alloy 7079-T651 confirm this result,5
.I I I I , I I I Two studles of cycle-time-dependent CF crack propagation

C•._. indicate the detrimental effect of anodic polarization and the benefi-

-04 Pot 5,-i cial effect of mildly cathodic potentials.7 126  Specific data are
• kpresented in Figure 27 for an advanced At-Li-Cu alloy (2090),1- 6

Here, CF crack propagation is enhanced by loading in 1% NaCI with
A . anodic polarization compared to growth rates for either moist air or

•Irhigh-purity helium. Cathodic polarization reduces crack growth rates
j- to levels typical of moist air or lower. Similar results were reported for

-0.6 AA 7075 by Stoltz and Pelloux.7 7 For the AI-Li alloy, the environ-
u) mental effect Is pronounced near AKh: here, cracks growing at
t A constant AK and R under anodic polarization were arrested by

-0.7 application of a cathodic potential. Prolonged cycling was required to
.j reinitiate crack propagation upon a second application of the anodic
,< potential.128

-- -O8 -Duquette and coworkers reported that the fatigue lives of
LJ smooth specimens of AI-4Mg-2Li and 7075 aluminum alloys in NaCI

A- were maximum at potentials mildly cathodic relative to free
-0.9 corrosion. 2, 98 Anodic and high cathodic polarizations degraded CF

life, much like the behavior of 4140 steel. 6

-The mechanism for the effect of electrode potential on CF in the
-1,01 1 1 1 1 1i aluminum alloy-chloride system is complex and unclear. Results can

-6 0 Ibe speculatively interpreted in terms of anodic dissolution, HE,
CYCLES TO FAILURE crack-tip blunting by corrosion, surface filmldislocation interactions.

FIGURE 26-Effect of applied electrode potential on corrosion and surface film/reaction kinticsm" 126 19/ 198 The problem in

fa ligue of smooth, rotating bend specimens of 4140 (UNS) steel Identifying the dominant mechanism is that both dissolution and
(hardness = R,20) In3%NaCl (free-corrosion potential = -610 hydrogen evolution occur on aluminum over a broad range of
mVscE). The dry air endurance limit Is 55 ksl and cycles to ialturo electrode potentials, Furthermore, the localized crack chemistry (VIz.,
In moist air at 65 ksl equal 4 X 105. (1 ksl = 6.89 MPa); after Leo pH, potential, and ionic composition) change, with varying applied
and Uhllg.11 potential. Thee effects have not been separeted and quantified, as
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such, imaginative arguments can be constructed from each of the Brazill and coworkers characterized the effect of hydrogen
above perspectives. There is a-strong likelihood that HE contributes sulfide pressure (PHs) on CF crack propagation in 2 1/4Cr-l Mo steel
to the behavior shown in Figure 27.126 at room temperature for several relatively high-stress-intensity range

levels.' 5' Growth rates increased with increasing PH ,s and reached
A 9 A Ta saturation plateau, analogous to that illustrated in Figure 23 for

*1% NaCi. -0 840 V (SCE) high-strength aluminum alloys in water vapor. The relationshipx1% Na~. -1.240 V (SCE) /- ,,j
xi Nac,. -1.240 v (scE) between da/dN and pressure was predicted quantitatively based on

-gasSI ten r Ar a
Hel m_ a model of fast surface reaction-gas transport control at ow and

E ' 6 V// of fast transport-slow "second step" surface reaction control at high
pressures of hydrogen sulfide.''

S 7075-T651 / Several studies have shown that hydrogen. environment com-
c 1 Naci,-0840 v (Scc) 0* / position critically affects rates of CF crack propagation in steels.

10. *.- 7,Molecules such as CO or 02 preferentially adsorb on clean crack
o- . /surfaces, block or "poison" dissociative chemisorption of H2, andV ' / accordingly reduce rates of CF crack propagation. This effect was

,demonstrated by the pioneering work of Johnson on 4340 steel (see
S / aoFigure 654) and later by Nelson" 8 and Cialone, et al.,117,19 for

/ / carbon-manganese steels.
gate/Gangtoff established that certain hydrocarbon molecules miti-,, //g ateOCF crack propagation in steels exposed to otherwise pure H2.2°

___Data are shown in Figure 29. Relative to helium, low-pressure
s I t Rgaseous hydrogen accelerates fatigue crack propagation in moderate-

Stress Intensity Range (MPa' ) strength (ays = 1030 MPa, R. 36) type 4340 steel at constant AK and
1 Hz. The addition of equal partial pressures of saturated hydrocar-

FIGURE 27-Effect of electrode potential on corrosion fatigue bons such as methane (CH4) and ethane (C2H5) had no effect on
crack propagation in AI-LI alloy 2090 in aqueous chloride at hydrogen-enhanced fatigue cracking rates. In contrast, ethylene
constant AK and high mean stress; after Plascik and Gangioff1 26  (C2 H4 ) with unsaturated double carbon bonding inhibited H.-en-

hanced crack growth, albeit not completely relative to pure helium.
Frandsen and Marcus reported a beneficial effect of acetylene (C2H2)
on hydrogen enhanced fatigue of a high-strength steel.209

Corrosion fatigue of steels In gaseous hydrogen. Nelson The mechanism for the beneficial effect of hydrocarbons on
and others demonstrated that purified gaseous hydrogen produces hydrogen cracking involves surface reaction between ethylene or
cycle-time-dependent CF crack propagation in low- to moderate- acetylene and adsorbed hydrogen, where the concentration of the
strength steels well below Kiscc.'' .. I Typical data are shown in latter is reduced by the formation of inert methane The prerequisite
Figure 11. Ritchie and coworkers demonstrated that H, accelerated for reactive gettering" of otherwise embrittling hydrogen is double or
tatigue crack propagation in moderate-strength 2 1,4Cr-1Mo and in triple carbon-carbon bonds in the hydrocarbon that are catalytically
rugh-strength 300M steels for stress intensity ranges within the Paris split to combine with adsorbed hydrogen, a process likely for ethylene
regime,0 "I While geaerally below Kiscc, CF crack growth rates in and acetylene at 300*K. Molecules such as methane or ethane have
this regime increased with decreasing loading frequency and with single kor saturated) carbon bonding and do not react with atomic
increasing R. A typical example is reproduced in Figure 28.2' hydrogen, Hydrocarbon molecules could also competitively chemi

Extensive data were reported ,or gaseous hydrogen effects on sorb and reduce hydrogen uptake by a blocking mechanism
near-threshold CF crack propagation in steels." p' As illustrated in Data in Figure 29 show that pure environments embrittle steel
Figure 28, AKh is decreased and grovth rates are increased by according to the declining order of effect on da/dN:
hydrogen, relative to cracking in moist air, for low- to moderate-
strength steels, particularly 2 1/4Cr-l Mo. 02 

0'
4,

2
°5 Similar crack

growth rates were reported for hydrogen and helium, and the
environmental effect diminished for high mean stress loading, H2 > C21H4 > C2H > CH 4 = He
leading Ritchie, et al., to conclude that oxide-induced crack closure
dominated fatigue. (See "Crack Closure.") In these experiments, H2
pressure was low and loading frequency was high, the possibility for The embrittling potency of these gases is understood qualitatively
HE apart from reduced closure was not explored based on the ease with which the molecule will dissociatively

An opposite hydrogen environment effect on AK, was observed chemisorb to produce embritting atomic hydrogen on the clean crack
for high-strength steels; near-threshold grcwth rates in H2 were
decreased and AKtt was increased relative to moist air.m' ' °  surface.
Hydrogen caused moderate embrittlement relative to Inert environ-
ments. The mechanism for this effect Is unclear, but may involve
embrittle." ient In moist air because of a crack surface oxide film (see Yield strength
"Corrosion Fatigue by Surface Film Effects") or high-activity hydro- To date, no systematic fracture mechanics data have been
gen production by oxidation and perhaps capillary condensation of reported to demonstrate an effect of yield strength, either monotonic
water in moist air. Alternately, hydrogen could produce enhanced or cyclic, on CF crack propagation below Kiscc. This variable is not
crack-tip plasticity and surface roughness, leading to a beneficial well understood.
effect of crack closure, which dominates a chemical embrittloment For benign environmental conditions including moist air, exper-
effect, imental measurements indicate that yield strength has little effect on

There is a notable lack of data for moderate-strength steels rates of fatigue crack propagation within the Paris regime. Threshold
below Kiscc and that emphasize the effects of H2 pressure, temper- stress intensity is either constant or mildly decreases with increasing
ature, and environment impunties on CF. Such experiments and yield strength for high mean stress-latensity loading where crack-
associated comparisons with surface reaction kinstics could lead to closure effects are minimal.'-' At low R, AKh, decreases strongly
better understanding of the mechanisms for hydrogen effects In with increasing strength, largely because of strength effects on crack
CF? 7  closure. 01
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FIGURE 28-Corrosion fatigue crack propagation in 2 1/4Cr-lMo steel in low-pressure gaseous
hydrogen at room temperature; after Suresh and Rltchie.2 1,203

10 i I 1 I II i Micromechanical modeling (see "Models of Crack-Tip Mech-
4anics.. .") indicates that the process-zone size and the cyclic plasticSTEEL strain distribution within the crack-tip plastic zone decrease with

Rot I Hz increasing yield strength; fatigue crack extension by damage accu-
297K mulation accordingly decreases and AKh increases with increasingstrength.21021 1 These effects are predicted to be small and may be

dominated by microstructural changes (e.g., grain size), which are
Helium used to vary strength.

1 7 -Yield strength is a primary variable that influences environmen-
tal cracking for monotonic loading. For many material-environment
systems, for example, ferritic steels in hydrogen-producing gases

E /and electrolytes, Klscc decreases and da/dt values increase with
E "A, increasing strength.195 CF crack propagation above Kiscc will be

71 accordingly exacerbated by increasing yield strength, as predicted by
linear superposition.

IX 93 IP HA striking example of the lack of a strong yield strength effect on
93 kPgH, " cycle-time-dependent CF crack propagation is shown in Figures 30

and 31 for ferritic steels In aqueous chloride with applied cathodic
I polarization and at low loading frequency. (The effects of these

parameters are shown in Figures 21 and 25.) Since CF is attributed
,9. &P H, to HE, a yield strength effect could be expected, Rather, data in

v HFigure 30 show an essentially constant environmental effect for
( 93H, + A7 CH, steels that vary in monotonic yield strength from 390 MPa

<( 10, +i7 C,, B(BS4360:50D) to 1080 MPa (Ni-Cr-Mo). 115 Crack growth rates at a
93~ H, +. 47 CH,, ..plateau" stress-intensity range of 23 MPa\.m are plotted in FigureORER 93 C)4. 31 for each steel in Figure 30. CF crack growth rates are five to eight

S 93H. times faster than the yield-strength-independent value for moist air:
4 93 C,H, however, no trend is observed for cyclic yield strengths from 190 to

93 C,H, 870 MPa. The data in Figures 30 and 31 were collected from the
• 93 He results of eight laboratories differences in da/dN are rea.iia:)ly

m Uoiit Air . attributed to interfaboralory variability. (Note the cross-hatched

1V i i I r i I I I egion for API.2H, which shows the range of CF crack growth rates
5 10 20 50 100 determined by a single laboratory on five separate specimens.

ST(Mpo*M 1 ) Similar replicate data are shown for X65. This variability is of the
STRESS INTENSITY RN o ,same order as the strength effect in Figure 31.)

While the data in Figures 30 and 31 suggest that yield strength
FIGURE 29-Fatigue crack propagat!on rate data for high- is not a critical variable in CF. much work remains. For steels in
strength 4340 (UNS G43400) steel (R, 36) In hydrogen-hydro- chloride, no single study has been reported in which yield strength is
carbon gases at constant AK and frequency; after Gangloff. a  systematically varied and CF characterized for constant chemical
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and loading conditions within ihe threshold and "plateau" AK regions hardness of Rc 27 ± 2. These variations in microstructure have no
and as a function of frequency. Other alloy-environment systems effect on CF crack propagation for constant applied cathodic
must be investigated to examine strength effects for dissolution and potential and low loading frequency. CF crack growth rates for these
film-rupture-based CF. A micromechanical damage model must be API-2H microstructures are in good agreement with the behavior of
developed to predict the effect of yield strength and work-hardening normalized BS4360:50D C-Mn steel of ferrite-pearlite microstructure.
behavior on CF crack growth rate. Finally, studies of yield strength (The shaded band in Figure 32 represents CF in BS4360:50D
effects must cope with concomitant variations in microstructure. For reproduced from Figure Ii.)
the steels in Figure 31, significant microstructural variations were
necessary to develop the yield strength differences. Yield strength Jones reported that two quenched and tempered steels exhibit
and microstructure effects on CF must be separated, to the extent reduced CF crack growth rates compared to lower-strength normal-
possible. ized microstructures for seawater at the free-corrosion potential of

-650 mVscE) 8 Literature results support this conclusion as shown
in Figure 33.115,186 Here, quenched and tempered HY130, EN5, and
Q1 N show CF at reduced rates compared to normalized or controlled
rolled (ferrite-pearlite) EN5 and X65. Since the yield strengths of the

10-?" ferrite-pearlite steels vary between 300 and 450 MPa, while the
3.5% NaCI tempered martensitic steels are of strengths between 600 and 950
-100omV (SCE) MPa, the contributions of yield strength and microstructure in Figure
f f-0.1 H z 33 are not understood.
R - 0Similar to aqueous chloride, only limited studies have been

10-3 conducted on fatigue crack propagation in carbon or alloy steels
>. " exposed to gaseous hydrogen. Wachob and Nelson observed that

AKh increases with increasing yield strength and grain size for A516
' steel in both moist air and high-pressure hydrogen.21 2 These results
E

may be explained based on extrinsic crack-c!osure effects (see
W "Crack Mechanics") and do not clearly indicate an effect of strength
< or microstructure on intrinsic HE. Cialone, et al., showed that CF
a: 10-4 da/dN in gaseous hydrogen decreases dramatically for high-carbon

VACUUM steels containing pearlitic carbide and compared to pure iron or
low-carbon steel.199 The authors speculated that carbide hinders

0 hydrogen uptake, similar to the poisoning effect of CO discussed in
a: the section "Corrosion Fatigue of Steels in Gaseous Hydrogen."

PI-2H
,• BS4360 Temper embrittlement in steels, involving metalloid impurities

11 RI X-70 segregated at prior austenite grain boundaries, is a well-known
a: , 0 HY130 promoter of gaseous and aqueous environment HE for static
0 L 4130 loading.213 Hippsley demonstrated a similar deleterious effect of this

T QIN (f-0.008) metallurgical variable for cyclic loading of 2 1/4Cr-lMo steel in
AV X-65 gaseous hydrogen.2

1
4 Results in Figure 34 show that quenched and

0 Ni-Cr-Mo tempered steel with little or no impurity segregation (Material L;

10-61 , , , austenitized at 9600C, quenched, tempered at 600°C; monotonic
10 50 yield strength of 510 MPa) exhibits a hydrogen environment effect

compared to vacuum, particularly at higher AK. CF crack growth was
STRESS INTENSITY RANGE (MPa G) along prior austenite grain boundaries. Notably, so-called reversible

temper embrittlement due to 1000-h heating at 500°C of Material L
(Material LE: monotonic yield strength of 530 MPa) caused a further

FIGURE 30-Corrosion fatigue crack propagation In steels of increase in CF crack propagation rates, particularly near AKh and for
varying yield strength and mlcrostructure In 3.5% NaCI at moderate Paris regime stress intensities. Temper embrittlomont also
constant cathodic ptent.l, and low loading frequency; after affects fatigue crack propagation in moist air, with equivalent growthKrlshnamurthy, et al." rates observed for each heat treatment stressed cyclically in vacuum.

The magnitude of the hydrogen effect in CF was correlated with
increased percentages of intergranular fracture and Increased phos-

Microstructure phorus segregation to prior austenite grain boundaries.
Similar to yield strength. microstructural effects on CF crack Hippsley also reported a strong deleterious effect of so-called

propagation have received limited attention. Several examples are one-step temper embrittlement, caused by low-temperature temper-
discussed, including steels In aqueous chloride and H2, aluminum ing at 300 to 5000C nf material austenitized at 9600C and quenched.21'
alloys in aqueous chloride, and stainless and carbon steels in high- H. increased rates of CF for as-quenched steel (yield strength of 960
temperature water. MPa), but substantially higher rates of crack propagation were

reported for the tempered steel (yield strength of 890 to 1000 MPa).
Ferrltlc steels In aqueous chloride and gaseous hydrogen. Crack growth was transgranular anc associated with precipitate

For ferritic C-Mn and heat-treated alloy steels in aqueous chlloride effects on crack-tip plasticity and fracture.
with cathodic polarization, data in Figure 31 indicate no systematic

effect of microstructure on CF crack propagation. This conclusion is This study of the H2-temper embrittlement Interaction during
confirmed by an investigation summarized in Figure 32.78 A C-Mn fatigue was limited to a single loading frequency (10 Hz), hydrogen
steel was heat treated to produce, in order of heat treatment on the pressure, and mean stress. Additional work is required to explore this
figure, tempered martensite of two prior austenite grain sizes, upper metallurgical effect for slower frequencies that allow lnkeased time
and lower bainite, and dual-phase ferrite + martensite with two for chemical effects, for higher hydrogen environment activities, and
martensite volume fractions These heat treatments produced a for higher stress ratios that eliminate the complicating effect of crack
constant monotonic yield strength of 760 MPa, based on measured closure.

EICM Proceedings 77



AK-23 MPaliii
3.5%NaCI -1000mVCSCE)

12 1-0.1H-z R-0.05
- ~ ICR

0) JFerrle-ear~le uenchedl Tempered
> Normalized Bajnite

2 03 
0.11.00

E ,lHz

- AIR 0z

0

_X

0 -

Monotonic Yield BS4360 X-65 API-21- X-70 OIN 4130 API-2H HY130 Ni-Cr-Mo
Strength IMP&) * 390 458 505 527 600 752 755 993 1080

Cycl~c Yield 364* 481* 478* 190* 460' 524' 868' 722--763-
Strength (MPa)

FIGURE 31 -Effect of steel yield strength and microstructure on corrosion fatigue crack
propagation rate at constant cathodic potential, AK, and frequency, from Figure 30; after
Krlshnamurthy, et al.115
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15 Steels In high-temperature water. Two metallurgical variables0
6 HydrogenlVacuum are pertinent to CF crack propagation in ferrous alloys exposed to

L- LE.-- elevated-temperature pressurized, water. Sensitization, that is, near-
-10 "Air/Vacuum 0 grain-boundary chromium depletion because of carbide precipitation,

induces intergranular SCC in austenitic stainless steels. Sulfide
- 'inclusions affect environmental cracking of C-Mn ferritic steels.

P For 304-type stainless steels, data and modeling show that CF
Ascrack growth rates are increased by sensitization. The dadN-AK

0 -4 relationships in Figure 14 are reduced by up to a factor of five for
.. . . annealed and quenched (EPR < 1 Ccm- 2) compared to sensitized

O0  10 20 30 (EPR = 15 C.cm - 2) stainless steel. 137 Other results show that

A K (MNm" 3/) sensitization enhances crack growth kinetics by up to 20 to 30 times
for lower strain rates and more aggressive environmental

FIGURE 34-Effect of temper embrittlement on H2-enhanced conditions.216

fatigue crack propagation In 2 1/4Cr-l Mo steel. Material L Is not High da/dN levels resulting from sensitization and aggressive
temper embrittled, while LE was heat treated for reversible enviionmental or mechanical conditions correlate with intergranular
temper embrlttlement (10 Hz, R = 0.30); after Hlppsley.214  CF crack propagation. Slower growth rates for nonsensitized stain-

less steel correlate with transgranular cracking. If the environment is
Aluminum alloys in aqueous chloride. Despite extensive mildly embrittling, transgranular crack growth occurs independent of

work on microstructural effects on SCC in precipitation-hardened the degree of sensitization. Andresen and coworkers argue that
aluminum alloys,' microstructure-CF properties relations have these differences are predictable based on the decreased rates of
received limited attention. Lin and Starke demonstrated the effect of transient repassivation and enhanced anodic dissolution for chromium-
alloy copper content on CF crack propagation in four AI-6Zn-2Mg-Cu depleted regions of sensitized steels.
alloys, hea, treated to either peak yield strength T651. 480 to 550 The sulfur content of ferritic pressure vessel steels is a critical
MPa) oroveragedjT7351.400to460MPa)"' CFexperimentswere metallurgical variable that influences CF crack initiation and
conducted in distilled water at a frequency of 10 Hz and R - 0.10. propagation.39 Data presented in Figure 36 demonstrate that high-
As shown in Figure 35, normalized CF growth rate decreased with sulfur content A533B or A508 steels crack in CF at over an order of
increasing copper content, predominantly for the peak age condition magnitude faster rates than low-sulfur heats for stagnant, low-
and intermediate AK. These results were explained based on the oxygen, pressurized water at 288'C. The mechanism for the delete-
damaging interaction between absorbed hydrogen and localized rious effect of sulfur is based on dissolution of MnS inclusions
planar slip within the crack-tip cyclic plastic zone. Planar slip is intersected by the growing CF crack. Sulfur ions are introduced into
eliminated by increased copper and by overaging, factors that both the occluded crack solution and increase the amount of anodic
iedute precipitate wuherency and increase precipitate looping by current passed during repassivation of crack-tip surfaces. By the film-
dislut.ations to homugenize plastic, deformation. These authors did rupture ccncept, this chemical action increases rates of CF cracking."9

not consider the effects of copper and precipitate/precipitate-free
zone sizes on the electrochemical activity of precipitates (presuming
that distilled water is sufficiently impure to be an electrolyte), on crack AK, ksi"312

chemistry, and on hydrogen uptake. Nonetheless, this work provides 8 1 2

a hypothesis for the superior CF resistance of copper-bearing 2000 2 4 6 8 10 20 40 60
aluminum alloys compared to 7000 series materials (see Figure 12). A533 , A ,00.A5338, A508 -I00

10"3 STAGNANT PWR, 288-C
0.0167 Hz- T6 i

-0 -T7351 a a 0.018%S 10
0 I"  "0.013%S

+ X 0.009%S

a 10
+

ZWE/T ASME 31r WET
. 40- (1980) 10

00%Cy Z 10 R 0.25

10% CU ASMEI31DRY
-O6% Cu Io

2.1% Cy

10to
.0 % Cm- / 10-5

1.6 % o o II

1 2 4 6 810 20 40 60
40 6 1o 14 20 AK, MNm111

&K (MF~,ry1") FIGURE 36-Effect of steel sulfur content on corrosion fatigue
FIGURE 35-Effect of copper content and aging treatment on crack propagation In A533B and A508 In high-temperature,
corrosion fatigue crack propagation In AI-6Zn-2Mg exposed to pressurized stagnant water with low dIssolved oxygen (R
distilled water (10 Hz, R = 0.10); after LIn and Starke.21 1 0.20); after Ford.59
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The deleterious effect of MnS inclusions is only observed for
certain bulk environment chemistries that favor high levels of
dissolved S- 2 at the crack tip.' 39 Ford argues that such conditions
include either turbulent high dissolved oxygen water (BWR) or so -10V (SCE)

stagnant solutions of any 02 level.39 Sulfur ions are also concen-
trated at crack tips in low-sulfur steels exposed to stagnant, high-0 2
water but not to stagnant low-0 2 water. These relationships illustrate
the complexities associated with unambiguous definitions of metal- Frequency• 10 HZ

lurgical effects on CF crack propagation. 40 0 ioHz
Microscopic corrosion fatigue crack path. Determinations of +I' o, Hz

CF crack paths through microstructures and associated surface

features are critical to understanding cracking mechanisms and 0 0

- - - MWan ar dalametallurgical effects. An example of this approach for the steel-moist
air system was provided by Roven.210 Such detailed study has not 30

been applied to the CF problem. Nonetheless, two CF cases have Ix
been investigated: aluminum alloys in chloride or water vapor, and cc
ferritic steels in aqueous chloride.

Aluminum alloys in water vapor and aqueous chloride- S 20

Fatigue-environment interactions produce a variety of complex
fracture surface morphologies in aluminum alloys. Gudladt and
coworkers demonstrated that hydrogen from water vapor-aluminum
reaction causes intergranular cracking and promotes rates of Stage
I fatigue crack growth along persistent slip bands and transgranular Io "
Stage II crack growth.2 17 "'19 Since these studies were conducted on \.
single and bicrystals of high-purity AI-Zn-Mg, the proportions and
absolute rates of each fracture process were determined and -.
demonstrated to depend on applied AK, water vapor pressure,
grain-boundary orientation, and slip mode controlled by the extent of (a) r 25

aging. (a) AKMPa ml/2

For sub-Kiscc transgranular fatigue cracking in 7000 series
aluminum alloys, Stoltz and Pelloux demonstrated the occurrence of
"ductile" striations typical of crack propagation in inert dry air and 6 A

certain benign aqueous environments, and "brittle" striations for A Are
f n t p ir 

0  
Hz

fatigue in NaCI with anodic polarization, as first reported by A A 0 iHz

Forsyth.77
.
220 Ductile striations are attributed to crack advance by A A 001M

rU--- A
multiple shear and tip blunting, particularly in microstructures where W xplanar slip was not localized. Brittle striations are attributed to x X

environment-induced cleavage along {100) planes in the fcc alumi. UJ
num lattice. Similar results were reported by Feeney, et al., for
7075-T6; intergranular CF cracking in 2024-T3 was also reported. 0 o

Gao, Pao, and Wei reported crystallographic CF cracking 20- "O0
parallel to (100) planes in 7075-T651 aluminum exposed to water X

vapor.6 ' Brittle crack facets contained fine striations that were o

parallel to either <100> or <110> directions. This finding was
X

correlated with the rate-limited and saturation regimes of the expo- o 0 20r O 060

sure parameter (Figure 23). At lower pressures of H.0 or for crack AK MP, iT/2

growth in gaseous oxygen, the fracture surface features were not (b)
crystallographic, but rather were flat and featureless with evidence of FIGURE 37-OuantItative fractographIc results for corrosion
ductile tearing, fatigue In controlled rolled X65 steel In 3% NaCi (-1000 mVscE;

CF crack propagation in advanced AI-Li alloys (e.g , Figure 27) R = 0.15). (a) Intergranular cracking along ferrite grain bound-
proteeds by a variety of microscopic mechanisms, as outlined by aries, air and chloride, and (b) transgranular cleavage ivith
Plascik.22 ' Crack growth In vacuum, helium, and oxygen occurs brittle striations; after Hinton and Procter.59

entirely by slip-plane cracking producing large facets parallel to (111
planes. For muist air, pure water vapor, and aqueous chloride, CF at Intergranular cracking along ferrite grains dominates CF in the
moderatea Kinvolvesslip-bandcracking and inter subgrain-boundary iuw K, steeply rising portion of the dadN AK ielationship. Fatigue
fracture. At low AK near threshold, CF is predominantly by cleavage crack propagation in moist air produces a reduced amount of
along j100j planes. The change in environmental fracture mecha intergranula separation at low AK. Crack growth in the plateau
nism with decreasing %K is attributed to reduced cyclic plastic zone regime is largely by cleavage of uncertain k;rystallography but
size, cleavage is promoted when plasticity is coritared within a single produeas a fa.et about equal to the ferrite grain sze. The proportion
subgrain, while subboundary fracture occurs when defomation is of cleavage increases with decreasing frequency and parallels
distributed over several grains, increases in CF crack growth rate, Brittle striations are present on

Fetrlc steels in aqueous chloride - Procter and coworKers cleavage fauets, indicating discontinuous crack propagation. Fatigue
conducted quantitative fractographic analyses of CF in X65 steel in ar at plateau .K levels produces ductile transgrdnulai striated
expused to 3.,5% NaCl with cathodic polarization." Crack growth rate fracture -urfaceb. Ductile fiacture processes dominate at high AK
data for this steel are equivalent to the results for API-2H steel in levels.
Figure 32 and BS4360.50D in Figure 11. Environmental cracking is Apart from usage in failure analyses, fractogiaphii. results uf the
characterized by a vanety of microscopic processes, including type shown in Figure 37 provide important indications on the
intergranufar sep.-ration, transgranula cleavage, brittle and ductili) met;hanisms fur CF. For the steel -aqueous chloride syst3m, inter
striation formation, and ductile tearing. The proportions of these granular and dleavage clau king were interpreted as a result of the
features depend on AK and frequency (Figure 37). entry of cathodically evolved hydrogen." The AK induced transition
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from intergranular to cleavage cracking may depend on increasing steel, RQT 501 (oy 470 MPa, Fe-0.18C-1.5Mn), exhibits en-
plastic-zone size beyond the ferrite grain size and on increasing hanced rates of fatigue crack propagation in seawater containing
deformation-based hydrogen production and transport. Alternately, between 75 and 450 wt ppm of H2S formed by bacterially stimulated
intergranular cracking appears to dominate when sufficient hydrogen decomposition of marine algae." ' These results are indicated by the
is available at the crack tip, while transgranular cleavage occurs for data points for fatigue loading at R = 0.7 and 0.167 Hz. The sold line
those AK and frequency conditions where da/dN is limited by the represents crack growth in natural seawater, white the dashed tine
electrochemical production and mass transport of atomic hydrogen. gives da/dN-AK for HaS gas-saturated (520 wt ppm) seawater, see

Figure 11. Cowling and Appleton reported similarly high levels of CF
crack growth for BS4360:50D C-Mn steel in anaerobic artificial

Miscellaneous seawater containing a culture of sulfate-reducing bacteria harvested
Additional variables often unexpectedly affect CF crack propa- from the Lower Clyde Estuary in England. 12

gation. As suggested- by Staehle, a material-environment system
should be assumed prone- to environmental fracture until proven
otherwise.2  

TEMPERATURE OF
Temperature. Elevated-temperature environments are likely to -00 o 100 _oo

promote rates of fatigue crack propagation by various oxidation and 2 1 T - I
hot corrosion processes and by time-dependent plastic deformation.
This important class of CF problems is reviewed by Pineau.4  

HP 9.0.20 0 1.3 x o4 Pa H2
Moderate-temperature effects on aqueous or gaseous CF are LK - 24. !V/=3/2 0 1.3v Pa vacuum

considered here. Temperature should influence CF crack propaga- R • 0.10

tion through effects on mass transport and electrochemical or I X 10- 6  
2 cps

chemical reaction kinetics. It is surprising that the effect of temper-
ature has received limited attention.

Marcus and coworkers demonstrated that fatigue crack growth
rates in a high-strength steel and Nickel-200 exposed to low-
pressure gaseous hydrogen increase with increasing temperature,
exhibit a maximum near 3000K, and then decline at higher s - 2 .
temperatures.7 4  Specific data for steel are shown in Figure 38. /
This behavior is consistent with temperature-hydrogen-pressure /
effects on monotonic load crack growth rates for high-strength steels /
in H2223 and with the general maximum in a variety of hydrogen d
environment embrittlement phenomena near ambient temperature.195  I - o s

The results in Figure 38 indicate that hydrogen uptake and
transport through the plastic zone are maximized at a specific 2
temperature. At very low temperatures, dissociative chemical ad- \
sorption to produce hydrogen atoms is rate limiting and is thermally
activated. At higher temperatures, hydrogen entry may be reduced
by enhanced recombination of hydrogen atoms to form desorbed H2,
by elimination of an adsorbed precursor to chemisorption of H, by a
surface phase transformation, or by thermal detrapping of dissolved I i 1o"

hydrogen. 2 3 While these processes are debated for monotonic
loading, no substantial studies of the gaseous hydrogen fatigue crack 0 0

propagation case have been reported.
Vosikovsky and coworkers reported that reduced temperature 0

between 300 and 2730K resulted In up to a fourfold increase in CF 5 1 I I 1 2
crack growth rates for the ferritic steel-seawater system illustrated in Vs 2Z5 275 325 375
Figure 11.24 Nakai, et al., showed that CF crack growth rates for the TEMPERATURE OX
Ni-Cr-Mo-V steel-O.3 N Na2SO4 system increased with increasing
temperature.' This effect was explained based on temperature- FIGURE 38-Temperature dependence of H2-assisted fatigue
enhanced rates of electrochemical reaction on clean crack surfaces crack propagation In high-strength HP-9-4-20 steel at constant
to produce embrittling hydrogen. AK and frequency; after Frandsen and Marcus.2°

9

Biologically Induced corrosion. Biologically generated sulfur
ions promote CF of steels in aqueous electrolytes. This result is The effect of biologically generated HS should be quantitatively
.nistent with a large budy of literature that demunstiates the modeled based on hydrogen uptake characterized by permeation

deleterious effect of sulfur bearing environments on HE systems. experiments. Dissolved hydrogen should be related to CF crack
Sulfur species enhance hydrogen uptake from electrolytes by propagation rate .ind independent of the chemical or electrode

,idouibiri un metai burfa es to ruetaid the retumbinatiun uf hydrugen potential stimulation of atomic hydrogen production. This approach
aiturs ff lu iii Ticule that wuud utherwise leave the surfaue. As will be complicated by crack chemistry effects of the type discussed
a result, the proportion of cathodically produced hydrogen atoms that in the Aqueous Electrolytes. Active Steels in Chloride-Crack
enters the metal increases. SCC of steels is exacerbated by sulfur Chemistry Modeling section and by biological effects on crack tip
iurn ,ri elutrolytes and by HS additiuns tu gaseous envirunments." anodic dissolution and hydrogen recombination reactions. This pos
H2S dissulved in seawater enhances CF crack propagation in steel, sibility is indicated by the fact that higher ciack growth rates are
as shown in Figure 1 1." A similar effect was demonstrated for HS observed for H2S gas-saturated chloride compared to biologically
dissolved in crude oil.' ' 5 HS gas is a potent embrittler of active solution at the same dissolved sulfide ion concentration.', " 2

low-strength alloy steels for fatigue loading.15' Biologically enhanced CF is an infant field. The rapid crack
Biologically enhanced CF of C Mn steels in seawater was growth rates indicated in Figure 39 .. id the possibilities for organic

re4.ently Jumunstrated by Thumdb dld uwurkers aid by Cuwing species tu be present in marine and industial environments suggest
and Appleton.";' "' ' Typical data are presented in Figure 39. The that this problem will be more intensely researched in the future.
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A quantitative model of CF crack propagation, developed within
RQT Steel the fracture mechanics framework, must contain the following

S Oy,- 4 7 0 MPa elements:
(D (1) The rate of environmental fatigue crack propagation must be
0 * partitioned into mechanical and chemical-mechanical compo-

Anents. The former may be zero (environment dominant) or finite
E and described by slip-based or cumulative damage models. This

D10-6 H2 Eissue is discussed in the section "Interaction of mechanical and
0-6  environmental fatigue."

CU A "(2) The mechanical contribution to environmental cracking is de-
t" A •scribed by relating applied stress-intensity factor to continuum

crack-tip stress, strain, and strain-rate fields, and to microscopic
Chloride deformation. The location of the fracture process zone is critical;

RB

osee "Models of Crack-Tip Mechanics.
0 10-7 (3) The chemical contribution requires modeling of the local crack

AA environment, which develops based on mass transport limita-
o tions within the occluded crack; see "Models of Occluded Crack
(Chemistry and Transient Reaction."
0 eWt (4) The chemical contribution requires modeling of transient reac-

Seawater + SRB tion kinetics for anodic dissolution, repassivation, and cathodic

0.17 Hz hydrogen production on straining clean crack-tip surfaces per-
•;- 10-8 R=0.7 haps coupled to passivated flanks; see "Models of Occluded

Crack Chemistry and Transient Reaction."
LL (5) The rate-limiting process must be defined. Either mass transport

or chemical reaction will control CF crack propagation rates; see
--------- , -----_ "Models of Occluded Crack Chemistry and Transient Reaction."

10 20 40 (6) The fracture process zone, a specific crack-tip damage process,
and a failure criterion must be defined; see "Corrosion Fatigue

Stress Intensity Range (MPa/ ) by Hydrogen Embrittlement" and "Corrosion Fatigue by Film
Rupturefrransient Dissolution" sections.

FIGURE 39-Biologically stimulated corrosion fatigue in a low- Each element of CF crack growth rate modeling is assessed in
strength C-Mn steel, ROT 501, cycled at 0.167 Hz and R = 0.70. the following sections, within the frameworks of HE and film rupture.
Solid line: cracking in pure seawater; data points: seawater with Substantial advances have been recorded in each area, however, no
75 to 450 wt ppm H2S from decomposition of algae; and dashed analysis has integrated the necessary chemical, mechanical, and
line: gaseous H2S saturated seawater (520 wt ppm); after microstructural components into a broadly predictive model of CF
Thomas, et al.226 crack propagation.

Interaction of mechanical and environmental fatigue
Early attempts to model CF crack propagation linearly summed

Quantitative Models the contributions from inert environment fatigue and SCC, with the

of Corrosion Fatigue Crack Propagation time rate of the latter integrated over a single loading cycle.' This
model is, of course, not applicable to CF below Kiscc. Here, several
models have been proposed to combine mechanical fatigue and the

Conclusion chemical environment effect, An equation developed by Wei and
Micromechanicat-chemical models of crack-tip driving forces coworkers provides a reasonable basis for modeling.

and process-zone CF damage provide a sensible means to predict Superposition. Cycle-time-dependent rates of CF crack prop-
and to extrapolate the effects of variables and to modify the fracture agation were first described by a superposition concept championed
mechanicr approach to acu-ouri ior compromises in similitude. by Wei and coworkers 30oo.28 Considering da/dN-AK data for an
Models have been formulated based on HE and film rupture/transient alloy in inert and aggressive environments:
dissolution/repassivation. Fatigue damage due to crack surface films
has not been considered quantitatively. Models successfully predict da (1)
the time (frequency) dependence of CF and the effects of electrode dN0  dNm dNi
potential, solution composition, and gas activity. All are, however, where daldN,, is the total measured crack growth rate for the
hindered by uncertainties associated with crack-tip processes and aggressive environment. da/dN,, is the rate of plasticity-driven
the fundamental mechanisms of environmental embrittlement. A fatigue crack propagation for an inert environment, dadNc is the
process-zone model has not been developed for CF, as such, stress incremental differen ce on the crack growth rate plot and represents
intensity, yield strength, and microstructure elfects are not predict- the effect of interacting cyclic plastic deformation and chemical
able Furthermore, absolute rates of hydrogen-assisted crack growth reaction.
are not predictable and the film-rupture formuiaion is being debated. This formulation follows directly from linear superposition of
Successes to date indicate that a new leve, of mechanistic under- stress corrosion and inert environment fatigue cracking and is
standing is achievable. associated with the Incremental environmental effect on a da/dN-AK

plot. The question, however, is "Why should inert environment
Introduction fatigue crack propagation influence daldN, for the case in which

Explanations for the effects of important variables on CF crack damage is entirely chemical-mechanical in origin?" That is, cracking
propagation (see "Effects of Critical Variables") were qualitative, in an environment may progress by a unique microscopic mechanism
Predictive models of crack-tip damage must be developed to expand with no ielationship to inert environment fatigue processes. It is
limited databases. Recent conferences have focused on this theme important to recognize that unique fracture processes are involved in
for environmental fracture.2 .2 4  CF.
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A more physically reasonable formulation states that the rate of Austin and coworkers hypothesized that the CF crack propa-
fatigue crack propagation in an environment is produced by concur- gation rate is given by the inert environment rate times a multiplica-
rent parallel processes. For two processes, the superposition con- tive factor that accounts for the aggressive environmental
cept is then given by the following:228  contribution.23'2 1 This factor includes the accelerating effect of

embrittling hydrogen and the mitigating effect of crack-tip blunting by
da da (0) + da anodic dissolution.

dN= dNm -N0  (2)
Models of crack-tip mechanics: relationships between

where da/dN c is the rate of "pure" CF crack propagation; 0 is the AK and local plastic strain, strain rate, and stress
fraction of the crack surface formed by mechanical fatigue; and (t is Crack-tip stress and strain, not stress intensity, control fracture
the frcrack a e ack surface formed by CF. Da/dNc represents the processes, including CF As such, quantitative models of CF crack
rate of crack advance along those portions of the crack front that are propagation require a description of crack-tip stress and strain fields,
solely environmentally affected. 0 and 4) are measured by tractogra- and microdeformation processes, explicitly defined as a function of
phic analysis. For two parallel processes, 0 = (1 - (D). the applied stress-intensity factor.

Comparing Equations (1) and (2) demonstrates the following: Regarding the success of the fracture mechanics approach to

da da -da describe fatigue and environmental cracking, four points are critical.
- (- _ ) First, all analyses reported to date show that crack-tip mechanical

dN,1  dNe dNm (3) quantities depend uniquely on applied AK. As such, it is reasonable

to expect that stress intensity will uniquely characterize the growth
That is, the phenomenological difference between inert and aggres- kinetics of CF cracks. Second, precise analyses of crack-tip fields
sive environment fatigue rates from the da/dN-AK relationship is have no' been conducted for growing fatigue cracks under cyclic
equivalent to the diffeience between the rates of microscopic- loading, particularly for the region within several microns of the crack
process-driven chemical-mechanical and mechanical fatigue times tip. Third, AK is derived jased on continuum mechanics without
the fractional occurrence of the former. This comparison relates the consideration of microscopic deformation processes. This limitation
phenomenological difference in crack growth rates (da/dNc), and the does not mean that stress intensity is impotent to correlate processes
underlying causes. such as slip density or morphology and grain-boundary strain

The rigorous basis for CF modeling is a derivation of da'dN, and localization. Rather, AK is analogous to "P/A" applied stress. The
1 as a function of chemical and metallurgical variables, as discussed challenge is to develop experimentally or analytically the effect of
in later sections, "Corrosion Fatigue by Hydrogen Embrittlement" stress intensity on noncontinuum deformation behavior. Finally,
and "Corrosion Fatigue by Film Rupture/Transient Dissolution." Only environment may modify crack-tip plasticity and thus alter the
simplifications of this approach have been raported. For example, relationship between AK and local stress or strain. This complication
dadNrt is often assumed to be proportional to the amount of does not void the fracture mechanics approach. Rather, it requires

hydrogen produced at the crack tip or to the total electrochemical that time- and environment-dependent constitutive laws be deter-
charge passed during multiple rupture events per load cycle, mined for analyses of crack-tip fields.
Alternately, from Equation (3) and for a specific material and The state of the art in crack-tip fields is summarized here and is
environment, (da/dN, - da/dNm) is assumed to be a constant that reviewed in detail by Gerberich and by Sieradzki in this volume, 82.1

equals the maximum environmental enhancement (viz., da/dN, = by Rice and McClintock at the Firminy conference,7 and by Lidbury,2
32

da/dN) due to complete chemical reaction in which 1) equals 1.0. Ford, 39 and Knott. 2
33 While elastic-plastic analyses have been

Here (1), but not da/dNc, is equated to the extent of varying rigorously developed to within microns of the crack tip for monotonic
environmental reaction for either mass transport or reaction rate loading and strain-hardening materials, the cyclic loading problem
control. For values of (1) less than 1, the fatigue surface will be has received limited attention; only approximations have been
composed of fractions of mechanical and chemical-mechanical developed.
damage, with da/dNcj given by Equation (3) or da/dN, given by One or more of the following quantities are necessary for CF
Equation (2). crack propagation models. All results are for small-scale yielding and

Competition. Austin and Walker argue that CF crack propaga- plane-strain crack-tip deformation.
tion i- modeled as a competition, rather than a superposition, of
independent mechanical and chemical processes.22' They assume
that the measured environmental crack growth rate (da/dN,) is
determined by the dominant (faster) of two processes, including Monotonic plastic-zone diameter (rp):

mechanical fatigue or cycle-time-dependent CF.
The competition model is a special case of Equation (2). rp K 2

Considering environment-dominant fatigue cracking, 1) 1 and " -- ( (5)
da/dNm <-. da/dN, In Equation (2): therefore, da/dN. da/dNc,
Here, the superposition and rompetition models are ,ql alent. If
crack growth involves a significant amount of mechanical fatigue at
comparable rates to CF, then the competition model is not adequate. Cyclic plastic-zone diameter (rp):
Rather, analyses of 0, (1). and the growth rate components in the
superposition model [Equation (2)) provide an appropriate approach. 1 K)2

Other. Several models of CF crack propagation begin with the r 12 a, (6)
following assumption:39"| : 8

da _da (1dN d - (4) Maximum blunted crack-tip-opening displacement in fatigue (8,,):

where f is the cyclic loading frequency and daldt is the average 0.5 AK-

time-based crack growth rate per loading cycle. (1-R)2 (2ar) E (7)
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Cyclic blunted crack-tip-opening displacement (Sc): for the case where strain rate is dominated by the rate of change of
crack-tip strain with respect to K; that is, where the rate of change of

1 + R AK2  strain with crack growth is small. t, is given by reciprocal loading
1-R 4a, E frequency times the fraction of the cycle where load is rising, times

- (8) the fraction of the rising-load portion whore the crack is opening
cbove closure. (See "Crack Mechanics.") Several forms for the

To approximate cyclic hardening or softening, the cyclic yield crack-tip strain rate have been published:
strength (a,,.) should be used in Equations (6) through (8) in place
of monotonic yield strength (-y.). Empirical from Equations (12) and (13) (Hudak, et a1234.235

For monotonic loading of a stationary crack, the maximum ( e
opening (normal) stress equals between 3 and 5 times a, depend-
ing on work-hardening behavior and independent of applied K. This = o f ( (K - (Kt)4)
maximum occurs at two crack-tip opening displacements ahead of 1 - [AKth (1-R)/AK] (14)
the crack tip; stresses then decay within the plastic zone to merge
with the well-known elastic stress distribution near the plastic-zone Approximate analytical from Equations (11) and (13)"
boundary.

Cyclic plastic strain, and perhaps mean strain, govern mechan- _A= 23 f..-.. (ical fatigue damage. (Ty E (15)

Crack-tip plastic opening strain (monotonic load, stationary crack)(€o):Analytical from time derivative of 6, Equation (8) (Atkinson39):

* d = AK- f
e%= -1EI(ryJX) 1] (T dr, E (16)

The parameter (n) describes work-hardening according to the Analytical based on crack-tip shear-band strain (Cole39):
Ramberg-Osgood formulation, with an elastic-perfectly plastic mate-
rial characterized by n = 0. X is distance ahead of the crack tip. 0 AK- 2  f

Crack-tip plastic opening strain (monotonic load, moving crack) or.,

I Analytical based on crack-tip shear within r, (Lidbury2 32):

EPM=5.5 -E [In(rA/)]t- (10) x  AK2 )2

E AK,, (18)

The total monotonic strain includes an elastic component (o'./E)
added to Equations (9) and (10). Analytical based on daldt-dommated strain rate (ShojP ):

The cyclic plastic strain range (AEp) is estimated by substituting
the cyclic plastic-zone size [Equation (6) and cyclic yield strength = (10 to 100) da = (10 to 100) fn AK2 to 6
and work-hardening parameters into Equations (9) and (10). As an

example,
Crack-tip cyclic plastic strain range in 0, stationary crack) (.%c)" In these strain-rate equations, P, ,1), 0, X, and n are unknown

constant,. In Equation (19). the AK and R dependencies are derived

AK2  1 from inert environment fatigue crack growth rates stated in terms of
1ep = 1- (5) time-based crack growth rates according to Equation (5).

_127r ( 7 X E (11) Crack-tip strain rate measurements and predictions are shown
in Figure 4019 Stereoimaging 0 ;a [Equation (14)] are in reasonable

Crack-tip cycl;c total strain range (AET) may be measured agreement with the analytical p (edictions of Equations (17) and (18).
experimentally by stereoimaging techniques (See "Novel Measure- Only the forms of the equations are supported because the constants
ments of Corrosion Fatigue Cracking,"), An example was reported by in these models were adjusted to give best fits. The prediction based
Hudak for CF cracks in type 304 stainless steel exposed to either on growth-rate-dominated strain [Equation (19) and the lower solid
moist air or an electrolyte at 3635Kl 34 ,35  ine in Figure 40] is in poor agreement with the data.2 4

For CF modeling, it is reasonable to assume that crack-tip strain
rate varies as

AFT = Ao K*' (At, - m In (X + A)) (12)

,a (.-) ffAK'
Here,. , 0, Af , m, aid A are empirical parameters defined by curve (rya (20)
fitting, with y equal to between 2 and 5.5. This result is similar to with -y equal to 2.
Equation (11) based on cyclic plastic zone. Note, however, that the
strain singularity Is not observed experimentally. These analyses demonstrate that crack-tip parameters that

Crack-tip total strain rate (dddt), is a critical element of film- control CF crack propagation depend uniquely on stress-intensity
rupture models of CF .9- 4 While this parameter varies during a range. Similitude is expected, at least from the mechanical perspec-
stress-intensity cycle and with crack growtn [dddt = (dddK x dK/dt) tive. Crack-tip field equations of the sort presented here have been
+ (ddda x da/dt)], a per cycle average strain rate [(ad-'d )J is successfully incorporated into micromechanical models for mono-
estimated by the following: tonic load fracture due to cleavage, HE, and ductile rupture.5 ' • 1

9
2

Benign environment fatigue crack propagation kinetics have been
-similarly modeled based on crack-tip p'astic strain coupled with a

de ~cumulative damage failure criterion. 2102" Successes for CF crack
t AE" 0 x °Jteff (13) propagation have been limited; additional work is required.
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1-2 the crack-opening displacement.2- Since the mean free path for low-
-2x102 Ln{1-(R) 2} / pressure gases (water vapor, H2, or 0) is about 500 gim at 3000K
(Scott) / Cole and20 Pa,(4) and since a typical blunted crack-tip opening displace-

5 ,j ment [Equation (7)] is about 4 I±m, with the crack-mouth opening
equaling 75 tIm, impeded molecular flow is clearly important. The

7" 10-2  , -_-extent of the pressure attenuation must be calculated as a function of
0/ crack geometry. The approach to this problem follows from early

// treatments of simple slot geometries,2 7 with the challenge being to
/ E o account for the complex opening shape of a crack as a function of

cc/:O stress intensity and to define the crack length over which molecule-
/ 0 wall collisions dominate gas transport.

0 0 Impeded molecular flow effects in CF have been investigated,10-3 0 Lidbury
* predominantly for the aluminum-water vapor system. Lawn demon-

C/ Sstrated the important interaction of mass transport and reaction for
•.- * /Shoji environmental cracking under monotonic load.m He derived an

approximate solution for the stress-intensity dependence of the gas
"impedance factor" and related this term to static-load crack growth

Stereographic Imaging Data rate. The first considerations of Knudsen flow control in fatigue crack
Hudak & Davidson growth were by Snowden and Bradshaw.2 9 24 ' Snowden argued

O 10-4  304 ST.ST., 98-C that the pressure below which moist air ceased to reduce the smooth

• Unsensitized, Vacuum specimen fatigue life of lead was consistent with the onset of

0 Sensitized, Dry N 2  
substantially impeded molecular flow of deleterious oxygen.24

1

Bradshaw recognized the possibility of mass transport impedance for
O Sensitized, Na2 SO4  Al-Cu-Mg in water vapor but concluded that surface reaction kinetics

I , , , , , I are equally or more important. 239 Gangloff and Ritchie pointed out
6 8 10 20 40 60 80 100 that crack-geometry-dependent gas pressure attenuation could lead

to breakdowns in similitude if the local environment is controlled by
A K, MPal-" stress and crack length, apart from a simple stress-intensity

description.
2 3

FIGURE 40-Measured and analytically predicted average crack- Pradshaw and Wheeler demonstrated that CF crack growth
tip strain rate .'s a function of Jpplied AK for R = 0.1 and f = 0.01 rates in the aluminum alloy-water vapor system decreased when a
Hz. Data are described by Equations (12) and (14) and the substantial pressure of inert gas was added to the low partial-
predictions by Equations (17), (18), and (19); after Ford.39  pressure water environment. '187 The inert gas decreased molecular

mean free path and caused a transition from impeded molecular
transport to slower viscous flow governed by gas molecule-
molecule collisions. This experimental observation is inconsistent
with estimates of the gas mean free path for impedance by viscous

Models of occluded crack chemistry flow, emphasizing the fact that Knudsen flow calculations and the
and transient reaction criteria for molecule-wall vs molecule-molecule interactions are

A model of CF crack propagation must recognize that significant rudimentary.
differences can exist in the crack-tip environment compared to the Wei and coworkers coupled crack-tip gas-metal reaction kinet-
bulk na or elotro!yat nnri that rates of rea tonon n reine, ics with mass transport, controlled by molecule-wall interactions, to
transiently active surfaces are different compared to steady-state derive predictive relationships for CF crack growth rate.' 9'24 2 This
Kinetics. Crack chemistry can be either more benign or more modeling was described qualitatively in the section "Mass Transport
aggressive than the nominal environment. Mass transport and and Reaction Rate Modeling: Hydrogen Embrittlement"; quantitative
reaction modeling are required to define the specific conditions that relationships are presented in the section "Corrosion Fatigue by
drive crack propagation. While dissolution and film rupture are clearly Hydrogen Embrittlement." Experimental observations (e g , Figures
crack-tip processes, embrittling hydrogen may be contributed from 22 and 23) supported model predictions of fatigue crack growth rate
the crack tip and specimen surfaces in contact with the bulk vs bulk environment gas pressure/loading frequency for aluminum
environment. The relative importance of these hydrogen sources alloys in water vapor and steel in gaseous H2. 61,19.151

2 42
-
244

must be considered. This model predicts he bulk environment saturation pressure (P,)

Detailed discussions of localized crack chemistry and reactions below which gas transport limitations will reduce da/dN for the case

are beyond the scope of this review. Three international conferences in which surface reactions are fast:61

wpra recently held to examine this topic.' .
.

236 Here, the conclu-
sions of this work are assessed to provide a basis for discussions of P, = (436 (0/a) f(R) ,. I j
CF crack propagation models in later sections. No kTE T,.

Gaseous environments. For fatigue crack propagation in (21)
gases, the important consideration is that crack-tip gas pressure may f(R) = 0.25 ( [(1 + R) / (1 -R)]-" + 0.5 }
be attenuatod compared to tIe surrounding environment because of
impeded molecular, or Knudsen, flow.23 7 Hero, gas transport within T is temperature; M is the molecular weight of the gas; k is
the crack is controlled by molecule collisions with crack walls, rather Boltzmann's constant; No is the number density of surface reaction
than by intermolecular collisions. Da/dN is reduced by this pressure sites; f is frequency; E is elastic modulus; c is yield strength; R is
reduction if crack surface reactions are rapid or on the same order as
transport, as such, reaction is limited by gas supply.

The extent of the pressure decrease due to Knudsen flow ('=Mean free path is directly proportional to temperature, inversely
depends on crack length and opening shape, molecular mean free proportional to gas pressure, and inversely proportional to the

path, and time determined by cyclic loading frequency and crack square of the molecular diameter.237 As such, the mean free path
advance rate. As a generalization, impeded flow uccurs when some of these molecules at atmospheric pressure (100 kPa) is about 0.1
multiple (about 10 to 100) of the mean free molecular path exceeds gim.
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stress ratio; and I, 13, and a are parameters describing that portion of To date, localized crack chemistry has been modeled and
the crack geometry over which impeded flow occurs. These param- probed experimentally for two systems. passive stainless and ferritic
eters largely relate to molecular mean free path and crack geometry. steels in high-temperature water, and active C-Mn and alloy steels in

Experimental results plotted in Figure 41 are in excellent aqueous chloride solutions. The former topic is discussed extensively
agreement with the predicted stress ratio dependence of the satu- by Ford and Andresen elsewhere38 

136 38 and provides important
ration pressure [Equation (21)] for several aluminum alloys fatigued input to film-rupture models of CF. Crack electrochemistry is re-
in pure water vapor 22 1 ) This result and model emphasize the viewed here for steels in chloride and as a basis for a HE model.
importance of the mean cyclic crack opening, rather than the For steels in aqueous chloride, crack growth is accelerated by
maximum value, to gas transport and fatigue crack growth. Figure 41 adsorbed hydrogen produced electrochemically at the crack tip. !s
explains why extremely small levels of water vapor are capable of such, crack solution pH and electrode potential have been empha-
enhancing rates of near-threshold fatigue crack propagation in sized to calculate rates of crack-tip hydrogen production. It is critical
aluminum alloys.' 132,217,221 Specifically, the saturation pressure to determine hydrogen production rate as a function of external
decreases strongly with increasing R value Near-threshold cracking electrode potential and to identify the contributions from the crack tip,
is often conducted at high R, either by design or because of the the crack flanks, and specimen surfaces. Brown experimentally
effects of crack closure as described in the section "Crack Mechan- demonstrated that acidic conditions develop within cracks in steels
ics." exposed to neutral seawater for anodic polarization and free

corrosion.'65 As the bulk potential was made more cathodic, the
SHihi Strength Aluminum Alloys in Water Vapor crack solution became more alkaline. Understanding of these trends

A 2090 0 2219 0 7OXX I- 5070 has emerged from a series of papers by Turnbull and
a0coworkers. 166.167.169,190.101

9 3
.194,245

"
252

1, 0.85 Stress Ratio 0.10 The model of crack electrochemistry for CF in the steel-
Taqueous chloride system includes the following reactions: 16'

2 49 25 2

> (1) Anodic dissolution of iron and major alloying elements,
I 100 particularly chromium;
C0 0 (2) Cation hydrolysis to produce hydrogen ions within the crack;
. y(3) Cathodic reduction of oxygen, both within the crack until

depletion occurs and on external specimen surfaces;
= ic1 -(4) Cathodic reduction of hydrogen ions and of water, both
Owithin the crack and on external specimen surfaces.

Hydrolysis is rapid, while rates of the electrochemical reactions areA determined by polarization methods and depend on pH and electrode
10 -  . potential in the standard way. The effect of straining on clean surface

10-"  101, 100 transient reactions was recently described by straining electrode
1measurements.9 1 Reaction rates are coupled with descriptions of

reactant supply and product removal through mass conservation.
Reciprocal Stress Ratio Function Mass transport by concentration gradient diffusion, ion migration, and

convective mixing is modeled essentially one dimensionally in the
FIGURE 41-Effect of mean crack-opening shape, described by direction of crack propagation. The differential equation that de-
a function of R, on the saturation exposure (pressure/frequency) scribes these terms is solved for the steady-state case. Appropriate
for corrosion fatigue crack propagation In aluminum alloys boundary conditions and fracture mechanics descriptions of crack-
2090, 1252219,243 70XX, 6 1

.
2 and 5070 84,187 In water vapor. opening shape complete the elements of the analysis.

The outputs of crack chemistry modeling include crack solution
The main challenge to gas transport models is the uncertainty oxygen concentration, crack-tip pH, and electrode potential &., a

with the description of crack geometry, in fracture mechanics terms, function of distance from the crack mouth to the crack tip. From pH
and the crack length over which impeded flow occurs. As a result of and potential, it is possible to calculate the total rate of atomic
this problem, the constants in Equation (21) are determined from hydrogen production and, from this, the concentration of adsorbed
Uack yrowti rdte data. Crack ciosure effects on Knuasen flow have hydrogen on crack tip and external surfaces in equilibrium with the
not been investigated. Gas transport models are insufficient to appropriate solutions. Each of these quantities is predicted as a
predict absolute rates of CF crack propagation. Transport, surface function of applied potential, temperature, chloride composition kviz.,
reaction, and a crack damage criterion must be coupled as discussed seawater or NaCI), loading frequency, AK, R, crack length, and load
in the section "Corrosion Fatigue by Hydrogen Embrittlement." waveform. These mechanical variables influence crack shape and

Aqueous electrolytes: active steels In chloride-crack chem- hence mass transport.
Istry modeling. From the pioneering work of Brown in the late 1960s, Since the detail of this work is extensive, only those conclusions
it is wall recognized that impeded mass transport and localized relative to CF crack propagation models are discussed.
reactions render the electrochemical conditions within occluded
cracks unique, compared to bulk solution composition, electrode (1) The concentrations of reactants and products in a pulsatingpotentia, andpH,'SAquanttativeapproachtothsproblemrequres fatigue crack depend on crack depth, mouth opening, loading
solutions to the differential equations that dpr scrabe coupled electro- frequency, AK, R, or,, and specimen geometry. The interplaybetween diffusion and convection results in a minimum of reactantlyte transport and crack surface electrochemical and chemical concentration and a maximum of products at a critical crack depth.
reactions. Ideally, the kinetics of reactions on filmed crack flanks and Transport within cracks of varying length is controlled by different
the straining clean crack tip should be considered, proportions of convection and diffusion. An example of specific

calculations for crack-tip reactant oxygen concentration is shown in
Figure 42.2 48.252

(t5 The regression line is calculated only for the data on alloy 2219. If (2) CF cracks in bulk aerated chloride are deoxygenated for
all results are included, an excellent linear fit is achieved, as most solution and loading parameters owing to the rapid rate of
described by the equation, y = 0.8488 Y' - 0.5789. In either case, oxygen reduction within the crack compared to diffusive and coiwec-
saturation pressure is nearly directly proportional to the reciprocal live supply.248 

149 Without competition from oxygen, cathodic reac-
stress ratio function. tions solely produce adsorbed hydrogen. This result is controversial
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in the sense that crack surface contact will produce turbulent mixing
and enhanced oxygen supply to the crack tip. In this case, Gangloff E C-Mn Steel in Seawater

0
proposed that CF crack growth rates are reduced by oxygen KM 2

reduction,,which dominates cathodic reactions that otherwise pro- - AK(MPam l2)

duce embrittling hydrogen." s This hypothesis has not been proven Crack tip Crackwalls
by critical experimenttion. 8 9.
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___________ FIGURE 43-Model predictions of the effect of applied electrode

0 -1 -2 -3 -4 -5 potential on total atomic hydrogen production rate for various
(C/ ( ) locations on a fatigue cracked specimen of C-Mn steel; after

lgTurnbull and de Santa Maria.191,250

FIGURE 42-Model predictions of the effect of crack depth on
dissolved oxygen concentration at the crack tip normalized to (7) Model predictions of crack-tip pH and electrode potential are
the bulk solution level for several specimen geometries, stress (7 od redicti ti padeetrod otal are
ratios, and AK levels; SEN, C-Mn steel, NaCI at -800 mVscE; in good agreement with measurements of local crack
after Turnbull.248 chemistry.41 ,167.249

(8) The effects of crack-tip straining, clean surface creation, and
k3) For electrolytes such as NaCI or seawater, potential the associated reaction kinetics have not been broadly incorporated

differences between the crack tip and bulk surfaces are less than 50 in crack chemistry models, additional woK is required.250

mV, with more cathodic values predicted for near-free corrosion and These conclusions are mportant to interpretations of CF
more riubie vaiues typical of W..Ihodic puld[idlion. Hydrogen bub oenaivior in the steel-thioride system, however, modeling has been
bles, a tortuous crack path, or corrosion debris will increase IR limited to predlcti~. s of crack electrochemistry and hydrogen pro-
drops" along the crack.19

0 249  duction. No integrated model has been developed to relate crack
k4) For neutral electrolytes, cra.k tip pH is mildly acidic (pH 6) chemittry calculations to da/dN by HE, as discussed in the section

lui lrue corrosion potentials and basic for cathodic polarization. Cv,iosion Fatigue by Hydrogen Embrittlement." Two initial results
Ci a.k dcidification to pH 3 to 5 is only likely for applied anodic are noteworthy in this regard. Gangloff and Turnbull coupled crack
potentials, for i,ases where ferrous ions are oxidized to ferric, for chemistry modeling with an empirical HE failure criterion to predict
short crack depths, or for steels containing strongly hydrolyzable Kiscc as a function of crack geometry."94 Such predictions were
specie such as chromium,249  n.onfirmed by experiment.

t5) Near free corrosion or for anodic polarization, crack tip Following this simplified approach, it is reasonable to assume
dcisbvution, ,ation hydrolysis leading to acidification, and H reduc ihat CF crack growth rate is proportional to the amount of hydrogen
tun dominatb crack .hemistry. Cathodic polarization promotes an produ.ed at the crack tip. Hydrogen concentration, and therefore
alkaline crack with pH approaching 10, hydrogen production is da/dN,, should be proportional to the square root of the total
preduminantly through water reduction. Total crack tip hydiogen reduction rate, particularly for the chemically limited plateau regime.
production rdte and the adsorbed H ,oncentration are substantial Data on the effect of electrode potential on da/dN0 for API-2H steel
and are predicted to increase generally with increasingly cathodic in NaCI (Figure 25) were coupled with the calculated crack-tip
pularizatiun, as showa in Figure 43. Effects of frequency, R, AK. and hydrogen production rates shown in Figure 43 to yield the correlation
waveform are of secondary importance. 91 250 in Figure 44. (The crack chemistry calculations and CF measure-

k6j For specimens cathodically polarized below about 900 ments were for identical material, AK, R, frequency, and electrolyte
mVscr, water and proton reduction on external surfaces are the composition.)
dominant sources of hydrogen for crack growth, see Figure 43. Results in Figure 44 show that crack growth rate correlates
Surfda.e hydrogen oupply is aiso dominant li, acidi, and H2S bearing ,uasonably with crcck-t,p hydrogen uptake, but the expected square
solutions.191- .93

.
250  root dependence is not observed. Rather, da/dN. increases with
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hydrogen production to the 1/4 power. If the dominant hydrogen crack extension per load cycle is thus produced. For steel in aqueous
concentration, either crack-tip or external surface, is used, then least electrolytes, it is hypothesized that electrochemical reaction rate
squares analysis shows E, similar good correlation. In this case, limits fatigue crack propagation. These ideas follow from work on
da/dNe is proportional to total hydrogen production to the 0. 14 power mass transport and reaction-rate-limited fatigue crack propagation in
(y = 0.1393.x + 1.8682). Since no micromechanical model exists to gaseous environments.12 9

,
243

relate hydrogen concentration to crack growth, the result in Figure 44 From the "Models of Crack-Tip Mechanics..." section, crack-
cannot be further explained. Additional work is required to pursue this tip reaction-rate-controlled CF is described by the following:
approach; comparisons between electrolytes and gaseous H2 would
be particularly informative, as demonstrated for monotonic loading. 194  da da da

a)(q/q
EdN - d - dN (22)

50.0
API-2H Steel 3% NCI where q is the charge transfcrred per loading cycle and q, is the
6K-23 MPa/M R-0.1 amount of charge required for completed reaction on the clean

.. surface. q may be expressed as [1 - exp(- HZf)], where is an
Z empirically determined reaction rate constant.
;A new method was devised to measure the transient charge

relevant to CF. 26 ° ' 62 A notched specimen, coupled electrically to

Y 0.2 196x*2.38S oxidized electrodes of the same steel, is fractured, and the current

3 10.0 that is passed between the bare surface and the oxidized electrodes
0 is measured as a function of time. This ensemble electrode is
0polarized to a fixed external potential by a counter electrode and with

respect to a reference electrode, both contained in a separate
a 5.0 - solution coupled to the crack simulation by a salt bridge. In this way,

O 10 "1 10 - ' 10 "6 10-4  the current transient can be measured for a constant applied

2  potential, which will differ from the potential of the notch surface
Crack Tip H Production Rate: A/cm because of the IR difference across the salt bridge. In principle, the

notch/oxidized electrode could be placed in an electrolyte that
FIGURE 44-Corrosion fatigue crack propagation rates for simulates crack solution pH and ionic concentration, however, such
API-2H in 3% NaCl from Figure 25, correlated with the crack-tip experiments have not been conducted.
hydrogen atom production rate (Figure 43) to the 0.2 power. Measurements of q/q,, coupled with Equation (22), were used

to predict the frequency dependence of CF crack propagation for
Predictions of those conditions where specimen surfaces are ferritic steels in carbonate-bicarbonate, sulfate, buffered acetate,

the dominant source of hydrogen compared to the crack tip and and NaCl solutions.8 2, 1 88,25 9'263 These predictions were in good
vice-versa are particularly amenable to evaluation with coated agreement with crack growth rate measurements, supporting this
specimens and with electrode potential/frequency transient experi- approach Several points are notable. First, the charge-transfer
ments Despite arguments to the contrary by Turnbull,249 such model predicts a frequency response that is qualitatively similar to
existing evidence is weak. that shown in Figure 21 for steel in chloride. Extensive charge

The approach to crack chemistry modeling in steels should be measurements have not, however, been reported for this important
applied to other systems in which CF is governed by HE. A notable system 283 Second, the charge-transfer model has not incorporated
example is high-strength aluminum alloys in distilled water and crack environment changes into the analysis. Third, the charge-
chloride (Figure 12) where limited crack chemistry measurement and transfer model does not predict absolute values of crack growth rate
modeling results have been reported to date. Hydrogen production because no micromechanical damage criterion has been included.
by hydrolysis is likely; however, the system is complicated because Rather, charge transfer and crack growth kinetics are compared by
both anodic dissolution of aluminum and hydrogen reduction occur multiplicative scaling factors. Finally, it is not clear how the charge-
simultaneously over a broad range of potentials.25

4
-
25

6 Additionally, transfer model will deal with cathodic polarization. Here, crack growth
a variety of surface films are likely to form and complicate reaction rates increase (Figure 44) for applied potentals where crack-tip
kinetics, dissolution is not likely, While one can argue that polarization of the

Aqueous electrolytes: active steels In chloride-transient crack tip will allow transient dissolution for applied cathodic poten-
crack-tip reaction kinetics. The incorporation of transient reaction tials, no evidence exists to support this reasoning. Crack chemistry
kinetics in crack chemistry and embrittlement modeling is controver- modeling, albeit steady state, suggests only small IR differences
sial Turnbull and coworkers replaced steady-state, filmed surface, along cracks in conductive electrolytes.
polarization kinetics with similar results obtained with the straining Advances in our understanding of crack-tip stress/strain fields,
electrode method. 1 ,2

1 Wei and coworkers have taken a different crack chemistry, and crack-tip transient reaction kinetics are out,
approach based on the idea that coupled and transient electrochem- standing The challenge remains, however, to integrate these results
icat reactions, which occur during each fatigue load cycle and as a into predictive models of CF crack propagation rate by either HE or
cleaned surface refilms, control hydrogen production,?30'8 2

.'
88 2 5 L2  film rupture.

This work was recently reviewed,3 7 25 9

The essence of Wei's approach is that HE causes an increment
of crack growth at maximum load, The resultant clean surface reacts Corrosion fatigue by hydrogen embrittlement
anodically during the time to the next load maximum and produces an Justification for hydrogen embrittlement. That HE is the

amount of cathodically generated adsorbed hydrogen near the dominant mechanism for CF has been effectively argued for several
crack-tip. The novel notion here is that rates of dissolution at the systems; notably ferritic/martensitic steels in gases and electrolytes
crack tip are controlled by the continuously changing (passivating) near 3000K, 3 4'. 37 5'L

5
5 9

0'
1 6

.1
22 .

1
7 0

.1
7 4

0
8 9.

1
94 and precipitation-hard-

character of the reacting surface and as polarized by coupled, fully ened aluminum alloys in water vapor and halogen-bearing
filmed crack flanks. The amount of hydrogen is assumed to be solutions .37 ' ,362,

6'4
, 2S.

1
6 ' 32

,
. "1217

-
2 9.26 This view is supported by

proportional to the integrated amount of current that passes during a extensive, but circumstantial, evidence:
load cycle; the environmental contribution to crack growth (da/dNc) (1) Pure gaseous hydrogen embrittles ferrous alloys under cyclic
is proportional to this quantity of hydrogen. The next increment of loading below Kiscc.5 4 '1 7 1 18
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(2) Water vapor embrittles aluminum alloys under cyclic loading, but supply to the process zone.58 Here, dadNepateau = da/dt x 1/f, and
gases such as 02, which produce surface films without releasing the time-based crack growth rate is assumed to be proportional to the
hydrogen, are inert; see Figures 12-and.27 and "Corrosion rate of crack-tip electrochemical hydrogen production. Scott's original
Fatigue by Surface Film Effects. 6 1 2 5 . ' correlation with data was primitive. In fact, crack growth rates

(3) Water vapor embrittles aluminum alloys for stress intensity, correlate with crack-tip hydrogen production current (Figure 44);
frequency, and-pressure conditions where crack-tip condensa- however, the function is not the predicted linear dependence. This
tion and formation of an electrolyte are unlikely." 1  model is an extension of crack chemistry and is not based on a

(4) Hydrogen, introduced by chemical exposure prior to fatigue specific damage criterion.
loading, increases inert environment rates of fatigue crack
propagation in steels and aluminum alloys.62.265, 266  

yy

(5) Plastic-zone damage, produced by fatigue deformation during
crack growth in a hydrogen-producing environment, is evi-
denced bv continued rapid fatigue crack propagation during CHO

loading in an inert environment. Damage is eliminated by heat ( Ca

treatment, albeit at high temperatures when atomic hydrogen is (D @r

deeply trapped.1
3 2' 217 21 9

(6) Crack growth rates vary with changes in frequency, stress k -

intensity, and applied electrode potential in a manner consistent~with HE of the cyclic plastic zone.58.1'28 This point is controversial

because of limited experimentation and because the fracture GASEOUS HYDROGEN ELECTROLYTE
process zone may be within microns of the crack-tip-envi-
ronment interface. MOLECULAR TRANSPORT (1) OXYGEN DEPLETION

(7) Similar fatigue fracture surface features (viz., transgranular PHYSICAL ADSORPTION H2  (2) CATION DISSO'LUTION.

cleavage, intergranular separation, and interface cracking; see HYDROLYSIS

"Microscopic Corrosion Fatigue Crack Paths") are observed for H2 MIGRATION. DISSOCIATION (3) H +REOUCTION TO H
pure H2, water vapor, and electrolytes. S9.22 1  

TO ATOMIC H

(8) Chemical measurements and modeling elucidate the reaction CHEMICAL ADSORPTION (4) WATER REDUCTION TO H
sequence for environmental hydrogen production from water (5) SOLUTION TO LATTICE. TRAP SITES (5)
vapor and correlate CF crack growth rate data (viz., Figures 22,
23, and 41), including the deleterious effects of increasing PH2O

and decreasing frequency.
61,98 '129 '22 1

(9) Electrochemical measurements and modeling demonstrate en- .26
vironmental hydrogen production from electrolytes, and corre- /2 6 0

late da/dN data (viz., Figures 21, 25, 43, and 44), including the (J/ U 0 )o0.
0 9

deleterious effects of increasing cathodic potential and decreas- 3 1.5

ing frequency. CF in steels under cathodic potentials is only 'I

explainable by HE. 19 . 19 1.249. 253.258,259 -PLASTIC ZONE ------ , =

The role of hydrogen has not been directly revealed. The aY_ 2 03,C T
C0.5difficulty is the lack of probes of crack-tip chemistry, surface 00 I

reactions, and process-zone damage. o -"

Quantitative hydrogen embrittlement models. Models of CF n.-0.1
crack propagation rate are based on Equation (2). The pure CF crack
growth rate and the proportion of CF depend on the rate and amount 0 4 8 12 35 105

of hydrogen production by the reaction sequence for gases or -
electrolytes, combined with the local crack-tip field, most probably the DISTANCE - r/CTOD

cyclic plastic strain, and hydrostatic normal stress distributions. I t I
Microstructure determines the diffusion kinetics and distribution of 0 5 10 15 44 135

segregated hydrogen through trapping processes. Local fracturo will DISTANCE - j~m at K
be determined by a damage criteria. The elements of these relations
are shown schematically in Figure 45.(6) FIGURE 45-Transport and reaction sequences that produce

The challenge in modeling is to derive equations that inco(po- adsorbed hydrogen for Interaction with the crack-tip stress field
rate the processes shown in Figure 45 to predict da/dN, as a function and process-zone mlcrostructure; after Gangloff. 7

of AK, R, f, microstructural, and environmental variables, Quantitative
HE models for CF are summarized in Figure 4657 and are classed as
either hydrogen-production-based (Scott, Gangloff, Wei, et al.) or
hydrogen diffusion based (Holroyd and Hardie, Austin and Walker, Gangloff assumed that the increment in growth rate for envi-
Kim, et al) Each model was developed from considerations of crack ronmental cracking (da/dNcf) is proportional to the amount of
chemistry and to explain specific data. Some successes have been hydrogen produced per loading cycle by H reduction at the crack-tip
reported in this regard, however. generally predictive models are for steel in aqueous chloride. 2N Acidification was caused by the
lacking, hydrolysis reaction sequence. Dissolved oxygen, supplied by con-

The model by Scott assumes that the "plateau" CF crack growth vective mixing, is reduced within the occluded crack solution and
rate, specifically for steels in aqueous chloride, is limited by hydrogen competes to decrease the amount of cathodic hydrogen. The

dependence of da/dNd on crack-opening displacement and oxygen
reduction kinetics fotows from an expression for perfect convective

(61The crack-tip stress and strain fields shown here are for the mixing and reactiop. This da/dN dependence was confirmed by
monotonically loaded, stationary crack. Less well-established experiment; however, the beneficial effect of oxygen reduction at
results are ai ailable for cyclic deformation, see "Models of constant electrode potential was not demonstrated. The weaknesses
Crack-Tip Mechanics .. " of this model are similar to those discussed for the Scott model.
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CONTROL PROCESS da/dN ASSUMPTION GROWTH RATE PREDICTION

Scott Crack Tip Cathodic da a iH A(lf) (exp(-EIRT))
Hydrogen Production dNe. PLATEAU

Gangloff Competition Between da
0 2 and H* Reduction d-ct a CH  A'(Vmax) 112

exp(aao/fVmax)

Wei et al. Molecular Flow da a daGas Transport dNa H  )SATdcf ~ct SAT (L fo SAt

Gas-Metal Reaction La a CH a 8 da (1-exp(-kPo/f))d~cf dNct,SAT

Charge Transfer by da CH a q da
Transient Reaction dc dNcf.SAT

Holroyd and Hydrogen Diffusion da Ax 4(W-)
Hardie in Plastic Zone d-Ne a cycle---"e

Kim et al. Hydrogen Diffusion d a AX A" (PoDH I (expt-AH/RT))/K 2

in Plastic Zone N f cycle rUliext.InhA

Austin and Hydrogen Diffusion da . da x (Ax-s) sma_
Walker in Plastic Zone dNo dNm rP -s) "x

da - 37.7 O 5 (/ H /-f)
dNe. PLATEAU E

E-Modulus q-Electrochemical charge T -Clean surface reaction
Ax-Hydrogen penetration O'ys-Yield strength rate constant

distance - 4 DH.' t I-Frequency a-Oxygen reduction rate constant

CH -Hydrogen concentration iH -H production rate V-Crack mouth opening

CH.-Hydrogen ion concentration ao.A,A.A" .R-Constants Pr-Nominal gas pressure
T-Temperature AH-Binding energy of hydrogen DH -Hydrogen diltusivity
0-Fractional surface coverage to dislocation Et.Crack tip electrode potential

X -Environmental factor s-Striation spacing k-Reaction rate constant

FIGURE 46-Models for cycle-time-dependent corrosion fa-
tigue crack propagation by hydrogen embrittlement. Scott, et
al.,5 Wei, et al.,61.1e225e,259 Gangloff,753 Holroyd and Hardle,6s
Austin and Walker,2 30 231 and Kim, et al.se

Wei and coworkers relate CF crack growth rate to the amount with DH being the diffusivity of hydrogen in steel and t the time per
of hydrogen produced per loading cycle and proportionate to the load cycle, 1/f. For an aluminum alloy in seawater, this relationship
extent of transient crack-tip surface reaction. 61.12e2.258,259 Quanti- describes the frequency dependence of the maximum crack growth
tative relationships are derived for the cases of mass transport and rate where environmental intergranular cracking was replaced by
surface-reaction-limited crack growth with the aim of predicting the environmental transgranular cracking. A similar result was obtained
time dependence of CF, as discussed for aluminum alloys in water for the environmental transgranular to mechanical transgranular
vapor [see "Moderate AK (Plateau) Regime'] and steels in aqueous fracture surface transition. Measured da/dN0 depends on the recip-
chloride (see "Aqueous Electrolytes: Active Steels in Chloride- rocal of the square root of frequency; reasonable values of hydrogen
Transient Crack Reaction Kinetics"). For gases at low pressures and diffusivity were calculated from the growth rate data
with fast surface reactions, crack growth is limited by impeded Holroyd and Hardie present no direct evidence to support the
molecular flow; the saturation exposure (Po/f) is given by Equation hypothesis that the growth kinetics are controlled by hydrogen
(21). For gaes at high exposures or with slow reaction kinetics, diffusion. They further argue that the diffusion model reasonably
surface reaction is growth rate limiting. The expression for electro- describes the frequency dependence for CF in the steel-water vapor
chemical reaction rate control by charge transfer was presented In and steel-aqueous chloride systems that have been alternately
Equation (22). The successes of these models in correlating CF described by crack environment mass transport and surface reaction
crack growth rate data are significant (see Figures 22,23, and 41 and rate models.
References 61,129, 182, 258, and 259). Austin and Walker postulate that CF crack growth rates are

Several crack growth models are based on the assumption that given by an enhancement of the mechanical propagation rate due to
da/dN, is determined by the extent of hydrogen diffusion (Ax) within hydrogen diffusion within the plastic zone and countered by a
the plastic zone and during the time of a single loading cycle. Holroyd reduction due to crack-tip blunting by corrosion 1te6230231 This model
and Hardie argue that cycle-time-dependent crack growth in the incorporates a rudimentary micromechanical description of fatigue
aluminum-seawater system occurs by this process and at rates based on the crack-tip-opening displacement approach after
much greater than those of mechanical fatigue.6 The mechanical Tompkins.' Physically, da/dNe is equated to the mechanical fatigue
contribution to fatigue is ignored and rate when the extent of hydrogen diffusion is less than one striation

spacing (s). For diffusion distances that exceed the monotonic
da = Ax plastic-zone size [Equation (5)], da/dNe equals the maximum fatigue

- 4 DHt crack-tip opening displacement per cycle [Equation (7)]. For inter-
dNe 1 cycle (23) mediate Ax, CF crack growth rate is governed by the following

4 \ ' equations:
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da (AX - - applies for radii on the size scale of a corroded crack tip. The extent
dN°  rp (24) of corrosion blunting and the associated effect on the crack-tipstress

field remain to be established quantitatively.

S = CAK m  (25) While reasonable first steps, the models listed in Figure 46 are
of limited use because none provide broad and absolute predictions

with the striation spacing described bj %-e standa4 ,Paris expression of crack growth rate. Specifically, note that da/dN is a priori assumed
with C and m as material constants, to depend on hydrogen production or diffusion; no process-zone

The Austin and Wa!;ier model predicts AK-dependent plateau failure criteria are used. Without a damage criterion, models are
crack growth rates: unable to predict the stress-intensity dependence of CF.

The chemical and mechanical elements have been sufficiently

da developed to permit a next generation of CF crack growth rate
da = 37.7 51 V7jf models based on HE. For steels and aluminum and titanium alloys in

dN0  E (26) electrolytes such as aqueous chloride, what is needed is (1) to build
patoau on the basis provided by damage accumulation models for mechan-

for the case when AK, .y., and f are small and R is large. The ical fatigue,210 (2) to establish crack-tip pH and electrode potential, 191

coefficient in Equation (26) was changed from the original value of (3) to determine rates of clean surface dissolution and hydrogen
3.2 to be consistent with the best estimate for crack-tip opening production,25 9 (4) to develop a hydrogen fracture criterion within an
displacement [Equation (7)] and the fact that hydrogen diffusion identified process zone, and (5) to partition the chemical-mechanical
occurs throughout the entire loading cycle (Equation (23)]. With this and mechanical components to crack growth.228

change in coefficient, Equation (26) provides a reasonable prediction
of absolute plateau velocities for the steel-seawater system. For X65
steel (AK = 21 MPaV"ii, R = 0.2, rys = 450 MPa, f = 0.1 Hz) with Corrosion fatigue by film rupture
a trap.affected DH value of 4 x 10- 7 cm2/s, a plateau velocity of 1.7
x 10- 6 m/cycle is predicted from Equation (26) (and S = 8 x 10- O and transient dissolution
mm,Ax8x10-2 mm,r =0.09mm,b...=2x10Over several decades, models of environmental fracture have

measured da/dN in Figure 19 is 9 A 10 7i m/cycle. Data in Figure 25 been developed for both monotonic and cyclic loading based on a
suggest that the plateau crack growth rate for steel in chlorde vares sequence of passive film rupture at the crack tip, oxidation and
suggest that theefold eplaeau cra rowh atled felcorde aris progressive repassivation of the exposed metal, and a new rupture of
by two- to threefold depending on applied electrode potential. This the freshly formed film. The elements of this approach include
factor is not predicted by the Austin and Walker model that relates tefehyfre im h lmnso hsapoc nld
fac toydreno pet , y thust aonWlentratmon de aree crack-tip strain rate, transient metal dissolution, film-formation kinet-
dadN to hydrogen penetration, without a concentration-based falure ics, and film ductility. This model was extensively applied to ferritic
criteron and ignoring the level ot crack surface hydrogen. and stainless steels in high-purity water over a temperature range of

The Austin and Walker model descrbes the frequency depen- 300 to 600'K. Quantitative expressions for crack growth rate reason-
the electrochemical surface reacdon rate model of We and cowork- ably predict the effects of AK, frequency, metallurgical variables, and

environment chemistry. This work was reviewed by Ford and
ers. The predicted inverse square root dependence of da/dNo on f coworkers39,70 ,7 ,138 and is briefly discussed here for comparison
from diffusion is in good agreement with the measured frequency with HE formulations.
dependence of plateau crack growth rates for API-2H steel in 3%
NaCl with cathodic polarization (Figure 21). Crack growth rates For CF crack propagation, film-rupture models are based on two
become independent of frequency below 0.1 Hz. At this point, Ax equivalent relationships for per cycle crack advance. 9 ,

1

equals 0.08 mm compared to a maximum plastic-zone size of 0.09
mm. For a diffusivity of 5.1 x 10 - 7 cm2/s, the penetration distance
equals the plastic-zone size and growth rate is predicted to be da = da I
constant at one 5m,, per cycle, or 2 x 10 - 3 mm/cycle. The higher- dNe dr dN
frequency portion of the data is presumably described by that time in 1 da

which the penetration distance becomes less than the striation = 1

spacing of 8 x 10-
5 mm. The calculated frequency is 105 Hz; clearly f dt

this prediction is not consistent with the data in Figure 21.
Austin and Walker described the beneficial effect of corrosion Da/dr is the crack advance per film rupture plus dissolution event and

blunting of the crack tip by scaling the applied stress intensity dr/dN is the number of rupture events per load cycle (N). Both daldr
according to the following: and daldt are related by Faraday's Law to the amount of charge (Q)

that passes during dissolution between rupture events. The time
AKw., = AK (ps/p.) I z  (27) between rupture events (t,) is given by the film-fracture strain (Ef) to

crack-tip strain rate [(dddt), = U ratio. The crack-tip strain range
where p, is the radius of a sharp fatigue crack and Pc is the enlarged (AECT) is given by the average crack-tip strain rate divided by loading
radius due to corrosion. This reduced value of AK8 is used in frequency. Dr/dN is given by the crack-tip strain range to el ratio.
Equation (24) for those cases in which anodic dissolution occurs. Combining these terms with Equation (28) leads to the following:

While the Austin and Walker model reasonably predicts some
experimental observations of CF for steels in aqueous chloride, the
approach is not firmly established. The basis for Equation (24) is da _ M (AEC-r) Q,speculative, particularly the assumption that the environmental crack dN, pZF El

growth rate equals, or may be no faster than, the maximum crack-tip- (29)
opening displacement scaled by that proportion of the plastic zone = 1 M (S)
penetrated by hydrogen.fO No evidence is provided that nydrogen 7 pZF El
diffusion occurs over a substantial portion of the plastic zone to cause
discontinuous crack propagation that rate limits CF. Regarding
blunting, while the assumption that crack-tip stresses scale with the where M and p are the atomic weight and density of the dissolving
square root of radius is reasonable for notches with tip radii greater metal, Z is the number of electrons involved in oxidation, and F is
than about 0.05 mm,89, ' - 3 it is not clear that such a relationship Faraday's constant. Charge passed per rupture event is given by
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where i(t) is the transient current associated with dissolution during 10 o
reformation of the ruptured film. This treatment of film rupture is (X 166
equivalent for static and cyclic loading, as described in Equations Z 1 r  

0.MhEOY (JEcU
(28) to (30); only the crack-tip strain rate differs. o Z aP - T£ORY DEAERATE

Hudak23 and Ford and Andresen7' have further derived the < 1-7 W- 0 Q
(00 5,SK,' 1film-rupture model for type 304 stainless steel in sodium sulfate and < V, " 'a.

high-temperature water, respectively. Hudak determined i(t) for a o 0 /
straining electrode in simulated crack-tip solution; calculation of Q for C 108 TEO

substitution into Equation (29) yielded the following: 
1  

0 'S, 
,

-N) T E, (31) 1M o :.u '1114
d dZF 100 109 16"e 1 i 6 155 6( TV 13 162 16

where i is the bare-surface current density at the instant of film CRACK TIP STRAIN RAIl, s -1

rupture, and t is the time for the initial decrease in the transient
current. Equation (31) is based on the current decreasing according FIGURE 47-Flm-rupture model predictions and measurements
to the reciprocal square root of time between ruptures; more of time-based crack growth rates vs crack-tip strain rate for
generally, current depends on time to the -13 power. Hudak monotonic and cyclic loading of type 304 (UNS S30400) stain-
determined the AK dependence of crack-tip strain rate for type 304 less steel in high-temperature water; after Ford and Andresen.7

stainless steel; Equations (12) and (14). The total environmental On balance, however, controversy surrounds determinations of
crack growth rate was obtained by summing Equation (31) with anempirical result for inert environment mechanical fatigue: crack chemistry, crack-tip strain rate, the fracture behavior of a film

of uncertain structure and adherence, and transient electrochemical

d Areactions. Currently, judgment is used with reliance on adjustable
- = C (AK - h)n ) (+ 2 ) AK 1 parameters, a situation that has been improving rapidly.

dN pZF E(AK -7f (32) Film-rupture predictions of the stress-intensity and frequency
dependencies of da/dN0 are pertinent to this review. Crack-tip strain

C and n are material constants from the inert environment fatigue rate increases with increasing AK for fixed frequency, resulting in a
law, and e0 is a constant from the measured (dddt)--AK relationship. linear dependence of da/dNcf on AK. This dependence is weaker
This summation of rates is consistent with the superposition model, than the typical power-law relationship for mechanical fatigue and
Equation (3). contributes little to total crack growth rates at very high AK, where

Ford and Andresen previously derived an analogous expression rates of mechanical cracking are substantial This prediction is in
for da/dN: °70.71 good agreement with crack growth rate data, as indicated in Figure

14.
da da 1 [)
dNo  dNm 2F () Ec (33) The film-rupture model predicts a variety of frequency effects on

CF. Physically, increasing frequency results in increasing crack-tip
= d.._ + qg (1)AK' j(-l) strain rate, and thus results in decreased time between ruptures,

dNm increased charge passed per film rupture, and increased crack
Here, g(pl) is stated generally to describe environment chemistry and advance per event. Crack growth per unit time (daldt) is predicted to
metallurgical effects on CF crack growth kinetics. e, is taken from increase with increasing f, as indicated in Figure 47 and confirmed by
Equation (20), with q as a constant, extensive data for both monotonic and cyclic loading."

Environmental effects on near-threshold cracking are modeled For CF, the effect of frequency on da/dt is countered by the
in terms of crack-tip blunting by corrosion. 39 

23 The predictions of inverse effect of 1if on time per load cycle [Equation (28)]. The net
Equations (32) and (33) are extended to low growth rates and are effect of f on da/dNf1 depends on alloy repassivation kinetics,
truncated by the intersection with a blunting prediction. An example particularly the p exponent. Typically, 13 equals 12 and da/dN,1 is
of this analysis is shown in Figure 24(a) by the intersection of the predicted to increase with decreasing frequency, as indicated by the
shaded band for blunting and the predictions from Equation (33) reciprocal square-root relationship in Equation (32). In the more
Blunting by dissolution of the crack flanks is not well described As general case, Equation t33) and Figure 24(a), da/dN,, is predicted to
discussed in the section "Complications and Compromises of increase with decreasing I provided that A is less than 1.0. This
Fracture Mechanics," environment sensitive crack closure near .K, benavior is confirmed by the experimental results in Figures 14 and
introduces additional uncertainties, 47. In principle, the film-rupture model predicts that da/dNcl could be

The terms contained In Equations (32) and (33) are .ther independent of frequency (p - 1.0) or could increase with increasing
known or are determined experimentally; modern film-rupture models frequency (p - 1.0), This behavor, while not typically observed, was
are capable of predicting CF crack growth rates. Ford and Andresen recently reported for an Al-Li alloy in aqueous NaCI.'2 ' The predic-
report significant successes In predicting the effects of pertinent tions in Equations (32) and (33) are based on the assumption that
electrochemical variables (viz., temperature, solution conductivity, mass transport is rapid and does not rate limit crack propagation.
dissolved oxygen, electrode potential, bulk flow, radiation) and the
effects of sensitization in type 304 stainless steels and soluble Hudak recently demonstrated substantial differences in the
sulfide-boanng inclusions in ferritic pressure vessel steels in nuclear predL.1ea and measured frequency dependencies of CF for type 304
reactor environments. 97 0 7 1  V38 Excellent agreement between stainless steel in high-temperature water and in NaCI solution 234
predictions and measurements of tme-based crack growth rates, for This comparison provides an important critique of quantitative film
either monotonic or cyclic loading, indicates the potency of this rupture and HE models. Specifically in conjunction with Equation
approach; for example, see Figure 47. (32), Hudak used reaction kinetics for type 304 stainless steel in
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dilute sulfate to iimulate crack solution for pure water and measured Corrosion fatigue by surface film effects
transient reaction kinetics for the chloride. Predicted and measured While environmentally produced thin surface films could accel-
frequency dependencies of da/dN, are given in Figure 48. For the erate fatigue crack growth rates by the plasticity mechanisms
water environment, the agreement is of the same order of magnitude; outlined in the section "Surface Films," such effects have been
however, a stronger (inverse square root) frequency response is neither demonstrated by systematic experiment nor predicted ana-
predicted than is measured for several applied electrode potentials lytically. This issue is important because crack-tip and flank films are
typical of the crack tip. produced by gaseous and electrolytic environments that are claimed

to promote HE and film rupture. As an example for most metals;moist

10" 4 air is an aggressive environment relative to vacuum or helium. While
Sens. 30411.5 ppm Oxygen: 370 K atomic hydrogen production by watervapor oxidation is often cited as
R = 0.1 AK -20 MPa4m the mechanism for enhanced crack growth in moist air, the lack of a

10" 5.defined frequency dependence.and the uncertain effect of surface
Z films on deformation preclude a clear statement of mechanism.
2 i6 The first question to address is the extent to which crack growth
E . nV(SHE) rate data demonstrate effects of surface films, apart from hydrogen
- "and dissolution mechanisms. Gaseous oxygen provides an excellent

10" 7. 43 .environment in this regard. Data obtained in the author's laboratory
a are presented in Figure 49. For an AI-Liralloy, equal crack growth

ca
rates are observed for vacuum, highly purified helium, and oxygen,

Solid Pts: Meas. while cracking is enhanced for water vapor and moist air.' 25.221 In
Lines: Pred. contrast, for a C-Mn steel, crack growth in oxygen'is strongly

10-9 i . .'. 1. 2 3 0 accelerated compared to vacuum or helium and similar to that
0"2 10 01 11 observed for gaseous hydrogen, moist air, and water vapor.'59 These

31065 data indicate that surface films produced by fatigue in oxygen lead to
304/6M NaC: 298 K crack-tip damage for steel but not for aluminum. As such, the
R=0.1 AK=20 MPa4m hydrogen mechanism is the sole cause of CF for the latter material

S 10" 6 in water vapor. For steel in moist air, the contributions of hydrogen
Z and film formation cannot be separated.

" .The results contained in Figure 49 are consistent with literature
E A 25%..CW data; however, some controversy exists. Oxygen has no effect on

10. 7 . "-... fatigue crack propagation in 7075-T651 and 2219-T87 alloys com-
A u pared to vacuum. 61268269 Swanson and Marcus 268 and Piascik221

/ used Auger spectroscopy and SIMS to show that substantial

" 8 0 %6 W O%,, amounts of surface oxide were formed and that oxygen penetrated
into the crack-tip plastic zone during fatigue. Nonetheless, crack

Solid Pts: Meas. growth rates were not affected. For three alloy and C-Mn steels,Lines: Prod. got ae eentafce.FrtrealyadCM tes
" -2' . . . . Frandsen and Marcus reported that crack growth rates were in-

10" 1,O 1- 10 01 1.0 2 3'0 4 creased by up to a factor of two by loading in oxygen compared to
vacuum.' In one of three cases, crack growth in 02 was as rapid as

1/f, sec. that likely for moist air. Auger spectroscopy indicated that oxygen

FIGURE 48-Film-rupture predictions and measurements of the penetrated the steel during exposure to 02.
frequency dependence of corrosion fatigue crack growth rate A detailed study by Bradshaw and Wheeler demonstrated a
for type 340 stainless steel In two electrolytes; after Hudak.234  strong CF action of 02 on a 7000 aluminum alloy.187 While oxygen

either had no effect or slightly retarded crack growth rates compared
A dramatic underprediction of crack growth rates, by one to two to vacuum for AK levels above 6 to 8 MPa%"m, this gas enhanced

orders of magnitude, is seen for ambient-temperature chloride, crack growth rates within the near-threshold regime, dadN values
Hudak arguos that these differences persist [or wide ranges of values exceeded vacuum levels by over an order of magnitude, and AKh
of the parameters used in Equation (32). The poor agreement is was reduced. A similar trend was observed for near-threshold
ascribed to a dominant HE contribution to CF. The data in Figure 48 cracking in alloy 5070, however, gro.th in 02 was only twofold faster
were better described by the charge transfer-based HE model than that in vacuum. Extensive experiments with the 7000 series
described in the section "Aqueous Electrolytes. Active Seels in alloy further demonstrated that da/dN, decreased with decreasing
Chloride-Transient Crack Reaction Kinetics,""" oxygen partial pressure at fixed frequency, analogous to the water

vapor exposure effect illustrated in Figures 22 and 23. Oxygen
As transient reaction models for HE and film rupture are further affected a fatigue crack path transition. Growth in vacuum was

developed and simultaneously applied to predict the frequency faceted along slip bands for vacuum, while a flat "tensile" mode of
dependence of CF in model systems, mechanistic understanding will unspecified morphology was observed for 02. Piascik recently
improve dramatically. Advances to date, and the likelihood for future reported a similar result of 02 accelerated near-threshold crack
refinements, suggest that in-depth mechanistic understanding of CF growth in 7075.22
crack propagation is at hand. Predictive models will play a critical role Frandsen and Marcus reported four- to fivefold increases in
in fracture-mechanics-based life-prediction procedures. crack growth rates for Monelt 404 and commercially pure titanium

cycled in oxygen compared to vacuum, ° Clearly, additional work is
required to characterize the effects of oxygen and other film-forming

"'The observed effect of cold work indicated in Figure 48 cannot be environments on fatigue crack propagation. It is partcularly important
explained by the film-rupture model but may be rationalized in to characterize the effects of AK, loading frequency, environmenttermspola hydrogene Cd byrkhewhilm-rupture ot ayffe rtinactivity, and temperature.
terms of hydrogen. Cold work, while not affecting electrochemical Given an effect of film-forming environments, it is important to
reactions, produces martensite, which reduces the amount of question the causal mechanism. Those listed in the section "Surface
hydrogen required for a given crack extension. Unfortunately, the Films" and the ideas on film-induced cleavage described by Sie-
hydrogen model does not predict absolute rates of crack advance
but scales a frequency response to the saturation rate (daldNc). tTrade name.
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so-called closure, small crack, and high-strain problems in mechan-
-a ical fatigue are relevant to CF. Data and analyses demonstrate that

Athe unique relationship between dadN and AK is compromised by
6 ,K - 9.1 W,,Va mechanisms, including (1) premature-crack-wake surface contact,~R - .05

5H (2) deflected, branched, and multiple cracking, and (3) time- and
-, geometry-dependent occluded crack chemistry. Stress-intensity de-

-10" scriptions of elastic-plastic stresses, strains, and strain rates in the
P crack-tip plastic zone are uncertain within about 5 tm of the crack tip,

within single grains that are not well described by the constitutive
0o behavior of the polycrystal, and when deformation is time or

environment sensitive. These limitations do not preclude the only
quantitative approach developed to date to characterize subcritical

" 50crack propagation. Rather, they indicate the need for crack-tip
Va~c He 50 kPa Hydrogen H2 0 02 Wet modeling.

6 H I . kP, Air Crack mechanics
20 kP, The fracture mechanics approach to fatigue crack propagation

_ _ _ _ _ _and the associated si.ilitude concept are unambiguous if the applied
0, stress intensity accurately describes local crack-tip stress and strain

2090 ALUMINUM Peak Aged fields. Extensive work over the past 20 years on benign environment
10" &K - 2.1 W&Vm fatigue has demonstrated four situations in which the basic linear

R - .9 elastic formulation of applied AK must be modified to better define the
5Hgoverning driving force. These areas-crack closure, small crack

size, large-scale yielding, and deflected cracks-are relevant to CF
crack propagation. The environmental aspects of these issues have
not been extensively investigated.

10o" The fracture mechanics approach discussed in this review is
based on the assumption that cracked specimens and components
are loaded within the small-scale yielding regime.' Dowling con-

NI I I ducted extensive studies on "high-strain" crack propagation and
U! -correlated growth rates with a nonlinear field parameter, the J-

vac He 02 H20 Wet Air contour integral. 57 Unique geometry-independent crack growth rate
I kPa 10 kPa 7 mPq I kPa laws are observed, and a variety of J solutions are available for

various specimen and component geometries. This work has not
FIGURE 49-Fatigue crack propagation in a C-Mn steel and an been extended to crack growth in aggressive environments, but it is
Al-I alloy as a function of the surrounding gas for constant AKand frequency.125,15 9,2

Z
I likely that many of the principles established for CF under small-scale

yielding will be relevant.

-adzki in this volume82 provide the basis for quantitative film-based Most stress-intensity analyses are derived for a single crack
models of CF. Badshaw and Wheeler concluded that the results on perpendicular to the applied load and growing in a nominally Mode I
cracking in 0, give support for damage mechanisms based on fashion. In CF, or with anisotropic microstructures, cracks may
surface films, however, no quantitative relationships have been branch or deflect from this idealized geometry. In this case, growth
derived to date. Surface film effects on crack-tip plasticity and proceeds under mixed Modes I and II. The governing stress intensity
dislocation murphologies must be considered." A problem here will factor must be calculated to include a summation of the Mode I and
be to separale surface film effects from the influences of dissociated It K levels for the deflected crack. Suresh has analyzed this problem
and dissolved solute. and provided branched crack stress-intensity factors.270 This analy-

Studies of surface film effects in CF are hindered by two sis has not been broadly applied in CF, often the effect of deflection
piobiems. The rough crack surtace typical of fatigue in vacuum and on AK is secondary, particularly within the Paris regime. Deflection
oAdation dubis of thickness on the order of 0.1 to I om can cause effects on near-threshold environmental cracking, and the associated
crck closure, which complicates analysis of intrinsic chemical closure phenomena, are important and further study is warranted.
damag, mechanisms, as discussed in the next section. Indeed, the Ciack closure. Premature crack-wakb surface contact during
Bradshaw and Wheeler study can be interpreted based on oxide the unloading portion of a fatigue cycle tviz., crack closure') reduces
induced closure for O at moderate AK and roughness induced the applied stress intensity range to an effective value defined as
closure for vacuum at low AK. Near-threshold faceted cracking and AlKo. - K.. f(K). Concurrently, the effective stress ratio
surface roughness could decrease, and dadNe could increase, with increases to Kc'Kma x. When considered based on applied AK (Kmax
increasing oxygen pressure, Piascik provided a means to eliminate K.,), fatigue crack growth rates decline as closure effects
crack closure,'"" Second, the demontration of an 0, effect is only increase. Crack growth rate data, which are closure affected, are
broadly established for alloy 7075, arid perhaps steels, which are often referred to as extrinsic. DajdN values that are obtained iii the
sensitive to HE. Recent data suggest 4hat extremely small amounts absence of closure, or are based on a closure-compensated AK
of water vapor in 0. affect c;rack proiagation?" The. ourity of the level, are referred to as intrinsic. The topic of crack closure has been
oxygen environment must te carefully controlled, extensively reviewed for fatigue crack propagation in benign envi-

ronments, particularly by Ritchie, McEvily, and their stu-

Complications and Compromises dents41-43.47.202.271
Overview for benign environments-Several mechanisms causeof Fracture Mechanics fatigue crack closure, including the following:

(1) Crack-wake plasticity;2 .=273

Conclusion (2) Crack surface roughness or deflections with Mode II sliding
Fracture mechanics descriptions of CF and the similitude displacements;U4

concept are complicated by the inability of stress Intensity to describe (3) Crack corrosion debris ;05275 and
the controlling crack-tip mechanical and chemical driving forces. The (4) Crack fluid pressure.27

6
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Quantitative models that-estimate the degree of closure are provided Corrosion debris, the so-called oxide-induced closure mecha-
in the indicated references. nism, has a potent effect on fatigue crack growth rates. This process

Models and measurements of crack-closure loads by crack- has been extensively investigated for low-strength alloy steels in
mouth compliance or back-face strain-gauge techniques demon- moist oases and for C-Mn steels in seawater. Oxide-induced crack
strate that closure effects are exacerbated by (1) near-threshold closure was broadlyrecognized by Ritchie for steels in various gas
loading, (2) low stress ratio loading, (3) tension dominated loading environments; for an example, see the data in Figure 28.200 2

05

spectra or single overloads, (4) environments that produce corrosion These and other results show that near-threshold crack growth rates
debris within the crack, (5) anisotropic or planar slip materials which are increased for all gases that prevent the formation of crack surface
cause deflected and microscopically rough fatigue crack surfaces, oxide, including pure H2, He, and vacuum. For water vapor, wet H2,
and (6) environments that produce tortuous crack surfaces. and moist air, oxides of thicknesses on the order of the cyclic

While the effects of closure on da/dNare clear, controversy crack-tip-opening displacement and enhanced by a fretting mecha-
exists as to the proper stress-intensity range that governs crack nism cause reduced crack growth rates. This effect is observed for
growth. The majority of studies have used an effective AK value low stress ratios; equal crack growth rates are reported for all gases
(AKi, = Kw - Kd), with Kd determined from compliance measure- at R values above about 0.6, typical of closure.
ments. Recent data indicate, however, that fatigue damage contin- Oxide-induced closure is not significant at higher stress inten-
ues over a distributed range of loads below Kd; AKt, is too small.277  sities or for high-strength steels and precipitation-hardened alumi-
A constant maximum stress-intensity procedure offers an alternate num alloys. For these materials in moist gases, oxide thicknesses are
means of characterizing crack growth independent of closure as small, presumably because fretting is not an effective mechanism for
discussed in the "Novel Measurements of Corrosion Fatigue Crack- accelerated oxidation.278 More corrosive environments may, of
ing" section.'- 6  course, cause debris-induced closure in these materials.

When CF crack propagation data are obtained under the above Crack closure of the sort illustrated in Figure 28 complicates
conditions, it is likely that they are affected by crack closure. Such mechanistic understanding of near-threshold cracking. The effect of
behavior has several implications for this review. It is necessary to closure must be eliminated or measured and growth rates adjusted
assume that most of the results described here reflect closure to determine the extent of intrinsic environmental embrittlement.
influences. Given the complexities of making displacement measure- Since this is rarely done, data and models on near-threshold CF are
ments in aggressive environments, only limited work has been lacking.
conducted to define closure in CF. An alternate approach is to design Suresh and Ritchie modeled oxide-induced closure in terms of
CF experiments that yield growth rates that are closure free; this the effect of a rigid wedge on the crack-tip stress intensity at the point
approach with constant Km. and high R methods was taken by of closure contact? 2 .2 74

Piascik and Gangloff. 2 . .22 1 dE
In terms of crack growth mechanisms, it is reasonable to K, = (34)

develop and evaluate models of the sort described in the section 4V'i (I - v2 )
"Quantitative Models of Corrosion Fatigue Crack Propagation" in
terms~of intrinsic crack growth rates. As a separate problem, it is where d is the maximum thickness of oxide film and on the order of
necessary to develop environmental mechanisms for crack closure. 0.01 to 0.1 jim; I is the distance behind the crack-tip to the location
As an example, Hudak considered crack-closure contributions in of maximum oxide thickness and on the order of several rim; E is the
film-rupture modeling of da/dN0 for stainless steels.234 It is reason- elastic modulus; and v is Poisson's ratio. This analysis predicts Kd
able to question those studies that claim to have proved a specific CF levels on the order of 1.5 to 2 MPaV\ for steels.
model by crack growth rate measurements, if crack closure has not Corrosion debris may promote crack closure for steels in
been accounted for. aqueous chloride environments, as studied by Hart, Scott, Bardal,

In terms of life prediction under complex loading spectra, the van der Velden, and coworkers.3458 119 ,1'.1. 27
9.28

1 This phenomenon
crack growth rate law that describes the proper degree of closure for results in extremely low near-threshold growth rates and high levels
the component and loading history of interest is unclear. This of AKth for environmental conditions that would otherwise promote
problem has not been adequately dealt with for benign environment HE, (See the section "Corrosion Fatigue by Hydrogen Embrittle-
fatigue. ment.") A typical example is shown in Figure I1. AKth is increased

Crack closure in aggressive environments-Several mecha- markedly by seawater with cathodic polarization at low R (Curve 5)
nisms for closure are pertinent to CF. 3S.

6.
196 For steel in aqueous and compared to moist air, seawater with free corrosion (Curve 4), or

chloride, Todd and coworkers demonstrated thall grains, displaced or seawater with cathodic polarization at high R (Curve 3). Closure
detached by environment-induced intergranular fatigue, act as wedges during cathodic polarization is often sufficiently potent to cause crack
to hinder crack displacement.1 52 Viscous fluids can exert closure arrest.
forces on fatigue crack flanks.276 Gangloff and Ritchie speculated Corrosion-product-induced closure depends sensitively on the
that hydrogen may enhance plasticity and the extent of crack-wake- electrochemistry of the chloride environment, because this governs
induced closure. ° Environment-induced crack deflection is often the precipitation of calcium- and magnesium-bearing salts, the
encountered, but detailed closure analyses have not been applied to offending corrosion debris. 279 280 These reactants are found in
CF studies. Additional resea;ch is required to examina these seawater, but not in pure 3% NaCl solution; as such, corrosion-
environment-sensitive closure mechanisms. product-induced closure only occurs in the former solution. As shown

Studies of closure have emphasized reductions in stress- in Figure 44. cathodic polarization promotes CF crack growth in NaCI
intensity factor and hence crack-tip cyclic strain. It is also (easonable but greatly retards cracking in seawater. Here, precipitation of
to suggest that crack closure will affect crack chemistry by influencing magnesium and calcium salts only occurs at electrode potentials
mass transport. Certainly the opening shape of the crack, varying below about -850 mVScE, where the solubility product is sufficiently
with loading time, is an important factor in diffusion and convective reduced. As such, calcareous-deposit-induced closure is likely for
mixing. (See the section "Aqueous Electrolytes: Active Steels in cathodic polarization but not for anodic potentials. This trend is
Chloride-Crack Chemistry Modeling.") As an example, Gangloff clearly evident for crack growth in seawater in Figure 11. (Van der
suggested that crack surface contact will transform an otherwise Velden reported that iron hydroxide can form on crack surfaces of
orderly mass flow situation into transport by turbulent mixing."5 For steel in oxygenated 3% NaCI near free corrosion and can cause
this case, a perfect mixing model may be more accurate than detailed crack closure.28' This observation is not general, as no evidence of
calculations based on slow laminar flow. Crack-closure effects on crack closure has been reported in extensive studies of such steels
local environment chemistry have not been considered in detail, in this environment.1 5 .

1
7 0,

7 174.180.189,253)
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It is likely that corrosion product deposition andzcrack closure
are possible for othei material-environment systems. The occur- 304 Stainless Steel
fence of this phenomenon is-evidenced by time-dependent reduc- Cyclic Loading
tions in-crack growth rate6 at constantlapplied stress intensity, by ,_t, Vacuum
crack arrest at very,high threshold stress intensities, and by " Na2S04
compliance or back-face strain-gauge measurements of closure . .N, .5
contact upon unloading. Crack chemistry modeling of the sort
described in the secti6on'-'Aqueous -Electrolytes: Active Steels in 2

Chloride-Crack Chemistry Modeling" predicts the occurrence,of
precipitation fromoccluded crack solution.' 249 ' 9  o

The benefits of corrosion-product-induced closure to-compo-
nent life are unclear. The degree of product precipitation and the
resulting effect on crack growth kinetics are possibly geometry and
loading spectra dependent. For example, lIge compressive under- .0 __ ,_,_,_,_,,,___ ,_,_,_,___ '_"__'
loads may obliterate the corrosion product and reduce the closure
effect compared to that expected from laboratory experiments with 1 10 100

small specimens and-simple ten~ion loading. Application of the AK, MPaI-m
similitude concept in such cases is unclear;1 0°° 1°' additional work is
required. FIGURE 50-Measured fatigue crack-tip cyclic strain range as a

Environment-sensitive'microscopic deformation. From the function of applied AK for type 304 (UNS S30400) stainless steel
continuum perspective, crack-tip stresses and strains depend on the cycled at 3000K in aqueous 0.1 M Na2SO4 or vacuum, and then
shape of t~ie blunted crack tip and on material constitutive behavior characterized by in si u SEM loading and stereoimaging analy-
through stress intensity. (See the section "Models of Crack-Tip sis; after Iiudak. 34

Mechanics" and Reference 160.) Environment may influence these
properties in a time-dependent fashion during CF crack propagation zone; the crack extendsat a lower strain and after fewer cycles for
and thus influence the magnitude of the crack-tip fields. Crack-tip any AK. Fatigue crack propagation progresses discontinuousiy,
dissolution may affect blunting, and intergranular or transgranular governed by a damage accumulation model for each

,fracture modes could produce unique crack-tip shapes compared to environment. 162'210 For cyclic loading at constant AK, plastic strains
deformation blunting models. Hydrogen, dissolved in the plastic build to a critical level, causing an increment of crack growth. The
zone, could influence deformation mode and material flow properties. process-zone failure strain and measured crack-tip strains are
For these cases, stress intensity will describe crack-tip deformation; reduced by environmental exposure consistent with Figure 50.
however, the appropriate crack shape and flow properties must be While crack-tip strains within the process zone differ with
used in finite element models of the crack-tip. No work has been environment at constant AK and are therefore not well described by
reported in these regards. a continuum model, stress intensity provides the boundary condition

The influence of hydrogen on metal plasticity is controversial that scales the magnitude of process-zone loading. Crack-tip strains,
and has not been broadly demonstrated for materials subjected to the along with the near crack-tip opening shape, correlate with applied
boundary conditions typical of a crack-tip plastic zone. No data have stress intensity as indicated in Figure 50. Stress intensity is not,
been presented to demonstrate alloy stress-strain behavior altered however, capable of describing the cyclic evolution of the process-
by dissolved hydrogen. Nonetheless, the possibility for such effects zone strain. A dislocation-hardening theory may be relevant.
is strong based on (1) extensive evidence for hydrogen-induced Apart from the concept of a reduction in strain accumulation
plasticity in thin foils strained in the electron microscope, (2) capacity, other factors could contribute to environment-sensitive
interpretations of fracture surface features,69 and (3) electron micro- crack-tip deformation. Varying process-zone strmin, either hardening
scope evidence for hydrogen-induced changes in the dislocation or softening, with cycling at constant AK is a critical assumption.
morphology within the crack wake.282  Alternately, local plastic strain ranges may saturate at equal strains,

Information on environment-sensitive deformation at growing independent of environment, for the same applied AK and at
crack tips is provided by in situ fatigue loading in the scanning numbers of cycles well below the failure "life." An environmental
electron microscope coupled with stereoimaging analysis. (See the reduction in a strain-life failure limit would then mean that fewer load
section "Models of Crack-Tip Mechanics .... ") Lankford and cycles are required to cause an increment of crack extension and an
Davidson' 62- ' and Hudak234 report that crack-tip-opening strain increased growth rate, but measured crack-tip strains should be
ranges are lower for aggressive compared to inert environments for equal for aggressive and inert environments. The mechanism for the
any constant applied AK. These studies were conducted w;th 1005 3ffect of environment on crack-tip strain may be more complex than
steel and 7075-T651 aluminum in moist air or dry N2 and with type indicated above. For example, if dissolved hydrogen homogeneously
304 stainless steel in aqueous Na2SO4; an example of data for the enhances plasticity, then crack-tip strains are expected to increase
latter material is presented in Figure 50.32() Here, strain ranges are for environmental exposure at constant AK. Crack-tip strains will
decreased by between a factor of four and eight for the sulfate; decrease, on average, if hydrogen promotes slip localization. Hydro-
corresponding crack growth rates increased by between four- and gen effects on crack-tip shape, through an environmental fracture
twentyfold because of the environmental effect. Lankford and David- mechanism transition, could also alter the crack-tip strain distribution.
son concluded that water vapor similarly lowered the crack-tip strain Experimental measurements of crack-tip shape, deformation,
range for 7075; however, this point was obscured by substantial and dislocation configurations are critically needed as a function of
variability."? applied AK and environment.

The mechanism for the effect of environment on crack-tip strain Small crack problem. The essence of the "small crack
is related to embrittlement of a fracture process zore on the order of problem" is that stress corrosion, mechanical fatigue, and CF cracks
1 to 10 Itm. e2'2 4 For the alloys examined, hydrogen is held to lower propagate at unpredictably high rates when sized below a critical
the "load bearing" or "accumulated strain" capacity of the process level and compared to the growth rates of long cracks. Small fatigue

cracks propagate at stress-intensity ranges well below long-crack
thresholds. The similitude principle breaks down; crack size and

tWtNote that the line indicated with a slope of 2:1 is incorrectly labeled, applied stress effects on growth kinetics are riot uniquely described
The data for NazSO 4 are not described by a AK squared by a single parameter (AK). Extensive measurements and modeling
dependence; rather, the slope of the data is.somewhat lower, indicate that crack size effects are important for crack depths below
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about 1 to 5 mm. The definition of a small or short crack depends because the location of cracking must be precisely known for probe
on the mechanism for the rapid growth rates. attachment. No measurements have been obtained on the closure

Small cracks are technologically important because the early behavior of small cracks in environments other than moist air.S 9

growth of cracks between 0.65 and 5 mm often dominates the fatigue
life of components. An example is provided by CF crack growth in the MECHANISMS FOR SMALL FATIGUE CRACK BEHAVIOR
weld of a pipe carrying H2 S-contaminated oil. 1°3 Here, 80% of the
predicted life was involved with crack growth form 0.5 to 1.0 mm;
cracking to failure required only 20% of life. Errors in the growth rates
of small cracks have alarge adverse effect on life prediction. SHORT CRACK MICROSTRUCTURAL

Small fatigue crack growth behavior has been extensively •rpc>>gs  SMALL CRACK
reviewed for benign environments by Ritchie, Lankford, Davidson, • Many grains re front In 1 to 5 grains

McEvily, Tanaka, Morris, and Hudak. 45.153 .2 8 2 84 Gangloff, Wei, and
Petit considered the behavior of small -cracks in aggressive SMALL SCALE YIELDING ENHANCED CRACK
environments.'.180'203.285 NOT MAINTAINED TIP STRAIN

Overview for benign environments-Several mechanisms have MECHANICAL
been established to explain small fatigue crack behavior, as sum-
marized in Figure 51. Cracks are classified as short if they intersect • a < tos r*c< I to 2 gs

many grains along the crackfront and have a cyclic plastic zone
much larger than the grain size but are of limited length dimension. REDUCED CRACK WAKE CLOSURE
A small crack and associated plastic zone are wholly contained within PHYSICAL

1 to 5 grains. The absolute size of the small crack is microstructure . a < I mm

dependent and may be quite large for a single crystal.
From the mechanical perspective, short cracks are poorly CRACK SIZE DEPENDENT

described by AK when small-scale yielding is violated by high net CHEMICAL OCCLUDED CHEMISTRY
section stress, or when the crack size is less than 1 to 5 times the
monotonic plastic-zone size. The J-integral approach may correlate a < s to 10mm
cracking, as discussed in the section "Crack Mechanics." Microstruc- I

turally small cracks grow rapidly when the cyclic plastic zone is ro - monotonic plastic zone a - crack length

encased within a single grain because of abnormally large crack-tip r26 - cyclic plastic zone gs - grain size

opening strains compared to that expected based on applied AK. FIGURE 51-Mechanisms for the unique behavior of small
This effect appears to be related to single crystal and localized fatigue cracks.
deformation mode effects on the crack-tip strain field.

Short and smnall cracks grow at accelerated rates because of a The mechanical and closure mechanisms for crack size effects
physical nmlechanibm. Suchi cracks have reduced wakes and, as such, in CF have not been extensively investigated. Presumably, the ideas
reduced levels uf shielding crack closure. As the small crack and results on closure in benign environments (see the section
propagates from the embryonic stage at constant applied AK, the "Crack Closure") are relevant to CF cracks with limited wakes. As
crack wake develups, closure stress intensity rises, and crack growth discussed by Piascik and Gangloff,' - 

126 221 this situation provides
rates decrease. Crack-length-independent cracking is achieved for severe near-threshold CF crack growth effects and is worthy of
*hen closure reaches saturation or steady state above a specific additional study. Enhanced crack-opening strain for microstructurally
crack size. Physical shortismall crack behavior is correlated by small cracks should play an important role in CF by either film rupture
stress-ir tensty approaches that account for closure, that is, either or HE. No measurements exist to support this speculation, however,
AKel or high stress ratio constant Kma.' 2'" Similitude is observed Hudak and Ford demonstrated the potency of this mechanism based
if rates are compared on a closure-free basis. on film-rupture model calculations [Equations (31) to (33)].286 The

The mechanisms represented Figure 51 are important because prediction contained in Figure 52 indicates that enhanced crack tip
they enaule definiltons of what constitutes a small crack, a question strain and strain rate for the small fatigue crack enable propagation
that ha, been posed for the past 20 years and that can now be at high rates and well below the long-crack threshold for the stainless
rsabonably answered for fatigue in benign environments.28 '  steel-high-temperature water system. This potential mechanism

Aggressive environments-Chemical effects unique to the must be evaluated.
small crack geometry are an important aspect of CF behavior. The Experimental and analytical support for novel CF effects in the
growth rates of small fatigue cracks (. 5 mm) may be significantly small crack regime exists for steels in aqueous chloride, a likely HE
faster than expected from longer crack dadN-,K data for gases and system. '  A systematic study of short CF cracks was reported by
liquids, while being predictable for benign environments. Aggressive Gangloff for a high-strength martensitic steel in 3% NaCl?6 -Typical
environments play a role in mechanical and closure-based shuit data are presented in Figure 9. Note the one to two order of
small crack mechanisms. Additionally, the chemistry within such magnitude increases in the growth rates of short cracks k0.1 to 2 mm
cracks may be uniquely embrittling (or benign), thus providing the long, through-thickness and elliptical-surface cracks in a steel with
basis for a chemical mechanism. These views are supported, albeit 20-1.m grain size) - any applied AK for the chloride and compared
to a limited extent, by modeling and experiment as reviewed in detail to compact-tension results. In contrast, crack growth in air and
by Gangloff and coworkers..80.203  vacuum was uniquely correlated by applied stress intensity, inde-

Undoubtedly, experimental difficulties have hindered studies of pendent of stress and crack size. This result demonstrates that crack
small CF cracks. Surface replication techniques have been applied to closure and plasticity mechanisms do not explain the rapid growth of
fatigue in moist air; however, this tedious method with the necessity the short CF cracks.
for test interruptions is not suited for aggressive environments. The A chemical mechanism must explain the short-crack effect in
electrical potential method (see the section 'New Procedures") was Figure 9, as detailed in the next section, "Crack-Geometry-De-
successfully applied to continuously monitor the growth of short pendent Occluded Environment Chemistry." This point was rein-
cracks of length greater than 0.1 mm for a variety of materials and forced by short-crack CF data that show that da/dN, decreases with
aggressive environments and under programmed applied increasing initial applied stress range at constant R and with
AK." ' " Microstructurally small cracks have been monitored, increasing R at constant AK.9 A rapidly growing crack in NaCl was
provided that the grain size is enlarged above about 500 pm.' '9 As slowed by a stress range increase, in air or vacuum, increased stress
developed, this method is not suited for naturally initiated CF cracks caused increased crack growth rate*, as expected from increasing
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AK. These crack growth rate data correlated with the reciprocal of the more important, for moderate-strength steels such as HY130, small
maximum crack-mouth-opening displacement (V,,,) at constant AK cracks grow up to four times faster than long cracks.18.287 This
according to the following:2 s  interaction between crack size and strength is consistent with the

moderate effect of hydrogen for this class of steels. For high-strength
da, steels, small CF cracks grow at unpredictably high rates, varying from

LOG (-L) = q) + a-taaIV.dN (ax (35) long crack data by one to two orders of magnitude.
Small crack effects in CF have not been reported for nonferrous

4,, a, 3, and a* are constants that characterize the chemical reactions alloy and environment systems. A likely HE system, high-strength

controlling CF, as discussed in the next section (V,, ,) - decreases aluminum alloys i aqueous chloride, was examined by Piascik and
with increasing crack length and increasing Knm; particularly for Gangloff. 126 .221 Similar CF crack growth rates were observed for
crack lengths between 0.1 and 1 ram. For long cracks, changing through-thickness edge cracks sized between 0.2 and 5 mm and for

crack length has only a small effect on V.,,,, indicating that AK would 25-mm-long cracks in compact-tension specimens. While the high-

reasonably correlate CF crack growth rates, angle grain size was large, no microstructure-environment interac-
tion was observed. CF crack growth rates were consistent with the

AK, ksi "3 / 2  broad base of data presented in Figure 12.
2 4 6 8 10 20 40 60

i i i i li l  i i I ilo

304 SENSITIZED STAINLESS STEEL 10 Crack-geometry-dependent occluded

io_3 H2011.,pjO 2 - 9C environment chemistry
R< 01 If occluded crack chemistry changes as a function of crack size,
10-3 HZ 10-1 time, specimen geometry, or loading, then CF crack growth rates will

not be steady state and will not be meaningfully described by applied
1-4- /AK. Crack chemistry effects are particularly important within the

short- and small crack regimes.
.0.2 Mathematical modeling provides a means to assess varying

•- THEORETICAL SNORT CRACKS ~. crack-tip electrolyte pH, potential, ionic composition, dissolution, and
-5 hydrogen-production rates, as discussed in the section "Aqueous

OBSERVED LONG CRACK Electrolytes: Active Steels in Chloride-Crack Chemistry Modeling."

S10-3 of crack size and loading effects on local chemistry. Generally,

10-6 reactant and product concentrations in a fatigue crack depend on
crack depth and mouth opening, and thus on AK, R, load waveform,

THEORETICAL LONG CRACKS and specimen geometry. 2 48 2 52

to"4 An example of crack-tip reactant oxygen concentration is
0.7 provided in Figure 42; this specie is normally consumed by a

reduction reaction within the crack that competes with hydrogen ion
and water reduction. As crack length initially increases to 1 mm, the
concentration of crack-tip oxygen declines because the diffusional

/ " supply of reactant 02 from aerated bulk solution becomes increas-
10" 8 ,iingly difficult. This effect is offset by convective mixing supply, which

-0, !becomes increasingly effective as crack length increases, a minimum
2 4 6 8 10 20 40 60 in the oxygen level is predicted for a specific crack length. The

6K, MNm'3/ 2  relationship in Figure 42 depends on the rate of oxygen reduction,

FIGURE 52-The predicted effect of small crack depth on loading frequency, and crack surface area to occluded solution
corrosion fatigue crack propagation by film rupture for stainless volume ratio.
steel In high-temperature water; after Hudak and Ford.288  The crack chemistry predictions in Figure 42 suggest that

da/dN, could either increase though a maximum or decrease through
Several points are relevant to the short crack results repre- a minimum with increasing crack length at constant AK, the specific

sented in Figure 9 and Equation (35). As the magnitude of the crack dependence would depend on the embrittlement mechanism. Only
size effect increases, the fracture mechanism changes from brittle limited experimental evidence supports this prediction. For the
transgranular cracking associated with the martensitic microstructure steel-chloride system, Gangloff demonstrated the former trend, as
to intergranular crack growth along prior austenite boundaries 1 In expected from an inhibiting effect of dissolved oxygen on H 89

addition, Kisc, equals between 24 and 30 MPa%'i- for long cracks Experiments with variable O2 but constant electrode potential and AK
but declines to about 8 MPaV'i for the smallest cracks represented fafed to confirm this chemical model.
in Figure 9.194 As such, it is likely that the result in Figure 9 is for

time-dominant CF. A simplo superposition model will not-describe Crack-geometry-dependent local chemistry is an important

short-crack growth because of the effect of crack shape on local explanation for the small crack effect in the steel-chloride system.
chemistry; for example, as indicated by the observation that da/dN, Initial modeling of the data in Figure 9 was based on a perfect mixing

decreases with increasing R. Finally, the "small" crack regime for this description of convection to supply oxygen to the crack-tip.25 Those
case extends to sizes on the order of several millimeters. crack shape and loading conditions that reduce oxygen concentra-

Cycle-time-dependent CF in the steel-chloride system is gen- (9Subtle small crack effects are best characterized by constant AK
erally enhanced by reduced crack size; however, the m agnitude of experim a o wit e ect a l b e t ha r n g, Fy ea mple,
the effect decreases substantially with decreasing steel yield expermentation with electrical potentil monitorng. For example,
strength. 11 While systematic studies are limited, the data repre- in Figure 17, dadN is constant with increasing crack length from
sented in Figure 53 show that da/dN, is increased by between 1.5 to 0.3 to 2.7 mm for moist air. Da/dN, while always higher than the air
2-fold for low-strength steels, comparing small crack kinetics to rate, decreases with increasing crack length for the chloride,'78

standard compact-tension data.('l This result is further illustrated in Surface replication methods would not indicate the behavior shown
Figure 17. As yield strength increases, short crack size becomes in Figure 17.
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lion [slow loading frequency, large crack surface area to solution is a unique function of local plastic strain amplitude at the root of a
volume given by large (V,.) -l and fast oxygen reduction kinetics] notch; specifically for slender notches. This parameter is easily
promote hydrogen production by cathodic reduction and hence crack calculated for a variety of notched specimens and correlates notch-
propagaton by HE. Equation (35) resulted from this modeling and initiation data, as demonstrated for a variety of materials in benign
explained how small crack size and low stress ratio enhanced air.' This approach has been successfully applied to CF crack
da~dN. initiation.

Detailed modeling of crack chemistry further indicated that CF crack initiation in carbon and high-strength low-alloy steels
unexpectedly large and geometry-dependent adsorbed hydrogen is exacerbated by exposure to aqueous chloride electrolytes. An
concentrations develop at the tips of small CF cracks for steels in example is shown in Figure 54. Here, the load cycles required to
chloride. For monotonic loading, Gangloff and Turnbull demonstrated produce a 1-mm-deep fatigue crack at the root of a notch are plotted
that crack-tip pH decreases with decreasing crack size because of vs r/pj for the keyhole-notched compact-tension specimen. 29129

enhanced hydrolysis. Here, cations are eliminated by diffusion from A variety of modem steels (strengthened by microalloying, thermo-
the tip of the short crack; dissolution is not transport limited.194  mechanical processing including controlled rolling, quench/tem-
Decreased pH dominated a slightly less cathodic crack-tip to produce pering, and precipitation) were stressed in seawater and air. Classic
increased amounts of adsorbed- hydrogen for the short crack. endurance limit behavior is observed for fatigue in moist air, with the
Turnbull and Ferriss extended this work to cyclic loading with limiting stress range increasing with increasing steel yield strength.M
convective mixing and demonstrated a similar enhancement of In sharp contrast, exposure to either natural seawater or 3.5 wt%
hydrogen production for the short crack.249 For this case, crack NaCI at free-corrosion potentials produced a dramatic reduction in
potential variation played a more important role than reduced initiation life. The endurance limit is eliminated by environmental
acidification. exposure for each steel. Cathodic polarization up to about -1000

These calculations suggest an important effect of steel mVscE restores the majority of the air-fatigue performance; more
composition.249 Chromium, present in alloy steels such as type 4130 cathodic polarization reduced initiation life.
(UNS G41300), hydrolyzes to produce acidic crack-tip conditions for Two points are notable in Figure 54 and are consistent with
electrode potentials near free corrosion. Cracks in C-Mn steels are previous discussions of CF. First, notch crack initiation in the ferritic
less acidified, water reduction is an important source of embrittling steel-chloride system is mitigated by mild cathodic polarization,
hydrogen, and crack geometry appears to play a secondary role in despite the likelihood of HE. This behavior is analogous to that of
local chemistry. smooth specimens but is in contrast to crack growth in precracked

Crack chemistry modeling sensitizes the user of CF crack specimens, as indicated in Figures 25 and 26. An explanation for the
propagation data to possible problems with similitude. The use of effects of cathodic polarization on the initiation and growth stages of
laboratory specimens to predict the behavior of components can be CF is given in the section "C-Mn Ferritic Steels."
questioned when crack chemistries differ because of geometry. This Second, steel composition, microstructure, and strength have
complex situation discourages the fracture mechanics approach to no resolvable effect on CF crack initiation and early growth, as
life prediction, indicated by the results for eight steels reported by Rajpathak and

On balance, however, fracture mechanics studies of CF crack Hartt and for four steels by Novak (Figure 54). Apart from a variety of

propagation demonstrate substantial steady-state and orderly mate- microstructures, monotonic yield strength vaned from 275 MPa for

rial behavior. Applied stress-intensity control of da/dN is supported, normalized A36 steel to 1070 MPa for quenched and tempered V150.

perhaps because crack chemistry generally reaches constant con- This conclusion is consistent with the lack of microstructure and yield

ditions for most cracking situations, as suggested by modeling. The strength effects on CF crack propagation in this system; see the

influences of specimen geometry, AK, R, waveform, and crack size sections "Yield Strength" and "Microstructure" and Figures 30 and

above 1 to 5 mm are secondary. Note that time and specimen 31.
geometry effects on CF have not been examined systematically. The local strain approach to CF crack initiation, enabled by
Exceptions in this regard are the small crack issue,9 ' predictions fracture mechanics solutions for stress intensity, provides an impor-
of surface crack CF behavior from compact-tension data,' 2

1 and rant complement to fatigue crack propagation studies. Additional
work on transient crack propagation preceding steady-state growth work in this direction is warranted. Needs in this regardare forstudies
rates.'- 4  of additional materials and environments, for improved in situ

measurements of notch-root crack initiation, and for the study of
Rapid progress over the past five years suggests that crack small notches typical of material and corrosion-produced defects.

chemistry modeling will intensify and that similitude will be broadly The results in Figure 54 were obtained by optical monitoring of large
tested for CF. There is no doubt that CF crack growth rate laws will machined notches. The electrical potential method is well suited for
be strengthened when necessary and applied to life predictions, high- resolution continuous measurement of crack initiation in
despite tho complexity of this endeavor, complex environments.' The method was successfully applied to

mechanically or spark-eroded defects as small as 75-tIm semicircles.
Crack initiation at pre-exposure corrosion pitting damage could be
monitored by this approach.

Whole life
While the fracture mechanics approach emphasizes crack Necessary Research

propagation, one must ultimately predict the whole life of compo-
nents. A rational means to this end is to couple fracture mechanics
studies of single small, short, and long CF cracks with work on Conclusion
environment-sensitive cyclic deformation and crack nucleation in Opportunities exist for research on CF to (a) broaden phenom-
homogeneous microstructures and near defects.". 9 This can only be enological understanding, particularly near threshold, (b) develop
accomplished if each stage of fatigue deformation and fracture is integrated and quantitative micromechanical-chemical models, (c)
isolated and characterized, develop experimental methods !o probe crack-tip damage and to

Fatigue crack initiation is correctly characterized by cyclic measure near-threshold cycle-time-dependent crack growth, (d)
plastic strain amplitude, as reviewed by Dowling.289 A fracture characterize the behavior of advanced monolithic and composite
mechanics parameter [viz., applied AK divided by the square root of alloys, and (e) develop damage-toierant life-prediction methods and
the notch-tip radius (p)] equals an elastic pseudo-stress range, which in situ sensors for environment chemistry and crack growth.
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Discussion cesses such as Stage I (crystallographic cracking) and the growth of
R.W. Staehle (University of Minnesota, USA): There is a moving cracks, which can be defined by fracture mechanics, may

large body of information on the properties of surfaces and their films, eventually be established, an attempt to do that now would be

j e.g., the large body of film growth work as measured ellipsometri- premature.
cally. Can such information be used to define critical experiments? R.P. Gangloff: A majoradvance in fatigue over the past 20

D.J. Duquette: At present, very few alloy systems have been years has been the recognition, separation, and quantitative char-
investigated for corrosion fatigue (CF) crack initiation behavior. A acterization of cyclic deformation, crack initiation, microcrack growth,

large fraction of the available literature in film growth and stability and long crack propagation. This separation is neither arbitrary nor

does not relate to the alloy systems examined for CF resistance. One based on preoccupation with a specific discipline. As we understand

exception is the work of Magnin cited in this paper, but, even there, the individual processes, e.g., dislocation or fracture mechanics, we

only gross electrochemical parameters, e.g., passive current density, advance to the next stage of coupling the components into the

repassivation kinetics, charge, etc., were measured. There is no obviously necessary description of whole life.
question that attempts at correlating film growth and repair events On the specific issue of fracture mechanics, the necessary

under cyclic loading conditions will lead to significant advances in modifications of common crack-tip field parameters and the point

understanding CF crack initiation, where alternative approaches are necessary as crack length de-
H. Kaesche (Friedrich Alexander University of Erlangen- creases to zero represent one of the success stories recorded since
Nurnbesc Fredrepic oemany: nisiferngen the Firminy meeting. In my view, work on the so-called small crackNurnberg, Federal Republic of Germany): Considering the two polmrpae eatc-ae ruet ihraoal eh

waysof describing corrosion cracking, namely, (a) atomistic physical problem replaces semantics-based arguments with reasonable mech-
chemistry and (b) continuum mechanical fracture mechanics, the anistic understanding that aims at merging the stages of cracking.

For a growing crack, a hierarchy of deformation regions are identified,
iportant point is the "interface" where the two meet. This is the including applied load-remaining area, elastic crack-tip field, elastic-
region of plastic deformation in front of the crack tip. The conventional plastic zone, near-crack-tip process zone, and microstructural.
melfinee withintheplastic fractur mei aoing beymodd to KDepending on the environmental fracture mechanism, stress,
model fields within the plastic zone. This means going beyond the KI strain, and/or strain rate in the near crack tip, microstructurally

concept, which is difficult, but can be done, as shown by Rice. The influenced process zone will govern crack advance. Fracture me-

task is to calculate specifically the value of the crack-opening chanics parameters such as K-, J-, or C-type integrals describe

component of the stress tensor Syy within the plastic zone up to the stress straatra ra for i thre egios ese

crack tip. It is l, and not K., that affects the physics and chemistry stress, strain, and sta r ate for the middle three regions. These

of crack extension. K, is useful only so long as IV can be expressed crack-tip field parameters must be modified to develop the stress and

as a function of K,. At the same time, the quantitative combination of strain picture within single grains and local to grain boundaries or

physical chemistry and fracture mechanics appears to be the precipitates (The means to do this is not fully established, but somephyscalcheistr an frctue mehancs ppeas t bethe success has been reported; for example, in fatigue crack-tip damage
indispensable prerequisite for successful analysis of the matter in sceshsbe eotd o xape nftgecaktpdmg
indipnsl paccumulation models.) Just as we use P/A stress as a starting point
questiDn in models of dislocation processes, it is reasonable to use K, J, or CT

D.J. Duquette: As far as corrosion-enhanced plasticity, which fields for descriptions of microstructural-scale deformation.
has been associated with crack initiation processes, is concerned, H.K. Blrnbaum (University of Illinois, USA): I would support
there has been little correlation of this observation with events Ford's concern about using K as a parameter to correlate the
occurring at crack tips. However, environment-enhanced plasticity behavior of materials in CF. The crack-tip plastic strain (and strain
has been described for hydrogen embrittlement [Birnbaum, in rate) depends on K and cn the yield stress and work-hardening rate
Atomistics of Fracture, ed. Latanision and Pickens (New York, NY: of the material. Yet Gangloff showed data indicating da/dN vs AK
Plenum Press, 1983), p. 733] and for both hydrogen and liquid metal curves were the same for a wide range of steel microstructures in a
embrittlement (Lynch, ibid., p. 955). It will be interesting to see if such corrosion environment At the same K, these should have large
an effect is also observed under actively corroding conditions at crack differences in crack tip E and dddt, and yet they have the same
tips. da/dNl

R.P. Gangloff: I agree with Kaesche's observations, and hope R.P. Gangloff: It is true that sub-Kiscc CF crack propagation in
that my review reflects the successes and remaining challenges in carbon-manganese and alloy steels appears to be independent of
coupling crack-tip stress strain-strain rate field analyses with crack yield strength and microstructure, at least to within a factor of about
chemistry modeling. In this regard, Rice and colleagues [see, for two, due to measurement uncertainty. I do not believe that this finding
example, J. Mech. Phys. Solids 30(1980): p. 447] have shown that K indicates weakness in the stress-intensity characterization.
provides a reasonable single-parameter characterization of opening By analogy, Paris regime intrinsic crack growth in many
stress and plastic strain very near the crack tip, within the plastic material-inert environment systems appears to be independent of
zone, and in the elastic field for small-scale yielding. Clearly, local monotonic or cyclic yield strength and microstructure. Most agree
stress and strain control fracture: fortunately, such quantities scale that crack extension here is controlled by crack-tip cyclic plastic
with K. Additional research is required for moving cracks, very near- strain, the amplitude of which depends approximately on the ratio of
tip behavior, cyclic deformation, time./environment-sensitive defer- AK2 to the cyclic yield strength. Micromechanical damage accumu-
mation, and noncontinuum microstructural effects. Gerberich reviews lation models couple this strain field with low-cycle fatigue failure
these advances and uncertainties in detail in his contribution to this parameters and the microstructural distribution of strain to show that
conference. daldN depends on AK4 and (yield strength)-1. That is, yield strength

F.P. Ford (General Electric R&D Center, USA): Is not the has a second order effect on crack growth. (See, for example, H.J.
division between "initiation" and "propagation" purely arbitrary, and Roven, Ph.D. diss., Norwegian Institute of Technology, 1988.)
to a certain extent spawned by our preoccupation with fracture The problem with interpreting the CF data is that we do not have
mechanics (which must break down as the crack depth approaches a sufficiently predictive micromechanical and chemical model to
zero)" Is there a stress-related parameter that can be fundamentally describe strength and microstructural effects. When such a model Is
related to the environmentally assisted component of crack ad- developed, I believe that fracture mechanics will play a central role in
vance? If so, surely this is the parameter that can be used to span the describing crack-tip plastic strain. As an aside, additional work is
initiation/propagation semantic division, required to separate and systematically quantify strength and micro-

D.J. Duquotte: Unfortunately, most of the crack initiation structural effects in CF crack propagation. Surpnsingly, little work has
research that has been recently reported was performed on single been reported in this regard.
crystals, pure metals, or highly ductile alloys (with the exception of R.C. Newman (University of Manchester Institute of Sci-
the effects of pits on initiation, as will be shown in Komai's paper in ence and Technology, UK): Duquette has referred to studies
this conference) Accordingly, while links between initiation pro- showing effects of both thick and thin films on crack initiation. I
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wonder how important thick (hundreds to thousands of Angstrom) incorporates the time-dependent (chemical) constitutive relationship.
films can be, since they are normally precipitated, or at least With the proper parameter, similitude is likely, as illustrated by C* or
contained a lot of precipitated material, when formed in aqueous CT descriptions of time-dependent (thermal) crack-tip fields. In the
systems. I should think that most precipitated films are poorly bonded final analysis, however, the problem remains to demonstrate that
to the metal, and therefore should not have much effect on environment alters material flow over the size scale of the process
deformation. zone and to define the time-dependent flow rule. Without such

D.J. Duquette: There are only a few observations related to evidence, the discussion is hypothetical. CF is a synergistic phenom-
persistent slip band (PSB) interaction with "thick" films (S. Ortner, enon that results from many interactions. It is not necessary, as
Ph.D. diss., University of Pennsylvania, 1986), and those films were envisioned by your first point, that stress enhance corrosion or vice
more than likely not strongly interacting with PSB formation. How- versa.
ever, when- strain-controlled cyclic deformation experiments w;ere R.P. Wei (Lehigh University): In discussing initiation vs
performed in environments and at potentials- where coherent bulk propagation and short crack vs long crack, one must separate the
oxide films were formed, a readily definable and observable effect on contributions from mechanical and chemical factors. In assessing
PSB formation was observed. Moreover, a measurable back stress causes, it is necessary to recognize that the chemical environment
on PSBs, created by the bulk oxide, was measurable. Thus, at least may be quite different. For initiation and short cracks, the local
in this system (copper in sodium perchlorate), a bulk oxide most environment is expected to be nearly identical to the external
definitely had an effect on surface deformation and subsequent crack environment. For long cracks, on the other hand, the conditions at the
initiation. Whether or not this can be stated as a general observation crack tip are expected to be very different from that of the bulk.
is still open to question, but will undoubtedly depend on the With respect to mechanical forces, it is necessary to recognize
metal/environment systems. the influence of loading modes (viz., predominantly Mode I for crack

R. Jones (Pacific Northwest Laboratory, USA): Are PSBs propagation vs mixed Modes 1, 11, and III for crack initiation along
observed in short or long Mode I cracks? If not, and I strongly suspect PSBs).
that extensive PSB formation does not occur at crack tips, then R.P. Gangloff: I generally agree with these observations, In our
results obtained with smooth-bar and precracked samples will differ work on "chemical crack size" effects (Metall. Trans. A 16(1985): p.
significantly. 9531, we show that the geometry-sensitive contributions of wake

D.J. Duquette: It is, of course, very difficult to observe PSB closure and enhanced crack-tip plasticity are not important through
structures at the tips of cracks. However, researchers who have long measurements conducted with vacuum and air environments. Ge-
studied low-cycle fatigue processes have generally argued that ometry-dependent crack-chemistry effects are therefore isolated.
plastic strain-controlled experiments on smooth-bar specimens in Second, it is an oversimplification to assume that short cracks are in
fact model events in the plastic zones of growing fatigue cracks. From total communication with the bulk environment, while long cracks are
a mechanistic (but not modeling) point of view, dissolution/deforma- not. Turnbull [Corros. Sci. 26(1987): p. 601] has demonstrated that
tion interactions should be similar. After all, a Stage I or crystallo- the effects of diffusion, convection, and the ratio of crack surface area
graphic crack is only an extension ot a PSB. to solution volume result in crack chemistries that differ from the bulk

R.P. Gangloff: The common observation of crystallographic at intermediate crack dcplhs (perhaps of the order of mm), with
(Stage 1) cracks, associated with single slip bands and produced at extensive diffusional exchange at shorter depths and enhanced
low stress-intensity ranges, is strong evidence for the operation of convective mixing for deeper cracks.
PSBs at crack tips. In fact, Starke and coworkers [in Fatigue Crack
Growth Threshold Concepts (Warrendale, PA: TMS-AIME (1984), p. R.W. Staehle: Is it possible to use more defined environments:
431 model AKth based on Ihe K level that is necessary to exceed the for example, for aluminum use sodium hydroxide, which reduces film

threshold plastic strain required to form a PSB, as measured for stability?
smooth specimens. The similarity between smooth and cracked R.P. Gangloff: "More defined" is an elusive term. I believe that
specimens is, perhaps, intuitively reasonable if the strong plastic the most defined environments are those that have been extensively
strain gradient predicted from continuum mechanics is replaced by a modeled and probed to characterize occluded crack electrochemistry
series of discrete plastic strain levels averaged over a microstructural and transient surface reactions. By this criterion, aqueous sodium
slip distance ahead of the fatigue crack, chloride at constant bulk pH and applied potential is a reasonably

S.C. Janl (Georgia Institute of Technology, USA): CF is a well-defined system for ferrilic alloys. I would not discourage the use
"synergistic" phenomenon, which implies that at least one of the of carefully selected environments (e.g., buffered); however, one
processes (stress or corrosion) must be enhancing the other. I see no must recognize the possibility for changes in crack-tip chemistry
work that has addressed the effect of environment on the micro- (e.g., depleted buffering capacity).
deformation process as a way of controlling and/or determining the S.M. Bruem mer (Pacific Northwest Laboratories, USA):
crack-drivingfinifiation force. Duquette has indicated that CF crack initiation can change from

The transition from PSB (initiation) to short crack is not transgranular slip band dissolution to intergranular. It is not clear why
necessarily due to a change of operating mechanism. Once again, a deformed grain boundary would be more electrochemically active
the problem is one of getting a handle on the mechanics of the two than a PSB. Why does this become the case and is this specific to
processes. An energy-based parameter for correlating initiation copper or a general observation?
time/crack growth rates is Inherently more correct as opposed to a D.J. Duquette: For pure metals, the extent of deformation
stress-based parameter (K or AK). Furthermore, once time-depen- associated with grain boundaries is much greater than the deforma-
dent processes (corrosion) modify the deformation behavior, K tion associated with PSBs (at least at large strain ranges). For
becomes a meaningless parameter, because although it still char- example, in the absence of environment, both polycrystalline copper
acterizes far-field Si and q, it has no relation to what is occurring in and nickel have been shown to exhibit intergranular fatigue crack
the process zone, Ie., similitude is nonexistent. Therefore, the initiation and propagation at either high cyclic loads or strains (Laird
linear-elastic fracture mechanics or elastic-plastic fracture mechan- and Duquette in Corrosion Fatigue, ed. Devereux, et al. (Houston,
ics concepts should be modified to account for the changed TX: NACE, 1972), p. 88). In fact, in our experiments, the observation
constitutive behavior in the process zone. The same comment of intergranular initiation and propagation under actively dissolving
applies to propagation behavior, conditions at a stress range where transgranular cracking is ob-

R.P. Gangloff: Jani makes an important point that is worthy of served in air supports a model in which preferential attack occurs at
investigation. I agree thattime-dependent environment-based changes regions of highest deformation, and conversely, preferential defer-
in material deformation behavior will affect crack-tip stress, strain, mation occurs at corroded sites. Thus, under conditions of active
and strain-rate fields, which ultimately control fracture. If this behavior dissolution, the metal behaves as though it were actually at a much
occurs, then the crack field must be described by a parameter that higher stress range.

108 EICM Proceedings



M.M. Hall (Westinghouse Electric Corporation, USA): Gan- R.P.M. Procter (University of Manchester Institute of Sci-
gloff's presentation and the resultant discussion has focused atten- ence and Technology, UK): Gangloff has shown the excellent
tion on the limitations of the stress-intensity factor for correlating agreement that can be achieved between fracture mechanics life
environment-induced crack growth with microstructure and crack-tip predictions and S-N data on full-size tubular joints in air. He then said
chemistry For a normally ductile material in which the fracture that similar agreement could not be achieved in seawater and that he
process occurs in the crack-tip process zone, is it not possible that would return to this point later in the presentation. In fact, I do not
the cracking response can become independent of the stress- think you did return to this point in your talk, and if it not dealt with in
intensity factor whenever this process zone, the size of which is the written paper, would you please expand on your statement. Are
related to the stress-intensity factor, is significantly larger than the you suggesting that the fracture mechanics life-prediction combined
distance between the microstructural features that govern the with appropriate CF crack growth rate data does not agree with the
micromechanical fracture event within the process zone? In a similar results of full-size tubular joint data in seawater, with or without
way, local chemistry effects may possibly be independent of stress- cathodic protection? If not, why not? I believe that if you have good,
intensity factor when the embrittling effects on microstructural reliable, and appropriate (i.e., appropriate frequency load spectrum,
boundaries and influences on plasticity extend to a depth below the calcareous deposit) CF data, fracture mechanics life prediction will
surf,:c" that lies entirely within the process zone. Can these concepts work well both in air and seawater.
act .-unt for the example Gangloff provided? R.P. Gangloff: Time prevented me from dealing with this

R.P. Gangloff: I reject the implication that stress intensity is ill important issue. I agree with your position. As detailed in a recent
",itd to correlate environmental crack growth- The stress-intensity- paper [see Fatigue 87, ed C.J. Beevers (Worley, UK: EMAS, 1987),
controlled process zone scenario that you describe is reasonable for p. 1723), I believe that the fracture mechanics approach is capable
threshold conditions but not for crack growth kinetics. I do not believe of predicting tubular joint life for fatigue in a marine environment.
that this picture represents a limitation on AK correlations of Results to date have, however, been limited in contrast to the air case
microstructure and crack-chemistry effects, nor do I understand how for two reasons. First, low-frequency full-scale welded joint tests in
it can explain the various data examples I presented. What you seawater are few in number and only recently the focus of experi-
suggest is, of course, the basis for micromechanical modeling of mental work. Second, as I point out in the written paper, many
cleavage, ductile fracture, and hydrogen embrittlement. In these interactive variables (viz., frequency, AK, closure, load spectrum,
monotonic fracture processes, the K level at which the process-zone applied electrode potential, crack size, and organic content) greatly
stress or strain just exceeds a critical value over a characteristic complicate identification of the appropriate crack growth law, partic-
microstructural distance is taken as an equilibrium K, or K , thresh- ularly for rates below about 10 - 5 mm/cycle. The role of external
old Increased K will involve more "weak link" microstructural surface hydrogen production is also unclear, and we are unsure as
features in the fracture process zone, and growth rates will acceler- to how to deal with the conflicting effects of cathodic polarization on
ate Kinetic models are not, however, available. For environmental weld-defect-sensitive initiation and crack propagation. I suspect that
cracking, rates will be defined by crack mechanical fields and by major advances will be recorded over the next five years that will lead
mass transport and reaction kinetics. A AK-independent cracking to reasonable fracture-mechanics-based life-prediction methods.
response may or may not develop, depending on the detailed driving
forces and rate-limiting processes, The development of kinetic
models is one of the important challenges facing the environmental
fracture research community.
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Elevated-Temperature Creep-Fatigue Cracking
in Relation to Oxidation Effects

A. Pineau*

Abstract
This paper is concerned with the effect of high-temperature fatigue on the cracking behavior of structural
materials, especially austenitic stainless steels (SSs) and Ni- or Co-base superalloys. Both crack
initiation and crack propagation are considered. In the introduction, it is shown that Ni-base superalloys
are very sensitive to the effect of hold times on crack growth rates and that this behavior is directly
related to oxidation damage. Moreover, large increases in crack propagation rates are observed when
the failure mode changes from transgranular to intergranular. The mechanisms responsible for
intergranular cracking are analyzed in the second section. Three types of mechanisms are successively
discussed: (1) slip-induced intergranular cracking, (2) intergranular creep cavitation, and (3) oxidation-
induced grain-boundary cracking. The results obtained on austenitic SSs are used to show the effects
of bulk intergranular creep cavitation damage. The third mechanism is discussed more thoroughly. The
results published in the literature on three specific materials, Cr-Mo-V steels, a Ni-base superalloy
[Inconelt 718 (UNS N07718)] and a Co-base superalloy (MAR M 509) are reviewed. It is concluded that
static oxidation data are not applicable to stressed material. Plastic strains can modify the type of oxide
scale formed on (he frse surface of specimens. Moreover, the oxidation kinetics are largely dependent
on the applied plastic strains. In the third section, an attempt is made to model creep-fatigue interactions
with relation to environmental effects. Crack initiation is considered first. It is shown that a damage
equation, in which the cyclic plasticity and the time-dependent oxidation components are simply added,
provides satisfactory results. However, the limitations of this simple approach are underlined. Crack
growth behavior of one specific Ni-base superalloy (Inconel 718) is considered. An upper bound for the
crack growth rate under fatigue loading is suggested as being the sum of the time-dependent static
component and the viscoplastic zone formed ahead of the crack tip. The difficulties encountered in the
determination of the static component, which are probably related to environmental effects, are shown.

Introduction situation is illustrated in Figure 1, which refers to a disk material,
Macroscopic cracks can initiate and propagate in metallic parts at Inconel 718 (UNS N07718), tested at a given AK (40 MPa\'mr) and
elevated temperature under the combined influence of creep dam- at two temperatures, 550'C and 6500C by several investigators 1.6 A
age, fatigue damage, and/or environment-induced damage. In par- transition between transgranular and intergranular fracture is ob-
ticular, fatigue is known to be a limiting factor affecting the useful life served when the test frequency is decreased at a given temperature
of aircraft turbine disks. In these components, where temperature Figure 1 indicates that the critical frequency is increased by a factor
can approach 6500C, time-dependent effects arising from creep- of about 3 when the test temperature is increased from 550°C to
fatigue-environment interactions may aggravate the cracking prob- 6501C. It is also worth noting that at 650°C and low frequency, the
lem. Similar examples can be found in the power-generating industry slope of the dadN frequency curve is close to -1 This suggests that
where the formulation of rational life-prediction procedures is still in this regime the propagation rate is essentially time.dependent This
more essential in the sense that modern plants may be required to example is representative of the situation observed in other Ni-base
operate in aggressive or inert environments up to 30 years or more. superalloys, as shown in Figure 2, which compares the fatigue crack
In the creep range, the interaction of oxidizing, carburizing, or growth rates measured at 6500C under either continuous cycling at
irradiation environment with creep and fatigue damage are poterial relatively high fi equency (0.33 Hz) or under creep-fatigue conditions
areas for concern, corresponding to the application of a 15-min dwell period at maximum

The major change between low-temperature and elevated- load.7 These materials were developed to achieve widely different
temperature fatigue is the occurrence of intergranular fracture. This mechanical properties (yield strength between 880 MPa and 1280
change in fracture mode from transgranular at low temperature to MPa) and metallurgical microstructures. such as grain size (between
intergranular at high temperature is a general rule observed in 5 1Am and -100 fim) and volume fraction of- 'precipitates (between
polycrystalline materials. Both crack initiation, which is usually 20 and 60%). The difference in crack propagation rates is less than
investigated in high-strain, low-cycle fatigue and crack propagation one order of magnitude when the failure mode is predominantly
(which is investigated using specimens tested under small scale transgranular [Figure 2(a)]. On the other hand, much larger differ-
yielding) tend to become Intergranular in the creep range. This ences are noticed (- 3 orders of magnitude) when the failure mode

is predominantly intergranular [Figure 2(b)]. In Ni-base superalloys,
the acceleration in crack propagation rate at low frequency is

'Cei,:re des Materiaux, Ecole des Mines, BP 87.91003 Evry Cedex, essentially related to the detrimental effect of oxidizing environment.
France, UA CNRS No. 866. In particular, this conclusion applies to Inconel 718 alloy. In this

tTrade name.
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material, the effect of microstructure and environment on the fatigue reviewed recently by the present author.8 This paper concentrates
crack growth-rate behavior was investigated at 6500C under a fatigue only on the methods in which environmental effects are taken into
cycle including a 5-min hold time at maximum load. 3 Three micro- account.
structures were investigated: a relatively fine grain size material
(- 40 jIm), a coarse-grained microstructure (200 jIm), and a
necklace microstructure consisting of fine recrystallized grains (5 to .

10 Lim) surrounding hot-worked coarse grains (100to300 im).Tests
were conducted both under air environment and vacuum. The results "*
reported in Figure 3 show that the strong microstructural effects U 10 . V # V#
observed under air environment no longer exist when these micro- E +
structures are tested under vacuum. _G V +
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FIGURE 1-Inconel 718 alloy (UNS N07718): the effect of test 0 4 = necklace structure;
temperature and frequency on the fatigue crack growth rate. V V = coarse-grained material;
Note that at 6500C and low frequency the slope of the da/dN- 0 0 = fine-grained structure.
frequency curve is close to -1, Indicating that the crack
propagation rate is essentially time dependent. Micromechanisms Responsible

a -for Intergranular Cracking
Sa) ~b

E E Slip-induced intergranular cracking
0 Ni At high strain amplitude, fatigue cracks in pure metals, such as

Ni and Cu, nucleate preferentially along the grain boundaries at free
Vv ao / surfaces. This mode of cracking can occur also in structural

* ,*,,~ materials, such as Ni-base superalloys, at relatively low temperature
0 NASA 11 0 ,ASA 1s-1 (T/Tf < 0.3) and high temperature, as well. There is little fundamental0 NAI~l is

¢ OERL IS
A IN, A I IS$ work on this topic, especially at elevated temperature. It is usually
I NjA,..PI A recognized that crack nucleation at grain boundaries is promotedo All s10f l

0 A111016 ~ either by the notch effect at the grain boundaries, associated with
* Wlppei,, rumpling of specimen surfaces, or by impinging slip bands at the

AK (MPa ff) AK (MPafm) surface.
In a given material, such as pure Ni, it has recently been shown

FIGURE 2-Fatigue crack growth rate as a function of AK range that the factors influencing this mode of cracking are as follows.'"
In various Ni-based superalloys tested in air, at 65000: (a) 0.33 (1) The type of boundaries, High-symmetry :3 boundaries exhibit a
Hz triangular waveform, and (b) creep-fatigue tests with a 90-s better resistance. This has been rationalized in terms of the ease

with which crystal dislocations can be transferred across the
From this introduction, it should not be concluded that the boundaries.

transition in fracture mode is only associated with environmental (2) The orientation of the grain boundaries. In push-pull tests,
effects. In other materials, other andior additional forms of intergran- slip-induced grain-boundary cracking occurs more easily if the
ular damage exist. As a rule, one can distinguish three types of grain boundary plane makes a large angle with the stress axis
microstructural damages that could explain the transition In fracture and if the incompatibility in slip between adjacent grains is such
mode. They include (1) slip-induced intergranular cracking, which that the out-of-surface component of the slip vectors is large.
can take place even at low temperature, (2) grain-boundary creep (3) In tructural materials, the slip character, which is related to both
cavitation, and (3) oxidation damage. These three types of damage the chemistry of the material and the microstructure. Low
are discussed successively, although the emphasis is upon environ- stacking fault energy (SFE) promotes planar slip and the
mental effects. Then an attempt is made to show how these studies octurrence of mechanical twinning.' 2 13 Austenitic SSs and
devoted to the micromechanisms can be used as guidelines for the some Ni base superalloys are materials exhibiting planar slip at
develupment of life-prediction methods, These methods have been room temperature. This mode of deformation may be responsi-
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ble for intergranular cracking because of the high stress The improvement in creep-damage resistance occurring for long hold
concentrations produced between a grain boundary and an times can be illustratad by the results of quantitative measurements
impinging slip band. of intergranular damage (D). The damage (D) was defined as the
The increase in temperature tends to promote a more dispersed ratio between the cumulated length of cracked grain boundaries per

or wavy slip. This tendency can be rationalized in terms of the unit area of a polished section (L.) to the total length of grain
increase in SFE with temperature, which is a general rule observed boundaries on the same area (I,).
in most materials, 13 and in terms of the effect of thermal activation,
which allows dislocations to cross slip and climb out of their original 0 :____........_-__ --__ . . .....___ ..... ..___ ....
slip planes. This situation should reduce the occurrence of slip- 10
induced intergranular cracking when the temperature is increased. 5 AC W 104 1.0 12. 3. 1
Unfortunately, there are many exceptions to this rule. Many materials
are used in a temperature range where dynamic strain aging can take 2 <..

place. This in turn favors planar slip character, which could be el
responsible for the reduction in fatigue life observed, e.g., in ferritic 0

steels, over a temperature range close to 400°C. o :
In precipitation-hardened materials, slip character is directly o A

related to the by-passing mode of particles by dislocations. Small - 2
precipitates are easily sheared by dislocations. They give rise to a Z 0 *,
concentration of the deformation into intense slip bands, while large
particles that are by-passed by the Orowan process tend to disperse .
the deformation more homogeneously within the grains. 14 Recently,
a model has been proposed in which large shearable particles led to 2
coarser slip, which in turn produces intergranular fracture in age- I
hardenable AI-Li alloys.1 5 In Ni-base superalloys, the fact that slip 1 2 5 10 2 5 102 2 5 03 2 S Io
character plays an important role in the transition to intergranular
fatigue fracture has been emphasized by many authors (for example, th (rnn)
Reference 4). This was one of the viewpoints adopted in a detailed
comparison of two Ni-base superalloys widely used for the fabrication
of turbine disks, Waspaloyf (UNS N07001) and Inconel 718.'r19 FIGURE 4-Austenitic SS tested at 600'C VIRGO heat: influence

of dwell at maximum tensile strain on fatigue life. Note theThe exact mechanisms by which slip-induced intergranular satu.-ation in hold time effect for very long test (- 1 year).

cracking is promoted by slip inhomogeneity are not yet fully estab-

lished. The experiments performed on Nimonict 8020 and on
Astroloy,t .21 in which it was shown that a prior deformation at room
temperature followed by a short anneal without any applied macro- 0..
scopic stress was sufficient to induce the formation of grain-boundary
cavities, clearly indicate that the large microscopic stresses associ-
ated with the intersection of a slip band with a grain boundary or a 2
grain-boundary particle can be deleterious. I

Intergranular creep cavitation 5
If oxidation appears to be the most damaging process in high- /"

strength materials (such as Ni-base alloys) tested at intermediate Z 2
temperatures (- 6501C), in lower strength but highly ductile materials Z  \ \4

(such as austenitic SSs), grain-boundary cracking occurs by the /0
nucleation and the subsequent growth of creep cavities. A large io o
research effort has been made over the last ten years to improve the 16E, (1) 1 0.7 01'2 i.
theoretical models (e.g., Reference 22). The applicability of these 2
models to structural materials is somewhat questionable. In particu- -__ ........ ___........ ____\_...._ \__
lar, they do not take into account the aging phenomena taking place 0 0 2 S0' 2 5 102 2 5 10 2 5 10'
in these materials, which can give rise to very strong effects. This is
illustrated in Figures 4 and 5, which refer to the results obtained on
two heats of type 316L (UNS S31603) austenitic SS. 23 -25 These
materials were tested at 6000C under low-cycle fatigue. A tensile hold FIGURE 5-Austenltic SS tested at 600°C ICL heat: Influence of
time (th) was superimposed to the fatigue cycle at maximum strain, a dwell at maximum tensile strain on fatigue life. Note also the
It is observed that the creep damage occurring during stress saturation effect observed for long hold time (24 h).
relaxation leads to a reduction in fatigue life (N,).

This effect, noticed for relatively short hold times (th < 500 min) In Figure 6. we have reported the variation of intergranular
and thus relatively short test durations (t < 1000 h), is the basis of a damage per cycle (D) (D, = D/N ) as a function of hold time. The
number of creep-fatigue interaction models (for a review, see results obtained by other authors are included. .30 As expected, for
Reference 8) One of the difficulties with these models is that they are relatively short times, creep damage (Do) is an increasing function of
usually unable to predict the saturation effect observed for long times dwell period (t,). However, for very long tests, the damage per cycle
in both materials when tests as long as one year are performed at shows a saturation effect similar to the situation observed for the
intermediate s!'ain amplitude (AE, - 1%). These results, which have fatigue life in this material (Figure 4). These results were used to
also been observed by other investigators (e.g., Reference 26), are model the creep-fatigue interactions occurring in this type of mater-
of noticeable practical interest. ial.2325 Briefly stated, this model is based on the accelerating effect

Qualitatively. they can be related to the complex variations in of fatigue crack growth rate induced by creep damage. It was shown
creep ductility associated with carbide precipitation during the tests that even in these materials, which are strongly resistant to oxidation

effects, oxygen attack largely reduced the crack initiation stage such
tTrade name. that, within a first approximation, it can be assumed that for the tests
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with a hold time the number of cycles to crack propagation (Nc F) is Oxidation
roughly equal to (NSFF). The reduction of the propagation stage can be The extensive studies performed in particular by Coffin 3 have
measured by a parameter (i), which was defined as: clearly shown that, in many materials, the reduction in fatigue life

N NF_ NCF observed with an increase in temperature was closely related to a
NFNCF  (1) detrimental oxidation effect. In Ni-base superalloys, it is nowwell

NP- P established that the environmental effect is mainly responsible for the

where N F and Nc F are the numbers of cycles to propagation in a pure degradation in endurance when these materials are tested in what is
fatigue test and a creep-fatigue test, respectively. N1 can be conventionally called "creep-fatigue" conditions. For a review, see
determined from conventional low-cycle fatigue tests provided the Reference 32.
fatigue life to crack initiation (NF) is known. Figure 7 shows that there To simplify the discussion, we do not include the form of oxygen

exists a fairly good correlation between D. and ic, except for very attack by simple absorption of oxygen at the crack tip. Two types of
short hold times (- 3 inn) for which the assumptions made in this crack-tip situations are considered in Figure 8. In Type A, an oxide
model are not valid. It is also worth noting that this correlation applies has formed at the crack tip. Cracking occurs in the oxide or at the
also to the tests corresponding to the longest hold times. This result matrix-oxide interface. In Type B, oxygen has diffused into the metal
is encouraging, since it suggests that the assessment of the ahead of the main crack and promoted the formation of subsurface
remaining life of components subjected to creep-fatigue conditions cracks that link to the main crack.
could be made by using the results of metallographical observations
similar to those used for a number of materials submitted to creep
conditions. j MECHANISMS OF OXYGEN ATTACK I

i -o Formation of oxide

o Type A at crack tip

o 'Grain Boundary,01
• " Sub-surface

Epi (0Il STEEL Type B
oxidation damage.. o" O 0.20

o 0.50 VIRGO
WI o 1.00

* 0.16
0.40 I C L FIGURE 8-Mechanisms of oxygen attack.

X 0.57
Type A oxidation mechanism.

0p 01 z  10 hn)Oxide scale formation and preferential oxidation-One form of
Lh (inn) 1 damage often reported in high-temperature fatigue is the formation of

oxide wedges in grain boundaries. Grain boundaries are preferential
FIGURE 6- Austenitlc SSs, heats VIRGO and ICL: variation of sites for oxidation because of either more rapid intergranular diffusion
intergranular damage per cycle (D.) as a function of tensile hold or because the carbide particles commonly present in the boundaries
time (th). The saturation In the effect of dwell period on fatigue are themselves preferred sites for oxidation. The fact that these
life correlates with the varlaticn of Intergranuiar damage (Dc) a rwedges prefe eta sites for crac tiat hs
observed In VIRGO steel grain-boundary wedges form preferential sites for crack initiation has

been clearly shown by a number of investigators, in particular by
Antolovich, et al . 33 4 These authors showed that the effect of prior

oxidation with or without any applied stress was to reduce the fatigue
2 (30 Lh in. mmin) life, the reduction being largest for stress-exposed specimens (Figure

]2 " ,00 9). It was also shown that in this material a crack initiation criterion
30 1 00 based on the maximum stress (rmax) and oxide depth (I,) of the type:5 0

30 cr1 ,umaxIl = constant, with p - 4 (2)

10- 3  10 represented the data well.3
u 5 In this form of damage, the first factors are the alloy chemistry

and the partial oxygen pressure. These factors control the preferen-

2 I 1.2 tial formation of one given species of oxide. In Ni-Cr alloys, it is

7ICL AEt - accepted that Cr 2O3 -type oxide is more protective than a spinel-type
10 IVIRGO Acp - 1.0 Z o 2.0 .- FeNi-rich oxide.

To illustrate the variety of responses that can be observed in a
given material, we refer to a recent study performed on a nickel-base

2 03 superalloy containing about 18% Fe, Inconel 718 .3 This author used
Auger spectrometry analysis to determine the type of oxide that was

10 "  formed as a function of partial oxygen pressure and of the specimen
.,..preparation. All the oxidation tests were performed at

10"5 2 5 10"4 2 5 10. 3 2 5 10"2 6500C. Electropolished specimens were observed first. The results
given in Figure 10 show that, at low-oxygen partial pressure (;G 10- 4

Dc Torr), only Cr 2O3 type was identified.
At higher oxygen partial pressure (; 10-2 Torr), both spinel

FIGURE 7-Correlation between the relative reduction In fatigue type (FeNiO) and Cr 2O3 oxides were observed. This suggests that
life, measured by I, parameter and measured Intergranular the oxidation under air environment occurs in two stages, as
damage per cycle (Dc). indicated schematically in Figure 10(a), with the formation of FeNi-
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rich oxide followed by that of the more protective film formed by Cr20 3  A m
oxide. The transition time (tp) was not measured. At atmospheric St - -
pressure, it is lower than a few minutes. Other results presented in 1st STAGE I
the following suggest that the relative sensitivity of this nickel-base 101
alloy to environmental effect might be related to the formation of the a) I
FeNi-rich oxide. Other factors, such as the Pilling-Bedworth ratio- 2

associated with the volumetric expansion coefficient due to oxide 2 nd STAGE
formation and the difference in thermal expansion coefficients of Am tI- -

base metal and surface oxide, are also important. S

XI

Rene o , __

° 0 8 70 °C to tp Time

LU

Z •

< INCONEL 718 (Ni.Fe.0)

z 650 c
Metal Cr+

W 102 at Conventionally Heat Treated b) Ct Selective oxidittvon -v

0 x o e 1 0 h t 8 .Cr 203 Cr zO3+ Fe .. " Ni .Fe Selective oxidation
- OExposed 100 hr at 982°0C. __-

<Metal Metal"
_ Exposed 100 hr at 962C &97 MPa. 1- 111

-J

.• ," ' /," // .Surface 0 -. .. .

subsequently re.nachined before testing. 0

Il I1FIGURE 10-Results of oxide Identification by Auger spectrom-
I Z 03  0e etry on electropolished specimens of Inconel 718 alloy (UNS

CYCLES TO FAILURE N07718): (a) sketch showing the variation In weight (Am/S) as a
function of time. Two stages are distinguished corresponding to

FIGURE 9-Rene 80 tested at 87CC: low-cycle fatigue life as a FeNI-rich oxide and Cr-rich oxide formation, respectively; and
function of plastic strain range. Note the reduction in fatigue life (b) transition time (tp) between both forms of oxides as a
on pre-exposed material and the effect of remachining before function of oxygen partial pressure.35

testing.3

Cyclic oxidation-There are still very few detailed studies I3COEL78,6508 i

devoted to the interactions between cyclic deformation and oxidation, tp 0 Mechanical polishing
Two main comments should be made: The first relates to the change a Shot peened
in the type of oxide formed; the second relates to the dramatic change Cr Selective oxidation
in kinetics.

The type of oxide film formed at the specimen surface can be (FeNiO) oxide
strongly dependent on the specimen preparation, especially on the .- 0

existence of cold-worked surface. The effect can occur when the --

material-atmosphere combination Is such that several types of oxide
scale t'. be formed. This is shown in Figure 11, which refers to -
Inconel 718 . s In this material, it Is observed that when the - o o"
specimens are fi;:t submitted to a shot-peening treatment before • U

being oxidized, only Cr-rich oxide is formed, whatever the partial .
oxygen pressuro, which Is different from the situation observed on 10 6 10"- 10-4 10-3 102 101 V

electropolished specimens. In a study devoted to the interactions of P02 (Torr)
low-cycle fatigte and oxidation, it was shown that the typo of oxide FIGURE 11-lncoiiel 718 alloy (UNS N07718). pre-exposure at
scale formed on the surface of a 9.5Cr steel tested at 6501C was also 6600C. Influence of residual stresses on the transition In oxida-
strongly dependent on cyclic deformation.37 In this material, the lion mechanism. Cr-rich oxide Is preferentially formed on
protective oxide scales on undeformed specimens are Cr rich. They shot-peened specimens.35

cover a small surface area (- 2%), On the other hand, low cycle
fatigue deformation leads to a strong increase of the surface area Figure 12 shows the results of measurements of oxide growth
covered by the nonprotective Fe-rich nodules that can reach 50%. per cycle obtained at 550°C by Skelton and Bucklow on a Cr-Mo-V
The reason for this Is the Cr depletion in the subsurface zone steel. 8 It is observed, as noticed in other studies, that below some
resulting from the formation of the Cr-rich oxide and oxide spalling minimum strain (. 0.1%), the accelerating effects of cyclic deforma-
due to cyclic deformation. tion seem to disappear. This minimum strain is related to the fracture

Quantilative studios dovo!ed to the cyclic-deformation modifi- tensile strain of the oxide scale and to the residual stresses between
cation in oxidation kinetics are very scarce, except those by Skelton the scale and the base material. In MAR M 509, Reuchot and Remy
and Bucklow"  on Cr-Mo-V steels and those by Reuchet and Remy3" investigated both the matrix oxidation and the preferential oxidation
on a Co-base superalloy, MAR M 509. Both studies have clearly of primary MC-type carbides.39 In this cast material, the microstruc-
shown that stress and/or strain-free oxidation data are inapplicable to lure consists of a face-centered cubic (FCC) matrix plus primary MC
highly strained situations. carbides in a Chinese script morphology. At high temperatures,
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cracks initiate at oxidized MC carbides and crack growth occurs
through the matrix and along the carbides. The results of matrix oxide E MAR M 509 9000C 0=0 &
scale thickness measurements are shown in Figure 13, where it is :: oto o L
observed that cyclic deformation increases the oxidation kinetics, the AE2 (p,..3 D 0

effect being an increasing function of applied plastic strain. These 0 2. ." 2
results were interpreted in terms of a classical equation for the 4)10 >5P
kinetics of oxidation: "0.o go

eM= c M 1/ (3) ".

where eM is the thickness of the oxide scale and aM was found to be 1)

related to the plastic strain amplitude AEp/2 by a linear function: X

aM = a (1 + KM AEP) (4)

where KM is a constant at a given temperature. 01 .
This equation applies to plastic strains larger than 310-4.The 10, 10 104 10 10

preferential oxidation of MC carbides was measured by the depth of time (s)
subsurface attack (Figure 14). The results can be expressed as: FIGURE 13-Co-base superalloy tested at 900°C. Variation of the

matrix oxide scale thickness as a function of exposure time for
lox = a t1/

4  (5) stress-free specimens and for low-cycle fatigue specimens
tested at failure.

39

where the oxidation constant (c) is an increasing function of applied
stress or applied strain. Expressed in terms of plastic strain, it was - MAR M 509
written as:4°  E

ao = a, g (AE0) (6) 0

with g =A/,, for A > Lai
g = 1, for AE < Ae C

These results can be used to model fatigue-environment
interactions, as shown later. Skelton and Bucklow38 were the first to 0

suggest that at high temperature, the crack growth rate in an
aggressive environment could be the sum of the fatigue component 10

"1 oxqe M• or (M P a)
in an inert environment [pure fatigue, (daldN)FaJ, plus the oxidation 0M0

rate [(da/dN)ox} at the crack tip, that is: A 120
v 243

(da/dN) = (da/dN)Fat + (dadN)o, (7) n 286

This approach is discussed in more detail in the following. I...... . . .I. . . . I , j
103  10 101 106

0.4 TIME (s)

FIGURE 14-Co-base superalloy tested at 9000C. Variation of the
0.5 Cr- go- V Steel average oxidized crblde depth as a function of exposure time

550 0 C for stress-free and low-cycle fatigue specimens. 39

E 0- AIR Type B oxidation. Subsurface environmental damage can also
take several forms, It is extreiiiely difficult to quantify these forms,

U *(66) essentially because of the absence of diffusion data.
o Oxygen segregation along grain boundaries-No completely
u unambiguous experimental evidence exists of changes in cracking

0-20 mode due solely to oxygen segregation along the grain boundaries,
-One is tempted to assume that oxygen penetrates and segregates

5along the grain boundaries and lowers the boundary energy. For
u* '6J instance, Woodford and Bricknell have speculated that oxygen

segregated in the grain boundaries of Ni-base alloys could inhibit
O Oi grain-boundary sliding and migration,."4 3 These phenomena in turn

could reduce the ability of the material to relieve the local stresses
built up during deforinatioi r.

(7.61 It is worth noting that the oxygen concentration in the bound-
0({9.4) aries might also be related to the type of oxide that is formed on the

,O " ' free surface. In a material such as Inconel 718, the first oxide formed
0 0 1 2 00o3 004 is an FeNi-rich compound, followed subsequently by the formation of

Pt.AS~iC srRAiN,€, the more protective Cr20 oxide scale, as shown earlier. The
transition time (t,) between the two corresponding parabolic laws is
dependent on partial oxygen pressure [Figure 10(b)]. For short times,

FIGURE 12-Cr-Mo-V steel tested In air, at 5500C. Influence of one can assume that the oxygen concentration in the boundaries in
high-strain fatigue on oxidation rate.31 equilibrium with the oxide scale is larger when the FeNi-rich oxide is
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formed instead of Cr2O3, as shown schematically in Figure 15, where Gas formation-Grain-boundary embrittlement of Ni produced
Cr203 oxide appears to act as a passivation film. This two-step by prior oxidation has been extensively investigated. At relatively

oxidation mechanism was compared by Andrieu35 to the effect of a high temperatures (- 900 to 10000C), this embrittlement is associ-
hold time at minimum load on the fatigue crack growth rate measured ated with the formation of grain-boundary cavities. Various sugges-
at 650°C.44 The results reported in Figure 16 show a rapid effect of tions have been made to account for their origin. Bricknell and
hold time since after only 30 s, a significant increase in crack growth Woodford concluded that the cavities were not voids by bubbles of
rate is noticed. In these specific conditions, the fracture mode was either carbon monoxide or carbon dioxide gas.4 These gases could
intergranular. It is also worth noting that a saturation effect appears result from a chemical reaction between carbon in solid solution and
to occur for hold times longer than about 1000 s. This time is of the oxygen diffusing along the grain boundaries. Dyson, using thermo-
same order of magnitude as the critical time (tp) determined in dynamical calculations, showed that in Ni containing a-small amount
oxidation studies and corresponding to the formation of Cr.O 3 type of carbon, the formation of carbon dioxide would take place prefer-
oxide beneath the FeNi-rich oxide scale (Figure 10). entially to carbon monoxide. 46 This author also showed that gas

bubbles could be nucleated with a high internal pressure. Moreover,
he pointed out the fact that in Ni-base superalloys containing Cr,
carbon dioxide formation is impossible when the oxygen potential is

IN CONEL 7'8] controlled by Cr2O3. In these materials, therefore, the deleterious
effect of oxygen is likely only if the oxide scale is broken and fresh

Ni2 .. (Ne0) Ni(Fe ,Cx) 204  surface is exposed.
Experiments using mass spectrometry similar to the experi-

02 cr. 3  ments of Bricknell and Woodford 45 were conducted by Andrieu~s on
preoxidized specimens of Inconel 718. This author did not detect the
formation of gases when the specimens were broken. This does not

G [/3 -a mean that under cyclic deformation, gas formation ahead of the crack
tip cannot also occur in this material, since simple static tests that

Short Distance Intergranuwir Oxidation M al passivation due to Cr Oxide preserve the oxide scale are not necessarily a good indication of
formation environmental resistance under mechanical loading.

FIGURE 15-Inconel 718 alloy (UNS N07718): grain-boundary Modeling Creep-Fatigue Interactions
embrittlement resulting from short-distance Intergranular oxi- A life-prediction scheme applicable at high temperature should
dation for exposure times lower than the transition time corre- include several aspects: (1) crack initiation, (2) crack growth, and (3)
sponding to the formation of Cr-rich oxide scale.3 s  calculation of local stress-strain fields in a component. In this part, we

deal only with the first two aspects. Theoretically, fatigue life should
be considered as divided into crack initiation and propagationI N C 0 NE L 71 8 phases, since their kinetics laws are known to be different. Experi-
mentally, however, it is sometimes difficult to obtain separate and

Load complete information on both phases. In particular, it is well known
that there exists no universal definition of crack initiation, since this

a) phase is very much dependent on the scale examined. In this part,
unless otherwise stated, we adopt a "conventional" definition for
crack initiation that corresponds to the formation of a relatively
macroscopic crack or a physically short crack (0.5 to 1 mm), typical
of those found at failure of conventional low-cycle fatigue smooth
specimens. The number of cycles corresponding to the formation of

t .ime this crack can also include a significant part associated with the
nucleatior cf a microcrack. However, it can be assumed that, in the
presence of strong environmental effects leading to a preferential

4 oxidation damage of minor phases such as carbides, microcracks
(- 1 to 5 jxm) are more easily formed at high temperature than at

650 T r " room temperature. Therefore, under these conditions, fatigue life is
-.essentially reduced to the propagation of a small crack in a low-cycle

O\ b) u fatigue specimen submitted to significant plastic strains. These are
3? the conditions used to derive the kinetics of oxide formation shown

earlier in Figures 12, 13, and 14. On the other hand, the crack growth
S/ phase refers to the propagation of a macroscopic crack (- 10 mm),

which is analyzed in terms of linear or nonlinear elastic fracture
S/ mechanics used at low temperature. At elevated temperature. the/ situation is far more complex because the constitutive equations are

time dependent. This raises further problems relaled to the relevance
a of loading parameters. It is outside the scope of this paper to discuss

these parameters. To simplify the discussion, we refer essentially to
. ,high-strength Ni-base superalloys for which the stress-intensity factor

3  4  (K) should correlate the crack growth data.
ICI0 5 10, 5 102 5 )a S 10' The life-prediction methods applicable to high temperature have

hol d t ime (sec) been reviewed by a number of authors.%47
-
5 2 The models are either

phenomenological or physically based; in the part of this section
devoted to crack initiation, we present only a model of the latter.

FIGURE 16-Inconel 718 alloy (UNS N07718) tested at 650*C:
Influence of a hold time applied at zero load on the fatigue crack Crack initiation
growth rate: (a) waveform signal and (b) effect of hold time on Though air environment probably affects crack growth most, it
the fatigue crack growth rate ratio, (da/dN)h/(da/dN). also affects crack initiation. In particular, in Ni- and Co-base
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superalloys, cracks initiate in oxidized grain boundaries. There is an.............•..
especially strong stress corrosion effect on fine-grained alloys for
tests in air at intermediate temperatures. Figure 17 shows the results 20Hz A 0
obtained on a fine-grained powder metallurgy material (IN-1 00, grain 6160Hz
size 5 jim) tested at low frequency and with 30-s or 15-min tensile = - 6t0",Hz A. * 7 /c
dwells at the maximum tensile strain.5 A dwell period of 15 min can "R
reduce the fatigue life by a factor as large as one order of magnitude. 5 10-'Hz F4 . / /

Z

1.6 ~~~NO DWELL Lu 0 10 /,,/ ,

1.2 ,30 SEC0 •

.4 - 10J0- .: ,, ,, MAR M 509"

001010° 100 104 10 106O
CYCLES TO FAILURE 1000 0 0 0

FIGURE 17-Powder metallurgy IN-100 with a small grain size Nr experimental
(-5 jim). Total strain-fatigue life relation at 6501C for 0.33 Hz
tests and tests with 30-s or 15-min tensile dwells at the FIGURE 18-Co-base superalloy MAR M 509: results from a
maximum tensile strain.5 3  damage model based on strain-accelerated oxidation rate;

comparison between calculated and experimental life for vari-
ous waveform signals.4 °

Significant effects of test frequency and tensile or compressive

hold times were also noticed for the Co-base superalloy presented in
the preceding section.3 9 0 An oxidation-fatigue interaction crack Crack growth
growth model applicable to low-cycle fatigue specimens was devel- Crack-tip oxidation during fatigue may produce effects other
oped by Reuchet and Remy.39 This model relies upon the results of than those described above, even when Type A oxidation damage is
metallographical observations shown in Figures 13 and 14. From taking place. Two effects can be mentioned: (1) Crack-tip welding or
these observations, a crack-growth damage equation was postulated resharpening during unloading may be altered by absorbed atoms or
[Equation (7)]. Though expressed in an additive form, this equation is films on the crack faces. With a greater amount of blunting, the crack
not a simple linear damage summation rule, since, as discussed tip cannot resharpen itself upon unloading and the growth rates will
previously, the oxidation component is dependent on the inelastic- decrease. (2) Corrosion products at the crack tip can cause closure
plastic strain amplitude (Asp), that is: during unloading that will also decrease the effective stress-intensity

factor range and thus retard cracking. Therefore, at low AK ranges
(da/dN)ox = (1 - f) a M (1 + KM AiEp) At1'2 

+ f , (AE,) A t 4  and low stress ratios the crack growth rates in oxidizing environment
(8) may eventually be much smaller than those determined in inert

environments. This behavior was observed, for example, by Skelton

where f, ( 0 12) is the effective volume of MC carbides on the crack and Haigh55 in fatigue crack growth tests on Cr-Mo-V steels at 5501C
path and At is the cycle period. For the fatigue component (Figure 19). In this figure, the apparent threshold increases when the
[(dafdN),,j, an approximate expression derived from Tomkins's test frequency is decreased, which is very unusual behavior. in this
modei was used:54  specific case, oxide build-up in the crack reduces the cyclic crack-tip

opening displacement. It should be emphasized that these results or
similar ones obtained on relatively long cracks (- 10 mm) are not

(da/dN) =,8 = 0.50Ap 1/cos(iW2T) 1 i] e (9) necessarily valid when applied to shorter fatigue cracks (<1 mm).
Many studies over the last decade have shown that, even at room

whereumbis the peak tensile stress and T the tensde tracture stress. temperature, the fatigue crack growth rates data determined on long
The number of cycles to initiation (Ne) is obtained by integrating the cracks are too conservative (see, for example, References 56 and

track growth equation from an initial crack length a to a crtical crack 57). This is related to the fact that the effective crack driving force for
depth ac. This leads to: long cracks is smaller compared to small cracks because the crack

oclosure load is an increasing function of crack length (see References
Nn Log [1 + B a /(da/dN)oj (10) 58 and 59). It is expected that this crack-size effect is more

pronounced when a large amount of oxidation debris is left along the
where B = 0.50 Ap ( l/cos (=4/2T) - 1]. This expression was shown crack faces.
to give results in good agreement with experimental data obtained In materials that are more resistant to oxidation, aggressive
under various frequencies and wave-form signals (Figure 18). It was environments usually lead to detrimental effects, especially when
also successfully applied to the results of thermal fatigue tests.4 0  Type B mechanism is taking place. This is probably the situation

This type of oxidation-fatigue interaction model is similar to occurring in high-strength Ni-base superalloys. Figure 20 shows the
those proposed for corrosion fatigue, It cannot be applied to all the results of fatigue crack growth rate tests conducted at 6500C on a
situations that can be encountered when the environment plays a fine-grained heat of Inconel 718 alloy.6 ° In these tests, the frequency
dominant role The simple idea that assumes the oxidation crack was decreased and a hold time was applied at maximum load. Figure
growth component can be added to the fatigue component has strong 20 shows that the fatigue crack growth rates are increased by three
limitations. It is only valid for high-temperature conditions when orders of magnitude when a hold time of 5 min is applied, as
generalized Type A oxidation is the prevailing damage process. compared to high frequency (20 Hz) tests. These crack growth rates
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are plotted in Figure 21 on a time basis. In this figure, the static creep ,
crack growth rates are also included. These data clearly indicate that -1 5
the creep-fatigue crack propagation rates tend toward those mea- I

sured under steady load as the hold time is increased. Similar results E
E 10were obtained on other microstructures. This material is extremely ',E **

sensitive to the effect of microstructural details, when tested at low -* * +
frequencies and under air environment (Figure 22), as shown earlier **
(Figure 3). Figure 23 shows a similar behavior when these various ** *
microstructures are tested under static loading. Clearly, the crack * *
propagation phase is essentially time dependent in this material, s * ae AAA
tested under these conditions. a A

_____________________10 
:AAAAA

A

0
'/YCIW ATA 0

1L 30 20 30 40 50

Z ,," Ku(MPaV-)

FIGURE 21- Results of fatigue crack growth rates (Figure 20)
plotted on a time basis and creep crack propagation rate for
fine-grained material:
• = static creep
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A A ture (longitudinal direction); A = coarse-grained material (short
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* Modeling crack growth behavior at high temperature under such
______________________________________________conditions is extremely difficult. In previous studies, it was proposed

0a20 30 40 so that an upper bound for tho crack advance during the cyclic loading
a K (MWa Ym-) could be as large as the viscoplastic zone (R~p) formed ahead of the

crack tip during the dwell period, I,5 2 The size of this zone is related
FIGURE 20-Inconel 718 alloy (UNS N07718) tested at 6501C: to Kmakx and lime (t) by:50'062

fatigue crack growth rate as a function of AK and wave-shape
signal for fino-gralned material: R = A(KM..) 2 t?"'-' (11)

* =10-300-10

A =10- where n is the exponent of the stationary creep Norton law, while A
A =210Hz0 can be calculated from the theoretical expressions given by Riedel9 = 2 Hz.and Rice.6' Using this assumption, an upper bound for the crack

propagation rate can be written as:
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(da/dN)c = a- t, + RVP (12) The difficulty lies in the fact that a very clear procedure must be
adopted to determine the time dependent crack growth component,

where a is the creep crack growth rate measured under steady load since the creep-environment behavior may be largely dependent on
at KMa . Figure 24 shows the results obtained on one specific the load history applied to the specimen. In this material, the static
microstructure of Inconel 718, which is the large-grained material crack growth curves exhibit an apparent threshold at low KMa (Figure
tested in the transverse direction. This figure shows that the 23). Two regimes of creep crack growth rates can be distinguished.
application of Equation (12) is conservative over the whole range of The first regime (Stage I) corresponds to low growth rates with a
crack propagation rates investigated in this study. It is worth noting steep slope in the da/dt-K curves. The second regime (Stage II)
that at high AK (> 20 MPa "V/-), the measured crack growth rates are observed at higher crack growth rates corresponds to stationary
very close to the sizes of the viscoplastic zone (R,) calculated from conditions, while Stage I is only a transient effect. This was verified
Equation (11). This observation reinforces the soundness of the by using different specimen sizes and by testing the material under
assumptions made in this model. However, it is clear that the strong both increasing and decreasing stress-intensity factor.44 The results
environmental effects observed in this material cannot be explained of one of these experiments is shown in Figure 25. The specimen was
only by assuming that daldN -Rvp The creep-environment compo- first submitted to increasing Kmm, until the expected onset of Stage II
nent, a th must therefore be taken into account, was reached. Then KMa, was decreased by changing the control

mode from constant load to constant displacement. After this change
in control mode, the crack growth rates decreased, first along a line
located within the scatter band defined for Stage II, until an apparent

IN 71 8,6 5 0oC crack arrest was observed at a lower value than the threshold
S, measured initially under increasing K. The tests were continued

10 under decreasing K by first applying a few fatigue cycles (- 5). Crack
, 'A 0+ reinitiation and transient crack growth were observed after the

M , application of this loading. These results clearly indicate that Stage I
"* •is only a transient regime and strongly dependent on experimental

1* ** •procedures. Therefore, a more conservative approach to determine
* * A + the creep crack growth component is obtained by extrapolating Stage

A II regime determined at relatively high crack growth rates, as shown
SA approximately by the dotted line drawn in Figure 25. Figure 26 shows

a better agreement between the fatigue crack growth rates and the

A extrapolated Stage II creep crack growth results compared to Stage
I creep crack growth data. This reinforces the basis of the proposed
model [Equation (12)], provided that the appropriate crack propaga-

10 I 4 I I tion time component is used.
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FIGURE 23-Creep crack growth rate as a function of micro-
structut'e:* = necklace structure; V = coarse-grained material 2 -
(longitudinal direction); A = coarse-grained structure (short - 10 A

transverse direction); 0 = fine-grained structure; * =b s0
fine-grained material with 0-phase precipitated along the grain 4 'L

boundaries.
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A Ilold Time FIGURE 25-Results of creep crack growth rate tests under

Increasing or decreasing stress-intensity factor. The load his-
tory applied to the specimen is Indicated schematically In the

5 " Insert. A dotted line corresponding approximately to steady
Stage II regime Is drawn.

10 Transient Stage I is probably related to oxidation effects. In the

preceding section, it was shown that in this material a very thin layer
of FeNi-rich oxide was found on the free surface of the specimens
before a more protective Cr-rich oxide scale was formed, depending

10 20 30 40 50 on various factors, such as oxygen partial pressure, exposure time,
AK (MPa ,W) and mechanical preparation. A similar behavior is expected in the

vicinity of the crack tip, although it is much more difficult to
FIGURE 24-Inconel 718 alloy (UNS N07718) tested at 650°C; investigate. The situation is therefore somi:ewhat similar to that
large-grained material. Fatigue crack growth rates at high encountered in a number of stress corrosion or corrosion-fatigue
frequency (plain curve); A = measured crack growth rate with studies when the time-dependence is related to the formation of a
a 300-s dwell at maximum load; 0 = creep crack growth rate on passive film. To model crack growth behavior observed under these
a cycle basis (a* th) [Curve (1)]; ( -) calculated viscoplastIc conditions, a simple approach based on the theoretical stress-strain
zone size [Curve(2)]; ( -.. ) upper bound for the calculated field for creeping cracked solids61 and the ductility exhaustion
crack growth rate corresponding to 300-s hold time. concept was used." '
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SECTION III

Fundamental Processes
Chairman's Introduction

A. Tumbull
National Physical Laboratory
Teddington, Middlesex, UK

A general consideration of the fundamental aspects of environment-induced cracking
raises some elementary questions. By what mechanism(s) does the metallenvironment
interaction lead to enhanced cracking? What type of metal/environment interaction can occur
and what are the specific nature and kinetics of reactions at the crack tip in the crack advance
process? To what extent can we model, qualitatively and quantitatively, crack development
and growth?

The first of these fundamental questions is addressed by Sieradzki, who summarizes
recent advances in modeling environmental fracture at the detailed atomistic level. Various
atomistic models are described and their basic physical assumptions are discussed, viz., size
effects, choice of interatomic potential, boundary conditions, and microstructural features.
The micromechanisms of intergranular and transgranular fracture are discussed. Advances
have been made in the understanding of the effec' of impurities, such as sulfur and boron,
on cohesive bonding and intergranular fracture. The most significant advance in relation to
transgranular stress corrosion cracking has been the extensive work of Sieradzki and
Newman on the role of surface films, particularly dealloyed layers, in inducing cleavage in
normally ductile metals. There is a need for further studies in relation to the detailed kinetics
of the processes involved.

The emphasis in Ford's paper is the development of models of crack growth as a basis
for predicting environmentally assisted cracking in service. The various models of crack
growth are reviewed and discussed in terms of the possible rate-determining steps. The local
chemistry at the crack tip and mass transport processes within the crack are assessed,
making use of recent mathematical modeling. Limitations exist in this modeling with respect
to concentrated solution and multidimensional llow effects, but considerable progress has
been made, and at the present lime modeling provides the unly method of characterizing the
environment in "short cracks. We are reminded that the key objective in determining the local
chemistry at the crack tip is to quantify the kinetics of reactions and models of crack growth
based on transient anodic reaction rates and strain rates. Quantitative models based on a
hydrogen-assisted cracking mechanism remain more elusive.

The paper by Gerbench and Chen describes progress in understanding the micro-
mechanisms of crack development. A number of topics are covered in relation to studies in
notched specimens and the effect of varying loading mode and of biaxial loading. The crack
extends in the environment in response to the local driving force. A description of the local
stress and strain distribution at the crack tip is given and recent ideas concerning shielding
effects in the process zone are discussed. The main emphasis is on statically loaded cracks
tather than fatigue cracks, although there are common features. Clear evidence from acoustic
emission studies of discontinuous cracking associated with hydrogen is presented. It is
argued that cracking due to hydrogen is most probably associated with volume embrittlement,
though this may include very near-surface sites.
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Atomistic and Micromechanical Modeling Aspects
of Environment-Induced Cracking of Metals

K. Sieradzki*

Abstract
We critically review atomistic and micromechanical modeling work that relates directly to environment-
induced cracking of metals. A brief introduction is given to molecular-dynamic and lattice-static modeling
schemes and cluster calculations detailing the information that can be derived from each specific type
of calculation and the shortcomings intrinsic to each calculation. Basic philosophies of atomistic
modeling are described, and this provides considerable insight into the work that has been done in the
area of environment-assisted fracture. Specific problems in atomistic modeling are addressed, including
issues related to size effects, choice of interatomic potential, and boundary conditions.
Microscopic models that serve to couple atomistic aspects of environment-induced fracture to
continuum aspects are discussed. These include variants of the Rice and Thomson (RT) model as
applied to embrittlement phenomena, chemically assisted bond-rupture models, and various aspects of
anodic-dissolution models. A new example of the application of the RT model to an environmentally
assisted intergranular separation process is presented, and its predictions are compared with existing
experimental data in the literature. The role of dealloyed layers in the film-induced cleavage model of
transgranular stress corrosion cracking is discussed, and the predictions of the model are reviewed.

Introduction boundaries, which results in a known continuum elastic field within a
We critically review recent atomistic and micromechanical modeling distance (r = t) from the crack tip, i.e., c,, -K(27r) f,1 ) where the
that directly relates to environment-induced cracking of metals. As a %~ (0) are known trigonometric functions and K is the stress-intensity
starting point, our review takes the International Conference on factor 6 The atomistic regions are allowed to relax using an algorithm
"Stress Corrosion Cracking and Hydrogen Embrittlement of Iron- that minimizes the strain energy in the atomistic region while ensuring
Base Alloys," held in 1973 in Unieux-Firminy, France.' There were continuity at the atomistic-continuum interface. Figure 2 shows a
two papers presented at that conference that fallinto the scope of this simulation result for a run incorporating the hydrogen atom. The
review "A Film-Rupture Model for Stress-Corrosion Cracking, by D. major results of this work are (a) Kc .- 2.78KG and (b) K~h -2.59KG,
Vermilyea, " and "An Atomic Model of an Envirunmentally Affected wheke K, is the critical value of the stress intensity evaluated from the
Crack in BCC Iron," by A. Markworth, M. Kanninen, and M. Gehlen2 Griffith criteria, i.e., K0 -(2E-y)"e,7 where E is Young's modulus and
The paper by Markworth, et al., represents one of the earliest -y is the surface free energy for iron. Since Kh = 0.93K0, an
attempts to model an environmentally induued fracture process by an embrittlement was observed that was probably a result of H-induced
atomistic scheme. The Vermilyea paper was perhaps the first to local distortions. It is important to note, as their result (a) indicates,
incorporate fracture mechanics into a stress corrosion cracking that the simulations could not reproduce the intrinsic value of K, (
(SCC) rodel. This represented a quantitative extension of the K,) for iron. This could result from either the inadequacy of the
film-rupture notions of Logan '4 and Hoar 5  interatomic potentials used or the inability of the atomistic scheme

Markwortlh. Kanninon, and Gehlen used a hybrid molecular (small size and the flexible-boundary method) to accurately model
statics scheme to model hydrogen embrittlement of iron.' They material behavior. It is likely that both of these issues contributed
modeled a centrally cracked panel ul irun of th .Kness equal to the significantly to errors. In the last fifteen years, considerable progress
spacing td) between two consecutwe k100) planes, as shown in has been made toward the development of more realistic interatomic
Figure 1, Atomic regions are embedded at the tips of the crack and potentials, as will be discussed In a later section. The remaining
a flexible boundary scheme is used to coupla the atomistic region to issue, iJe., that cf coupling an atomistic region to a continuum,
the elastic continuum. The radius (t) of each of the atomistic, regions remains a difficulty. The problem is associated with finding an
is approximately 2 nni, wvhich corresponds tu between i and 8 layers. algorithm that properly accounts for the transmission of spatially
Within tl',o atomist.,. tgion, the Fe-Fe interaction is modeled by a discrete deformations (such as dislocations) into the continuum
pairwist Johnson putential, and the Fe H mteraLtiun is modeled by a region Most of the modern atomistic simulations are not hybrid and
Morse 1 ,tential. They aAamine,: the fracture toughness kKcj of the simply use large atomistic regions, avoiding this problem altogether.

intrins, gon lattk.e and the effc.t of a single H atom placed at the tip During the late sixties and early seventies, Vermilyea developed
of tht. crack on K, called K,,. The subscript refers to a threshold- a quantitative micromechanical model of SCC, and the paper he
fracktu toughnu.,. in the presence of hydrogen. The simulations are presented in Firminy, seems to be the culmination of that effort.

performed by placing an kncremental load (P) at the sample Figure 3 is a schematic representation of the cyclic model he
considered. A crack with a film covering its surfaces fractures, and
dissolution of metal occurs over a time (t1 , advancing the crack by

'Department of Materials Science and Engineering, The Johns a length (L). The time (I represents the time required to repassivate
Hopkins University, Baltimore, MD 21218. the crack surfaces, i.e., the time required for the film to reform. tL is
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a- situation for two different elastic-plastic crack-tip continuum models:
A A A A A Ithe plane-stress Dugdale model appropriate for thin specimens, and

a plane-strain analysis appropriate for thick samples.
Figure 4(a) is a sketch of a Dugdale crack for which Vermilyea

assumed the linear plastic-strain gradient.

Elastic continuum C, = Et~p- R (1)

Atomic regions Y where R is the extent of the plastic zone and E1,p is the plastic strain
at the crack tip. E,P is given by 8fT where 8 is the crack-opening
displacement and T is the sample thickness. For the mechanism to

S/1.., .c \' X operate, Vermilyea calculates L - .rTE/8-y_ where ar is the yield
strength of the metal. Taking realistic values, Ef = 10- 3 T = 10- 4 m,

2C ay = 5.108 Pa, and E = 1011 Pa, yields a value for L = 10-5 m. This
penetration distance corresponds to a charge density under the
repassivation current transient of - 10 coul/cm2 . Such charge
densities do not usually occur in repassivating systems that undergo
SCC.

0-

FIGURE 1-Location of atomic regions. The x and y axes are
<100> directions, and the plane of the figure is a (100) plane. Z
The stress or Is applied at Infinity.3  1 2
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S2 oa t c FIGURE 3-The relatonshKp of the strain gradient to the requi-a se a r i site corroson-uovance distance (L). The strain gradient drives
0 0 0 eOr / 0m ic the crack-tip strain accumulation, and the steeper the gradient,
t o t m odel the shorter L need be.

0 0 0 0 0 0 Q R _.3..

oiee o be shr ncmaioto tim saeaocae
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FIGURE 2-The atomic configuration around the crack tip for K
= 2.59 th. Atoms In two consecutive (100) planes are repre-
sented by different symbols. Atoms linked by a dotted line have
a separation distance larger than the cut-off distance of the T
Interatomlic potential and thus define the crack face within thecontext of the model. The H atom Is Indicated by X.3 -------

considered to be short in comparison to the time scales associated-train
with creep processes at the crack tip. Immediately following repas-
sivation, the crack tip begins to experience a strain transient (AF), as
shown in Figure 3. After a time (QJ, enough strain accumulates so that
At equals the fracture strain of the film (qa), the film ruptures, and the
cycle repeats. The strain gradient (adaL) drives the crack-tip strain FIGURE 4-(a) T"he Dugdale plane-stress crack configuration,
accumulation, and the steeper adal. Is, the shorter L needs to be to and (b) self-similar crack growth In Vermilyea's model for the
allow such a mechanism to operate. Vermilyea examined the case of plane-strain.
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Figure 4(b) depicts the situation Vermilyea envisioned for the They considered the atomistic model shown in Figure 5(a). The
plane-strain case. He assumed a r- ' strain gradient, which is the atoms are connected by horizontal bendable bonds of spring
steepest theoretically possible.8 Crack advance occurs in a manner constant (03) and vertical stretchable (and breakable) bonds of spring
to maintain a self-similar geometry so that the crack advances a constant (a). The manner in which the chemical reaction occurs is
length (L) in a semicylindrical mode. The strain gradient is of the form depicted in Figure 5(b), in which a diatomic molecule (A2) adsorbs at

E= (p/r), and he calculates L = op1T/2(ep - 2E), where 4Eis the the crack tip, forming two AB bonds, and bond failure occurs by
strain at the crack tip. Note that for el = %/2, L > oo. For E >> E, L breaking the weakened AA bond. The total potential energy of the
= 1/2E1T, and for Ef = 10 - 3 and T 10- 3 m, L - 10- 6 m. This loaded crack for the intrinsic BB system is
penetration distance corresponds to a charge density - 1 coul/cm 2 ,  

00

which is quite large in comparison to the behavior relevant in U = -2Ppo + 21. (-+y - 2pi + ,',-.)
2 + nU 8B

experimental systems.
It is important to emphasize that the plane-strain calculation +2,, I, fd(2p,,) + 2(:(2

represents the most optimistic situation for the Vermilyea model. He ++ . (2)

assumes that tc >> tL SO that no relaxation occurs during crack
growth. However, it is more likely that tc - tL So that-some of the P
available creep strain required to fracture the film is wasted during the
dissolution phase of the cycle. Additionally, continuum calculations
for a moving crack predict that a logarithmic strain gradient exists at
the crack tip, which would increase required values of L by many
orders of magnitude. Our conclusions regarding the Vermilyea model 0

of film rupture are as follows: ....-.--- -------- -
(1) Charge densities -1 to 10 coul/cm2 (integrated under the

repassivation current transient) are required for the opera-
tion of the Vermilyea model of the film-rupture mechanism.

(2) It is likely that "active paths" must pre-exist in those systems 2
in which stress corrosion crack advance does occur by a
pure anodic dissolution process.

In the next section, we briefly discuss various atomistic schemes
and examples of work that have been used to model environmental
fracture processes, and in Section 3 we discuss selected microme-
chanical models that serve to highlight the advances made during the
last 15 years. B

Atomistic Modeling
in Environmental Fracture A

Atomistic approaches to the fracture problem fall into one of the

two following general categories:
Crack-modeling schemes. Various numerical techniques are

used to solve a many-body problem that simulates various aspects of
the continuum fracture problem. These approaches, briefly dis-
cussed below, require various degrees of simplification to result in a
numerically tractable problem. FIGURE 5-(a) Quasi-one-dimensional model of a crack. Atoms

Quantum mechanical calculations on small clusters of are linked longitudinally by bendable elements and transversely
atoms. These techniques use various quantum mechanical schemes by stretchable elements; only the transverse element BB,
to examine charge densities in the bonding of small clusters of atoms representing the crack-tip bond, Is considered to be displaced
and cohesive energies of small clusters. They have been primarily In a region of nonlinear response; and (b) schematic of cheml-
applied to systems related to intergranular separation processes, cally Induced bond rupture. Extraneous molecule AA reacts
e.g., S in Ni, H in Fe. with crack-tip bond BB to produce "terminal" bonds AB.

(Reprinted with permlsslon.10 )

Crack-Modeling Approaches The first term on the right-hand side is the potential energy of theloading system; the second term is the strain energy in the bendable

bonds; the third term relates to the energy of the broken bonds; the
Lattice-statics approach fourth term is the energy of the nonlinear crack-tip bond; and the last

The lattice-statics approach treats a large or infinite number of term is the sum of the energy in the stretchable bonds ahead of the
atoms interacting via a simple potential, The calculations are done on crack-tip bond. The bond-rupture energy is given by
a two-dimensional or quasi one-dimensional (two semi-infinite chains 2f

of atoms bonded together by bendable and stretchable bonds) Ub'  J fb d(2p-t) = U8 (3)
lattice, chosen because such models yield analytical solutions. The

idea is to extract qualitative results from the simple model, which may i e, the energy of a BB bond. Here 2u, represents a cut-off limit on
be applicable to more complicated systems. These models allow us the displacement Fuller, et al., show that a generalized force law for
to separate effects related to the actual bond-breaking process from crack-tip bond rupture can be groupd into three terms.

contributions associated with the whole lattice. For example, by the

proper choice of coordinate system, Fuller, Lawn, and Thomson (1) The applied driving force from external loads.
effectively decoupled the nonlinear crack-tip bond from the linearly (2) The restoring force of the nonlinear crack-tip bond (BB).
connected atoms, which allowed for a detailed analysis of the (3) The restoring force exerted on the crack-tip bond by the
energetics of an adsorption-induced separation process.10  remainder of the (linear) structure.
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In effect, the crack structure in this model may be considered Molecular dynamics
equivalent to a linear elastic continuum of an effective stiffness into The molecular dynamic (MD) technique simulates atomic mo-
which nonlinear separating atoms are embedded. tion in solids.14 "Atoms" are first placed at prescribed lattice positions

The adsorption of an A2 molecule at the BB bond defining the corresponding to a two- or three-dimensional lattice structure. The
crack tip alters the separation process shown in Figure 6. The total atoms interact with one another according to an interatomic potential.
energy required to break the crack-tip bond is now given by External perturbations may be applied to this structure, or the

structure may be allowed to relax to the minimum energy configura-

Ur f+tion for the system. The relaxation is accomplished dynamically by
b d21 AAsolving Newton's differential equations of motion by approximating

them as difference equations. Paskin, et al., have used the form
(Ou AB r(t + 8)= -,(t- 8) + 2i (t)+ - T,,j) 82 (6)

SA2u ji rn

uAA where i(t) is the position of the ith atom at time (t), and m is its mass,
.--.-- . - f, is the force exerted on the ith atom by the jth atom and is calculated

AA+BB 2 UAB from the interatomic potential (4)) by
U8a

f= -Vi4 (rd (7)

The calculation of the force as a function of position using the
embedded-atom method (EAM) potentials (described below) is

(b) accomplished by developing a table of neighbors and referring to it in
, the code. Molecular dynamic calculations are performed on a "finite"

AA+ 88 sample with free or periodic boundary conditions.' 4 Depending on
2uc the "range"of the interatomic potential used (1st, 2nd, 3rd ... nearest

2uj neighbor), the behavior of up to - 105 atoms can be simulated with
the use of a computer such as a Cray. We will examine two molecular
dynamic calculations relating to environmental effects on fracture:

ZAB 2 t; that of Daw, Baskes, Bisson, and Wolfei,16 w'o used the EAM to
study the H embrittlement of Ni and the calculations by Paskin,
Sieradzki, S'om, and Dienes'5 on the film-induced cleavage process.

Daw, Baskes, Bisson, and Wolfer examined the fracture of a
FIGURE 6-Potential energy (a) and force functions (b) for slab of Ni periodic in the x and z direction with a central crack, as
bonds subject to reaction in Figure 5(b). Heavy curvs represent illustrated in Figure 7.6 In the EAM, the energy of an atom (i) in the
minimum energy state for any given BB bond displacement. solid is given by
Note crossover from AA + BB curve to 2AB curve at critical E, = F(p,) + 1/2 S 4b (r,,) (8)
displacement (activated complex). Note also the reduction in [4I
bond-rupture energy (area under curve) resulting from the Y(Ill)
interaction. (Reprinted with permission."0 )

where UAA is the energy required to break the AA bond bridging the 1  X (10)
crack tip. The chemically induced bond-rupture reaction z (12)

AA + BB-> 2AB (5) .,

is a funclion of I-t, and [as shown in Figure 6(J, for large enough , .-. . ........
the reaction is favored. The crossover occurs for all 2UAB > UAA, and ............ . .......... ..
[as shown in Figure 6(b)], as UA gets smaller, the crossover occurs ,.;o........... ........... N:......
at a smaller value of 2u, so U,'is reduced. The model predicts that, ........... 4 .............
although the area under the fb - 2u curve can change because of the
environmental effect, the initial slope 0f the curve [dfbld (2ui) = a] will b C
not change. The lowering of U,, has as its analogue a pro-
dissociated diatomic gas environment.

Hybrid models
Hybrid models involve two regions: an inner region, the region

of interest, modeled as an atornistic region with a semiempirical FIGURE 7-illustration of the basic slab geometry used In the
potential, and an outer region, the elastic continuum in which the calculations of Reference 16. The crystallographic directions
inner region is embedded. The Markworth, et al,, paper discussed are as drawn. (a) The slab Is finite in one direction and periodic
earlieris agood example.3 The early work of the Sandia group, atthe in the other two. The finite direction is along the (111) axis, so
time headed by W.D. Wilson, also performed hybrid calculations of the two-dimensional, periodic plane is the slip plane in nickel.
the properties of H in metals.1 2 A molecular dynamic hybrid calcu- The unit periodic cell Is outlined in dark, with some of its
lation for the H embrittlement of Fe was performed by Mullins and neighboring identical periodic cells drawn in light. The top and
Dokainish.13  bottom surfaces, shaded in the figure, are free (111) surfaces.

As discussed in the introduction, the major difficulties assocl- The two periodic directions are chosen to be (110) and (112).
ated with the hybrid approach are in finding a good coupling scheme Thus, we x-direction Is the slip direction and the z-direction Is
for the inner and outer regions. We do not know of any dependable along the axis of dislocation cores. (b) For the brittle-fracture

calculations, a crack may be Introduced in the material andtechnique developed to date in this regard and believe that new forces are supplied normal to the free surfaces (normal to the
advanced coupling techniques need to be developed and tested. slip planes). This produces a tensile stress. (c) For the dlsloca-
Researchers should be very careful in even using the qualitative tion dynamics calculations, a dislocation Is introduced, and the
predictions of hybrid calculations, as various spurious effects are forces are applied to the free surfaces along the slip direction.
introduced by the boundary schemes used. This produces a shear stress. (Reprinted with permission. 16 )
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Pis the electron density at atom (i) because of the remaining atoms different elastic modulus or lattice parameter from the host substrate
in the system and is assumed to be describable to accurate precision material. Spectacular alterations of the fracture processes in the
as a superposition of atomic densities: intrinsic host LI material were observed in the situation for which the

lattice parameter of the film differed from that of the substrate. Their
P, p (r,) results are summarized below.

(1) In situations such that the lattice parameter of the film is less
where the p,- is the atomic electron density contributed by atom (j) at than that of the substrate, coherency stresses act in a
a distance (r) from atom (i). F,(p,) is the energy required to embed manner so as to embrittle the intrinsically ductile LI material.
atom (i) into the electron density and is obtained by fitting to an For a large enough misfit, a ceavage crack is nucleated in
empirical universal binding-energy curve such as the film and continues on into the substrate as illustrated in

Figure 8. This effect was termed "dynamic embrittlement"
Eur, = -Es (1 + a*) e-a "  (10) and represents the computer analogue of film-induced cleav-

age. Figure 9 shows that as the number of film layers
where a* = (a - a.)/X; a, is the lattice constant of the host (Ni), X = increase, the degree of embrittlement increases. This behav-

(9a, K/4E) 12 , E. is the sublimination energy for Ni, and K is the bulk ior is qualitatively similar to the gaseous C12-induced cracking
modulus of Ni. The embedding function [F(p,)] for an element is of a steel~studied by Sieradzki.15

universal in the sense that it is independent of the source ul the (2) In situations in which the lattice parameter of the film is
electron density. They examined the fracture properties for the Ni greater than that of the substrate, coherency stresses inject
slab shown in Figure 7 for the following cases: (a) the perfect dislocations into the substrate, as shown in Figure 10. The
material, (b) with a hydride (a H atom in every octahedral interstitial film-substrate interface serves as the Liurce of the mobile
site), and (c) with H at full stoichiometry (a H atom at cvery octahedral dislocations, and the dislocation glide plane is different from
interstitial site) on the crack plane in advance of the tip. They studied what it is in the monolithic LI material.
different slab widts in the (111) direction and various stressing rates These authors speculated that film-induced dislocation injection
and claim results independent of size-effect considerations Their Thee a sec u d tal-induced dsoan inei
results are summarized together with our comments below. may be a mechansm of lquid-metal-iduced, enhanced shearprocesses.

(1) H moderately alters the fracture stress of "brittie" Ni by
weakening the metallic crack-tip bonds. This is the embritt-
lement form discussed by Troiano' 7 and results from a
many-body effect. Cluster Schemes

(2) The H-dislocation interaction up to 300'K in temperature is
elastic and weak.

(3) In a system configured for slip, H increases the nucleation The Xt self-consistent field-scattered wave
rate of dislocations at 3000K. This does not mean that H (SCF-Xot-SW) method
transformed a brittle crack (orientation) in Ni into a ductile The so-called SCF-Xa-SW cluster method is based upon the
one, but rather that H tends to make a ductile crack combined use of Slater's Xa statistical theory of exchange correl-
(orientation) slightly more ductile. ation 19 and Johnson's multip'e sc&ttered-wave formalism. 2° This

(4) High H contents, =10 at% can pin dislocations in Ni. technique allows one to derive information on the electronic structure
- of small clusters of atoms. It Nas been applied to impurity-metal

We believe, based on our previous experience regarding size clusters of atoms that may be representativu of impurity grain-
efforts in MD simulations of fracture processes, that several aspects boundary interactions leading to intergranular embrittlement Such
ot these EAM fracture results should be treated with caution. First, calculations were first performed by ,3riant and Messmer 21 Recently,
the brittle-ductile response of a solid can be greatly affected by the Eberhart, Johnson, Messmer, and Briant reviewed the application of
distance between the crack plane and the external boundary at which this method to grain-boundary fracture processes 22 The results of
loads are being applied. Early results on Lennard-Jones kLJ) solids the calculations are represented in the form of energy-level diagrams
indicated that small samples using a constant-load boundary condi- and charge-density plots from which information regarding impurity
tion tended toward more ductile behavior than samples loaded by a effects on cohesion is inferred.
constant-displacement boundary condition (see Reference 15 and As representative of work in this area, we review calculations of
reterences contained therein). This effect saturates foi samples Messmer and Briant on the effect of S and B impurities on binding in
considerably larger than the 14-layer sample used by Daw, et al., in Ni clusters."' Ashby, Spaepen, and Williams have shown that the
their calculations. " This means that even the qualitative nature of structure of a grain boundary in fcc solids can be described in terms
some of their results discussed above ki.e., those involving disloca of atoms at the vertices of Bernal deltahedra." These are clusters
tions) are in question. containing 4 to 13 atoms. In this particular work, Messmer and Briant

The embedded-atom potentials, which can be used in various chose the tetrahedron shown in Figure 11. Figure 12 shows the
computational simulation schemes, represent a significant advance energy-level diagrams for the Ni4S and the Ni4B clusters The 1 a and
over the pair-potential approach. The EAM, however, is yet to be It wave functions describe the metal-impurity interaction Figure 13
exploited in a serious way for fracture problems, so this represents a shows the charge-density plots for these clusters Their results
fertile area of study for the future. indicate the following characteristics of a strong embrittler:

Paskin, Sieradzki, Som, and Dienes performed two-dimensional
molecular dynamic simulations of environmental fracture processes
in LJ solids." The atoms were configured in a triangular lattice in (1) A heavy concentration of charge on the impurity atom.
centrally cracked" rectangular samples ranging in size from 608 (2) The impurity is electronegative with respect to the host atom,

atoms arranged in 19 rows to 10,680 atoms arranged in 79 rows. The i.e., the formation of an ionic impurity-metal bond.
samples were loaded in a quasi-static manner using a constant-load
boundary scheme at the upper and lower boundaries. The crack
surfaces were coated with thin films of varying thickness. The films
represent the analogue of a reaction product for a metal-environment On the other hand, for a so-called cohesive enhancer, the metal-
system. The thin films are composed of LI material but with a impurity bond is more equally shared, or covalent.

EICM Proceedings 129



AVX/X iA A\ A AVX

(a) (b) (a) (b)

(c) (d)

(c) (d) FIGURE 10-Three layers of "large film atoms" (d = 1.10 do)
with a crack of 7 broken bonds. (a) External tensile load of 1.5-

FIGURE 8-Brittle crack propagating with 3 layers of "small film Incipient deformation between Rows 6 and 7; (b) load increased
atoms," d = 0.95 do.The external tensile load was Increased to 1.65-Increased deformation; (c) load increased to 1.50-
from 1.25 to 1.31 at step number 400. Incipient breakage shown Incipient dislocation along X-directlon between Rows 6 and 7;
In (a) at step number 600. The film-film bonds are broken at step and (d) load Increased to 1.95-dislocation moved out along
number 500 (b), clean brittle propagation Is shown at step X-direction forming a jog. (Reprinted with permission.15 )
number 1000 (c) and 1200 (d), with no Indication of any Incipient
dislocations. (Reprinted with permission.")

RELATIVE FILM THICKNESS, X/Xc "
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z24 _

J.2[ X -42 o2
22 a FIGURE 11-The tetrahedron used by Messmer and Briant. The

U 1.0 metal atoms (M) are placed at the vertices and the Impurity (I) In
V) the center. The cross-hatched plane Is the one used for the

20 contour plots shown In Figure 13. (Reprinted with permission.")

1 3 5 7 9

NUMBER OF LAYERS Density-functional calculations
Various density-functional schemes have been used to model

FIGURE 9-The critical external tensile load (X) required to the effects of impurity bonding on grain-boundary embrittlement.
cause brittle crack propagation as a function of the number of These calculations offer quantum mechanical solutions for small
layers of "small film atoms" (d = 0.95 do). Large sample of half clusters or cells of atoms using carefully chosen, approximate
size 39 by 32. Some experimental data (0) are shown for techniques to solve the many.body quantum-mechanical problems
comparison as stress-Intensity factor vs relative film thickness and yield information on the electronic structure and total energy of
(X/X,) where X Is the threshold film thickness. (Data from these clusters. We briefly review two examples of these calculation
Reference 18. Figure reprinted with permission.) schemes below.
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FIGURE 13-The orbital contour plots of the Ia and It orbltals (a) NIS and (b) NIB. (Reprinted with permission.21)

Goodwin, Needs, and Heine examined the effect of Ge and As Losch and elaborated by Briant and Messmer.2 The results of
impurities on the fracture energy of a small ce!l of At oriented for (111) Goodwin, et al., are listed in Table 1, where the energies to fracture
fracture 25 Figure 14 is a schematic depiction of the cell for bulk and pure Al and impurity-doped Al both at the impurity-doped layer and
fractured Al with 6 (111) layers of 3 atoms per layer. The purpose of one layer into the Al have been determined. These results indicated
the simulation was to provide a test of two alternative views of that the impurities caused small enhancement in cohesion, so they
embrnttlement, (1) Embrittlement results from the formation of a weak
metal-impurity bond, as first proposed by troiano," or (2) embrit- concluded that both the Troiano" and Losch2 notions of embrittle-

tlement results by the formation uf a strong metal-impurity bond with ment were not correct. They proposed that current ideas on
the concomitant weakening of metal metal bonds, as proposed by embrittlement be replaced by a model proposed by Hadock."
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FIGURE 14-Schematic depiction of the supercells for bulk and
fractured material with six (111) layers of three atoms per layer. I 6-
The open circles are Al atoms and the filled circles impurity C
atoms. (a) Unfractured bulk material. (b) Fractured at the LLI
Impurity-doped layer. (c) Fractured one layer distant from the -
Impurity. (Reprinted with permission.2 5) 2 Ni-S

TABLE 1 -24 Ni-B
Energies of Fracture (E) for Pure and CO -24

Impurity-Doped AI(A) -28-28

Impurity E (eV) 2.5 3.5 4.5 5.5

D(bohr)
Al Ea - Eb = 1.80
As E- Eb = 1.94 2
As Ea - Ec = 1.88 Ni-E
Ge Ea- Eb = 1.82 0
Ge Ea - Ec = 1.89 -0

> I

(A)Calculated as the difference in energy between the unit cells of N N
Figures 14(a), (b), or (c), where Ea denotes the total energy per unit Ni
cell of the structure shown in Figure 14(a), etc. Hence, E is the
fracture energy to create a crack of area equal to 3 atoms, or 2.10 0
mm 2. (Reprinted with permission.25

) 1L

The Goodwin, Needs, and Heine25 calculation has been sharply 4 -
criticized by Briant and Sieradzki 28 on the grounds that the authors a) N
chose to examine a system for which (experimental) embrittlement is N- "
not known to occur. Goodwin, Needs, and Heine have the miscon-
ception that the Troiano and Losch ideas predict that all grain- . -2
boundary impurities should lead to embrittlement. Briant and
Sieradzki28 have suggested that Goodwin, et al., repeat their 2.5 3.5 4.5 5.5
calculations for a metal-impurity system, which is known to display
embrittlement. M ohr)

Using a density-functional approach, Painter and Averill exam- FIGURE 16-(a) Binding-energy variation with cluster radius D,
ined the effect of a S and B interstitial on the stability of the octahedral the distance from the origin (impurity site) to one of the Ni atoms
Ni cluster shown in Figure 15.29 They obtained rigorous results for the of the host octahedral cluster, for pure Ni and clusters contain-
electronic structure, total energies, and restoring forces in atomic Ing boron (NI-B) and sulfur (NI-S). (b) Gradient force depen-
clusters Their results for the binding energy and local force as a dence on cluster radius (D) for pure octahedral nickel cluster
function of the metal-impurity separation are shown in Figure 16. (Ni) and clusters containing boron (NI-B) and sulfur (NI-S) in the
They found that B binds in the Ni host much more strongly (7.0 eV) octahedral Interstice. Attractive forces on a reference nickel
than S (2.2 eV) and produces less of an expansion of the host cluster atom are negative and repulsive are positive.
(12%) than does S (23%). Much of the difference in binding energy These results are in qualitative agreement with the predictions
is a consequence of the larger Ni host strain energy (5.0 eV) required of the Briant and Messmer2' calculations discussed in the section on
to accommodate S compared with B (2.0 eV). This means that for the SCF-Xa-SW method We believe that a coherent picture is
hole sizes close to the hole size of the stable Ni octahedral cluster, beginning to emerge regarding the effect of impurities on interfacial
B is stable (3.0 eV), whereas S is unstable by more than 14 eV. separation processes. A thermodynamic analysis developed by Rice

predicts that embrittling elements should segregate more strongly to
free surfaces than internal interfaces (e.g., S in Ni),30 whereas a
cohesive enhancer should segregate more strongly to the internal
interface than the free surface (e.g,, B in Ni). Recent experimental
results suggest that B does not segregate to free surfaces in Ni,31

thus supporting the contention that B should act as a cohesive
enhancer in Ni. The ductilizing effect of B on polycrystalline Ni3AI is
well known32 and is in agreement with these concepts. The density-
functional calculations2 discussed above are also in qualitative
agreement with these results, so a fundamental understanding of
these processes is emerging. It is certainly unfortunate that Goodwin,
Needs, and Heine chose to examine an irrelevant system.2 s Their

FIGURE 15-Ocahedral Ni cluster used by Painter and Averill approach applied to the Ni-B and Ni-S system would provide valuable
with interstitial Impurity atom at center and host atoms a insights into the actual separation process that other approaches
distance D away. (Reprinted with permission.29 ) have not addressed.
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Micromechanical Modeling I I I
Most of the micromechanical modeling of environment-assisted

fracture has been directed toward the hydrogen-embrittlement GRAINP

problem. 3 Here we cannot possibly attempt-to review the large GAIN I4

quantity of literature on this topic; instead, we choose to discuss "
several new approaches developed in the last 15 years applicable to INTERFACE

a wide range of problems associated with environmental effects on
fracture. GRAIN 2

In the early seventies, Rice and Thomson (RT) developed a
model for predicting the brittle vs ductile response of a cracked CRACK CRACK UNCRACKED
solid.Y They examined the nucleation processes associated with the I I 0 FRONT INTERFACE

emission of a dislocation from a crack tip within the continuum elastic LINE

sharp-crack model and the Peierls model of a dislocation core. Their FIGURE 17-Grain-boundary model and crystallographic param-
work clearly demonstrates the conceptual fallacy regarding simple eters. (Reprinted with permission.35)
adsorption mechanisms of embrittlement. Consider the Griffith criter-
ia relating the fracture stress (OG) to the reversible work to create two The force acting on the dislocation loop at equilibrium is given
free surfaces. 2-y and UG = (2Ey//ya)I1 , where -y is the surface free by the condition dU/dr = 0. The critical radius of the loop that
energy, E is Young's modulus, and 2a is the crack length. Adsorption corresponds to an instability condition is given by d2U/dr2  0. The
processes occurring at constant temperature alter the surface free following solutions are obtained:
energy, according to the Gibb's adsorption isotherm, d-y = - IdjI, e2

where p. is the chemical potential of the adsorbate and F is the r 8
surface excess. The RT analysis shows that the alteration of the work exp (-58) (13a)

to fracture by an adsorption process is not related to UG by a simple 2-bv N2 p tb
substitution of the Gibb's adsorption isotherm into the Griffith K 6 (- "V 8
equation. They show that such an adsorption process may change 6 (1 - v) T.986 (13b)
the entire ductile-brittle response of a cracked solid; i.e., the alteration
in the work to fracture could involve a fracture mode transition. An where
approximate criterion for predicting the ductile-brittle response of a
solid resulting from their analysis is that brittle behavior is predicted
for p.b/1O-y > ., whereas if the inequality is reversed, a ductile crack S - 2 8 (1 - v)
response is predicted. Here p is the shear modulus, y is the relevant " 2 - i (14
surface or interfacial free energy appropriate for the surface created
in the fracture process, and E is the dimensionless core cut-off Finally, taking the ratio of Gc/2"/in
distance for the dislocation in the solid.

0.058

Interfacial separation processes RoS (15)
We consider now in some detail the application of the RT model

to interfacial separation processes following the ,nalysis presented where
by Mason. 35 Figure 17 illustrates the problem analyzed by Mason,
who considered the energetics of nucleating a dislocation loop at a R= 5(-1 ] 6p
crack tip in a solid. The activation energy (U8,,) re uired to create a 5( -[ 16O (16)
semicircular dislocation loop of radius (rb) in a crystal having a core
cut-off radius ( b) for the dislocation is given by For Gcra/2 yn, > 1, brittle behavior is predicted as shown in Figure 18.

U ( 1  i b r In -L + 2 -sop b(r - g)
8 (1 -iv) 0 P, 3.0

1,395 b2 (r" ,) (11)
P; (11) 2.5

where P and P' are orientationa! factors, stop is the surface energy DUCTILE REGION
per unit area of the step formed by the nucleation of the dislocation 2.0
at the crack tip, and 2 ,nI is the energy associated with the reversible

formation of the two free surfaces. The first term corresponds to the RO  BRITTLE VS DUCTILE BEHAVIOR
self-energy of the dislocation loop, the second term is associated with ./DIvIDING LINE FROM
the energy of the ledge as the dislocation is nucleated, and the third . " 5$
term represents the energy decrement that results from introducing 2Yni s
the dislocation into the stress field of the crack tip. Following Mason,
we calculate the value of the stress intensity (K,,,) required to 1.0

nucleate a semicircular dislocation loop of critical radius (rcnb):
2-,, (8 r0.5

Uac - p brln ) u *0I .Oe8 (1 i.) e o BRITTLE REGION
I I I I

+(0.986) Kb, r.m (12) 0 0.05 0.1 0.15 o.2 0.25
_F2 S

FIGURE 18-Regions of brittle and ductile behavior on Ro-S
where 2 ym has been replaced by G = K2 (1 - v)121. plane. (Reprinted with permisson.35)
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Let us consider the application of this criteria to the well-known if the system behavior is initially ductile, subsequent dislocation
intergranular embrittlement of Fe by Sn. We choose this system emission may not be energetically favored and brittle intergranular
because existing data of Seah and Hondros allows us to derive the fracture could result.
grain-boundary and free-surface-adsorption isotherm for Sn in Fe._
Additionally, Kameda and McMahon have determined the K,, values
vs grain-boundary Sn coverage for a HSLA steel,37 which allows us
to compare our predictions with experiment.

For this system, we approximate 2"Ynt as 23Yrnt - 2-ys - YGB,

where -y and yG9 are the interfacial energies for the free surface and
grain boundary, respectively. This expression represents the revers-
ible work of separation while the surfaces are maintained at chemical 2.5 -

composition equilibrium. It assumes a mobile segregant, which is not
the case for the Sn-Fe system for a low-temperature separation
process. For this case, the work to fracture, 2Ynt > 2-y, - YGB. We 2.0-
will examine the cases for which -y. p = -i and 3step = -t°, where -

is the surface free energy of iron for an amount of Sn (Os,) adsorbed Fo
or (segregated) at the surface, and - is the intrinsic value of the
surface free energy of Fe. The free-surface and grain-boundary 1.5\
adsorption isotherms derived from the Seah and Hondros data are
shown in Figure 19. -y, ranges from the intrinsic value of -yo = 2.09
to 1.2 Jm-2 for , 0.4, and _YGB ranges from 0.8 Jm - 2 to 0.4 Jm- 2

for O , _ 0.4. Figure 20 is the plot for Ro - S for the following three
cases:

(a) Pure Fe; -y = 2.09 J-m- 2, j = 0.795 J-m -2 , t) =

(b) OGS = 0.4, -ys = 1.28 J-m - 2 , 7GB = 0.42 J-m-2 , -Ystp -is

(C) O= 0"4 3s= 1"28 J'm-2 ' = 0"42 J'm-2 ' YP 0 0.05 0.10 0.15 0.20 0.25

I I S

FIGURE 20-Drop-shaped regions represent points for crack-
0.8 -2.0 plane normals. Crack-plane normals are determined from points

In (100) standard triangle. Uniform scatter within drop-shaped
regions.

E 0.7 I.8- (a) Pure Fe. E
(b) O

G
13 

= 0.4,,y = 1.28 J-m
-2 , = 0.42 J-m

2, 3 =

06o (c) O = 0.4, -, = 1.28 J-m- 2 , yG = 0.42 J-m-2 , stop0O.6\ - 1.6 n l s, =  0.2=tp='S

Film-induced cleavage- \ -In a series of papers, Sieradzki and Newman developed a

0.5" - 1.4 model for transgranular SCC.3 8 4 0 The general features of the model
are apparent in the atomistic simulations of Paskin, et al.15 Brittle
fracture initiates in a film formed by a reaction with the environment,

04 1I1 1.2 Once brittle fracture has initiated in the film, Sieradzki and Newman
0.1 0.2 0.3 0.4 discussed the conditions required for transmission of cleavage into

the substrate and calculated arrest distances in the substrate. 40 We
8Sn refer the interested reader to the appropriate references for the

FIGURE 19-The grain-boundary energy and Surface energy as details of the calculations,• 40 Here we discuss the predictions of the
a function of Sn coverage. model and pay particular attention to films that may form by a

dealloying process.
We consider a film to be intrinsically brittle or ductile depending

The results are in general agreement with the data of Kameda and on its behavior as predicted by the RT analysis,3 4 If the film behavior
McMahon;37however, our results are not sensitive enough for is intrinsically brittci, the relevant analysis relates to the transmission
quantitative comparison with experiment. There is a trend of more of the dynamic crack across the interface, which is used to calculate
brittle behavior, which is predicted for Cases (b) and (c) compared crack arrest distances 4

1 We believe that dealloyed layers that
with the behavior of the intrinsic grain boundary, Case (a). Further- initiate a film-induced cleavage event are intrinsically brittle 4,
more, consider the situation if a dislocation is nucleated at the sharp However, it is important to point out that because of coarsening
interfacial crack. The monotonic step that forms at the crack develops processes operative during dealloying,42 not all dealloyed layers are
from the grain- boundary surface, and since the step width approx- uniform enough, thick enough, or fine enough visd vis size scale43 to
imates the width of the grain boundary, y,,, - -y,. What is the disply brittle behavior. For films that show intrinsic ductile behavior,
situation for the nucleation of the second (or third) dislocation? The brittle behavior of the film substrate composite is still theoretically
next step that forms will require the formation of a surface not possible, provided that the film is coherent with the substrate, the film
previously associated with the grain boundary, so that -y,, - I" will has a smaller lattice parameter than the substrate, and the lattice
represent the more appropriate value. Figure 20 shows that the parameter mismatch is large enough. Depending upon the magni
analysis predicts more bnttle behavior for Case (c) than Case (b), tude of lattice-parameter misfit, film thickness, and 2

Ym, of the
which indicates that a fracture-mode transition may occur, i.e., even substrate, SCC behavior is possible under vanishingly low applied
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external loading If the lattice parameter of the film is greater than that 16. M.S. Daw, M.I. Baskes, C.L. Bisson, W.G. Wolfer, Modeling
of the substrate, film-induced cleavage is predicted only if the film is Environmental Effects on Crack Growth Processes, ed. R.H.
intrinsically brittle. Jones, W.W. Gerberich (Warrendale, PA: The Metallurgical

Society of the American Institute of Mining, Metallurgical, and
Petroleum Engineers, 1986), p. 99.

Conclusion 17. A. Troiano, Trans. ASM 52(1960): p. 54.
We believe that a clear and consistent picture is emerging 18. K. Sieradzki, Acta Metall. 30(1982): p. 973.

regarding intergranular separation orembrittlement processes. There 19. J.C. Slater, Advances in Quantum Chemistry, Vol. 6, ed. P.O.
is good agreement between quantum mechanical, density-functional Lowden (New York, NY: Academic Press), p. 1.
calculations, thermodynamics, and experiment. Future work in this 20. K.H. Johnson, Advances in Quantum Chemistry, Vol. 7, ed.
area would profit from using realistic potentials and large cells in P.O. Lowden (New York, NY: Academic Press), p. 143.
various atomistic schemes such as molecular dynamics. Transgran- 21. C.L. Briant, R.P. Messmer, Phil. Mag. 42(1980): p. 569.
ular SCC processes seem to be describable in terms of the 22. M.E. Eberhart, K.H. Johnson, R.P. Messmer, C.L. Briant,
film-induced cleavage process. Further experimental and theoretical Atomistics of Fracture, p. 255.
work needs to be done in this area. Experimental work should focus 23. R.P. Messmer, C.L. Briant, Acta Metall. 30(1982): p. 457.
on defining the kinetics of dealloying, the morphology of dealloyed 24. M.F. Ashby, F. Spaepen, S. Williams, Acta Metall. 26(1978): p.
layers, and the intrinsic mechanical properties of dealloyed layers. 1647.
Additionally, actual measurements of the dynamic crack during a 25. L. Goodwin, R.J. Needs, Volker Heine, Phys. Rev. Lett.
film-induced cleavage event would provide valuable information for 60(1988): p. 2050.
the modeling. Finally, we believe that intergranular SCC is the least 26. W. Losch, Acta Metall. 27(1979): p. 1885.
understood environment-assisted-fracture phenomenon. As we dis- 27. R. Hadock, J. Phys. C. 14(1981): p. 3807.
cussed, there are many difficulties with the Vermilyea model;2  28. C.L. Briant, K. Sieradzki, Phys. Rev. Lett., in press 1989.
nevertheless, there can be little doubt that at least some intergranular 29. Painter, Averill, Phys. Rev. Lett. 58(1987): p. 234.
SCC occurs by a pure electrochemical anodic dissolution process. 30. J.R. Rice, Effect of Hydrogen on the Behavior of Materials, ed.
The details regarding crack advance by such a process remain A.W. Thompson, I.M. Bernstein (Warrendale, PA: TMS-AIME,
unclear. 1976), p. 455.

31. C.C. Koch, C.L. White, R.A Padgett, C.T. Liu, Scripta Metall.
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support of EPRI under contract No. RP2812-5 during the preparation (Metals Park, OH: ASM International, 1977), and Effect of
of this manuscript. Hydrogen on the Behavior of Materials, ed. A.W. Thompson,

I.M. Bernstein (Warrendale, PA: TMS-AIME, 1976).
References 34. J.R. Rice, R. Thomson, Phil. Mag. 29(1974): p. 73.

1. Stress Corrosion Cracking and Hydrogen Embrittlement of Iron 35. D.D. Mason, Phil. Mag. 39(1979): p. 455.
Base Alloys, NACE-5, ed. R.W. Staehle, J. Hochmann, R.D. 36. Seah, Hondros, Proc. Roy. Soc. London A335(1973). p. 191.
McCright, J.E. Slater, held June 12-16, 1973, Unieux-Firminy, 37. J. Kameda, C.J. McMahon Jr., Metall. Trans. 14A(1983). p.
France, (Houston, TX: National Association of Corrosion En- 903.
gineers, 1977). 38. K. Sieradzki, R.C. Newman, Phil. Mag. A51(1985): p. 95.

2 D Vermilyea, Stress Corrosion Cracking and Hydrogen Em- 39. K. Sleradzki, J.S. Kim, A.T. Cole, R.C. Newman, J. Electro-
brittlement of Iron Base Alloys, pp. 208-217. chem Soc. 134(1987): p. 1635.

3 AJ Markworth, M.F, Kanninen, P.C. Gehlen, Stress Corrosion 40. K. Sieradzki, R.C. Newman, J. Phys. Chem. Solids 48(1987). p.
Cracking and Hydrogen Embrittlement of Iron Base Alloys, pp. 1101.
447-454. 41. R.C. Newman, T. Shahbari, K. Sieradzki, Scripta Metall.

4. H.L. Logan, J. Res. Nat, Bur. Stnd. 48(1952): p. 99. 23(1989): p. 71.
5 T P Hoar, G. Hines, J. Iron and Steel Inst. 177(1954). p. 248. 42. K. Sieradzki, R.R. Corc.erman, K. Shukla, R.C. Newman, Phil.
6. P.C. Paris, G.C. Sih, Fracture Toughness Testing and its Mag. 59(1989): p. 713.

Applications, STP 381 (Philadelphia, PA: ASTM, 1965), pp. 43. R. Li, K. Sieradzki, in preparation.
30-76.

7. J.N. Goodier, Fracture, Vol. 2, ed. H. Liebowitz (New York, NY:
Academic Press, 1966), pp. 2-66, Discussion

8. J.W. Hutchinson, J. M ech. and Phys. Solids. 16(1968): p. 13; J H. Kaesche (Frledrlch Alexander University of Erlangen-
p. 1, Nurnberg, Federal Republic of Germany): How do you handle

9. J.R. Rice, Fracture, Vol. 2, pp. 192-308. discontinuous crack propagation within the Sleradzki-type approach?
10. E.R. Fuller Jr., B.R. Lawn, R.M. Thomson, Acta Metall. Similarly, how can you model hydrogen-induced crack propagation

28(1980): p. 1407. by marix-inclusion interfaces?
11. G.J. Dienes, A. Paskin, Atomistics of Fracture, ed. R.M. K. Sleradzkl: This has been done and is described in Refer-

Latanision, J.R. Pickens, Proceedings of the NATO Workshop, ence 38 of the paper. We have not attempted to model discontinuous
held May 1981, Corsica (New York, NY: Plenum Press, 1983), interfacial separation processes.
p. 671. J.R. Galvele (Comision Naclonal de Energla Atomlca, Ar-

12 C F Mellus, C.L. Bisson, W.D. Wilson, Phys. Rev. B. 18(1978). gentlna): You have shown a figure where a molecule from the
p. 1647. environment reacts at the tip of an atomically sharp crack and

13 M Mullins, M.A. Dokainish, Phil. Mag. 46(1982). p. 771. produces crack propagation. I understand that such a mechanism
14 DO Welch. G.J. Dienes, A. Paskin, J. Phys. Chem. Solids works with glass in the presen.e of water. In the case of high-strength

39(1978): p. 589. steels, a similar process could act in the presence of chlorine, but it
15 A Paskin. K Sieradzkl, D.K. Som, G.J. Dienes. Acta Metall. certainly does not in the presence of oxygen. This could be explained

30(1982): p. 1781; 31(1983): p. 1258 by the surface mobility mechanism, because of the difference in the

EICM Proceedings 135



melting points of the iron halides and the iron oxides. How could you B.D. Llchter: Do the "network coarsening" model and the
explain this difference, based on any of the mechanisms you have "film-coated crack' model (as pursued through molecular dynamic
just described? simulations) constitute two distinctly different and alternative views of

K. Sleradzkl: We have demonstrated [Sieradzki, Acta Metall. discontinuous cracking? :f so, which in your view is the more

30(1982): p. 973] that the intergranular embrittlement of a high- promising picture?
strength steel by chlorine is not related to monolayer adsorption K. Sieradzkl: They are not different. It depends on the details

processes, Bridging reactions, as discussed here, do seem to be of the system. Coarsening of a dealloyed network will tend not to
responsible for glass embrittlement in water vapor, favor a film-induced cleavdge process. Dealloyed layers that retain

R.P. Wei (Lehigh University, USA): In connection with your uniform porosity wil! tend to serve as good "nucleators" of film-

response to Galvele, regarding oxygen and chlorine, I wish to call induced cleavage.

your attention to the fact that there are ample data that show no W.W. Gerberich (University of Minnesota, USA): You made

enhancement of crack growth by oxygen in high-strength steels at the tantalizing suggetion that strains, analogous to those in epitaxial

"low" temperatures. The high-temperature effects discussed by films, from liquid metals may ingest dislocations. You also showed

Pineau last evening involve extensive oxides or internal oxidation that the external stress for this to happen is decreased for thicker

and are not relevant to your model. The real issue here is that you films This is because the stored elastic energy increases with film

need-to consider the question of chlorine vs oxygen raised by Galvele thickness However, in liquid metals, the elastic strains would only be

under compatible sets of conditions and avoid bringing in data that in the first layer, as the liquid would not support elastic strains. This

are not directly relevant, leads to the suggestion that perhaps the liquid metal has to be
incorporated into the substrate. Do you have any information as to

K. Sleradzkl: There is a misconceptuon that oxygen does not whether a monolayer or some incorporation is required for such a
embrittle HSLA steels at low temperature. This notion is incorrect, process?
See, for example, Frandsen and Marcus, Metall. Trans84(1977): p. K. Sieradzkl: In liquid metal embrittlement, we tend to think of
285. initiation at flat surfaces when you are unlikely to get more than one

H. Kaesche: With respect to the possible role of dry oxygen, I or two layers of "film." However, it is possible that the liquid metal
should like to note recent studies of fatigue crack propagation in a takes advantage of small fissures, thus effectively giving you a thicker
manganese-bearing low-alloy steel in dry hydrogen, water vapor, and film.
oxygen at room temperature, with values of pressure between 10- 8 R.H. Jones (Pacific Northwest Laboratories, USA): Devel-
and 103 hPa [Popp and Kaesche, Proceedings of the Conference on opment of planar cracks in porous layers is conceptually and
Low Cycle Fatigue and Elasto-plastic Behavior of Materials, ed. Rie, experimentally supported, but a key question regarding film-induced
Munich 1987 (Amsterdam, The Netherlands: Elsevier, 1987), p. 383]. cleavage from dealloyed layers deals with the strain energy release
In the first place, oxygen does increase the rate of fatigue crack rate Has it been demonstrated through calculation that the strain
propagation. However, while this rate continues to increase in both energy release rates of a crack propagating in a porous layer are
hydrogen and water vapor, at least at pressures up to 103 hPa, the sufficient to support crack growth in the substrate?
effect of oxygen levels off at P(0 2) = 10- 2 hPa, at a value of da/dN K. Sleradzki: The film-substrate relationships necessary for this
of approximately 2 nm/cycle. In both hydrogen and water vapor, the process to occur have been described earlier [Sieradzki and New-
fatigue mechanism is probably affected by dislocation transport of man, J Phys Chem Solids 48(1987): p. 1101] and are applicable to
atomic hydrogen into the crack-tip region. Oxygen will adsorb on the porous dealloyed layers on intrinsically ductile substrates.
crack-tip surface but will not enter the lattice. The observed influence R.W. Staehle (University of Minnesota, USA): Regarding the
on the crack propagation must therefore be a surface effect caused oxygen controversy on crack growth, how do you interpret the
by adsorbed oxygen and thus will saturate once the surface observations of Hancock and Johnson (Trans. AIME 236(1966). p.
adsorption is saturated. This holds regardless of the actual mecha- 513] where oxygen additions to the hydrogen gas stops cracking?
nism of the effect, which may be surface pinning of dislocations. K. Sleradzkl: I agree with the arguments of Johnson. He

B.D. Llchter (Vanderbllt University, USA): If your conclusions suggests competitive adsorption and poisoning effects. However,
from molecular dynamic stimulation and the film-induced cleavage this behavior does not exclude oxygen as a weak embtittler, as I
model are applied to the copper-gold system in a stress corrosion noted in response to Wei's comments.
regime, it would seem that ductile behavior would be predicted on R.W. Staehle: With respect to the apparent difference between
dealloying, because a(film) .- a(substrate) in this case. In fact, oxygen effects on cyclic stressing and static stressing, could it not be
transgranular SCC readily occurs in this system. Do you anticipate related to cycle frequency dependence and AK dependence?
that revised calculations involving other than the Lennard.Jones 6-12 K. Sleradzkl: I don't know.
potential would substantially alter the predictions of the model? H.-J. Engell (Max Plank Institut fur Elsenforechung, Federal

K. Sleradzkl: Newman and I have clearly stated in earlier Republic of Germany): In my opinion, mathematical modeling is a
publications [see, for example, Sieradzkt and Newman, Phil. Mag. powerful tool to understand the fundamentals of SCC processes.
51(1985). p. 95] the following; If an intrinsically ductile film forms such However, to understand phenomena of significant practical impor-
that a(film) . a(substrate), dislocation injection is predicted. How- tance, other influences and variables must be considered.
ever, if the film is intrinsically brittle, then regardless of the sign of the As an example, in a growing crack, e.g., in mild steel in nitrate
film-substrate lattice misfit, the tendency would be for more brittle solutions, changes in the crack-tip chemistry may lead to a continu-
behavior of the film-substrate system, i.e., film-induced cleavage, ous active crack tip, and then SCC changes to crack-assisted
This Is discussed in the "Film-induced cleavage" section of the intergranular corrosion, the surface layers only concentrating the
paper, electrochemical process at the crack tip. Thus, in cases like this,

B.D. Lichter: In your discussion of the failure of a-brass to electrochemical parameters have also to be addressed. I am sure
undergo SCO in chloride media, you invoke Ostwald Ripening of that considerations like that could be included into your modeling.
dealloyed regions to account for the ductile behavior of large-pore N.S. Stoloff (Rensselaer Polytechnic Institute, USA): You
and thickened-fiber structures, which would otherwise be "pseudo referred to a characteristic phase diagram type for the case of
brittle," leading to transgranular SCC. Do you propose this as a metal-induced embrittlement. I would like to have a clarification of
mechanism for initial nucleation of a crack or is this process primarily that comment, since recent work has shown that criteria for embrit-
being applied to the "renucleation" during discontinuous growth or flement based upon solubility and intermetallic compound formation
both? are invalid. Further, how do you account in your theory for the

K. Sleradzkl: These issues are expected to be important embrittling effects of both very small (lithium) and very large
concerns for both. (mercury) embrittler atoms?
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K. Sleradzkl: We have demonstrated in our computer modeling K. Sleradzki: Newman and Sieradzki have discussed these
that for films or layers that represent positive dilatational misfit, issues in detail in several earlier publications. See, for example, Phil.
greatly facilitated dislocation injection is possible. In those cases Mag. A. 51 (1985) p. 95, and the proceedings of the NATO workshop.
where liquid metal embrittlement results from enhanced shear, such The Chemistry and Physics of Fracture, ed. Latanision and Jones,
a mechanism could operate provided that a surface layer with the NATO ASI Series (1987), p. 597.
properties described above develops. You might also refer to my E.I. Meletis (Louisiana State University, USA): There is
earlier response to the question from Gerberich. considerable evidence showing that transgranular SCC is crystllo-

H.K. Blrnbaum (University of Illinois, USA): Is it not the case graphic. How can the film-induced cleavage model explain tha? Is
that oxygen effects on fatigue are only observed in the vicinity of the there any element in the model to relate cracking direction ii the
threshold stress intensity? If so, this differs from hydrogen effects, dealloyed layer or "film" with cracking orientation in the ductile
which increase da/dn over the range of stress intensities up to ductile material?
overload. While it is true that oxide films (due to oxygen atmo- K. Sleradzki: Newman and I have discussed and suggested
spheres) will influence slip behavior and thereby fatigue behavior, possible explanations for (110) cleavage [see Sieradzki arid New-
this differs from the atomistic effects you are discussing. man, Phil. Mag. A 51(1985): p. 95].

H. Sleradzki: No. I refer you to my earlier response to Wei.
S.C. Jani (Georgia Institute of Technology, USA): Can the

crack growth rates in any of the atomistic models you reviewed be
predicted? In the film-induced cleavage model, why should the crack
continue on into the ductile matrix and why on specific planes for
transgranular SCC?
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The Crack-Tip System and Its Relevance
to the Prediction of Cracking in Aqueous Environments

F.P. Ford*

Abstract
The underlying premise in this review is that the main reason for developing mechanistic knowledge of
environmentally assisted cracking is to use it to solve the practical problem this phenomenon causes.
The solutions may be both qualitative or quantitative and in both cases involve definition of the crack-tip
system that is relevant to the crack propagation mechanism.
The crack propagation mechanisms considered are slip dissolution, film-induced cleavage, and
hydrogen embrittlement, in which the common rate-controlling steps are as follows: mass transport
rates in the crack enclave, oxidation and reduction reaction rates at the strained crack tip, and the
anelastic behavior in that region. It is concluded that although the definition of some of these parameters
may be imprecise, the extent of qualitative knowledge is enough to predict changes in cracking
susceptibility that are of use to the design or operational engineer. These questions of system definition
may be critical when deterministic, or probabalistic, life predictions are required. However, in some
systems involving the slip-dissolution mechanism, usable quantitative definitions of the crack
propagation rate are possible, and these can be used to formulate design or life-prediction codes.

Introduction operating engineer the capability of validating the empirically derived
remedial actions or operating specifications, developing realistic

"No sooner knew the reason, but they sought the remedy" life-prediction methodologies for specific plant conditions,3 etc. To
From Shake.pearo (1564.1616). As You Uke It develop quantitative, mechanistically based methodologies, it has

Environmentally assisted cracking in the power generation, aero- been necessary to do the following:
space, oil, and chemical industries has led to severe economic and, (1) Define a working hypothesis for the cracking mechanism. Such
sometimes, safety-related problems. Unfortunately, the solutions to a mechanism must account for the full spectrum of loading
these problems have been hampbred by both practical and funda- conditions expected in practice, e.g., stress corrosion and
mental Issues. For example, it is often difficult to define the actual corrosion fatigue.
material, stress, and environment conditions when the cracking (2) Independently evaluate the relevant parameters in that
occurs in Inaccessible regions of the plant where complex environ- mechanism.
mental interactions occur In addition, there is the intellectual problem (3) Validate the theoretical predictions of the cracking response Oy
of defining the dominant cracking mechanism when a combination of comparison with as wide an observed database as possible.
electrochemical, chemical, metallurgical, and mechanical factors is Inputs to such a logic path have accumulated from many
involved, Consequently, it is not surprising that mitigation actions and sources over many years, It is the objective of this paper to review
design or life-evaluation codes have been largely based on phenom- some of these advances, especially in terms of the definition of the
enological and empirical observations on either smooth or pre- crack-tip system, and to illustrate how these advances have helped
cracked specimens tested under relatively simple laboratory condi- in the evolution of a deterministic and probabalistic life-prediction
tions, A problem arises out of this procedure, because even if the methodology, Emphasis will be placed on the cracking of ductile
cracking data are generated under "well-controlled" conditions, there alloys In aqueous environments, since the advances in these generic
may be large scatter In the results (see Figures 1 and 2 for stress systems best illustrate (at this time) the strengths and weaknesses In
corrosion and corrosion fatigue of low-alloy steels In 2880C water). the practical use of m'.chanistic knowledge.
Thus, empirical approaches have obvious limitations. Examples of
such limitations Include uncertain corrections to the life-prediction
code if the actual system conditions change from those used The Initiation vs Propagation Debate
originally In the code formulation; the question of predicting the plant
integrity for design lives of 40 years, for instance, or even 11000 In the past, environmentally assisted cracking has been divided
years (for radioactive waste disposal), since this requires extensive into the "initiation" and "propagation" periods. Consequently, reme
extrapolation of data that were obtained over a short time period, etc. dies have been categorzed in terms of "stopping crack initiation" or

In the last decade, significant advances have been made in "slowing crack propagation." In this review, it is suggested that
understanding quantitatively the cracking mechanism pertinent to a "initiation" Is solely that time necessary to achieve a localized
particular alloyenvironment system, and this offers the design and environment In any pre-existing defect on the specimen surface in

which the defect may result from machining, scratches, pits, intergran-
ular corrosion notches, etc. In engineering terms, this is often a short
time in comparison to the design life, and, practically, one Is

'General Electric Corporate Research and Development Center, concerned with the crack propagation from this initiating notch. The
Schenectady, NY, 12301. fact that one does not see the crack until it reaches a depth equal to
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the nondestructive testing (NDT) resolution limit is a practical matter at the crack tip must be significantly higher than those on the crack
that gives rise to an arbitrary division of nucleation and propagation sides for an "electrochemical knife" to operate.10 Indeed, the

periods; however, such a time allocation is of no fundamental suppression of both stress corrosion and corrosion fatigue in many
importance.4 .5 Since the precise shape of the crack depth/opera- systems may be explained in terms of blunting of embryo cracks

tional time curve in Figure 3 is a quantifiable function of the specific during the early "initiation" stage because of the specific material/

material, environment, and stressing conditions, it follows that if there environment combinations. The cracking of mild steel and low-alloy

is a range in the actual system conditions, there will be a predictable steels in aqueous environments offer ideal examples of this criterion
range in the observed data. Thus, scatter in the observed data need For instance, mild steels will not exhibit stress corrosion in acidic
not be a result of bad experimentation or random variations in the (such as citric or acetic) or concentrated chloride solutions unless the
crack advance process, but is predictable (Figure 4) via the distribu- general corrosion/blunting effect is counteracted with chromium or
tion of system conditions that affect the propagation process This nickel alloying additions.8,13 Similar blunting explanations may be
thereby provides a bridge between deterministic and probablistic proposed for the ease of corrosion fatigue crack initiation of

life-prediction methodologies.6 aluminum in chlorides in comparison to hydroxides,' 4 the ease of
Thus, the relevant target for mechanistic analysis is the stress corrosion initiation of carbon steels in 2880C water in compar-

definition of the crack propagation rate and how this may accelerate ison to < 1000 water,4 7 etc.
or decelerate with changes in the crack-tip conditions. The sensitivity
of these changes i0 crack propagation rate to chang98 in crack-tip MPor'
conditions depends on the dominant crack propagation mechanism, 101 1
as discussed below. 10-3  L

MPoA oWESTINGHOUSE A5338 & A508-2 /
CORRooN rATIcuE DATA -2.Z//

20 30 40 50 60 70 80 90 100 P,,R SIMULATED WATER. 28$*C 1/

I I I I I INE
0
"

*_ R - 0.2

102 BASE METL A Z WE
00 ,,' o 10-4 , &E uE?:;. (SiT72)
o io' S MEA PN~X0O O 0 0 0 

.(172

STW.S H0 0 0A0 W~02

SUIAX OF8 O ATA FO ESE PEDXA1-

1 =7 1-911

A. E / DAPP NDIX ADR

<1 -'p 10-
,S - A /!X..) E 

I
N

,, •100 101 102
- 210- AK, Ks Ei.

Z 10-4 102-
- 10-o-0

-Ix10

10- A 0 KKso in

20 30 40 50 60 70 80 90 100 :,Es1N0sC A5e AA508-2

STRESS INTENSITY Kslvi 4W CRSIMULAITEDJ ATAIR 281 I 0
FIGURE 1 -Summary of stress corrosion data for A533B, A508, T,,,. W8..::
SA333, and SA106 steels In oxygenated water at 2880C.' - o.7

0 BASE MIETAL

Candidate Crack Propagation Mechanisms 7 10-4

"The great tragedy of scienco-the slaying of a beautiful hypothesis - I
by anugly fact" -'10-3 >

From Romu H. Huxley (18251895), Coiocted Emr VII, Biogenosis and Ablogenesis E

The basic premise for all of the proposed cracking mechanisms Z A-ME Z APPENUX A E
R f, / r9s)In aqueous solutions Is that tne crack tip must propagate faster than 0 ,R ( s ::J 1

the corrosion rate on the unstrained crack sides, or the crack will u

degrade into a blunt notch.' Based on this criterion, the material 0 AP A DRY

environment conditions for both intergranular and transgranular 10-

cracking to be possible m ay be defined based on the therm odynam ic A- UE 3 -

and kinetic requirements for the existence of a protective oxide, salt, (172)

or film on the crack sides.7 8 For Instance, the well-known cracking
susceptibility of mild steel in hydroxides, carbonates/bicarbonates, 10-  1 1 1 1 11111
nitrates, phosphates, and mo!ybdates may be all predicted to occur 100 101 102
in the specific potential/pH ranges where the protective oxide, salt, or tK, KWTn.
compound is thermodynamically stable.! Very similar thermody-
namic arguments may be made for other systems (e.g., brass/am- FIGURE 2-Summary of corrosion fatigue crack growth data for
moniacal solutions9) and may be extended to kinetic arguments' 0 ' 2  A533B and A508-2 steels In pressurized water reactor simulated
that the electrochemical reaction rate (e.g., dissolution or oxidation) water at mean stress (R) ratios of 0.2 and 0.7.1
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susceptibility with applied potential (and how this altered the crack-tip
environment) could be used to distinguish between dissolution-
controlled and HE mechanisms. 27 The "stress corrosion spectrum"
rationalization was followed by the suggestion (for example, see

ot (MEAN) References 4, 5, 28) that a similar spectrum of behavior occurs
between constant load (stress corrosion) and cyclic load (corrosion

/ / fatigue) conditions, with the caveat 2 that the definition of such a
/spectrum must be able to explain the general observation that the

S/ .,, materiaVenvironment conditions for stress corrosion cracking seemed
,X to be much more specific than those for corrosion fatigue.

/ / With the advent of more detailed experimental examination
U /capabilities, the candidate mechanisms for stress corrosion and

(uPE,"NIT. at (LOWER LIMIT corrosion fatigue crack propagation in aqueous environments have
narrowed down to slip dissolution, film-induced cleavage, and HE.

NOT resolution...... These are reviewed very briefly, since a discussion of the relevant
..- -Nlmcrack-tip system depends on this understanding.

0O

OPERATING TIME Slip-dissolution mechanism
FIGURE 3-Schematic variation of crack length with time due to Various theories for crack advancement have been proposed
environmentally assisted cracking, showing the curves for the relating crack propagation to oxidation reactions at the crack tip and
mean system condition (a) and the limiting values associated the stress/strain conditions in that region, and these have been
with extremes In material, environment, and stressing condi- supported by the good general correlation between the average
tions. oxidation current density on a straining surface and the crack

propagation rate for a number of systems (Figure 5).7-29 There have
[.INITIAL DEFECT been various hypotheses for the precise atomistics at the crack tip;

, imisuTo FMUE 0 for example, the effect that the environment has on the ductile-
fracture process;30 the increase in the number of active sites for

i i dissolution because of the strain concentration;31 the preferential
< dissolution of mobile dislocations because of either the inherent

, chemical activity of the dislocation core or the solute segregation that>
can occur there;32 etc.

SRACK TIME 1 I2
,' , rD:STmaUON 163 4 C STEEL IN 0HC-

AFERRITIC STEEL IN MgCI2
DI1STRhBUT NcSTE.LINCO ;,MCO-

-18/8 SI STEEL IN NgCI2
0 C STEEL INC0/ItO

s X AI-7Mg IN NCI
EI~ -4 +

-' PRn.~waKu~,Or. ~.t10 BRASS IN N4 0(O EN t- E R E . X .KMEA .our. . etc 0, :.

f (VARIANCE IN EPR.$K.0R s - ) i A

'.EA1 CRACK DEPTH
NDT RESOLUTION

LIMIT

FIGURE 4-SchematIc movement of the distribution curves of -6
crack depth with operating time Illustrating the Influence of NDT to
resolution limit on the observed vs the actual distribution.

Provided a mechanism for preventing chemical blunting of the e0-3 I-2 10-1 100
crack exists, numerous crack propagation mechanisms were pro-
posed in the period 1965 to 1979,1 25 ranging from the pre-existing AVERAGE CJRRENT DENSITY ON STRAINING SURFACE Acr -

active path mechanisms, through the strain-assisted active path FIGURE 5-Relationship between the average crack propaga-
mechanisms, to those depending on various adsorption/absorption tion rate and the oxidation (I.e., dissolution and oxide growth)
phenomena le g. hydrogen embrittlement (HE) mechanisms]. There kinetics on a straining surface for several ductile alloy/aqueouswas .environment systems.7 29

was considerable debate concerning the dominant mechanism in a

given material/onvironment system, promulgated in part by the fact Experimentally validated elements of these earlier proposals
that, until 10 years ago, few analytical techniques were available that have been incorporated into the current slip-dissolution model, which
would quantitatively test the various hypotheses. Parkins pointed out relates the crack propagation to the oxidation that occurs when the
eany on, however, that a "stress corrosion spectrum" probably protective film at the crack tip is ruptured. 10.

3
7 Different types of

existed that logically graded the cracking systems between those that protective film have been proposed, including oxides, mixed oxides,
were mechanically dominated (for instance, HE of high-strength salts, or noble metals left on the surface after selective dissolution of
steels) to those that were environmentally dominated (for instance, a more active component in the alloy. The increase in crack-tip strain
pre-existing active path attack in the carbon steel/nitrate system) .2  necessary for the film rupture event may be related to a monotoni-
Indeed, it was suggested that two mechanisms may operate in one cally increasing or cyclic stress, or to creep process in the underlining
alloy/environment system with a dominant mode being determined metal matrix under constant stress. Once the film is ruptured,
by relatively small changes in the material, environment, or stressing crack-tip advance is governed by oxidation on the bared surface, i.e.,
conditions. Brown made the argument that changes in cracking a mixture (depending on the thermodynamics and kinetics of the
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system) of the dissolution of the exposed metal matrix and film validity of this relationship, however, that are observed at high and
reformation (Figure 6). This crack advance will be maintained low crack-tip strain rates (Figure 8). At low crack-tip strain rates, the
provided the film-rupture process reoccurs because of the action of ultimate criterion is that sharp cracks cannot be maintained when the
a strain rate at the crack tip. Thus, for a given crack-tip environment, average crack-tip propagation rate (V') approaches the oxidation rate
potential, and material condition, the propagation rate over a given on the crack sides (Vs); under these conditions, therefore, the crack
segment of the crack front will be controlled by both the change in propagation rate will decelerate with exposure time, and crack arrest
oxidation charge density with time, and the frequency of film rupture will eventually occur because of blunting. At high crack-tip strain rates
at that segment of the strained crack tip. Therefore, by invoking (-10-2 s-1), a bare surface is continuously maintained at the crack
Faraday's law, the average environmentally controlled crack propa- tip, and the environmentally controlled crack propagation rate be-
gation rate (Vt) is related to the oxidation charge density passed comes independent of , since it cannot exceed the Faradaic
between oxide rupture events (Q) and the strain rate at the crack tip equivalent of the bare-surface dissolution rate.
(i) by Under either constant or monotonically increasing load condi-

tions, the stress corrosion crack propagation rate is defined by
-t 

= M x S, x (1) Equation (2) (within the limits discussed above). Under cyclic loading
zpF Ef conditions, however, the crack is also moving forward by irreversible

where M, p = atomic weight and density of the crack-tip metal; cyclic plastic deformation, e.g., fatigue striation formation. Since this
F = Faraday's constant; z = number of electrons involved in the mechanical crack advance is occurring independently of the crack
overall oxidation of an atom of metal; E, = fracture strain of the oxide advance by oxidation processes (i.e., the atom-atom rupture process
at the crack tip. is by two entirely different mechanisms), these two crack advance

mechanisms, striation formation and oxidation, are considered
Vs ,,'/ additive, as shown by the dotted line in Figure 8, e.g.,

V1-, = A i n Ac ), (3)

VT

N-E where (da/dN), is the cyclic fatigue crack growth in an inert
>: de environment described, for instance, by a Paris law relationship, and
t , is the cyclic loading frequency. This simple coupling of environ-

mental and inert components can, of course, be directly compared to
the arguments proposed by Wei and colleagues,3' 39 who introduced

'" further subcategories of environmental enhancement and consid-
AVERAGE CRACK TIP ered different fractions of the crack front, which may be undergoing
PEERACTI one failure mechanism or the other.

- f fSOLUTION RENEWAL

X RATE TO CRACK-TIP
o CRACK SIDE PENETRATION

SOXIDE RUPTURE
OXIDE NUCLEATION t1  TIME N RATE AT

OXIDE RUPTURE

BARE- SURFACE ef
DISSOLUTION If Z STRUCTURE

FIGURE 6-Schematic oxidation charge densityltime relation-
ships for a strained crack tip and unstrained crack sides.

PASSIVATION RATE
Thus, the possible rate-controlling phenomena that can govern AT CRACK-TIP

crack propagation by the slip-dissolution model4 are as follows, liquid
diffusion of either solvating water molecules or solvated cations to FIGURE 7-Interrelationship between the fundamental control-
and from the crack-tip region, the overall oxidation (dissolution and ling parameters (mass transport rate, passlvatlon rate, and
oxide growth) rate, and the oxide or film-rupture rate at the crack tip oxide rupture rate) and the phenomenologlcal parameters (stress,
itself. These fundamentally important parameters can be directly environment, and mlcrostructure) known to affect envlronmen-
related to the stress, environment, and m!crostructure known from tally assisted cracking.4 ,7

empincal observations to be the conjoint requirements for environ- Film-induced cleavage mechanism
mentally controlled cracking (Figure 7). In turn, these rate-controlling In some incidences of transgranular cracking, the Faradaic
phenomena are functions , a myriad of system parameters such as in ome oxdne at astraned crackin ie todislocation morphology, solution viscosity, etc , this will be discussed equivalent of tne oxidation rate at a strained crack tip is insufficient to
later. explain the observed crack propagation rate (see, for instance, theCu/NH4* data in Figure 5).40 Moreover, the cleavage-like crystallo-

with time at a rate that depends upon the material ared environment graphic features on the transgranular fracture surfaces are hard to
compsition at rthe cractiep, itpollows (s m ril d teir) t rationalize convincingly in terms of a dissolition/oxidation modelcompostions at the crack tip, it follows (as will be discussed later) that alone. Consequently, it has been proposed by several authors that
Equation tl; may be reformulated in terms of a more general power transgranular environmentally controlled ciack propagation can oc-
law relationship: cur by a combination of oxidation-related (slip-dissolution) and

brittle-fracture mechanisms.4° s5 Specifically, it has been suggested
A (2) that, initially, the crack front moves forward by an oxidation process

that is controlled by the same rate-determining steps as those in the
where A and n are constants depending on the material and slip-dissolution model, but when the film-rupture event occurs
environment compositions at the crack tip. There are limits to the (because of an increment in strain in the underlying matrix), the crack
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in the film may rapid;y penetrate a small amount (a*) into the of, for instance, dealloyed layers.4044 4s It would be reasonable to
underlying ductile metal matrix (Figure 9) Thus, Equation (1) is suppose that absorbed hydrogen may also play an important roie in
modified as follows: such a limited cleavage process. The extent of the cleavage

propagation into the matrix may be around 1 ., the exact amount

(= 0 aE(4) being a function of a combination of the various plasticity and
=-pF- + , microstructural factors mentioned above. Although qualitative evi-

dence exists (based on computer simulaton of the atomistic bonding
The extent of the additional "film-induced cleavage" component of at the crack tip plus fractographic and acoustic emission observa-
crack advance (a*) may be governed by the state of coherency tions) for such a mechanism in copper-base and austenitic nickel-
between the surface film and matrix and the fracture toughness of the base alloys and stainless steels (SSs) in low-temperature environ-
substrate.40 Although the surface film may be considered an oxide, ments (i.e., < 1150C),'40.44 it has not been extensively tested so far for
more recent investigations have refocused on the role played by other alloy systems. Its attractiveness is, however, that it provides a
dealloyed surface films; for example, the copper-rich film in Cu-Zn or rational basis for quantitatively explaining the interrelationships
the nickel-rich film in Fe-Cr-Ni alloys, between the electrochemical parameters and the transgranular

fractographic features.

TOTAL CORROSION-FATIGUE
10

5 
-1 CRACK-GROWTH RATE /

W ._ B-RA Hydrogen embrittlement mechanisms
ENVIRONMENTALLY- .-- ' DISSOLUTION) The general concepts and concerns behind-he various HE

= ASSISTED COMPONENT F,-U1R/ models have been reviewed by Thompson and Bernstein,46 Hirth,
47

1
0 "7 

DUE TO F R MECHANICAL-COMPONENT Nelson,48 and Birnbaum. 49 In brief, the subcritical crack propagation
DUE TO 'DRY' FATIGUE rate resulting from HE in aqueous environments depends on a

sequence of events in the following order (Figure 10):
(1) Diffusion of a reducible hydrogen-containing species (e.g.,

- (CHEMICAL BLUNTING H30 ) to the crack-tip region.
ON CRACK SiDES) (2) Reduction of the hydrogen-containing ions to give adsorbed

-0 hydrogen atoms. Note that under open-circuit conditions, this reduc-
I0"10, , ,. ... tion process must be accompanied by a corresponding oxidation

10- 8 I0-7 10"6 10- 5 10-4 10- 3 10-2 10- 1 100 reaction rate that, in high-resistivity electrolytes, will occur on an
CRACK TIP STRAIN RATE, s-I adjacent surface to that where the reduction process is occurring.

(3) Absorption of the hydrogen adatoms followed by interstitial
FIGURE 8-Illustration of the strain-rate dependence of the diffusion of these hydrogen atoms to a "process" zone at a distance
crack propagation rate due to the slip-dissolution model, and (X) in front of the crack tip. The extent of hydrogen adatom coverage
the additive properties of the mechanical and environmental (O.) on the crack-tip surface, which will be one driving force for
components of crack advance during corrosion fatigue.4  hydrogen diffusion into the metal matrix, will be a function of the

Vpresence of films or other adsorbed species, and also the tendency
wof these hydrogen adatoms to undergo surface diffusion and

recombination to evolve hydrogen gas. (Note that it is assumed that
- VT the amount of hydrogen being absorbed from the unstrained crack

sides and specimen surface is relatively small).
t- . (4) Once the hydrogen concentration in the process zono has

.0i reached a critical level (Cc,1) over a critical volume (dc,),51 then
/ localized crack initiation can occur within this zone followed by rapid

propagation back to the main crack tip. Thus, disregarding the
AVERAGE specifics of these localized fracture mechanisms for the present, it is
CRACK-TIP

W PENETRATION apparent that HE models predict discontinuous crack propagation at
= V + i an average rate (V) given by

ENVIRONMENTALLY- X
I ASSISTED V (5)CLEAVAGE,a it

where X = the distance from the main crack tip to the process zone,BAESURFACEBARSURFACE which, in turn, is defined by the values of Cnt and dc,, and t = time
DISSOLUTION+-
OXIDE GROWTH for the concentration of absorbed hydrogen (CxT) to reach a critical
K SE Pvalue (Cnt) over the volume (d,).

CRACK SIDE PENETRATION, Vs To evaluate the validity of Equation (5), quantitative data for X

and t are needed. Unfortunately, these are difficult to obtain. For
instance, even assuming that the criterion for the localized fracture

TIME phenomenon in the process zone was known, its evaluation is
OXIDE RUPTURE, I bedeviled with uncertainties about the interactions illustrated in

Figure 10, and how the rate-determining step in this overall process
FIGURE 9-Schematic Illustration of the elements of the film- is affected by, for instance, stress and dislocation-aided diffusion, the
Induced cleavage mechanism of crack propagation. Note simi- trapping and release of hydrogen at intermediate interfaces between
larity to the slip-dissolution model (Figure 6) during Initial the crack tip and process zone, the interaction between diffusion
stages of propagation cycle. rates and changes in equilibrium hydrogen content because of

hydrostatic stress, etc. Despite these uncertainties, however, the
Factors of importance that control the effectiveness of the combination of these various diffusion paths and the sites for

surface film in initiating the cleavage event in the metal substrate localized fracture leads to a qualitative explanation of different
include the film-matrix misfit, the strength of bonding across the fracture morphologies observed (Figure 11) in many alloyienviron-
fi!m-matrix interface, the film thickness and ductility, and the structure ment systems. 46
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The Rate-Controlling Parameters
x I- RcRi' in the Crack-Tip System

M+ "It is a capital mistake to theorise, before one has data"
A--" M " Hobs From Sir Arthur Conan Doyle (1859-1930). Scandal in Bohemia

H30 - -.  it" C Various thermodynamic and kinetic criteria have been applied
H2  Hads 14, to determine which of the above candidate crack propagation

'PROCESS" mechanisms are valid. For instance, Bertocci indicated that at the tip
ZONE of a static crack in the Cu/Zn/ammonia system71 or a moving crack

in the Cu/Au/chloride system,72 hydrogen discharge had very little
LIQUID . KI , TRIX chance of occurring, and HE would therefore be very unlikely; thus,

H DIF HUSI *e a=&- Had h abs F Habs in these cases, the slip-dissolution or film-induced cleavage mech-DIFFUSION K-1 K-3 DIanisms would be more likely. However, it is comparatively rare that(OH) (Cs) (Cxt) a candidate cracking mechanism can be categorically disallowed on

K2 SURFACESUFACE such thermodynamic and crack-tip chemistry reasoning. AlthoughtDIFFUSION equilibrium thermodynamic approaches have been used to calculate
H2 K.2 Hods Kisco or KTH for the slip-dissolution73 and HE74 mechanisms, the

majority of quantitative validations of the candidate propagation
- LIQUID--- 1 SURFACE -- MATRIX- mechanisms (up until - 1979) were based on analysis of either the

I_ maximum propagation rate allowed by each model or the observed

FIGURE 10-Schematic of various reactions at the crack tip sensitivity of the crack propagation rate to temperature, electrode
associated with hydrogen embrittlement mechanisms in aque- potential, strength level, etc.7 Each of these variables would give,
ous environments50 supposedly, unique indications of the validity of a particular cracking

mechanism. Although in some cases it was observed that the
H*'2H H° + e"IH HX+M=MX+H maximum observed crack propagation rate agreed with the maxi-

mum theoretical rate of, for example, the slip-dissolution model (e.g.,
Figure 12), in most cases, it was observed that the crack propagation
rate was far lower than the maximum theoretical rates for any

(H) candidate cracking mechanism (e.g., Figure 13).50 The reason for
L I this is that the rate-determining step in all of the cracking mecha-S] nisms is not necessarily the atom-atom rupture process itself but is

DIFFUSION DISLOCATION one or a combination of the following: mass transport of species to
TRANSPORT and from the crack tip, the oxidation or reduction reactions and

dynamic strain processes at the crack tip. 4.7 Thus, changes in
cracking susceptibility for most ductile alloy/aqueous environment
systems with, for instance, changes in temperature (i.e., activation

LATTI GRAIN N ET DISLATION VOIS AND CHEENTI enthalpy), electrode potential, stressing mode (dynamic or static
LATIIC V SN GARICS PRECIPiTATES TANGLES PORES PRECiPITATES stress, plane-stran or plane-stress mode, dislocation morphology,

L. etc.), or environmental composition, can be explained logically by
movement over a reaction rate surface (Figure 14), regardless of the
specific atom-atom rupture mechanism at the crack tip.4 7 This may
be interpreted in terms of the crack propagation rate/stress intensity

CLEAVAGE INTERGR ANULA ILE (Figure 15(a)] or propagation rate/potential [Figure 15(b)] relation-
ships for a given alloy/environment system subjected to different

FIGURE 11 -"Road map" of possible transport and trapping loading histories in which the limiting and rate-controlling reactions
mechanisms for hydrogen embrlttlement In ductile alloys.48  can be defined.4 Although the arguments for the changes in

rate-controlling parameters with, for instance, electrode potential and
The evaluation of the values of X, C,, and d, all presume that loading mode changes given above are for aqueous systems, similar

the localized fracture mechanism in the process zone is known. approaches have been proposed by Wei and colleagues for corro-
Accordingly, various mechanisms for the localized fracture process sion fatigue of aluminum and high-strength steels in water vapor."' 8  9
have been proposed. For instance, it has beeii suggested that it is
because of the build-up of gas pressure at internal interfaces,52

-6
4

this pressure may be associated with either the recombination of t sPa -200
hydrogen atoms or the formation of either methane or hydrogen -600
sulfide (because of the interaction of hydrogen with either carbide or
sulfide inclusions). Alternatively, localized fracture may be related to 800600
the lowering of the atom-atom bond strength because of the -00 ECRR. DEAERATED -

modification of the electron d-band structure of the matrix by '
hydrogen,65-' 9 or the localized fracture may result from fracture of ,-12D -

brittle phases such as hydrides, 6 2 hydrogen- or strain-induced -KOO a
martensite, " etc. Finally, it has been proposed that the interaction C -- 12DD
of hydrogen atoms with the dilatational stress field around edge -1600 -14DD
dislocations affects the degree of plasticity in the process zone, and _ - - 'MAXIMUM HEOETICAL RATE
hence, the localized fracture criteria.67 " , .1-6  15  1 14 -

Much of the "evidence" for these mechanisms has been "after
the fact" or "circumstantial," with very little first principles derivation ENRONMENT-CONTROLLED FATIVJJE CRACK PROPAGATION RATE, CM.S.
of the crack propagation rate, in whidh all the constants are FIGURE 12-Comparison between the maximum theoretical
independently derived.70 Great strides have been made in recent crack propagation rates for the slip-dissolutIon mechanism and
years, however, by in situ observations of cracking in high-energy the observed environmental component In corrosion fatigue of
electron microscopes, as reviewed by Birnbaum.49  an alumlnum-7%magneslum alloy In IN Na2SO, pH 2.0, 11 Hz.o
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FIGURE 13-Relationship between the maximum 7s'  stress c -

corrosion crack propagation rates for various aluminum alloy/ Z I
aqueous environment systems and the maximum theoretical a KScc (MINIMUM THEORETICAL)
propagation rates for the slip-dissolution and hydrogen
embrittlement (gas-rupture) theories.50 Note the fact that in the
potential range -1000 to -800 mVscE (covering the corrosion
potential for aerated or slightly deaerated solutions), both
advancement mechanisms are kinetically viable. "7
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FIGURE 15-Suggested4 variation in environment-controlled
CONROO crack propagation rate with (p) stress intensity for variousCORROSION crack-tip deformation rates COD and (b) electrode potential.

PASSIVATION RATE (Note the suggested rate-controlling parameters and the fact
that these relationships should be bounded by a maximum

FIGURE 14-Reaction-rate surface illustrating the variation In crack propagation and a minimum theoretical Klscc or KTH.)
crack propagation rate with the rate-controlling parameters In
the slip-dissolution, film-induced cleavage, and hydrogen em-
brIttlement mechanisms for environmentally assisted cracking
In ductile alloy/aqueous environment systems.4 7

Quantification of the Crack-Tip System
Knowledge of the fundamental importance of controlling mass

transport, oxidation, or reduction rates and crack-tip strain rates has 'But facts are chiels that winna ding an' canna be disputed"
proven to be of great value in indicating to the design and operational From Robert Burns (1759.1796), A Dream

engineer the system changes that are likely to reduce the extent of The purpose of this section is to review the present quantitative
his particular environmentally controlled cracking problem, especially Knowledge of the nature of the crack-tip system in aqueous environ-
for cracking systems with "moderate" to "severe" cracking suscep- ments, especially as it relates to the rate-controlling reactions for
tibility (which may be defined as those with average crack propaga- crack propagation.
tion rates of > 10 - 7 cm s-1). For Instance, the minimizing of the
oxidation rate at the crack tip by control of the corrosion potential/
anionic activity combinations, or the reduction In crack-tip strain rate Crack-tip solution composition
(for a given imposed stress history) by attention to dislocation The parameters requiring definition in the crack tip solution are
morphology, etc., all can be understood within a skeleton of the electrode potential, anionic activity, and pH, since these can
fundamental logic (Figure 16).4 ' However, in recent years, as affect the metal oxidation and hydrogen ion or water reduction
economic and technical pressures dictate longer design lives, the kinetics that are central to the candidate crack propagation mecha
emphasis has been on studying cracking in dilute environments nisms. In addition to the steady state composition at the crack tip. it
where the relevant crack propagation rates are -. 10 "cm s ', and is also necessary to know the rate at which the crack tip composition
en developing the quantitative prediction capability shown in Figure .hanges following abrupt alterations in the bulk (external) solution
3. The semiquantitative methodology described above is not capable composition. such alterations in bulk solution chemistry occur in
of this. Thus, in the following section, the advances in quantifying the practice and lead to changes in propagation rate, which may be
rate-determining reactions that occur at the crack tip and their delayed because of mass transport considerations down the crack
influenc -n the life-prediction methodology are described. length. 5 082
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COROSION-ATIGUE diffuse to the crack tip, but the steady-state anionic activity at that
position will be governed by a Fickian diffusion flux of anions away

ECHANICAL STRES5- ROSION from the crack tip; this point will be expanded upon later in this review.FATIGUE, ,

CRACK GROTH CRACK INITIATION (2) Mass conservation of species within the crack is obeyed:

LOCALIZED LOCALIZED
MECHANICAL DEFTON ENVIRONMENT dC/dt = -VJI + R, (8)

ELECTRODE REATION PITrING I/GA where Ri is the net production (or depletion) of species (i) per unit
AT CRACK TIP E.lpH. A volume due to homogeneous reactions; i.e., this does not include the

--I heterogeneous reactions such as electrode reactions occurring on
SLIP-DISSLLUTION NYDROGEN-EMBRITTLEMENT the surfaces that are accounted for via (3).

MOPEL A - (3) The relationship between the flux of a charged species and theDISSMMJTON AT DISSLTON AD4O H TRANSPORT -...... - ,

CIU0 SIDES AT CIATIP COVERAGE ,-.., I electrochemical reaction rate:
ON MA1RISLOATION... I

TRANSPORT III
' id = ,ZJi (9)

HsO OR SOLVATION PASSIVATION OXIDE R[JPTURE
LIGAND RENEWAL RATE RATE RATE

:OR IM +REMOVAL RATE '/I (4) Electroneutrality is conserved at all points down the crack
olssbioNl/ SYD- ,length:PRECIPITATION STTE I m

RE C.. .XKIADE DEFORMATION RATE:I
RUPTURE ATCACKTIP I Z,Ci =0 (10)
STRAIN I___
DISLOCATION DISLOCATIONJ I

S(SOLb'TION R.PINGI •VELOCITY MORP=OUOY
---- APPLIED STRAIN LOCALIZED FLOW-' I .6d0RATE STRESS 10

IPASTIC :STRESS DISTRUTION
BLUNTING): AT MOVING CRACK TIP BULK

NGSTRESS-INTENSITY H- -. - j SOLUTION(CHEMICAL BLUNTING) ',o FLOW

CRAC-BL.UNTING CRACK-BRANCHING

FIGURE 16-Suggested interaction paths between the modes M M. M++e
and mechanisms of environmentally controlled fracture In M+H2 0_...MO+H++e 0 2+H 2 +e.O H -
ductile alloy/aqueous environment systems and the various M++H2.MO+H+
rate-determining steps in crack propagation. Solid lines denote 20
primary interactions, dashed lines denote secondary H++e -- H2
interactlons.

4 ,7

Advances in this area have been accomplished by an iterative Jx-'-D'CAk-z/pACXFVf+CXV
process of modeling and experimental studies; these have been WHERE V=f(APOD)
extensively reviewed by Turnbull.83"85 In these reviews, discussion is
given to the strengths and weaknesses of the various direct and
indirect experimental techniques for determining the crack-tip solu- FIGURE 17-Schematic of a crack and the associated mass
tion composition. These aspects will not be repeated in the present transport and thermodynamic criteria that govern the crack-tip
review; howevar, modeling and experimental results will be covered environment.
and updated. These equations apply specifically to dilute solutions, andThe electrode potential, pH, and ionic activity at the crack tip canThseuainaplsecfalyodlteouinad
be different from those values at the exposed crack mouth88 because ignore solute-solute interactions, activity coefficient corrections, etc.,
bedifferentfrtose als rat thepose crack enc ea he that are necessary for more concentrated environments. Althoughof the restricted mass transport in the crack enclave and the corrections can be made,87.8 8 'the usual procedure is to use the
consequent separation of the main oxidation and reduction sites above relations regardless of the solute concentration, The solution
(Figure 17). All mass transport models are based on relationships of these equations requires adequate knowledge of the relevant
between the flux of the various species and reaction rates that are reaction rates, diffusion coefficients, convection effects in the com-
occurring at various points down the crack,8 7 and take into account plicated crack geometries encountered, etc. Since these data are not
the following: always readily available, simplifying assumptions are often used. For

t t The flux of 4ll bpee5 intu and out uf the crac, may be cuntrolled example, most modeling analyses confine mass transport to one-
by Fickian diffusion, ionic migration, and convection. dimensional flow along the length axis of a parallel-sided or wedge-

shaped crack and ignore the multidimensional aspects of concen-
Jj = -DVC, - Zgl.,FCtiii + CV (6) tration gradients between the walls of the cracks and across the

where J, is the flux of species I (mo5cm2 s), C, is the concentration of specimen. Although such multidimensional flux aspects may ac-
species 1 (mol/cm3), + Iis s the potential of the solution (volts) and V count, for instance, for different crack-front shapes,89 and more
is the velocity field (cnts) resulting from either natural (e.g., solution recent modeling"'-°'9 and experimenta 92 studies can account for

density) or forced (e.g., relative movement of the crack sides during two-dimensional flow characteristics, Turnbu a concludes that the

cyclic loading) convection. D, and pi are the diffusion coefficient present one-dimensional analyses can give usable predictions
(cm2s) and ionic mobihty (cm ° moPJ-s), respectively. and for dilute relevant to practical application.' Even so, further simplifying
systems are related through the Nernst-Ecstei equation: approaches have generally been made in modeling analyses, which

have included neglecting one or two of the possible three mass

D, = RTti  (7) transport processes in Equation (6). For instance,

(1) Analysis of Fickian diffusion alone in cracks,9'9 pits,9.598 and
It is important to note that these fluxes may be acting in different crevices;9'
directions, giving rise to dynamic equilibna. For instance, if the crack 2) Analysis of ionic migration alone in cracks,9 "3 pits," and
mouth is at a more positive potential than the crack tip, anions will crevices; 10
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(3) Analysis of the combined effects of Fickian diffusion and ionic dissolution product" from the steel (Figure 20), a lowering of the
migration in cracks?' 72'10 "109 and pits;11 ',1 1 and crack-tip pH is expected. 8485

(4) Analysis of convection effects resulting from the movement of
the advancing stress corrosion crack tip 12

,
1 3 or that associated The steady-state potential/pH conditions at the crack tip are

with the relative movement of the crack sides during fatigue governed by the dynamic equilibrium associated with the metal

ioading.93,114'118 oxidation and H20 or HI reduction reactions. Thus, the steady-state
potential/pH combinations at a crevice/crack tip in, for instance,
iron-base alloys in reasonably concentrated chloride solutions84

The validity of these simplifications can be assessed83 in terms generally fall below the H +/H2 equilibrium line on a Pourbaix diagram
of the actual operating conditions; for instance, the assumption of a and around the Fe/Fe304 equilibrium line (Figure 21 ),84 with the
dominant Fickian diffusion component may be valid for stress minimum observed pH at the crack tip being associated with the
corrosion in stagnant, deaerated environments, etc. Thus, although reasoning given by Equation (1 1b). The crack-tip pH varies with
significant problems remain for mathematical analysis89'90 ' 9 in potential drop down the crack, being acidic when the crack mouth is
addressing the combinations of the mass transport mechanisms and more positive, or alkaline when the crack mouth is more negative
obtaining adequate input data to the mathematical solutions, the than the crack tip. An example of the former case for a SS crevice
current modeling capabilities give good guidance as to the expected filled with 0.1 M sodium sulfate and exposed to 2880C oxygenated
distribution of potential, pH, and anionic activity between the crack tip water is shown in Figure 22, illustrating the steady-state potential/pH
and exposed crack mouth. conditions maintained under the indicated potential drop down the

crevice, and the correlation between these potential/pH conditions
The fact that the sites of the main oxidation and reduction and the Fe/Fe3O4 and H2/H20 equilibrium values.,1 35

reactions may be separated (e.g., because of the depletion of Acidification of the crack tip is not possible it there is no potential
dissolved oxygen within the crack) leads to the possibility of a drop down the crack or if there are no non-OH anions to maintain
potential drop down the crack length, the extent of which will depend d ro n t ra ck or is therae n Figure 23 fo mitain
on the net ionic current and the solution resistivity. In relatively high- electroneutralityTs is illustrated in Figure 23 for crevices in
conductivity solutions (for example, 3% NaCl or seawater), the several iron-base alloys exposed to deaerated water at 288U0 indifference in potential between the crack mouth and crack tip may be which the pH of the bulk water has been varied with LiO)H
minimal over an extended crack-mouth potential range (Figure additions.13 1 In this case, no potential change is measured between18) mm.12 ° At extreme negative potentials at the crack mouth, a the crevice tip and mouth and, consequently, there is no difference in
1520Atextremenegativepotentials dropadow the crack lenet a pH between these two regions. A similar situation can occur in bulkpotential drop down the crack length becomes apparent as the aerated water (Figure 24)5 for nickel-base alloys, because, although
hydrogen-ion or water-reduction current density increases, or as
hydrogen bubbles in the crack increase the resistive path. 8 2 1  a potential drop may exist initially, the resultant acidification andAt very positive crack-mouth potentials, a potential drop between increase in crevice-tip potential, according to the Ni/NiO equilibriumcrack mouth and tip is observed as the oxidation rate increases, with line, leads to a situation where tl.ere is no potential drop down thethe limiting value of the crack-tip potential being associated with crevice after approximately two days of exposure, thus, the acidity of

metal salt deposition. Although the data in Figure 18 are associated the crevice tip cannot be maintained,138 and the crevice-tip pH
with carbon steels in an active state in chloride solutions, very similar approaches neutrality.
relations are observed in, for instance, carbonate/bicarbonate
solutions'" and for SS,108 24'12 6 titanium,127 and aluminum' 28"12 9 h The criteria described above for the potential/pH conditions at
alluios n or s l s inwhich thiceasim gpotantaldrumpsat the tip of an occluded cell apply equally well to cracks' 37 

139 or
alloys in chlonde solutions in which the increasing potential drops at crevices, as indicated by the "crack" data in Figures 19 and 21.
the more positive potentials are exacerbated by the cell current Interestingly, when cracks are advancing (i.e., K .- Kiscc), the
increases associated with oxide breakdown. Although "high" poten- crack-tip acidity may increase. ' 30 '3 Such observations are in line
tial drops may be experienced down the crack length if high oxidation not only with the model predictions'06 (i.e., the increased oxidation
currents are created at the crack tip because of, for instance, oxide current at the crack tip leads to an increase in potential drop, anionic
breakdown, the potential drop in the high-conductivity media is still mass transport to the crack tip and hence, for electroneutrality
generally - 150 mV. However, this is not the case for high-resistivity reasons, an increase in hydrogen cation activity), but also with
solutions, such as high-purity water. In this case, il the crack mouth simulated crack experiments involving a strained crevice-tip region.' "4

is held at a positive potential by reduction of dissolved oxygen, then
the potential drop down the crack may be around 500 mV (Figure 19). If straining at the crack tip results from cyclic loading and the

relative movement of the crack sides, then, theoretically, mass
The presence of a potential drop down the crack length can lead transport by convection may be affected.9'3- 1' Unfortunately,

to ion migration and anionic concentration at the crack tip. If there are relatively few experimental investigations of these effects have been
non-OH- anions present, then this concentration will lead to an conducted. However, Charles, et al.,1'4 and Andresen' have both
excess concentration of hydrogen ions In the crack-tip region to ind;cated that appreciable cyclic frequencies and/or crack-mouth-
maintain solution electroneutrality. If the anionic activity is high opening displacements were required to enhance the net mass
enough to precipitate a metal salt, then the cationic activity will be transport rate in the crack. Indeed, the magnitude of these two
fixed by the solubility product of the salt and anion activity. In turn, the loading variables was enough to suggest that the changes in mass
maximum hydrogen Ion activity possible at the crack tip will depend transport resultir', f'om the relative movement of the crack sides
on the hydrolysis constant (KH) of the metallic cation, eg., for the were practically unimportant, since the lime-dependent crack prop-
hydrolysis reaction agation rate und6r these extreme loading conditions would be

dominated by the mechanical fatigue failure rather than the environ-
2Fe3 + + 6H20 .. Fe2o3 + 6H+  (1la) mental component (Figure 8).1 However, both of these experimental

studies also indicated that the flow of the bulk solution past the mouth
then of the crack may have a significant effect in increasing the mass

transport rate of species out of the crack; this effect could be either
Sa K 2 [ 1because of the flow-induced pressure drop across the mouth of the

I [[a aF,,o) (11b) crack and the effect this would have on the near-crack-mouth
hydrodynamics, or because the solution that was forced out of the

The hydrolysis constant will vary with the metal cation,1'32 being high crack mouth during the closure part of the cyclic loading period was
for CO , Fe l '. Al3 +.in comparison to Fell, Mn 2 ", or Nil". Thus, swept away rather than getting drawn back into the crack during the
if Cr3+ cations are introduced, either as a dissolved salt" or as a subsequent crack-mouth opening,
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FIGURE 18-Variation of the potential in crevice with external potential for BS 4360 50D steel in
3.5% NaCI and in seawater. 5,120

400 1- .' . N p VAUE ,. -.. m.,values at the crack tip (Figures 21 and 22). In higher purity
OBSERVED CRACK-TIP # AND pH VALUES N6 environments, however, crack-tip pH values nearer neutrality are

( .o POTENTIAL likely, with the value dictated by the crack-tip anionic activity that is
121 5 governed by the dynamic equilibria among the various mass trans-

CRAC-TIPport mechanisms. Andresen has systematically measured the con-0- PCRACK MOUTH 0 tributions of Fickian diffusion, ionic migration, and natural and forced
I- CORROSION " convection on the mass transport of anions in and out of a simulated
2 200- POTNTAL crack.5 .80 ,8 2 Some of the experimental data have been analyzed in

, terms of one- and two-dimensional mathematical modelingf 0 For
-40- instance, when a potential field is applied between the crack mouth

and tip, a time delay has been observed before a corresponding.2
0 CRACK-Ti change in the anionic activity at various regions of the crack enclave.600 POTENTIAL If the potential field causes an increase in anionic activity at the crack

I tip, this increase will be limited by the counteracting Fickian diffusion
-800 .of anions away from the crack tip. Consequently, after a predictable

0O  1O tO 03 102 time, a steady-state anionic activity (a.1) at the crack tip is achieved
DISSOLVED OXYGEN CONTENT, ppb (Figure 25), which, for cracks of sufficiently high aspect ratio, is

FIGURE 19-Crack-tip potential and pH variations as a function governed by the following:
of dissolved oxygen content In water external to the crack. The
observed data for crack-tip conditions at 2880C are for carbon ab(3 1) (12)
steel ( * );131 A533B ( 0 );130 and stainless steel ( A ), (A ).5 In this
data, the carbon steel and stainless steel were In the form of where a, is the anionic activity in the bulk system and 14) is the
tubular crevices and the A533B specimens were cracks, potential drop down the crack.

- -- - The transients in crack-tip anionic activity resulting from, for
instance, step changes in bulk solution anionic activity or from
corrosion potential at the crack mouth are mirrored by the observed
transients in the crack growth rate in, for instance, sensitized type
304 (UNS S30400) SS/water systems.5 As noted in Figure 26, there

Q. are significant differences in the effects of rising and falling bulk
,T solution anionic activity (conductivity) on the time to achieve a new

u steady-state crack growth rate5 for SSs in oxygenated 288C water,
c, This is consistent with the theoretical predictions of the potential
,,,U driven ionic migration, producing a rapid concentration of anions at

)0 , the crack tip but providing a slowing down effect on the removal of
anions by Fickian diffusion if the bulk solution anionic concentration

10- is subsequently lowered. 5 It follows from Equation (12), therefore,
that, in very dilute environments, the enhancement in crack-tip
anionic activity over the bulk solution is limited to : X100 (which

o o occurs at the highest foreseeable potential drop in the crack of -0.8volts): thus, it is unlikely thal salt precipitation would occur at theWeight per cent chromium in alloy crack tip. For bulk solution anionic concentrations of the order of 10
FIGURE 20-CrevIce pH of Fe-Cr binary alloys as a function of to 35 ppb, the maximum anionic concentration at the crack tip would
the chromium content of the alloy.133  be in the range 1 to 3.5 ppm, which, from electroneutrality consid-

So far, discussion has centered around relatively concentrated erations, would correspond to minimum crack-tip pH25 values in the
non OH- anionic concentrations in the crack enclave, that, under the range 4 to 5 rather than -.- 2 expected in concentrated solutions/high-
appropriate potential conditions, allows the maintenance of low pH chromium alloy systems (see, for instance, Figure 20).
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FIGURE 21 -Variation of pH with potential in localized corrosion cavities for steels in the active
state .i4 (Note that the reference numbers on the graph refer to data sources given In Reference
84 of the present review.)

1.0 1 1 1 addresseda.ckn 31,142 a 4 for low-alloy steels in hgh-temperature water
CREVICE CORROSION IN where MnS inclusions may dissolve ; 4 6" 48 the impact of this is that

0. "SOLUTION ANNEALED 04L SS the sulfur-rich anion content at the crack tip is not solely a function of

00O.im Nc Si4z ad oi
s o4 (PHti, ecs) the mass transport criteria discussed above but is also a function of

the dissolution rates of the MnS inclusions and the periodicity of

0.introduction of fresh inclusions to the advancing crack tip (Figure
0.6-27) 

Although preliminary modeling of such complex processes

gives a sensible rationalization of the observed stress corrosion

0 .4 -
c r a c k in g ' a n d c o r r o s io n f a tig u e 3 1 ,1 4 5

' 1 4 8 1
4 9  b e h a v io r o f lo w -a llo y

0.4 
- steels in 288°C water, further analysis is required to account for

Z(B p im in c lu s io n s iz e a n d o rie n ta tio n e ff e c ts o n th e s e m a s s tra n s p o rt c rite ria .
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pH(288°C) FIGURE 23-Range of corrosion potentials noted for Iron-base

FIGURE 22-Time-dependent E/pH corrosion trajectory for so- alloysv In simulated pre:'surized water rea.jtor water at 2880C.131

lutlon-annealed typo 304L (UNS S30403) stainless steel crevice (Note It has been obs-rved that, for such deaerted conditions,

containing 0.1 M Na2SO 4 Initially acidified to pH2s 1.7 with the crevica potont!al/pH conditions are .;lsin the hatched

H2S04. External solution Is oxygenated water at 2880C.5'135  region.)
Shown are the lines connecting the internal and external It is concluded that the basic mathematical analyses for defining
potentlal/pH values after various exposure times (indicated In the crack-tip solutton composition are probably adequate to give a
days). reasonable start in developing a quantitative life-prediction method-

It should be stressed tnat the reasoning given above applies tu ology for environmentally assisted cracking (Figure 3). this will be
the situation in which the suurre of anion is the bulk solution external demonstrated later. These analytical capabilities, in conjunction with
to the crack. It is possible, however, that in some systems the alloy experimental verification, lead to thermodynamics and kinetics
can be an anion source resulting from the dissolution of inclusions based definitions of the crack tip potential and pH (e g. Figures
that intersect the crack enclave. This aspect has been 21-24) and the crack-tip anion content [e.g., Equation (12)], Obvi-
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ously, there are many uncertainties behind this somewhat optimistic Perhaps the most practically pressing uncertainty about the
conclusion, and these may be associated with (a) extension of these current crack-tip solution analyses is the treatment of crack dimen-
mathematical modeling analyses [e.g, Equations (6-10)] to cover sions, especially for crack depths of metallurgical dimensions (e.g.,
more concentrated solutions for multidimensional flow under all . 100 km). Certainly, the mathematical modeling can be applied to
combinations of mass transport mechanisms, and (b) the accumu- these circumstances (e.g., pits), provided the correct boundary
lation of the low- and high-temperature data on diffusion coefficients, conditions are used, but the difficulty arises in experimentally
activity coefficients, reaction rates, etc., that are required for the verifying these analyses for propagating cracks. Preliminary unpub-
solution of these mathematical analyses. lished measurements of crack propagation for very shallow cracks

10 indicate that the "long crack" solution chemistry analyses may be
I I I i I applicable for crack depths -> 25 to 50 j~m (for ductile type 304 SS in

CREVICE CORROSION IN ALLOY 600 288°C water),15° but modification to these analyses are required for
08 02(85p9m_ shorter cracks. Although such may be the case for situations where

H20 Oln Na2SO4 + H2S04 (p125: 1.7) forced convection is not a dominant factor, current solution chemistry
modeling for convection effects associated with cyclic loading

06- indicates that, below a certain crack depth, the dominant mass
transport mechanism at the crack tip changes from Fickian diffusion
to forced convection. 18 This critical crack depth (1c,) depends on

04 the diffusion coefficient (D), loading frequency (f), and mean stress
ratio (R).111 For instance, for parallel-sided cracks:

02cnt = - (13)
1-R

0 -F 3o4  Such an analysis has been used by Gangloff "I to explain "ano-
> - 1- - A molous" corrosion fatigue propagation rates in short cracks (- 1 mm)

.j 2 EXTERNAL in relatively high-strength steels in NaCl, in terms of the ease of
5 - transport of oxygen to the crack tip and the effect this has on a HE
c .mechanism of crack propagation. However, uncertainties persist in

the treatment of physically and metallurgically short cracks in terms
04- Fe 0of both the definition of the crack-tip environment and the formulation

of the crack-tip strain rate (discussed later).15 2

•o06- Crack-tip reaction rates
The electrochemical (and chemical) reaction rates can increase

markedly when a protective surface oxide/film is ruptured, and these
0-O transients are central to crack propagation processes occurring at a

strained crack tip (see the discussion of the candidate propagation
mechanisms above). Therefore, to formulate a life-prediction meth-

" 2 3 4 5 6 7 8 odology, such reaction rates must be measured in the relevant
pH (288'C) crack-tip material/environment system. The definition of the crack-tip

FIGURE 24-PotentialpH measurements on tubular Inconel 600 system in terms of the solution composition and electrode potential
(UNS N06600) specimen when the tube bore Initially contains was discussed in the previous section. The alloy composition at the
acidified Na2 S0 4, and the external environment Is water at tip of a transgranular crack is generally assumed to be that of the bulk
288°C, containing 8 ppm oxygen. Shown are tie lines connecting alloy. In comparison, the alloy composition at the tip of an intergran-
the Internal and external potential/pH values after various ular crack may be considerably different from the bulk composition if
exposure times (indicated in days).5  elemental segregation, or denudation, at the grain boundary occurs

at rates controlled by, for example, thermally induced diffusion and/or
116 1 irradiation-assisted damage. Discussion of these latter metallurgical

RESPONSE TO SOLUTION 6r. aspects is outside the range of this particular review, but certainly
S14 CONDUCTIVITY TRANSIENT there is adequate knowledge, backed up by extensive analytical

electron microscope studies, to allow definition of the grain-boundary
-2 288-C D = 2.53xO "4 cm2/s composition in terms of the thermal or irradiation history and the bulk

C alloy composition (see References 153-158).!: 10 CONCENTRATION vS TIME . 4 " The oxidation rates on a bare surface have a direct relationship
AT CRACK TIP /w to the crack propagation rate that Is proposed by the slip-dissolution

CRCKGOW-RAEmodel (Figure 6). In many circumstances (as will be discussed later),
CRACK GROWTHRATE TIM the dissolution rate on a bare surface (i,) can be maintained for a time

C- 1-s T (to) before the net oxidation current density decreases because of
2 oxide formation; such a current density decay may occur by a power

4- 4C law of the general form:

C/ 'I =t b[-t]

(14)
0 I 2 , 4 5 6 Integration of this relationship with respect to time to give the

0 1 sec 3 5 6oxidation charge density leads direc!!y to the expanded version of
LOG TIME,* sec Equation (2). When the average periodicity of oxide rupture (t)

FIGURE 25-Comparison between the transients In anionic (- Et/i) is significantly greater than to, then the average crack
activity at a crack tip and crack velocity following a change In propagation rate is given by
bulk solution anionic activity.5 Crack growth data for sensitized
type 304 (UNS S30400) stainless steel In 200 ppb oxygenated v_ M itn x .r (15)
water, which undergoes a conductivity transient. zpF (1-n)en
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FIGURE 26-Crack growth rate responses for a cyclically loaded, sensitized type 304 (UNS
S30400) stainless steel specimen In 2880C, 200 ppb oxygenated water, following changes In bulk
water conductivity.5

Various techniques have been used for creating the bare
surface upon which the oxidation and reduction rates are measured.
These have included mechanical methods to rupture the surface

r FIKoxide such as slowly 75.16° '865-170 or rapidly171 '. 72 straining the alloy;
CONVEc'nON completely fracturing the specimen to create a bare fracture su rface, 7 .

177 cyclic straining,1 ° '178 scratching the alloy surface,159 179'89 or
S KSgrinding. 174'190 Alternatively, electrochemical methods have been

SS T used that involve cathodically reducing the oxide (e.g., References 5,
r OLUTION 191-193), then rapidly pulsing the potential to that of interest vis- -vis

the predicted crack-tip conditions. The experimental outputs may be
either changes in corrosion potential (e.g., Reference 194), when the

f(vor) + ZusFosVO Dvosi o S P specimen has been strained under open-circuit condition,, or changes
FUX F Uin cell current, when the strained specimen is connected galvanically

FLUX IN FLUX OUT to a large surface area of oxidized alloy.178 More generally, however,
the oxidation current density on the bare surface has been made

FIGURE 27-Schematic of advancing crack tip in mild or under conventional three-electrode potentiostatic control with, in
low-alloy steel showing the mass transport balance for dlssolv- some cases, ellipsometric measurements of film growth.' 93

Ing MnS Inclusions. a 4  Recently, several comparisons have been made between the
bare-surface reaction rates produced by the various experimental
techniques.5-19 -196 Although all the techniques give the same

However, the crack tip will be maintained in a bare-surface condition general responses in terms of the changes in the bare surface
if the value of t, is less than t, and under these high crack-tip reaction rates with, for instance, corrosion potential, pH, anionic
strain-rate situations, the maAimum crack propagation rate corre activity, etc., questions have arisen about the absolute values of
sponds to the Faradaic equivalent uf the bare-surface current density these reaction rates obtained by the various techniques. Such
(ib) (see Figures 5, 8, and 12): differences are usually related to the various aspects of experimental

technique. For instance, uncertainty in the reaction rate analyses can
v, x 1,, (16) arise for several reasons:

zpF

Thus, the measurement of the oxidation rate on a bare surface in the (1) Uncertainty concerning the bare surface area. Since it is the

relevant cracK-tip materiauenvironment system gives a unique and oxidation or reduction current density that is the important parameter,
fundamental prediction of the crack propagation rate. Unfortunately, uncertainty in the reactive area leads automatically to uncertainty in

such a clear-cut situation does not exist for HE mechanisms because the crack propagation rate predictions. Differences in reaction rate
the hydrogen-ion andior water-reduction processes at a bared crack measurements between, say, straining and scratching electrodes
Lip are not the atom-atom rupture processes pertinent to the crack techniques ' g9 may be related to uncertainties in the tensile fracture
advance. Increases in these reduction rates have been noted when process of the surface oxidet 97 or the surface roughness produced

a surface oxide is ruptured, 75.'59 1  and this can lead to increases in in the scratching electrode technique; '98 a similar surface roughness
the degree of hydrogen absorption and permeation into the under- uncertainty also exists for experiments that involve the ductile
lying metal matrix.1011* 4 Although such changes may relate to fracture of the alloy specimen.
changes in crack growth rate by a specified HE model, the (2) Uncertainty concerning the surface condition of specimens
fundamental validity of these correlations is suspect without specific cleaned by cathodic reduction of the oxide. In such cases, it is not
Knuwledge of the hydrogen ddatom re.umbination Kinetibcs, degiee Vf alwayb domunstated that the oxide has been completely reduced
dislocation-aided hydrogen diffusion, etc. before pulsing to the potential of interest,' and the contribution to
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the subsequent oxidation current density on the "clean" surface anion concentration (Figure 29) 1 These latter parameters may, in
resulting from the oxidation of adsorbed hydrogen is not always turn, be related via the methodology given in the previous section to
defined, measurable bulk system parameters such as corrosion potential,

(3) Uncertainty concerning the IR correction, especially during anionic conductivity, degree of grain-boundary sensitization, etc
the initial high-current pulse of the reaction rate transient. At small (Figure 30).1 Thus, there emerges a first principles methodology for
anodic overpotentials from the reversible potential for the metal relating n in Equation (14) to bulk system parameters and hence, via
oxidation reaction, the oxidation rates can follow an activation- Equation (15), to the crack propagation rate.
controlled Tafel relationship,"59

20 and at overpotentials that are The main conclusion regarding knowledge of the crack-tip
relevant to the crack-tip conditions, high current densities are reaction rates that are relevant to the candidate crack propagation
possible. Thus, there is no question that, depending on the dimen- mechanism is that the basic quantitative data for oxidation-related
sions of the working electrode and the positioning of the reference mechanisms (i.e., slip dissolution and film-induced cleavage) is either
electrode, high cell currents can give rise to "ohmic drop" deviations available or experimentally achievable. Although a similar statement
between the actual and measured potential. The saving grace is that, could be made for the hydrogen-ion or water-reduction reactions that
practically, this problem may not be as important vs--vis analysis of are pertinent to the HE mechanisms, it is still uncertain as to how
cracking phenomena, since it only exists for the time when a high cell these data could be used in the quantitative prediction of the crack
current is passing, and this occurs for a time period (1 to 10 ms) that propagation rate, since the first principles formulation of the crack
is short with respect to the time period of interest for most propagation rate by these mechanisms [i.e., the counterpart to
environmentally assisted cracking situations in which the periodicity Equations (14) and (15)] have not yet been defined
of oxide rupture(= e&/) is > 102 s. 10 _

(4) Uncertainty regarding the relative contribution to the mea-
sured oxidation current density transient due, for example, to oxide
growth in two (i.e., surface coverage) dimensions, the dissolution rate ' 0
in the intervening bare area, and, ultimately, the growth or thickening E

of the oxide. Although some of these questions may be cleared up by <
consideration of the charge density passed or by ellipsometric - 1
studies, this remains an analytical problem. Again, however, it may 0 0Imc 2S0,.DEAERAT0

be of less importance practically since what is required to a first V p D

approximation is knowledge of the total oxidation charge density 7 10-2

rather than its component parts, i.e., the movement of the metal/en- %U X

vironment interface regardless of whether the "environment" is the -0-0 95

solution or the converted oxide/film. 1CT - 8 9.5

Although this latter statement is correct pragmatically, it does - 6 5

not alter the fact that knowledge of the precise atomistics of the 10-' T 304 ST.ST.

oxidation (and reduction) reaction mechanisms on the bared 11,,,,,10 ,_,,_,,,_,,,,=,,, _,_,, ,,,,
surface '20 2 and how they are affected by the solution composition 10" 10- C 10-2 10-1 100 10 1 102 103

and electrode potential is of some importance. For instance, TIME FROM PULSING, s
Burstein, 8 4 Lorenz,2  Nobe,2 04 Markus, et al.,205 Ljungberg, et FIGURE 28-Oxidation current density/time relationships on a
al.,2° and Cornbrade 1'6 have all made arguments for the effect of bare surface of various Fe-Cr-9.5NI alloys In 0.01 M Na2SO4 at
adsorbed anions on the activation-controlled bare-surface dissolu- 2880C.
tion rates. Ford and Andresen have argued that at higher anodic
overpotentials for aluminum 0  alloys at low temperatures and for ,, ,,,I , , ,,,,,, , , ,,,, , , ,,,,
iron- and nickel-base alloys at 288°0,5.80-11 the rate-controlling
process for bare-surface dissolution may be diffusion of solvating 0- %-SLOPE FROM 288# DATA, / ,,,l ( DATION CURRENT VS.TIME
water molecules to the oxidizing surface. They have also argued that 0 N-..,. LOW ALLOY STEEL SULFATE
this ,s affected by the "blocking effect" that results from precipitation 0.8 SOLUTIONS6O0mVsh,

of oxide3 adjacent to that surface. The common observation of a
bare-suriace dissolution rate of 0.5 to 5 A cm2, regardless of the 0.6
metal/environment system and the experimental procedures, seems
to be a powerful argument for a common rate-controlling reaction,
Le., diffusion of solvating water molecules. For many systems, the 0.4
bare-surface dissolution reaction is followed by a decay in the overall
oxidation rate given by Equation (14),5.171.173,85.18 6 or, in some
cases, 7  J67.18

7-18' by the following: 102 10"I l00 tO, lOt
CRACK TIP ANION CONCENTRATION, ppm

itexp(-pt) (17) FIGURE 29-Variation of the parameter (n) In Equation (14) for
various dissolved sulfur concentrations.' Data for mild and

In the limit, the value of n in Equation (14) approaches unity (see low-alloy steels In the Initially bare conditions In sulfate,5

References 5, 75, 159, 200, 201), which would approximately borate, , molybdate,5 and chloride solutions.1 0

correspond to the predictions of the place exchange'07 or high Crack-tip strain rates
held-ion migration' mechanisms of oxide growth. Engseth and In the formulation of the candidate hypotheses for propagatio.
Scully nave suggested that the law given by Equation k17) represents fundamental importance was placed on the periodicity of rupture of
a cummation of individual growth laws, each governed by Equation the thermodynamically stable oxide or protective film at the crack tip
1,14), which originate at different times on the strained surface."' As shown schematically in Figure 16, this parameter will depend on
Under certain combinations of material, composition, solution pH, the fracture strain of the oxide or protective film, and the various
electrode potential, and anionic type or activity, the value of n may metallurgical and environmental parameters that affect the near
decrease because of the breakdown of the growing oxide" " ' 9 surface deformation or strain rate. In this paper, the factors that affect
as anions become incorporated into it (Figure 28).' The mean value the fracture strain of the surface oxide will not be reviewed, apart from
el n over time periods of consequence to environmentally assisted commenting that this parameter can be independently measured and
cracking (i.e., - 102 s) may be related, therefore, to the crack-tip correlated with oxide thickness, slip morphology, etc. (For examples.
material composition, crack-tip potential and pH, and to the crack-tip see References 4. 5, 197, 210-216.)
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2.0 In all of these equations, it is recognized that the crack-tip strain rate
is a function not only of the applied stress, stress intensity (K), or

el(K) f(EPR) strain rate (,), but also of the crack propagation rate (V). In other
words, it is recognized that the movement (x*) of the crack-tip stress

e f(K) + e (¢) field into the underlying metal matrix is activating new dislocation
sources in a given iime period, and thereby increasing the strain rate

A=7.8X1 07 n"'  over and above that which would exist if the crack were stationary.

Constant-load conditions

1.0 Both Vermilyea37 and Gerber and Garud" 2 assigned prime
importance to the creep component in Equation (18) when evaluating

0.9 - the crack-tip strain rate under constant-load conditions in SSs. At low

0.8 - homologous temperatures and under constant stress conditions,
such a creep rate may be approximated bym

0.7

n 0= 0 m t' (21)
0.3 where a = tensile stress, t = time, -y and m = constants. Such an

0.5 0.4 analysis predicts that the crack-tip strain rate, and hence crack
0propagation rate, should decrease with time. Indeed, there is
1.0 evidence for such a phenomenon of arresting cracks in several

0.4 2.0 ductile alloy/aqueous environment systems,2 " .2"5 and knowledge of
10 creep relationships has been used to predict threshold stresses for
80 environmentally enhanced cracking in systems in which a critical

0.3 (pS crn-I) - strain rate is required for the maintenance of cracking.23 However,25C although such an approach may be correct in principle, the use of
304 STAiIEE uniaxial creep data for the evaluation of the oxide rupture periodicity

15 C cm-
2

REVISION 1(b) must be incorrect beyond "order of magnitude estimations," in view
COMPUTER MODELLING FORMULATION OF REV #1 of the highly localized flow adjacent to the crack tip, the multiaxial

0.2 I I I I stress conditions at the crack tip, the range of possible dislocation
-600 -400 -200 0 +200 morphologies, and the known dependency of creep on surface
CORROSION POTENTIAL mVshe dissolution,2 8 '2  adsorption, '240.24' surface films,242

.
2'3 periodic

FIGURE 30-RelatIonships between n In Equation (14) and the stress relaxation,244 etc. Indeed, a direct correlation has been

corrosion potential and bulk solution conductivity for a sensi- observed between stress corrosion susceptibility and near-surface

tized (EPR = 15 Ccm- 2) type 304 (UNS S30400) stainless steel mechanical properties 2 45 but such relationships have not been
In water at 288°C.5 widely investigated.

Moreover, as intimated in Equation (18), a complication to the
The oxide rupture prerequisite for crack advance may be simple creep approach arises at faster propagation rates, because as

associated with the interrelationship between cracking susceptibility the crack tip advances into the underlying matrix, it will activate new
and slip morphology, since coarse slip, rather than fine slip, will be dislocation sources and thereby increase the creep rate for a given
more likely to rupture a brittle film of given thickness and thereby time increment. This process is shown in Figure 31, where it is
expose bare metal.217 Such a relationship has been observed in both conceived that as the crack propagates at a rate (V), it will activate
aqueous and gaseous environments (e.g., austenitic SS in a number of new dislocation sources in a given time period. In an
aqueous2 18.2 19 and hydrogen68.69, 2 environments) where the dif- activation-controlled mechanism of creep, this is equivalent to
ferent dislocation morphologies are related to changes in stacking decreasing the activation stress or increasing the applied stress. In
fault energy, .2

1
9 .22' short-range order,-- 224 precipitatelmatrix co- other words, the steady-state creep rate at the crack tip will be

herency, and precipitate distribution .41' 22
-

2 It should be empha- governed by a dynamic equilibrium between the loss of dislocation
sized, however, that although dislocation planarity may facilitate sources by "exhaustion" 248 and the activation of new dislocation
cracking, anomalies to the dislocation morphology/cracking suscep- sources by the moving stress field associated with the advancing
tibility relationship exist, since rupture of the crack-tip film is not the crack tip Such a metallurgical concept is in accord with the "constant
solo requirement for subsequent crack propagation. Thus, the charge criterion" proposed by Scully, 47 Vermilyea, 248 and
achievement of dislocation planarity per se is not a sul/icient reason Newman,249 who predicted that, for cracking to be sustained in
for environment-assisted cracking in ductile alloys.2 1 9

220,M certain alloy/environment systems, the crack had to advance a

Despite these known effects of the microscopic heterogeneity of critical distance following the rupture of the oxide at the crack tip; ie.,
plastic flow at a crack tip on the cracking susceptibility, the main a constant (oxidation) charge criterion had to be met. Moreover, it has
emphasis In formulating the periodicity of oxide or film rupture has been shown that such a constant charge criterion is applicable
been in terms of continuum parameters, such as strain rate. Previous quantitatively to the cracking of stainless'" 2 and low-alloy steels 4.24 9

reviews of the formulations for crack-tip strain rate (k,) have been in aqueous environments at temperatures lower than 115C.
conducted by, for instance, Parkins, et al., " Lldbury,' and Unfortunately, insufficient knowledge of the dynamics of creep
Ford - 44 The following general equations have evolved, processes exists to allow the relationship shown schematically in

For constant load: Figure 31 to be evaluated. Consequently, empirically based analyses
B( have had to be used that, because of the design usefulness of

"X-) (18) fracture mechanics, have been formulated in terms of stress

intensity.- 3-5 For instance, for SS at 2880C, a usable5 relationship for
For constant applied strain rates (SSRT): the crack-tip strain rate is

i"(19) , = 4.1 X 10- 4 K 4  (22)

[where the stress intensity (K) is in units of MPaVX]J. It must be
For cyclic load: emphasized, however, that this is an empirical formulation and must

( ). ( have limitations at high net section stresses and for short cracks
8K IK K × V, (20) when linear elastic fracture mechanics is invalid.
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0.n ) c"4 Cyclic loading conditions
Calculations of the crack-tip strain rate under cyclic loading

2 ) "h |conditions have centered around separate evaluations of the param-
eters (8d8K), k and (SdSa)K Vt in Equation (20).

T,------------ a- *Hudak, Page, and Davidson255 have used a stereolmaging
0" aT t-1 technique to measure directly the (8d18K)a values on the surface of

SS (and an aluminum alloy) specimens cyclically loaded in either
vacuum, dry argon, or sodium sulfate. This technique relies on the

Ig comparison-of the planar displacement of adjacent regions on the
surface under loaded and unloaded conditions, and, since theseVt2  measurements can be made under high magnification, the surface
strain values can be measured close to the crack tip. Even though
such measurements are taken under predominantly plane-stress
(surface) conditions, the resultant (Sd8K)a measurements act as a
"benchmark" for various calculations based on continuum fracture
mechanics and finite element analyses; these approaches are
reviewed briefly below.

Several investigators have calculated the average crack-tip
strain rate during the full stros cycle by making the assumption that
the use of linear elastic fracture mechanics is valid. The underlying

lilt assumptions have been, therefore, that the plastic zone strain and
strain variations are treatable on a continuum basis, and that theFIGURE 31-Schematic strain-ratetime relationships for vari- 12

ous applied stresses (orn) illustrating how these may be changed system is subject to small-scale yielding. Scott and Truswell 2 "

at a crack tip because the crack is advancing at a velocity (Vj.5  assumed that (1) the crack-tip strain rate could be related to the time
dependence of the crack-tip-opening displacement (d8/dt) and (2) the
"gauge length" over which the strain was to be calculated was given

Slow-applied strain-rate conditions by the instantaneous crack-tip-opening displacement (8), i.e.,

Shoji and Congleton2
50

.251 and later Maiya252 used as the basis 1 d8
of their calculations of the crack-tip strain rate under slow-applied T = 18 (27)
strain-rate conditions the formula derived by Rice, Drugan, and
Sham2

5 for the rate of crack-tip-opening displacement (8) at a When this relationship is averaged over a cyclic period (T), then for
distance (x) from a propagating crack tip in a fully plastic body: R > 0,

+ ( 1n - In [1-1/2(-R) (28)ry E nR xa,

(where R = minimum load/maximum load).

where x crack length, a, , yield strength, E Young's modulus, Both Atkinson25
' and Gabetta2" have questioned the use of the

p constant, R - constant, approximately proportional to the plastic instantaneous crack-tip-opening displacement as the "gauge length.

zone size, and V, - average crack propagation rate (cm s '). Gabetta suggested that this dimension should be a function of the

For the situation of a tensile specimen of gauge length L distance between the crack tip and the bending hinge point on, for

containing N cracks, Shoji and Congleton calculated the variation in example, a compact tension sample. Atkinson, on the other hand,

with an externally applied strain rate (t',,p) as follows, suggested that the gauge length should be a "characteristic" length
(W). Regardless of the precise definition, the dissociation of this

L o -24) gauge length from the instantaneous crack-tip-opening displacement
N -) (24) leads to a formulation of the form:

1 d8 1 aAK 2  (29)
where i,, = the strain rate in the Intervening uncracked regions on W dt T 2WEuy
the gauge length.

To translate the crack tip displacement rate to an average The advantage of these latter approaches ib that they introduce a
crack tip strain rate, it has been assumed that the appropriate gauge dependency of i, on AK that was missing from Scott s formulation.
length" at the tip of the crack is the total width of the active flow bands, Alternatively, Cole, at al.,'25 argued that since the oxide rupture rate
calculated tobe 001 to 0.1 mm. By substituting these assumptions is governed by the movement of dislocations under shear, the
into Equation (23) and combining with Equation (24,, an approxima- appropr;ate strain rate should be the shear strain rate -y) operating
tion for i, is over a gauge length equivalent to the total width of the active flow

bands. This would give a similar formulation to Equation (29), except
75 E 100N (25) 100t now the value of W can be related to a physical metallurgical

= -a EOM +o.-5o In N par,'neter. Finally, Lidbury26 related the average plastic shear strain
rate to a function of the reversed plastic zone size at a given AK

Thus as pointed out by Parkins,2
5 the absolute value of the crack-tip value, and the reversed plastic zone size at the threshold AKo value.

strain rate depends on the number of crack initiation sites and the Such an approach led to the formulation of the total shear strain (i.e.,
average crack propagation rate (which will be a function of the elastic plus plastic strains) rate (-iT) in terms of the yield strain in
material/environment combinations). For instance, for the low-alloy shear ( io), the cyclic period (T), AK, and AK., as follows;
steeVoxygenated water system at 288C,'-5 if the number of cracks
Is in the range 5 to 30 (commonly observed in slow-strain tests) and <j > = 2 " AK )2

the applied strain rate is > 10- 7 s- 1, then for commonly observed T T (30)

crack propagation rates of 2 x 10- 7 to 2 x 10-
6 cm s- 1, the following

approximate relationship may be used, Since AK, is known empirically to be a function of R via the work of
Lindloy and McCartney,2 1 the effect of the R value also enters into

= 10 x i (26) this equation.
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The validity of these various linear elastic fracture mechanics is the appropriate value in calculating the crack-tip strain rate. Such
(LEFM) formulations for cyclic loading have been examined' by approaches lead to a formulation of the crack-tip strain rate in terms
comparing their predictions with the experimental data produced by of the time-base crack propagation rate in an inert environmeitt (Vit)
the stereoimaging technique.2s This is shown in Figure 32, where of the form:
the predicted i vs AK relationships using the Scott,2"6 Cole, 2 9 and
Lidbury260 formulations are compared to the observed data of Hudak B V1, (31)
and Davidson 25 for SS stressed at R = 0.1 and 10-2 Hz cyclic
loading conditions. It is apparent from this comparison that the where the constant B depends on specimen geometry and alloy, and
Lidbury and Cole formulations come closest to predicting the trend in Vt may be defined in terms of the mean stress ratio (R), AK, and

the observed data. It is important, however, that the semiquantitative loading frequency For instance, for SS at 288(C, the following

nature of this conclusion be noted, for the absolute values of the relationship 5 has found extensive applicability:

theoretical relationships are dependent on the unsubstantiated

values placed on some parameters (such as the "gauge length");
further, the experimental results against which the theoretical rela- o = 68.3 {i AR AK

'  (32)

tionships were compared were obtained under plane-stress surface
conditions instead of the more relevant plane-strain conditions that where AK = stress-intensity amplitude (MPa"m), v - loading
will exist over the majority of the crack front on crack growth frequency (s-1), and AR = constant, which is a function of the mean
specimens. stress ratio.

In conclusion, the positive aspect of the definition of the crack-
. i tip oxide or film-rupture periodicity is that it is currently solvable, if only

-2xlO"tn1-±' (t-R)2} / in a semiquantitative manner. As will be shown later, this state of the
(SCOTT) ' /,: 5X103 A art is usable for current life-prediction requirements, but unanswered(O WEo-0  questions definitely remain in this analytical area. Perhaps the most

,.- OLE) pressing of these are the following:10"2 - - _
102-/ (1) The uncertain validity of k, formulations that use linear elastic

/ S fracture mechanics parameters for ductile materials, and the
/ possible desirability of using elastic-plastic approaches involving

E f13 J, J, or C*. Allied to this problem is the conceptual one of using
i / 0 a continuum fracture mechanics approach for localized plasticity

980 phenomena in which, for instance, the dislocation motion and
0 0 0 • OTAL morphology are known to play a significant part in environmen-

10-3- 0x10"2y ( W_)0 0 tally assisted cracking susceptibility.
(LIDBURY) (2) The formalism of accounting for the dynamic equilibrium be-

CA * tween a decreasing logarithmic creep rate at a static crack tip
and its increase with dislocation activation as the crack ad-

OBSERVED DATA vances. Again, allied to this problem is the undefined effect of
= STEREOGRAPHIC IMAGING the crack-tip environment or its by-products (e.g., absorbed

10-4 HUDAK 8 DAVIDSON hydrogen) on the plasticity process itself.
304 ST. ST., 98"C (3) The problem of applying linear elastic fracture mechanics or

* UNSENSITIZED, VACUUM elastic plastic formulations to metallurgically short cracks and to
o SENSITIZED, DRY N2  coalescing cracks.25
o SENSITIZED, N 2S04  (4) The validity of the underlying assumption in all of the mechanics

I I II I I I I I ' I I models that the whole crack front moves forward uniformly,
6 8 10 20 40 60 80 100 rather than the (probably) more realistic notion that crack

AK, MPa Vm advance occurs at isolated points along the crack front and then

FIGURE 32-Comparison between the observed and calculated links by lateral movement.
crack-tip straIn-rate/stress-IntensIty amplitude relationships for
R = 0.1, 10-2 Hz conditions.5 Observed data obtained via the
stereolmaglng technique on stainless steel.255 Calculated data Validity of Candidate Propagation Mechanisms
on the basis of Scott, Cole, and Lldbury formulations [Equations and Their Practical Use
(28), (29), and (30)]. "Even the best research is of little use unless it moves out of the

Several authors have considered the restriction on the above laboratory and into the marketplace"
analyses of small-scale yielding. Leis and Mehta and Ranganathm From Business Week (Juty 8, I98. p. 87)
applied elastic-plastic fracture mechanics to the analysis of corrosion
fatigue The conclusions from this preliminary work indicate that the The validity of any crack propagation mechanism is demon-
use of such elastic-plastic analyses Involving, for instance, J, are strated by its ability to predict quantitatively all the available data,
better able to formulate the crack tip strain and strain rate vis b.vis even though that data may seem to exhibit a hopeless scatter (e.g.,
stress corrosion and corrosion fatigue than the LEFM approaches. Figure 1) or when there seems to be little correlation between
Indeed, later work by Kawakubo and Hishidal 161 indicated that cracking incidents in a plant and, for instance, operational time
stress corrosion crack propagation In the SS/water system ;, r a (Figure 33).,'-6 Traditionally, such scatter would be tackled on a
variety of specimen geometries under monotonically Increasing loads probabalistic basis but, as mentioned previously tFigures 3 and 4), it
Is normalized by the time differential of the J integral (J). i3 suggested that (ignoring bad experimentation or measurement

The alternative (or additional) formulation of the crack-tip strain techniques) such scatter is not random but is predictable on a
rate under cyclic loading is the (edfa)K V, term in Equation (20). The deterministic basis, provided the correct mechanistically based
value of (8./a)K may be obtained from experimental data using the model is used. There have been comparatively few validation
stereoimaging technique or by finite element analysis. This latter exercises for mechanistically based models, which have not had to
approach has been used by Shojli,- 2

67 who determined the change make fairly major assumptions because of missing information about
in the strain at a point in front of the crack as the crack tip moved the definition of the crack-tip system. Some of these "missing
toward it When the crack tip coincides with the point, that point is information" problem areas have been discussed in previous sec-
exposed to the environment, and the value of (8d~a), at that instant tions. In this section, discussion is centered around a validation
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exercise5 in which the crack-tip system is comparatively well potential (deaerated to highly oxidizing in-core conditions), stressing
characterized in order to demonstrate the practical use of this (constant load to high-frequency fatigue), sensitization (solution
fundamental knowledge. The problem addressed in this exercise is annealed to furnace sensitized), etc. Further analysis of the data in
that of intergranular stress corrosion cracking of SS in water at Figure 37 indicated that the current model algorithms consistently
2880C, which relates to the cracking of weld-sensitized piping in over-predicted the mean observed data by approximately 17%,
boiling water reactors (Figure 33). It was hypothesized5 that the crack probably a result of assumptions in the crack-tip strain-rate calcula-
propagation mechanism was primarily slip dissolution, with intergra- tions. Of equal significance, however, is the fact that the scatter in
nular cracking occurring because of (1) chromium denudation Figure 37 is predictable in terms of the high sensitivity of the crack
adjacent to grain-boundary Cr3Cs precipitates in the weld-heat- propagation rate to corrosion potential and conductivity (Figures 35
affected zone, (2) oxygenation of the water because of radiolysis in and 36) and the fact that these parameters are not always adequately
the reactor core, and (3) tensile residual stress from the welding defined in the experimental test procedures. Thus, although assump-
procedure. Extensive investigations of the crack-tip solution compo- tions have had to be made in all components of the crack-tip system
sition, crack-tip reaction rates, and calculation of the crack-tip strain definition, it is apparent that, for this system, a mechanistically based
rate indicated that the appropriate crack propagation rate algorithms model can be formulated that adequately predicts a substantial
were amount of data observed in many laboratories.

VT = f(n) i& (33) 10* "  ..1 , , . ...
304 STAINLESS STEEL

where "10 4  H20, 288IC, 8ppm 02
E 0.5 *0.2/ A WI

f(n)=7.8 x 10-3 n36  (34) .10 "1 EPR 15-30 Cc- 2

-4

PR ) CdE
"

n = e(o-0 g,(6o)' (35)

Q ,10" X0-105

and the crack-tip strain rate ( ) was given by Equation (22) and (32) : V085

for constant and cyclic loads. Thus, the crack propagation rate could
be formulated on the basis of the bulk system parameters, K (the 10.9

solution conductivity), 4, (the corrosion potential), EPR (measure of
grain-boundary chromium denudation), stress intensity, etc., even I ,..a ...... ,"1.i ...... ,--J..... ...... I
though the model itself was based on crack-tip phenomena. I0 10" 10-" f0 10-6 10- 10" 10" 10-2 10"

CRACK-TIP STRAIN RATE, s'I

FIGURE 34-Observed and theoretical crack propagation rate/
crack-tip strain-rate relationship for sensitized type 304 (UNSI l l S30400) stainless steel In oxygenated water at 2880C.5

' 
0

0 00 
I I I I l i I I I I I

0- 304 STAINLESS STEEL
0 25mm CT SPECIMEN

0 0 IO7 2880C WATER
0 0 CONSTANT LOAD

00: o 
ASSUMED CONDITION0 o 

-,25 Ks IA (2. MPa 'm)

ooo ' OBSERVED DATA

0 00

an a0 0 . 15 Ce-
______ On_________0 ________0_ *PLEOGECOOE FOR

1 , ,. - -,, ,., THEORETICAL
KA , IC - 04 0"8 - CURVES

FIGURE 33-The relationship between the number of crack
Indications noted in stainless steel piping In a given boiling a
water reactor and the number of months that plant has been In
operatlon."

0

A comparison between the theoretical and observed crack 10. 9
propagation rate/strain-rate relationships is shown in Figure 34 for <

data obtained in 8 ppm oxygenated water under constant load, slow-

applied strain-rate and cyclic load conditions. The agreement be- j --e
tween theory and observation illustrates the utility of the mechanis- 0.3 /

tically based model for both intergranular "stress corrosion" and b.1 0.2
"corrosion fatigue," which, at higher loading frequencies, is trans-
granular. Similar comparisons between observation and theory are 10-1O t I I 0 I I I I I I t
shown In Figures 35 and 36 for the effects of corrosion potential and -600 -400 -200 0 +200 +400
solution conductivity, respectively, on the propagation rate under the CORROSION POTENTIAL, mVshe
stated loading and grain-boundary sensitization conditions. The FIGURE 35-Observed and predicted relatlo;,w,"ps between the
agreement between observation and theory for a very wide range of crack propagation rate and corrosion potential for sensitized
testing conditions is shown in Figure 37. In this example, the wide type 304 (UNS S30400) stainless steel In water under constant
range in propagation rates was obtained via wide ranges in corrosion load. Water conductivity In the range 0.1 to 0.3 itS cm-1.5
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-7 _An example of the latter application is shown in Figure 38 for the
10 -,i ' ' I I I ' I A I "- cracking of 10-in. (254-mm) diameter, schedule 80 weld-sensitized:316L STAINLESS STEEL

ATEIR 288C, 200ppb 02 type 304 SS piping in 200 ppb oxygenated water at 288°C; in this
.25Ksikint OCcm 2z example, the beneficial effect of improving the water purity in

T (27.5 M Pa %rm) mitigating cracking is clearly predicted. These relationships are forE well-defined conditions of residual stress, corrosion potential, grain-
U boundary sensitization, etc. It follows, therefore, that if there is a
UJ range of residual stress profiles, there will be a predictable range of
X THEORETICAL cracking responses. This is illustrated in Figure 39, which shows that

PREDICTION the minimum observed crack depth after a certain time at a given
o RANGE IN plant corresponds to the NDT crack resolution limit; the mean

CORROSION observed crack depth corresponds to the mean theoretical-value
SPOTENTIAL appropriate for the average coolant conductivity; and the maximum

observed crack depth corresponds to that predicted for the maximum
o.l0-  observnd residual stress profile for that classification of piping. From

such predictions, it is apparent that there should be an inverse
v relationship between the coolant conductivity and the time for the
X crack depth to reach, for instance, a quarter-wall thickness. The
o I precise relationship will depend on the material/stresslenvironment

definition, as shown in Figure 40, for three such system definitions.
Also shown in Figure 40 are observations from several operationa!

i( I  ,, 110 1 1 I 1 1,11 1 1 , fit,, plant indicating that the majority of observations are associated with10- 100 i01 the mean system definition, but the "outliers" may be explained ,n

ST cterms of a combination of a high degree of grain-boundary sensiti-
RT zation and a high residual stress from the welding process. Thus, the

FIGURE 36-Observed and predicted relationships between the apparent scatter shown in Figure 33 may be analyzed mechanisti-
crack propagation rate and solution conductivity for type 316L cally in terms of the knowledge of the specific system conditions, and,
(UNS S31603) stainless steel under constant load (25 ksi Vin.) with this knowledge, predictions of future behavior may be made for
In water containing 200 ppb oxygen.5  specified operating conditions (Figure 41).

1
-3  1  

Mall OA61A1- 1 ami 1.6 WELD-SENSITIZED IO SCIL 80 304 ST ST. PIPE 1.5

TE hOC )"ETAL V 0O6SEVED PROPAGAT&OI RAES SYSTEM DEFINITION
304 ST. ST. /R20 SYSTEK- 288*C 15 CC._

Z

NOWJ1AL SYSI"rI DEWIION 0.5I
E ER- * OmVsh (20OpPbO2)
EK O0.1-1 

"
sa

t  . MEAN RESIDUAL STRESS PROFILE
02 <I0oP-4 0.4 - 1.0

10-4 STRESS CIJC-SAnc 0.3

(3 :00 .3 p .6
1
04F r-

.ri ell o 1 OScm'APPROX NOT RESOLUTION LIMIT

co 01 -  o" 0'
,. 0/ , O" O 'CARS io 20 30 40

10-6 a 0HTIME
FIGURE 38-Theoretical variation in crack depth with operating

/ o/ : time for weld-sensitized 254-mm-dIameter Schedule 80 stain-

L function of solution conductivity.5

•, 0 The development of the modeling and monitoring approach to

02 0 life prediction of structures susceptible to environmentally assisted
k/_L ud._ *J , ,i ,,t cracking has been detailed above for the austenitc SS/water system

1077  10-6  107 5  
10
- 4  in the nuclear energy industry. The approach, lessons learned, and

THEORE71CAL STEADY-STATE CRACK PROPAGAlON RATE developments are directly applicable to numerous other cracking
(mm 3-1) systems provided that the generic mechanisms of cracking dis-

FIGURE 37-RelationshIp between the observed and theoretical cussed previously are assumed to be applicable. Indeed, preliminary
steady-state propagation rates for stainless steel In water at assessments of such capabilities have been made for stress
288°C for a wide combination of material, stress, and environ- corrosion' and corrosion fatigue5 1411 of low-alloy pressure vessel
ment conditions.5  steels in 2880C water and also nickel-base alloys.269 There is no

reason, in principle, why such practically helpful mechanistically
Such a validated mechanistically based model may be used based models cannot be developed for other cracking systems,

practically,5 preferably In combination with system monitors that provided the relevant crack-tip mass transport, reaction rate. and
define the actual (rather than the nominal) system conditions to solve plasticity aspects are quantified. I there are common features, then
practical problems.6 Practical uses include3.5  it is attractive to think in terms of an environmentally assisted
(1) Validation of environmentally assisted cracking test methods, cracking diagram, akin to the Pourbaix diagrams or the deformation
(2) Validation of operating specifications and limits vis-h-vis envi- maps"70 for creep developed initially by Ashby."' Possible axes on

rorimentally assisted cracking; such an environmentally assisted cracking diagram could be corro-
(3) Validation of life-prediction and design codes, and sion potential and temperature [Figure 42(a)], since these are both
(4) Prediction of the effect of environment, material, and stress thermodynamically and kinetically significant to most of the candidate

variables on the cracking susceptibility of plant structures. cracking mechanisms.4 57 The main point is that iso-velocity lines are
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predictable by quantifying the-crack-tip processes associated with CURRET PAFVA. OJCTA t.E

the cracking mechanism and can, in turn, be related to the corrosion I I 0 T , 2r RCCLTOLI
S

potential/temperature regimes associated with-the various compo- 05 IT

nent operating conditions [Figure 42(b)]. Thus, the stress corrosion M40 $S-

and corrosion fatigue behavior of SSs in light water reactor environ- .4

ments is similar, in terms of the fundamental crack-velocity/crack-tip
strain-rate relationship, to that for C-Mn steels in light water reactor d0.3 - . W PURITY

environments and that for Ni-Cr-Mo-V steels in wet steam environ- 0.. IOL1 PTM

ments that are symptomatic of low-pressure steam turbine opera- ,. _
tions. Naturally, the constants in these relationships will change with 0.2 -

system conditions and/or mechanisms of cracking, but, as shown in H DREN WATEO CHE-- l R

the previous sections, these changes can be predicted from first 0.1 - 0.1 sSuo1
principles, and the resultant knowledge used for life-prediction
purposes. 2 I I I I I

20 40 60 80 100 120 140 160

OPERATING TIME. MONTHS
FIGURE 41 -Use of modeling algorithms to explain the degree
of current crack penetration in weld-sensitized type 304 (UNS

28 DIA. SCHEDULE 60 304 PIPING S30400) stainless steel piping and to predict the future crack
THEORETICAL VS OBSERVEO IGSCC PENETRATION propagation characteristics for the defined operating condi-

F_ tions.
0.5- IHEC6TTIcAL REJ IA

PEIAIN STRESS0 I"7 " " Conclusion
0. o"He that *vill not apply new remedies must expect new evils; for time- ~KN A ",\k' -=sr is a great innovator"

XNT. RSscUIc From Francis Bacon (1561-1626). Essays II "of inqos"

0.2 -- The underlying premise in this review has been that the main
0 reason for developing mechanistic knowledge of environmentally

. sassisted cracking phenomena is to use it to solve the practicalI problems they cause. Moreover, such a use of fundamental knowl-
20 40 60 80 100 120 140 160 180 200 240 260 edge will become a necessary tool in life-prediction methodologies,

ON-UNE. MONTHS since codes based solely on empirical data have become suspect as
the operational systems become more and more complicated and the

FIGURE 39-Theoretical and observed crack depth vs opera- design lives are extended further. These mechanistically based
tional time relationships for 28-in.-diameter Schedule 80 type solutions may arise out of both qualitative and quantitative knowl-
304 (UNS S30400) stainless steel piping for two boiling water edge of the mechanisms of cracking and, in both cases, involve
reactors operating at different mean coolant conductivitles. definition of the crack-tip system. It was concluded that the main
Note the bracketing of the maximum crack depth In the lower- crack propgation mechanisms (slip dissolution, film-induced cleav-
purity plant by the predicted curve that Is based on the age, and HE) were controlled by mass transport considerations
maximum residual stress profile and the predicted absence of between the crack mouth and crack tip, oxidation and reductionobservable cracking In the higher-purity plant (in 240 operating bewnthcrkmohadcaktixdtonndeucn
months) reactions at the crack tip, and the oxide rupture periodicity or strain

rate at the crack tip. Qualitative knowledge of these rate-controlling

parameters and how they affect changes in the crack propagation
rate according to the candidate mechanism is enough in most
systems to give invaluable advice to the design and operational
engineer as to possible mitigating actions. However, problems
persist in many of the details of the definitions of these rate-

10-2V DIA. SCN 80 304 PIPING I B ENVRONMENT controlling processes, ranging from the mathematical and chemical
6856RW DATA WI. OpARNTE, validity of the assumptions made in the crack-tip solution definition to

0 0.5 THE No. or OUKS OUO1"0 the calculation of crack-tip strain rate. These problems become
,,,T 1COM AT.ULI r O8-0, especially significant when extending the qualitative prediction meth-

OM4 -odology to a quantitative deterministic or probabalistic capability that
(4) .. is necessary for defining extended operational times. It was demon-

0.3 - Z strated, however, that even for this imperfect state of the art (vis-b-vis
0. (i 6 the academic rigor of the analyses), a usable quantitative prediction

capability is possible in a few selected systems and should, in
S0.2 14. ,1 , principle, be able to be devnloped for other technically important

DR Or. systems. It is probable that this will be accomplished first for those
.o.1 1 1 I ,5-. -A Cofan. - systems in which the slip-dissolution or film-induced cleavage

1 2 .1 ,,- I models are the relevant crack propagation mechanisms, since there
I, I I are more severe fundamental problems still to be solved concerning

20 40 60 80 200 120 140 160 the atomistics of the various HE mechanisms.
o.-LINE TIME (MON S) FOR WALL PENETRATION., /,. Acknowledgment
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LOW TEMPERAIURE
WATER REACTORS

ISO- CRACK PROPAGATION RATE DIAGRAM FOR PITTING
IRON- BASE ALLOYS IN WATER 0.4
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FIGURE 42-iso-velocity diagram for iron-base alloys in water predicted from slip-dissolution
model: (a) corrosion potential vs temperature and (b) cperating conditions for various
technologies.
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F.P. Ford: The main purpose of my review was to define the nism, the anodic current density is not necessarily located at the tip
basic thermodynamic and kinetic criteria that dictate the nature of a of the crack and, in addition, the action of stress on the SCC process
crack-tip environment and then to question their relevance to crack is accounted for.
propagation kinetics. In my view, that relevancy can only be R.C. Newman (University of Manchester Institute of Sci-
demonstrated if the predictions of crack propagation agree quanti- ence and Technology, UK): Galvele suggests that very high current
tatively with observation For the specific cases of stainless and densities, of the order of 1 A/cm2, are not possible in cracks. This
low-alloy steels in "high-purity" water,-we do get a good agreement seems to be refuted by Rota and Boehm [in Electrochemical Methods
between observation and theory; thus, the logical conclusion is that, in Corrosion Research (Zurich, 1988)j, who showed that intergranu-
for these systems, the formalized ideas of mass transport in cracks lar corrosion of aluminum-copper aioys in sodium chloride could go
and the resultant crack-tip chemistry are of relevance to crack at about 50 mA/cm2 for a 1-mm crack depth; tiny stresses opened up
propagation That is not to say that your observations and conclu- these fissures and permitted 500 mA/cm 2. This seems to account for
sions on. your systems are wrong; that verdict depends on the most cases of intergranular SCC, e.g., steel in nitrate solutions.
outcome of a direct quantitative comparison of observed and Transgranular SCC, however, is another matter.
predicted crack propagation rates over as wide a range of operating B.G. Pound (SRI International, USA): You propose that the
conditions as possible. diffusion limitation at the crack tip is associated with the transport of

J.R. Galvele: The choice of an aluminum-copper alloy in water to solvate the metal ions. An alternative interpretation is that
sodium chloride solutions as a general example of intergranular SCC the metal ions are exposed to sufficient water to become solvated
does not seem to be a very happy one. Eighteen years ago, we and the rate of diffusion of the solvated metal ions from the surface
showed [Galvele and De Micheli, Corros. Sci. 10(1970): p. 795] that provides the mass transport limitation (precipitation of oxide occur-
during intergranular corrosion this alloy acts as a three-phase ring when the concentration of dissolved species exceeds satura-
system, and that intergranular corrosion starts at the pitting potential tion). Is there evidence for control by water transport? If not, do you
of the copper-depleted zone, along the grain boundaries. We also regard control by solvated metal ion transport in the crack environ-
showed [Galvele, et al., Localized Corrosion, ed. Staehle, et al. ment as plausible?
(Houston, TX: NACE, 1974), p. 580] that intergranular SCC of this R.C. Newman: Could you expand upon your suggestion that
alloy also starts at the pitting potential of the copper-depleted zone. water transport can be rate controlling for crack growth? I would have
No such zones are detectable in other important cases of intergran, thought that the solubility of metal salts or oxides is bound toular SCC, such as alpha-brass or the silver-palladium alloys we intervene before water transport could become important. Please
reported on in this conference. also clarify the portion of the i-t curve where you think this is relevant.

As for the current densities required for the propagation of SCC also clr : The rtion o th wtn tisi reby a odi disoluion (AD) th se epored y N wman are notF.P. Ford: The reason for proposing that water diffusion to theby anodic d issolution (A D ), those reported by N ew m an are notb a e s r ce m y e a r t -l iin s ep n th i ii l ox d i n
particularly high. Hoar and Galvele [Corros. Sci. 10(1970): p. 2111 bare surface may be a rate-limiting step in the initial oxidation
reported that current density values as high as 2 A/cm2 were required reaction is based on circumstantial, rather than quantitative, eli-to account for lntergranular SCC of mild steel in calcium nitrate dence. For instance, many authors have observed that, although the
otios, andfo an Gave Sufacemoiltyl SC canim trat oxidation reactions are activation-controlled at low overpotentials, thesolutions, and D uffo arid G alvele t S urface-M obility S C C M ec hn smm a i u ox d t n c r e t d ns i s a e g n r ly in h e a g e f

in Silver Alloys," this proceedings) measured intergranular crack maximum oxidation current densities are generally in the range ofvelocities of the order of 10 6 mis on Ag-l5Pd alloys, which, approximately 0.5 to 5 Ncm2. At higher overpotentials, the oxidationl
aclcrdig tof the Ader oC mechanis would require currenthdeit, current density is relatively potential independent. We can assumevalues of 1 A/cm2 at the crack tip. that this transition is not entirely due to experimental problems (suchluetrof1chmty the ca sm tas iR effects) since this limit is commonly observed in many alloy/

In electrochemistry, the mechanism for the AD of metals are environment systems, experimental procedures, cell geometries, etc.
described at an atomic level [for example, H. Gerscher, The Surface The suggestion that this limit is due to water diffusion is based on the
Chemistry of Metals and Semiconductors, ed. H.C, Gatos (New York, following logic:
NY: J. Wiley & Sons, 1960), p. 177]. One of the reasons why I
abandoned the AD mechanism for SCC is that no such description
could be found, As pointed out by various authors here, it Is believed
that intergranular SCC propagates by AD at the tip of the crack, but (1) Given the high drirving force for oxidation on a bare surface (in
no attempts have been made to describe how such a process could most ductile alloy aqueous environment systems), it is possible
take place at an atomic level, at the tip of the crack. In view of the high for the free-water molecule concentration adjacent to the oxi-
aspect ratios usually found in stress corrosion cracks, it is reasonable dizing surface to decrease as cation solyation proceeds. This
to expect that the tip of the crack will be almost atomically sharp. would lead to a potential-independent water diffusior, limiting
When modeling such a crack, two difficulties are found. The first one step. Since water is common to all dissolution/oxide formation
Is that if all of the dissolution process is located at the tip of the crack, reactions, It is not surprising that the maximum oxidation current

for high crack propagation rates, the cracks will be plugged by density range is similar for most systems so far studied,
corrosion product, which will hinder the dissolution process. This can regardless of the cation involved In this respect, It should be
be easily shown with the simple calculations used for unidirectional noted that the upper end of this range (I.e., - 5 Acm2 ) is usually
pits (Galvele, J. Eloctrochem. Soc. 123(1976). p. 464]. The second observed In the high solution velocitylscratching electrode
difficulty Is the explanation of how such a dissolution process takes technique.
place at the tip of the crack. Going back to Gerischer's descriptions,
the electrochemical dissolution on a metal surface is located prefer (2) Once the initial oxidation reactions have occurred, there is no
entially on surface steps, where the metal atoms are more exposed question that oxides and salts may be precipitated as the metal
to the environmont With high overpotentlals, the dissolution of a flat i;ation concentration increases. The current suggstion is that
surface could also be explained. Nevertheless, it Is very difficult to this precipitation merely slows down the water diffusion rate
visualize how the dissolution process will take place at the tip of a even further. Admittedly, the proof of this is circumstantial, but
crack, where the atoms are shielded from the environment by the reasonably complete. For instance, system changes, such as
sides of the crack I believe that a more rational explanation is found potential-driven diffusion of anions to the crack tip, which lower
In oi:r model of surface mobility (Galvelc, Corros. Scl. 27, 1(1987)]. the crack-tip pH and hence increase the oxide solubility, should
This model assumes that an Intermediate species, an adatom, is increase the crack propagation rate because the rate-limiting
produced at the tip of the crack as a result of the simultaneous action watei diffusion is less impeded. Moreover, the crack propagation
of the stress and the environment. This adatom diffuses away from rate under these limiting conditions is generally observed to be
the tip of the crack, and eventually reacts with the environment by a governed by an activatfun eathalpy that is reasonable for liquid
conventional electrochemical mechanism. With this SCC mecha- diffusion control (i.e., approximately 4 kcal/g.mol).
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Certainly the diffusion of solvated cations away from the bare surface where we are uncertain of the characterizing parameter that is
could be a possible controlling step, but I would have thought that this relevant to the cracking process.
would be cation specific, and if true, this would contravene the My main point, however, is that despite these warts in our
generality of the 0 5 to 5 ANcm 2 bare-surface oxidation rate obser- understanding, we can make usable predictions of cracking behavior
vation Obviously, more work is required in this area! if we make reasonable assumptions of the material/microstructural

R.W. Staehle (University of Minnesota, USA): In addition to contributions to cracking.
focusing on the precision of the model as it applies to the engineering B. Cox (Atomic Energy of Canada Ltd., Canada): Whenever
context, it is possible to treat statistical variability with similar people rely on simulation experiments for part of ther argument, I
precision. This would be a valuable addition to your work. You might, worry that the Heisenberg Uncertainty Principle is at work, and you
for example, consider the work of Shibata, who is correlating data change the factors you are trying to measure. From working with
with Weibull parameters and doing parametric analysis on the zirconium, we have learned that sufficient chloride leaches from
Weibull fit parameters. silver chloride electrodes to cause pitting or SCC, and from the use

F.P. Ford: As you correctly point out, this approach to the of zirconium electrodes with sodium fluoride solid electrolytes that
prediction of crack propagation rates is strictly deterministic. That is, enough chloride leaches to cause SCC. So the question is what
if you know the relevant bulk system parameters (e.g., flow rate, control experiments did you do to establish how much of the chloride
oxygen content, corrosion potential) and can relate these to the in your simulated crack could have come from these two sources?
crack-tip conditions, then there is a specific crack propagation rate F.P. Ford: I should stress that these experiments you refer to
for that defined system. This automatically indicates a need to have were not mine, but Andresen's, which were reported in Reference 5.
monitors (e.g., pH electrodes, reference electrodes) in the system You are quite right that anions from, for instance, silver chloride
that give the required inputs to the prediction model. It follows that if electrodes or plastic tubing, etc., can introduce spurious effects. In
there is a spread in the nominal system conditions, then there is a the case of the experiments mentioned in this paper, however, these
predictable spread in the crack propagation rate or crack depths. effects were minimal for the following reasons. (1) The experiments
Moreover, the distribution of propagation rates, and hence crack were conducted at room temperature, where the solubility of silver
depths, will mirror the distribution of operating conditions within the chloride is about 10-6 molar chloride. This is considerably less than
system. I illustrated this in Figure 4, with an example of the limiting the 10- 1 molar chloride, which was the baseline concentration used
conditions predictions in Figure 39. in the experiments. (2) The tubing that was used as a membrane for

We are currently tackling this deterministic to probablistic selective hydrogen ion diffusion in some of the tests was washed well

prediction interrelationship for nuclear reactor components. Need- in boiling water before the tests to remove any soluble impurities.

less to say, it is not a trivial exercise to determine the spread in the H.-J. Engell (Max Planck Institut fur Elsenforschung, Fed-

relevant parameters in such a complex system. The alternative, as eral Republic of Germany): Some newly developed grades of

you suggest, is to use classical statistical approaches based on the chromium and chromium-nickel steels containing up to 2 at%
pdst history of the plant. However, my initial feeling is that, apart from nitrogen exhibit unexpectedly good resistance to environment-sl linduced fracture and pitting. Thermodynamic calculations usingbeing scientifically less satisfying, such approaches may be less raoal auso rc-i Hadptnil niaeta

accurate in their predictive capabilities. reasonable values of crack-tip pH and potentials indicate that

S.M. Bruemnmer (Pacific Northwest Laboratory, USA): In ammonia may be formed during anodic dissolution. The change in
addition toruhemmer (andlctcNheical difra , i ) pvis crack-tip pH caused by the ammonia may be the reason for aaddition to chemical and electrochemical differences in previous stabilization of surface layers and/or reduction of hydrogen pick:up.

tests in mhgh-purity' water, the difference in material micrometallurgy F.P. Ford: This is a most interesting observation and underlinespromotes much of the observed data scatter in crack growth rates, the fact that relatively small alloying additions can alter crack-tip

Local microchemistry (which you estimate in the model) and micro- c tiohat re t he m all ro aga tion ca te r Th s-i p

structure will affect crack-tip dissolution/passivation rates and defer- conditions and hence the crack propagation rate. This is most

mation processes. The need to input reasonably accurate microche- apparent for the case of metalloid segregation to grain boundaries
mariopese. h m eleto miimu m reasond a ath, mpre - and the effect this has on, for exemple, caustic embrittlement ofmistries (e.g., chromium depletion minimum and widths, impurity low-alloy steels. This obviously has an impact on quality-control
segregation, and sulfides) and microstructure (e.g., carbide and
inclusion distributions) appears to be critical for even semiquantita- procedures In alloy production, bull what I find exciting is that we now

have a fundamentally based rationale for predicting the beneficial ortive predictions in specitic cases, deleterious effects of system changes (e.g., material composition)
F.P. Ford: I focused much of my review on the solution side of that were once regarded as "second order" phenomena. This is no

the crack-tip material/environment Interface, but of course you are longer a black artl
absolutely correct in saying that the microstructural variables are of R.N. Parkins (University of Newcastle upon Tyne, UK): I
equal importance The effects of these variables on, for Instance, suggest that any consideration of crack growth kinetics should
local crack-tip plasticity (e.g., dislocation morphology, hydrogen consider the implications of crack coalescence. To show the Impli-
uptake) are the hardest to formulate quantitatively, although their cations of such in rela(ion to life prediction, Figure A indicates the
qualitative effects have been recognized for a long time. Indeed. the results of calculations for the lifetime of a pipeline in which SCC
need for quantitative relationships for crack-tip strain rate Is, I think, occurs due to the pre~sence of a carbonate-bicarbonate solution. The
becoming the rate-limiting step in developing upgraded quantitative figure shows the tnme dependence of the crack velocity fi., realistic
life-prediction methodologies However, given the nature of the loading condition, and temperature, and, most importantly, it shows
power-law relationship between propagation rate and crack-tip strain the ways in which the numbers of cracks coalescing before and after
rate, we are allowed some. uncertainty in the crack-tip strain rate the crack size corresponding to Kisso is reached influence the
before it adversely dominates the uncertainty in propagation rate lifetime of a length of pipe. (The details are provided by R.N. Parkins,
values It has been our experience, so far, that this latter uncertainty Corros. Sci,, in press.) The time during which the cracks are below
Is dominated by uncertainties In crack-tip water chemistry definition, the size corresponding to Kissc is referred to as Stage 3 and the time

The question of the effect of local metallographic heterogene- after Kissc is exceeded is referred to as Stage 4. In Stage 3, relatively
ities on the crack-tip chemistry is also very relevant. I mentioned the small cracks coalesce, having a marked effect upon the times spent
effect on cracking of grain-boundary chromium depletion In sens in Stages 3 and 4, and hence upon the total time-to-failure, the latter
tized type 304 (UNS S30400) stainless steel, and manganese sulfide indicated Dy the point at which each curve terminates. The important
Inclusions in low-alloy steels, but the absolute definition of these conclusions are that if crack coalescence does not occur, cata-
effects is still not perfect Your work on the inadequacies of the use strophic failure will not occur before the crack reaches the size for fast
of indirect measurements for the grain-boundary chromium deple. fracture (the curves on the extreme right of Figure A). In addition, it
tion, for example, is germane to this, and there are many other is clear from the figure that it is the coalescence of small cracks
examples (e g .metalloid segregation under fast neutron irradiation). before Kissc is reached that have the most marked effect on lifetime,
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because the crack velocity increases markedly once Kiss, is such as c*, c(t), c,, etc., especially since these parameters incorpo-
exceeded. I see no reason why similar considerations should not rate, to varying degrees, time-dependent constitutive deformation
apply to other combinations of metal and environment, and indeed behavior.
not only to predictions of the lifetime of structures, but to mechanis- F.P. Ford: The question of the limit of application of linear
tically oriented studies of crack growth kinetics, elastic fracture mechanics (LEFM) to environmentally assisted

cracking is a harder one to answer than it appears at first sight. For
6-e ductile alloy/aqueous environment systems, the fundamental param-

N.eter is the crack-tip strain rate eect (or oxide rupture periodicity) and
8 E NV 8 ' LEFM is used merely because empirical correlations between K, AK,

N'.i,4 N=2 etc., and eEc, may be formulated. This is useful since the engineer
>< 3 - 4) Il(,) ,.S recognizes LEFM in his current codes. However, as pointed out,
C<) i(4) N .. these correlations must break down at some point, either because of

< N m, their empirical nature, or because of the inherent limitations of LEFM
11 < "8 L. [for short cracks, high stresses, etc. Thus, as pointed out by many

0 231 3)I people (e.g., Speidel, Leis, Parkins, Crooker), LEFM characterization
_,_____(3) of environmentally assisted cracking loses "similitude," and the point

_ Wat which this occurs depends on the material/environment system.
S20 30 40 50 The replacement of K with J, J, C* may extend the similitude range,

but it should be remembered that these new parameters are still not
TOTAL YEARS AFTER STAGE I those of fundamental importance.

FIGURE A-Calculated crack velocities as a function of time 1n answer to your direct questions concerning a representative
after the start of cracking for various number of small cracks range of K or AK, we have found that the empirical formulations in
coalescing in Stage 3 and of large cracks coalescing In Stage 4.
(The stages are indicated by the numbers In brackets appended Equations (22) and (23) "work" in the range 15 to 45 ksimn rai
to each line; the numbers at the end of each line indicate, In austenitic stainless steels, and such a range is applicable to cracks
sequence, the number of small cracks, then the number of large that are resolvable by current nondestructive testing techniques in,
cracks assumed to have coalesced In Stages 3 and 4. In Stages for instance, welded piping.
3 and 4, the crack velocities have been calculated at the ends of
those Stages and the points joined by straight lines).

F.P. Ford: I certainly agree about the practical importance of J. Stewart (Harwell Laboratory, UK): Your predictive model-

considering coalescence phenomena on the overall cracking sus- ing of crack growth (for stainless steels in high-purity oxygenated
ceptibility.rSincoalecnce hetinotea the crackitipisfun nwater) takes no account of crack initiation. Assuming deterministicceptibility. Since the strain rate at the crack tip is fundamentally crack growth from time zero would seem to give an unduly pessi-

important to cracking in ductile alloy/aqueous environment systems,
then intuitively I would think that the crack growth rate should mistic life prediction. Have you future plans to incorporate crackthenintitiely wold hinktha th crak gowt rat shuld initiation into your models? How would you account for our obser-
increase when two adjacent cracks coalesce, because of changes in yyation ntoy, m odels How w o st cacks arr oser-

plastic constraint at the crack tip. In addition to your comment vations; namely, many cracks initiate, most cracks arrest, cracks that

regarding the practical importance of crack coalescence, I think it is grow do so by smaller crack coalescence. Should such factors be

interesting to note that your data indicate crack propagation at considered in your modeling?

stress-intensity values below Ksc,. In other words, as has been F.P. Ford: Bear in mind that most of our thinking on this subject
discussed at other times this week, it is dangerous to ascribe has been governed by problems in power generation equipment, and
anything more than engineering utility to fracture mechanics param- certainly I am not proposing that all cracking is governed by
eters in the environmentally assisted cracking of ductile alloy.'aqu propagation alone. However, this is the easiest hypothesis to make,
eous environment systems. and, moreover, is supported by the agreement between observations

S.C. Janl (Georgia Institute of Technology, USA): Congra and theory shown in, for example, Figures 39 and 40. Obviously,
tulations )n an excellent presentation, particularly your hig,,ghting of assumptions have had tu be made and these have to be ,.hecked in
the limitations of fracture mechanics and pointing out that they should the future. As I see it, the major pioblem in this area is epei mental
only be used if shown to be valid. However, numerous participants verificativr of the vaiious hypotheses for the behavior of very short
have questioned the general validity of K, AK, J, etc., for correlating cracks, To do this, sensitive crack detection and crack-following
crack growth rates to eventually incorporate into a life prediction techniques are required, Your technique, for example, of using
methodology. This is borne out by the scatter in the data you electrochemical noise analysis to detect initiation could be a useful
presented. Assuming that this scatter were narrower and data could tool in this regard. The question as to wt bome uf these very bhort
be used with greater confidence, what would be the reasonable ,raks slow down, or possibly arrest, i., understandable, ,n principle,
cut off level for AK or da/dN for components in service? Your data in terms of logarithmic, creep laws, crack coalescence, lack of
ranged in AK values from approximately 10 to 80 MPa m'". Is this uontinuous path of sensitized material ti.e., your percolation argu-
range representative of service from installation to replacement? If n,ent), etc., and how these individual phenomena cuntrol the
not, do you have any views on the confidence with which the propagation process. The problem is making the transition from
scattered data can be extrapolated? these logical qualitative principles to quantitative predictions for

I would also appreciate any views you have about the utility of short, multlicracked str,.,,,,es. However, I think that now we under
recently developed time-dependent fracture mechanics parameters, stand what the analytical problem is, we can solve it.
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Environment-Induced Cracking of Metals
Fundamental Processes: Micromechanics

W.W. Gerberich and S. Chen*

Introduction addition, this paper will not extensively cover crack-tip chemistry,
The purpose here is to emphasize the interaction of stress and strain microstructural stability, hydrides, atomistic modeling, weak and
distributions from continuum approaches with thermodynamic, ki- deep traps for embrittling species, elevated temperature, or fatigue
netic, and microstructural features of embrittlement phenomena. A interactions, as these will be covered by others in this conference.
further emphasis is the interaction of the environment with notches Reviewing the micromechanics aspects of selected papers from
and cracks. By continuum, the definition is stretched to include not the Firminy Conference"-9 shows that four deal with hydrogen
only classic applied-mechanic approaches but also dislocation embrittlement (HE), '-4 two with film rupture,! ' 6 three with stress
approaches. These include both continuous distributions of disloca- corrosion cracking (SCC),57 and three with continuum mechanics." 9
tions or discrete arrays, in the context of a dislouation as a linear Approximately fifteen key micromechanics questions seemed to
elastic-strain center. These may be used to describe elastic-plastic appear regularly in many of the papers' 0 and subsequent reviews."' 3

problems. How do such approaches lead to models capable of
predicting time-to-failure or thresholds to failure? The micromechan- (1) How does the state of stress affect environmental
ical aspects of such models can cover a range of scales. That is, an degradation? "

understanding of the global stress distribution is essential to evaluate (2) Where is the site for embrittlement?l 3,9 11
the probable nucleation site for some mechanisms. Within that scale, (3) Can there be large local elastic stresses within the context
more local distributions of stress and strain may be required for an of continuum descriptions?1,8,1 0.13.14

appropriate failure criterion. Thus, stress-state-controlled failure on (4) Is crack propagation continuous or discon-
the continuum scale such as plane stress vs plane strain and Modes tinuous?2 .6.

8.11.1'14

1, 11, and III will be covered at the macroscopic level. In addition, it will (5) Are incubation times for secondary cracking kinetically
be shown that the load history is an important variable. On the more controlled?" ,

.
2

microscopic scale, some features of trapping and binding for crack (6) Can blunt-notch samples assist in sorting out microme-
nucleation as well as multiple crack nucleation for distributed damage chanical aspects of crack initiation?9 ,

10

will be discussed. Finally, on the finest microstructural scales (7) Is the porosity in the process zone in the advance of a
concerned with discrete dislocation arrays, do shieldingblunting'anti decohering crack (or ligaments behind it) a significant
shielding/dynamic instability/arrest concepts play a role in under- aspect to growth or instability?'-" 2-- "
standing the onset and growth of environment induced cracking? k8) In those materials forming brittle films, can strain-induced

To accomplish these goals, we start by reviewing several film rupture by itself explain SCC?5 -6- 2'1
4

papers' ' from the Firminy Conference (1973) and four other more (9) Can dislocation shielding explain brittleiductile switching in
recent reviewsI°'O 3 that address the "brittle" aspects of intergranular borderline materials such as iron?9,'13

and transgranular environmentally induced fracture. As an uverview, k10) Are there similarities between hydrogen and other embrit-
Table 1 summarizes much of the past emphasis on attempting to tlement phenomena, for example, liquid metal embrittle-
understand the micromechanics of environment-induced cracking, It ment (LME)?2

is suggested that varying the macroscopic loading mode may lead to k1 1) Does planar slip inducement by decreased stacking fault
one of several mechanisms that may produce one of several energies (SFEs) in fcc alloys and hydrogen additions to
microscopic failure modes. Although self explanatory in general, it iron lead to similar sensitivities to embrittlement? 14

should be pointed oit under film mechanisms that these refer to t12) Is a modified Cottrell model viable for embrittlement
passive film (5 nm) dissolution,e thick, brittle-film (100 nm) fracture0  onset?2-"
or film-induced (20 nm) substrate (1,000 nm) cleavage." The 19 (13) What are the consequences of the stress and strain
odd-loading and control variables, coupled with approximately 16 distributions for growing cracks?"-'.

possible mechanism and local fatiure mode pairs, lead to more than k14) What is the yield strength dependence of environmental
one billion combinations, even when considering 13 at a time. As an degradation?4'10

example, the latter might consider an elastic plastic, Mode I ciack in (15) What are residual stress effects on environmentally in,
plane stress In a titanium alloy having a 100 GPa modulus, a 1 GPa duced cracking?8

strength, a strain-hardening exponent of 0.1, and so on. As this
Ignores microstructure, one appreciates the impossible task ahead.
As such, microvoid coalescence will be de-emphasized in this paper, To address these questions from a micromechanics view, it is
except where it has been proposed as an alternative mechanism oi first necessary to review continuum models of stress and strain
where it occurs concomitantly with more brittle-appearing modes. In distributions as well as stress states. We will then address most of

these questions as several collective groups and see how the
unanswered portions of these suggest future directions. Finally, by

'Chemical Engineering and Materials Science Department, Univer necessity, several concepts are proposed as to why many of the
sity of Minnesota, Minneapolis, MN 55455. observed phenomena require a given micromechanical interaction.
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Stress and Strain Distributions (2.9), Ci ~ 2 - 3  -3' - 1 and R - p' 5.46 are good first
Regarding continuum theory, there are eight conditions of approximations. It should be mentioned that there is some

significance in isotropic, homogeneous solids. These are stationary controversy3 ° about Equations (2.8) and (2.9) for elastic-plastic
and growing cracks, each of which may be in a material with or conditions with strain hardening1 6 (e - p), and these may eventually
without strain hardening, furthermore, each of these four pairs may need to be revised. While there has been a great effort in evaluating
be under plane-stress ("thin-sheet") or plane-strain ("thick-plate ') such models away from the crack tip, there have been few studies
conditions. Note that anisotropic elasticity and plasticity and strain near the crack tip and almost none associated with environmental
localization concepts substantially increase this set. cracking, except for the corrosion fatigue work of Davidson and

Lankford.31 Such continuum models have been recently applied to
Current status the strains associated with fatigue cracks growing in one atmosphere

The stress distributions referred to above have been addressed of dry hydrogen at a AK of 13 MPa-m 2.8 32 The strain distribution
in part in the two former reviews" 9 and in more recent papers in the left by the growing crack was measured with the electron-channeling
mechanics literature. 162 Thus, these will not be addressed in detail. technique at the fracture surface, just below it by chemical polishing,
It is important to note that continuum, small-scale yielding stress and at large vertical distances below on a plane-stain section (a slice
fields for growing and stationary cracks are very nearly the same. In parallel to but well below the free surface). This gave the strain
Figure 1, it is seen that the values of arw , a,,, and a, normalized on distribution for a growing "corrosion-fatigue" crack, in this case,
the yield stress (goy) are very similar for elastic, perfectly plastic hydrogen-induced fatigue crack growth on the [001; plane of an
conditions using a von Mises yield condition.2 The analytical Prandtl Fe-3wt%Si single crystal. As seen in Figure 2, neither the theoretical
field for the stationary crack, the finite element, and the Rice, Drugan, strain distribution for a stationary crack with strain hardening (e p'),
and Sham'" models for the growing crack are very imilar. However, nor the elastic, perfectly plastic distribution (e p) for a growing crack
the stresses behind the growing crack are lower and affect both the fits very well. In the first, the singularity is too strong, meaning the
strain distribution and crack-opening profile. As such, recent model- strains are rising too rapidly, in the second, the singularity is too
ing has been associated with crack tips and hole growth involving weak. In both cases, th. 0 train magnitudes are generally well below
blunting22 2 or shear banding.2 4 25 Also, plastic instabilities from those observed. The parameters used here were , - 296 MPa,
corner theory and the modification of steady-state stress intensties1  E1100) - 1.32 A 105 MPa and n - 0.38 in Equations (1) and (2).
for slow crack growth have been addressed and may have implica- Applying these same parameters with Equation (2.9) from Table 2 did
tions for modeling of subcritical crack growth. To the authors' give a good fit to the data, even to within about 1 ixm of the crack tip.
knowledge, only a few applications of such models to environment-
ally sensitive cracking have been attempted.2 1 ,2 6 2 7  4.0

oyy
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RRS, model" compared to the Prandtl field for a stationary
Regarding strain distributions, a recent review of the eight crack. (Copyright (c) 1987 Martinus Nejhoff Publishers 2 Re-

above conditions is summarized In Table 2. The plastic strain t printed with permission from Kluwer Academic Publishers.]
may be givens as a function of the yield strain (nt/E), the plastic zone
diameter (Rp), and the distance from the crack tip (r). Here, the plane- Thus, what an be suggested is that current contieuum stlo-
stress and plane strain plastic zones are given reasonably well for lions are on fairly firm ground and it is timely for both the meurianics
both nonhardening and strain hardening conditions by the and materials science community tu ascertain the applicability ti
following1:8.20,2 such approaches as a framework for micromechanical models.

RK2 1., Application of stress and strain distributions
R0 i. to I2IY(1) It was originally suggested9"10 that blunt-notch studies could

Rp Ip ,,, KI31rU2 (1.2) () help assess some of the critical Issues in SCC and HE because theYS stress and strain distributions could be more preciseiy characterized.
sec r'...-a 1111 '4J Since then, several sludies"5 have addressed the blunt-notch case

O-V s erYS (.3)in high-strength steels. These were designed to address such Issues
as Via site for embrittiement and whether or not there was a time for

where cy and K, are the applied stress and stress intensities. 2a Is the crack initiation. The first of these was a theoretical model that
crack length, and ay, Is the yield strength. For Equations (2.2) to suggested there was a time to build up to a critical activity at a
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distance (xc') in front of the notch. 3' This critical distance3 was From this notch-root behavior, one might get the impression that
approxAimated by equating the hydrostatac pressures in the elastic issues such as crit:cal distance and initiation times are convincingly
and plastic regions. 3 While the elastic stresses do vary with settled. This is not true on the local scale. For example, the natural
notch-root radii, the hydrostatic pressure term along the direction of crack tip need not be blunt, and, as such, these findings may not be
crack growth does not. This gives a first-order upper bound for the applicable to very high-strength materials containing natural cracks
critical distance from the following: 3 .34

.
37  or perhaps not even to lower-strength materials containing "sharp

2(1 + v)K, Xe 1 cracks." One such "sharp crack" situation is the Fe-Si single-crystal
3(2rx )2  =ys[ In ( 1 + P ) + 2] (3) case extensively investigated by Vehoff, et al. 40 .4' Since these sharp

Here p is the notch-root radius and K, is the stress intensity cracks remained sharp while growing in hydrogen, even undercalculated for the notch as f it were a crack. In terms of this distance general yield, it was of interest to assess the strain distribution
(xc) ancd For tech law, they find an initiation time (ti given by associated with such cracks. Recently, it has been shown that

(x aasustained load crack growth is possible in Fe-3wt%Si in 1 atmo-

1 - erfn t ) 1 _2 sphere dry hydrogen at room temperature. For one sample with da/dt
2(Dt1)l2 

. 1.6 x 10-8 m/s at an effective applied stress intensity of 25 to 30
exp { (y V In{ + xf ] (4) MPa-m" 2, the strain distribution was determined with electron

p T, ( channeling patterns (ECPs), two of which are shown in Figures 6(a)Her D is a t fand (b). The back-scattered channeling contrast in Figure 6(c) givesmoeae volumet, terml Tis el a a sense of the iso-strain contours near the tip of the slowly growingthreshold, and V/RT is the partial vocrack. This terminated in rapid cleavage with much less plasticity,
may be tested if the effective diffusivity, critical distances, and and thus the contours are representative of slow crack growth. From
initiation times can be measured, since x, can be determined from the ECPs in localized areas, individual strains were measured at a
Equation (3) at threshold. Two such experimental studies give number of positions to give the strain contours in Figure 6(d). At
consistent results.. 35 These were both on high-strength type 4340 positions of 640, 740, and 800 p,.m in front of the original crack tip,
(UNS G43400) steel, the first being cathodically charged with internal distributions at 0 = 900 were taken and plotted in Figure 7. Also
hydrogen and the second being tested in a 0.1 N H2 cs4 solution, shown are the interpolated data from the iso-strain contours in Figure
Note that these would be internal and external hydrogen cases. In the 6(d). Although incomplete, preliminary results indicate a reasonable
first case, an acoustic-emission technique was used to detect prediction in the plane-stress regime with a calculated plastic-zone
nucleation, while in the second, an electrical potential method was size of 20,000 lxm from Equation (1.3) and the distribution from
used. After detection, either metallographic sectioning5 or fractogra- Equation (2.8). Additional work is in progress to assess this for
phic analysis after liquid nitrogen fractures" was used to detect the samples with more constrained yielding. Still, from Figures 2 and 7,
initiation site. Crack intiation of notch-root radius in Figure 3. The upper bound from it appears that the growing crack-strain distribution is most appropri-

Equation (3) gives a good accounting for the trend and magnitude of ate to slow crack growth by HE of Fe-3%Si.
the critical distances. Note that both K, and v were slightly different This applicability allows a threshold model to evolve following
in the two btudies with the shift in the two data sets reasonably the original Cottrell and Petch ideas.'m '" For environment-sensitive
consistent with Equation (3). fracture, the idea was that the effective surface energy was reduced,

From these two investigations," the time to crack initiation and when a dislocation pile up nucleated a crack of sufficient size,
was also measured, the ti. complete set 0eing shown in Figure 4. unstable fracture resulted with (Nb - 2-ycW'. As derived in Appendix
From this, a horizontal slice at K,, 46.5 MPa-m'7 was taken to A, this idea can be coupled with Equation (2.9) to give a Cottrell-
,,umparw tu the previous investigation that medsured t, at K,, - 54.9 Petch type model for threshold stress intensity, For plane strain with
MPa m". The Lomparisuic in Figure 5 shows a similar trend of tt strain hardening, this gives a result not too different from that denved
increasing with p. Modeling was attempted with Equation (4), but it by Smith45 from other considerations,
was found to overpredict tI by more than an order of magnitude, Part
of this might be explained by the overprediction by Equation (3)0o x -3" K .(I -r) ]e-"}
but part of it Is that Equation (4) implicitly assumes some critical K,, - roexp L " (6
concentration controls failure regardless of the stress-intensity level.
However, it is now known that the fracture stress (,) is a function of With P' = 5.46, v = 0.3, n = 0.38, and a,, = 300 MPa, all
the hydrogen content (C.), giving a a, C. failure enveloe.38 If one parameters are known except L, and r,. The former is the slip-band
uses this in the macroscopic sense.9 it can be shown thats length and the latter is the distance from the crack tip where e e,,

C, PM f [ C,(1 K 4 the "fracture strain." With re - 1 t~m and L, - 30 pm, one calculates
K- 2(a.5Ep)1 -1 (5) a Kh, of 16.4 MP-m",, which is close to the observed threshold. Since

For a given temperature and material, c, is a constant -, - Kin 2(1 - v,2)/ EaL,, the fracture strain may be calculated to be
cotaining thegdisivy tem and materias a onstant co0.21. This is reasonable comparing the theoretical plot of Figure 2 atcontaining the diffusivity term and 0 Is a constant containing the r = 1 pm. Thus, the modeling is self-consistent. The ability to fit a

-C1 term Taking 0C to be 30, as used previously, a single value threshold Is not significant by itself, since there are two adjustable
of C, = 6.8 x t04 MPa-s predicts the initiation time in Figure 5 for parameters (only one if el is measured), r, and L, It is the
the 500°C temper Using the same value for C, and reducing C2 to reintroduction of the old Idea that -'/ L, is a controlling parameter
1 8 gives a fit of Equation (5) to Hirose and Tanaka's data.3 Here, a in embrittlemert thresholds that has some merit. Having said that, the
40% drop In the failure envelope term for the more sensitive steel reader Is cautioned on two points with regard to any Implications on
allows a fit. It Is seen that the Initiation times for cracking from a mechanism:
blunt-notch Increase with notch-root radius and decreasing suscop-
tibility to HE, i.e., higher tempenng temperatures. The exact shift in (1) FIrst, the use of
Figure 5 is not meaningful since fugacitles from prior charging and surface-energy mechanism, since any mechanism that
from SCC are not likely to be the same. It is emphasized that this reduces the effective work-of-fracture is appropriate.
simple model is Incomplete and does not adequately cover the (2) Second, the use of a strain distribution to describe the
threshold regime. As shown in Figure 4, well-defined thresholds were evaluation point does not necessarily mean this Is a failure-
demonstrated as a function of notch-root radius. Using a relatively strain criterion. This will become clear in the section on
Involved continuous distribution of dislocations model for the hydro- dislocation shielding/antishlelding.
static pressure distribution and a Green s function approach to solve Besides Mode I, one must consider other states of stress for
Fick's second law. Hirose and Tanaka were able to predict initiation both sorting out macro- or mcromechanism and the practical
times over the whole field of Figure 4.3 implications.
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TABLE 2
Analytical Strain Distributions for Stationary and Growing Cracks

Conditions Plane Stress Plane Strain

(2.0) 2(2.1) 2

Plastic zone size RP= -- RP = _K1

Elastic, ideally (2.2) cy P(2.3) ~

Stationary
cracks

With strain (2.4) (2.5)
hardening (e-pn) E r ep -7y 1 E. (."'-

Elastic, ideally (2.6) r(2.7)

Goig plastic (e-p) ~ EP =Y LY'[n(-~. + +,nz(.2 ) RPE -I(R
cracks

With strain (2.8) [i(T .i2....2. (2,9) [,ys [In RP
hardening (ep) P,=~.L+ ' ']-

4.0

Upper Bound. Eq (3)
o .1314 MPa

3.5 -Kp 54.9 MPa-m 1 /
2  

0

1.000 o 3.0

0 Fe.3w1%S E
Singlo Crystal (001) ~ 2

AK-13 MPa.C 2.5 0
1 aMdryH 2

.S 0.100 0 Upper Bound. Eq (3)
20- 20- OY -1530 MPa

GrowirQ e.p 0 .26Mal
0oir z-n0a V)_6Man

* E
cc 0~ 1.5

o 0 V Rel. (67)0.010 =-

; 1.0 0 cys - 1314 MPa. Ref. (35)

Stalomary e-pp 0 os-1530 MPa. Ret. (34)

0.5

0 10 100 1000 0 1 1 1 1
Distance Below the Fracture Surface, r, prm 0 0.5 1.0 1.5 2.0 2.5 3.0

Notch-Root Radius, p, m x 103
FIGURE 2-Plastic-strain distributions for subcritIcal crack
growth In fatigue measured normal to the crack plane. Theoret- FIGURE 3-Crack nucleation site near a blunt notch as a
Ical comparisons are for a stationary e-pn crack, Equation (2), a function of notch-root radius. Two ultra-high-strength steels are
growing e-p crack, Equation (2.7) and a growing e-pn crack, represented with slightly different yield strengths and apparent
Equation (2.9). stress-intensity factors (Kp).
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where C, is the initial concentration. If o-q is large, as in Mode I,
too greater hydrogen is available but with ary = 0, as in Mode Ill, HE

ov p.rshould be difficult, if not impossible. Tests of Mode I and Mode III
appeared to verify this argument.6 There are three possible con-

5o - o p -0.5 m.' -cerns in the way Equation (7) has been applied. First, if the hydrogen
N o.,. p 025 is collecting in a region where o-1 becomes, very large, then

Fermi-Dirac statistics should be used. In the sense of a macroscopic
. _ . . mm process zone where stresses are no greater than 3a,. this would not

- be a problem except where Co is initially large, Second, if hydrogenis nonspherical, additional off-diagonal terms must be -considered,

_allowing Mode III to produce enhanced concentration levels.61

E. to -- Finally, a grain-boundary site with even a low binding energy near 25
kJ/mol concentrates on the order of 3000 times as much hydrogen as

111I 1 I I I suggested by Equation (7).70 It could then be argued that Mode I
s0 100 boo 1000 10tensile stresses simply cause intergranular separation of boundaries

Crack Nucleation Time t. (sec) greatly weakened by segregation that results from binding at trap

FIGURE 4-Effect of notch-root radius and applied stress sites, obviating the need for crack-tip dilation. Some of these same

Intensity for time to nucleate a detectable crack. (Reprinted with arguments could be applied to Mode 11 but will mostly be addressed

permission from Pergamon Press plc.) below for Mode II.

1000 Comparisons between Modes I and II have been relatively
sparse, although the available information suggests that Mode Ii
cracking is possible. '* McGuinn and Aballe demonstrated that

K9- 54 9 MPa-mi Mode II cracking did occur during SCO of steel coupled to a Mg
anode in 3% NaCI solution.63 This would produce a high hydrogen
fugacity. Furthermore, the suggestion was that since the elastic
hydrostatic stress tensor could not collect hydrogen in the near-tip
region, HE did not require a significant bulk hydrostatic stress. It was

,' /later discussed that in using-the Hutchinson, Rice, and Rosengten
SK--6.5 sMpa m11

*  (HRR) stress field for an elastic-plastic material, a dilatational stress
E was possible for a Mode II crack.' Presently, it is not known whether
1-e0 SCC or HE of high-strength steels depends on the bulk hydrostatic

2 0stress for Mode II loading. Evaluations of lower-strength materials
.- with greater resistance to embrittlement, such as iron or nickel with

dispersed second phases, have been accomplished by Joosten, et
al.5 With U-notch bend tests, it was shown that precharged
hydrogen promoted ductile plastic instabilities in Mode II for both type
1095 steel and thoria-dispersed nickel. However, under dynamically
charged conditions, the failure mode switched from ductile Mode II to
brittle Mode I. In a detailed study of Mode II cracking of highly
textured Fe-Si, Zhang, et al.,6 demonstrated that cleavage cracking

t0 _ __ _ __ _ __ _ was on the (001) planes regardless of ihe crystallographic orienta-
0 0.5 1.0 1.5 2.0 2.5 3.0 tion. As shown in Figure 9, the ratio of the initial applied Mode 11 stress

Notch-Root Radius, p, m x 103 intensity to the critical applied Mode II stress intensity (KIV/Kli,)
controlled the time-to-failure; however, the orientation also affected

FIGURE 5-Crack Initiation time as a function of notch-root time-to-failure. With p being the angle between the load axis and the
radius for the two steels of Figure 3.35 (Reprinted with permis- [001] rolling direction, and -y being the angle between the load axis
sion from Pergamon Press plc.3 4.31) and the crack-growth direction, they found 13 + yt = 900 in all tests.

They used these observations to disqualify the decohesion theory of
Loading-Mode Effects HE. In addition, their observations of severe local plastic deformation

Here, the classic Mode I, II, Ill loadings as well as degree of reinforced their concept of a Cottrell mechanism with [001]-type
biaxiality and plane stress vs plane strain are included. Both stress dislocation pile ups and high Internal hydrogen pressures leading to
and strain distributions can vary greatly in all of these loading-type crack growth.
groups. For that reason, a large number of investigations 48 have
used these to sort out mechanisms. Since the stress distributions
have been covered adequately,6.9 these aspects will not be reviewed Three point -re of note here. First, in Figure 7 it was seen that

except where needed. The reader Is reminded that these three very large strains also accompany Mode I cracking of Fe-3wtSi

groups are as depicted in Figure 8, and each of these will be single crystals in hydrogen. Second, in a system where cleavage on

addressed In sequence. (001} controls cracking, deviation from the maximum principal stress
plane Is to be expected for some orientations. Finally, the stress field
in this anisotropic, double-notched specimen was unknown. Given

Modes I, II, III this in perspective, our view is that these results do not disqualify a

To briefly review, it was originally suggested" that HE would decohesion theory. Nevertheless, Zhang, et al.,6 made an important
more ikely cureiwa it regin ori regionof suggested thtdHoscontribution in identifying the strong crystallographic effect regard-

more likely occur in a dilatant region or region of elevated hydrostatic less of the loading angle and the fact that a critical number of
tension stress (o ). For the simple case of spherical strain centers dislocations may be involved in crack nucreation. While it would
in a dilute solution, Boltzman statistics give the following: appear that the work of Vehoff and Neumann41 negates the pressure-

theory hypothesis, there is a possibility that a type of dislocation pile-

t= Cexp .,MV H  (7) up mechanism may be integrally involved with decohesion. This is
I 3RT (7) discussed later.
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FIGURE 6-Electron channeling pattern (ECP) measurement of the Iso-strain contours about a
crack growing In an Fe-Si single crystal under I atmosphere of hydrogen: (a) and (b) ECPs at
0 and 30% strain; (c) back-scattered electron contrast; (d) Iso-strain contours.

' There is some controversy in the literature5 2.5 4.61
,
62

,
6 as to

7400, whether cracking occurs in Mode III as a pure Mode III crack, The
o awl- original tests implied that cracking would not occur along the piano of

. - 0the crack. 66 Later tests demonstrated that cracking could occur in
a such samples. 61 62 However, these cracks are really propagating as

_ opening-mode cracks, since they propagate perpendicular to the0 Eo U 40t h la xs utlk
Z 2.) maximum tensile axis, i.e., at about -45 ° to the load axis. Just like

brittle conchoidal fracture of chalk can occur in torsion, so can a
oo smooth or notched steel bar fail along planes perpendicular to the

normal stress by HE. The generally accepted observations are that
microscopic Mode III cracking in the Mode III direction is very difficult
to achieve. Results of Thompson, et al.,5 2.54 and Green, et al., 71 all
suggest that susceptibility to cracking under SCC conditions was

0.000 . greater under Mode I loading. For example, Swanson, et al.,52

10 100 1000 10s00
Distance from Crack surface, y b(Jim) demonstrated in aluminum alloy 7075-T6. that the time-to-failure was

FIGURE 7-Comparison of theory [Equation (2.8)] to the mea- 2 orders of magnitude shorter, 100 min for Mode I and 104 min for
sured plastic strains for the sample of Figure 6. The open Mode III, in constant-load tests at 3230K in a 3.5% NaCi solution.
symbols correspond to the points in Figure 5(d) at various x-y Additional evidence comes from Kapp" ' who evaluated notched bars
coordinate locations while the solid circles correspond to a of 70/30 alpha brass under LME conditions. In air, alpha brass
vertical section through the Iso-strain contours at x-800 11m. required 70* of twist to initiate the crack. In liquid mercury, only 10°
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of twist was required. After crack initiation for a short distance of 10 1.0_
to 50 jim in Mode III, the crack switched to Mode I. The macroscopic
fracture appearance showed 450 planes. To Kapp, this implied that 0 0 2r
while crack initiation may be strain controlled, decohesion had the 0.8 A 0-52
largest effect on governing crack propagation along maximum tensile
stress planes.72  x 0.6

(414
17 =Y 0 .4 -- ...

Group A
0.2

CD] 0 2 4 6 50 90 130
0

i 0 ~ 01 atF,(h)or C1 UI a 1.o0 tF

o P-57-
0 I0=62-

Group B 02 02 0.8 a P-0

Uniaxial Cylindrical Vessel Spherical Vessel x 0.6 0
l 01= (2 Or= 2 0

i6 0.4A
Group C . 0.2

Plane Stress Plane Strain 0 2 4 6 50 90 130 170
ox.oy OXOy0oz b tF,(h)

FIGURE 8-Three groups of state-of-stress effects resulting FIGURE 9-VarIation of KiIKII with time-to-failure (t) for spec-
from loading or geometry: (a) opening Mode I, in-plane shear
Mode II, and antiplane shear Mode III, (b) degree of biaxiality, imens with different orientations between the load axis and the

and (c) degree of triaxiality or the thickness effect. [001] rolling direction in textured Fe-Si: (a) angles are 0, 22, andand c) egre o trixlaltyor he tickesseffct.520, and (b) angles are 570, 620, and 900.65

This leaves the possibility that Mode III and Mode II can initiate

cracking, but Mode I dominates propagation. This still does not From the results on both notched- and smooth-bar specimens,
address whether the Mode III stress field initiates cracking because the preliminary conclusion is that Mode 1, 11, and III crack growth
of a strain criterion, or in those cases where hydrogen is possible favors those planes where the maximum principal stress is involved.
because of increased concentration due to nonsphercal distortion." For HE, these planes are generally also the planes of maximum
With regard to the latter, considerable insight has been gained by hydrogen concentration. One exception is for strong crystallographic
Mode IIl and combined Mode illI testing of smooth samples.' A2 textures or single crystals where the cleavage plane controls rather
Chu, et al.,"' had earlier shown that hydrogen-induced delayed than the macroscopic maximum principal stress. Although indirect,
cracking of ultra-high-strength steels was produced on 45 planes of careful acoustic-emision or potential drop experiments would be
torsion bars. This plane provided the largest magnitude t-) of the useful to establish the existence of nucleation times under Mode III
interaction energy between the strain field and the hydrogen atom. or combined Mode I,111 loading. A similar set of Mode II or Mode 1/11
This is given by tests would assist in ranking the relative contributions of normal

Sa
37 a3- stress, dilational stress, and/or strain to crack initiation.

U45o - l- + E2 - 2e3)sin(2e) = -. ( 2 - F3) (8)8 Biaxiality effects
where t is the angle of the piane of the crack to the torsional plane. To the authors knowledge, biaxiality effects have been exclu-
These planes have the maximum concentration of hydrogen in the sively addressed through crack initiation in uncracked
macroscopic sense and lead to failure by intergranular fracture. opecimens" " " " rather than the precracked ones indicated in
Similarly, Takemoto provided evaluation of smooth bars of type 4135 Figure-8, Group B. in 6.9 MPa hydrogen, Louthan, et al., demon-
steel but in Mode 1, Mode Ill, and combined-Mode ,'11142 They strated thatbiaxial loading (punched test on a clamped plate) was
demunstrated failure to ucur un planes that maue an ingie iu) with more detrimental thadi 'uniaxial loading (actually 4-point bending).4

the specimen axis, Holding untempered type 4340 steelwith an ultimate strength of 2100
1 tnMPa-for-120 h gave ile results shown in Figure 10. Greater biaxial

0 = tan-(2/ ) (9) degradation was evident in both lower-failure stresses and more
extensive intergranular cracking, Furthermore, there was a long

where the x-ams is the length of the bar. Thus a combined Mode ,111 incubation period prior to cracking, as evidenced by the lack of
sampie with the torsional stress equal to the tensile stress should fail acoustic emission. During this long -hold, it was assumed that
at 31.7 and the observed macroscopic failure plane was 32. Note dislocation activity became negligible in these sustained load tests
here that a t 0 is 90'. Takemoto observed that the 0 plane also Louthan. et al., concluded for HE of high strength steels that
produces the largest magnitude of negative interaction energy dislocation tranbport, internal pressire, slip softening, and hydrogen
between hydrogen and the elastic strain field,6'2 He ihus concluded reductiun of surface energy effects did not lay a significant role, but
that the critical combination of stress state and hydrogen cuncentra- that lattice dilation appeared to be important. They did not address
fion leads to HE. However, since in all of these tests, the u plane is the drop-off in failure stress with increased thickness-of the bend
both the plane of m4aximum concentration and the plane of maximum samples, but this could be because of increased biaxiality effects in
principal stress, it could 1te argued that one of these is sufficient, these "uniaxial" samples.
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1400 Plane strain vs plane stress
* Survval. 8axia

0 Surival. uiaxial Plane-strain vs plane-stress effects, and how to interpret them,
1300 - Faure. Untaxial go back more than two decades to B.F. Brown,74 who showed

thickness effects in the SCC and HE resistance of steel, titanium, and
1200 aluminum alloys. -Gerberich, et al.,3" ' '7 also documented the in-

0,o creased resistance of thin-sheet plane-stress compared to thick-plate
1100 u (plane-strain) conditions and explained them in terms of dilatational

00
o • (O'ri3) and normal stress (O'yax) effects, Later, Chu, et al.,"'-:n and

C 1000 * Tien, Nair, and Bates 4 6 suggested that a dislocation sweep-in model
0 o o was appropriate for crack growth. This was based upon observations

9o0 0 of surface plasticity. Even though they describe extensive tunneling
U of the internal crack, which gives a ligament that undergoes surface

800 - 3 3 plasticity, a time-dependent, plastic-zone growth model was invoked
to explain growth kinetics. Alternatively, one could interpret this to

700 mean that embrittlement kinetics leads the tunneled crack, and the
I I I I I I plane-stress ligament that is holding on finally tears by a shearing

0.5 0.75 1.00 125 1,50 1 75 200 2.25 2.50 mechanism. This is consistent with decreased kinetics being asso-
Thickness, mm ciated with decreased thickness, i.e., greater plane stress.36 '75

There is additional evidence. Shaw and Johnson47 have eval-
FIGURE 10-Minimum failure stresses and maximum survival uated 2-1/4Cr-lMo steels with an ultimate strength of 750 MPa in 50
stresses for type 4340 steel (UNS G43400) as affected by degreeof blaxlallty at various thlcknesses. (Reprinted with permission.' ) psig H2S gas. Without side grooves, these 75-mm-thick samples

developed a large plastic zone with daldt - 3.9 x 10-8 m/s at a
Blanchard. Koss, and Heldt5 ,65 and Kampe and Koss59 have stress intensity of 145 MPa-m" 2. With side grooves, faster growth

shown nearly the same increased degree of biaxial degradation in rates of 1.6 x 10-7 m/s occurred at lower K, values of 25 to 50
both Admiralty brass in 0.1 M CuSO4 and in pure nickel in 1 N H2S04  MPa-m" 2. Since the side grooves remove the plane-stress liga-
charged at 100 Aim2. Besides uniaxial and equibiaxial tension, a ments, this clearly indicates kinetics are favored by a plane-strain
plane-strain Clausing " test was used. All three produced cleavage- state of stress. It also suggests that microplasticity effects alone do
like failures in Admiralty brass. First, note that the plane-strain not generally promote the severest degradation Other, more recent
condition for the Clausing test is not as severe a stress state as plane eviden.e comes from hydrogen-induced fatigue and sustained crack
strain at a crack tip. The C:ausing test gives a state of unbalanced growth on the {100) planes of single-crystal Fe-3wt%Si.3 2 4 2 In
biaxial tension with-4 = a2/2 and or3 = 0. Thus, the hydrostatic samples 4.8-mm-thick, crack growth proceeded by a tunneling
tension (cy,/3) ,ncreases in severity from tensile 1o unbalanced biaxial process. At AK 13 MPa-m "2, this occurred for macroscopic crack
to equibiaxial tension. It may be of significance that the ratio of the growth oriented in both the -001 and .011 directions.2 These
load-to-failure in the environment to that in air (PonvPair) did scale approached plane-strain conditions since the monotonic plane-stress
inversely with the stress tensor. Since an internally dissolved species plastic-zone diamete,, Equation (1.1), was only 15% of the thickness.

would be ptiportional to exp {0 }, a simple comparison in Table 3 Under higher K, values near 30 MPa-m" 2 , sustained crack growth
still exhibited tunneling effects in the <011 > growth direction. Since

shows that the increased availability of antho microscopic crack front wants to be parallel to a <OT>, tis
oxygen (?) or hydrogen (?) scales with the severity of the embrittle- deviation from a straight crack front appears to be driven by
ment. Whether this state-of-stress effect is associated with an macroscopic plasticity considerations and not crystallographic ones.
internally dissolved species or some special dislocation mechanism The crack-front curvature in Figure 11 clearly shows the surface
is yet to be determined. Using the same set of tests, Kampe and ghggcrack-frnnt cytr i the planearey shows e the
Koss 59 have evaluated INCO 200 nickel containing 33 at, ppm sulfur, lagging behind the center with the plane-stress surface being the
Hydrogen-produced intergranular fracture under all three conditions slow step in the growth process. This suggests a strong plane-strain
with equibiaxlal tension r.jaln producing the severest degradation, effect even in this 00 MPa yield strength single crystal.
They conclude that a critical normal stress criterion applies, as might In summary, the weight of the evidence is that strong state6 of
be explained by either of the following: stress effects exist In environmental degradation. Where brittle

III ^A- .... ee I, .intergranular or cleavage modes are involved, it appears that Mode
I s b I, plane-strain cracking conditions are most severe for crack growth,

and equiblaxial stresses are most severe for initiation in uncracked
softenod boundary and the adjacent grains; or members, The fact that similar state-of-stress effects are at work in

(2) A decrease in the fracture stress of the boundary because of several classes of alloys subjected to different types of embrittlement
a hydrogen sweep-in process by dislocations, phenomena suggests a common theme. This does not mean that a

One might add a third possibility, suggested tby Table 3, that the single mechanism exists, as that cannot be the case, however, it

equibiamlal condition would increase the lodi hydrogen availability cuuld mean that a common miIromehanical c.onditiun is favorable
most. for embrittlement onset.

TABLE 3
Effect of Degree of Biaxiality on Fai'ure Loads(A) Critical Questions

The fifteen questions posed in the first section are divided into

Test Type Tension Clauslng Balanced BlaxIal three groups dealing with the micromechanics of the embrittlement
site, the modification of stress or strain states associated with

P0.86 0.7 cracking, and other mechanics/microstructure interactions,

r,3 13 rt2 2a,13 The embrittlement site
To summarize the first six questions, one could ask where this

[exp(" ".)J- 0.85 0.78 0.72 site is and what its character is. The position will depend upon its
character, which includes local stress, local resistance, and the time
to reach local Instability.' 3.6.8.9 13.46 56.78 104 Much of this has been

"'Specimens were of Admiralty brass in CuSO 4 and were initially reviewed foi the blunt notch case in the section on the application of
rack free stress and strain distributions. Here, the site is subsurface where the
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macroscopic stresses are highest. This, together with well-predicted for internal embrittlement, Figure 12(c). Still, the local stress required
initiation times, presents a consistent picture. In some ways, this for crack advance might be nearly identical. Slower growth kinetics
might serve to confuse the real issues associated with sharp cracks, might be associated with either a modified stress field or a greater
much controversy in the literature has evolved regarding this for two local resistance.
major reasons. First, there can be major similarities or differences in
external vs internal sources of embrittling species. It all depends on For the external case (Figure 12kd)], slower crack growth rates
the relative concentration of embrittling species in a given location, in the low-strength material allow for two embrittlement sites. The
the relative velocity of the crack compared to the diffusivity of the embrittling species diffuses in with a high-concentration gradient near
species, and the relative stress or strain-at that location. Second, the crack tip. This could be one site, but with time, this forms an
there are embnttlement sites on the global scale and embrittlement additional concentration gradient near the macroscopic hydrostatic
sites on the local scale, what has been lacking is a consistent picture stress maximum. Although highly speculative, such a result can be
that includes both scales. inferred from the moving-line source3 and quasistatic, elastic-plastic

solutions.' Even if this stress maximum were not coincident with the
concentration maximum, nucleation might still prefer a subsurface
site. Again, the local stress and concentration differences between
the external and internal case may or may not be large depending on
the severity of the initial conditions. As will be shown, recent evidence
indicates that these five scenarios do not comprise all the possibili-
ties, which makes creating order out of this "site question" difficult.

Orianil originally suggested that the embrittlement site in
ultra-high-strength steels cannot be subsurface because of kinetic

.0 limitations, Figure 12(b). While this may be true, it is difficult to prove
from growth rate alone, because the 1 I distance involved to the
stress maximum is easily transversed by hydrogen in 1 s. By

" -"- • .. contrast, Rice9 suggested that embrittlement needs to be achieved
-~--."-.---- .. ;over a.microstructural-sized scale on the order of 1 to 30 jim, but

there is no a priori reason for the initiation site to be coincident with-_ -

the macroscopic stress maximum. For ultra-high-strength steels,
Johnson,' Gangloff, and Weil" and Gerberich, et al.,70 suggest
that microstructural traps such as prior austenite grain boundaries,
martensite laths, and sulfides at prior austenite grain boundaries are
embrittlement sites, but there was not definitive proof of "volume
embnttlement." By a special sustained-load, bake-out, fatigue se-
quence, Gao, Lu, and Wei9 concluded that the fracture process zone
is no greater than one prior austenite grain diameter. This would still
be larger than the stress maximum predicted to occur at a distance

1 > ~of about two times the crack-tip displacements, 1.98, in front of the
< 1 0 >cracks. This is consistent with the observations of striations 70 along

1 M m prior austenite grain boundaries in similar ultra-high-strength type
4340 steel, which were approximately 1 tim in size and, in this case,
- 1.98 as well. In such high-strength steels with the embrittlement

FIGURE 11-Crack-front curvature observed In a 4,8-mm-thick site so close to or at the crack tip, separating out "surface" from
Fe-3wt%Sl single crystal. Crack growth was In 1 atmosphere of "volume" embrittlement has not been successful.
dry hydrogen, [Reprinted with permission from Pergamon Press
PC42) In a similar steel, Elices, 'et al.,81 did make a remarkable

prediction of time-to-failure using a critical distance parameter of 100
to 400 jim. However, this distance was 2 orders of magnitude greater
than 1,98 and even a factor of 5 beyond the elastic-plastic boundary,
reflecting the fact that the binding-energy term associated with the

These ideas are summarized in Figure 12, Consider an embrittlement site was neglected. Presumably. a good fit with a
internally distributed species as in Figure 12(a) for a high-strength smaller critical distance parameter could result with slight
material. While the species concentrates In the global sense because modification 70

of the macroscopic stress gradient, it may initiate at an Interface
where the species segregate further. Because of crack Initiation For all classes of steel, Thompson and Bernstein have
subsurface, there now exist, a small microcrack that connects up collected evidence to show that subsurface nucleation occurs at
with the macrocrack. The local stress field that governs this initiation regions of highest triaxial stress. In HY 180 stool, Frazer and
and growth must be different in character and magnitude from the Metzbowergs found discontinuous cleavage and secondary cracks at
global stress field. More than an order of magnitude difference is least 50 im from the fracture surface. Here, 1 98 was on the order of
implied with local stresses _.- 10 MPa being compared to macro- 28 pm, and thus the macro initiation site may have been slightly
stresses near 101 MPa. This has been recognized by a number of outside the highest stress region. In a similar high-strength TI-30Mo
investlgaiors.' 'o e4 9 For external embrittlement of the same high- alloy gas-phase-charged with hydrogen, cleavage Initiation sites
strength material, cracking most likely initiates very near or at the about 400 1m beyond the advancing crack were Identified 0lo10 For
surface, since the combined local concentration and local stress is this 900 MPa trength material, a K, 50 MPa-m11 gave a value of
greatest there (Figure 12tb)]. Even though the macroscopic location 1.SS 30 1n, and a plane-strain, elastic-plastic boundary of 330 jIm
is diterent, the local stress distribution and concentration of species Moody, Stoltz, and Perra 8 concluded that the grain size establishes
may be very similar. This could lead to similar types of threshold and the minimum critical distance over which the fracture stress must be
Kinetic growth phenorviena in some instances. The low-strength exceeded for cracking to occur. Note that this was not direct
condition with a blunter notch leads to a similar macroscopic observation but was Inferred from the threshold dependence on grain
embrittlement s'te, but one that is displaced further from the crack tip size in both IN 903, a superalloy, and type 4340 steel

EICM Proceedings 175



1 Internal Embrittlement External Embrittlement

0 t 10,
_J yy -yy

0 (rniacre)

CaC: pm l0PM

-

.2)

J 1 Pm Pm
Carbide, Sulphide Intermetallic,

a Martensite Lath b4
a-103

macroi "1009m (macro) 100 Pm

,oaln ne rc ~m. { :..

0 d

FIUE1-cea, o f posil crc-Ii t°nste o ()ad ntr, an b n d

, . "0s  .105 -/

_j(m ic ro )) 1 g m(m ic ro ) 1 Ji

FIGURE 12-Schematic of possible crack-Initiation sites for (a) and (c) Internal, and (b) and (d)
external environments.

In lower-strength materials, there is also a wide range of concentration to drop below this threshold. A 1-s cut-off from the
locations for the embrittlement site. Joosten, et al.,' indicated it was external supply might be sufficient to accomplish this. In addition, the

propa- location of embrittlement site by itself does nut guarantee the extent
galion or causes carbide/particle decohesion near thle crack tip in a of a discontinuous crack advance. Neumann has suggested for the
spheroldized type 1090 steel. Lassila and Birnbaum' 9 identified a Fe-3%Si that although the extent of decohesion is not measurable, it
300 A grain boundary region rich in hydrogen to be responsible for is on the same order of magnitude as the embrittlement region, being
embrittlement of nickel. Beggs, Hahn, and Pugh"e have used a series 0 1 jim '0' Finally, on low strength Fe and Fe t Sb polycrystals with
of load-pulsing tests to demonstrate that Ax, the crack advance Up 100 MPa. Jones, Thomas, and Baer' 08 found secondary
marked by the load pulse, does not decrease continuously as At cracks about 1000 .m away from a crack advancing under cathodic
decreases. They argued that this was fully consistent with a 'volume potentials of about 1 0 V8,5 in 1 N H2SO4. This embrittlement site
embrittlement" model for type 310 (UNS S31000) SS tested in boiling of 1 mm is less than the 3 mm calculated plastic-zone size, but much
MgCI2 at 1540C. Here, the critical distance was found to be 0.5 tro, greater than 1 96, which Is estimated to be 100 jim. Even with
while Welch'"" found type 304 (UNS S30400) SS ir, water at 250,C external conditions, it appears as though susceptible grain bound-
to exhibit striations of 2.5 t, 3 im under sustained load. In Fe-3%Si aries may fail at distances beyond the stress maximum.
single crystals, Vehoff and Rothe used high-resolution scanning In summary to the questions about embrittlement site, there
microscopy to Imply that the discontinuous crack advance is less than appear to be at least six very different material systems under
0 1 pjm '0 Additional evidence from alternative exposure to H2 and 02 cathodic over potential, open potential, and external and internal
gaseous environments gave brittle crack stoppage within I second of hydrogen conditions that exhibit embrittlement sites beyond the
the 02 addition. Since the bulk was saturated with hydrogen to macroscopic crack. In materials with yield strengths ranging from 100
several microns, but the crack was calculated to stop within 0.1 Jim, to 1000 MPa, these distances range from -- 0.1 gim to 1000 Im.
it was argued that the "volume embrittlement" could be not greater Thus, it appears that the subsurface nucleation depicted in Figures
than 0 1 jIm Still, since Fe-3%Si is on the cusp between ductile/ 12(a), (c), and (d) is common to environmental degradation. How
brittle behavior, it might only take a slight lowering of the hydrogen central this is to the actual extension process is still to be settled In
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many cases, since cracking could be taking place at the main crack <1 10 >
concurrently.

Alone, such subsurface nucleation sites do not make a case for
"volume embrittlement." That is, cracking could initiate at a weak or
highly segregated subsurface site and still grow several atom layers
at a time back toward the macrocrack. Similarly, "volume embrittle-
ment" and discontinuous cracking based upon crack-arrest marks for
either internal or external embrittlement are complicated by other
processes, such as substructural features, causing momentary
arrest. For example, a crack could be growing smoothly by any
dissolution or atom by an atom decohesion process, and the crack
could stop because the external driving force is reduced or the
internal local resistance increases. An arrest line would be left
because of time-dependent, crack-tip plasticity, but this would not be
associated with volume embrittlement.

Acoustic emission has been broadly used by a number of
investigators to sort this process out. While there has been evidence
of acoustic emission from discontinuous cracking, 8- 8 6,92-9 -09 .111

much of this could be interpreted in two ways. First, it could be the
usual interpretation as associated with the time between discontin-
uous cracking events. However, it could also be associated with a
secondary fracture mode occurring behind the advancing stress-
corrosion crack. That is, either quasicleavage or ductile rupture of 11
ligaments behind an advancing intergranular crack could give
acoustic events. In a recent paper, a strong correlation between the
amount of acoustic emission and the amount of transgranular a
fracture occurring in ligaments behind the advancing crack was
shown.' 12 It is emphasized that these observations were under 10 gm <110 >

relatively low gain conditions of 80 dB. There are three studies that 1 gm
provide good evidence of acoustic emission correlating to discontin-
uous cracking at the advancing front. First, Beggs, Hahn, and Pugh 88  Re Unit Unzips
observed directly that an advance in crack position was coincdent
with an acoustic event in single crystals of Admiralty metal and
Cu-30Zn. Second, Sieradzki, Sabatini, and Newman"' demon-
str&ted an acoustic event to be coincident with an electrochemical
transient in the brittle cracking of copper. This oxide-induced
cleavage process has been extended to other material systems and
is further considered in the reviews of Oriani and Sieradzki in this
conference volume. Third, recent results show that external HE in
Fe-3%Si single crystals is discontinuous on the micron scale. ' 4

Well-defined arrest marks were observed 1 I apart, as shown in
Figure 13(a). Associated with each one of these were groups of
acoustic events, whereas previous acoustic monitoring implied one A t < 51s
advance was one emission.86 In this single crystal, the crack front
unzipped step-wise by nucleating at the apex and growing along the thlength of the front by a succession of events. As indicated in Figure t hold -0.01S
13(b), the local growth direction of the next step is unknown, but
acoustic emission indicated that 40 to 70 of these local steps
occurred in approximately 1 s. The fact that the individual event Whole
durations were only 5 Is and that there was a delay time of about S front0.01 to 0.02 s between each event illustrates the discontinuous

nature of the advance. Furthermore, between each group of events
there was an approximate 12-s hold. This delay time divided into the b
1-.p advance was consistent with the average macroscopic growth FIGURE 13-Slow crack growth by (001) cleavage of single
rate of 9 x 10 8 vs. It seemed initially that this was irrefutable crystal Fe-3wt%Si In 1 atmosphere H2: (a) 1 gm arrest lines In

two <110> directions, and (b) schematic from acoustic-emls-evidence of volume embrittlement. However, further discussions with slon analysis showing the additional discontinuous nature of
Oriani. Sieradzki. and others,"' suggested another possibility. A the extension process along a single I Rm advance; local
crack could Initiate In less than a 0.1 1.m region as suggested by growth Is thought to be perpendicular to the macroscopic front
Vehoff, Rothe, and Neumann, ' 4 ' and then arrest at I-i% increments but could be In either -.110.- direction in a given 5 pm unit.
according to Sieradzkl s exhaustion process'4 

" or some other There Is a hold time of approximately 0.01 s for each unit and a
stabilizing substructural influence. Of course, with Fe-3%Si in I hold time of about 12 s after the whole front arrests.
atmosphere hydrogen, there is no oxide to cause unstable cracking. The driving force
Nevertheless. other internal dislocation rearrangements can cause Anything that abruptly increases or decreases the local driving
crack Instability How one such nucleation arrest renucleation pro force for craCK extension may cause initiation or arrest. The decision
cess might occur Is addressed in the section on dislocation shield to detail this was prompted by questions seven through nine in the
inglantishielding. introduction. In micromechanical terms, porosity, or microcracks in

the advance of a growing crack, ligaments behind it, dislocation
shielding, or film-induced effects all could contribute to initiatica or
arrest. These three effects will be covered briefly:

"1)Private communication. See Acknowledgment, (1) process zones,"1 2
.
39
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(2) film-induced cleavage,5.6 '12
.
14'86,

1
3 ,104 "110 

11.113.115,1 34-136  mate form for one such model, as given in Appendix B, leads to a
(3) dislocation shielding/antishielding.9 13

,
118-123 reduced effective stress intensity (K01') given by the following.

Process zones. Process-zone effects associated with environ-
mentally induced discontinuous cracking have recently been K(1 K) [ - -A] 1/2

reviewed 05 and will not be covered here. Two general aspects R(12
associated with macroscopic and microscopic scales are addressed, where A is the process-zone size and Rp, is the plastic-zone size. For
Macroscopically, process-zone effects can result in.broadly fluctuat- the type of zone modeled in Appendix B, one that is 75% of the plastic
ing Stage 11 growth rates. Examples are shown in Figure14 for two zone could reduce the effective stress intensity at the leading
different heat treatments of type 4340 steel and a Ti-3OMo alloy all microcrack by a factor of two and arrest further growth. This led to
charged with hydrogen. Yield strengths are 1620, 1340, and 940 complete arrest in repeated evaluations of coarse-grain Ti-30Mo,'06

MPa, respectively. The process-zone sizes were estimated to be 10, since there was no evidence of a shear-lip effect, i.e., a plane-stress
100, and 400 jIm, respectively. In terms of the subsurface nucleation "ligament"; therefore, this latter restraining force was absent. This
depicted in Figures 12(a) and (c), a larger discontinuous process process-zone effect was also responsible for the large fluctuations in
zone would produce greater variations in microbranching or ligamen- crack velocity noted in Figure 14.
tation, which would cause larger fluctuations in the local driving force. Just as important may be process-zone effects on the more

McClintock6 originally suggested that the time to achieve a microscopic scale Consider a crack growing "smoothly" in the Stage
given decohesion in front of an advancing crack will vary as given by II region. On a local time and size scale, there are still arrest and
the follcwing: renucleation conditions in many material/environment combinations.

tn(X) = t,[ B(x),p(x)'] (10) Pugh12 suggested that discontinuous cleavage arrests that result
from step or ligament formation could be applied to jim-size cleavage

where 8(x), p(x) are the displacement and porosity or fraction advances in some CuZn, MgAI alloys, and in SSs. A first-order
cracked, which is a function of position This leads to a constituitive calculation, however, suggests that a generous process zone equal
relation for microcracking, to the advance distance might only change the effective driving force

dp(x) =w r dby 0.1%. (See Appendix B.) Can a 0.1% drop in the driving force
dp = g y p(x), d(x) ,chemistry} (11) arrest a growing crack? In a continuum sense, it does not seem likely,

since cracks grow in Stage II independent of the crack-driving force
K1 , MPa -m 1/ ?  with large variations in the applied stress intensity. In a local sense,

however, the K1a' could be relatively small because of shielding
1048 20 22 24 26 28 30 32 dislocations, and an upset in the local picture could stabilize or

354 Tdestabilize the advancing crack front. A suggested experiment would
be to use a very small fluctuating load on top of a "sustained" load

0. to ascertain if the observed striation spacing is affected. Previously
E 16,5 used86 AP increments of 5% are too large to test such a hypothesis.

S.. i-~ SFilm-induced cleavage. There are at least three types of film-- " E
•- models for SCC. As earlier reviewed by Pugh,6 film models consisted

of two types. Together with the more recent proposal of Sieradzki and
I328KTest Newman, 14 they are summarized below:

(1) -5-nm film - passivation film breakdown/dissolution:
Champion' 2 and Logan"2

(2) -100-nm film - tarnish filrnfilm brittle fracture:
-6 4340 STEEL, McEvily and Bond,130 Pugh' 3

1

o-230 C Temper (3) -30-nm film - "brittle" film/substrate brittle fracture:
E a-450 C Temper 200K Test Sieradzkl and Newman 14 '103E

The quotes around "brittle" signify application to oxide as well
"- 10as dea,,yed films, A number of papers have addressed these

Ti-30 Mo,485 ppm H categories,. 2 4-' 0
1'04 including several in this proceedings. It is

Annealed emphasized here that there are several points of view even in similar
materialtenvironment combinations. Proponents of Faraday's sec-

10_20 ond law believe that dissolution rates are adequate, while those24 28 32 36 40 44 48 favoring brittle-fracture mechanisms believe they are not. There is no
K1, MWa - rquestion that cleavage occurs In a number of these systems

undergoing transgranular SCC (TGSCC). Pugh' 2 has reviewed
FIGURE 14-The degree of Stage II crack velocity fluctuations these latter results and shows that discontinuous cleavage occurs in
as affected by material condition. Process-zone sizes from top all three major crystal types: fcc, bcc, and hcp in a number of aqueous
to bottom were estimated to be 10, 100, and 400 jIm. solutions. From a micromechanics view, it is important to understand

!n principle, this could model crack~growth velocities, but it s how such cleavage takes place. Sieradzki' has produced the most
difficult rilude the proper interrelationships. McMeeing" and quantifiable model in terms of a running crack growing intu a du(,ile
TergaaiJ' have made some progress along these lines using finite- substrate. In a first order sense, this is most easily understuud Irum
element modeling. Slightly more ad hoc modeling of the process Newman. 0t al..'" who give the stress corrosion crack growth rates
zone In the context of a modified Dugdale model29 has been applied by the following:
by olhers.' 45' 97",' 1' A

.'
2 5 Here, an assumption or measurement Is da

made of the strength and size of the process zone and put Into an d =;

analytical solution. Specifically, Rosenfiela and Majumdar's ligament = + x ) ., , x¢>> xd (13)
model97 for brittle crack arrest is identical to the process-zone Here xd and x, are the increments of extension associated with
concepts applied to fatigue. SCC. and brittle fracture.'0 s 124 125 This dissolution and cleavage and t is the time associated with the critical
is appropriate since both derive from the Dugdale.9 Barenblatt,'2 strain (t*) to nucleate cleavage. This involves two points, the fact that
and Bilby-Cottrell-Swinden' 27 concepts of equilibrium. An approxi- there is a critical strain, and that the brittle-film fracture causes a
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substrate cleavage (xc) much greater than the dissolution increment. Fe-3wtSi could be as little as 20 MPa-m" 2 or as high as 100
While the critical strain idea may be common to many models, the MPa-m2. This suggests that one or more shielding processes are
cleavage concept requires special comment. accompanying subcritical cracking. One could then argue that an

First, there appears to be no disagreement that incoherent or alternative to film-induced cleavage is a dislocation antishielding
coherent films may.induce cleavage during SCC. What is of interest process that upsets the quasistatic equilibrium. This could periodi-
here is whether or not the brittle crack arrests at or near the interface. cally reform during subcritical crack growth in both ductile and brittle
Sieradzki has recently reviewed possible mechanisms for crack materials. In borderline materials, however, there is a good proba-
.arrest. Theoretically, he rejects the idea of ligaments, posed for bility of this leading to total fracture.
macroscopic cracks, to play an important role at the micron scale.97"125  Crack-tip stability criteria have been discussed by Lin and
-As was discussed in the section on process zones, the authors tend Thompson 1

8 in terms of dislocation emission from a crack tip. For a
to agree, but additional evidence is needed. Most attractive to date isthe kinetic-energy argument, which implies that 30-nm film cracks crack approaching an opposite sign source, dislocations em:tted

the ineic-nery agumntwhih imlie tht 3-nmfil crcks would form dipoles. This would subsequently cause hardening with
growing at 400 mts might grow into a ductile matrix to a depth of 2000 regard to further emission, and the cleavage criterion would become
nm. The first question is how fast can a crack grow in a 30-nm-thick readtfuhremsinadteclvgertronwldboenm. he irs quetio ishow astcana crck rowin a30-m-tick favorable. They suggested that the crack could oscillate intermittently
film. Consider epitaxial films with 4% elastic strains and an effective
surface energy of 2J/m 2. The Griffith crack would be on the order of between emission and cleavage because of such antishielding and
4 nm. By the time the crack emerged from the film it would be near shielding influences. The authors agree on this general hypothesis,
4rnl Byvteotimth caincnsmere romtilm it. wo d nr but the idea of emission being blocked by an opposite sign
terminal velocity, containing considerable kinetic energy. Based on dislocation source is probably the exception rather than the rule. In
the concept that a unit crack advance of one Burger's vector (b) most materials of interest, the cracks are not automatically sharp, so
required one dislocation to be emitted, or SN ~ SI/b, it was there are many emission planes that could be chosen to bypass an
demonstrated that the velocity (V)-penetration (8 profile could be external source. Even at 20 MPa-m112 in iron, the crack-tip opening
calculated. This was done in terms of the Raleigh wave velocity (VR) displacement is on the order of 5 g±m. With regard to blunting cracks,
and the initial crack size (Io). With vc << vR, one can approximate Sinclair122 has shown that the effect on the dislocation emission
Sieradzki's analysis to show that the total incremental extension to criterion is almost unaffected. Thus, emission from many planes
arrest is along the crack flank might be expected.

Irrest _ 0 VC ]2 Observation of antishielding dislocations have been made by

2[1 + -" [ R (14) Narita, et al.,'1 9 and Ohr.'1 In SS foils, Ohr estimated that suchdislocations decreased the effective shielding by 15%.1° In such

Here, I' equals u In (rlr,), withy the surface energy and the marginally stable materials as iron, a similar increase in the local
r7 w driving force could trigger cleavage. As an added note, Ohr sug-rest of the term as associted w ith a dislocation energy. Reasonable g s e h t b itef a t r a ei d c d b r c -i e o m to

values of r - 3 give additional increments of crack extension to range gested that brittle fracture can be induced by crack-tp deformationfrom about 1 to 6 p~m for an initial 1000-ixm-long crack growing with producing antishields that reach the vicinity of the crack tip't2 In
addition, Narita, et al.,' t 9 found that the large shielding effect of 0.39

starting velocities of 300 to 700 m/s. This agrees with calculations by MPa-m l 2 expected in NaCI at 77K did not result. Because of
Sieradzki015 The problem arises when applying this to small cracks.
If the crack starts out from a 30-nm brittle film, then it is initially 30 nm antishielding dslocaThions, only 0.056 MPa-m r was achieved, ain lngt ona soot saple Folowig te aovecalulaion it factor of seven difference. This would offer only marginal stability toin length on a sm ooth sam ple. Fo!low ing the above calculation, itsu h a b it e m er l.I s ch a e h n s m s v a l ,it s i po a twoul jup ino te sbstrte essthan1 n, mch lss han such a brittle material. If such a mechanism is viable, it is important
dissolution rates. Note that since vr is always less than the Raleigh to consider the frequency of shieldinglantishielding. Theoreticaldisoluionrats. otetha sicev, s away les tan he alegh modeling of single-crystal deformation suggests that some slip
wave velocity for such problems, the additional crack increment can modelng ofnsingle-c om tion s t hat some slip
be no greater than its original size. The same conclusion is reached patterns cannot be accomplshed by crack-tip emission.' 3 This
if some function for the stress distribution in an epitaxial film is used requires a large number of external sources, which could result nantishielding. On the other hand, in silicon, Brede and Haasen'
to analyze energy released into substrate crack extension Again, it suggest that the only way to produce the necessary dislocations for
was found that the added extension 8I is some fraction of the original the bnttle-to-ductile transitin is at the crack tip, contrary to other
crack length. This Is qualitatively consistent with Broek, who notes hypotheses t21,a3p
that the smaller the initial crack size, the smaller the additional crack
growth will be prior to arrest.' 33  As this relatively new concept appears to be in a state of flux, the

There also appears to be some controversy regarding the authors of this paper decided to add yet another version based partly
experimental ubservations. ' ""' " ,."' In a recent study of dealloy upon observations in Fe-3wt%Si. With sustained load cracking in
ng, Fritz, Pars, and PicKeing" showed that Cu 18%Au dealloyed hydrogen, slip steps were observed emerging in the wake behind the

to a depth uf about 50 Im did produce 50.1m-size cleavage cracks advancing crack tip.4' It was surmised that these were antishielding
upoii bubsequerit bending . However, these cracks ,ould not have dislocations from external sources, since they were moving on an
prupdgated more than 0.5 ,m into the ductile substrate. Here bi entirely different slip system in the direction of the crack tip. Using an
would be mut.h le ,s than .,. On the other hand, Cas.sagne, et approach suggested by the super dislocation model of Atkinson and
dl., ' " reported that Cu-255vAu produced cracks that ran 5 tm Clements,'" 9 it had already been demonstrated that the stress tensor
beyond the dealloyed layer. for an elastic-plastic field could be determined. 40 With a shielding

The authurs ul this paper do nut reject the idea of film induced dislocation array of 10,000 dislocations, depicted in Figure 15(a), the
substrdte 0leavage but do suggest that a 30-nm film generating a VYY stresses in this anisotropic, elastic crystal are shown in Figure
2000-nm substrato .ratk would be overstating the effect for small 15b). Note the near zero stresses up to about 2 f.m from the crack
,.tdtK. Additiunal Itheiutiial and experimental work needs to be tip. This equilibrium condition was then perturbed by an antishlelding
da. umphshe0, bince the must reLent experiments imply that neithei array. Based upon micron size emerging slip steps, it was consid
dissuiubun modeib nui the film-induced cleavagt ,iudels alone ered that these 400 antisheiding dislocationt, (10% of those required
account lur the userved phenomena. For example, there ,s a real to form the slip step) could easily form during a short interval of the
need for detailed, high-gain, acoustic-emission evaluations on single crack at rest. This situation is depicted in Figure 15(c). These
crystals with oxide or dealloyed films, relatively few antishields produce more than a two-order magnitude

DIslocaton shleldlng/antlshieldlng. Rice and Thomson' '  shift in the local maximum stress near the crack tip [Figure 15(d)],
urginally suggested that a rraterial such as iron is borderline Note that this was a plane stress calculation and that the stress
ductilejunttle and that small (.hanges in surface energy or i.ore distribution in the macroscopic regme from about 10 to 10,000 lm
structure could trigei Orittle fracture. During hydrogen induced slow behaves as continuum plasticity might pred;ct with o., - JY1 This is
crack growth, recent results'3 indicated that Ktc for cleavage of discussed more fully elsewhere. 40
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FIGURE 15-(a) and (b) The effect of shielding, and (c) and (d) subsequent antishielding on the
stress distribution at a crack tip. Dislocation simulation on a Cray II supercomputer.

The remarkable result Is that the theoretical stress is ap- Microstructural influences
preached over a range of about 100 A from the crack tip. As yet, this on the micromechanics of failure
has not been considered in a step-wise computation, but the In Table 1. the last two rows imply that different types of failure
expectation is that the antishielding would extend with the subcritical mechanisms may produce different failure modes What is missing
crack until it ran into either more ductile, relatively hydrogen-free here is the microstructural influence. To summarize questions 10
matenal or into a more stable dislocation situation. Thus, at least for through 15 in the introduction, one could ask how the magnitude,
relatively single-phase crystals, Oriant s' original suggestion for very character, and time dependence of slip affects "brittle," subcritical
large elastic stresses in the non-Hookean regime of the crack tip may crack growth. More specifically, what is the microstructural or
be entirely consistent with the more macroscopic continuum theory. substru.tural connection? Here, only a number of microstructural
In fact, McClintocK8 originally acknowledged that such stresses might possibilities with egard to siip planarity 8 " ' 

11-149 and yield
appear on a continuum scale that was about equal to the length stress,=O '085o-IS, issues are referred to. A simple first-order
between slip bands model is then preseijied.
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The planar-slip influence. Tetelman and Kunz 2 were among
the first to point out the strong similarities between HE and LME. First, V.57
they pointed out that susceptibility in Fe-Si alloys increased with
increasing yield stress. Second, the.effect of SFE is similar, and the 60
susceptibility increases as alloying elements are added that lower the
SFE and promote planar glide. As taken from Tetelman and
McEvily's book, 157 the effect of SFE on LME of Cu-base alloys, after
Johnston, et al.,'-8 is seen to vary the normalized fracture stress by * A-286
a factor of eight (Figure 16). Later work and reviews suggested that
hydrogen and/or LME was intimately connected to slip =
planarity,2.46 .'57'1 59 slip-induced void formation, 41"142 or assisted 0 40
slip-plane decohesion.84.144 Only the slip-planarity effect is examined .
here. g.0

0
10 .

cc 0

20 0

JBK.75 0

S.-

0 
\0 

0

4 0 0 Cu.At 0

0 Cu-Zn 0.017 0.019 0.021

O0 < C.SMismatch, A
FIGURE 17-Ductility loss vs -y--y' mismatch for several gamma
prime alloys.'49

0 Yield stress and residual stress Implications. The more
0 5 10 15 20 25 30 easily understood residual stress is discussed first. McClintoc 8

Stacking Fault Energy, ergs/cm2  pointed out the need to study residual stress effects, and in
blunt-notch samples this has been accomplished.54.3 - .154 Nakasa, et

FIGURE 16-Normalized fracture stress as a function of the al., 54 took a high-strength steel with a notch-root radius of p = 0.3
stacking fault energy for copper-base alloys tested in mercury. mm. They then overloaded the samples to Kt, and then measured
(Reprinted with permsson . 57 ,5) the time to initiat6 SCC (ti) at a lower applied stress intensity of 78

McMahon84 reviewed mL. of the literature on how hydrogen MPa-mt'2 . The overload effectively puts the notch tip into residual
affects the slip character in iron and concluded that hydrogen compression. This residual compressive state is the macroscopic
promotes planar slip by inhibiting the cross 61;p of screws. This results equivalent to dislocation shielding. A model has been generated to
because screw dislocations control plastic flow. Later, Hwang and quantify the reduction of the local maximum stress, consistent with
Bernstein'5 9 conclusively demonstrated this to be the case in x-ray residual stress determinations. When combined with Equation
hydrogen-charged Fe-Si single crystals. McMahcnB emphasized (5), this gives me soiia-ine prediction in Ftigure 16. 1he important
how this might load to strain controlled Mode It cra~king, glide plane point is that this macroscopic residual compressive stress could
decoheslon on (110) and 1(121 planes or [110i and (112) "quasi- produce an increase in delayed failure of more than an order of
.leava ge" in iron and steel because of the bluckage of dislocations magnitude. Using the same residual stress model, one can show that
at cart Ides Still. Mode I cracking on '100; is most prevalent, and ,d a prior elevated-temperature overload can improve the cleavage
slip plrnarity argument might also be valid here. In addition to BCC resistance at lower temperatures. With the initial toughness being
iron systems, there have been reviews of austenitic SSs '4 and designated Kic1 and the toughness after warm prestressing being
It'-strengthened superalloys to suggest that the hydrogen Interaction ,wr,
with slip planarity reduces ductility, For example, in some austenitic
SSs, higher nitrogen contents reduce the SFE promoting coplanar IwPs I Ki.'"__ = + [ -1](15)
dislocation arrays and epsilon phase.' ° Whether it Is the slip Kico
planarity or increased epsilon phase that then reduces ductility under
69 MPa of hydrogen, exposure is not clear In a more clear-cut where A]' is 0.36. Specimens with two heat treatments of type 4340
cbseration. the effect ;f ,' mismatch ;n supbi alloy, was examined steei weie prestressed at room temperature and subsequently tested
in terms of how It affected hydrogen-induced ductility loss.' As seen at 77K. Observed values of K Kwc, were 1.52 and 1.30 while
in Figure 17. the losses became large as the mismatch decreased. calculated values were 1.54 and 1.35, respectively. An analogous
This was rationalized ;n terms c' the loal strain levei at which interpretation of prior plastic overloads in silicon has been successful
particle matrix coherency is lost. Witt. small nisfits, large strains are in predicting increases in cleavage fracture resistance.'6 Such
required "ims *as associated with a larger amoutit of hydrogen a: overload effects are even more common in fatigue but have seldom
the particle matrix interface and hence larger ductility kisses. How beeu, stdied in SCC. In a study of environmental effects on fatigue
e,e'. .t could just as easily be associated with a larger local strain .r, crait growth, Katz and Bussiba1 ' found strong overload effects on
a slip band avalanche that could trigger fracture. instability. Muody a U-Ti alloy testea ,n 80% relative humidity air. From the rate of
and Gre. ilich'49 demonstrated hydrogen induced failkie at slip band change of the ciauk ,growth rate after the overload, it is apparent that
intersections in. an FeNiCo-supepalloy. With gas pnase charging to the effect is much stronger at I Hz than at 30 Hz. In this case, it
550C apprn, they showed that slip bands in charged samples Aee stroogly ,mpfiez that retardation in an environment is controlled
sharper than thobe in un;hajri samples. This meant that the largely by the stamined growth-mode phenomenon. It is suggested
narrower slip ba,ls would contain 'arger local btrains and po-onot, hat .verload., would have as strong a retardation effect on daidt as
slip-band fracture they have on notched incubation times.
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0.6 1 (2"/0,), and the critical distance (re) is associated with a macroscopic

fracture strain (Ef). As such, this is a microscopic work of fracture
criterion within a continuum plasticity framework for growing cracks.

0.5 - _ This gave the following:

78 MPa-m1 2 0

K 3.n, rexp f Wt ;0 < a S 1 (16)

04-0With y, E, p, y,, and K1. known, the adjustable parameters are
;° .ccL and r. As indicated in Appendix A, 0 :S c < 1 implies that more

planar slip materials would have a greater proportion of the plastic
0.3 - KIOL. Ki(p) work directed toward fracture (a --) 1), while materials with easy

C: Ru cross slip would have a smaller proportion (ac -+ 0). There is also an
-a KI(P) implied slip-band length, subgrain, or grain-size effect here since L,
0K
'E 0.2 - KIOL _ could ba limited by a microstructural unit. This is extremely specu-

lative and thus aLs is treated as some microstructural fitting param-
eter. The other fitting parameter is the evaluation point (r,), which is

0i(p) t essentially the length scale over which the fracture strain is ex-
0.1 ceeded. A value in the range of 0.1 to 10 tim seems reasonable,

since this encompasses the cell size, dislocation pile up, slip-band
length types of scales typically observed. With the following reason-

0 1 able parameters for the steels,
102 103  104

ti min c l-0.3ttm E = 2 x 105 MPa
re- 1 g±m -yO, = 20 Jim2

FIGURE 18-The effect of prior overloads on Increasing the 5.46 (plane strain)
stress corrosion Initiation times In sharply notched high-strength
steels. (Data from Reference 154.) one finds from Equation (16) that

There are other possible sources of strong crack-growth retar-
dation besides residual compressive effects. Other types of shielding I 1K2cc
such as blunting, branching, and ligament formation cannot be In ll s - [ - (16a)
discounted. For general application to a broad range of materials and ("Y2. ('YS

microstructures, this retardation effect can be most easily understood This is the solid curve in Figure 20. However fortuitous this
in terms of dislocation shielding. It is important to note that a correlation is, it bears further investigation, as it would provide a
dislocation free zone is not essential, and that the only requirement common micromechanical basis for threshold stress intensities for
is to have a net number of shielding dislocations in the vicinity of the many materials under environmental attack. While it would not apply
crack tip The appealing nature of this is that it could apply to any to hydride formers, it could apply to those systems failing by cleavage
crystalline material in a temperature regime where dislocation or intergranular fracture. Environmental differences would affect "'or,
emission is possible. This type of model emerged when observing the and differences between intergranular and cleavage failure would
startling comparison between two very different sets of data. Thresh- involve considerations of y,,rtaL, beyond the scope of this paper.
old studies have recently been reported on liquid mercury embrittle- In summary to this last section on critical questions, it is clear
ment of 7075-T651 aluminum subsequently overaged at 2000C for that both near-crack-tip and subsurface embrittlement sites are
........ i.... T,,p wu ,a, ,g, ,g,;ugf 869 to C2 R13 possible because of microstructural, state-of-stress, and/or trapping
and K1, values from 6 to 18 MPa-m" 2. For the similar alloy of effects elevating either local stress or embrittling species concentra-
7079-T651 overaged at 1600C for various times, Speldel 46 had tion. As to how the crack grows from these nucleation sites, recent
measured SCC thresholds in saturated aqueous NaCI solutions acoustic-emission data demonstrate that discontinuous cleavage
under open-circuit potential. A similar result was obtained and In both occurs on the micron scale, The growth process is not so clear for
cases the T-L orientation was evaluated. A comparison of the two intergranular or microvoid coalescence processes. If the dnving force
types of test results Is shown In Figure 19. Within experimental error, is enhanced or diminished by thin-film, microplasticly, process-zone,
there Is no difference between these two results, suggesting that the or kinetic-energy phenomena, this may participate with the environ-
same micromechanical process is controlling threshold stress Inten- mental degradation to produce initiation or arrest. Finally, microstruc-
sity. tural features such as slip planarity and slip-band length may be

Next, values of Ki, or K1. normalized on yield strength were combined with continuum strain distributions as a failure criterion.
compared to yield strength normalized on modulus. Besides Keeping Such models may provide a common micromechanical basis for
the aluminum correlations intact, this allowed SCC thresholds of threshold stress Intensities.

medium- to high-strength steels' 5 to be correlated, The steels,
tested In 3.5 wt% NaCI aqueous solutions at room temperature, had Conclusion and Recommendations
yield strengths ranging from 700 to 1680 MPa. Normalized plots of (1) Measured 3tain distributions for subcritical crack growth are
(Kl.1a) 2 vs trWE in Figure 20 essentially fall on the same curve. reasonably consistent with continuum, small-scale yielding solutions.
There is a caveat here since it is known that the SCC mechanism for This Is verified by two electron-channeling studies of hydrogen
such steels is HE, and a different fugacity of hydrogen through either induced subcritical crack growth in Fe-Si single crystals. More
potential change, pH, or pressure could shift the steel data up or information is required for fcc and hcp systems and in all materials for
down. Still, this companson required further consideration. cra ion s tirss or or ln d etal s

In a macroscopic sense, this normalized plot was just the cracking under stress corrosion or liquid metal environments.
plastic-zone size at threshold vs the yield strain. This recalled the (2) The location and time dependency of crack nucleation from
correlation in Figure 7 and Equation (2.8), which contains both blunt notches is on reasonably firm ground for high-strength steels
plastic-zone size and yield strain. If appropriate, this means that a from both an experimental and a modeling viewpoint. Whilte such
critical strain is associated with a critica' distance at threshold. Based results may give insight into lower-strength materiais that blunt, they
upon that, Appendix A shows the derivation of a simple relationship. may be misleading with regard to very high-strength materials or
The critical strain is related through the specific work-of-fracture even lower-strength ones with sharp cracks.
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20 (3) In Mode 1, 11, and III tests, cracking favors growth on the
* maximum principal stress plane, even though cracking may initiate

on a maximum shear plane. Additional Mode I/llor Mode 1/111 types
0 of tests on all environmental cracking mechanisms are recom-

16 - mended with acoustic-emission or potential-drop detection of nucle-0 ation times.
(4) Other state-of-stress tests such as biaxiality or plane stress

N vs plane strain suggest that either a maximum stress or limited
; 12 - 0 ductility criterion controls the material/environment response inE• materials as far ranging as Admiralty brass, nickel, and steel. Even|0

low-strength single crystals of Fe-Si in hydrogen show a crack-front0 curvature state-of-stress thickness effect. The weight of the evidence
8 - 0 favors a normal stress criterion.

(5) Embrittlement sites may range from less than 0.1 tim to as
Oe much as 1000 ttm away from the crack tip. However, this still does

not settle the issue of volume embrittlement vs surface or near-
0 surface embrittlement.

CME 0 -Ret. 145 (6) Recent acoustic emission and fractography of several alloySCC 0 -Ret 146 systems demonstrate that crack growth is discontinuous in both

aqueous 'and gaseous environments. One study on Fe-Si single
0 1 1 1 1 crystals demonstrdtes at least two levels of discontinuity as the whole
100 200 300 400 500 600 crack front advances micron by micron on the cleavage plane.

Understanding of how such discontinuities are both triggered and0 ys, MPa arrested requires additional theoretical modeling on the atomistic,
- dislocation, and macroscopic scales.

FIGURE 19-The similarity of threshold-stress-Intensity varia-
tion with yield strength for LME and SCC. Two similar 7000 (7) Effects of microstructure on both the crack driving force and
series aluminum alloys were aged to various strength levels, the resistance can be extraordinarily large, in some cases swamping

more macroscopic state-of-stress effects. Process zones with dis-
continuous microcracks, for example, can change crack velocities by
more than an order of magnitude. Computer simulations indicate that
dislocation rearrang6ments within the near-tip region can increase
the local stress by more than two orders of magnitude. In situ studies
of bulk crystals, transmission electron microscopy studies of sub-

10 t structure, and additional dislocation-simulations are required for
understanding.

o LME (AL REF. 145) (8) A remarkable similarity between normalized threshold and
0 SCC (STEEL REF. 150) normalized yield strength for LME and SCC implies a common

micromechanical basis. Addressing this or other types of models with
0 overload effects and state-of-stress evaluations are important to

separate microplasticity, dynamics, and decohesion aspects. Where
10.2 possible, this should be accomplished on single crystals or specially

fabricated bicrystals.

0 Acknowledgment
E The authors would particularly like to thank a large number of

their colleagues, D, Davidson, B. Flanagan, Y. Katz, N. Moody, D.
Orianl, and K, Sleradzki, and several current students, X, Chen, T.

0 10.3- Foecke, and M. Lli, for both stimulating discussion and releae of
0 0 information prior to publication. We would also like to acknowledge

the Super-Computer Center of the University of Minnesota for use of
their facilities. This work was supported by the Corrosion Center and0 the Department of Energy, Basic Eniergy Sciences, Materials Sci-

ao ence Division, Grant DE-FG02-84ER45173 and the Division of
so Materials Research, National Science Foundation, Grant NSF/DMR

10.4  0 8400015.

a 0 °' References
1. R.A. Oriani, Stress Corrosion Cracking and Hydrogen Embitt-

lement of Iron Base Alloys, NACE-5, ed. R.W. Staehle, J.
Hochmann, R. McCright, J. Slater (Houston, TX: National
Association of Corrosion Engineers, 1977), p. 351.

10-5  I I I 2. A.S. Tetelman, S. Kunz, Stress Corrosion Cracking and Hy-
3 4 5 6 7 8 9 drogen Embrittlement of Iron Base Alloys, p. 359.

yys IE x 103 3. H.H. Johnson, Stress Corrosion Cracking and Hydrogen Em-
brittlement of Iron Base Alloys, p. 382.

4. H.G. Nelson, D.P. Williams, Stress Corrosion Cracking and
FIGURE 20-Comparison of normalized threshold (plastic zone) Hydrogen Embrittlement of Iron Base Alloys, p. 390.
vs normalized yIeld strength (yield strain) to the theoretical 5. D.A. Vermilyea, Stress Corrosion Cracking and Hydrogen
model, Equation (16). Embrittlement of Iron Base Alloys, p. 208.

EICM Proceedings 183



6. E.N. Pugh, Stress Corrosion Cracking and Hydrogen Embritt- 42. X. Chen, J.A. Kozubowski, W.W. Gerbench, Scripta Metall.
lement of Iron Base Alloys, p. 37. 22(1988): p. 245.

7. J.M. Krafft, H.L. Smith, Stress Corrosion Cracking and Hydro- 43. A.H. Cottrell, Trans. AIME 212(1958): p. 192.
gen Embrittlement of Iron Base Alloys, p. 482. 44. N.J. Petch, Fracture, ed. B.L. Averbach, et al., MIT (New York,

8. F.A. McClintock, Stress Corrosion Cracking and Hydrogen NY: J. Wiley, 1959), p. 54.
Embrittlement of Iron Base Alloys, p. 455. 45. E. Smith, Res Mechanica 4(1982): p. 151.

9. J.R. Rice, Stress Corrosion Cracking and Hydrogen Embrittle- 46. J.K. Tien, S.V. Nair, R.C. Bates, in Env. Degradation Eng.
ment of Iron Base Alloys, p. 11. Mater. Hyd., p. 147.

10. J,P. Hirth, H.H. Johnson, Corrosion 32, 1(1976): p. 3. 47. B.J. Shaw, E.W. Johnson, Hydrogen in Metals, ed. I.M.
11 R.H. Jones, Advances in the Mechanics and Physics of Bernstein, A.W.Thompson(Warrendale, PA.TMS-AIME, 1981),

Surfaces 3, ed. R. Latanision, T.E. Fischer (New York, NY: p. 691.
Scientific and Tech. Book Serv., 1985), p. 1. 48. M.R. Louthan Jr., R.D. Sisson Jr., R.P. McNitt, P.E. Smith,

12. E.N. Pugh, Corrosion 41, 9(1985): p. 517. Hydrogen in Metals, p. 829.
13. J.R. Rice, Chemistry and Physics of Fracture, ed. R.M. 49. A.W. Thompson, I.M. Bernstein, Hydrogen in Metals, p. 291.

Latanision, R.H. Jones (Boston, MA: Martinus Nijhoff Publish- 50. M.W. Joosten, T.D. Lee, J. Goldenberg, J.P. Hirth, Hydrogen in
ers, 1987), p. 23. Metals, p. 839.

14. K. Sieradzki, R.C. Newman, Philos. Mag. 51(1985): p. 95. 51. R.L. Schulte, P.N. Adler, N.E. Paton, Hydrogen in Metals, p.
15. R. Dean, J.W. Hutchinson, Fracture Mechanics: 12th Confer- 176.

ence, ASTM STP 700 (Philadelphia, PA: American Society for 52. R.E. Swanson, A.W. Thompson, I.M. Bernstein, J.L. Maloney
Testing Materials, 1980), p. 383. III, Hydrogen in Metals, pp. 459-466.

16. Y.-C. Gao, K.-C. Hwang, Advances in Fracture Res., vol. 2, D. 53. W.W. Gerberich, N.R. Moody, C.L. Jensen, C. Hayman, K.
Francois (New York, NY: Pergamon Press, 1981), p. 669. Jatavallabhula, Hydrogen in Metals, p. 731.

17. J.R. Rice, W.J. Drugan, T.-L. Sham, Fracture Mechanics: 12th 54. A.W. Thompson, I.M. Bernstein, Environ. Sensitive Fracture:
Conference, p. 189, Evaluation and Comparison of Test Methods, ASTM STP 821,

18. W.J. Drugan, J.R. Rice, T.-L. Sham, J. Mech. Phys. Solids 30 ed. S.W. Dean, E.N. Pugh, G.M. Ugiansky (Philadelphia, PA:
(1982)t p. 447. ASTM, 1984), p. 114.

19. A. Needleman, V. Tvergaard, Elastic Plastic Fracture Mechan-
ics, ASTM STP 803, 1 (Philadelphia, PA. ASTM, 1983), p. 80. 55. W.K. Blanchard, D.A. Koss, L.A. Heldt, Corrosion 40, 3(1984).

20. P.S. Lam, R.M. McMeeking, J. Mech. Phys. Solids 32(1984): p. p. 104.
395. 56. W.K. Blanchard Jr., D.A. Koss, L.A. Heldt, Metall. Trans. A 15A

21. R.M. McMeeking, Chemistry and Physics of Fracture, p. 91. (1984): p. 1281.
22, J.R. R:ce, M.A. Johnson, Inelastic Behavior of Solids, ed. M. F. 57 N.R. Moody, M.W. Perra, S.L. Robinson, to appear in Scripta

Kanninen, et al. (New York, NY: McGraw-Hill, 1970), p. 641, Metall.
23. R.M. McMeeking, J. Mech. Phys. Solids, 25(1977). p. 357. 58. L.-J. Oiao, W.-Y. Chu, C.-M. Hsiao, Scripta Metall. 21(1987). p.
24. R.M. McMeeking, D.M. Parks, Elastic-Plastic Fracture, ASTM 7.

STP 668 (Philadelphia, PA: ASTM, 1979), p. 175. 59. S.L. Kampe, D.A. Koss, Acta Metall. 34(1986): p. 55.
25 V. Tvergaard, Int. J. Solids Structures 18(1982). p. 659. 60. H.J. Maier, W. Popp, H. Kaesche, Acta Metall. 35(1987). p.
26. R.D. Pendse, R.O. Ritchie, Modeling Environmental Effects on 875.

Crack Growth Processes, ed. R.H. Jones, W.W. Gerberich 61. W.-Y. Chu, T.-Y. Zhang, C.-M. Hsiao, Corrosion 40, 4 (1984).
(Warrendale, PA: The Metallurgical Society of the American p. 197.
Institute of Mining, Metallurgical, and Petroleum Engineers, 62. M. Takemoto, Corrosion 40, 4(1986): p. 585.
1986), p. 321. 63, R.F. McGuinn, M. Aballe, Br. Corrosion J. 17, 1(1982): p, 18.

27. H. Kitigawa, Y. Kojima, Atomistics of Fracture, ed, R.M. 64. R. Magdowski, W.W. Gerberich, Scripta Metall. 17(1983), p.
Latanision, J.R. Pickens (New York, NY: Plenum Press, 1983), 421.
p. 799. 65. T.-Y. Zhang, W.-Y. Chu, R.-Y. Ma, C.-M. Hsiao, Corrosion 43,

28, W.W. Gerberich, D.L. Davidson, M. Kaczorowski, J. Mech. 2(1987): p. 70.
Phys. Solids, in press 1989. 66. C. St. John, W.W. Gerberich, Metall. Trans. 4(1973): p. 589.

29. D.S, Dugdale, J. Mech. Phys. Solids 8(1960): p. 100. 67. A.R. Troiano, Trans. ASM 52(1986): p. 54.
30. J.W. Hutchinson, Private Communication, 1987. 68. J.C.M. Li, R.A. Oriani, L.S. Darken, Z. Physik Chem. 49(1966).
31. D.L. Davidson, J. Lankford, Intern. J. of Fract. 17(1981): p. 257. p. 27 1.
32 M. Kaczorowski, C.-S. Lee, W.W. Gerberich, Mater. Sci. and 69. J.P. Hirth, Hydrogen Degradation of Ferrous Alloys, p. 131.

Eng. 81(1986): p. 305. 70. W.W. Gerberich, T. Livne, X,-F. Chen, M. Kaczorowski, Metall.
33. P. Doig, G.T, Jones, Environment-Sensitive Fracture of Engi- Trans. A 19A(1988): p. 1319.

neering Material, ed. Z. Foroulis (Warrendale, PA, TMS-AIME, 71 J.A.S. Green, H.W. Hayden, W.S. Montagne, Effects of Hydro-
1979), p. 446. gen on Behavior of Materials, ed. A.W. Thompson, I.M.

34. Y. Hirose, T. Mura, Eng. Fract. Mechan. 1S(1984). p. 317. Bernstein (Nev York, NY: TMS-AIME 1976), p. 200.
35 RA. Page, W.W. Gerberich, Metall. Trans. A 13A(1982). p. 72 J.A. Kapp, Embrittlement by Liquid and Solid Metals, ed. M.H.

305. Kamdar (Warrendale, PA: TMS-AIME, 1987), p. 117.
36. W.W. Gerberich, Y.T. Chen, Meta!l. Trans. A 6A(1 975): p. 271. 73. D.P, Clausing, Intern. J. Frac. Mech. 6(1970): p. 71.
37 R A. Page (Mastor's Thesis, University of Minnesota, 1976). 74. B.F. Brown, SCC in High Strength Steels and in Titanium and
38 D R Baer, R.H. Jones, Chemistry and Physics of Fracture, p. Aluminum Alloys, ed. B.F. Brown (Washington, DC; Naval

552. Research Laboratory, 1972).
39 W W Gerberich, AG. Wright, Env. Degradation of Eng. Mater. 75. W.W. Gerberich, Y.T. Chen, C. St. John, Metall. Trans. A 6A

Hyd. (Blacksburg, VA: Virginia Tech. Printing Dept., 1981), p. (1975): p. 1485.
183. 76. W.-Y. Chu, C.-M. Hsiao, S.-Q. Li, Scripta Metall. 13(1979): p.

40. H. Vehoff, W. Rothe, Acta Metall. 31(1983): p. 1781. 1063.
41. H. Vehotf, P. Neumann, Hydrogen Degradatton of Ferrous 77. W.-Y. Chu, S.-Q. Li, C.-M. Hsiao, J.-Z. Tien, Corrosion 36,

Alloys, R.A. Oriani, et al. (Park Ridge, NJ: Noyes Pub., 1985), 12(1980): p. 475.
p. 686. 78. H. Vehoff, H.-K. Klameth, Acta Metall. 33(1985): p. 955.

184 EICM Proceedings



79. D.H. Lassila, H.K. Birnbaum, Modeling Environmental Effects 120. S.M. Ohr, Scripta Metall. 21(1987): p. 1681.
on Crack Growth Processes, ed. R.H. Jones, W.W. Gerberich 121. J.H. Lin, R. Thomson, Acta Metall. 34(1986): p. 187.
(Warrendale, PA: TMS-AIME, 1986), p. 259. 122. J.E. Sinclair, Computer Simulation in Physical Metallurgy

80. C.-M. Hsiao, W.-Y. Chu, Hydrogen Effects inMetals, ed. I.M. ECSC, EEC, EAEC, Brussels, Belgium, and Luxembourg,
Bernstein, A.W. Thompson (Warrendale, PA: TMS-AIME, 1981), Luxembourg (1986), p. 159.
p. 291. 123. M. Brede, P. Haasen, Chemistry and Physics of Fracture, p.

81. M. Elices, V. Sanchez, I. Bernstein, A. Thompson, J. Pinero, 449.
Hydrogen Effects in Metals, p. 972. 124. W.W. Gerberich, N.R. Moody, Fatigue Mechanisms, ed. J.

82. H. Cialone, R.J. Asaro, Hydrogen Effects in Metals, p. 767. Fong,(Philadelphia, PA: ASTM, 1979), p. 292.
83. R.P. Wei, Hydrogen Effects in Metals, p. 577. 125. W.W. Gerberich, S.-H. Chen, C.-S. Lee, T. Livne, Metall. Trans.
84. C.J. McMahon Jr., Hydrogen Effects in Metals, p. 219. A 18A(1987): p. 1861.
85. P.W. Slattery, J. Smit, E.N. Pugh, Environment-Sensitive 126. G.I. Barenblatt, Advances in Applied Mechanics, 7(1962). p.

Fracture: Evaluation and Comparison of Test Methods, p. 399. 55.
86. D.V. Beggs, M.T. Hahn, F N. Pugh, A.R. Troiano Honorary 127. B.A. -Bilby, A.H. Cottrell, K.H. Swinden, Proceedings Royal

Symposium on Hydrogen Emb. and SCC (Metals Park, OH: Society of London, A285(1965), p. 131.
ASM, 1984), p. 181. 128. F. A. Champion, Symp. on Intern. Stresses in Metals and

87. M.B. Hintz, W.K. Blanchard, P.K. Brindley, L.A. Heldt, Metall. Alloys, held in London, England (1948), p. 468.
Trans. A 17A(1986): p. 1081. 129. H.L. Logan, J. Res. Natl. Bur. Stds. 48(1952): p. 99.

88. R P. Gangloff, R.P. Wei, Fractography in Failure Analysis, 130. A.J. McEvily Jr., A.P. Bond, J. Electrochem. Soc. 112(1965). p.
ASTM STP 645, M.B. Strauss, W.H. Cullen Jr. (Philadelphia, 131.
PA: ASTM, 1978), p. 87. 131. E.N. Pugh, The Theory of Stress Corrosion Cracking in Alloys

89. M. lino, Eng. Fract. Mech. 10(1978): p. 1. (NATO, 1971), p. 448.
90 M. Gao, M Lu, R.P. Wei, Metall. Trans. A 15A(1984). p. 735. 132. R.C. Newman, J.S. Kim, K. Sieradzki, Modeling Environmental
91. R.P. Gangloff, R.P. Wei, Metall. Trans. A 8A(1977): p. 1043. Effects on Crack Growth Processes, p. 199.
92. R Padmanabhan, W.E. Wood, Metall. Trans. A 14A(1983). p. 133. D. Broek, Elementary Engineering Fracture Mechanics, 3d ed.

2357. (Boston, MA: Martinus Nijhoff, 1982), p. 155.
93. R. Padmanabhan, N. Suriyayothin, W.E. Wood, Metall. Trans. 134. R.C. Newman, K. Sieradzki, Scripta Metall. 17(1983). p. 621.

A 14A(1983): p. 2357. 135. T.B. Cassagne, W.F. Flanagan, B.D. Lichter, Metall. Trans. A
94. G. Green, Metal Science, 15(1981): p. 505. 17A(1986): p. 703.
95. F.W Fraser, E.A. Metzbower, Fractography and Materials 136. J.D. Fritz, B.W. Parks, H.W. Pickering, Scripta Metall. 22(1988).

Science, ASTM STP 733, L.N. Gilbertson, R.D. Zipp (Philadel- p. 1063.
phia, PA: ASTM, 1981), p. 51. 137. J.R. Rica}, R. Thomson, Philos. Mag. 29(1974): p. 73.

96. A.S. Tetelman, T.L. Johnston, Philos. Mag. 11(1965): p. 389. 138. X.-F. Chen, Y. Katz, W.W. Gerbench, unpublished results.
97. A.R. Rosenfield, B.S. Majumdar, Metall. Trans. A 18A(1987): p. 139. C. Atkinson, D.L. Clements, Acta Metall. 21(1973): p. 5.

1053. 140. M. Lii, W.W. Gerberich, unpublished results.
98. N.R. Moody, R.E. Stoltz, M.W. Perra, Scripta Metall. 20(1985): 141. S.P. Lynch, Environ.-Sensitive Frac. of Eng. Mater., p. 201.

p. 119. 142. S.P. Lynch, Environ. Degradation of Eng. Mater. Hyd. p. 229.
99. R.A. Jones, D.R. Baer, Scripta Metall. 20(1987): p. 927. 143. J. Eastman, T. Matsumoto, N. Narita, F. Heubaum, H.K.
100. S.P. Lynch, Scripta Metall. 20(1986): p. 1067. Birnbaum, Hydrogen in Metals, p. 397.
101. P. Neumann, Chemistry and Physics of Fracture, p. 3.
102. J.P. Hirth, Chemistry and Physics of Fracture, p. 538. 144. A.S. Argon, Chemistry and Physics of Fracture, p. 3.

103. R.C. Newman, K. Sieradzki, Chemistry and Physics of Frac- 145. D.A Wheeler, R.G. Hoagland, J.P. Hirth, Scripta Metall. 22

ture, p. 597. (1988): p. 533.

104. T.B. Cassagne, W.F. Flanagan, B.D. Lichter, Chemistry and 146. M.O. Speidel, The Theory of Stress Corrosion Cracking in
Physics of Fracture, p. 659. Alloys, ed. J.C. Scully, NATO (Brussels, Belgium: 1971), p.

105. W,W. Gerberich, Chemistry and Physics of Fracture, p. 419. 289.
106. K.A. Peterson (Ph.D. Diss., University of Minnesota. 1983). 147. M. Hashimoto, R.M. Latanision, Chemistry and Physics of
107, G.A. Welch (PhD. Diss., Ohio State University, 1978). Fracture, p. 505.
108. R.H. Jones, M.T. Thomas, D.R. Baer, Metall. Trans. A 16A 148. N.R. Moody, F. Greulich, Sandia Report SAND 85-8708 (1985).

(1985): p. 123, 149. G.R. Caskey Jr., Hydrogen Degradation of Ferrous Alloys, R.
109. W.W. Gerbarich, C.E Hartbower, Fundamental Aspects of A. Oriani, et al. (Park Ridge, NJ. Noyes Pub., 1985), p. 822.

Stress Corrosion Cracking, ed. R. Staehle (Houston, TX. 150. R. Kerr, F. Solana, ed. I.M. Bernstein, A.W. Thompson, Metall.
NACE, 1969), p. 420. Trans. A 18A(1987): p. 1011.

110. D.G. Chakrapanl, E.N. Pugh, Metall. Trans, A 6A(1975). p. 151. J.-G. Park, A.W. Thompson, Scripta Metall. 19(1985): p. 953.
1155. 152. Y.-B. Wang, W.-Y. Chu, C.-M. Hsiao, Scripta Metall. 19(1985):

111. J.A. Beavers, E.N. Pugh, Metall. Trans. A 11A(1980): p. 809. p. 1161.
112. R.H. Jones, M.A. Friesal, W.W. Gerberich, Acoustic Emission 153. H, Kimur&, H. Matsui, Scripta Metall. 21(1987): p. 319.

from Intergranular Subcritical Crack Growth, to be published in 154. K. Nakasa, M. Kido, H. Takel, Trans. ISIJ 22(1982): p. 106.
Metall. Trans. A 1989.

113. K. Sieradzki, R.L. Sabatini, R.C. Newman, Metall. Trans. A 15A 155. Y Katz, A. Bussiba, H. Mathias, Fatigue at Low Temperatures,
(1984): p. 1941. ASTM STP 857, ed. R.I. Stephens (Philadelphia, PA: ASTM,

114. X.F. Chen, W.W. Gerberich, Scripta Metall. 22(1988): p. 1499. 1985), p. 191.
115. K. Sieradzki, Chemistry and Physics of Fracture, p. 219. 156. Y. Katz, A. Bussiba, Environmental Effects On Cyclic CraCk
116. H. Stenzel, H. Vehoff, P. Neumann, Modeling Environmental Extension, III, ECF 6, ed. H.C. Van Elst, A. Bakker (UnitEd

Effects on Crack Growth Processes, p. 225. Kingdom: UMAS, 1986), p. 1677.
117. J. F. Newman, Environ. Sensitive Fract. of Eng. Mater., ed. Z. 157. A.S. Tetelman, A.J. McEvily Jr., Fracture of Structural Matena;s

Foroulis (Warrendale, PA: TMS-AIME, 1979), p. 19. (New York, NY: J. Wiley and Sons, 1967).
118. J.H. Lin, R. Thomson, Scripta Metall. 20(1986). p. 1367. 158. T.L. Johnston, R.G. Davies, N.S. Stoloff, Philos. Mag. 12
119. N. Narita, K. Higashida, S. Kitano, Scripta Metall. 21(1987): p. (1965): p. 305.

1273. 159. C. Hwang, I.M. Bernstein, Acta Metall. 34(1986): p. 1001.

EICM Proceedings 185



160. R.E. Stoltz, J.B. VanderSande, Metall. Trans. A 11A(1980). p. monotonic loading, localized slip bands - 1 p.m apart and slip-band
1033. lengths of at least 20 p.m are shown.'59 It is suggested that hydrogen

161. W.W. Gerberich, T. Foecke, Y. Katz, unpublished data. reduces the 'YSFE of bcc iron to enhance planar slip. In Fe-3wt%Si
162. W.W. Gerbench, Fracture and Interactions Of Microstructure, under fatigue loading in hydrogen, slip bands on the order of 10 to

Mechanisms and Mechanics, ed. J.M. Wells, J.D. Landes 100 p.m in length and about 3 pim apart have been observed. 32 Thus,
(Warrendale, PA: TMS-AIME, 1985), p. 49. a value of L.- 30 p.m with ro = 1 p.m is used to calculate K.. = 16.4

MPa-m" 2. This value compares to thresholds of 18 ± 3 MPa-m1 2

observed in six determinations.' 38 From the above definition of
Appendix A: A Cottrell-Type Threshold Stress 2yovrI/a and Equation (A.3), it follows that

Intensity Model for Environment-Induced Cracking o

Consider a semi-infinite crack in a body under plane-strain envr = K. (1 - 2) (A.7)

conditions. The plastic strain distribution for an elastic, perfectly Eu(Ls

plastic material is given by Equation (2.7) in Table 2. The plastic-zone with the above values, this gives En, = 0.21. Although all of the

size (Rp) is given by Equation (1.2). Let the plastic strain (%) achieve calculated and input parameters are reasonable, a more precise
the fracture strain to trigger environmental cracking (eflV ) over a interpretation of the physical process is required. One such
characteristic distance, r = ro. With Equations (1 2) and (2.7), this interpretation 4

1 is given in the section on dislocation shielding/
gives a failure criterion at threshold, viz., antishielding.

K- 37rT oex E "' (A.1) Appendix Bsc Y o 1 A previously used equation for ligament or process-zone

-3 r y m o e s i i e y E u o (A .A p e n d R e nil n a u m a 7 o
In a local sense, the fracture strain may be interpreted in terms of the models is given by Equation (A-i) of Rosenfield and Majumdar9b or
work-of-fracture associated with subcritical cracking over the char- Equation (5) of Gerberich'62 to be
acteristic distance (re). With the work-of-fracture, mostly plastic C }
deformation over a slip distance (L,), this becomes 7Tc- - 2 acos - { C + A +

Eenvr 2 - { C + A 0 (B.1)
aL, fof,,f ;0 1 (A.2) C + A +Rol

0 Here r is the applied stress in an infinite plate containing a crack of

with a some proportionaity constant reflecting the fact that not all of 2C with a process zone (A) and an effective plastic zone (RnI) at the
the absorbed energy goes into resisting subcntial crack growth. Upon end of each crack tip. It is an elastic, perfectly plastic material with a
integration this gives yield stren3th (ays) and a process-zone strength ((A). For simplifi-

cation, the very approximate assumption is made that there are 50%
iof -(A.3) ligaments (50% microcracks) in the process zone and that these

al_,ory have strain hardened to twice the yield strength. Clearly, this is not

Within the slip band, if there is concentrated planar slip, then the possible for a perfectly plastic material, but all that is desired here is

fracture strain may be relatively low, i. e., a - 1. On the other hand, an order of magnitude estimate. This is not physically unrealistic in

for high SFE materials, cross slip and multiple slip could easily allow low-yield-strength materials and leads to r, - , eliminating the

for a spreading of slip with large fracture strains, i.e., a -* 0. An last term from Equation (B.1). But the Dugdale model gives

alte:native way of viewing this is that slip-band triggering of crack ir - 2'yscos' I C +---} = 0 (B.2)
growth is more difficult in high SFE materials. This would be in + Rl
keeping with the observations on LME, where an increase in 'YsFE

provided an increase in fracture resistance. "
" Combining Equations By inspection, one sees that C + A + RO" - C + Re, as it should

(A.1) and (A.3) gives be for the strength of the process zone being equal to the yield
strength. This leads to

K ,3i ,,r,exp{ 2EA" . :0.<,1 A4) R "
L Y -Ls p  "" ". 1 - A (B.3)

which is Equation (16) in the text. Rp1  Rp(
It was desirable to confirm whether or not Equation (A.4) could which, on recognizing that K, a RIg,, gives

be a first-order model, There was some evidence on Fe-3wt%Si

single crystals that, although incomplete, provided some physical " ,[ - ](BA)
reality. From Figure 7, there was confirmation that the plastic strain K, ri(.
modeling was appropriate for hydrogen-induced growth in Fe-Si. This is Equation (12) in the main body. Applying this to an alloy
Also, from fractcgraphy and acoustic emission, a characteristic is s Equationr(12 in th a yingth o a a
distance of ro - 1 p.m was reasonable, For this single crystal with a single crystal of copper or iron with a yield strength of 200 MPa, an
high strain-hardening exponent, n = 0.38, the appropriate strain applied stress of 100 MPa and a crack length of 0.02 m, the plastic-distibuionforplae-srai theshod Eqatin (,9) Wih Eue- zone size would be about 3000 p.m. With a crack advance of about
distribution for plane-strain threshold is Equation (2.9). With Equa- 5 It, assume that a process zone equal to this could be maintained
lions (A.1) and (A.3), this gives as the crack grew. With A = 5 p., Equation (A.4), gives K*i/K =

2= 2 2, reE -yn " 0-n,Ki, 3 r exp , .1, ] } (A.5) 0.999. Discussion

which is the square of the HE threshold. Recognizing that 2",1 °riv = K. Sleradzki (The Johns Hopkins University, USA): Based
K(1 - ,2 )/E, recasts Equation (A.5) into upon "recent" continuum elastic-plastic solutions for crack-tip strain

2 distributions, can you comment on the limits of applicability of the
K2 

= 3 2 { x K6(1 V2) ]iTh, (A.6) Vermilyea SCC and HE (Firminy, 1973) cracking model?
K% = 3 p ' ]

2 W.W. Gerberlch: Since Vermilyea's model used a l/r singular-
ity rather than a logarithmic one, this would tend to throw his critical

whi .h is Equation t6) in the text. Some observations on hydrogen distance calculations off by a substantial amount. We did some rough
affected slip morphologies in Fe and Fe-Si have been made by calculations that suggested that his model, ab posed, wuuid not be
Hwang and Bernstein' 59 and Kaczorowski, et al. 2 In Fe under compatible with the growing crack solutions.
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R.P. Gangloff (University of Virginia, USA): Regardng your discontinuous crack growth, there are a number of crack initiation
most interesting and important electron channeling results: (1) What mechanisms possible in SCC aqueous media. For example, we have
is the quality of existing strain calibrations for single and polycrystals? observed that corrosion slots readily occur along slip bands under
(2) Is the spatial resolution of the method sufficient to distinguish application of dynamic straining in an aqueous ammonia environ-
grain to grain plasticity differences? If so, how do such results ment. These corrosion slots "etch out" crevices on {1111 planes. At
compare to continuum predictions? and (3) You compare fatigue a critical point, nucleation of "true" discontinuous crack growth
crack-tip strain measurements to analytical predictions for monoton- begins on the observed {1101 fracture plane (Kim, Lichter, Flanagan,
ically loaded moving cracks. Isn't this a comparison of apples to unpublished research, Vanderbilt University, 1986).
oranges? What is the status of elastic-plastic crack-tip field models W.W. Gerberich: Your comment is a very informative one and
for cyclic deformation? does suggest one explanation as to why conflicting interpretations of

W.W. Gerberich: One must be careful in polycrystals to use the such phenomena might arise. Considering that such observations
same channeling line and measure line widths at the same distance have not been published, it would be important to have that
from the pole In this way, you can decrease the scatter to perhaps information, with special attention to-the length of the {1111 slip-
1% for large strains and even less for smaller ones. This is even dissolution bands prior to the {110} cleavage. If this could be
better for single crystals where the same channeling pattern is always accompanied by fractography of any crack arrest lines in the
present. With regard to your second point, the resolution is very good cleavage region, it could be a good test of the crack arrest
since you can obtain information from the top 100 nm. By using hypothesis, if reasonable variations in slot length (10) could be found
calibrated electropolishing rates of removals, we can depth profile at and evaluated.
about 0.1 lim. Thus, 1, 2, 5, 10 jim sections are evaluated. You can E.N. Pugh (National Institute of Standards and Technology,
do the same thing in polycrystals that have grain sizes on the order USA): Returning to the question of crack arrest during discontinuous
of 5 im or greater since the selected area channeling pattern spot propagation, I would like to bring up the possible role of unfractured
size is about 5 tum Conceming your point about comparing the ligaments trailing behind the crack front, corresponding to cleavage
growing crack strain distributions: In the paper we compare both steps. We at NIST believe that they can exert restraining effects in fcc
monotonic and fatigue-induced strain distributions. Since this work. alloys (e.g., Cu-30Zn) sufficient to arrest the crack. What is your
additional monotonic plane-strain measurements verify the good- feeling about the role of these ligaments?
ness of fit to the theoretical distribution. I agree that the cyclic strain- W.W. Gerberich: We had investigated large ligament effects in
hardening experiment and the reverse loading in fatigue makes such the dynamic cleavage of Fe-3%Si several years ago and concluded
comparisons more speculative However, the cracks are growing that these could have a significant effect on lowering the driving force.
relatively fast and the dislocation distribution observed in TEM is not However, in the hydrogen cracking process, we see regions that are
that different, since cyclic stabilization is not achieved. Since the relatively free of large ligaments and only see a few smaller ones that
strain is accumulating at a material point in a "similar" way as the appear to occur only 1 jim behind the tip. Even considering a large
crack passes it either under monotonic or fatigue loading (at high AK) number of these, the driving force is only reduced by about 0.1%. If
in this system, perhaps the comparison is not unexpected, such ligaments are numerous and occur at 10 to 100 im behind the

R.W. Staehle (University of Minnesota, USA): With reference tip, then this in fact could be a mechanism of crack arrest.
to your Figure 13, what is the nature of the facet? Is it highly deformed R.L. Jones (Pacific Northwest Laboratories, USA): Based on
or is it fully cleavage? What is, or would be, the effect of hydrogen your observations of plasticity accompanying rapid crack growth
pressure or, e.g., hydrogen sulfide molecules, on the 12-s delay and (> 100 m/s) in Fe-Si, do you see any inconsistency with the
the 1-jim dimensionality? film-induced cleavage model, which requires an absence of disloca-

W.W. Gerberich: I want to emphasize that we see very large tion nucleation during the transition from film rupture to cleavage of
strains accompanying fracture (about 0.1 to 0.5), but that the facets the ductile matrix?
may be very flat with a few microligaments or may contain a more W.W. Gerberich: No, I see no particular inconsistency since I
"ductile" appearance with many microligaments. Nevertheless, in believe that dislocations can be ingested in that case as well.
this ductile/brittle switching, the cleavage facet still leads the growth Perhaps Sieradzki could address the issue of the fine line between
process. On your second comment, Neumann and Vehoff at Max dislocation nucleation and cleavage advance as the velocity of the
Planck Institute, Dusseldorf, have shown that increased hydrogen crack from the film entering the substrate is increased.
pressureincreasescrackvelocity. lwouldexpectthistodecreasethe H.K. Birnbaum (University of Illinois, USA): As an added
12-s delay with hydrogen s$ilfide prodtucing an even greater effect comment on the issue of dislocation generation at fast-moving
Whether or not this would change the 1-jim spacing is an interesting cracks, TEM observations show significant dislocation generation at
question, since this would depend on the mechanism of arrest. If it is fast-moving cracks and retention of these dislocations along the
dislocation substructure controlled, this may not change, but if it is crack flanks. This is true even for cracks moving in a "brittle" material
crack velocity exhaustion, it may. This is a good suggestion for further such as MgO.
work. W.W. Gerberlch: This is an interesting observation and we

F.P. Ford (General Electric R&D, USA): The critical stress- would be interested if you could quantify the relative crack velocity vs
related parameter for the crack propagation rate in ductile alloy/ the relative dislocation velocity.
aqueous environment systems may be the periodicity of oxide/salt
rupture of the crack tip, that is, a function of the near-surface creep S.A. Shlels (Westinghouse Electric Corporation, USA): You
rate at the tip of a moving crack. What do you see as the major showed that ',e use of notched specimens was a valid method of
problems kand how soon can they be overcome) in developing measuring incubation times and that the results can be predicted
algurithms between this v.reep rate and the fracture-mechanics- micromnechanistically. Can the notched values be correlated well with
related parameters, such as K, AK, R, frequency, etc,? precracked CT values and can precracked CT "incubation" times be

W.W. Gerberich. Clearly, creep relaxation effects in moving used to predict incubation in notches of finite root radius also. What
cracks at elevated temperatures are more complicated, but there has defines an incubated crack? 1 jim? 1 mm? 10 mm?
been considerable progress in the last decade. There is the work of W.W. Gerberich: First, as to your last point, an incubated crack
Riedel in Germany and C concepts to describe stress-intensity fields would be the first mi'ron square area if we could detect it. But often
in creeping solids How well these have been verified by experimental it is difficult to do much better than 10 or 100 im 2, so that it is
data is unknown to me, but this would be a fruitful area of research, conceivable that there is a scaling law deoending on how good your
My anticipation would be a 2- to 5-year time frame for developing instrumentation is. As is implied in the paper, there may not be any
good algorithms in this area if such work were funded, correlation between blunt-notch and precracked incubation times

B.D. Llchter (Vanderbilt University, USA). Regarding your because of elastic plastic considerations, which can be very different
observation of the need for a critical initial crack length required for for sharp cracks.
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SECTION IV

Mechanistic Aspects of Environment-Induced Cracking
in Metals and-Alloys

Rapporteurs' Report on Poster Presentations

R.P. Wei
Lehigh University

Bethlehem, Pennsylvania, USA

S.M. Bruemmer
Pacific Northwest Laboratory
Richland, Washington, USA

Introduction and Background
This poster session was devoted to the mechanistic aspects of environmentally assisted

cracking in metals and alloys. To put the various contributions into perspective, the processes
that can control crack initiation and crack growth are briefly summarized, and some of the key
issues are broadly outlined.

The processes that are involved in the enhancement of cracking in metals and alloys by
aqueous environments (electrolytes) are as follows:
(1) Transport of the deleterious species to the crack tip.
(2) Reactions of the electrolyte with newly produced surfaces (e.g., slip steps and cracks)

to effect dissolution, or to produce hydrogen.
(3) Transport of metal cations away from the crack tip to enable continued dissolution.
(4) Hydrogen entry (or absorption).
(5) Diffusion and partitioning of hydrogen to the various fracture (or embrittlement) sites.
(6) Embrittlement reaction (breaking of M-H-M bonds).

These processes operate in sequence. The overall rate is governed by the slowest of
these processes, operating in conjunction with the mechanical driving force for cracking. The
mechanical driving force is characterized by the crack-tip stress or stress-intensity factor and
crack-tip strain rate, or indirectly through the applied stress or specimen extension rate.

The first step, or transport processes, really involves not only the transport of deleterious
species to the crack tip, but also of the other species to and away from the crack tip. The 4
transport processes in aqueous media include electromigration, diffusion, and convection.
Coupled with ieactions at the crack tip and along the crack flank, they define the local
environment within the crack and at the crack tip. The near-tip region of interest may extend
from 1 nm to 0.1 mm from the crack tip, and the overall crack depth may range from about
0.1 lim to tens of millimeters, to span crack initiation to crack growth,

The anodic processes (dissolution reactions) in the second step are directly responsible
for crack initiation and crack growth enhancement, according to the various dissolution
mechanisms for environmentally assisted cracking. To sustain dissolution-controlled crack
advance, transport processes must be sufficient to maintain local crack-tip chemistries that
promote dissolution. For the hydrogen embrittlement mechanisms, on the other hand,
dissolution reactions function primarily as sources of electrons for the reduction of hydrogen.

The remaining processes are important only for the hydrogen embrittlement mecha- '..

nism, and govern the rate of supply and distribution of hydrogen to the potential embrittlement
sites and the rate of embrittlement. Distinction needs to be made, however, between the
so-called surface embrittlement and volume embrittlement. For surface embrittlement,
cracking results directly from the interaction of hydrogen with the metal-metal bonds at the
crack tip, whereas volume embrittlement involves a region of material ahead of the crack tip.
As such, the absorption, diffusion, and partitioning processes would play a part only in the
case of volume embrittlement.

To make significant advances in the understanding of environmentally assisted cracking
in metals an,' alloys, it is necessary to adopt a more rigorous and quantitative approach than
those used heretofore. Specifically, analytical and experimental studies must be guided by
well-posed questions that can be answered unambiguously. The concept of rate-controlling
processes and how they impact test results must be well understood in the design of
experiments, the development of models, and the interpretation of results. Test methods must
be assessed with respect to their ability for providing quantitative results, vis-a-vis qualitative
information. The papers in this poster session are to be viewed in this context.
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Paper Organization well-known and certainly very useful Pourbaix diagrams, which
Although the papers in this session touched upon some of the compile equilibrium data. Also, even if equilibnum calculations do

key issues, by and large they were narrowly focused. To provide apply, the thermodynamic activity, of compounds in concentrated
focus for discussion, the papers were grouped into the following solutions may be known only very roughly, since activity coefficients
broad categories, recognizing that some overlap is inevitable. may be far from close to unity. Tabulated diagrams generally refer to

Crack/Crack-Tip Chemistry and Crack-Tip Processes:. Papers the low activity 10-6 concentrations of dissolved cations of the metal
by A. Turnbull and M. Saenz de Santa Maria; C.J. van der undergoing dissolution. The supposition that the track-tip electrolyte
Wekken; B.G. Pound; R. Oltra and A. Desestret. is similar to a solution of the dissolving metal having a much higher

(2) Initiation and Loading Mode: K. Komai and K.Minoshima; D.B. equilibrium concentration of the metal salt formed with the anion of
Kthe solution is used by Pourbaix who, however, disregards nonequi-Kasul, C.J. White, and L.A. Heldt; R.A. Cottis, A. Markfield, A. lbimpaefrain

librium phase formation.Boukkerou, and P. Haritopoulos; M.M. Festen, J.G. Erlings, and J.R. Galvele (Comislon Naconal de Energia Atomica, Ar-
R.A. Fransz.J..GleeCoionNcoadeEegaAmcAr

(3) Cracking Mechanisms. (a) Hydrogen Embnttlement. R.S. Pia- gentina): We published a transport model for pitting [J. Electrochem.scik and R.P. Gangloff; R.G. Ballinger, C. Elliot, and .S. Hwang; Soc. 123(1976): p. 464] that could be applied to what happens at the(b) anodi RProses A.G. Blinhter, W.. Elanaann, .. wan; tip of a crack. What is found is that, for cracks propagating at > 10- 7

(b) Anodic Processes: 8.0. Lichter, W.F. Flanagan, J.B. Lee, m/s, the current densities should be so high that the cracks would end
plugged by corrosion products. This points some doubts on mecha-
nisms based on anodic dissolution. On the other hand, we know that

General Discussion of Issues anodic dissolution is localized on points like kink steps where the

Raised by the Poster Papers metal atoms are surrounded by water molecules. I find it very difficult
In an attempt to develop a broader consensus among the to see how such a process could happen at an atomically sharp

international experts on key issues that require resolution, the crack. We concluded that, as I said in a previous discussion at this
rapporteurs proposed a series of questions for each of the topics to meeting, the chemical composition inside the crack is not very
stimulate discussion in the full plenary session that followed the relevant. What is critical is the nature of the surface compound
viewing period for the individual poster papers. Some significant present at the tip of the crack. We believe that the crack propagates
issues surfaced; the major contributions are reproduced below, by emission of adatoms from the tip of the crack, and if there is any

anodic dissolution, it takes place a few atom distances away from the
Topic 1: Crack/Crack-Tip Chemistry tip.

H. Kaesche: With regard to crack-tip solution chemistry, there
and Crack-Tip Processes is experimental evidence for discontinuous local metal dissolution

This topic included consideration of models of crack-tip envi- events occurring at rates up to 30 amperes/cm2.This applies to etch
ronments, measurement of local chemistries, criticality of crack-tip pitting and tunneling anodic dissolution from otherwise passive
environments, and crack-tip processes. The question of the state of surfaces. It has not yet been established for tunneling metal
agreement between models and observations was also proposed. dissolution during dealloying [see, for example, H. Kaesche, Ad-

M. Danielson (Pacific Northwest Laboratories, USA): One vances in Localized Corrosion, NACE (in press 1990)). At these rates
issue that I would like to point out and that may be a limit to the validity of metal dissolution, deposition of salt films must be expected, jas
of current modeling efforts is the inability to consider the transport excess of hydrating water molecules becomes insufficient at the
effects of porous deposits on the chemistry within cracks. Salt films, metal surface. Such films will be different from equilibrium hydrated
porous oxides, etc., are observed to form at sufficient thickness, they salt deposits, and will be stabilized by, probably, high field ion
can isolate the crack tip from the external environment, and with their transport.
significant resistivity will strongly affect the concentration gradient
across the film of all the ions (except those within the film). The film
will change in concentration (through the migration relationship) at Topic 2: Initiation and Loading Mode
the metal/film interface in a manner that is much different from that The rapporteurs suggested discussion on a range of issues
when no film is present. relating to crack initiation, including consideration of the relevance of

H.-J. Engell (Max Planck Institut fur Elsenforschung, Fed- testing methodologies. However, the resulting contributed discussion
eral Republic of Germany): Salt films may or may not be precipi- focused exclusively on the slow-strain-rate-test technique, for which
tated at the high current densities at crack tips, even if thermody- the rapporteurs posed a number of questions (e.g., What does it
namics would allow their formation. As observed experimentally in measure? What does it tell/hide? How should test results be
pits, instead of the (stable) salt layer, a supersaturated electrolyte film interpreted? Does it measure crack initiation or propagation? Is a
can form with high resistivity because of low water content, changing single strain-rate test sufficient/meaningful?)
the crack-tip chemistry completely. T. Murata (Nippon Steel Corporation, Japan): In contrast to

F.P. Ford (General Electric R&D Center, USA): In determin- slow-strain-rate testing in simulating stress corrosion cracking in a
ing the theoretical stability of various species for modeling crack variety of environments, the use of fast-strain-rate testing should be
chemistry, are we in serious error in using Pourbaix diagrams that are addressed more in understanding crack-tip reactions in contact with
based on, for example, free energies of formation of bulk com- crack-tip environments,
pounds? Surely the fact that these compounds in cracks are either of M.M, Hall (Westinghouse Electric Corporation, USA): Would
atomistic dimensions or have high surface-to-volume ratios, puts into not mechanical strain energy, or better yet, rate of mechanical
some question the use of bulk material properties. strain-energy dissipation be a better test parameter for correlating

H.-J. Engeil: Pourbaix diagrams indicate what can happen results of slow-strain-rate tests? For smooth specimens, this quantity
according to thermodynamics, but not what must happen. As an is readily obtained. Notched or precracked specimens require a more
example, the passivation of iron in sulfuric acid is a process not complicated analysis, but in principle the analysis can be made, given
represented in an equilibrium potential-pH diagram, nevertheless, a knowledge of the material's constitutive behavior.
that it occurs is a matter of fact. D.A. Jones (University of Nevada, USA): Slow-strain-rate

H. Kaesche (Friedrich Alexander University of Erlangen- testing forces film rupture under continuous strain, which is absent in
Nurnburg, Federal Republic of Germany): Considering the condi- service conditions of constant deformation or constant load, Thu,
tions prevailing at interfaces, where anodic metal dissolution events slow-strain-rate testing is conservative. If an alloy does not show
may be discontinuously occurring at rates up to several tens of stress corrosion cracking in slow-strain-rate testing, it will probably
amperes/cm2, leading to the transient stabilization of nonequilibrium not fail by stress corrosion cracking in service under identical
compound layers, caution is clearly required in the application of the conditions. However, if the alloy does show stress corrosion cracking

190 EICM Proceedings



in slow-strain-rate testing, it may not fail in service because the suffice, and even that range can be reduced on the basis of
continuous film rupture in slow-strain-rate testing is- unrealistically experience with various alloy/environment systems. Moreover, if the
severe, first test, which probably should be conducted at about 10-6 s- for

R.N.-Parklns (University of Newcastle upon Tyne, UK): I iron, nickel, aluminum or copper alloys, or at about 10-5 s-1 for
preface my remarks by repeating what I have said on many titanium or magnesium alloys, produces cracking, further tests may
occasions, tnat if, there were an ideal method of stress corrosion not be necessary. In other words, it depends upon the objective of the
testing, we would all be using it in preference to any other. I believe tests as to the extent to which variations in the strain rate is
that statement to be as valid in relation to slow-strain-rte tests as it necessary.
is to tests on precracked specimens, or any other test. In any It has often been stated in the context of slow-strain-rate tests,
laboratory test, -the objective is the acquisition of data in relatively and indeed precracked specimen tests, that they promote cracking in
short times compared to service lifetimes, that data then being used, systems in which, for apparently equivalent service situations, -no
empirically or otherwise, to predict service behavior. This accelera- cracking is observed. Similar statements may be made in relation to
tion of laboratory tests may be achieved by various routes, of which other types of test, and not just where variations in stressing
the introduction of precracks and/or the application of slow dynamic conditions are involved, for example, where tests are accelerated by
straining in the context of stress corrosion testing are two. manipulation of the experimental conditions. Such results are not

In relation to~slow-strain-rate testing, although initially used as surprising for a variety of reasons, but the conclusion should not be
an ad hoc test, it is now clear that for many systems it has divorced from the reasons for choosing a particular test method in the
fundamental significance in that the time dependence of various first instance. For example, it appears to me that if one is responsible
reactions in the crack-tip region are related to the time dependence for the design or operation of a pressure vessel containing some
of strain in that region. The method is therefore as applicable to tests environment that may promote cracking and where the conse-
involving precracked specimens as it is to initially plain specimens. quences of failure could be catastrophic, then it is important to use a
What it measures is the interrelation of the relative rates of filming relatively severe method of testing, such as slow-strain-rate testing.
(which may be rate controlling even with hydrogen-induced cracking) On the other hand, the situation may be very different if the
and bare metal by straining, as they influence crack growth. If the consequence -of cracking is no more than the-seepage of some
question as to what it measures needs to be answered in the context innocuous fluid. However, for any method to be used in assessing
of engineering parameters, then it can be used to measure crack plant performance, then some value judgment is likely to be needed
velocities or threshold stresses, or stress-intensity factors, all of in attempting to relate the test results to service behavior.
which are functions of crack-tip strain rates in many systems. Thus,
the determination of K1. values, for example, without recognizing Topic 3: Cracking Mechanisms
the strain-rate dependence of such, may result in misleading data. For this final topic, the ra'pporteurs asked "How are the

As to the interpretation of slow-strain-rate test results, these can observed cracking rates achieved through the various cracking
be by different routes depending upon the object of the exercise. In mechanisms?" The main discussion concerned the relevance of the
its simplest form, the specimen is taken monotonically to total failure, dealloying mechanism, about which Wei expressed his personal
and if the objective is simply to decide whether or not the system reservations.
displays sensitivity to stress corrosion, then fractography of the failed D.A. Jones (University of Nevada, USA): I too share Wei's
specimen will provide the answer If it is desired to quantify the reservations about dealloying as the initiator for SCC. It is difficult to
answer, then there are various quantities that can be used for that believe that a porous, dealloyed, and thus rlatively pure surface
purpose [See, for example, Parkins, Stress Corrosion Cracking - layer can be more brittle than the parent substrate alloy. On the other
The Slow Strain Rate Technique, ASTM STP 665, ed. G.M. Ugianski hand, there is ample evidence of softening (attenuation of strain
and J.H. Payer (Philadelphia, PA. ASTM, 1979), p. 5.] That reference hardening) in many forms of environment-induced cracking. Revie
also indicates how the method can be modified to define the and Uhlig [Corros, Sci. 12(1972). p. 669, Acta Metall. 22(1974). p.
threshold conditions for cracking on initially plain or precracked 619] demonstrated accelerated creep under anodic current, and
specimens, for particular applied strain or deflection rates. The others have seen creep prior to initiation of SCC.
method does not hide anything. Only those who use it can decide I have suggested, in a poster paper at this conference (Jones,
upon such an outcome. "The Contribution of Localized Surface Plasticity to the Mechanism of

It has sometimes been claimed that slow-strain-rate tests are Environment-Induced Cracking," this proceedings), thiat high anodic
concerned with crack initiation, just as it has sometimes been claimed current at film-rupture sites promotes localized softening or attenu-
that precracked specimen testing is concerned with propagation. It ation of strain hardening at the exposed plastically deformed
appears to me that neither statement is valid. There is no agreed slip-band surface. This softened material will crack in a brittle manner
definition of stress corrosion crack initiation - it needs to be defined when constrained by the surrounding unsoftened alloy. A useful
in the context of the measurements being made, essentially in terms analogy might be two steel bars brazed together at their ends with a
of what constitutes a minimum detectable amount of growth, which complete layer of pure soft lead. Although normally soft and ductile,
statement indicates the irrelevance of such debate. But even if some the lead junction exhibits brittle fracture when sufficient tensile load
arbitrary definition of initiation is agreed, if the cracks grow beyond is applied normal to the brazed joint, The surrounding undeformed
that limit, they are presumably propagated, and in most slow strain- steel constrains the small volume of lead, generating lateral stresses
rate tests that is precisely what happens. By the same token, the and a triaxial stress .tate in the lead, The triaxial stress state prevents
claim that no Initiation is Involved in the growth of an intergranular the usual slip processes and the lead fails in a brittle manner by
stress corrosion crack from an initial transgranular fatigue crack, for rupture of atomic bonds in lead, which are weaker than those in the
example, Ignores the important metallurgical and electrochemical adjacent steel.
influences in stress corrosion cracking because of an obsession with Therefore, I still question the veracity and need for both surface
mechanics. dealloying and surface film embrittlement in the mechanism of SCC.

Where slow-strain-rate tests are used for mechanistic studies or L.A. Heldt (Michigan Technological University): Evidence
for the measurement of crack velocities or threshold stresses, it for the dealloying reaction is not found near the crack tip from Auger
appedib to me to be necessary to conduct tests at various strain spectroscopy studies of stress corrosion cracking fracture surfaces in
rates. Even if the method is to be used as an ad hoc sorting test, for brasses [Hintz, Kass, and Heldt, Embrittlement by the Localized
example in the context of alloy development, the selection of Crack Environment, ed. R.P. Gangloff (Warrendale, PA. TMS-AIME,
inhibitors, or the study of other environmental factors, it is probably 1984), p. 229], The spacings between crack-arrest marks is seen to
worthwhile to conduct tests at different strain rates, in view of the decrease with increasing K. This is not expected for film-induced
possible influence of these factors upon filming rates. Three or four cleavage but is consistent with arrest marks occurring when a crack
tests spread over the range from about 10 "to 10 4s ' will usually is forced to move too rapidly for the embrittling environmental
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reaction [Hintz, et al., Metall. Trans. A 17(1986): p. 681; Kaufman and is a confusion with creep-inducing vacancy injection processes,
Fink, Acta Metaii; 36(1988): p. 2213]. which are not operative in dealloying of alloys with high melting

B.D. Ltchter (Vanderbilt University, USA): Our work has points, where surface diffusion is clearly the means by which
established that Crack propagation occurs in the "passive" potential noblemetal- atoms move -around. The work of Revie and Uhligdomain (below the critical potential, above which massive deal [Corros Sci. 12(1972): p. 669] was interesting, but the correlation

oppin (er loyshe crtiapoi cur)bove ic e dealloying with dealloying was never established, and their experimental
in co ntnuosly ad.ar Wo die eine that cracking conditions probably did not cause dealloying to more than a few atom
occurs discontinuously and gre able to dtermine the local average spacings in depth (in the cuprous ammonia solutions that cause
crack growth rate by correlating crack-arrest markings with electro- SCC, the dealloying proceeds to several tens of nanometers.)
chemical transient current pulses. It is clear that these pulses are due The last comment of Jones questions the "veracity" of dealloy-
to transient selective dissolution of copper and are likened to - The la com ment Je u t that of detio"repassivation" as gold atoms move to block further dissolution Of ing and "surface film embrittlement." I doubt that he would questioncopper. We ho ae nold irto e vi e fo theck extee is of nanometer the role of dealloying in gold-copper alloys as just described bycopper. W e have no direct evidence for the exstence of "nanom eter- L c t r h t e y t m ,s c sb a s a d s ane s s e l rsized" porous gold structures on the fracture surface, but may infer Lichter. The other systems, such as brass and stainless steel, are

more subtle and require more subtle experiments. The correlation
their existence from the current pulses during crack growth and from between dealloying and SOC was demonstrated by Sieradzki, et al.scratcween expenments andude inC was deontrte pobnt alrange. e Atlt.
scratchingexperimentsconductedinthesamepotentialrange.Atthe .[J Electrochem. Soc. 134(1987): p. 1635], for copper-zinc and
moment we accept the film-induced-cleavage hypothesis as the most copper aluminum, while film-induced cleavage in copper-zinc was
plausible framework within which to interpret our data and to design demonstrated by Newman, et al [Scripta Metall. 23(1989): p. 71]. We
further critical experiments. The copper-gold system continues to be have a long way to go in the stainless steel system, but everything
the most fruitful system to test dealloying as a critical mechanism in looks the same so far.
transgranular stress corrosion cracking, in view of the possibility of looks thes so f ar.Heldt's first comment has been addressed in detail by the work
excluding hydrogen involvement and oxide film formation processes. of Sieradzki, et al., quoted above. We believe that the fast dealloying

R.C. Newman (University of Manchester Institute of Sci- only occurs at the crack-arrest positions. Thus, the Auger analysis
ence and Technology, UK): Jones seems to have missed the would need very high spatial resolution to pick it up. The variation of
importance of nano-porosity in determining the mechanical proper- crack jump distance with K has not been addressed by us in detail,
ties of dealloyed layers The purity of the material in the dealloyed but I disagree with the statement that this would be inconsistent with
layer is irrelevant. The brittleness (which, incidentally, is easily film-induced cleavage. At low K the crack jumps less frequently, so
demonstrable using gold-silver alloys corroded in perchloric acid) the film can grow thicker between jumps. This may well enable the
arises from the extremely small ligament size in the layer. Such crack to jump further, since an increase in film thickness may allow
layers could not possibly have a softening influence. Perhaps there the crack to emerge from the film with a higher velocity.
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Relative Importance of Crack-Tip Charging
and Bulk Charging in Hydrogen-Assisted Cracking

in Aqueous Solutions
A. Turnbull* and M. Saenz de Santa Maria**

Abstract
An evaluation has been made of the relative importance of crack-tip hydrogen charging and bulk
hydrogen charging in the corrosion-fatigue cracking of structural steel cathodically protected in seawater
for a range of potentials and cyclic loading frequencies. At applied potentials more negative than about
-900 mVscE, at a frequency of 0.1"t-lz, bulk charging becomes the dominant source of hydrogen atoms;
this is further emphasized by reducing the frequency. Examination of the literature has shown that the
contribution of bulk charging to cracking is significant for a range of steel/environment systems,
particularly in solutions in which hydrogen sulfide is present. In relation to test methodology, factors such
as time, thickness of specimen, specimen configuration (e.g., tubular or plate) and the application of
paint coatings should be considered much more carefully if bulk charging is considered to be potentially
significant.

Introduction t
One of the complexities associated with interpreting hydrogen- I(t) - f(t) dCTOD(r)
assisted crack growth in steels under dynamic and static loading a T

conditions in aqueous solutions is that the rate of generation of
hydrogen atoms on the external and crack surfaces can vary
significantly. The kinetics of hydrogen generation on the external where CT is a dummy varable, f(t) represents the time variation of the
surface are dependent on the bulk solution composition and elec- CD, aCTOD/at is the rate of change of the crack-tip opening
trode potential, while the kinetics within the crack depend on the displacement equated to the rate of production of the new surface,
solution chemistry and potential local to the crack enclave, and the and f is the cyclic frequency.
rate of bare metal production by mechanical straining at the crack tip From scraping electrode experiments' on BS 4360 SOD struc
itself. tural steel in 3.5%NaCI of varying pH, the relevant expressions for the

In a previous paper, a detailed model was developed to predict time-variation of the CD are given by
the rate of hydrogen generation during corrosion fatigue of a
structural steel cathodically protected in marine environments., The 1(t) = f(t), where f(t) = i, for t "- to
model enabled an assessment of the relative importance of hydrogen .t P
charging at the crack tip, crack walls, and external surface for this f(t) = Io f-9- for t > to  (2)
specific steel/environment system.

An outline of the essential features of this model is included in where io is the maximum CD, to is the time prior to commencement
this paper, but the discussion is extended to include other steeL' of refilming and p is a decay constant, For cathodically protected
envircnment systems and to examine evidence in support of the steel in seawater, the pH at the crack tip is between 10 and about 12.2
basic predictions. and the refilming kinetic parameters are as follows:

Model pH 10 :logo [iotP] = -7.635- E - 11.99;
Evaluation of the current density (CD) for production of hydro- 00

gen atoms on the crack walls and on the external surface can be logiol. = -5.820 - E - 7.398 (3)

made based on steady-state electrochemical measurements and
knowledge of the solution composition and potential?2 4 However, to pH 11 : log,0 [iota] -6.989 - E - 11.48; log 0i0 =

calculate the CD at the crack tip, it is necessary to combine -7,030- E - 8.610 (4)
measurements of transient reaction kinetics on a bared metal surface
with the kinetics of production of a new surface at the tip. and p = 2.437 - E + 3.059 (5)

It was shown previously that the total current [l(t)] per-unit
thickness (B) flowing at time (t) during crack loading under fatigue where E is in V
conditions can be described by the following:'

Calculation of the parameters at intermediate pH values was
'Divislon of Materials Applications, National Physical Laboratory. based on interpolation. Although the transient kinetic data for pH 12.0
Teddington, Middlesex, England TWI 1 OLW. were less complete, the results are consistent with values extrapo-

-Chloride Silent Power Ltd., Runcorn, Cheshire, England, WA 1PZ. lated from the above expressions.
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The rate of change of the crack-tip opening displacement with charging would become dominant is depressed to more negative
time was expressed by values. The converse is predicted for decreasing frequency.

aCTOD ACTOD (6)
at (1/20

where A CTOD is the range of opening during the fatigue loading Ocn-tip Crock-walls
cycle given by6  AKMFm 12)

ACTOD = (l+a) AK2  20 AR=0.5 A 2 A

(l-R) 4rfE' (7) =OH 100 0

where f is the cyclic flow stress, E' is Young's modulus, R is the T ST 0 6.5 111

stress ratio, and AK is the range of the stress-intensity factor. In the
absence of specific data for a,, the value for the yield stress cry was
used (340 MPa for BS 4360 50D steel). 10-2 External surlace

During unloading, the time-dependence of the current depends
on the extent of slip reversal and the contribution of brittle crack
modes. However, when different possible mechanisms for unloading
were assessed,' it was found that the additional contribution to the -

charge from the unloading process was less than 20% regardless of E

which mechanism was considered. In this paper, the calculated
current densities at the crack tip represent the maximum values A •
derived from the different unloading models. o

Results and Discussion
Calculations have been made of the current density at the A

fatigue crack tip, crack walls, and on the external surface for a range
of cathodic potentials. The CD at the crack tip is defined as the total £

current per unit thickness averaged over the crack-tip-opening
displacement. The time-averaged value of this CD is compared with
that on the adjacent crack walls and external surface in Figure 1.
These calculations are based on BS 4360 50D steel in ASTM
seawater (pH 8.0) at 5°C for a crack of 1.5 cm deep and loading
frequency of 0.1 Hz. The square root of the CD has been used for 10-, I1
comparison based on the demonstration by Bockris, et al., 7 that the -e8o -900 -000 -1100 -1200

subsurface concentration of hydrogen atoms Co and hence hydrogen E (my SCE)
permeation is dependent on i"2., FIGURE 1-Comparison of current densities on the external

The most important conclusion from this figure is that for surface, crack walls, and crack tip.
potentials more negative than about -900 mVsc E, charging of the
steel with hydrogen atoms is most effective from the external surface
(the higher pH and increased potential drop making crack-tip
conditions less favorable for hydrogen generation). The value of the 0-.,
potential at which bulk charging becomes the most important
hydrogen source cannot be made too precise because of inherent
uncertainties in the nature of the calculation, for example, with regard
to the assumed model of crack-tip deformation. Nevertheless, from
the viewpoint of experimentally testing these predictions, the corro-
sion fatigue studies should be directed at potentials of about -900
mVscE or more negative. io-,

The proximity of the hydrogen-charging source at the crack tip --

to the actual location of crack advance may lead to the assumption E
that this hydrogen scurce must be the most important controlling 112
crack growth, even if the CD is significantly lower. This will be true at ext
short times; however, if the bulk-charging CD is greater, the -, - --- 

concentration of hydrogen ator,s along the crack front will be
correspondingly greater provided sufficient time is allowed for 10-3 • i2

steady-state charging to be attaineJ. Indeed, at long times, the crack
walls and crack tip may act as net sinks for hydrogen atoms. A--

The loading frequency also has a significant effect on ;he CD at
the crack tip, as shown in Figure 2, for which the calculations are
based on an external potential of -900 mVsce, AK = 20 MPaml2 .,
R = 0.5 and crack depth of 1.5 cm. The increase in crack-tip CD with
increasing frequency is associatea mainly with the more rapid rate of 10-4
production of bare metal maintaining the crack tip in a more active 10"3 102 1 (Hz) 10"t

state on average. (The effect of changing frequency on crack-tip
chemistry has a much less significant effect.') Thus,,charging of the
steel through the crack tip i predicted to be mora effective at the FIGURE 2-Effect of frequency on the square root of the CD for
higher froquencies. Correspondingly, the potential at which bulk E " = -900 mVscE AK = 20 MPa m" =2 and R = 0.5.
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The calculations performed above are specific to seawater with effect of thickness on crack velocities in static loading of a high-
a bulk pH of about 8.0. However, it would be. expected that the strength steel in deionized water. Painting of the external surface of
relative importance of crack-tip charging can be altered not only by the specimen was used to confirm this interpretation.
changing the potential and the loading frequency but also by Morgan, et al., 13 investigated the effect of an organic paint
changing the bulk environment. Thus, acidifying the bulk solution to coating on the corrosion fatigue crack growth of a structural steel
values less than about three will significantly enhance ;il generation cathodically protected in seawater and observed a long incubation
of hydrogen on the external surface.4 However, changing the pH of period for the coated specimen. The subsequent crack velocities
the bulk solution is predicted to have only a very small effect on the were -similar to the unpainted tests. Interrante and Low 14 demon-
pH at the tip of deep-cracks (typically 1 cm)3 .8 Thus, bulk charging will strated that application of a surface wax coating reduced the crack
become more dominant. velocity of a 2 1/4Cr-lMo steel statically loaded in NACE solution.

In environments containing H2S, hydrogen uptake is dependent In comparing the stress corrosion crackng of 13Cr martensitic
on the concentration of H2S.9 Detailed calculations of the hydrogen stainless steel in NACE solution (H2S-saturated brine at pH 2.6) and
sulfide concentration in a crack have not been conducted, but, in H2S-saturated seawater (pH 5.0), Saenz de Santa Maria and
qualitatively, it would be expected that the concentration at the tip of Turnbull' s provided evidence for a change from bulk surface domi-
a deep crack will be significantly depleted as a consequence of nance of hydrogen supply at low pH, for which the steel is in the
reaction within the crack, and thus, bulk charging will dominate the active state, to localized hydrogen generation at the higher pH, for
hydrogen supply. which a degree of passivity is retained.

A reason for the increased significance of bulk charging with Although the number of studies quoted is relatively limited, there
increasing cathodic polarization of steel in marine environments is is clear evidence for an important role of bulk hydrogen charging in
the increased potential drop within the crack, which means less determining crack growth, which is dependent on the environmental
negative potentials at the tip compared to the external surface. conditions of the test.
Decreasing the conductivity of the bulk solution while carefully Further investigations to assess the effect of pH and solution
controlling the surface potential would tilt the balance in hydrogen conductivity for a range of potentials are desirable. In the same
supply even more favorably toward the external surface, context, attention to other parameters such as crack depth is

These examples are used to illustrate that the relative impor- important. The chemistry and potential within a shallow crack may be
tance of crack-tip charging to bulk charging is expected to be a more favorable for hydrogen generation than for a deep crack under
sensitive function of the bulk environment, the applied potential, and applied cathodic polarization. 2 Furthermore, the crack tip will also be
the cyclic loading frequency. However, it is essential to inquire about more readily accessible with respect to bulk charging. In comparing
the evidence for this proposition and the significance for the shallow and deep cracks, these factors may contribute to an
measured crack velocities. If bulk charging is controlling crack increased velocity of the shallow crack. However, it is important to
velocities, then several predictions follow naturally. isolate effects that are intrinsic and those that are a function of the

Time will have an important influence in relation to establishing test methodology. For exam.le, when comparing data, the relevant
steady-state hydrogen charging and thus crack velocities. In the crack velocity for the deep crack should be that under steady-state
same context, specimen size and configuration will also be important charging, which may require long-term testing.
variables. For example, in a compact-tension specimen (CTS) the
time constant for charging (arbitrarily defined as the time to charge
the steel to 50% at half the thickness of the specimen). For a Conclusion
25-mm-thick specimen with an effective diffusion coefficient of 10- In the corrosion fatigue cracking of steel cat hodically protected
cm 2 s-

1 the time constant is about 69 days. in seawater, bulk charging is predicted to be the major source of
In addition, there will be differences in hydrogen distribution in hydrogen atoms at potentials more negative than about -900 mV.cE

fully immersed fracture mechanics specimens, such as the CTS, and (loading frequency of 0.1 Hz). The relative contribution of crack-tip
in tubulars. This difference arises because tubulars are usually charging is diminished further by decreasing the loading frequency.
charged from one surface only leading to a hydrogen concentration The predictions of this study combined with evidence from the
gradient. In the case of sour oil or gas bearing pipes, charging will be literature suggest that the contribution of bulk hydrogen charging to
from the internal surface of the pipe; for offshore jacket structures in crack growth will also be a sensitive function of the bulk environment.
the sea, cathodic protection will charge the external surface, but When bulk charging is important, important considerations for test
significant hydrogen generation is unlikely in the inhibitive solution methodology are time, thickness of specimen, specimen configura-
used in the internal section of the tubulars.Coating of the external surface should have a significant effect tion (tubular or plate), and the application of paint coatings.

The interpretation of crack-growth data has to be correlated with
on cracking because of the decreased supply of hydrogen. the hydrogen source and interpretation of variables such as cyclic

Evidence for certain of these predictions is dispersed in a
number of studies. As early as 1971, Barsom' ° reported a distinct frequency should be done with greater awareness of this aspect.
change in shape of the crack front from slightly concave to convex
when fatigue testing 12Ni.5Cr-3Mo steel in 3% NaCI at an applied References
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Flow-Enhanced Diffusion Transport
in Corrosion Fatigue Cracks

C.J. van der Wekken*

Abstract
Using a transparent Lucitet model of a corrosion fatigue crack, in which a dye was injected in the crack
solution near the crack mouth, it was observed that the dye is transported in the direction of the crack
tip at a strongly accelerated'rate because of tihe cyclic movements. A theoretical model is presented
showing that the transport in the crack occurs at a rate that is equivalent to the rate of a diffusion process
in a static crack with an effective diffusion coefficient (Doff), which can be calculated from the geometrical
test parameters and the value of the norma! diffusion coefficient.

Introduction triangular crack geometry. The crack sides were closed by means of
It was recently shown' that the electrochemical conditions, measured silicon rubber seals, placed in slits that were machined in Lucite strips
at the tip of corrosion fatigue (CF) cracks in steel specimens during inounted parallel to the top plate. A sinusoidal movement, derived
external anodic polarization in a deaerated seawatei environment, from a small electric motor coupled to a reduction gear boA that was
cannot be accounted for on the basis of a concept in which the driving an excentrically mounted wheel, could be transmitted to the
crack-tip area is considered a "most occluded cell. ' In the 'most top plate, while the bottom plate was fixed in a transparent Lucite bux.
occluded cell" approximation, the crack-tip material is expected to be The frequency of the cyclic movements as well as the minimum and
at the corrosion potential in the local-tip solution, the crack tip is not maximum opening of the crack could be varied.
polarized as a result of the externally applied potential because of the The Lucite box was filled with the test solution to a level just
large potential drop i, the crack resulting from the high curren above the crack, and dye was injected through a small hole in the top
densities on the crack walls. In this respect, the "most occluded cell' plate at 1.2 cm from the crack mouth while the crack was ir, the
concept is expected to be applicable to CF cracks in cases in whic, minimum opening position. rhe injected amount of dye solution was
the crack walls are not passivated. However, in contrast to tht, chosen such that a circular patch of 2.8-cm diameter was formed.
situation in static cracks (stress corrosion cracking), the local The cyclic loading was then started after 1 mm. To facilitate the
crack-tip solution composition in CF cracks will be strongly affectec observation of the distances reached by the dye at the moments ot
by interaction (mixing) with the solution from other parts of the crack, maximum and minimum crack opening, the crack model was placed
As far as the solution composition at the crack tip is concerned, the on a diffusely lighted glass plate with a measuring scale. Three
crack-tip region cannot, therefore, be considered 'occluded" in the different dyes were injected in pure water. (1) a dark blue ink,
case of CF. In the earlier work mentioned above, the authors Peikant 4001, (2) a bright red negative retouching dye, Neu-Coccint
concluded that the acidification measured at the tip resulted from (distributed by Agfa), and (3) a solution of KMnO4 . Finally, a
interactions between solution acidified in the crack mouth and the concentrated solution of NaOH was injected into an aqueous
crack-tip solution.' It was suggested that this exchange is a result of suspension of phenolphthalein. The milky white solut,,.n containing
the combined effects of cyclic laminar flow and diffusion in the the pH-indicator particles turns a inght red as the pH reaches values
direction perpendicular to the crack walls. In the present work, the of more than 8.5, making it possible to follow the transport of CH-
interaction between the solution at the crack mouth and the tip ions.
solution is demonstrated by observations of the advancement of a
colored dye injected in the crack-mouth region of a transparent A Quantitative Model
model. It will be shown that the results can be interpreted quantita-
tively on the basis of a simple theoretical model in which the for Flow-Enhanced Diffusion Transport
accelerated transport is taken into account by the use of an effective In an infinitely wide triangular crack dnder conditions of laminar
diffusion coefficient (D0.) in a static crack, and the value of D&, can flow, a parabolic velocity distribution between the crack walls causes
be calculated from the geometrical test parameters, the solution in the middle of the crack, located at a distance (L) from

the tip at the moment of minimum crack opening, to travel up to within
a distance (LI) from the tip at the moment of maximum crack opening,

Experimental which can be calculated' by equating the parabolically shaped
A model of a fatigue crack was made rom 1-cm-thick transpar- volume (dV) of the solution flowing into the crack over a distance (dl)

ent Lucite plate material (Figure 1). The short side of a 6-by-1 1.8-cm in the middle of the crack, at a distance (I) from the tip, to the increase
piece of this material (the top plate) was pressed onto a larger in volume of a triangular crack of length (I), as the crack-opening
(bottom) plate using a rubber O-ring strip, which made it possible to angle (a) increases by da. It follows that fcr a unit width of the crack
rotate the top plate relative to the bottom plate and to obtain a that dV a a I (- 2/3 dl) 1/2 12 da, or dill = -3/4 dota. Integration

yields L,/L = (=rI,,,) 3 4  R2 , R being the ratio dn ,,dm,
'Laboratory of Metallurgy, Delft Universityof Technology, Rotterdam- between minimum and maximum opening.
seweg 137, 2628 AL Delft, The Netherlands. If r = d,,n/d, where d is the variable distance between ihe walls

t Trade name. and d,,, is the minimum distance at a distance (L) from the tip, the
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distance traveled by the solution in the middle of the crack will be Since the crack-opening angle is always very small, the surface
L(1 - r34). If we start an experiment at the moment of minimal crack area of the profiles as drawn in Figure 2(b) will be, per unit crack
opening with a certain dissolved species having a concentration width, approximately equal to two times the distance traveled by the
gradient (g) in the length direction of the crack, planes- of equal solution in the middle of the crack. At the moment of minimum crack
concentration [e.g., C, and C2 in the side'view shown in Figure 2(a)] opening, the surface area of the profiles at distance (L) from the tip
will, at this moment, be perpendicular to the plane of the crack. We is equal to the local magnitude (dm,,,) of the crack-opening distance.
now define flow profiles as planes that initially coincide with the Using the geometry shown in Figure 2, the ratio (f) of the surface
planes of equal concentration, while their shape and position follow areas can be expressed as a function of the variable r:
the laminar flow pattern in the crack under cyclic loading; the flow
profiles change into curved planes (which, because of the wedge f = 2[L.(l - r

3 4)]/d.= (1)
shape of the crack, are no longer parabolic in cross section for finite
increments in the crack-opening angle) as the crack opens up, and The transport of a dissolved species during a cycle will be increased
as a result of the cyclic flow pattern, they will return their original by a factor (F), where F can be obtained by calculating the average
position after each cycle. The volume of the solution between two value of f over the period (T):
flow profiles will remain constant. As an approximation, it will be
assumed that the profiles can be represented by two flat planes T

intersecting:at the calculated distance (L.r- 14) from the tip [see side F = 4(I/d,,) 2 X i/ f (1 - r3 4)2 dt (2)
viev" of the profiles in Figure 2(b)]. While the solution is flowing, there o
will be transport of dissolved particles because of diffusion in a
direction perpendicular to the flow profiles There are two reasons (An analogous derivation yields a similar expression for outward

why this diffusion transport is much more important than in a static transport of dissolved species, where d,n is replaced by dnJ,.). The

situation: (1) The surface area of the profiles is highly increased, and value of r in Equation (2) as a function of time depends on the wave

(2) the laminar flow pattern will cause intense shearing to occur along form used.
the flow profiles. As a result, the concentration gradient in the Writing
direction perpendicular to the profiles will be increased. (The volume
between profiles remaining constant, the distance between the F = 4(L/dm,,) 2"[ (3)
profiles decreases.)

the factor I depends on R and on the shape of the cyclic waves used.
Numerical calculaticn of I as a function of R for a sine wave, a linear

_ __ !saw tooth, and a square wave showed I to be nearly independent of
the wave shape, except for very small R. For sinusoidal loading and
0.05 < R < 1, a good approximation is

Fig. la. Cross secton of the lucte crack Iode. I = 0.66 - 2.5R + 3.5R 2 - 1.7R3  (4)

As expected, I decreases with R increasing and goes asymp-
totically to zero as R approaches the value of 1. An effective diffusion
coefficient can now be defined that is based on the enhancedE transport:

Fig. lb. Front view of the crack. Dt = DF (5)

FIGURE 1 -(a) Cross section of the Lucite crack model and (b) D is the normal diffusion coefficient. It follows from Equations (3) and
front view of the crack. (4) that the multiplication factor (F) will usually be of the order of

(L/dmn) 2 or (mmin)-2 and can easily attain values of the order of 104 .
C C2 Knowing the value of D,,, which could be calculated on the

basis of the above two-dimensional model, the enhanced diffusion
transport of any species in the length direction of a CF crack under
conditions of laminar flow can now be treated as a one-dimensional

L problem in a static crack. Since the value of D, is based on
averaging the diffusion flux over a whole cycle beginning at the
moment of minimum crack opening, the one-dimensional model
where D, can be used applies to concentration distributions in the
crack corresponding to the moments of minimum crack opening.

In the special case of the present tests, the model predicts that
the front of a patch or dye injected in the crack mouth will move further
in the direction of the tip after each cycle over a distance that depends
on the period (T) and the value of D,. The solution of the diffusion
equations for an infinite medium in which the diffusing species is

FIGURE 2-(a) Side view of flow profiles coinciding with pianes initially concentrated in a plane is a one-dimensional Gauss
of equal concentration, Cl and C2, at the moment of minimum distribution: ' ,
crack opening, and (b) side view of flow profiles approximated
by flat planes during the course of a fatigue cycle. C(x,t) = A(Dt)-Q 1 exp [(-x 2 )/4Dt] (6)

Let the surface area of the profiles be increased by a factor (f). where A is a constant and x is the distance from the plane. We will
The concentration gradients between the profiles will then be now make the assumption that in the present tests, after a few cycles,
increased by the same factor (f), and the total diffusion flux across the the dye in the middle of the crack may be considered to be distributed
profiles will be increased by a factor (2). according to a Gauss distribution, which at the beginning of the test

198 EICM Proceedings



was concentrated in the plane where the dye was injected. Neglect- The influence of the diffusion coefficient
ing the effect of the wedge shape of the crack, the Gauss distribution The effect of the diffusivity of the dissolved species was
expected to result after a whole number of cycles then has the form investigated by comparing the results obtained for three different

dyes in a series of tests at a frequency of one cycle per min and using
C(x,t) = A(De. t) - z exp [(-x 2)/4D 0  t] (7) the same geometrical test parameters mentioned above. In Figure 5,

the values of x,2 
- x,2/n are plotted vs In n. The linear part of the

The observed distance traveled by the dye front is determined curves found after two cycles may be used to calculate D0. using
by the ability of the eye to detect the presence of small dye Equation (9). From D0., the normal diffusion coefficient (D) can be
concentrations in a thin layer of the crack solution. Again neglecting obtained using Equation (5), in combination with Equations (3) and
the wedge shape and assumiriig now that the limiting observable dye (4). The magnitude of the factor (F) in Equation (5) was calculated to
concentration (CJ during a test is constant,it follows that be 12,400 in this case. The resulting values for the diffusion

coefficients are 5, 6.5, and 8 x 10
-

6 cm2 S-
' for the permanganate,

CL = A(De.nT) - 12 exp[(-x.2 )I4Dff nT] the negative retouching dye, and the sodium hydroxide solution,
= A(De.mT)- "2 exp [(-xm2)/4Den ml] (8) respectively. Comparing the calculated D value for.KMnO4 of 5 x

10-6 cm2 s - 1 with available data for the diffusion coefficients of
various anions, such as nitrate or chloride ions, which are reported to

where xn and xn are the observed distances traveled by the dye front b . 05ad19x1- M -, tapasta hbe 1.8 x 10 -s and 1.9 x 1i -s cm2 s-, 5 it appears that the
after n and m cycles, respectively, and T is the period. From Equation calculated diffusion coefficients are about a factor 3 to 4 lower than
(8), it follows that (rn/n)" 2 = exp ((x,, /41)4 nT - (x.2I4Dej m~l, and expected. The diffusion coefficient for NaOH is found to be a factor

1.65 higher than the value of D for KMnO 4, while a ratio of 2.0 is found
D0. = (2T In m/n) - (x.,2/n - xm2/m) (9) between the average mobilities reported for the ions Na+ and OH-,

and K+ and MnO.-, respectively.6 (Anions and cations are expected
to diffuse together to maintain charge neutrality). The fair degree of
correspondence between these results and literature data can be

Experimental Results and Discussion considered to support the basic validity of the proposed accelerated
A few typical photographs illustrating the distribution of the dark diffusion model.

blue ink during-the course of a test at a frequency of one cycle per
min, using a minimum crack opening of 0.67 mm and a R value of
0.36 at the place where the dye was injected, are shown in Figure 3.
A rapid transport of dye towards the crack tip is evident from the
pictures, which show the distribution of ink at successive moments of The effect of the value of R
minimum and maximum crack opening during the first, fourth, and The negative retouching dye was used after having changed the
seventh cycles, respectively, minimum crack opening dminn, measured at the place of the dye

injection, to 1.09 mm. The maximum opening being 2.36 mm, it
follows that R = 0.46 and the factor (F) = 2500 in this case. Figure
6 shows the results obtained under these conditions at a frequency
of one cycle per min and also shows the data obtained for din,n = 0.67
mm and R = 0.36, in which the value of F was calculated to be

The effect of the frequency 12,400. As expected, Df, is smaller for the wider crack. However, the
The transport of the red retouching dye toward the crack tip ratio between the slopes of the linear part in the curves of Figure 6

under the influence of cyclic loading was measured, using similar is only 1.4, while a ratio of 4.4 would be expected from the values of
geometrical test parameters as mentioned above, for the frequencies F. Again, an explanation could possibly be associated with the higher
of 0.5/min, 1/min, and 2/min. The results are sh)wn in Figure 4, density of the dye solution, which might affect the results more
where the observed distances (xn), reached by the dye front after n strongly in a wider crack.
cycles, are plotted as a function of time. The model presented above
interprets the transport of dissolved particles in a fatigue crack as a
process of accelerated diffusion, where the effective value of the
diffusion coefficient is determined by geometrical factors and not by Comparison of the present model with the literature
the frequency used. The data indicate that after 2 mm, a similar rate It is clear from the theoretical model, as well as from the above
oftransportwasfoundforthedifferentfrequencies, inagreementtwith experimental results, that for similar concentration gradients, the
the theoretical model. effective value of the diffusion coefficient (D,,f) describing the

The initial transport process was faster, however, at higher diffusion transport of dissolved species in a crack during corrosion
frequencies. A factor not taken into account in the present model is fatigue can easily be four orders of magnitude larger than in static
that the density of the solution in the crack increases with the dye cracks. Taking the effect of the electrical field in a CF crack into
concentration. (Dye flowing out of the mouth of the crack during a test account quantitatively in the present static one-dimensional model
appeared to flow from the bottom, Onne of the crack and was would require the use of an average value of the field strength
observed to collect at the bottom o? the Lucite test cell.) Especially (dE/dx)11 experienced by a charged particle during a fatigue cycle.
during the first stages of the iests, when the dye concentration is The transport of ions under the combined influence of an eleclric field
locally still very high, the dye will tend to collect near the bottom of the and a concentration gradient can then be described by a modified
crack. While there is inward transport by the laminar flow, there will form of the Nernst-Planck equation:
simultaneously be a downward flow of concentrated dye solution
because of gravity. Dye particles near the bottom will flow back less J = -D. dC/dx - D C nF/(RT) (dE/dx)e, (10)
far, the closer they have come to the crack wall. This may resu;t in
observed accelerated transport toward the crack tip, especially where F is Faraday's constant and n denotes the valency of the ions.
during the first cycle at relatively high frequencies, when the fast
inward flow carries the concentrated solution far into the crack, and Because of the high ratio of D,,, over D, it can be concluded on the
downward flow may occur around the point where the flow changes basis of this equation that the relative importance of electromigration,

direction, at the moment of maximum crack opening. Tests in salt represented in the second term of Equation (10), will in general be

solutions of density equal to the injected dyes are planned to clarity much less in the case of CF than in a static crack. In other words, the

this point. flow-enhanced diffusion will result in strong solution mixing in the
crack.
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FIGURE 3-The distribution of a dye (Pelikan 4001 Ink) at the moments of minimum and
maximum crack opening, respectively, during the first, fourth, and seventh cycles: R =0.36,
din = 0.67 mm, v = 1/mn.
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FIGURE 4-The distances X,, reached by the negative retouch- FIGURE 6-X, 2 - Xn2In plotted vs In n for different crack
ing dye, measured at the moments of minimum crack opening, geometries:R 036,d,,,1 n = 0.67mm,andR = 0. 46,din =1.26
for different frequencies: R =0.36, dmin = 0.67 mm. mm, respectively; v = 1/min.

The present results therefore provide support for the conclu-
sions reached earlier,' where the low pH value measured in the
crack-tip solution during CF of steel in deaerated seawater under

30 conditions of external anodic polarization was ascribed to acidifica-
E tion of the solution in the anodically polarized crack mouth associated
u with the dissolution reaction and mixing of the solution in the crack.

r~c CMore direct evidence was provided by recent unpublished measure-

iC4 1lll
-. metsinths brat .Uigtesm xprmna rc oe

FU 20 al and similar conditions to those described above, a pH electrode was
mplaced at the crack tip and a cylindrical piece of pipeline steel was

imounted flush in the upper crack wall. The size of the steel sample
<corresponded to the size of !he injected volume of dye in the present

tests, and its location in the crack mouth was identical. The solution
used was aerated 3.5% NaC. The initial solution pH was 7.0. The pH

dye measured and recorded at the crack tip was found to respond to the

* KMnO4  cycle/mm after about 10 mn and then dropped rapidly from the initial
* NaOHvalue of 7 to a value of 6.0. The corrosion process at the crack mouth

* NaO clearly affected the crack-tip pH within 10 min.
01 2 3 It is crtainly relevant to attempt a comparison between the

In n present model and the model as used by Turnbull, et al.7-8 Assuming
total solution mixing in the crack-opening direction and using
averaged values foi the velocity of the solution, his one-dimensional

FIGURE 6-XX2 
- Xn/n plotted vs In n for different dyes: R model served as a basis fcr extensive computer calculations

0.36, difn = 0.67 mm, v = 1/mn. concerning the electrochemistry in CF cracks. Considering a rela-

200 EICM Proceedings



tively simple situation in which no reactions are occurring on the (3) The rate of accelerated transport can be calculated using the
crack walls and in the absence of the effect of an electric field, as is actual occurring electrochemical boundary conditions in a static
the case in our experimental crack model, it is possible to indicate a model and using an effective value (Dei) for the diffusion coefficient
significant difference between the approach used by Turnbull and the of the dissolved species. Deif can be calculated according to Equation
present analysis regarding the transport of dissolved species in the (5).
crack According to Turnbull's model, the contribution of diffusion is (4) The present results support the conclusions reached earlier,
accounted for by the usual diffusion term ( D dC/dx), which is added where the low pH value measured in the crack-tip solution during CF
to the flux associated with the solution flow in the mass transport of steel in seawater under conditions of external anodic polarization
equation: J = C v - D dC/dx. was ascribed to acidification associated with the anodic reaction in

Based on this equation, the cyclic solution flow is not expected the crack mouth.'
to contribute to the net mass transport after a whole cycle, while ti9
diffusion process would in the case of our experiments be expected References
to result in an extension of the patch of dye at a rate similar to what 1. C.J. van der Wekken, J. Zuidema, Proceedings of the 10th
would occur in a static situation. In other words, the experimental International Congress on Metallic Corrosion, Vol. 3 (1957), p.
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actually occurring differences in the concentrations of the dissolved retical Physics, 2nd ed, Vol. 6 (Oxford, England. Pergamon
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Hydrogen Entry and Trapping in High-Strength Alloys
B.G. Pound*

Abstract
Hydrogen ingress in three high-strength alloys [type 4340 (UNS G43400) steel, Monelt K-500 (UNS
N05500), and MP35Nt (UNS R30035)) was studied to obtain some insight into the differing resistances
of these alloys to hydrogen embrittlement. A potentiostatic double-pulse technique was used to obtain
current transient data for the alloys in 1 M HAc/1 M NaAc (Ac = acetate) with 15 ppm AsPO3 .The data
were analyzed using a diffusion/trapping model, and in all cases the rate of hydrogen ingress was shown
to be controlled by the interfacial flux. Values of the apparent trapping constant (k.) and the ingress flux
were obtained and used to calculate the trapped charge (qT) from which the ingress charge (q,n) was
evaluated. The value of qT/q,n increases with charging time and potential, whereas the ratio of q., to the
cathodic charge is constant. The irreversible trapping constant (k) was also evaluated from k, and was
used to determine the density of irreversible traps for each alloy.

Introduction In most cases, the interface control model is valid, so the trapping
The ingress of hydrogen into high-strength steels can lead to failure constant, the interfacial flux, and the amount of hydrogen irreversibly
of these materials, whereas certain nickel-base alloys exhibit a much trapped can be obtained.
higher resistance to hydrogen embrittlement (HE). In this study, a The analysis of the anodic current transients for the type 4340
potentiostatic double-pulse (PDP) technique was applied to a high- steel and two nickel alloys has been reported elsewhere.3 The
strength steel [type 4340 (UNS G43400)] and two nickel-base alloys diffusion-control model was not valid for any of the three alloys, but
[MP35N (UNS R30035) and Monel K-500 (UNS N05500)) to inves- the data could be analyzed in terms of the interface control model to
tigate their hydrogen ingress and trapping characteristics and thereby give the interfacial flux and apparent trapping constant for each alloy.
assist in understanding the differing susceptibilities of these alloys to In this paper, the hydrogen entry and trapping characteristics of these
HE. The principal objectives were to determine the following- (1) the alloys are examined in terms of the hydrogen entering the melal
rate-determining step for hydrogen ingress, (2) the irreversible compared to the total hydrogen generated during cathodic charging
trapping characteristics in terms of rate constants and density of and the hydrogen that is trapped.
traps, and (3) the relationships between hydrogen entering the metal,
hydrogen formed on the metal surface, and trapped hydrogen.

The PDP technique is applied to a section of bulk metal charged
with hydrogen at a constant potential (E) for a time (tc), typically in Experimental Procedure
the range 0.5 to 40 s. " The potential is then stepped to a more
positive value (EA) [5 to 10 mV negative to the open-circuit potential Details of the alloys, electrochemical cell, and instrumentation
(EJ)], resulting in an anodic current transient with a charge q, have been given previously.3 Briefly, the type 4340 steel was heat
because of H-atom reoxidation at the same surface. treated to Rockwell C hardness (HRC) values of 41 and 53,

The data are analyzed using a model for the diffusion and corresponding to yield strengths of 1206 and 1792 MPa (175 and 260
trapping of hydrogen atoms in metals' ,2 The effect of trapping on the ksi), respectively. The heat treatments for the steel were as follows:
diffusion of hydrogen is taken into account by modifying Fick's austenitized at 830°C (HRC 41) or 8500C (HRC 53) for 45 min, oil
second law of diffusion to include a trapping term (kc): quenched, tempered at 4500 for 60 min (HRC 41) or 1800C for 80

min (HRC 53), and water quenched.
dcldt + k~c =D(d 2cdx2) ()The Monel K-500 (65%Ni-30%Cu) was used both in the

where k, is an apparent trapping constant measured for Irreversible as-received (AR) condition [HRC 26, yield strength -758 MPa (110
traps in the presence of reversible traps and is given by kI(1 .t K,) ksi)] and age-hardened condition (HRC 35, yield strength - 1096traps aMPa (159 ksill. The aging was performed by heating for 8 h at 6000C
D. is an apparent diffusion coefficient given by Dt/(i + K0): DL is the and then cooling to 48000 at a rate of 1 101h. MP35N is a quaternar
lattice diffusivity of hydrogen, k is the irreversible trapping constant: g ql with a tionrat of 35N isaquaernry
and K is an equilibrium constant for reversible traps, alloy with a nominal composition (wt%) of 35Ni-35Co-20Cr-10Mo

Equation (1) has been solved analytically for two cases- (1) The alloy was used in the AR condition (cold-drawn and aged by

diffusion control in which the rate of hydrogen ingress is controlled by heatng at 590o0 for 4 h and then air cooled) with a hardness and
diffusion in the bulk metal, and (2) interface control in which the rate yield strength of HRC 45 and 1854 MPa (269 ksi), respectively
of ingress Is controlled by the flux across the interface.' Thus, the The electrolyte was a deaerated acetate buffer (1 mol L- ' acetic
PDP technique and associated model can be used to determine acid/1 mol L ' sodium acetate, pH 4.8) containing 15 ppm As2O3 as
whether hydrogen ingress occurs tindAr interface or diffusion control, a hydrogen-entry promoter. The measurements were performed at

22 ± 20C. All potentials are given with respect to a saturated calomel
'SRI International, 333 Ravenswood Ave., Menlo Park, CA 94025, electrode (SCE). The time of data acquisition (ta) for the anodic
tTrade name. transient was made equal to that for the cathodic transient (Q,).
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Results determined from the sum of qT and q. The data for q,,, qT, and the
cathodic charge (qc) were then used to obtain two ratios: (1) qT/qj ,
corresponding to the fraction of absorbed hydrogen that was trapped;

Method of analysis and (2) q,,qc, representing the fraction of charge associated with
The anodic current transients for all three alloys, as noted hydrogen entry during the charging step.

above, could be analyzed in terms of the interface control model.
According to this model, the total charge passed out is given in .92
nondimensional form by the following:' 13 HR41

.94 3 HRC 41

Q' (o) VR(i - e-R/\/(.nR) - [1 - 1/(2R)]erf/R} (2) .94 a HRC 53

r= 1.00
The nondimensional terms are defined by Q'() = q'(oo)/[FJ/(tc/kA)] ' -96 m = -5.97
and R =katc, where F is Faraday's constant, J is the ingress flux, and
q'(o) is the anodic charge corresponding to ta = -. The charge q'(o-) E r = 0.9

is equated to q. obtained by integration of the current transients.3 For .98

the model to be applicable, it must be possible to determine a
trapping constant for which the ingress flux is constant over the range
of charging times. The values of the trapping constant and flux can .1oL
be used to calculate the irreversibly trapped charge given nondimen-
sionally by

-102

QT = (%/R - 1/(2/R)]erf VR + e-R/ V (3)

-The dimensionalized trapped charge (qr) is given by QTFJ\/(tc/a), .0.46 -042 *038 .0.34 -030

The adsorbed charge (qads) was negligible for all three alloys;3  
I (V)

thus, q. was assumed to be associated entirely with absorbed FIGURE 1-Dependence of flux on overpotential for type 4340
hydrogen. Values of ka, K, and k for each alloy are given in Table 1. (UNS G43400) steel In acetate buffer.
The values of k for the steel and Monel were obtained from k, by
using hydrogen diffusivity data to evaluate K,.

1.0
0 Steel HRC 53

TABLE 1 a Monel AR
Values of ka, K,, and k 0 MP35N

Alloy k. (s-1) Kr k (s- 1)

Type 4340 steel 0.008 500 4 E 06-

Monel K500 0.020 1 0.040
MP35N 0.026 n(A) 0.026

CF 0.4

(A)n = Not available; k was approximated to k,.

02L

Type 4340 steel 00
The value of k, is essentially independent of potential and is the 0 10 20 30 40

same for the two heat-treated specimens. In contrast, the flux exhibits tc (s)
an exponential dependence on overpotential [-q - (Er - Ec)] asshown in Figure 1. The closeness in the slopes (m) suggests that the FIGURE 2-Dependence of Ingress charge on charging time fortype 4340 (UNS G43400) steel (HRC 53), Monel K-500 AR (UNS
rate constant for the flux is determined primarily by electrochemical N05500), and MP35N (UNS R30035) In acetate buffer. E, (SCE) =
characteristics and not by alloy microstructure. -0.985 V for steel; -0.905 V for Monel; -0.425 V for MP35N.

The trapping constant (k) can be related to the irreversible trap
density (N) on the basis of a simple model involving spherical traps The dependence of q,n on tc for the steel charged at E,
of radius (d):- -0.985 V is shown in Figure 2. As expected, q,, varies linearly with

t,.1 The slope (FJ) is 25.3 tLC cm-': s-1, which corresponds to the
k = 41Td2N,DL/a (4) same value of J (0.26 nmol cm- 2 s- 1) used to calculate qT via

Equation (3).
where a is the diameter of the metal atom. In the case of the steel, The ratio qTq,n has a small potential dependence and increases
it has been found that if the irreversible traps are assumed to be MnS with tc from between 1 and 2% at 0.5 s to between 35 and 42%o at 40
inclusions, the density of traps is 2 .A 108 m-3.3 This value is in s for Ec - 0.935 to 1.035 V. The increase with tc shows that the
reasonable agreement with the actual number of inclusions, 2 - 109 proporhun uf hydrogea being trdpped increases with the amount of
m 3, but is at least seven orders of magnitude smaller than the hydrogen entering the metal. A change in qTxq,n with t is predictable
number of other possible irreversible traps such as Fe3C and TIC in view of the differing dependence of qT and qn, on t.. whereas q,,
interfaces, depends linearly on tc, the relationship between qT and t is more

The dimensionalized trapped charge (qT) for type 4340 steel complex [see Equation (3)]. Despite the complex variation of q, with
kHRC 53) was calculated using Equation (3), and the charge tc, qT/q, is found empirically to have an approximately linear
associated with the entry of hydrogen into the metal (q,) was dependence on Vt c, as shown in Figure 3.
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r ,m Moncl at high overpotentials suggests that the higher interfacial

04 - -0.935 V; 0 fluxes for the steel compared with those for the Monel are associated
a -0.985 V. 1.00 0.067 with faster kinetics for H+ reduction, rather than a higher rate
* -1.035 V; 1.00 0.072 constant for the entry of adsorbed H into the metal.

00.3
0,3 - 93 4340 steel

+ Monel K500
SOA a MP35N

ar

0.1

02

001
0 1 2 3 4 5 6 7

F0.1

FIGURE 3-Dependence of trapped charge/ingress charge on
charging time for type 4340 (UNS G43400) steel (HRC 53) in * a*
acetate buffer. 00 ' I

0 10 20 30 40

The ratio qqq is independent of potential and t, except at very tc(

short charging times (Figure 4). The invariance of qdq0 with potential FIGURE 4-Dependence of Ingress charge/cathodic charge on
implies that q,, and q, share a similar potential dependence. The fact charging time for type 4340 (UNS G43400) steel (HRC 53), Monel
that this ratio lies between 0.02 and 0.03 (t0 > 1 s) indicates that only K-500 AR (UNS N05500), and MP35N (UNS R30035) In acetate
about 2 to 3% of the hydrogen atoms formed during charging enter buffer. Potentials as given for Figure 2.
the metal.

Conclusion
Monel K-500 and MP35N The charge ratios showed the following characteristics for

The reduction of H' and the entry of hydrogen into these two hydrogen ingress on the basis of the interface control model:
alloys occurs on an oxide-covered surface, even up to relatively high (1) The proportion of hydrogen being trapped increases with the
overpotentials, and the film results in lower values of J than those for amount of hydrogen entering the metal.
the steel As with the steel, ka is essentially independent of E0, and (2) The more rapid increase in trapped hydrogen compared with
J increases with E, The irreversible trap density was also determined absorbed hydrogen probably reflects the increasing number of trap
for the Monel and MP35N using the simple model relating k and N1.

3  sites available to the diffusing hydrogen with charging time.
The primary irreversible traps were assumed to be sulfur in the Monel (3) Only about 2 to 3% of hydrogen atoms formed during
and sulfur and phosphorus in MP35N. The values of N, were found charging enter type 4340 steel, whereas the fraction of hydrogen
to be 26 x 1021 m- 3 for the Monel and 8.2 x 1021 m- 3 for MP35N, entering Monel K-500 and particularly MP35N can be considerably
whereas the actual S and P concentrations were 1.6 x 1024 S atoms higher, depending on the charging potential.
m-

3 in the Monel and 8.1 x 1024 S and P atoms m- 3 in MP35N. (4) The higher interfacial fluxe*s for the steel result from a
The difference between the experimental and expected values higher coverage of adsorbed hydrogen rather than a higher rate

of N, was thought to result primarily from sulfur and phosphorus constant for hydrogen entry.
segregated at grain boundaries as clusters either in the elemental (5) Hydrogen entry into MP35N appears to be facilitated,
form or combined with metal components of the alloys. It is assumed perhaps at grain boundaries, but the amount of hydrogen absorbed
that only the exposed outer atoms of the clusters would be available is restricted by the low interfacial flux for this alloy.
as H traps; the atoms under the exposed layer would be inaccessible
to diffusing hydrogen, so that the effective trap density is much lower Acknowledgment
than the total number of S and P atoms. Financial support of this work by the Office of Naval Research

Values of qT, q,, and the charge ratios were obtained also for under Contract N00014-86-C-0233 is gratefully acknowledged.
the Monel and MP35N. The ingress charge for both alloys again
conforms to the predicted linear dependence on t (Figure 2). The
slopes of the q,/t 0 plot for the Monel (E, = -0.905 V) and MP35N References
(E, = -0.425 V) are 19.4 and 4.5 I.C cm - 2 s- 1, corresponding to 1 R, McKibbin, D.A. Harrington, B.G. Pound, R.M. Sharp, G.A.
fluxes of 0.20 and 0.047 nmol cm - 2 s- 1

, respectively. These values Wright, Acta Metall. 35, 1(1987): p. 253.
of J were the same as those used to calculate qT via Equation (3). 2. B.G. Pound, R.M. Sharp, G.A. Wright, Acta Metall. 35, 1(1987):

As with the steel, qT/q,n increases with tc and qd/qc is essentially p. 263.
constant. In the case of the Monel, q/q 0 decreases linearly with 3. B.G. Pound, Corrosion 45, 1(1989): p. 18.
increasing overpotential from a mean value of 0.13 at E, = -0.755
V to 0.03 at Ec = -0.905 V. The values of q/q, (0.02 to 0.03) over
the range 2 to 40 s at -0.905 V are similar to those for the steel, as
shown in Figure 4. The ratio of q4, to qc for MP35N also depends to
some extent on E, but its values are up to an order of magnitude
higher than those for the steel and Monel, suggesting that transfer of
adsorbed hydrogen into MP35N is facilitated, possibly at grain
boundaries. The similarity in the values of q,/qc for the steel and
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Anodic Dissolution and Hydrogen Embrittlement
During Mechanical Depassivation

of the Ferritic Phase
of a Duplex Stainless Steel

in Chloride Solution Containing H2S
R. Oltra* and A. Desestret**

Abstract
This study has been conducted to further the understanding of the role of H.S in the cracking process
of duplex stainless steels in acidic chloride solutions bearing H2S. Cracking is controlled mostly by the
mechanical depassivation and cracking of ferrite, while H2S can exert a significant influence upon the
electrochemical processes, i.e., anodic dissolution and cathodic hydrogen discharge, which depend
upon the surface film. A depassivation technique has been coupled with a hydrogen permeation cell
instrumented with alternpting current impedance measurements to follow simultaneously the effect of
the mechanical depssivaltion on the anodic dissolution, and on the hydrogen discharge and entry on
a ferritic alloy of the same composition as that of the ferrite phase of duplex stainless steels. This shows
that both processes can be operative in the cracking of that steel, their relative importance depending
upon the electrochemical conditions determined by H2S. To improve the resistance to cracking of these
steels, the sensitivity of ferrite must be considered to design the duplex alloy properly, balancing its
composition to obtain the right amount of ferrite, and reducing the detrimental influence this phase may
have after improper processing.

Introduction processes of the DSSs, and these processes could be operative in
Previous studies have shown that stress corrosion cracking (SCC) different corrosive environments.
properties of duplex stainless steels (DSS) are related to complex Consequently, it appeared of great interest to study further the
electrochemical and mechanical interactions between the two phases, peculiar influence of H2S upon the "electrochemical coupling" that
austenite and ferrite.1 Regarding mechanical interaction, it was may occur during mechanical depassivation of the two phases in the
assumed that austenite can "protect" ferrite from straining and DSS. The electrochemical situation of the bare metal, especially that
exerting mechanical protection because of its lower yield strength. It of the ferrite phase, has been investigated because it was observed
was indeed shown that, at low stresses, ferrite is not significantly to be the controlling step in the cracking mechanism.
strained, while austenite is plastically deformed. 1*3 When stress To investigate the role of HaS, experiments were conducted to
increases, ferrite can undergo depassivation either by discrete determine the factors controlling the balance between anodic disso-
mechanical twinnings or by continuous slip, depending upon the lution and hydrogen discharge and entry. The effect of mechanical
composition and/or the previous metallurgical "history" of the duplex depassivation on the electrochemical behavior of the ferrite phase
alloy.2.3 was studied in the presence of H2S. In the case of low-alloy, high-

The better resistance of the OSS was then explained by strength steels, it has been shown that hydrogen discharge and
considering not only this mechanical interaction between the two permeation into the metal were dependent both on the existence of
phases, but also the fact that ferrite was observed to be "anodic" in a surface film and the presence of H2S in the solution.4 The aim of
regard to austenite, at least in the environment investigated, i.e., a this paper was to determine whether similar processes could occur
concentrated boiling solution of MgCl 2. This electrochemical coupling on DSS, the passive film of which is much more protective.
would thus prevent the attack of the slip steps, which can preferen-
tially form at low stresses in austenite. When the stress applied to the
DSS reaches the critical value for straining ferrite, the latter phase is Experimental
locally depassivated and crack initiation occurs during this phase or
at the alpha-gamma interface.' These studies highlighted clearly the
important role of the depassivation of the ferrite phase in the cracking Materials

Austenitic (AISI 31 1L) stainless steel (SS), austenitic-ferritic
'Laboratoire de Recherches sur la Reactvite des Solides, U.A. 23 (duplex) SS (Cr 22%, Ni 6.1%, Mo 3%, Cu 1.5%), and laboratory
CNRS, Universite do Bourgogne, BP 138 21004 Dijon, France. alloys corresponding to the chemical composition of the ferrite

-Societe UNIREC, Centre Commun de Recherches, Groupe USI- phases of the DSS have been tested (Cr 25.2%, Ni 6 1%, Mo 3 5%,
NOR-SACILOR, BP 50 42702 Firminy, France. Cu 1.5%).
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Techniques depending upon the "free" corrosion potential, because of the
Tensile test experiments were conducted on smooth tensile different compositions and electrochemical properties of each (Figure

-specimens at elongation rates in the range 10- 3 to 70-6 s-7.  2). If mechanical depassivation occurs on one or the other, or both,
Current-ootential, potentiokinetic curves were plotted in acidic chlo- phases, the- situation can become variable and complicated, this
nde solutions that did or did not contain H2S. most of these tests were could explain the difficulties encountered in investigating the cracking
performed at slow scanning rates, e.g., -300 mV h - , from - 1 VsCE. process of DSS in different environments in assigning it clearly either

A depassivation technique has been coupled with a hydrogen to hydrogen embrittlement or to localized dissolution along active
permeation cell with AC impedance measurements to follow anodic paths.
dissolution and in situ changes in the nature of the surface films while
these are continuously mechanically damaged (Figure 1). This
device has been derived from an apparatus used for repassivation
studiess or hydrogen permeation tests.6  E

E
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FIGURE 1-SchematIc representation of the depassivated hy- FIGURE 2-PolarIzation curves In Solution A.
drogen-permeation-membrane electrode. Electrochemical and surface analysis were thus conducted on

the separate phases and on DSS to try and clarify the influence of
Electrolytes H2S on the electrochemical interaction between the two phases and

Tests were conducted in different solutions based on the NACE tho mechanism that sets the potential of the DSS.
Standard TM0177-86 ("Testing of Metals for Resistance to Sulfide In Solution B, the potential of the DSS is set by the electro-
Stress Cracking at Ambient Temperatures") test solution: (1) Solu- chemical reactions occurring on the austenitic phase in the range of
tion A- the solution indicated in NACE Standard TM0177-86, NaCl its pitting potential, whereas presence of H2S (Solution A) holds the
5% + CH3COOH 0.5%, pH = 2.7/2.8, H2S = 1 atmosphere, at electrochemical couple between the two phases in the range of
250C, and (2) Solution B: the same solution as in A, but without H2S, potential -600 to -450 mV vs SCE.
into which argon was instead bubbled continuously for deaerating to In Solution A, anodic dissolution leads to the formation of a
suppress the cathodic reduction of oxygen. Changes of electrolyte protective film of metallic sulfides, which will be shown to cause a
from Solution B to Solution A were made to investigate the role of H2S decrease of the dissolutfon rate and of the entry of hydrogen Surface
upon the electrochemical behavior of the steels.

analysis did not clearly bring to light any differences in the chemical
composition of these films depending upon the nature of the metallic

Results phase 7 However, in the case of DSS, the formation of the film on
either phase is dependent on the corrosion potential. Unfortunately,
only few investigations with high-resolution surface analysis have

Influence of H2S upon the electrochemical coupling been attempted to characterize the protective films on duplex steels.'

between austenite and ferrite
Considering the difference in the chemical composition of the Role of H2S during mechanical depassivation

two phases, an electrochemical coupling effect has been put forward Tensile tests were conducted on ferrtic specimens that were
to explain the better resistance of DSS in many corrosive simultaneously exposed to electrochemical and chemical conditions
environments. '1 37  similar to those obtained during SCC in order to investigate the role

In the peculiar conditions to which NACE Standard TM0177-86 of H2S in promoting either hydrogen embrittlement or anodic
exposes SSs, the general concept of electrochemical coupling must, dissolution.
however, be investigated more precisely, particularly with regard to Precharglng experiment. In "free" corrosion conditions in the
the behavior of the ferrite phase. On homogeneous materials, the two NACE solution, if the passive test-piece is not stressed, the potential
electrochemical half-reactions,- cathodic discharge of hydrogen and falls down to about 500 mV vs SCE, at which potential hydrogen is
anodic dissolution, are conjugate and occur simultaneously over the discharged. Having been so exposed for 24 h, the specimen was
entire surface. On DSS, in passive conditions, anodic dissolution removed from the electrolyte and strained in air at 10 - 3 s-'. The
and/or cathodic discharge and entry of hydrogen proceed only at very mechanical behavior of the ferrite specimen is typically ductile,
slow iates. On the depassivated steel, both processes can be without any evidence of any effect of the hydrogen precharging
simultaneously active, but at varying rates on ferrite and austenite, during the 24-h immersion in the NACE solution.
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Introduction of H2S. In the course of plastic deformation in Hydrogen permeation measurements
Solution B, that solution was replaced by Solution A. Whatever the on a depassivated surface
mode of deformation, twinning or slip, the first event observed was an The protective role of passive films formed in the absence of
electrochemical one, i.e., exactly coincident with the introduction of H2S (Solution B) and also of metallic sulfide films resulting from
H2S, and before the drop in stress, a fall of the electrochemical sulfidation of either austenite or ferrite has been shown to control the
potential occurred from about -200 mV down to -500 or -600 mV effect of H2S in the-cracking of DSS. The straining experiments
vs SCE (Figure 3). From this experiment, it can be concluded that the described above do provide evidence for the sensitivity of ferrite to
influence of H2S on cracking is closely related to the electrochemical hydrogen without clearly demonstrating the role of HS. The main
potential it imposes. question to be answered now is relative to the effect of H2S on the

_depassivated metal, on anodic dissolution or hydrogen entry.
U At the corrosion potential. Using the permeation cell with a
€ depassivated membrane (Figure 1), it has been possible to simulate

.0 the electrochemical changes resulting from the introduction of H2S
Solution B _ _ _ Solution A__ Z that was observed on a straining electrode (Figure 3). Typical

1000. -100 permeation current transients can be recorded simultaneously with
the changes of the potential induced by abrasion (Figure 5).
Considering the breakthrough time 9 and the peak current transient it
is found that the hydrogen permeation rate increases following

-300 mechanical depassivation, although the duration of the mechanical
500- . depassivation is limited.

I ~~5 0 0 3 0 "' ' ,

0 5 10 15 20 Time (h)

10.

FIGURE 3-Tensile test on the ferrite phase with a change of
solution during straining, strain rate = 10- s-.Stress (MPa) m0t(h)
and potential (SCE) variations vs time. 20 0-300.7

Role of the potential. The same test was conducted through-
out in Solution B, but the change in potential was controlled by a
potentiostat (Figure 4). Comparing times-to-failure between both E -500.
tests after the potential reached the range of -500 mVscE clearly
demonstrates that failure either in Solution A or B results from
hydrogen embrittlement of the specimen and that the presence of
H2S (Figure 3) decreases the time-to-failure. Nevertheless, in the -70 ABRASION (1 n)
light of these results alone, it cannot be concluded that this -7ooL

enhancement is related only to an increase of the hydrogen entry in
presence of H2S, as an important effect on the anodic dissolution FIGURE 5-Effect of mechanical depassivation on the electro-
cannot be ruled out in the domain of potential involved. In comparison chemical behavior of the ferrite phase. Potential (SCE) and
with the first "precharging" experiment, this result shows that H2S permeation current (nA) vs time after abrasion (1 mm) (Solution
can readily exert an important influence only on a depassivated
surface. This highlights the difficulty of understanding clearly the In potentiostatic conditions. In addition, abrasion experi-
stress corrosion cracking processes occurring on strongly passive ments have been conducted while maintaining the potential at a
materials in presence of H2 , contrary to what obtains on low-alloy value relevant to the corrosion potential of ferrite in the NACE
steels, upon which surface films are much less protective, are more solution, i.e., around -600 mV vs SCE. But, before the depassivation
easily dissolved and reform much less rapidly, and are therefore less experiments, the surface "oxide" layer was previously reduced at low
important to determine the behavior.' potential, i.e., -1200 mVscE, in Solution B, and then a sulfide film

was formed at the open-circuit potential in Solution A. As the main
purpose of the experiment was to study the permeation transient

0 during abrasion, the depassivation experiment was conducted after
l _an immersion of about 24 h to obtain as low a residual permeation

I -tO' 0.1o current as possible. To that aim, the specimen potential was
I I .. maintained at -300 mVscE, at which potential impedance measure-
1 I - !. ments showed that the sulfide film is not destroyed (Figure 2). The

1000. -111 -300 imposed change of the potential during the test, with or without
I -1 abrasion, consisted in a potential step to -650 mVscE during 5 min,
I followed by a potential scan at high rate (1 V per h) to -300 mVscE.

10 -500 This test allows simultaneously measurement of the polarizing
500- current (anodic or cathodic) on the corroding surface and the

permeation current on the other face. The results are summarized in
I.... Figures 6 and 7. First, the anodic current transients observed during

-700 abrasion seem to be related to the discontinuous scratches on the

filmed surface; they contrast with the lower constant cathodic current
0 5 10 15 20 Time (h) observed in the absence of abrasion. Following well-known data, it

can be assumed that H2S increases the rate of dissolution of the
FIGURE 4-Tensile test on the ferrite phase with a change of depassivated surface (Figure 6). On the other hand, the complemen-
potential during straining In Solution B. Stress (MPa), Imposed tary effect of HS on the depassivated surface is outlined simulta-
potentials (SCE), and current (mlcroamps) variations vs time. neously by the transient permeation current arising on the abraded
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specimen, the maximum peak of which is higher and the break- 30 25 20 15 time (mn)
through time shorter than on the sulfide's filmed membrane (Figure 2

7).
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FIGURE 6-Change of the corrosion current after a potential
step to -650 mVSCE for a sulfide-film-covered electrode (Solu- FIGURE 8-Analysis of the build-up of the permeation tran-
tion A): (a) potential step and (b) potential step and mechanical slents.
abrasion.

In case of strong, discontinuous, mechanical depassivation
events, i.e., twinning, hydrogen embrittlement could be the more

t100. r important process, as hydrogen has sufficient time to build up and
=- embrittle the metal in front of the crack between the bursts of violent

cdeformation that characterize mechanical twinning. Nevertheless,
straining experiments (not reported here) on cathodically precharged

o= 60 specimens in a NaOH 0.1 N solution have shown that hydrogen does
I; not affect the mechanical behavior of the ferrite phase in any way,

Estp abrasion i.e., twinning is not induced nor reduced by hydrogen. In case of slip,
C i which is a more continuous process occurring by very small

i increments of deformation, the anodic dissolution (sulfidation) could
20' be the controlling factor. Because of the less important local

S Estp elementary depassivations, depassivation of ferrite takes place for
st._"-_____ much longer elongations. Twinning is more dangerous, as it occurs

0 0,5 1 2 3 4 5 time (h) for smaller elongations, sometimes below yield.3

FIGURE 7-Change of the permeation transient for the experi-
mental conditions described In Figure 6. Conclusion

It has been shown that the metallic sulfide film formed on the
ferritic SSs investigated in this paper acts as a barrier for both anodic

Discussion dissolution and hydrogen entry; this is in contrast to what happens in

The influence of H2S on the several reactions that occur on a low-alloy steels not protected by iron-sulfide films. But for a depas-
siva!ed surface, the same effect of H2S is found whatever the meansdneasvatedsolutie hase siho n o f sultesl an t of depassivation, i e, electrochemical in case of low-alloy steels or

increase of the dissolution rate with formation of sulides and mechanical for the ferrite phase of the DSS.
enhancement of t heti odeT permeation transient can These observations can help to explain the better resistance of
be analyzed using mathematical models proposed by J. McBreen, L. the ferritic steels and of the DSS when the ferrite phase is not prone
Nisre, nWfiBck.n0 Acordifeeng tcha tobre ent wn ie to twinning, and when the metallurgical processing of the ailoy has
Figure 8, significant differences can be observed between the been correctly controlled 3-11,2, 3 If the DSS has been so designed
diffusion coefficient on the filmed or on the mechanically depassiva- that the austenite phase is first strained and depassivated, because
ted surfaces. The enhancement of the entry of hydrogen into the of its lower mechanical properties, it exerts mechanical protection on
depassivated surface can be interpreted as being dependent on an ferrite This latter phase will not be depassivated, and hydrogen
increase of the hydrogen concentration en that surface. H2S would frieTi atrpaewl o edpsiaeadhdoetherefore seem to inhibit hydrogen recombination on the mechani- embrittlement, or anodic dissolution, will be very slight or negligible
calrefoy desivt rcegpeitng greateriprponon mehr- as the unruptured surface film (be it the so-called passive film or a film
gally depassivated surface, permitting a greater proportion of hydro- made up of sulfides) can protect ferrite from entry of hydrogen and
gen atoms to enter the metal. This assumption for a mechanically from dissolution In this situation, cracking of the duplex steel will be
depassivated surface is totally in agreement with the conclusions controlled mainly by the localized anodic dissolution of the austenite
drawn in the case of an anodically depassivated surface of a phase, which is not very sensitive to hydrogen embrittlement. For
low-alloy steel, higher stresses applied to the austenite-ferrite duplex structure, after

Regarding the cracking behavior of the ferrite phase, the austenite has been significantly strained, ferrite will begin to undergo
contribution of the anodic dissolution of the depassivated metal depassivation either by twinning or by slip, and the sensitivity to
cannot be neglected, but both anodic and cathodic processes are hydrogen of that phase, or the twinning-enhanced and localized
active The entry of hydrogen should be concentrated at the --rack tip, anodic dissolution, can cause fast cracking. It should, however, be
as the walls of the crack are very probably covered by passive or poitted ,jut that such a situation will arise only for very high stresses,
sulfide films that have been found to form barriers to hydrogen. usually in excess of the yield point of the duplex steel. But this

210 EICM Proceedings



highlights again the great importance of designing and processing 7. R. Oltra, A. Desestret, E. Mirabal, J.P. Bizouard, Corros. Sci.
correctly the DSSs, as regards their ferrite content and the solution- 10-11(1988): p. 125.
annealing treatment, to avoid the formation in ferrite of precipitates or 8. K. Sugimoto, S. Matsuda, J. Electrochem. Soc. 130(1983): p.
phases that enhance mechanical twinning, like sigma or hardening 2323.
phases, which are detrimental particularly when the environment can 9. M.A.V. Devanathan, Z. Stachurski, Proc. Roy. Soc. A270
cause entry of hydrogen. (1962), p. 90.

10. J. McBreen, L. Nanis, W. Beck, J. Electrochem. Soc. 113

References (1966): p. 1218.

1. J. Hochmann, A. Desestret, P. Jolly, R. Mayoud, Stress 11. A. Desestret, E. Mirabal, D. Catelin, P. Soulignac, "Special

Corrosion Cracking and Hydrogen Embrittlement of Iron Base Stainless Steels for Application in Natural Sour Gas Exploita-

Alloys, NACE-5, ed. R.W. Staehle, J. Hochmann, R.D. Mc- tion Systems,"-CORROSION/85, paper no. 229 (Houston, TX:

Cright, J.E. Slater (Houston, TX: National Association of NACE, 1984).

Corrosion Engineers, 1977), p. 956. 12. A.P. Bond, H.J. Dundas, Stress Corrosion Cracking and

2. A. Desestret, R. Oltra, Corros. Sci. 20(1980): p. 799. Hydrogen Embrittlementof Iron Base Alloys, NACE-5, ed. R.W.

3. T. Magnin, J. Le Coze, A. Desestret, Duplex Stainless Steels, Staehle, J. Hochmann, R.D. McCright, J.E. Slater (Houston,

ed. R. Lula (Metals Park, OH: ASM International, 1983), p. 535. TX: NACE, 1977), p. 1136.

4. B.J. Berkowitz, H.H. Horowitz, J. Electrochem. Soc. 129 13 H.K. Kwon, A.R. Troiano, R.F. Heheman, Proceedings Confer-

(1982): p. 468. ence on Solutions to Hydrogen Problems (Metals Park, OH:

5. J.R. Ambrose, J. Kruger, Corrosion 28(1972): p. 30. ASM International, 1982), p. 313.

6. P.A. Kharin, G.E. Lazarev, V.D. Shipilov, L.A. Andreyev, 9th
International Congress on Metallic Corrosion, held in Toronto,
Canada (1984), p. 424.

EICM Proceedings 211



Mechanical Condition Dominating Cyclic
Stress Corrosion Cracking of a High-Strength Steel

Under Combined Multiaxial Loads
K. Komai and K. Minoshima*

Abstract
Cyclic stress corrosion (SC) cracking tests of smooth specimens under combined tensile and torsional
loads have been conducted on a type 4135 high-strength steel in a 3.5% NaCI solution at 298°K. The
stress wave form was triangular at a stress cycle frequency of 0.1 Hz. Two series of loading patterns
were used: multiaxial cyclic-load tests under an in-phase cyclic tension and torsion [tensile stress ratio
(R.) of 0 and torsional stress ratio (R) of 0], and multiaxial cyclic-static tests where one of the two
applied loads was cyclic and the other static (i.e., R, = 0, R, = 1 or R, = 1, R, = 0). Combined stress
ratios of "T, 8axnI were selected as 0, 112, 1, 2, and infinity. In the case of multiaxial cyclic-load tests,
a cyclic SC crack normal to the maximum principal stress is initiated at the bottom of a corrosion pit.
In this case, the life of cyclic SC cracking is dominated by the maximum principal stress (olmx), which
equaled the maximum principal stress range (A.,.max). In the case of multiaxial cyclic-static loads, a
cyclic SC crack normal to the maximum tensile stress range is initiated at the bottom of a corrosion pit,
provided that a static tensile load in the plane of the maximum tensile stress range is relatively small.
In this case, the life of cyclic SC cracking was dominated by the maximum tensile stress range (Arnmax).
In either case, the mechanical condition dominating crack initiation at the bottom of a corrosion pit is
determined by the stress-intensity factor range (AK,Fscc) calculated on the assumption of a corrosion
pit being a surface crack.

Introduction machined into smooth specimens in a longitudinal direction. Speci-
High-strength materials aie sensitive to environmentb. Their ei,viron- mens shown in Figure 1 were finished with 2.5-Lm diamond paste
mentally induced degradation, including stress corro,.son tSC) c, ack- after polishing with #2000 emery papers. The corrosive environment
ing, poses serious problems. In high-strenjth materials sensitive to was a 3.5 wt% NaCl solution at 298 * 1K, and it was circulated
an environment, fracture modes domir~ateu by SC cracking are often between a corrosion chamber and a corrosion reservoir at a flow rate
observed even under dynamic loads. For example, when materials of 12.5 mL/s.
sensitive to static SC cracking under a sustained load are subjected An electrohydraulic tension (98 kN)-torsion (980 N m) fatigue
to dynamic loads such as a low frequency variation (stress ratio R - testing machine was used. The stress wave form was triangular at a
Km f,,, being near 0), the crack growth is greatly accelerated stress-cycle frequency of 0.1 Hz. Two series of loading patterns were
compared to fatigue in an inert environment,' which results from SC used, multiaxial cyclic-loaJ tests under in-phase cyclic tensile and
cracking promoted by dynamic loads. Therefore, suuh phenomena torsional loads [tensile stress ratio (R.) of 0 and torsional stress ratio
are termed "cyclic SC cracking"' 245 , and are differentiated from (R,) of 0] and multiaxial cyclic-static tests in which one of the two
conventional corrosion fatigue. In this field, many investigations have applied loads was cyclic and the other static (i.e., R, .- 0, R, 1 or
been reported on the initiation and growth behavior of SC cracks R, = 1, R, = 0). Combined stress ratios of "rAjm,, were selected
under a uniaxial loading condition, though SC cracking behavior as 0, 1/2, 1, 2, and Infinity.
under multiaxial loading has rarely been reported., 9  Specimens' surfaces were closely examined, and depths of

In the present study, cyclic SC cracking tests of smooth corrosion pits were measured using a defocusing method. The
specimens under a combined tensile and torsional load were expected maximum pit depth in the exposed area was obtained by an
conducted on a type 4135 high strength steel sensitive to a hydrogen extreme value analysis.' " Doubly exponential distribution parame-
embrittlement type of SC cracking. Crack Initiation sites were closely teis were calculated by the minimum-variance linear unbiased
examined, and the mechanical condition dominating the initiation of estimator method.'1

SC cracks under a multiaxial load is discussed.

Experimental Procedures Experimental Results and Discussion

The material tested was type 4135, a high-strength steel whose
chemical composition, heat treatment, and mechanical properties are Initiation of cyclic SC cracks
listed in Tables 1 to 3, respectively. Extruded rod materials were under multiaxial cyclic loads

S.t diagram and Initiation sites of cyclic SC cracks. Figure
2 shows the relation between von Mises-type maximum equivalent

'Department of Mechanical Engineering, Kyoto University, Yoshida stress (,,, a) and time to fracture (). The figure also contains the
Honmachi, Sakyo-ku, Kyoto 606. Japan. fatigue data in dry air under uniaxial loading (T,,,/r,, =0) at R.,= 0.

EICM Proceedings 213



TABLE 1 From the figure, it is clear that cyclic SC cracking life became

Chemical Composition longer with an increase in "maxO'ma, compared at a fixed value of the
equivalent stress. Regardless of the loading condition, a cyclic SC
crack normal to a maximum principal stress was initiated at the

C SI Mn P S Cu NI Cr Mo bottom of a corrosion pit and propagated as shown in Figure 3. The
initiation behavior was quite similar to that of cyclic SC cracks under

0.36 0.19 0.71 0.030 0.011 0.07 0.05 0.99 0.16 a pure bending or a pure torsional load, reported elsewhere.12 The
data in Figure 2 were replotted in terms of the maximum principal
stress (or,,,.a). The results are shown in Figure 4. In the case of
multiaxial cyclic loads, Olnax is equal to maximum stress range of
principal stress (Acrl.,,x) and also to maximum stress range of tensile
stress (Arnm,). It is clear that a single curve is obtained between

TABLE 2 Tet.ens and time to fracture regardless of "r,,,/x'm,, value, and
Heat Treatments low-frequency variation caused a considerable decrease in cyclic SC

cracking strength from those of static SC cracking under a sustained
Normalizing Quenching Tempering load as well as from those of fatigue in dry air.

11430K 1 h AC 11280K 1 h 00 5230K 1 h WC Corrosion Pit

Longitudinal,

TABLE 3 Direction
Mechanical Properties

0.2% Yield Strength Tensile Strength Elongation Maximum
Principal1380 MPa 1770 MPa 13% 'StrS i°

FIGURE 3-Crack Initiated at the bottom of a corrosion pit
(maxia'max = 2, O'max 222 MPa, 1 max = 444 MPa).

2000
1500

0
n. 1500- 0

200 +

1000 - 1 ,,, - 0

FIGURE 1-Shape and dimensions of test specimens. All dl- 0.," R1.I Rq,.O Th-o R.I.
menslons are In mm. 50 0

_________________________500___ 112 a a

2000 1 In Ory Air
0 2 - ,0 +

0 o A f ! 3
1500o 0 0 to' 10 to

+ t ks
a FIGURE 4-Relation between u,max and time to fracture (t).

1000- +
TAU 0-1R-0O -Ro-O 0 a 1FGrowth of corrosion pits and crack Initiation. Similar to theo*,- R-0 R,- RrO S U initiation behavior of cyclic SC cracks under a uniaxial loading

0 0 condition,' 2 cyclic SC cracks under multiaxial cyclic loads wereSoo -t2o In Dry Air
/00 initiated at the bottom of a corrosion pit. Consequently, the most

I - 0 important parameter dominating the crack initiation is considered to
2 y 0..be depth of a corrosion pit. Figure 5 shows the relationship between

c CO A the extreme value of pit depth (dp.mx) and testing duration (t). Here,
o'0 0 to tests were interrupted at a duration of 25%, 50%, and 75% of time to

k<s fracture represented by a solid line in Figure 4. The data in Figure 5
show that growth rate of the corrosion pit was independent of

FIGURE 2-Relation between r and time to fracture (t). ,I/m value, and a single relation (d,..) (pm) = 4.8t° 37 (ks)
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was concluded, which is plotted by a solid line in the figure. Also, almost constant, and the average value of AK,, AKIFsCC was obtained
cracks at the bottom of corrosion pits were first observed at a duration at 5.4 MPa-m112. The relationships between or,.,. (= Au,,) and
of about 50% of total life, regardless of , value. This means the pit depth at AKIFSCC are plotted in Figure 6 with an aspect ratio
that Tmax/,,,cr value may not affect time to crack initiation and may of 1.0, the maximum aspect ratio (a,,); 0.77, the average of the
not affect time to fracture either. mean aspect ratio (Ctmean); and 0.55, the average of the minimum

aspect ratio (am,n). From the figure, it is clear that the threshold pit
40 depth above which a crack was initiated at the bottom of a pit

d,..o.=4.St"" coincided with the line of AKIFscC = 5.4 MPa-m11 2. At high stress
0 levels, where the aspect ratios were close to unity, the threshold pit

a 30 0 depth existed between the lines of a,., and mean, whereas at low
S•stress levels, where the aspect ratios ranged from 0.77 to 0.64 on the

average, the threshold pit depth existed between the lines of ctmoa
20 R1ob:-,1 Ro0 and a,n. These results support the idea that the mechanical20- (~1T=0 _. 10 17O t=1

0 * condition dominating crack initiation at the bottom of a corrosion pit
1/2 is the stress-intensity factor range calculated on the assumption of a

10 I corrosion pit being a surface crack.

2 V 8

CD A

0 50 to0 150 200 250 L
t ks 6 - AKirscc=5.4MPa. .

FIGURE 5-Relation between dpmx and testing duration (t). -. , -• - -

tRoO R1 Ro-O
0-.. Rr.0 Rr=0 Rr1

Fracture mechanics approach to Initiation of cyclic SC 0 ,
cracks. Figure 6 shows the relation between the maximum principal 1 1/2 a *

stress (rl.,,ax) (= Al. . x = ArnrJ, and the pit depth with and 2- 1 +
without cracks. A cyclic SC crack was initiated when a pit depth 2 ,, V
exceeded a threshold value. co A

0'
a500JKirsccS. 41Pa 5 0 500 1000 1500

1500- 07 .Pa

-. a,.. 77 FIGURE 7-Relation between AK, and Aoi max (Acinmax),
,o d.,, -0.55

S, ,Initiation of cyclic SC cracks
1000 . under multiaxial cyclic-static loads

S-t diagram and Initiation sites of cyclic SC cracks. Figures
=0Dm. . 2 and 4 also show the results under multiaxial cyclic-static loads. In

-± Ro-0 , Figure 2, the lifetime in terms of a'.mx became longer than that
0... R:-0 under multiaxial cyclic loads shown by solid marks. The lifetime in

500- 0 terms of a,.,. was longer than that under multiaxial cyclic loads,
1/2 though the scatter band was smaller than that in terms of cr .,
I (Figure 2). Figures 8 and 9 illustrate the initiation sites of cracks at R,,
2 V SOLID SYMBOLS WITH CRACK = 0 and R, = 1 and at R. = 1 and R, = 0, respectively. At R, =
o A OPEN SYMBOLS WITHOUT CRACK 0 and R, = 1 with -max/amax = 1/2, a crack normal to the longitudinal

0 1 1 1 direction of a specimen was initiated at the bottom of a corrosion pit,
0 t0 20 30 40 50 as shown in Figure 8, whereas at R. = 1 and R = 0 with 'm,/Oa,,,,

PIT DEPTH 'um = 2, cracks at an angle of 45 degrees against the longitudinal

FIGURE 6-RelatIon between 1
1m,, and pit depth under multia- direction of a specimen were initiated as shown in Figure 9; these

xtal cyclic load. prove that the cracks were initiated in the plane where the tensile
stress range took maximum, not in the plane of the maximum
principal stress. Therefore, the data shown in Figure 4 were plotted

Assuming a corrosion pit with cracks as a sharp semi-elliptical in terms of the maximum tensile stress range (A~r,,). The results
surface crack,13 14 a Mode I stress-intensity factor range at the are shown in Figure 10. Here, Acrn.,,, under multiaxial cyclic loads
bottom of a corrosion pit (AKI) (= K ,,,,,) was computed using the equals . or Au i.,,.,, so the S-t diagram under multiaxial cyclic
Newman Raju equation.' 5 Here, the maximum principal stress range loads in Figure 4 is shown in Figure 10 by a solid line. The results
(Afin,,) a,.,,. - m,,). was substituted for stress range. As undet iiultiaxial cyclic-static loads coincided fairly well with the line
for surface crack length, a projected pit width normal to the direction under multiaxial cylic loads, cyclic SC cracking life under multiaxial
of maximum principal stress was adopted assuming a surface shape cyclic-static loads was proved to be dominated by Aan.max.
of the pit as an ellipse, and pit depth, including general wastage by Fracture-mechanics approach to Initiation of cypllc SC
corrosion, was substituted for the crack depth.4 Most of the aspect cracks. Similar to multiaxial cyclic-load tests, the maximum pit depth
ratios of corrosion pits (a) were smaller than unity. At high stress in an exposed surface was estimated by an extreme value analysis.
levels, however, some pits have values of greater than unity. The The results are shown in Figure 5 with those under multtiaxial cyclic
Newman-Raju equations used here are valid with a smaller than loads.
unity An aspect ratio a was thus assumed to be unity, when a 1. The maximum pit depth under multiaxial cyclic-static loads

Ten pits, each with a crack, were randomly chosen in each almost equaled the one under multiaxial cyclic loads, so differences
fractured specimen and AK, values were calculated, the relationship of growth behavior of pits between multiaxial cyclic and multiaxial
between the minimum values of AK, in each specimen and Au,, r, cyclic-static load tests were not observed, as long as the Acrn m was
is shown in Figure 7. The data except at high , values were identical.
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substituted for the stress range instead of and projected pit
Crack width normal to the direction of , for surface crack length. AK,

values under multiaxial cyclic-static loads equaled the AKIFSCC value
obtained under multiaxial cyclic loads. The three lines in Figure 11
represent the relation between pit depth and Aurn,.ax at AKFscc =

5.4 MPa.m" 2 with the aspect ratios (a) of 1.0, 0.77, and 0.55,
Longitudinal respectively. The threshold pit depth, above which a crack was
Direction initiated, lay in the zone between the lines of a = 1.0 and a = 0.55;

whether or not a crack is initiated at the bottom of a corrosion pit
under multiaxial cyclic-static loads is determined by the stress-
intensity factor range deduced from A rain the same manner as

Maximum the crack initiation under multiaxial loads.

Principal 1500 \Ktsc-5.4MPa ,9
Stress - a.... 1.o

d.e.-O=.77

0(.1, =0.55

Corrosion Pit 2O =\.... ... - " t 00 0='
FIGURE 8-Crack Initiated at the bottom of a corrosion pit under .
multlaxial cyclic-static loads ("kmax/amax = 1/2, "max = 800 MPa, "
Rar = 0, -T = 400 MPa, R, = 1).

Corrosion Pit 500 -o R0 ....

2 SOLID SYMBOLS WITH CRACK

Longitudinal W OPEN SYMBOLS WITHOUT CRACK

Direction 0 C 1 1
0 1o 20 30 40 50

PIT DEPTH Aum
FIGURE 11-Relation between pit depth and AOrn,max.

Maximum, We should note that the tensile stress ratio in the plane, where~the tensile stress range is maximum, was rather small in the present

SPr experiment, ranging from 0 to 0.2. One author already reported that
SSssthe threshold values of cyclic SC crack growth were strongly

dependent on stress ratios, and that the linear relationship existed
between stress ratios and the threshold values.16 Therefore, one
should also consider the effects of a maximum tensile stress or a
mean value of stress variations in addition to the tensile stress range

FIGURE 9-Crack Initiated at the bottom of a t, -oslon pit under on crack initiation, when an applied tensile stress ratio is high. In fact,
multlaxlal cyclic-static load (rmax/,,x = 2, r = 400 MPa, R. some cracks existed in the plane, where a tensile stress range was
1, "rrm = 800 MPa, R, = 0). not maximum, as shown in Figure 12. In the plane, a maximum or a

2000 mean value of tensile stresses was larger than those in the plane
where the tensile stress range reached the maximum. Figure 13
shows the relation between the number of cracks and crack angle (0)

. 5defined by the angle between the longitudinal direction of a specimen
and the normal direction of a crack. Most of cracks were dominated
by A On.max and 0 equaled 0. However, some cracks existed that were
affected by a maximum or a mean value of tensile stresses.

1000 U. Rt R"O ..,.
0,, RT-0 Rr-I

t/20 V Longitudinal
" 500 Direction

2 V

0 t Direction
to to t0o Normal to

t ks Fracture
FIGURE 10-Relation between AT, and time to fracture (t). Surface

Figure 11 shows the relationship between Aan.max and the pit
depth with and without cracks. A crack was initiated when a pit depth
exceeded a threshold value, in a similar way to the crack initiation Maximum
behavior under multiaxial cyclic loads. Therefore, AKI values at the Principal
bottom of a pit with cracks were calculated with the Newman-Raju Stress
equation by assuming a pit has the characteristics of a sharp crack, FIGURE 12-Crack Initiated at the botttom of a corrosion pit
and the minimum values of AK in each specimen are plotted in under multlaxlal cyclic-static loads (,.x,,rx = 1/2, max =

Figure 7. Here, the maximum tensile stress range (, ) was 1100 MPa, R , = 0, -r = 550 MPa, R, 1).
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Conclusion
Initiation behavior of cyclic SC cracks under multiaxial loading Discussion

conditions were investigated in a high-strength steel, type 4135, R.P. Wei (Lehigh University, USA): Does stress corrosion
sensitive to hydrogen embrittlement SC cracking, and the following (SC) cracking always initiate from corrosion pits?
were made clear. K. Komai: Whether SC cracks initiate from corrosion pits or not
(1) In the case of multiaxial cyclic-load tests, where in-phase cyclic depends upon the material-environment system, but in many cases

tensile and torsional loads at a stress ratio of 0 were applied to corrosion pits play a dominant role in the initiation of SC or corrosion
specimens, a cyclic SC crack normal to the maximum principal fatigue cracking. Our proposal is very simple and useful, which
stress was initiated at the bottom of a corrosion pit, In this case, enables us to make life predictions of machines and structures
the life of cyclic SC cracking was dominated by the maximum operated in aggressive environments.
principal stress ('smna), which equaled the maximum principal D.J. Duquette (Rensselaer Polytechnic Institute, USA):
stress range (Mi.,x). Quite often pitting is not observed on some alloys unless stress is

(2) In the case of multiaxial cyclic-static loads, where one of two applied. One of the difficulties of correlating pits with crack initiation
applied loads was cyclic and the other static, a cyclic SC crack is that cracks and pits are often associated, and pitting that precedes'
normal to the maximum tensile stress range was initiated at the cracking cannot be treated independently. The relationship between
bottom of a corrosion pit, provided that a static tensile load in the pitting and cracking is still not well established.
plane of the maximum tensile stress rnne was relatively small K. Komal. In the case of aluminum alloys in sodium chloride
In this case, the life of cyclic SC cracking was dominated by the solution, SC cracks under sustained load with small vibratory
maximum tensile stress range (A0rn.max). stresses superimposed were initiated at grain boundaries or hydrogen-

(3) The mechanical condition dominating crack initiation at the induced ji 11) cleavages, and corrosion pits were not observed prior
bottom of a corrosion pit was determined by the stress-intensity to the cracking (Komai, et al., Japan Soc. Mech. Eng Internat J
factor range (AKIFscc) calculated on the assumption of a 30(1987). p. 401]. On the other hand, in corrosion fatigue [Komai, et
corrosion pit being a surface crac.k. al., ibid. 30(1988): p. 606] as well as in cyclic SC cracking of high
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Relationships Between Plasticity
and Stress Corrosion Cracking

D.B. Kasul, C.L. White, and L.A. He/dt*

Abstract
Polycrystalline 13-brass was prestrained various amounts in air or in an inhibiting environment (aqueous
NaCI). The subsequent ductility in distilled water, which causes stress corrosion cracking (SCC),
decreases linearly with prestrain.
SCC crack growth in large, single-crystal compact-tension specimens has also been characterized
using crack velocity vs stress intensity and x-ray rocking-curve measurements. Rocking-curve results
on a (100) SCC fracture surface indicate a high near-surface dislocation density that does not change
appreciably with increasing stress intensity.
These results are consistent with models of SCC that are based on environment-induced dislocation
activity.

Introduction were taken from the fracture surface at two different locations in the
Several studies of stress corrosion cracking (SCC) have shown that Stage II cracking region to determine the near-surface strains
a high density of dislocations develops in the near-surface region associated with SCC.
before cracking." Kamachi, Otsu, and Obayashi used transmission
electron microscopy and x-ray diffraction methods and found that for Experimental Procedure
austenitic stainless steels, under otherwise identical conditions of
stress and temperature, boiling MgCI2 solution (an SCC environ- The materials used for study were single-crystal and poly-

ment) causes a much higher dislocation density to form in the crystalline 13-brass containing approximately 49.0 wt% Zn. Polycrys-

near-surface regions than does an innocuous environment 4 There tal tensile specimens were produced by alternately swaging and

are similar observations for other materials, including Naval brass, annealing as-cast bars 20 mm in diameter down to 6.4 mm. Gauge

and titanium alloys.? Th, se researchers have noted that stress sections 12.7 mm long and 3.2 mm in diameter were machined and

corrosion cracks initiate when a critical dislocation density is reached the samples final annealed at 5000C for 1 h, which resulted in a grain

Similar behavior has been observed for materials undergoing fatigue size of approximately 250 t. Single crystals of 13-brass 37.5 mm in

cracking.? For example, Kramer, et al,,' have shown that cracking diameter and 23 cm long were grown parallel to (100] by the
occui,'s in Naval brass when the dislocation density, as determined Bridgman method. A [1001 seed crystal 6.4 mm in diameter and 5 cm

from measurement of microstrains by x-ray diffraction, reaches a long was used to initiate growth parallel to [100] in the larger crystal.

value of approximately 6 x 10" cm- 2 for both SCC in a CuSO4  Round compact-tension (CT) specimens9 5.6mm thick and 37.5mm
environment and for fatigue in air. in diameter were then obtained by slicing the crystal with a

,,. the above ;, mind, a series of slow-strain-rate experiments high-speed wafering saw. These were notched parallel to (1001 with

was designed tu test the effects of prestraining In an innocuous a slow-speed diamond saw using a 600 beveled blade, All specimens

environment on subsequent ductility in an SCC environment. 1-brass were electropolished in a cold bath of 33% nitric acid and 67%
polycrystals were prestrained various amounts in air or in 0.015 M methanol pnor to testing.

aqueous NaCI and then strained to failure in distilled water These Polycrystal samples were tested at a strain rate of I x 10- s s- I
alloys typically exhibit 55% elongation to failure in air and about 6% In a nylon and polystyrene environmental cell. After prestraining in
elongation in distilled water (an SCO environment) Tensile elonga- either air or a 0.015 M NaCI solution, straining was continued in
tions in aqueous NaCI, an Inhibiting environment, are comparable to distilled water until the onset of cracking was Indicated by a drop in
those in air. the measured load. For the air prestrain tests, distilled water was

If there is, in fact, a critical dislocation density required for simply added to the cell once the desired extent of prestrain had
cracking, and it the rate at which that density Is accumulated depends taken place. For the 0.015 M NaCI prestrain tests, the solution was
on the presence or absence of an SCC environment, then we expect flushed from the cell and replaced with distilled water at the
a quantifiable relationship between the extent of prestrain in air or an appropriate level of strain. In both cases, straining was continuous
inhibiting environment, and the subsequent strain exhibited In an during the entire test. The single-crystal CT samples were tested in
SCC environment. We will show that such a relationship apparently distilled water under constant load. Crack growth was monitored by
exists for 13-brass. a Krak-Gaget and the resulting fracture surfaces were examined by

Measurements were also made of crack velocity as a function scanning electron microscopy (SEM). X-ray rocking curves were
of stress intensity for 0.brass single crystals. X-ray rocking curves, taken from the fracture surfaces, as shown in Figure 1. A Cu target

with 0.1° beam slits wza, used for the x-ray source. The full-width half
maximuni (FWHM) of the (200) diffraction peak was measured for the
fracture surface (B) and for an annealed specimen (b). The normal-

'Department of Metallurgical Engineering, Michigan Technological
University, Houghton, MI 49931. 'rade name.
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ized rocking-curve breadth (B/b) was taken as a measure of the dependent upon the local stress intensity. The normalized peak
dislocation density in the sampled volume. Depth profiles were breadths decrease to values comparable to those for annealed
obtained by measuring B after electropolishing known thicknesses of crystals upon removal of approximately 100 jL from the SCC fracture
material from the fracture surface, surface. Of particular interest in Figure 5 are the points corresponding

to the as-fractured surface. The B/b ratios for the two locations are
nearly the same (2.9 and 3.0 for the low and high K regions,

[001 respectively).

25
1 Total Strain
0 Additional Strain

x-ray source detector in Water
xa0103 or 20 A 1/3 Air Strain

20 A + Strain in Water

0

K~mfi2 fixed 2e lK= 16 MPa M11/2

K= 8MPoml//

____ 10-
sample rotation

FIGURE 1 -Schematic diagram of apparatus for obtaining rock- L
Ing curves from (200) fracture surface of single-crystal compact- 5,
tension specimens. Fracture surfaces were Incrementally elec- --

0

tropolished to obtain a depth profile.

Results 0 5 10 15 20 25

Prestrain in Air (%)
Prestrain effects

As previously noted, ductility of the polycrystalline material is FIGURE 2-Prestrain in air vs cttal, Ewaterp and (1/3 1air + Cwator).
approximately 55% in air and failure is by ductile rupture, whereas in
distilled water the value is about 6%. The SCC fracture of the
polycrystalline samples is totally intergranular with zero prestrain; 20
increasing prestrain increases the fraction of transgranular cracking. e Total Strain
Figure 2 gives the effects of specific amounts of prestrain on a... u Additional Strain in Water
subsequent deformation and fracture in distilled water. The plot of A (1/2.5) Strain in NaCl Son.
additional strain in distilled water vs prestrain in air has a constant + Strain in Water
slope of approximately -0.3. This indicates that straining in distilled
water is approximately three times as effective in bringing the 15-0
material to the point of crack initiation as is prestraining in air. This is
also indicated by the plot (Figure 2) of [1/3 prestrain + strain in .d
water], which is remarkably constant over the tosted range of .4

prestrain (0 to 21%). For specimens having the greatest amount of
prestrain (21%), very little additional strain in water can be accom- 10.
modated; fracture occurs within one minute.

Cd
Figure 3 shows the effects of prestraining 13-brass polycrystals r4

in a 0.015 M NaCI solution on additional strain in water. This NaCI
solution is an effective inhibitor of SCC in brasses;10 it causes the 41

ductility of 13-brass to be nearly that observed in dry air. Comparison

of Figure 3 to Figure 2 indicates prestraining In the NaCI solution has ,,

a similar effect to prestraining in air, o
.4,-

Compact-tension specimen testing
Figure 4 shows the results of the crack velocity vs stress 0 5 10 15 20

intensity for p-brass single crystals. The SCC cracks propagate on Prestrain in 0.015 M NaC1 (%)
(100) planes in <110> directions" and have the macroscopic
appearance of brittle transgranular cleavage fractures. Kscc was
found to be approximately 4.8 MPam 2 * The Stage II crack velocity FIGURE 3-P 3traln In 0.015 M NaCI vs (total, Ewatr, and
was found to be 1.4 X 10- mm s-1. 112.5ENCI soin + Cwater.

The results of x-ray rocking-curve studies taken from a CT
specimen fracture surface at two locations representing different Discussion
stress intensities are shown in Figure 5. Figure 6 shows an example According to the data presented in Figure 2, there is a linear
of the fracture surface in the Stage II region. Interpreted in terms of relationship between the amount of prestrain in air and the additional
dislocation densities, these curves indicate relatively high densities amount of strain that can be accommodated by 13 brass in distilled
within 20 to 30 t. of the fracture surface that are not strongly water (1/3e,., + ewto, = constant). Kramer, et al..' have shown that
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an SCC environment for Naval brass, 0.1 M CuSO4 at open-circuit
potential, causes the observed average linear rate of dislocation
accumulation with strain (dp/dE) for both the surface and the interior
regions to be higher by a factor of two than the rate measured in air.
This factor increases to nearly three when the samples are anodically
polarized to +540 mVscE and goes to unity when the samples are
cathodically protected.

£5

S STAGE II FIGURE 6-SEM micrograph from Stage 11 cracking region of
10-7  (100) fracture surface from single-crystal compact-tension spec-

imen. River lines are parallel to <110>.
I 0,

W If we assume that 13-brass in distilled water (and perhaps other

E ' systems) behaves similarly to Naval Brass in 0.1 M CuSO4, we can
take the average rate of dislocation accumulation during tensile

* deformation in air [(dp/dE)j,] and the rate during deformation in waterI. [(dp/de)wat,] to be constants. The work of Kramer, et al., suggests
= |that" .=STAGE I

SS E(dp/dF)ar X Eair + (dp/dE)water x Ewator = (Pcmn)water (1)

* where (Pct)water is the critical dislocation density required for crack
S :K,, initiation in water. Thus, based on a slope of approximately -0.3 for

4.0 6.'0 8.0 10.0 12.0 14.0 16.0 strain in water vs prestrain in air (Figure 2), our results suggest thatK (M'Pa in11 2)
(dp/de)wato, - 3 (dp/d,)a;, (2)

FIGURE 4-Crack velocity as a function of stress intensity for 13- Then from Equation (1),
brass single-crystal compact-tension specimens. Specimens
were oriented so that SCC occurred on (100). 1/3E + Ewater (P/d)wato = constant (3)

(dp/dE)wator

3.50 The constancy of 1/3,, r f Ewator for 0 Ear < 21% is seen in Figure
2. Similar results were obtained for 13-brass prestrained in the

Xo = 6 Mp, -/ inhibiting 0.015 M NaCI solution (Figure 3). Here the slope of the
.00 o = 156 am j prestrain vs distilled water strain is - -0.4, implying that, 3.00

(dp/dE)wtor ' 2.5 (dP/dF)NaC, soIn (4)

m 2.50 o2a value that is comparable to that for air prestraip. Accordingly, our
0 o results are consistent with the concept of environment-enhanced

L) dislocation accumulation preceding crack initiation.
2.00 Environment-induced deformation is also invoked in the model

0 o proposed by Lynch for stress corrosion crack propagation. 2 "
1
6 Here,

crack advance is accomplished by environment-induced slip in the
1.50 crack-tip region. The nature of the necessary environmental interac-

10 tion is not known. Lynch has postulated an adsorption process; and
N a model described by Hintz 7 takes into account that dissolution
N o m products may be active as adsorbates at the crack tip. Kaufman and
5 1.00 0 Fink'8 suggest that dissolution and enhanced local plastic flow
0 combine synergistically to cause crack propagation. Whatever the

interaction, the present results indicate the response to the environ-
0.50 , . . . I . . . I ment can be very rapid; samples prestrained in air 21% or more

0 20 40 60 80 100 began to crack within one minute of exposuie to distilled water.
Distance Beneath Fracture Surface (pmi) The rocking-curve results (Figure 5) demonstrate the line

broadening measured at two locations on the fracture surface in the
Stage II cracking region (K = 8MPa-m'/ and K = 16 MPa-m") is

FIGURE 5-Ratio (B/b) (B = as-measured full-width half maxi- nearly the same, with B/b raJos of 2.9 and 3.0 respectively. These
mum (FWHM), b = annealed (FWHM) for rocking curves from FWHM ratios, indicative of the relative dislocation density, suggest
(200) fracture surface of 1-brass single-crystal compact-tension that the final dislocation density at the fracture surface is insensitive
specimen, to K in the Stage II cracking region where these data were taken.
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Although the observed line broadening could result from dislocations 7. I.R. Kramer, S. Weissmann, Proceedings of the Symposium on
generated either ahead of the crack tip or-at the crack tip, the high Novel Non-Destructive Evaluation Methods for Materials (War-
dislocationdensity is uniform along the fracture surface. This also rendale, PA. The Metallurgical Society-American Institute of
supports the previously reported concept that cracking in an SCC Mining, Metallurgical, and Petroleum Engineers, 1982), p. 141.
medium occurs at a critical dislocation density. 8. Metals Handbook, 9th ed., Vol. 10 (Metals Park, OH: 1986).

9. ASTM Designation E399-$3 (Philadelphia, PA: ASTM).
Summary 10. H. Uhlig, K. Gupta, W. Liang, J. Electrochem. Soc. 122(1975):

For P3-brass, the additional strain that can be accommodated in p. 343.
distilled water (which causes SCC) decreases linearly with increasing 11. W.K. Blanchard Jr., L.A. Heldt, Metall. Trans. 20A(1989). p.
prestrain in an innocuous environment (air or aqueous NaCI). 1439.

Rockinb-curve measurements on a single-crystal SCC fracture
surface indicate a relatively high dislocation density near the surface. 12. S.P. Lynch, Dept. of Defence, Defence Science and Technol-

The density does not change appreciably as the stress intensity ogy Organisation Aeronautical Research Laboratories, Aircraft
increases. Materials Report 119 (Commonwealth of Australia, 1986).

The results support the concepts of environment-induced dis- 13. S.P. Lynch, J. Mater. Sci. 21(1986): p. 692.
location activity and cracking occurring at a critical dislocation 14. S.P. Lynch, Scripta Metall. 20(1986): p. 1067.
density. 15. S.P. Lynch, J. Mater. Sci. 20(1985): p. 3329.
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W.W. Gerberich (University of Minnesota, USA): In your

References single-crystal (001], (001) orientation, the crack appears to be
1. I.R. Kramer, B. Wu, C.R. Feng, Mater. Sci. Eng. 82(1986): p. growing in a <110> direction. We also find this in hydrogen-induced

141. or overload cracking in many body-centered cubic materials. Do you
understand why cracking always occurs in the <110> direction?

2. R.M. Yazic (Ph.D. diss., Rutgers University, 1982). L.A. Heldt: We have confirmed (Blanchard and Heldt, Metall.
3. C.F. Lo,,W.E. Mayo, S. Weissmann, CORROSION/88, paper Trans., in press) that the direction of cracking is [110]. Ayres and

no. 282 (Houston, TX. National Association of Corrosion Stein [Acta Metall. 19(1971), p. 789] assumed cleavage is a
Engineers, 1988). high-velocity process accompanied by plastic deformatioi at the

4. K. Kamachi, T. Otsu, S. Obayashi, Trans. Jpn. Inst. Met. crack tip. Although cleavage on the {011} is predicted on the basis of

35(1971): p. 64. surface energy alone, they considered that the favored cleavage
system would be that which caused minimum plastic deformation in

5. I.R. Kramer, C.R. Feng, B. Wu, Mater. Sci. Eng. 80(1986): p. front of the cracl tip, i.e., the cleavage system that results in the
37. lowest shear stress on the slip planes. Their analysis shows that

6. R.N. Pangbom, S. Weissmann, I.R. Kramer, Metall, Trans. cleavage on the i100} plane in the (110] direction is the favored
12A(1981): p. 109. system.
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Crack Initiation and Short Crack Growth
During the Corrosion Fatigue of Steels

in Saline Solutions
R.A. Cottis, A. Markfield, A. Boukerrou, and P. Haritopoulos*

Abstract
The initiation and early stages of growth of fatigue and corrosion fatigue cracks have been studied for
two steels. The first of these was a quenched and tempered steel equivalent to HY80; the second was
a ferritic-pearlitic structural steel to BS4360 grade 50D. Tests were performed in fully reversed
four-point-bend loading at a frequency of 25 Hz. For both steels, cracks were found to nucleate primarily
at inclusions and to propagate at stress-intensity factor ranges well below the threshold for long cracks.
For tests conducted above the air fatigue limit, the effect of corrosion in 3.5% NaCI solution was to
enhance the growth of the small cracks; at the same time, the cracks were seen to be significantly wider
than those formed in air. The acceleration of crack growth in this regime is postulated to be associated
with the effects of corrosion in assisting the growth of the crack through microstructural barriers such
as grain boundaries. For tests performed below the air fatigue limit, the in! iation process appeared to
consist of pitting corrosion associated with sulfide inclusions, followed by fat gue crack growth when the
crack length approached that required to achieve an appropriate threshold stress-intensity factor range.
Once the cracks were growing in the "longer crack" regime (above about 1 mm in length), an
acceleration due to corrosion was observed in these tests that was attributed to fully rever:ed loading
conditions combined with crack broadening by corrosion. This reduced the effects of crack closure and
increased the effective stress-intensity factor range.

Introduction of contour maps suggested by Brown.' Three regions can be seen on
The initiation of corrosion fatigue cracks has frequently been this diagram:
associated with the development of pitting corrosion. Recently, (1) Small a, low A. No crack growth will occur, although it is not clear
understanding of the initiation and early stages of growth of fatigue whether there is any threshold stress range below which no
cracks has been markedly enhanced by studies of the growth of cracks will develop within single grains at the surface of the
cracks with dimensions on the order of the grain size (References 1 specimen.
and 2) This work has demonstrated that fatigue cracks nucleate (2) Small a, high Au. Crack growth occurs within single grains, and
relatively easily, even in inert environments, and the fatigue behavior there is a marked reduction in growth rate as the cracK ap-
tends to be controlled by the ability of the cracks to cross the first few proaches microstructural barriers such as grain boundaries. The
grain boundaries (or other microstructural barriers). This can be crack growth rate in this regime is expected to be somewhat
explained qualitatively in terms of the rb!ative ease of slip on a single complex and probably requires statistical treatment to achieve a
slip plane in a surface grain, compared to the much more difficult quantitative model. Thus, this region is only indicated schemati-
situation when the crack crosses into the next grain. This is repeated cally in Figure 2.
at subsequent grain boundaries and results in crack propagation of (3) Larger a, Au sufficient to give AK .-- AKt. The behavior will be
the form Indicated in Figure 1. Small cracks also tend to grow under defined by a crack growth law such as that due to Pans. For the
conditions in which the validity of linear elastic fracture mechanics shorter crack lengths and higher Au, the plastic-zone size may be
breaks down, and, consequently, it becomes necessary to express sufficiently large that elastic-plastic fracture mechanics methods
the crack growth behavior in the form may be necessary to quantify the behavior.

The objective of the work presented here was to investigate the
da/dN = f ( a, Au) (1) effects of corrosion on fatigue processes, with particular reference to

the above views of the early stages of crack growth. Two materials
where a is the crack length, N is the number of cycles, and Au is the have been investigated, a ferntic-pearlitic structural steel to BS4360
stress range. Figure 2 attempts to present the typical form of this grade 50D and a quenched and tempered steel to specific3tion QIN.
relationship, which is essentially a three dimensional representation The latter specification falls almost entirely within the specification for

HY80, and this material will be referred to as HY80 hereafter, as this
specification is more widely known. The results obtained for the HY80
have been presented elsewhere.4 This paper will concentrate on the

*Corrosion and Protection Centre, University of Manchester Institute results obtained for the structural steel, although the earlier results
of Science and Technology. P.O. Box 88, Manchester, M60 I QD will be reproduced in sufficient detail to display their support for the
UK. models proposed.
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Crack Growth Rate (m/cycle) Fatigue testing
l"-"--05-Fatigue tests were performed in an Avery-Denisont model 7803

testing machine. This uses a rather complex loading arrangement to
provide a constant bending moment over the central region of the

L.E-06 - specimen (i.e., the loading is essentially four-point bend). The tests
were performed at a frequency of 25 Hz, with a load ratio (R-value)

Small crack behavior of -1 (i.e., fully reversed bend). The test frequency was fixed by the
s.havlor calculated design of the test machine. While it is high by comparison with recent

1.OE-07 from long crack crack growth studies on long cracks, it has been found to provide
data for the same useful information for short cracks. An additional effect of the high
nominal A K. frequency, fully reversed loading is that the flat surfaces of the

specimen, in which the fatigue cracks initiate, are alternately exposed
t.OE-o0 I '.1- to tensile and compressive stresses. Thus, it seems unlikely that any

I.oE-03 I.OE-02 .oc-ol 1.E+00 accumulation of hydrogen to regions of triaxial stress can occur in the
Crack Length (mm) 20 ms tensile half-cycle, and it is considered improbable that

FIGURE 1 -Propagation of a small fatigue crack, constant Au, hydrogen effects play a significant part in the results obtained in this
crack length varying, work. For corrosion fatigue tests, the solution was placed in an

open-topped silicone rubber cell surrounding the specimen. The
vibration resulting from the fatigue cycling was presumed to ensure
that the solution, which was in contact with the air, was fully aerated.

Specimen configuration
The specimen configuration is shown in Figure 3. Prior to

Region. (a) Region (b) testing, both surfaces and the edges of the specimen were polished
short crack long crack to 1/4 I±m diamond. It was necessary to polish all surfaces because

growth growth any unpolished regions modified the corrosion behavior of the
polished surfaces by virtue of their different corrosion potential. The
specimen was clamped into the testing machine with steel bolts, and
for the tests in solution, these were isolated from the solution by ado/d I thick coating of lacquer.

do/dn 1Region (c) no growthress \(25.4 R)

-Amplitude

0

FIGURE 2-Schematic representation of crack growth as a 5 (5 13/32"
function of a end A. (27.8)

Experimental _

Materials 3 1/4" (82.6)MateialsUnits: Inches (approx. ram)
The composition and mechanical properties of the two materials Thickness: 1/8'(3.2)

that have been investigated are presented in Tables 1 and 2.

TABLE 1 (a) Geometry of Bending Fatigue Specimen
Chemical Composition of Steels

Rolling Direction (L)

Element BS4360-50D HY80

Carbon 0.16 0.15 Short Transverse
Silicon 0.30 0.32 Transvers
Manganese 1.44 0.35 Direction (ST)
Sulfur 0.011 0.007
Phosphorus 0.026 0.0iO (b) Specimen Orientation
Nickel 0.03 2.61 FIGURE 3-Specimen configuration.
Chromium 0.06 1.62
Molybdenum <0.02 <0.05

Crack growth measurements
The lengths of cracks developing on the surface were deter-

mined by optical microscopy. To achieve .this, it was necessary to
TABLE 2 remove the specimen from the testing machine, and, in the case of

Mechanical Properties of Steels the tests in solution, to clean the specimen to remove loose corrosion
product and (probably more importantly) to remove the saline

BS4360-SOD HY80 environment to restrict corrosion. While it is clear that this procedure
will have modified the corrosion behavior to some extent, it is

0.2%Proof Stress (MPa) 378 610 considered preferable to the alternative of taking plastic replicas from
Ultimate tensile stress (MPa) 522 730 the surface, since there is evidence that the latter causes major
Elongation (%) 30.5 23 perturbations in corrosion reactions.5 Crack growth rates were
Reduction of area (%) 69 69.5 computed directly from differences between individual crack lengths.

t Trade name.
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Results tensile half of the cycle has been used in calculating AK). As all crack
lengths in this work were measured at the specimen surface, the K
calibration is based on a semielliptical crack with a c/a ratio of 0.75,

S-N curves which has been shown by other workers to be typical of small surface
The curves of stress amplitude vs number of cycles to failure are cracks.7

presented in Figures 4 and 5. As expected, the effect of 3.5% sodium
chloride solution is to reduce the fatigue endurance for both
materials, with indications that the fatigue limit observed in air
disappears in the corrosive environment. 0.8 Half Crack Length. a (mm)

Crack 2

Stress Amplitude (MPo) 0.6 - Crock 2

700 - Crock 3

600 - ANr 04 -- Crock 4

0 3.5% oC0.4

400 0.

300

0 500 1000 1500 2000
200 -S4360 crode 50 Number of Cycles (thousonds)

10-Stress Ratio -I100
rr.quency 25 Hz FIGURE 6-Crack length vs number of cycles for structural steel

In air, stress amplitude 350 MPa.
1.OE+04 I.OE405 1.OE+06 I.OE407 t.0E+08

Number of Cycles-to-Failure Hlf Crock Length. o (mm)

1.2

FIGURE 4-S-N curve for HY80. Crock 1
-""Crck2

Stress Amplitude (MPo) " ro- k

00I OtN (HYS0 equivalent) 06
Load Ratio -1

500 -0 oFrequency 25 Hz 0.4 -
-0

400 0.2 -

300 0
0 20 40 60 80 100

0 Number of Cycles (thousands)
200 -0

0

100 -r FIGURE 7-Crack length vs number of cycles for structural steel
0 1.5X oCl In 3.5% sodium chloride solution, stress amplitude 350 MPa.

I.O +04 1.0E-05 I.OE+ 06 1.OE07 1.OE+08 Crock Growth Rote (inni/cycle)
Number of Cycles to Failure I.O-04

Stress Amplitude 350 M~o

854360 Grade bOD 10.

FIGURE 5-S-N curve for structural steel. 0
1 .OE-05 0 000

00 ' 0
0

Crack growth behavior
The typical variation of crack length with time for the structural I.o.-os +

steel is presented in Figures 6 and 7 for air and 3.5% sodium chloride,
respectively. To compare crack growth rates in the two environ- + +
ments, these tests were both performed above the air fatigue limit,
and the extent of pitting associated with the tests in corrosion was I.OE-07 - +
very limited. Similar data for the quenched and tempered steel have + A
been presented elsewhere.4 Crack growth rates are plotted in Figure + 0 3.5% NoCI free corr.
8 as a function of crack length (for a constant stress amplitude of 350
MPa). Similar data for the quenched and tempered steel are I.OE-o8'

presented in Figure 9, together with data obtained by other workers 0.0Crock Lengthra
for long cracks (the latter have been converted from da/dN vs AK to
da/dN vs a by assuming an appropriate K calibration, together with
the actual stress amplitude of 540 MPa. As the crack is expected to FIGURE 8-Crack growth rate vs crack length for structural
be closed during the compressive half of the load cycle, only the steel determined by difference.
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Crock Growth Rote (mm/cycle) The pitting corrosion process may itself be influenced by the
1.0E-03 •____fatigue cycling, as pitting tests performed on static samples gave

+ Ar significantly lower pit densities than were observed on the fatigue
0 3.5 Noa (ree cor. samples, and the pitting on the fatigue samples tended to

.0E-.04 - James & Knott. Air 0 concentrate in the region of high cyclic stress. The mechanism of
Hort,et ol.. Air 0 the pitting corrosion has been discussed elsewhere,4 and it is

r ,,t=- OlO ee 0 0considered to be associated with the enhancement of the anodic
-.OE-05 H ,eo - 0 dissolution of the iron by the reduced sulfur species.

" .0 (2) High Acr, small a: These have been described as microstructurally
short cracks, and they will grow both in air and in the corrosive

i.oE-o6 + + /environment. For corrosion fatigue tests, relatively little pitting
corrosion is observed over the time scale of the fatigue test. In this
regime, it is notable that the fatigue cracks are much wider in the

L.E-07 + 0 .0 j corrosive environment than in air. It is suggested that a primary
+ role of corrosion in this situation is to assist in the propagation of

+ the crack across microstructural barriers such as grain bound-
aries. To some extent, this mnay be considered simply a result of

i.0E-08 11 1 1 k...1... crack advance by a corrosion process. This would give a lower
0.001 0.0e 0.1 1 10 bound to the crack growth rate, which can be estimated from the

Crock Length (mm) pit growth rate. For the HY80, this may be estimated from Figure

FIGURE 9-Crack growth rate vs crack length for quenched and 10, which indicates that pits will grow to 200 j~m in depth in the
tempered steel determined by difference, time required for a specimen to fail at an applied stress amplitude

of about 200 MPa. From Figure 5, this implies a crack growth rate
of 2 x 10- 7 mm/cycle. It is difficult to test whether or not this

Crack initiation sites minimum crack growth rate actually applies for the experiments
For both steels, the sites of crack initiation in air were primarily presented here, as readings were taken rather infrequently, and

oxide inclusions, while in the corrosive environment, initiation moved the data obtained are averaged over a rather large number of
to sulfur-containing inclusions, either plain sulfides or duplex cycles. However, it maybe significant that the lowest crackgrowth
inclusions.4 At lower stress amplitudes, particularly below the air rate observed in corrosion is on the order of 10 7 mm/cycle,
fatigue limit, crack initiation in corrosion was accompanied by pitting whereas lower growth rates are observed in air.
corrosion around the inclusions. As the applied stress range was Another aspect of the effect of corrosion of the crack tip in this
reduced, the diameter of the pits found at fracture tended to increase, regime is that corrosion will tend to blunt the crack tip. At first this
and the diameter of the largest pits found on failed specimens of the might be expected to reduce the crack growth rate, and this
quenched and tempered steel are plotted on the Kitagawa diagram process has been postulated to explain the increase in threshold
of Figure 10. stress-intensity factor range (AKth) that is observed in some

corrosive environments. However, further consideration of cur-
Stress Amplitude (iPo) rent views on the growth of microstructurally short cracks leads to

000 a rather different conclusion. These cracks initiate easily within
individual grains at free surfaces but tend to be arrested or

r Cnu nce Umit (440 uP,) delayed at microstructural barriers such as grain boundaries.
-W 4.4 4.4 1 Thus, a sharp crack at a grain boundary must be less damaging

than an uncracked free surface. This is further demonstrated by
N*i Er,, o,, un' (155 uPo) the phenomenon of nonpropagating cracks that develop at

notches but are unable to continue to propagate into the bulk
1oo eet /material. This may be rationalized in terms of the effect of plasticT00,Eiecot - .constraint at the crack tip, which makes the reinitiation of the

tM- 3 UPon crack in the new grain more difficult than it is at the free surface,
despite the stress concentration at the crack tip. Additionally, the
slip planes in the new grain will usually be misaligned with respect
to the crack tip, and the new crack will not be able to initiate on a

inWpon S1 single slip plane. By broadening the area of new grain exposed at
01 n , Ua grain boundary, it is suggested that corrosion makes it easier for

o ... the crack to reinitiate in the new grain. In part this is because the
1 10 100 1000 0000 reduction of plastic constraint will make slip in the new grain

Surface Crock Length. 20 (mm) easier, and because the broader crack tip makes it easier to

accommodate misalignment between the slip planes In the new
FIGURE 10-Pit depth at failure plotted on a Kitagawa diagram grain and the plane of the crack as it approaches the grain
for quenched and tempered steel. boundary.

(3) High Aar, larger a: In this work, the cracks In this region could be

Discussion decribed as "chemically short," in that the crack length Is larger
than the grain size of the steel, but the chemical processes withinThree regimes of behavior can be considered, according to the the crack will be more markedly affected by the chemical

applied stress range and crack length: conditions outside the crack than would be the case for longer
(1) Low Aa, small a. In this region, a fatigue crack would not be cracks. In particular, it might be expected that the rate of corrosion

expected to grow In air (i.e., the stress range is below the air at the crack tip will be much greater than would be the case for a
fatigue limit), although nonpropagating cracks may develop within long crack, which tends to be shielded from corrosion. This will be
individual grains. As Indicated by Figure 10, it appears that cracks especially true for the results this work, which are based on
in corrosion fatigue initiate by pitting corrosion. Once the pits measurements of surface cracK length and will therefore be
reach a sufficient size to attain the threshold stress-intensity biased toward the effects of surface corrosion rates. In this region,
factor range for crack growth, fatigue crack growth takes over. cracks grow by essentially the same processes as long cracks.
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For the test conditions studied in this work (in particular R =
-1), broadening of the crack by corrosion of the crack walls leads to
a reduction in the crack closure and a consequent increase in crack
growth rate. At first sight, this effect is directly opposed to the concept
of corrosion-product-induced crack closure postulated by Ritchie and
others,8 but these two phenomena can be reconciled by consideringRo
the site at which corrosion product is precipitated. If the corrosion Region (a) lang crack
product forms within the crack, it will probably act as a wedge and
increase the closure load (since the corrosion product will almost sh°rt crack growth

inevitably have a larger volume than the metal from which it was growf-

formed). This is most likely to occur for longer cracks, particularly for
cracks produced in humid air or low-conductivity electrolytes. In
contrast, if the corrosion product precipitates outside the crack, as
appears to be the case for the short cracks in the relatively
concentrated chloride solutions used in this work, the closure load will do/dN
be reduced, and crack growth rates will increase. Region (c) carroslo>-. ss

-. Amplitude

Summary of Proposed Mechanisms of Initiation FIGURE 11-Effect of corrosion on the relationship between
and Early Growth of Corrosion Fatigue Cracks da/dN, a, and Aur.

The general behavior of fatigue cracks in corrosive environ- References
ments is indicated in Figure 11. It is suggested that the crack growth 1. R.O. Ritchie, J. Lankford, eds., Small Fatigue Cracks (Warren-
rate is enhanced in all three regions (for the test conditions used in dale, PA. The Metallurgical Society-American Institute of Min
this work), although the detailed mechanisms may differ: ing, Metallurgical, and Petroleum Engineers, 1986).

(1) Below the air fatigue limit, the main role of corrosion is to create 2. K.J. Miller, E.R. de los Rios, eds., The Behaviour of Short
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intensity factor range to exceed the threshold. A secondary effect Engineering Publications, 1986).
may be to reduce crack closure by corrosion of the walls of the 3. M.W. Brown, Fatigue of Engineering Materials and Structures,
crack and thereby reduce the effective threshold. Vol. 1 (London, England. Institution of Mechanical Engineers,

(2) Above the air fatigue limit, corrosion increases the growth rate of 1986), p. 93.
small cracks by corrosion of the crack tip, which allows the crack 4. R.A. Cottis, A. Markfield, Proceedings of the Third International
to cross the grain boundary more easily. This is partly because of Conference on Fatigue and Fatigue Thresholds, Vol. 1, ed.
the direct extension of the crack by corrosion, partly because of R.O. Ritchie, E.A. Starke Jr. (Warley, England. Engineering
the reduction of constraint at the crack tip, which allows easier slip Materials Advisory Services, 1987), p. 587.
in the new grain, and partly because the broader ciack tip makes
it easier to accommodate the misorientation between the crack 5. R.A. Cottis, CA. Loto, Materals Science Forum, Vol. 8, ed. M.
plane and the slip planes in the new grain. Duprat (Aedermannsdorf, Switzerland: Trans Tech, 1986), p.
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in crack growth rate. (Warley, England: EMAS, 1982), p. 1051.
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Low-Temperature Creep of Austenitic-Ferritic and Fully
Austenitic Stainless Steels and a Ferritic Pipeline Steel

M.M. Festen,* J.G. Erlings,** and R.A. Fransz***

Abstract
Low-temperature creep (LTC) behavior of duplex and type 316L (UNS S31603) stainless steels and API
5L X60 pipeline steel at 200C has been determined at various stress levels below the yield stress (o 2).
It will be shown that even at these low stress levels, the LTC process may produce the plastic-straining
conditions necessary for crack initiation in plastic-deformation-induced environmental cracking.
Dynamic loading may pose an additional risk for stress corrosion cracking initiation as a result of a
recurring LTC process.

Introduction stress (7 0 2 ). In the present study, a strain rate between 10-5 and
In many cases of stress corrosion cracking (SCC) and cracking that 10- 1 s-1 is considered to be of practical significance for SCC
results from hydrogen embrittlement (HE), slow plastic deformation is initiation. The lower limit was chosen because of practical experi-
a prerequisite for crack initiation and crack growth.' ' Careful test mental limitations, because we observed SCC to occur at a strain
design is thus needed to acquire meaningful SCC/HE data. To this rate in this order of magnitude 2 and in view of realistic SCC crack
end, we previously developed a test procedure that permitted propagation rates.
identi ication of the role of dynamic plastic deformation in SCC/HE At low temperatures, creep is a transient process resulting from
cracking. This test procedure, based on various slow-strain-rate work hardening The LTC strain (%LTc)generally obeys the equation
tSSR) tests, is explained in Figures 1 and 2.2 The procedure is ELT. = C log(1 + pt), with t being time and Eo and 13 being constants.
presently used for studies on SCC and HE mechanisms, for the Dynamic loading may cause additional creep after the creep by static
assessment of environmental cracking susceptibilities under specific loading has been exhausted."6 This phenomenon can be explained
operating conditions, and for the generation of data for fitness-for- as a special case of the Bauschinger effect, whereby the flow stress
service analyses. For duplex stainless steel tSS), for example, in a decreases as a result of unloading.7 Since it was recently found that
variuty of H2S-containing environments, initiation of SCC was only duplex SS is only susceptible to sulfide stress cracking in a sour
observed when the material was subjected to slow plastic environment if it is subjected to slow plastic straining, we performed
deformation? LTC measurements with this material. API 5L X60 and type 316L

In constant-load tests, low-temperature creep (LTC) is known to (UNS S31603), an austenitic SS, were also examined.
result in significant amounts of plastic straining at tensile stresses
above the yield stress.4 -5 Experimental confirmation that LTC at Experimental
stress levels above the yield stress can result in SCC initiation was Solution-annealed duplex SS (UNS S31803), annealed type
found in a cyclic loading experiment on carbonate/bicarbonate SCC 316L SS, and API 5L X60 pipeline steel were tested for LTC ir. the
of API 5L X60, a ferritic pipeline steel. Cyclic loading between 360 as received condition. Tests were performed with dumbbell tensile
and 460 MPa (aUTS was 520 MPa and o 2 was 382 MPa) at a strain specimens with a gauge length of 17.5 mm and a diameter of 3.5 mm
rate of 7 A 10 ' s ' and a frequency of 7 A 10 4 Hz, with the first for duplex SS and API 5L X60; for type 316L SS the dimensions were
cycles being performed at potentials outside the critical potential 31 mm and 4 mm.
range for SCC initiation, resulted in severe cracking with a crack LTC tests were performed in Mayes Unisteel constant-load
growth rate of 0.42 txmncycle (2.1 gm/h). The stress-strain curve testing machines of 12 kN capacity, which were modified to enable
tFiguro 3) clearly points to LTC during cyclic loading. In another test, gentle loading and load cycling. The LTC tests were done in a silicone
no LTC was observed after prestressing of the specimen at (ruTs prior oil bath at 200C. Straining was measured with strain gauges of
to the same load cycling in the corrosive environment, and the SCC Hoettingerl Baldwin Messtechnik, a Vishayt 2110/2120 amplifier,
crack growth rate was an order of magnitude smaller, and a Fluket 8840A digital voltmeter. The load was measured with a

Quantitative LTC data at stress levels below the yield stress, load cell of Hoettinger Baldwin Messtechnik and recorded with a
being of more practical importance, are scarce. In view of the Hewlett Packardt 3955 digital voltmeter. The data acquisition and
dominant role of plastic straining for the initiation and propagation of measurement control took place with a Hewlett Packard 86B
environmental cracking in a number of cases, we investigated the computer. Constant load LTC straining was measured at several
ocurrence of slow plastic deformation at stress levels below the yield stress levels between the proportionality stress u, and o ,. up and

Uo2 were measured at ambient temperature with a 50 kN tensile
machine, built in-house. u is strain rate dependent and wasdeter-
mined at a slow-strain rate. Dynamic loading LTC was measured on

"Koninklijke/Shell-Laboratorium, Amsterdam (Shell Research BV ), the same specimen after LTC by static loading had been exhausted.
Badhuisweg 3, 1031 CM Amsterdam, The Netherlands The load was cycled on/off between zero and the ,'ad used in the

*Shell Canada Limited, Calgary Research Centre, Calgary, Alberta static test, at time intervals of 10 min.
T2P 356, Canada.

-Billiton Research B.V., Amhem, The Netherlands. tTrade name.
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constant stress level of 500 MPa, the specimen creeps with a strain
rate larger than 10- 9 s-1 for almost 3 days. Even at a constant stress

SSR TEST level of 225 MPa, the creep rate is above this level for 1 h. The cyclic
ioading LTC strain rates are given in Figure 4(c); they show that, as

Na result of load cycling between 0 and 500 MPa-after the 500 MPa
Scc NOT SUSCEPTIBLE static load creep has been exhausted-the material still crept with a

creep rate above 10- 9 s - I for approximately 1 day.

LTC MICROSTRAIN

IS IE TN1400- 500

scc ? N DEFORMATION DURING NO20KTES Mo

SERVICE ?
Y ~1000-

Y

800-
450

STRATNIc TESTSSDYNAMIC PLASTIC 600

FIGURE 1-Stress corrosion cracking/hydrogen embrittlement 400 400
test method selection procedure Identifying the role of dynamic
plastic straining. SSR = slow-strain rate; ESSR = elastic 200 300
slow-strain rate; SCC = stress corrosion cracking. 225

STRESS 0
o.UTS 0 2 1h4 6 8 10 12

095oTS a x 1000 TIME fs]
5og LTC STRAIN RATE [1/s]06US- - - - .. .. - -10TM ,

402 - - - - - - - -6 STRESS [MPo]

AI

TIME

FIGURE 2-Schematic description of various test modes:
Mode 1 = A = monotonically rising load SSR test -8
Mode 2 = B + C = monotonically rising load ESSR test
Mode 3 = B + D = cyclic loading ESSR test

STRESS [1MPo -9
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440 1 3 14 1d5 1w 7

420 b tog TIME [s]
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380. -76- 450
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155 " 6'6 67 68 69 -82
STRAIN [a4 84

FIGURE 3-Stress-strain curve of API 5L X60 pipeline steel, -86
showing low-temperature creep during cyclic loading at 75°C; -a
aurs = 520 MPa; Cre.2 = 380 MPa.

Results and Discussion -92
The LTC straining during constant loading did obey the equation

given In the Introduction. The strain rate during load cycling was -
derived from a curve-fitting procedure applied to the envelope -96
connecting successive individual cycles of loading using the same -98
equation. 1 2 31h 4 Id 51-

Duplex SS. Tensile testing revealed a (o2 of 525 MPa, C Log TIME [N]
whereas an SSR test with a strain rate of 6 x 10-0 s - I showed v FIGURE 4-Low-temperature creep of duplex stainless steel at
to be 265 MPa. Figure 4 gives the results of the LTC experiments with room temperature (yield stress Is 525 MPa): (a) and (b) constant-
duplex SS Figure 4(a) shows the constant-load creep curves. Figure load LTC strain vs time and (c) cyclic-load LTC (10/10 min) strain
4(b) shows the strain rate vs time for the constant-load test. At a rate vs time.
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Type 316L SS. SSR tensile testing at a strain rate of 7 x LTC MICROSTRAIN

10-6 s' resulted in a o value of 80 MPa and a o 2of250 MPa. The "1200 -
experimental results, presented in Figure 5, show that LTC with a 21l

creep rate higher than 10-9 s-1 can be sustained during static
loading for 1 h at a, and 1 day at 210 MPa. Cyclic loading between 100o
0 and 210 MPa, at 10-min intervals, resulted in an LTC strain rate sREss Wo
higher than 10- s-I for 9 h after exhaustion of the static load LTC
[Figure 5(c)]. Boo

API 5L X60 pipeline steel. SSR tensile sting w.th a strain rate
of 1.3 x 10-5 s-1 revealed a apof 156 MPa and9 0 2 of485 MPa. The 6

LTC results are given in Figure 6. The constant-load LTC strain rate
is larger than 10-9 s-1 for 0.7 h at u and 9.3 h at '0.2 The additional 400
LTC straining with a strain rate above 10-9 s-1 lasts for 1.5 h during 1so
cyclic loading at up and 6.7 h at o 2 [Figure 6(c)].

200 125

The total constant-load LTC strains of the three materials as a 10
function of the ratio of the constant-load stress over O 2 is given in o
Figure 7. As a function of these relative stresses, the ranking of the T 2 E4 6 8 10 12
materials, in order of decreasing LTC straining, is type 316L SS,
duplex SS, API 5L X60; this is especially so at stress levels close to
o- 2. Note that the ao2 of duplex SS and X60 steel is a factor of 2 Log LTC STRAIN RATE (1/s]
higher than that of type 316L SS. The period during which the -
material plastically strains-with a strain rate above 10-9s -'
-during application of a constant load below oo 2 is shown in Figure -6Po)
8. At stress levels close to o0 2 , the duration of LTC straining for X60
is considerably shorter than that of duplex and type 316L SSs.

-7

The occurrence of LTC during constant-load tests may well be /J-o
the cause of SCC/HE failures of duplex SS in sour environments -a-
during static testing and may explain the large scatter in these results
in the literature.

3

Under more realistic operating conditions, additional LTC strain-
ing may occur if the load fluctuates. Following SCC crack initiation, --0o
local LTC may be sustained at the crack tip because of the stress
concentration. The continued plastic straining can then result in the
propagation of SCC cracks. - -

-12 1 l I I

1 2 3 1h 4 '15 1-6

Conclusion b tog TIME (5]

LTC measurements at 20°C have shown that at stress levels
below uOa2, significant creep can occur in duplex and type 316L SSs, og LTC STRAIN RATE (1/4
and to a lesser extent in API 5L X60 pipeline steel. The lower limit for
the stress required to result in macroscopic LTC at constant load was -72 STRESS
found to be close to u. Assuming a strain rate lower limit of 10"9 s-I -7,4
is required for the initiation of SCC/HE, these materials would be
vulnerable as a result of constant-load LTC for a time period of - 7.6
approximately 1 h at u. up to several days close to ro 2, Additional
LTC straining, after exhaustion of the constant-load LTC, may occur - 1 8

if the load fluctuates. .210

-82
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LTC MICROSTRAIN
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-_55 FIGURE 7-Total constant-load LTC ,Arain for duplex and type
0 - 316L (UNS S31603) stainless steels and X60 pipeline steel as a
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FIGURE 8-Duration of LTC straining in the critical strain-rate
-10 range for duplex and type 316L (UNS S31603) stainless steel and

X60 pipeline steel while applying a constant load.

Discussion
F.P. Ford (General Electric R&D, USA): It is encouraging to

12 4 1 see the relationship between creep rate and stress corrosion
b to ' cracking (SCC) since this is fundamental to current cracking models.b Log TIME(S I would love to see, however, the relationship between stress (or

stress intensity) and crack-tip creep rate, where the latter term is
governed by the dynamnic equilibrium associated with loss of active
dislocation sources (due to a logarithmic creep law) and introduction

Log LTC STRAW RATE [1/s] of new dislocation sources (due to the moving crack).
-60 M.M. Festen: The low-temperature creep ineasurements done

STRESS MPG at the Koninklijke/Shell laboratory in Amsterdam have been per-
formed with uniaxially stressed plain tensile specimens. Localized

-7.0 creep at a crack tip will be very difficult to determine experimentally.
We intend to derive crack-tip rates from a model that translates

2-- . uniaxial creep data into crack-tip creep data under the condition of a
-80 155 multiaxial stress state at a crack tip. For SCC-induced plastic

straining, crack propagation should occur at such a rate that a
sufficiently high creep rate is maintained at the crack tip.

-90 We would be very pleased to learn more of your work in relation
to this subject. Are there appropriate references?

F.P. Ford: The formulation of the crack-tip strain rate in terms
-10.0 of engineering "stress" parameters remains one of the hardest tasks

in the overall objective of quantifying mechanisms based on life-
-4 2 4 .5 prediction models, primarily because of the difficulty in experimen-

C Log TIME [s] tally verifying the various algorithms. References are given in my
paper at this conference (Ford, "The Crack-Tip System and Its
Relevance Prediction of Cracking in Aqueous Environments," this
proceedings) on the crack-tip systems that tackle this problem.
Realistically, I expect it will be several years before we have an

FIGURE 6-Low-temperature creep of API5LXX60 pipeline steel unambiguous agreement between experiment and theory on this
at room temperature (yield Is 485 MPa): (a) and (b) constant- subject. The best we can do now is formulate empirically based
load LTC strain vs time and (c) cyclic-load LTC (10/10 mln) strain algorithms. This is unsatisfactory from an academic viewpoint, but is
rate vs time. usable!
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Aqueous Environment Effects
on Intrinsic Corrosion Fatigue Crack Propagation

in an AI-Li-Cu Alloy
R.S. Piascik and R.P. Gangloff*

Abstract
Intrinsic corrosion fatigue crack growth (FCG) in Al-Li-Cu alloy 2090 exposed to aqueous NaCl is
examined by new fracture mechanics methods applied to short cracks of depth less than 5 mm. Two
regimes of the environmental effect are studied: low mean stress-high cyclic stress-intensity range and
high stress ratio-near-threshold or ripple loading. Within each regime, alloy 2090 exhibits accelerated
transgranular FCG in an aqueous NaCl environment with anodic polarization, relative to moist air and
inert helium. Corrosion FCG in the LT orientation exhibits a crystallographic "cleavage" morphology at
low AK and highly deflected slip band cracking at high AK. Aqueous NaCl experiments reveal mildly
increased FCG rates with increased cyclic frequency, strongly reduced da/dN with cathodic polarization,
and a decreased environmental effect because of Li2CO3 addition. Hydrogen embrittlement is
suspected, with surface films retarding crack-tip environmental reactions for hydrogen production and
dissolution. Alloy 2090 is more resistant to aqueous corrosion FCG than AI-Zn-Mg-Cu alloy 7075 and
behaves similarly to conventional 2000 series alloys such as 2219.

Introduction 7075-T651 (6.4-cm -'olled plate); chemical composition and mechan-
The objective of this research is to characterize and understand ical properties are shown in Table 2.
intrinsic fatigue crack propagation in advanced aluminum-lithium- Corrosion behavior was characterized by standardized poten-
based alloys with emphasis on the damage mechanisms for envi- tiodynamic polarization experiments at a standard scan rate of 0.16
ronmentally assisted transgranular cracking. While the importance of mV/s in helium deaerated, 1% aqueous NaCl at pH 8 and 297K? All
complex extrinsic contributions (namely crack closure, delamination, scans were performed from the most cathodic to the most anodic
and crack deflection) to the fatigue crack propagation (FCP) resis- potentials. Corrosion fatigue experiments were conducted with
tance of Al-Li alloys is established,' gaseous and aqueous environ- specimens fully immersed in flowing (30 mLimin), helium deaerated,
mental effects have not been examined. 1% NaCl (pH 8) in a 1.5 L sealed Plexiglast chamber. The electrode

Intrinsic corrosion fatigue crack growth (FCG) is that governed potential was maintained constant by a Wenking t potentiostat and
by crack tip microstructure and mechanical and chemical driving platinum counter electrodes isolated from the solution through
forces independent of the external influences of closure contact, asbestos frits. Results are compared to FCG in moist air (3U to 60%
crack deflection, and transient chemical factors that alter steady- relative humidity) and in purified helium contained in a bakable, metal
state crack growth. We believe that it is fundamentally important for bellows and gasket-sealed chamber capable of a dynamic vacuum of
mechanistic interpretation to define intrinsic FCG rates that are 1 p.Pa, as detailed elsewhere..4

constant with constant applied AK and with constant applied bulk Short crack fatigue propagation experiments were conducted
environment conditions for any number of load cycles, crack size, or with single-edge notched specimens (10.16 mm wide, 2.54 mm thick,
specimen geometry. 0.25 or 0.89 mm notch depth) machined in the LT orientation at the

In this study, fracture mechanics experiments developed to one-third thickness position in the rolled plate. Pinned, freely rotating
characterize Intrinsic FCP for benign environment exposure and grips were used, consistent with the stress-intensity solution.' The
based on short-crack, programmed stress-intensity methods- are growth of short edge cracks, of total length (a) between 0.35 and 5
extended to investigate the effect of aqueous sodium chloride. mm, was monitored continuously by a direct current electrical
Emphasis is placed on electrochemical control of the environment potential method including 8 to 12 amps current, 0.1 l.v potential
and on high resolution measurements of fatigue crack length changes measurement resolution, and an analytical calibration relation.R This
in response to chemical variations, method was successfully applied to aluminum alloys, with better than

3 lxm crack growth resclution and long-term (10-day) stability for
near-threshold growth rate measurements. 2 Long-crack compact-

Experimental Procedure tension (CT) experiments with compliance monitoring were con-
A 3.8-cm-thick plate of an advanced Al-Ui-Cu-Zr alloy (AA 2090) ducted in accordance with ASTM E647.7

was studied in the rolled, unrecrystallized, peak-aged condition. Alloy Intrinsic and transient or steady-state corrosion fatigue crack
composition, heat treatment, mechanical properties, and microstruc- propagation rates were studied for both the high cyclic stress
ture, defined by optical and transmission electron metallography, are intensity (AK) Paris and near-threshold regimes. Edge-cracked
summarized in Table 1. Results are compared to Al-Zn-Mg-Cu alloy specimens were stressed cyclically (sine waveform; 0.07 Hz <

frequency < 20 Hz; 0.05 < stress ratio < 0.95) in a closed-loop
*Department of Materials Science, University of Virginia, Charlottes- fe n< H;0 ssri .5ncel

ville, VA 22903-2442. 'Trade name.
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TABLE 1
Alloy 2090 Material Properties('A)

Chemical Composition (wt%)

Ui Cu Zr Fe Si Mfl(B) Mg Cr Ni T, Na Zn
2.14 2.45 0.09 0.05 0.04 0.00 0.00 0.00 0.00 0.01 0.001 0.01

Mechanical Properties-(Longitudina)
Yeld M~a
496 MPa 517 MPa

Microstructure
High-angle

Gran szeSu~ran szeEEUir1M= Marx hses Suganbud~ grain boundary
3.3 mm (transverse) 15 p~m (transverse) 8' - Al3Li a, T, T
0. 11 mm (short transverse) 5 pm (short transverse) @' - Ai2Cu T

T,- A12CuLi 6'

T- A16CuLi3
0 A13Zr

(AMaterial condition: solutionized, water quenched, and stretched; peak aged 190'C for 4 h.
(B)Less than detection limit.

TABLE 2
Alloy 7075-T651 Material Properties

Chemical Composition (wt%/)

Zn Mg Cu Cr Zr Fe Si Mn Ni T, Na (A) Ca

5.74 2.31 1.58 0.20 0.01 0.26 0.10 0.05 0.01 0.05 0.000 0.0001

Mechanical Properties (Longitudinal)

466 MPa 540 MPa

(A)Less than detection limit.
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FIGURE 1-(a) Potentiodynamic polarization of alloy 2090 In aerated and deaerated 1% NaCI, and (b) photomicrograph of
alloy 2090 exposed to deaerated 1% NaCI for 8 days at -0.840 VscE.
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servohydraulic machine operated in load control. Using computer of FCG experiments performed in purified helium. At high AK, dafdN
measurement and feedback control, AK was maintained constant for helium and moist air are equivalent, revealing little environmental
over segments of growing crack length (about 0.25 to 1 mm), with effect. At low AK and high R, moist air causes a factor of five increase
step reductions (or increases) in AK at constant Kmax, producing in intrinsic FCG compared to that for helium. Crack growth rate data
increasing (or decreasing) stress ratio (R). Crack growth rates in purified He provide a mechanical basis for analysis of aqueous
(daldN) were calculated by linear regression analysis of crack length environmental effects. Moist air data in Figure 2 provide the
(a) vs load cycles (N) data. For a single specimen, the load sequence customary base line.
initially probes high AK, low R cracking; followed by near-threshold
AK, high R fatigue for deeper crack depths. Short crack length for the
former and high stress ratio for the latter conditions minimize Aqueous corrosion fatigue
complicating extrinsic effects. Crack bifurcation was never observed Intrinsic corrosion fatigue characteristics. Figure 4 shows a
Continuous reduction in AK at constant K, provides an effective comparison of the intrinsic transgranular corrosion FCG kinetics of
characterization of intrinsic FCG.8 Step changes in constant AK with alloy 2090 in helium, moist air, deaerated 1% NaCI (- 0.840 VscE and
increasing or decreasing R more effectively characterize transient to -1.240 VSCE) and deaerated 1% NaCI+ 0.37% Li2C0 3 (-0.840
steady-state crack propagation associated with AK changes, elec- VSCE). All experiments were performed at a cyclic frequency of 5 Hz,
trochemical variables, and microstructure. using the constant AKIKma.-step-changed R sequence similar to that

shown in Figure 3. These results show that alloy 2090 exhibits a
Results and Discussion moderate environmental effect at high levels of AK where differences

in crack growth rate are less than three-fold. Nca: threshold,

considerable differences in FCG are observed, with a factor of

Corrosion characteristics fourteen increase in da/dN revealed by comparing 1% NaCI with
Potentiodynamic polarization data are summarized in Figure anodic polarization and helium, the largest corrosion fatigue effect. In

1(a) for peak-aged alloy 2090 exposed to deaerated and oxygen- contrast, cathodic potential (-1.240 VSCE) reduced FCG to a level
containing 1% NaCI solutions. In oxygen-containing aqueous NaCI, slightly greater than that observed for moist air and produced crack
the open-circuit potential of alloy 2090 is near the breakaway arrest above the moist air threshold similar to fatigue in helium. The
potential, resulting in extensive surface pitting. Deaeration of the addition of LiCO3 to 1% NaCI (-0.840 VSCE) retarded crack growth;
solution limits the oxygen reduction reaction and decreases the the reduction is not as dramatic as that produced by mild cathodic
open-circuit potential in the cathodic direction, forming a passive polarization.
region extending from -1.0 V to -0.7 VscE. At passive potentials,
general corrosion and pitting are greatly reduced. Long-term (8-day) Corrosion fatigue experiments performed in aqueous 1% NaCI
constant potential experiments (-0.760 VscE, deaerated 1% NaCI) at constt anodic potential (-0.840 Vcce) show that alloy 2090
nonetheless reveal that T, precipitates at sub-grain boundaries and exhibits better transgranular corrosion FOG characteristics than alloy
constituent particles (AI7Cu2Fe) are sites of localized attack [Figure 7075-T651. Results for alloy 7075 are shown by the dashed line in1(b)].2  Figure 4 for the high and low AK regimes. At high AK, alloy 7075

Cor n f e e t wexhibits a factor of 1.5 to 4 increase in da/dN, and at low AK, 10-foldCorrosion fatig ue experim ents w ere perform ed in deaerated 1 %gr a e C r t s a e r v al d c m r d to loy 2 9 .A oy 7 5
NaCI to limit fracture surface corrosion and pitting, to reduce crevice greater FOG rates are revealed compared to alloy 2090. Alloy 7075
corrosion at the electrical potential probes, and to minimize electro- growth rates are in agreement with previous findings by Stoltz andlyr IRtye cres i mesued otntil.Since the open-circuit Pelloux, where accelerated FOG was observed for 3.5% NaCI with
lyte IR-type crrors in measured potential, ic h oe-ici andcplrzto.
potential of alloy 2090 varies by 100 to 400 mV during long-term nodic polarization.
exposure, fatigue experiments were performed at a constant anodic For all cases in Figure 4, crack length increased linearly within
potential of 0.840 Vsc and a cathodic potential of either -1 240 or the range from 0.35 to 3.5 mm and at constant AK No evidence was
-1.340 VscE [Figure 1(a)]. obtained for crack-geometry-dependent increases or decreases in

daldN, While comparisons are limited, the corrosion fatigue effect

Intrinsic FCG in moist air and helium shown in Figure 4 is similar to the behavior of 20- to 50-mm-long

The intrinsic FCG characteristics of alloy 2090 in moist air and cracks in 2090 and 7075.9-10 Experiments with short (0.1 to 3 mm)

purified helium are shown in Figure 2. The data points (A) for moist and long (20 to 50 mm) cracks for the steel-aqueous chloride system

air were calculated from the linear a vs N responses shown in Figuie evidenced dramatic increases in corrosion FCG kinetics for the

3 for seven constant AK levels obtained by step increases or former and attributed to geometry-dependent crack

decreases in R at a constant K,. of 17 MPa-mI 2. Note that linear electrochemistry." Additional work is in progress to examine chem-

crack growth for the low AK region (AK = 1.7 MPa.m 2/R = 0.90) ical crack-size effects on corrosion fatigue in high-strength aluminum

reveals no evidence of delay retardation, demonstrating that AK alloys.
reductions at constant K do not induce overload effects, presum-
ably because the maximum or forward loading plastic zone size is Frequency effects. The typical frequency effect on FCG

constant, propagation in 2000 and 7000 series aluminum alloys (viz,, increased

Results for short-crack, constant AK-step-changed R and long- or constant da/dN with decreasing frequency) was not observed for

crack, continuously decreasing AK constant K experiments are in alloy 2090 in 1% NaCl. 12
1
4

excellent agreement. Figure 2 shows the results of a continuously In deaerated 1% NaCI solution ( 0.840 V5,.,), alloy 2090
dut.reasing AK experiment .onducted with a large crack CT spe- exhibits mildly increased corrosion FCG rates with Increased fre-
men tLT) and using two K-gradient parameters, C - 0.19mm '!or quency at high cyclic stress intensity and little frequency effect at low
AK ranging from 13 MPa m'* to 8 MPa m'" and C - 0.39 mm ' AK. Figure 5 shows the companson of average crack growth rate vs
for AK from 8 MPa m'2 to threshold. Because the experiment was frequency at two levels of constant AK, 9.9 and 2.2 MPa m 2. For
perlormed at constant K ,, the low K gradient parameter (ASTM each frequency, the total variation in crack growth rate (calculated
E647 recommends C - 0.08 mm ') does not introduce overload with a two-point secant method) and the least squares value are
effects, causing reduced daidN. The data contained in Figure 2 are plotted. The numbers shown adjacent to each data point describe the
in excellent agreement with literature results for alloy 2090 and sequence of experiments conducted on two specimens. At high
represent the intnnsic FCG behavior of this alloy for moist air.' 2 8 constant AK, a factor of two decrease in FCG rate is observed when

Accelerated transgranular FCG in moist air compared to helium decreasing the cyclic frequency from 5 to 0.1 Hz. Similar results were

reveals the damaging effect of water vapo, and suggests a hydrogen reported by Yoder and coworkers for alloy 2090 in aerated 3 5%
embrittlement mechanism for alloy 2090.4 Figure 2 shows the results NaCI.'
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ALLOY 2090, Peak aged, L-T. 5 Hz ALLOY 2090. Peak aged. L-T
Constant Kmox.-17 MPoJ'li 1 " 0% NaCl, deoerated, -0.840 V (SCE)

S ~AAA Moist Air. Constant AK. step changed R ,-. - 4K.9.9 lPo,(m. R0.1
Moist Air. Continuous increasing R + - AK2.2 MPath. R-0.8

,Helium, Constant 6K, step changed R , ,
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Cyclic Frequency (Hz)

Stress Intensity Range (MPafl) FIGURE 5-The dependence of corrosion fatigue crack growth

FIGURE 2-A comparison of constant AK/Kmax-step-changed R rate on cyclic frequency at high and low constant AK; alloy 2090
results with decreasing AK-constant Kmax data showing the in deaerated 1% NaCl with anodic polarization (-0.840).
Intrinsic fatigue crack growth behavior of AA 2090 In moist air
and compared to helium. At low AK, little difference in FCG rate is observed for cyclic

frequencies between 0.07 and 20 Hz. Experiment 4, performed at
4.00 ALLOY 2090 0.07 Hz, exhibits a slightly higher FOG rate compared to the mean

Peek aged. LT da/dN at 2.2 MPam /2 . The origin of this result is unclear. Fracto-
Mloist Air. 5 Hz
C.50 Constant Kti. step changed R.6 graphic analysis revealed evidence of increased dissolution for this
constant Kmae-t7 Mpo:,8 long-term experiment (0.25 mm of crack extension in 8 days),

E23.o00 possibly suggesting either an increased driving force for fatigue or
E .0 simple crack-wake corrosion. Long-term electrical potential system

"'2.5o. • 17/0.,4 variations may have contributed to the increased growth rate. The........*4
2 . . slight reduction in da/dN observed during Experiment 6 is attributedC2.00, ao

-j to a chemical or mechanical history dependence associated with
-"11.50 crack length and shape.' 5 These factors complicate characteriza-
a - tions of moderate frequency effects in corrosion fatigue.

1.00 The important point to be made for Figure 5 is that corrosion
fatigue in alloy 2090 is not exacerbated by decreasing frequency; on

0.50 the contrary, the opposite trend is likely, particularly at higher AK. The
00 rate differences shown here are small but significant, as demon-
0 50000 1000000-1500000 50600 300600 strated by resolvable changes in a vs N upon a frequency change at

Cycle Count constant AK for a single specimen.2
Polarization effects. The results of constant AK experimentsFIGURE 3-Crack length vs loading cycles data for the constant shwtacorinFO in1 NCIsmtgtebyahdc

AKIK,-sep-haned reultsof igue 2 most ir.show that corrosion FCG in 1% NaCI is mitigated by cathodicAK/Kn,,..x-stepchanged R results of Figure 2, moist air.
polarization. Cathodic polarization da/dN data are compared to the

ALLOY 2090 Peak aged. L-T. f-5 Hz anodic case in Figure 4. Note the two-fold reduction in rate at high
0 Is NaCi, -0.840 V (SCE) AK, increasing to a five-fold decrease at low AK and an increase in

4) 01 IHoCI + 04 UAK,- 40V(SE" o HoC, +1.4 uzco) v (scE) , the approximate threshold stress intensity. Cracking under cathodic
' &Moist Air" potential is similar to the behavior recorded for moist air andaenhanced relative to inert He for all AK except the near-threshold
Eto " regime.

The beneficial effect of cathodic polarization is clearly evi-
o / denced by cyclic crack length measurements at constant AK. Figure

0 7075-YG31 6(a) reveals that, at low AK (2.2 MPam"2, R = 0.8) and anodic
0 t°' ed i ,polarization (-0.840 Vsce), a constant crack growth rate is main-
o /," o, / , tained to a crack length of 2.1 mm. Here, a cathodic potential of

,,0 // / -1,240 VscE was applied, resulting in crack arrest consistent with the
/ a" ,/ /threshold elevation shown in Figure 4. At 1 million load cycles, a

to/ potential of -0.840 Vscr was again applied. Crack growth resumed
after 76 hours or 2,2 million additional load cycles had elapsed,

a Iachieving a steady-state rate similar to the initial anodic condition. A
t2 second cathodic polarization of -1.240 VscE reproduced crack

to1 - 0 arrest. Cathodic polarization also reduced rates of corrosion fatigue
Stress Intensity Range ( 10ov'rfi) at high cyclic stress intensity (9.6 MPam" 2, R = 0.1), as shown in

FIGURE 4-Corrosion fatigue crack growth behavior of alloy Figure 6(b). After initial cracking at -0.840 Vsce, a small reduction in
2090 in deaerated 1% NaCl at constant anodic (-0.840 VscE) and dadN was produced by polarizatiuri to 1.240 Vsc., and a signifi-
cathodic (-1.240 Vscr) potentials In 1% NaCl + 0.37% L12CO3  cant, time-dependent retardation in crack growth was observed at a
(-0.840 Vsce) and In moist air environments; and of rlloy 7075 cathodic potential of - 1.340 Vsce. At a crack length of 3.1 mm, the
(UNS A97075) In aqueous 1% NaCl at constant anodic (- 0.840 applied stress-intensity range was decreased to 2.1 MPa m at R
VscE) potential. 0.9 with K,,., maintained constant, and the electrode potential was
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made anodic (-0.840 VsCE). A slow recovery to a constant growth 2.60 ALLOY 2090 Peak aged. L-T
rate was observed. Crack growth arrest occurred because of fi NMCI and 0.37x U2CO3: -0840 MV (SCE)f5 Hz. R- 0.87, A K- 2.3 MPo.f"-

cathodic polarization at -1.240Vscs, reproducing the results shown 2.40 Daoerated
in Figure 6(a). The results of constant AK and R experimentation E
(Figure 6) are consistent with the single specimen constant AK-step- E 2.20
changed R results presented in Figure 4.

4-' 2.00

3.00 
V0

C124
2.50 -,4v _1C N, p-1o.4

-I yce.Cun

01.60

E ~2.00 0 mo 4 5 * 0

o300000 400000 5 60000 700000 80000
Cycle Count

~e~vscxi ALLOY 2090
07201Z3 aegked. L-T

C FIGURE 7-The effect of grhC0 addition and pH change on
0.50 R-0.8, 11K..2.2 MPG m intrinsic fatigue crack growth in alloy 2090 exposed to aiaera-

-- 2Hz (except hereod) ted 1% NaC at constant anodic potential and constant AK.

0.00 Z O6 11 ..
0 1000000 2000000a Cycle Count

4.00 Fracto graphic analysis
The fatigue crack surface morphologies for moist air and

-l.24Vdeaerated 1% NaCI (-0.840 VscE) environments exhibit similar3.50 Vcomponents of microscopic fracture but in different proportions. At
Eyo C. . . high AK (15 MPa-m'12), severe planar crack surface deflections

E3.00 resulting from decohesion or shear separation along intense slip
(20 .H_ bands and regions of inter-sub-grain-boundary fracture are observed

S2.5 T for each environment. Results suggest that NaCI promotes increased-2.50
sub-grain.boundary fracture and reduced crack deflections because

1O2Y of reduced slip-band cracking. The latter crack path is dominant for
02.00 ALLOY 2090 fatigue in moist air.'0

Peak cried, L-T
o . x N,. Decorated) As the stress-intensity range decreases, the amount of crack-tip

-- 0 V r((a noted)
-. 0 c.sce

: t3  
For a<3.l mm: AK-9.6 PoqiW. R-0.1 deflection is reduced and the fracture surface is characterized by
.50 For o>3A mr: &K-2.1 W~o,. R-0.9 increased areas exhibiting a flat, crystallographic "cleavage-type"

appearance. A comparison of the fracture surfaces for moist air and
2 00 I V66.bb.... i666000 deaerated 1% NaCI (-0.840 Vscs) environments at low AK is shown

b .. Cycle Count in Figure 8. In moist air [Figure 8(a)], the transgranular fracture
surface is crystallographic cleavage with intervening regions of

FIGURE 6-The effect of cathodic polarization on Intrinsic deflected crack growth exhibiting a ductile appearance. The trans-
corrosion fatigue crack growth In alloy 2090; deaerated 1% NaCl granular fracture morphology for 1% NaCI [Figure 8(b)] exhibits
at constant AK levels of (a) 2.2 MPa-ml t for high R and (b) 9.6 broad regions of cleavage fracture with little evidence of ductile
and 2.1 MPa-m112 for low and high R conditions, respectively, tearing. Results suggest a greater proportion of crystallographic

The reduction in corrosion FCG by cathodic polarization for alloy fracture for aqueous NaCI compared to moist air.
209 is di consistentswithofinn oF ytherc researers. Caoc High-angle and sub-grain-boundary precipitates, T2 and T1,2090 is consstlnt wth the findings of other researchers. Cathod c respectively, do not appear to be sites for crack-tip dissolution.

polarization of alloy 7075 i aqueous 3.5% NaCI reduced corrosion Detailed examination of the corrosion fatigue crack-final overload
fatigue crack propagation at AK = 11 MPa-m'2. ° The enhanced fracture interface region reveals no evidence of corrosion. Behind
stress corrosion cracking resistance of conventional 2000 and 7000 this region, where crack surfaces are exposed to the occluded
series alloys resulting from cathodic polarization is documented.he environment for longer times, small and widely dispersed regions of
Consistent with data w Figures 4 and 6, although not conclusive, the sub-grain-boundary Tj precipitate corrosion, similar to that shown in
smooth specimen fatigue life of an AI-4.2Mg.2.Li alloy wasFigure (b), were observed. No evidence was obtained for
creased by mildly cathodic potentials. 1 iue1bwr osre.N vdne a bandfrT

creaed y mldl cahodi poentals 7  
.precipitate corrosion along high-angle grain boundaries. Secondary

Ion addition effects. The experimental results shown in Figure cracking along tese generally low-strength, high-angle boundaries
7 demonstrate that a lithium carbonate (Li2CO3) addition to 1% NaCI rcigaogteegnrlylo-tegh ihagebudre
7eduesterate ftatalithiu cr sion C adtontat 1%, N. was not observed for the LT orientation. Corrosion fatigue was purely
reduces the rate of transgranular corrosion FCG at constant AK, pH, tasrnlr

and electrode potential. At a cyclic stress intensity of 2.3 MParm"1 (R transgranular.

= 0.87) and an anodic potential of -0.840 VscE, a censtant crack
growth rate was initially established in deaerated 1% NaCI (pH = Mechanistic Implications
8.1). No change in crack growth Is observed as the solution pH is Many mechanisms have been proposed to explain rates of
Increased from 8.1 to 10.4 by addition of NaOH. At a crack length of environmental cracking in aluminum alloys, including hydrogen
1 9 mm, the cell environment was changed by co , ;,uuusly pumping embrittlement, adsorbate decohesion, film rupture/dissolutionlrepas-
deaerated 1% NaCI t 0.37% Li2CO3 (pH 10.4) solution from a sivation, film-induced slip irreversibility, enhanced localized plasticity,
separate reservoir. After purging the cell with flowing 1% NaCI t and crack-tip blunting by corrosion.9 '2 13,15.18 In these studies, Pans
0 37% U2CO, tile experiment was resumed, resultiig in a 30% egima corrosion fatigue has been emphasized, crack closure has
reduction in the corrosion FCG rate. This beneficial effect was not been accounted for, and aqueous environmental effects on
reproduced at two higher AK levels (Figure 4). near-threshold cracking have not been considered. For FCG at
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moderate AK, the cleavage fracture morphology was linked to both Increased crack growth rate with increasing frequency suggests
hydrogen embrittlement and surface film effects without resolution of that time-dependent chemical reactions and mass transport within
the cause. Hydrogen from cathodic reduction in electrolytes and the electrolyte or crack-tip plastic zone are rapid and do not limit
chemical reactions in water vapor is believed to embrittle aluminum, environmental crack propagation. Considering mechanical effects,
with possible contributions from dislocation and grain-boundary crack-tip strain rate is, on average, proportional to loading frequency
transport processes. Alternately, surface films suppress, plastic and stress-intensity range raised to a power on the order of 2.21 At
deformation by blocking the crack-tip emission of dislocations, the high AK, mechanical film disruption provides a plausible explanation
local normal stress is elevated, causing cleavage, for the small increase in crack growth with increasing frequency

(Figure 5). Here, crack-tip strain rate increases with increasing
frequency, the film is locally breached more frequently, and transient

Sdissolution and hydrogen production progress to greater degrees.
Crack extensions per unit time and cycle increase. The strong
environmental effect for low AK may be ascribed to localization of

-. crack-tip deformation and mechanical disruption of surface films.

Since da/dN is independent of frequency, it is necessary to conjec-
ture that film rupture by strain localization near threshold is not
sensitive to frequency.

The frequency result is unique to the AI-Li alloy. Based on
modeling and data for 2000 and 7000 series alloys in water vapor,
Wei and coworkers argue for fast surface-reaction kinetics, which
lead to da/dN independent of frequency and at a level that is
governed by "saturation" surface reaction and hydrogen produc-
tion.13 .19 (Low-frequency crack growth rates in 7000 series alloys
may increase with decreasing frequency because of the intervention
of a slow surface-reaction step.) Crack growth rates for aqueous
chloride conditions increased with decreasing frequency for 7017,
7075, and 2618 alloys, for example, a factor of 250 decrease in
frequency resulted in 7-fold, 3-fold, and 2-fold increases, respec-
tively, in da/dN at AK = 15 MPam112.12

,
14

Increased and decreased crack growth rates with anodic and
cathodic polarization, respectively, could correspond to changes in
the formation of crack-tip surface films. Reduced da/dN and the
formation of a black corrosion product by cathodic polarization is
evidence of a protective crack-tip surface film, possibly hydroxide

". based. [Under cathodic conditions, excess hydroxide ions are
present within the crack to react with aluminum and lithium ions to
form AI(OH)3 + LiOH, resulting in a black surface film. A similar black
surface film has been observed on the fracture surfaces of alloy 2090
specimens fatigued in pure oxygen, followed by exposure to moist
air.4 The reaction for LiOH formation during water vapor exposure is
Li20 + H20 = 2LiOH.22] The formation of a surface film may limit
hydrogen production by inhibiting the water reduction reaction,
resulting in reduced hydrogen entry. The reduced cathodic effect on
daldN with increased AK is consistent with mechanical film rupture by
intensified slip. Hydrogen production and entry are enhanced by

i increasing the area of reactive surface along slip steps. Increased
daldN is also observed for anodic potential, an environment that

j favors a less protective crack-tip surface film.
Reduced transgranular corrosion FCG, with the addition of

4 L1iCO3 , possibly results from the formation of a passive film, a result
O i.: , -,-consistent with decreased da/dN associated with a cathodically

A : formed surface film. Li2CO3 is !hought to form a passive film on AI-Li
alloys, which increases the susceptibility to intergranular stress

FIGURE 8-A coriparlson of the fracture morphology resulting corrosion cracking in aqueous NaCI,23 The mechanism is unclear;
from corrosion fatigue at low AK In (a) moist air at 2.5 MPa.m' Li passivates aluminum, 24 and C03 - affects surface film stability.2
and (b) deaerated 1% NaCl (-0.840 VscE) at 2.2 MPa-m 12 . Crack T pas ial an of a surface film iky b ilin
growth Is from right to left, with the fatigue crack-overload The beneficial effect of a surface film is likely to be chemical in
fracture Interface shown. origin, Film- or corrosion-product-induced crack closure is not

operative because the environmental influences are observed at
Based on experimental observations of FCG rate response to stress ratios more than 0.85 and for short crack wakes. Also, there is

AK, frequency, cathodic polarization, and LiCO addition, and on the no evidence that surface films promote irreversible dislocation
behavior of alloy 2090 in water vapor and oxygen,4 we speculate that damage.4 Rather, we speculate that films interfere with crack-tip
hydrogen embrittlement is likely, but that surface films and crack environmental reactions (hydrogen production or dissulutiunj, result-
electrochemistry play an important role in crack-tip damage during ing in a reduction in FCG rate. Once damaged by chemical or
transgranular corrosion fatigue. Faster crack growth is correlated mechanical means, such as localized anodic pitting dissolution oi
with those environmental conditions that promote less protective slip step formation, the film no longer acts as a barrier, the alloy is
crack-tip surface films and thus enhance hydrogen entry, This rendered susceptible to brittle crack growth,
complex interplay arid the effects of frequency dnd cathodk. polar Although experimental evidence strongly suggests that surface
ization are not consistent with surface reaction or transport limited films play a primary role in retarding crack-tip damage during
hydrogen embrittlement, as suggested for steels and 7000 series transgranular fatigue of alloy 2090 in aqueous environments, furthe
aluminum alloys.' 2 13 ' 9' work must be performed to understand the roles of hydrogen and
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transient localized anodic dissolution. Gaseous environment corro- 6. R.P. Gangloff, Advances in Crack Length Measurement, ed.
sion fatigue experiments and high-resolution fractographic analyses C.J. Beevers (Wardley Heath, England: Engineering Materials
are being conducted in this regard.4  Advisory Services, 1982), pp. 175-229.

7. ASTM E647-88, "Standard Test Method for Measurement of
Conclusion Fatigue Crack Growth Rates," Annual Book of ASTM Stan-
onrcluont dards, Vol. 03.01 (Philadelphia, PA: ASTM, 1988).

The- high-resolution electrical potential difference technique, 8. W.A. Herman, R.W. Hertzberg, R. Jaccard, J. Fat. Frac. Eng.
short-crack specimen geometry, and constant mKKm,-step-changed Mater. and Struc. 11, 4(1988): pp. 303-320.
R approach successfully characterizes intrinsic FOG in complex 9. R.E Stoltz, R.M Pelloux, Metall. Trans. 3(1972): pp. 2433-
aluminum-lithium-based alloys exposed to aggressive aqueous 2441.
environments. 10. P.S. Pao, M.A. Imam, L.A. Cooley, G.R. Yoder, Corrosion 45,

AI-Li-Cu alloy 2090, peak aged, is susceptible to corrosion 7(1989): pp. 530-535.
fatigue crack propagation in aqueous 1% NaCI under anodic 11, R.P Gangloff, Metal. Trans. A 16A(1985):pp. 953-969.
polarization. At low AK/high R, near-threshold crack growth rates are
significantly increased, with growth occurring by a crystallographic 12 NJ.H Holroyd, 0 Hardie, Corros. Sci. 23, 6(1983). pp.
cleavage process. High AK/Ilow R growth rates are increased by the
aqueous NaCI environment, with highly deflected slip-band cracking 13 M Gao, P S Pao, R.P. Wei, Metall. Trans. A 19A(1988); pp.
and sub-grain-boundary fracture the dominant microscopic modes. 1739-1750.
Environmental effects on alloy 2090 are less severe than those 14 D Aliaga, E. Budillion, "Corrosion Fatigue Behavior of Some
observed for high-strength alloy 7075, the new aluminum lithium alloy Aluminum Alloys," AGARD Report No. AGARD-CP-316, 1981.
behaves similarly to conventional 2000 series alloys. 15. R.P. Gangloff, D.J. Duquette, Chemistry and Physics of Frac-Crack-tip films play an important role in corrosion fatigue ture, ed. R.M. Latanision, R.H. Jones, NATO Series E, No. 130

damage, as evidenced by (1) increased da/dN with increased cyclic (Dordrecht, The Netherlands. Martinus Nijhoff Publishers, 1987),
frequency, particularly at high AK, (2) retarded crack growth due to pp. 612-645.
cathodic polarization in NaCl, and (3) reduced da/dN due to L2CO3 16 N J H Holroyd, G.M Scamans, Environment-Sensitive Frac-
additions. Film Normai ndrs (3) hdrecen e t o - ture, ASTM STP 821, ed. S.W. Dean, E.N. Pugh, G.W.ad ts Film formation hinders the hydrogen embrittlement pro- Ugiansky (Philadelphia, PA: ASTM, 1984), pp. 202-241.
cess that is presumed to control environmental crack propagation. 17. R.E. Ricker, D.J. Duquette, CORROSION/85, paper no. 354

(Houston, TX: National Association of Corrosion Engineers,
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Corrosion Fatigue of Alloy X-750
in Aqueous Environments

R.G. Ballinger,* C.K. Elliott,** and l.S. Hwang***

Abstract
The corrosion fatigue behavior of alloy X-750 (UNS N07750) investigated in aqueous environments as
a function of heat treatment over the temperature range 25 to 288'C. Variables studied were AK (12 to
45 MPa\/m), R (0.1 to 0.6), and frequency (0.01 to 10 Hz). The investigation was conducted in
high-purity deoxygenated water, air-saturated water, and 0.05 M Na2SO4 (pH 3 adjusted with H2SO4).
Tests were performed at the free-corrosion potential as well as under anodic and cathodic polarization.
The corrosion fatigue behavior is shown to exhibit two distinct temperature regimes: (1) a low-
temperature regime below 2000C and (2) a high-temperature regime above 200°C. In the low-
temperature regime, the behavior is characterized by a strong dependence of crack growth rate on
frequency, temperature, heat treatment, and environment. In the high-temperature regime, crack growth
rate increases gradually with temperature with minimal dependence on heat treatment, environment,
and mechanical variables.
In high-purity water for microstructures containing '' [Ni3(AI,Ti)], intergranular crack growth is observed
in the low-temperature regime for frequencies greater than 0.3 Hz. In this temperature range, the peak
crack growth rate is approximately two orders of magnitude greater than that outside this region. Outside
this temperature range, or below a frequency of 0.3 Hz, crack growth rate is transgranular. For other
microstructures, the same effect is observed but to a much lesser extent and only for R values greater
than 0.4.
The frequency-dependent intergranular crack growth regime is absent in 0.05 M Na2SO4 (pH 3.0
adjusted with H2S04) solution unless the material is cathodically polarized. For the case of cathodic
polarization, a gradual transition from transgranular to intergranular crack growth occurs with increasing
degree of polarization. The maximum in crack growth rate for these conditions corresponds closely with
the maximum observed in the high-purity water case.
It is proposed that a hydrogen mechanism is responsible for the behavior observed in the low-
temperature regime. In the high-purity water case, it is proposed that the source of hydrogen is the
galvanic couple between grain boundary y' and the adjacent matrix, hydrogen reduction being highly
localized because of the high IR drop in the solution. In the Na2SO 4 solution, the local source of
hydrogen must be augmented by cathodic polarization because of delocalization of the hydrogen-
reduction process in the high-conductivity solution. In the high-temperature regime, the results are much
less conclusive but suggest that competition between hydrogen recombination and absorption is
dominated by recombination as the temperature increases. The results of this investigation demonstrate
the importance of galvanic effects when considering a material for aqueous service.

hitroduction of considerable debate, it is well known that the fracture path Is
High strength nickel base alloys are used extensively in light water intergranular and strongly affected by the morphology and type of
reactor (LWR) nuclear power systems because of ther excellent grain boundary precipitate and the compostion of the adjacent
corrosion resistance and strength in high-temperature aqueous matrix.,
environments. However, in spite of their excellent general corrosion Alloy X 750 (UNS N07750) is the most commonly used high-
resistance, this class of materials has been found to be susceptible strength alloy in LWR environments? Table 1 lists some of the heat
to various forms of localized attack. These include stress corrosion treatments that are commonly used in service, Table 2 shows
cracking (SCC), corrosion fatigue (CF), and hydrogen-assisted chemical composition. The HTH and AH treatments are used in
cracking (HAC).' While the causes for failure have been tire subject aqueous environments. The primary strengthening phase in alloy

X-750 is y [Ni3(AI,Ti)), which Is an ordered precipitate coherent with
'Departments of Nuclear Engineering and Materials St.ence and the matrix and precipitates as an ordered variant of face-centered
Engineering, Massachusetts Institute of Technology, Cambridge, cubic (fcc), L!, structure Other phases of Importance include
MA 02139. (TI,Nb)(C,N) carbonitride, Cr2C6 carbide, and -q(Ni31i).

"University of Celifornia, Department of Chemical and Nuclear Unfortunately, for some heat treatments, alloy X-750 has been
Eninering, of Baorba, epArtmn o0 Cfound to be susceptible to one or more forms of environment-Engineering, Santa Barbara, CA 93106. assisted cracking (EAC), as mentioned above. In particular, the AH

"'Department of Materials Science and Engineering, Massachusetts heat treatment has been found to be extremely susceptible to EAC in
Institute of Technology, Cambridge, MA 02139. rising-load tests in 93°C water and in high-temperature aqueous
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environments. 3 On the other hand, the HTH heat treatment has been TABLE 1
found to be much less susceptible.4 In addition, the degree of Typical Alloy X-750 (UNS N07750) Heat Treatments
susceptibility has been observed to be a strong function of temper-
ature as well as frequency in fatigue.5 Since accelerated cracking is Designation Description Treatment
intergranular and the heat treatments in Table 1 produce significantly
different grain-boundary morphologies, it is likely that these factors
play an important role. However, an exact mechanism has not been AH Double aged Hot rolled
pinpointed. 24 h/8850C/air cool +

Because of the technological importance of alloy X-750 and the 20 h/704C/air cool
uncertainty in knowledge concerning the mechanism(s) involved in HTH Solution annealed Hot rolled
EAC in this material, an investigation was conducted to determine the and aged 1 h/1 0930C/air cool +
relationship(s) between heat treatment and EAC susceptibility in 20 h/70400/air cool
aqueous environments and to attempt to determine the fundamental
mechanisms involved. The test technique selected to evaluate
susceptibility was CF.

The CF behavior was investigated. The mechanical variables
included in the program were (1) AK(12 to 45 MPaV'm), (2) R (0.1 to TABLE 2
0.6), and (3) frequency (0.01 to 10 Hz). The electrochemical variables Alloy X-750 (UNS N07750) Chemistries
were (1) electrochemical potential, (2) the effect of polarization, and Composition (wt%)
(3) the effect of electrolyte conductivity. The temperature range for
the study was 25 to 2880C. The aqueous environments studied were Heat Heat RPI
(1) high-purity deoxygenated water, (2) air-saturated water, and (3) Element 96457E6 94501A2 Heat
0.05 M Na2SO4 (pH 3 adjusted with H2S0 4). (13 mm) (13mm) (3.18 mm)

Materials and Heat Treatment Ni 70.6 t 1.5 73.2 71.4Cr 15.0 ±* 0.5 15.1 15.5
Alloy X-750 for this study was procured in the form of 13- and Fe 6.8 t 0.1 6.9 7.5

Fe 6.8 t 0.1 6.9 7.5
3.18-mm-thick hot-rolled plates. The chemical composition and heat Ti 3.9 ± 0.1 3.6 2.3
numbers are listed in Table 2. The RPI 1) heat was obtained from D. B 0.004 ± 0.002 0.004 -
Duquette at Rensselaer Polytechnic Institute in its final form. It is a Al 1.23 ± 0.05 1.13 0.67
typical commercial grade, although no processing information was Cb 1.36 ± 0.05 1.21 0.89
available, The 13-mm-thick plates were processed from 10- by 10-cm Ta 0.004 ± 0.002 0.002 0.037
length, electroslag-remelted forging stock. The billets were subse- Mn 0.15 ± 0.01 0.22 0.21
quently hot rolled to 13-mm-thick, 15-cm-wide plates. The rolling Si 0.09 ± 0.01 0.18 0.13
procedure consisted of heating the billet to 11210C and reducing the S <0.002 <0.002 0.003
thickness by 1.3 cm/pass to a thickness of 7.6 cm. On subsequent Cu 0.10 ± 0.01 0.10 0

C 0.058 ± 0.001 0.056 0.035passes the thickness was reduced by 0.6 cm/pass to the final Co 0.08 ± 0.02 0.056 0.34
thickness of 13 mm. Reheats were performed when the temperature Zr 0.048 ± 0.002 0.032 -
decreased to 9540C. Subsequently, the material was given the heat P 0.003 ± 0.001 0.007
treatments listed in Table 1.

The heat treatments used in the investigation were intended to
result in the precipitation of specific grain-boundary phases. The AH
heat treatment was designed to produce grain boundaries charac- Corrosion fatigue tests
terized by a predominance of -y precipitation. The HTH heat Corrosion fatigue tests were performed over the range of
treatment, on the other hand, was designed to produce a predomi mechanical and environmental variables. Two specimen geometries
nance of CrjC, grain boundary precipitation. The AH and HTH heat were used, compact tension and single-edge notch. Figure 1 shows
treatments represent commercial heat treatments that are highly the physical characteristics of these specimens. Specimens were
susceptibie (AH) and less susceptible (HTH) to EAC in LWR electrically isolated from grips and fixtures.
environments.5  Tests were conducted at constant AK using a closed-loop

servohydraulic fatigue machine adapted for use with a high-temper-
ature, high-pressure titanium autoclave system that has been de-

Procedures scribed elsewhere.7 For single-edge notch specimens tested at
temperatures lower than 650C, a plastic cell was used.

Microstructural characterization Crack length was measured using either compliance or optical
Thin foils for tiansmission electron microscopy (TEMj exami- measurement techniques,"' A fully automated system was used to

nation were prepared by jet-polishing 3- by 0.5-mm-thick disKs in a measure and adjust all relevant parameters to ensure constant AK
solution of 50 mL butycellosolve, 60 mL perchloric acid, 70 mL conditions in the former case, Electrochemical control was exercised,
distilled water, and 350 mL of methanol at a temperature of -40 c at where necessary, with potential measured using an external AgAgCl
35 V and a current of 40 to 60 mA, Foils were examined using a reference electrode at a high temperature and a saturated calomel
JEOLt JEM-200CX TEM with a LaB, filament. electrode a low temperature,10

Intermetallic phases were electrolytically extracted In a solution
of 10% hydrochloric acid in methanol and identified using x-ray Results
powder diffraction analysis, following the phase-identification proce-
dures of Donachie and Kriege.6 The composition of precipitated
phases were analyzed using energy dispersive x-ray analysis of thin Microstructural characterization
foils, extraction replicas, and extracted phases in a Vacuum Gene- A summary of the results of the microstructura characterization
atorst HB 5 scanning transmission electron microscope kSTEMJ. is given in Table 3. Figure 2 shows a TEM extraction replica of the

microstructure that results from the AH heat treatment. The micro-
'"Rensselaer Polytechnic Institute, Troy, NY. structure Is characterized by (1) a grain size of approximately 10 j±m,
tTrade name. (2) a duplex -y' size in the matrix consiting of a coarse (0.1 u~m) and
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a fine (0.01 tm) fraction, (3) grain boundaries containing a third size are based on analysis of a minimum of 10 particles for each phase,
fraction, slightly larger than the coarse matrix fraction, and (4) a therefore, the totals may deviate slightly from 100%. The authors felt
region adjacent to the grain boundaries that is devoid of the large Y,'- it more important to illustrate variability in individual concentrations
size fraction. The microstructure also contains occasional grain- than to force the sum of the mean values to equal 100%.
boundary iq-phase (NI3Ti) and large (1.0 p.m) (Ti,Nb)(C,N) carboni-
trides throughout the material. The coarse -y' precipitates during the
8850C heat treatment; the fine -y' fraction precipitates during the
7040C heat treatment. The narrow denuded zone results from the
coarsening of the grain-boundary -y' at the expense of the matrix .Y' Corrosion fatigue
adjacent to the grain boundaries during the 8850C age. The crack growth data from the CF tests are shown in Figures

2.22 4 through 6. Figure 4 compares the data for the HTH heat treatment
in 930C water with helium data for both heat treatments at frequen-

1.59 -I -.- cies of 10 and 0.1 Hz and an R of 0.1. As the data shows, there is only
a marginal effect of environment or frequency. The fracture path for
both heat treatments is transgranular in helium. In water the crack

7- 4-40 path is also transgranular but, in this case, is crystallographic.

6.10 0 1

0 0 Figure 5 shows the data for both heat treatments tested in high-
Tpurity water at 2880C. The crack growth rate in the AH material is
0.32 kslightly higher than that for the HTH heat treatment. However, the

o_ _ 1.52 0.64 difference is marginal. The crack path for both heat treatments is
lameter transgranular and, for the HTH treatment, crystallographic.

58 6.35 Figure 6 shows the data for the AH heat treatment in high-purity
water at 93C. There is little environmental effect but a strong
dependence on frequency and stress ratio (R). The crack growth rate
at 10 Hz is more than an order of magnitude greater than that at 0.1
Hz. The increase in crack growth rate is accompanied by a change
in fracture path from transgranular to intergranular. Figures 7 and 8
show the fracture surfaces for material tested at 0.1 Hz and 10 Hz,
respectively. Figure 9 shows the crack growth rate results plotted for
a constant AK 25 MPaVii, and two temperatures, 60 and 930C, for
the AH treatment as a function of frequency. The threshold frequency
for the transition to intergranular crack growth is approximately 0.3 Hz

0.953 ia" in 930C wate,*. The transition to intergranular crack growth is present
8 Holes at 600C, but the increase in crack growth rate is much less.

All of the results presented to this point have been for an R of
Band Saw Cut 0.1. Additional tests were conducted at a frequency of 10 Hz with R

,2,7 values of 0.4 and 0.6 for both heat treatments. Tests were conducted
0.76 at a constant AK of 25 MPaVim at 250C intervals from 25 to 2000C.

At R ratios of 0.4 and higher, both of the heat treatments showed a
peak in crack growth rate at approximately 100C. The crack growth
rate for the AH heat treatment was in all cases much higher. Indeed,
the crack growth rate for R = 0.6 was too high (> 1 mm/cycle) for the
computer to maintain a constant AK.

The crack growth behavior in sulfate solution is entirely different
Ti . k t ) - from that in high-purity water. Figures 10 and 11 show results of tests
1.8__ __conducted in sulfate solution [0.05 M Na2SO4 (pH 3)]. Also shown, for

0.825-'JI1 905 Im 1.905 mim 1.905 0.825 comparison purposes, is selected data from the high-purity water
- W,7.366 B-1 cases. Figure 10 shows results of tests performed under electro-

chemical control (galvanostatic). In a conductive electrolyte, cathodic
FIGURE 1-Fatigue crack growth specimen ccnfiguratlons, polarization results in an increase in crack growth rate for both the AH

and HTH heat treatments. A gradual transition from transgranular to
intergranular crack growth is observed until, at a cathodic current
density of 0.05 mA/cm 2, crack growth is completely intergranular. It

Figure 3 shows a TEM micrograph of the HTH heat-treated is important to note that at the free-corrosion potential, the crack

material. The microstiucture Is characterized by (1) a grain size of growth for the AH heat treatment is intergranular, while in the

approximately 100 tLm, (2) extensive grain-boundary Cr2e 6 precip- conductive electrolyte, it is transgranula and much lower. Also, the

itation, and (3) fine (0.01 g~m) y' precipitation throughout the matrix, crack growth rates for both the AH and HTH heat treatments are

Significant grain-boundary chromium depletion was observed (sen- comparable at the free-corrosion potential. Anodic polarization
results in a decrease in crack growth rate for the AH heat treatmentstization) bySTEMs ass in the conductive electrolyte. On the other hand, the crack growth rate

losses in corrosion tests. is high, intergranular, and independent of charging current density in

high-purity water.
The results of the precipitated-phase analysis are summarized

in Table 4. The y is rich in titanium and dissolves a significant amount Figure 11 shows the data in sulfate solution as a function of
of chromium. This is especially true of V' precipitated at lower frequency. While the data are limited, there is a clear inverse
temperatures. The means and standard deviations listed in Table 4 frequency dependence for cathodic polarization conditions.
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TABLE 3
Grain-Boundary Phases in Alloy X-75 0(A) Intragranular Phases in Alloy X-7 50(A)

Treatment Phase Description Treatment Phase Description

AH 3 Predominant phase, AH Fine y' Uniform distribution-

0.31m, cuboidal shape 0.01 itm

(TiNb)C Rarely present, usually Coarse y' Absent near all grain
found at GB triple points boundaries, 0.14 im

.1 Pedominant phase in some High concentrations in
regions, large, rod shaped some regions of plate

HTH Cr2C. Predominant phase-several HTH Fine -j' Uniform distribution-
types, shapes, discrete and 0.021tm
continuous

Usually present-0.04 tim,
usually rod shaped

(A)UNS N07750

• - J! . ,.. -, Bt

FIGURE 2-Bright field TEM micrograph of the AH heat treat- FIGURE 3-TEM extraction replica of the HTH heat treatment.
ment showing a typical grain-boundary region, Note the three -y'- Matrix contains fine y'. Grain boundaries are decorated with
sized fractions and the region devoid of the iarge matrix-sized Cr2 ,3 C6 carbides.
fraction adjacent to the grain boundary.

TABLE 4
Compositions of Precipitated Phases in Alloy X-750 (UNS N07750) (wt%)

Element Gamma Prime Carbides E hs

AH.CA) AH.FA) HTH HTH AH
Al 6.4 - 0.6 6.9 -0,6 6.4 . 0.8 0.2 0.2 3.0 ± 1.3

1"1 13.5±- 0.3 13.9±=0.2 12.1±=0.4 0.4±- 0.2 20.3±""0.5
Cr 1.9 ± 0.2 4.3 -- 0.6 2.3 ± 0.5 94.1 =3.7 2.6 ± 0.2
Ni 74.7 =0.8 71.1 ± 1.4 75.3 ± 1.0 5.0 ±* 2.9 68.5 -± 0.8
Nb 0.7 ± 0.1 1.0 ± 0.1 0.4 -- 0.1 0.1 -± 0.05 1.6 ±

" 0.3
Fe 2.8 ± 0.1 2.9 -- 0.1 3.5 -- 0.4 2.7 ± 0.7 3.9 "" 0.2

(AjC = coarse: F - fine
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FIGURE 4-Fatigue crack growth for all heat treatments, inciud-AK(MPam
Ing that for the AH heat treatment In helium at 930C. FIGURE 6-Fatigue crack growth data In air-saturated and

dleaerated high-purity water at 930C for the AH heat treatment.
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FIGURE 7-SEM micrograph of fatigue fracture surface In the
-06 AH heat treatment tested at 930C In deaerated high-purity water10 at a AK of 25 MPaV'i-, frequency of 0.1 Hz, and an R ratio of 0.1.

To demonstrate clearly the effect of electrolyte type and
cathodic polarization on the crack path, a test was conducted in
which the same specimen was exposed to a series of different

0 electroiytes and polarization conditions, after which the crack path
2040 was examined. Figure 12 shows a SEM micrograph for one of these
AK(Ma~m)tests, In this case, a stable crack growth rate was first established In
AK(M~a~m)high-purity water at a constant AK of 25 MPaViii, a frequency of 1

FIGURE 5-Fatigue crack growth for ali heat treatments tested Hz, and an R ratio of 0.1. The test was then stopped and the solution
In high-purity water at 2881C. drained from the ceii. A solution of 0.0.5 'A Na2SO4 (pH 3) was then
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introducel and- the test restarted. The crack growth rate was growth rate with decreasing frequency. This is indeed the case when
observed to decrease by approximately an order of magnitude. After a conductive electrolyte is present. However, the high-purity water
ensuring a stable constant crack growth rate, the sample was case would appear to be anomalous. In light of this complex
cathodically polarized such that a constant current density of -0.5 behavior, for the following discussion, it is appropriate to summarize
mA/cm2 was achieved. The crack growth rate was observed to the results of the investigation thus far:
increase to a value that was approximately the same as for the (1) The crack growth rate in high-purity water is higher than that in
high-purity water condition. Figure 12 shows the fracture surface for helium for certain combinations of microstructure, mechanical,
this test. Upon introduction of the conductive electrolyte, the crack and environmental variables.
path changes immediately from intergranular to transgranular. Ca- (2) There is a strong frequency effect that peaks at around 100°C.
thodic polarization results in an immediate transition to intergranular The AH heat treatment exhibits the strongest frequency effect,
growth. This type of test was performed several times with identical but the effect is present in all of the other heat treatments. The
results. However, for cases in which the test sequence consisted of low-temperature regime (< 200'C) shows behavior distinct from
high-purity.water, sulfate (no polarization), and sulfate (polarization), the high-temperature regime (> 200'C).
the transition from intergranular to transgranular and back to inter- (3) The high-growth-rate regime does not extend to higher temper-
granular was immediate. This is not the case when either high-purity atures for the conditions studied. At temperatures above 2000C,
water is introduced after a conductive electrolyte test or when the crack growth rate exhibits a gradual increase with temper-
cathodic protection is terminated in a conductive electrolyte test. In ature for a given AK and is largely independent of heat
these cases, the transition in crack path is gradual and depends on treatment.
the test frequency. (4) There is no significant effect of oxygen or hydrogen concentra-

tion in high-purity water for any heat treatment.
(5) In the increased growth-rate regime, the crack path becomes

intergranular for the AH heat treatment at an R value of 0.1. For
the HTH heat treatment, intergranular fracture becomes notice-
able only at higher R ratios.

(6) The threshold frequency for increased crack growth rate in the
AH heat treatment is approximately 0.3 Hz at an R ratio of 0.1.
The threshold frequency decreases with increasing AK and R.

(7) Cathodic polarization in a conductive electrolyte results in
intergranular crack growth. Anodic polarization reduces the
crack growth rate.

* RH,0 Water,60C
-e- 1H,.05HNa2S04(pH3).2SC
A HTH,DR Water,60C

-- HTH,.O5MNa2SO4(pH3),25C

Ali: 3 UZ o3
to7

FIGURE 8-SEM mlcrograph of fatigue fracture surface In the
AH heat treatment tested at 93'C In deaerated high-purity water
at a AK of 25 MPaVm, a frequency of 10 Hz, and an R ratio of 0.1.
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FIGURE 9-Fatigue crack growth rate at a AK of 25 MPaViR and
an R ratio of 0.1 as a function of frequency In deaerated
high-purity water at 60 and 930C for the AH heat treatment.

-0.,4 -0.2 o.o 0.2 0.4
D i s c u s s i o nC u r n e s t m A c 2The results of the experimental program show that the CF CretDniyrAc 2

behavior Is a strong function of microstructure and environment.
Moreover, in the case of the low-temperature regime, the behavior FIGURE 10-Fatigue crack growth rate of the AH and HTH heat
would seem to be counterintuitlive in that an increase in crack growth treatments as a function of charging current density and
rate Is observed with Increasing frequency. The more common environment. Tests conducted at a AK of 25 MPaVm, a fre-
manifestation of an environmental effect Is an increase in crack quency of 1.0 Hz, and an R ratio of 0.1.
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a function of temperature." They' in this study exhibited a transition
25C,Cethodlc Charging from active/passive to active and back to active/passive behavior

-- 0 60C.Cothodlc Charging over the temperature range 50 to 1500C. As was discussed earlier,
- 25Cfr.. Corrosion

-.-- 60CFre Corrosion the AH heat treatment results in a predominance of y' precipitation on
E 25c,Anodic CharglngR-.5 the grain boundaries. It is interesting to note that the peak in critical

anodic current density occurs at 100°C, the same temperature at
which the peak in accelerated crack growth occurs in alloy X-750. It

to 0is thus proposed that the //matrix couple, which will exist at the crack
tip, can provide for local hydrogen generation during crack propaga-
tion.

E O 4

E

I0-5 )K

i0
"I  10

0  101

Frequency(Hz)

FIGURE 11-Effect of cathodic ar d anodlc charging (current
density - " 0.5 mA/cm 2) on the fat .Aue crack growth rate of the
AH heat treatment In 0.05 M Na2SO4(pH 3) as a function of
frequency at a AK of 25 MPaV/m and an R ratio of 0.1

The observed behavior at low temperature in high-purity water
is consistent with a mechanism whereby the embrittling agent is
produced by the material itself, as a result of crack propagation in
sufficient quantity for the effect to manifest itself. Since one would
normally expect that a rapidly propagating crack would eventually
"out-run" the embrittlirg agent at some critical rate, there must also
be a mechanism whereby the embrittling agent remains concentrated
at the crack tip, independent of crack propagation rate.

Figure 13 shows a schematic of a typical crack tip in a
precipitation-hardened alloy. If we consider only the environmental
aspects of the propagation process, the major components of the
system include the following. (1) fresh metal surface at the immediate
crack tip, which for fatigue would be present even if crack propaga-
tion were not environmentally assisted; (2) grain-boundary and
matrix chemistries that may be quite different; (3) grain-boundary
precipitates that may be anodic or cathodic with respect to the
adjacent matrix, grain boundary, or other precipitate; and (4) passi-
vated or filmed crack flanks the nature and extent of which will
depend on the stability and kinetics of film formation. As the crack
propagates, these components are continuously being exposed to
the environment. For these conditions, there will be competition
between the exposure of fresh surface and the elimination of fresh
surface because of film formation. The thermodynamics of a partic- FIGURE 12-Transitions In fracture mode In rei.ponse to envl-
ular reaction, hydrogen reduction, and/or metal dissolution, for ronmental changes. Tests conducted at a AK of 25 MPaVii, a
example, will determine if a reaction Is possible, The kinetics of these frequency of 1 Hz, and an R ratio of 0.1 %'crack proceeded from
reactions and/or their inhibition by film formation will determine the top to bottom).
total change transferred during the crack-extension Increment.

For the -y'/NI-Cr-Fe system, it has been demonstrated that a The discussion thus far has focused on the potential for
sufficient galvanic couple exists in these environments for the significant galvanic effects in the material with -y' grain-boundary
generation of corrosion currents of as much as of 0.5 mA/cm 2. with precipitation. However, the total charge transferred due to hydrogen
,y' being the anode and the matrix composition being the cathode. 11  reduction must equal the charge transferred during the anodic
In this case, the cathodic reaction was hydrogen reduction. Figure 14 process. The critical anodic current density is a strong function of
shows the results of polarization studies on (Ni CM).-fAI) with variable titanium concentration. The range of y' titanium concentrations in this
titanium content in 0.05 M Na2SO4(pH 3 us;ng H2SO4 additions) as study was from 12.1 to 13.9 at%, which results in rapid passivation,
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as shown by the results of potential jump experiments. " However, necessary to impose a local hydrogen-reduction process by cathodic
during the first second after a potential jump, tile anodic current polarization. As an additional note, Figure 10 shows that cathodic
density of the -y' composition in alloy X-750 is comparable with that polarization has no effect on crack propagation rate in high-purity
of titanium-free -y', which does not passivate. Thus, the potential water. This is most likely because the high IR drop is making it
exists for significant charge transfer on the time scale of approxi- impossible to polarize the crack tip sufficiently for additional hydrogen
mately one second. For longer times, however, the anodic current generation.
density of the -y' in X-750 decreases to small values. This behavior -1
allows for a partial explanation of the observed frequency effect in the 10 I
low- temperature regime. At low crack propagation rates (dadt), *
which would correspond with propagation at low frequency, the
amount of hydrogen available for interaction at the crack tip will be
limited both by metal exposure rate and film formation and its effect -Tio,AI,,.4,CvO.IO
on the anodic half reaction. ,.oo o, = .o¢ .t,,., " 0-2

iJIOO-C OR CArAOOCM PR9TATES 0,/N

1NERAC RTi.O, A1sO.25- *1-4116~~ -- 0-MEA
REGION 0 Ti:O.O5,Al=0.20"

*Ti.10.AtQ15

TEMIPIPATC

"/UO~tEMENTEPUF)ONFIGURE 14-Effect of temperature on the active-dissolution
peak density of Ni3AI with various titanium contents In 0.05 M
Na2SO4 (pH 3) compared with solution-annealed alloy X-750

,.c~cu ( _. v(UNS N07750). Compositions are In atomic fractions.

FIGURE 13-Model for intergranular crack propagation in pre- The gradual transition between transgranular and intergranular
cipitatlon-hardened materials. crack propagation when high-purity water replaces the sulfate

For a complete explanation of the increase frequency effect, we solution, and between intergranular and transgranular crack propa-
must examirne and compare the results of tests performed in the gation after termination of cathodic polarization can be explained as
sulfate solution with those of tests performed in high-purity water. As follows. When the conductive solution is drained from the system, it
shown in Figures 10 and 11, no acceleration in crack growth is is not possible to eliminate residual solution from the crack enclave;
observed for tests performed at the free-corrosion potential in the thus, some amount of pumping by the fatigue process is required to
conducting electrolyte. In contrast, accelerated crack growth is clean the crack. During this process, the conductivity of the solution
observed, for some mechanical conditions, in high-purity water. In in the crack decreases gradually, resulting in a gradual transition For
addition, cathodic polarization results in accelerated crack growth in the case after termination ol cathodic polarization, one can hypoth-
a conducting electrolyte, and anodic polarization results in a do- esize that some residual hydrogen remains either absorbed in the
crease in crack growth rate. This is strong evidence that hydrogen is metal or adsorbed on the surface at the crack tip. Thus, the crack
responsible for the accelerated crack growth rate-at least in the must propagate through this region or use up the remaining hydrogen
conductive electrolyte case. For the case of high-purity water, it is during the transition period.
also proposed that hydrogen, this time self-generated because of the In contrast to the AH heat treatment, the HTH heat treatment
y'/matnix couple at the crack tip, is also responsible for the acceler- grain-boundary microstructure is completely different In this case,
ated crack growth rate. However, there stili remains the task of the dominant grain-boundary phase is Cr23C6 carbide In contrast to
explaining why, at the free-corrosion potential, accelerated crack -/', the carbide has been shown to be cathodic with respect to the
growth occurs in the nonconducting (,high-purity water) case and matrix.'2 In addition, the fraction of grain-boundary carbide coverage
does not occur in the conducting electrolyte. As an explanation for is small, hence, the small cathode is coupled with a large anode For
this, it is proposed that the high IR drop present in the nonconducting these conditions, it is unlikely that sufficient galvanic current can be
electrolyte forces a severe localization of the hydrogen-reduction generated to sustain an environmental effect for the conditions of this
process to the immediate crack-tip region. The hydrogen-reduction investigation. This does not mean that if an external source is
process is thus forced to "follow" the crack tip. At a sufficiently high available, as with the cathodic-charging case in the sulfate solution,
propagation rate, enough hydrogen is generated for an effect to accelerated cracking will not occur.
manifest itself. In the conducting electrolyte, the localization of the The behavior at high temperature clearly indicates that the low-
h~ydrogen-reduction process is not possible. Thus, an insufficient temperature mechanism is not operative, or at least is not controlling
amount of hydrogen is generated at the crack tip in spite of the same crack growth. One would expect that as the temperature is increased,
total hydrogen being generated by the yt dmatrix couple. It is thus the hydrogen recombination reaction would become increasingly
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Transgranular Stress Corrosion Cracking
in Copper-Gold Alloys

B.D. Lichter, W.F. Flanagan, J.B. Lee, and M. Zhu*

Abstract
Transgranular stress corrosion cracking (TGSCC) was studied for disordered single crystals of
Cu-25at%Au and Cu-50atAu alloys in aqueous NaCl and FeCl3 over the potential range 0 to 750
mVscr. In this domain, selective dissolution of copper occurs, and both anodic dissolution of gold and
hydrogen generation are thermodynamically excluded. Under slow-strain-rate and constant-deflection
loading, TGSCC readily occurs concurrent with rapid dealloying above a critical potential (E), which
increases with increasing gold concentration in the alloy and decreasing chloride concentration in
aqueous NaCI. However, embrittlement of Cu-25Au was also observed below E, (where the
steady-state dealloying rate is relatively low, - 1 x 10-6 ampcm 2) under constant deflection in FeCl3
and for slow-strain-rate loading in NaCI. The minimum average crack growth rate was found to be 1 to
3 orders of magnitude higher than the steady-state dealloying rate, indicating that although the
dealloying process assists crack growth, it cannot account for the rate of crack propagation predicted
by Faraday's law. Scratching experiments were conducted to determine the transient dealloying rates
of Cu-25Au crystals in aqueous NaCl at potentials below E. Recurring current transients and
associated load drops were also observed during slow-strain-rate testing, providing clear evidence for
the discontinuous nature of crack advance. The time dependence of these current transients was similar
to that observed during scratching. An attempt is made to interpret these results in the light of current
theories of TGSCC.

Introduction the appropriate stress state and environmental conditions for TGSCC
It is now believed that for many metal systems, transgranular stress and involves the formation of a groove or crack, not necessarily of the
corrosion cracking (TGSCC) occurs by discontinuous cleavage.' 6 same orientation as the ensuing transgranular crack.'0 For the case
The evidence includes the following. (1) For face-centered cubic kfcc) of brass in ammoniacal solutions, local dissolution of active slip
systems in general and copper base systems in particular, the planes provides the necessary nucleus for TGSCC." In engineering
fracture surfaces generally occur as j1 10] facets rather than lying alloys, pits, inclusions, intergranular cracks, etc., may serve as
along 111:,1 slip planes, as would be expected if the dominant suitable nuclei for transgranular cracks. We have previously reported
mechanism were shear.' 2 (2) observation of the fracture surfaces an alternative mechanism that occurs in copper-gold alloys in which
reveals that opposing faces are nearly matching and that the a brittle gold sponge forms on the surface in both NaCI and ferric
surfaces are cleavage like, displaying a distinctive 'facet-step chloride solutions.' Under tensu loading, cracks form in this sponge
morphology and "river markings",' " (3) distinct crack-arrest mark- and propagate into the underlying matrix, providing the nucleus for
ings are observed on the fracture surface; ,5 and (4) discrete TGSCC.
acoustic-emission pulses have been observed to correlate with Assuming that crack propagation in TGSCC occurs discontin-
electrochemical noise.0  uously, it must Involve a succession of renucleation and rapid

Such results suggest that the processes loading to cleavage propagation events separated by finite time intervals during which the
events must Involve corrosion as well as deformation. This was crack is momentarily arrested. A comprehensive theory must explain
discussed by Fo"ty. who suggested that in brass, dezincification at both the observed crack morphology (i.e., the crack orientation, the
the tip of an arrested crack leads to local embritilement and resumed crack arrest markings, the details of the "river markings, etc.) and
crack advance' On the basis of two-dimensional computer simula- the observed kiietics (i.e., the effect of potential and crack-tip
tion models, Sieradzk and Newman have proposed that surface environment on the average propagation rate, which is the ratio of
modification, be it deallo/ing or film formation, could lead to crack advance distance to time interval between microcracking
embrittlement under the influence of the stress field of a crack tip." events). Processes similar to those that lead to initial nucleation may
In their model, the misfit stress arising from dealloying, fur eXdmpie, be involved, such as selective dissolution (dealloyingj leading to the
leads to the formation of a crack at the interface between the formation of a sponge.' Alternatively, selective dissolution may lead
underlying matrix and the surface affected zone when the disparity merely to a depleted surface region ("film') or oxide at the crack tip.e

between the atom sizes Is sufficiently large. A distinctly different process Involves dissolution along slip planes
Recent findings suggest that the initial nucleation step for intersecting the crack' tip. This was suggested by Forty, but the

TGSCC may differ from the cont'nued reinitiation process associated detailed mechanism was unspecified.' For any of these mechanisms
with propagation 3f the crack. This initial step presumably develops to be applicable, they must provide the necessary stress condition for

crack renucloation. The subsequent arrest of the reinitiated crack has
'Department of Materials Science and Engineering, Vanderbilt been explained by the activation of a slip band that absorbs the crack
University, Nashville, TN 37235. driving energy.7.' 2 However, in some instances it could be the
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consequence of a decaying crack driving force from a fixed crack- Scratching experiments were performed on Cu-25Au samples
opening displacement, caused, for example, by the release of a in 0.6 M NaCl. One experiment was conducted to reveal the effect of
dislocation pile-up.13  scratching on dealloying below E0, A sample was scratched in air,

immediately submerged into the solution while polarized at 350 mV,
Rice has modeled the tensile crack-tip deformation fields in and maintained at this potential for three days without an applied

elastic, ideally plastic crystals and has shown that because of stress stress. The other experiment involved scratching crystals while they
and displacement compatibility requirements, velocity discontinuities were submerged in the aqueous environment and anodically polar-
occur that are coincident with slip planes for a [110](001) crack but ized to potentials between 100 and 30 mV, using a Thompsont Model
oblique to them for a [010](101) crack in an fcc lattice.14 Despite the 184 low-noise potentiostat. The transient current pulses following
fact that the analysis considers only infinitesimal strains without scratching were measured using a Nicolett digital storage oscillo-
lattice rotations, Rice concludes that fcc materials should be prone to scope (Model 4094/4562.)
{110 fracture. This is because for such (1101 cracks, crack-blunting
slip involves kink-like shear for which the required dislocation Slow-strain-rate tests were performed with Cu-25Au crystals in
sources may not be available, leading to cleavage. This contrasts a specially constructed corrosion cell, controlled with the Thompson
with the case for {100} cracks, in which crack-blunting slip could low-noise potentiostat and mounted on an Applied Test Systems t

easily initiate at the crack tip. Such an analysis is moot for normally universal testing machine (ATS Series 1 102E). This is a relatively
ductile materials in the absence of corrosion, but if TGSCC occurs, "hard" machine, so sudden extensions of the sample give rise to a
the role of corrosion becomes critical and must be included in the load drop, This feature was useful in detecting initiation as well as
analysis. It might be that corrosion is capable of producing sharp renucleation during discontinuous crack propagation, as discussed
cracks that could extend by cleavage according to the Rice mecha- below The potential domain for TGSCC was established under
nism; i'owover, it is known that propagating cleavage cracks are slow-strain-rate loading using samples polarized between 300 and
blunted .,.d therefore arrested by pre-existing active sup bands 7  430 mVSCE, and the resulting data were compared with prior results4

Therefore, our attention should be focused on the details of the arrest obtained under constant deflection in both aqueous NaCl and
and (re)initiation of cleavage cracks, and the specific role of aqueous FeC13. During some of these tests, which were performed at
environment in this process. a strain rate of 1.1 to 1.3 x 10-6/s, current transients and associated

From the foregoing account, the detailed mechanism for crack load drops were observed and recorded with the Nicolet oscillo-Fro th foegong ccunt th deaild echnis fo crck scope In these instances, the sample area was masked with
propagation remains unclear. Indeed, there may be more than onle cp nteeisacs h apeae a akdwt

"Miccrostop, ' 't leaving only a small region along the edge containing
mechanism that could explain the process. However, anodic disso- the crack-initiation site exposed to the solution.
lution is certainly involved, and the study of transient currents
associated with the initial nucleation and the subsequent discontin-
uous cracking events seems appropriate. The presen, work presents Microprobe observations were done using an Hitachi c X-650
results for copper-gold alloys in aqueous NaCI, undertaken to scanning electron microscope (SEM) equipped to do electron micro-
elucidate some of the details of TGSCC. Results ase presented for probe x ray analysis using either energy or wave-length dispersion.
both steady-state and transient dealloying. In addition, results of
slow-strain-rate tests are presented and compared with earlier
bend-test results, and an attempt is made to interpret these based on
the dealloying process. The copper-gold system was chosen be-
cause over the investigated potential range exclusive dissolution of Results
copper occurs. Also, in this potential range, involvement of hydrogen
in the cracking process can be discounted both on thermodynamic
grounds and, more convincingly, because of the results of recent Steady-state polarization studies
crack-chemistry modeling by Bertocci.15  Effect of alloy composition. Figure 1 includes the results for

anodic polarization for unstressed crystals of Cu-25Au and Cu-5OAu
in oxygen-free 0.6 M NaCI. A low-current plateau is observed up to

Experimental Procedures a critical potential (E) (- +430 mV for 25 Au and - +620 mV for
Experiments were performed on Cu-25Au and Cu-50Au single 50 Au), above which a steep rise in current is noted. Similar behavior

crystals produced using the Bridgman technique by co-melting has previously been reported for this system'8 as well as for
copper and gold of t49.99% purity in a high-purity split graphite acid-sulfate solutions." The phenomenon may be described as a
mold' " Samples with dimensions 3.5 by 0.3 by 0.03 to 0.1 cm were "transpassiva" transition, in which the dealloyed (gold-rich) surface
cut from single-crystal slabs. The crystals were wet-ground using layers are no longer protective above Ec, leading to formation of a
320- to 600-grit SiC paper, followed by f;-e polishing with a gold "sponge" and rapid dissolution of copper. " The subject has been
succession of suspensions of alumina powders, ending with 0.05 ttm reviewed by Pickering'8 and more recently by Kaiser."9 Figure 2
alumina particles, which resulted in bright and smooth surfaces. The shows the appearance of the sponge formed above Ec.
specimens were then degreased with ethyl alcohol and acetone,
vacuum sealed in quartz capsules, annealed at 8501C for 120 h to Effect of Cl- concentration. Figure 3(a) shows results for
ensure homogenization and relieve any residual stresses, and brine anodic polarization of Cu-25Au for different concentrations of aque-
quenched to obtain a disordered structure, ous NaCI and indicates a systematic variation of E, with CI- activity.

The dependence as shown in Figure 3(b) follows the relation
Steady-state (potentiostatic) anodic polarization was performed

using platinum counterelectrodes in 0.006 to 0.6 M NaCI solutions, E, = A + B logio(ac-) (1)
deaerated with hydrogen or helium, using PARt Model 173/276 and
Solartron t Model 1286 potentiostats. Electrode potentials were where the constant B is found to be 0.05 V. These results are similar
measured with respect to a saturated KCI calomel electrode (SCE). to those obtained by MacDonald, et al., in studies of the Cl-

dependence of the pitting potential in stainless steels, ° suggesting
possible relevance of their proposed model for the breakdown of

(')Gold was provided by Englehard Corporation through the assis- passive films in chloride media. Thus, there exists the novel
tance of Dr. Richard Lanam, possibility of an oxide or salt film on the alloy surface, a condition that

becomes more probable at higher potentials. The possible relevance
tTrade name. of this situation to dealloying needs further consideration.
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FIGURE 1-Steady-state anodic polarization for Cu-25Au and
Cu-50Au single crystals in oxygen-free 0.6 M NaCl. 10
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FIGURE 3-(a) Anodic polarization behavior of Cu-25Au for
different concentrations of aqueous NaCI showing systematic
variation of Ec; and (b) the dependence of E, on chloride Ion
activity for Cu-25Au.

Scratching experiments
Samples scratched In air. Several authors have suggested

that dealloying occurs only above the critical potential (E).18 9

However, Cu-25Au crystals, scratched in air and immediately anod-
ically polarized in 0.6 M NaCl solution at 350 mVsce. well below Ec,
exhibited gold enrichment in the scratched region. This was con-
firmed by SEM microprobe analysis, which indicated extensive
dealloying In the scratch, as can be seen in Table 1. More important,
though, was the observation that cracks were formed in this
dealloyed region perpendicular to the scratch, and that these cracks
even extended into the unscratched region (Figure 4). No cracks
were observed on crystals that were scratched but not immersed in
the solution, nor was sponge or cracking detected in samples that
were immersed unscratched, even after 17 days of exposure at 350

2 j m mVscE. Thus, it seems that in the proper environment, prior
deformation caused by scratching can lead to an increased rate of

FIGURE 2-Gold sponge formed on surface of alloys polarized steady state dealloying. This, in conjunction with residual stresses
above Ec: (a) Cu-25Au4 and (b) Cu-5OAu , 3  presumably caused by the surface deformation, can initiate TGSCC.
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TABLE 1 characteristic morphological features associated with cleavage-like
,Variation of Cu and Au Composition fracture, and they demonstrate the occurrence of TGSCC at poten-

Between the Matrix and the Scratched Region tials well below Ec.

Weight% Atomic% 180

160
Cu Au Cu Au

Matrix 49 51 75 25 140
Scratched Region 30 70 57 43

120

< 100

40

0 100 200 300 400 500 600 700 800 900 1000
T (ms)

FIGURE 5-Current transients following scratching Cu-25at%Au
crystals immersed in oxygen-free 0.6 M NaCl and anodically
polarized to various potentials below E. (background current of
- 1 ILA subtracted). The inverted periodic pips are Instrumental

cratc-ed region _a.riartifacts.

PEAK VALUES VS APPLIED POTENTIAL
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FIGURE 4-SEM micrograph of scratched region for Cu-25at%Au (etaoae ae ein

crystal scratched In air and Immersed In 0.6 M NaCI for 3 days 200 Peak current density
at 350 mV, well below E. Note cracks In scratched region, some from scratching experiment
of which propagate Into the unscratched matrix. -, br Cu-25 a%Au

w 150 I '"/
WZ IS

Samples scratched while Immersed. To study the scratching
behavior more carefully, the corrosion current was monitored for ,=
Cu-25Au samples scratched while they were immersed in solution, 100
as a function of imposed potential. A rapid rise in current accompa- 0

nied the scratching followed by a current decay at a rate related to the
imposed overpotential (Figure 5). The measured projected area of 50 S
the scratch was 0.12 mm, The area exposed by scratching was not - nfor pure copper
measured in each case, but the procedure was identical. This +.A- (diffusion-controlled region)
involved scratching across the entire specimen surface each time. -'

The pressure exerted during the scratching was assumed to be the 0 100 200 300 400 Soo
same, but variations in this pressure would lead to variations in APPLIED POTENTIAL (MV VS SCE)
exposed surface as well as in the related deformation and resulting
residual stresses. A measure of such variation can be deduced from FIGURE 6- Potential dependence of translent current maximum
the measured transient peak heights, and since these varied linearly shown In relation to steady-state anodic polarization curve for
with potential with relatively little scatter (Figure 6), it was assumed pure copper.
that the variation in scratched area was not significant, Observations of crack growth. In these tests, the sample

was maintained at the rest potential (- -100 mV) for 2 h and then
Slow-strain-rate experiments anodically polarized in steps to a potential below E. Straining was

Potential dependence of time-to-failure. Figure 7 shows the begun, and the sample displayed an easy glide where serrated
effect of the applied potential on the time-to-failure, which is seen to yielding was observed (nominal stress of 90 to 110 MPa.) Usually, a
approach zero as Ec is approached for Cu 25Au samples in 0.6 M long induction period was observed prior to crack initiation, however,
NaCl. A comparison is also shown with earlier results under constant lot the two tests reported below, initiation was promoted by polariziiig
deflection, At potentials below 350 mV, the failure mode in the the sample momentarily to 430 or 450 mV. The onset of cracking was
curstant strain-rate tests is predminantly ductile, however, some detected by the appearance of a series of transient ,urrent peaks that
environment-induced loss of ductility is still evident at 300 mV. coincided with drops in the measured load, Once the crack was
Typical fracture surfaces are shown in Figure 8. These show the nucleated, the potential was lowered to values below E.. Subsequent
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current transients and load drops continued to occur at regular
intervals throughout the test, with a magnitude and frequency that
increased with potential and decreased with increasing crack length.

75

0 0.6M NaCI (Strain rate: i = 1.3x1 6sec. - 1)

Co N 0.6M NaCI (Bending) E4]
- 6060
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0 30-U-
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0 0.1 0.2 0.3 0.4 0.5 0.6
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FIGURE 7-Effect of environment and loading mode on embrit-
tlement of Cu-25Au single crystals In subcritical potential
domaIn.

4,24

Figures 9 and 10 show results from a single test in which
nucleation occurred at 450 mV. After nucleation, the potential was
reduced and changed successively to 400, 380, and 350 mV and
then increased to 400 mV before fracture was completed. Figure 9(a)
shows a single instance of coupled events observed at 380 mV.
Figure 9(b) shows the series of events occurring shortly after the
initial nucleation of cracking at 450 mV. In Figure 10, the current and
load are shown for three potentials (all below Ej following nucleation.
These data were taken under constant average strain rate as the
crack length increased (from - 0.5 mm to - 1 mm along the 3-mm PM
fracture path) producing a decreasing average load at 400 and 380
mV but an increasing load when the potential was changed to 350 b
mV. The decrease, with decreasing potential, of both the magnitude
and the frequency of occurrence of the transient current peaks and
accompanying load drops is evident from Figures 9(b) and 10.

In a second test, initiation was affected at 430 mV, and then the
potential was alternately varied (in - 10- to 20-min intervals)
between 400 and 0 mV during the test until failure occurred. During
the 0 mV intervals when the crack was stationary, load drops without
associated current transients were observed under an increasing
average load; during the 400 mV intervals, the average load
decreased at an average rate of - 70 N/h, and both the magnitude
of the load-drop/current transient events and the time interval
between these events decreased as the crack length Increased. A
section of the fracture surface for a potential of 400 mV is shown in
Figure 11. Crack arrests (five of which are shown) could be identified
on the matching fracture surfaces, and an approximate correspon-
dence could be made with the current transients and load drops. By
summing the successive crack-arrest distances (Ax') and the corre-
sponding time intervals between load-drop/current transient events
(At'), it was possible to ascertain the average velocity over this
interval, 5 pm

v = Ax*At, 0.7 tim/s (2) c

FIGURE 8-SEM mlcrographs showing fracture surfaces of
An alternative method of estimating the velocity for this interval is crystals deformed under anodic polarization and slow-straIn-
discussed below, rate (1.3 x10-6/s): (a) 350 mV, (b) 380 mV, and (c) 430 mV? 3
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FIGURE 9-(a) Current transient and associated load drop observed during crack growth in
Cu-25Au single crystal under slow-strain-rate loading (1.1 x 10-6s) in 0.6 M NaCI, anodically
polarized to +400 mV; and (b) series of prior events observed at 450 mV, short.y after the
initiation of discontinuous crack propagation.

with any accompanying slip. The continuous deformation associated
. - AT' -" with constant strain-rate testing has no effect, but sudden bursts

. , generated at the crack tip when the crack is arrested, particularly if
400 MV the arrest involves collision with an "active" slip band, could lead to

____load drops of the same order of magnitude as those resulting from
Load crack advances. In this case, though, there is a recovery period,

because a drop in stress accompanies the load drop (unlike the
situation for the crack advance), and the stress-strain curve must
recover to the flow stress for deformation to proceed as before. We
have observed that the formation of such slip bands in samples
deformed in air (or in solution prior to crack nucleation) are also
accompanied by load drops, followed by just such a stress recovery.
This presumably occurs in these alloys because of the presence of

3,0 rnv short-range order, which leads to coarse slip. For cases in which
crack advance and shear bands occur together, these effects are
superimposed. Normally (except when pre-existing shear bands

60. arrest the crack), any slip generated from the arrested crack is
me relatively small and can be ignored. In preliminary straining-electrode

tests with unmasked samples, the formation of such slip bands priorFssciGURe lotta d pndenurgcrackgrnt ten a nd to crack initiation displayed both a load drop (which recovered with
further straining) and a large current transient because of a new

surface being created where the slip intersects the sample surface.
For samples coated with Miccrostop, only the load drop without a

Discussion current transient is seen on formation of slip bands prior to crack
nucleation.

As mentioned above, over a 20-min interval at 400 mV, the
Discontinuous crack advance during TGSCC average velocity of crack growth could be estimated from the
To understand the above results, it should be noted that a approximate correspondence between the time interval between

current tfanslent occurs as a consequence of a new surface created transient events and the spacing between crack-arrest markings on
during crack advance, and this is associated with a simultaneous the fracture surface (Figure 11). The average velocity at a given
load drop resulting from the accompanying reduction in area. The potential can also be estimated for this case from the rate of change
magnitude of the load drop should be proportional to the magnitude of the average load under the assumption that the load decreases at
ofrhe crack advance under conditions in which the flow stress can be constant stress because of the decrease in cross section. Under
considered constant (i.e., in the "easy-glide" region of single-crystal these conditions, the load drop per unit crack advance is given by
deformation). Plastic flow of the crystal should be unaffected by this
event, except for recovery of the elastic strain in the system, which is
likely to be small. A complicating factor is the load drop associated (dP/dl) = we Ya. = P,/Io (3)
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where wo and 1o are the initial width and length of the fracture plane, Transient dealloying and TGSCC
and 'rm and Pmax are the "easy glide" or flow stress and the When a fresh surface is presented to the solution below E0, as
corresponding load, respectively For the experiment described occurs on scratching or with the production of a cleavage crack, a
above, dP/dl = 33 N/m and dP/dt = - 70 N/h. The velocity is high rate of copper electrodissolution occurs. This is followed by a
therefore given by decay to the steady-state value, as available kink sites are blocked

by gold atoms. The process is phenomenologically analogous to the
v = (dPldt)/(dPIdl) = - 0.6 gm/s (4) "repassivation" that occurs on reformation of passivating oxide films.

The high mobility of gold adatoms assures a continuing low steady-

in approximate agreement with the value obtained above. It should state rate of copper dissolution In Figure 5, the total charge transfer

be noted that these velocities are "average' values, in that the crack (area under the current vs time curve) suggests a discontinuous

is usually stationary while the corrosion renucieation process occurs. change to lower values below a scratching potential of 300 mV. This

The actual velocity of the crack tip during the discontinuous motion is may account for the fact that under slow-strain-rate loading, the

very high and may be estimated from the load-drop relaxation time ductility appears to be restored in 0.6 M NaCl as this potential is

(Figure 10). approached, as seen in Figure 7. It is also likely that the kinetics of
transient dealloying are significantly influenced by solution compo-
sition, and this may account for the fact that in aqueous FeCI 3, even
under the less severe condition of constant-deflection loading,
embrittlement persists to a potential as low as 0 mV,4 as shown in

- ,"Figure 7 It would be of interest to explore the transient dealloying
; "- Lpts_ 4( -" 'N V 0'behavior in this solution, unfortunately, the measurements are
S '. hampered by the high background current resulting from the reduc-

w.". otion of ferric ion. An alternative explanation for the persistence of.2, , - # embrittlement in FeCl3 was offered by Newman 22 who suggested
. o .that a more positive potential ( 400 mY) may exist near the crack

• 4 tip, in view of the fact that in this instance the sample is cathodically
,- #, ,,V.- .-r"polarized. According to recent modeling of this system by Bertocci,'s

V s .a potential gradient of this magnitude is unlikely.
.,,,, Figure 6 shows that the transient current density maxima

I A - . M observed during scratching experiments vary linearly with applied
, potential under anodic polarization between 300 and 100 mV. The

peak values fall between the two limits of (actual) diffusion-limited
and (extrapolated) charge-transfer-limited electrodissolution of pure
copper, supporting the basic contention that the transient dissolution

.?A process is completely selective. The true instantaneous peaks are
expected to be closer to the Tafel extrapolation and higher than the
time-averaged recorded peaks, which represent a lower limit.

.. ,t , .- The similarity between the transient currents observed after
scratching and those detected during crack growth can be seen by

/10 .0 I A comparing results in Figures 9(a) and 10 with the scratching profiles
in Figure 5. In a previous work, we showed that the kinetics of the
transient dissolution process during TGSCC are the same as that for

FIGURE 11 -Fracture surfaceof Cu-25Au crystal showing crack- a surface newly exposed by scratching." From this result, we can
arrest markings formed In slow-strain-rate test at 400 mV. Arrest infer that the scratching experiments adequately model the events
markings correlate with occurrence of current transients and following cleavage, and the current transients during constant
associated load drops. strain-rate tests reflect the suddenexposure of new surface to the

corrosive environment. In other systems, dynamic straining markedly
affects the dissolution process." Thus, it is expected that the
enhanced slip activity at the crack tip leads to high dissolution rates

Steady-state dealloying and TGSCC there, but the contribution of this strain-enhanced dissolution could

Steady-state deattoying varies with noble metal content in a be lost in the observed transients. The actual mechanism by which

manner expected from the treatment of laesche 2 and of Kaiser. this enhanced dissolution leads to renucleation of the cleavage event

As seen in Figure I, the polarization curve shifts downward and to the is not yet known Observation of the details of current transients and
right for the higher-gold alloy, i.e., the rates in the subcritical potential load drops that coincide with cleavage events allows one to study the
domain are an order of magnitude lower for the hgher-gold alloy, details of these events and their time sequence. Further work that

rnd, correspondingly, the critical potential is 170 mV higher. Accord- attempts to distinguish among possible anodic dissolution mecha-

ing to previous analyses,'" 2' above E, the large increase in copper nisms and to integrate these findings into a quantitative model is in

dissolution rate occurs as a consequence of the activation of copper progress.

from the more plentiful terrace sites, distinct from kink sites of
relatively limited effective concentration, which accounts for the Failure of the Faraday condition
extremely low dissolution rate below E. In the absence for this In previous studies," we showed that the average crack growth
system of alternative mechanisms for TGSCC (e.g., hydrogen rate determined from time-to-failure measurements (which neglects
charging, oxide, or salt film formation), we presume that a critical the time for initial nucleation) is 1 to3orders of magnitude higher than
amount of selective dissolution is required to nucleate cracks and the steady-state dissolution rate (expressed as a linear interface
sustain crack growth Generally, this will require terrace site disso- recession). This is illustrated by the results plotted in Figure 12. It can
lution, which can readily occur above E. However, we have shown be argued that the average velocity so calculated is a lower limit, in
(Figure 7) that for Cu 25Au. TGSCC occurs as low as 150 mV below view of the inclusion of an unknown initial nucleation time. Similarly,
E, under slow strain rate in 0 6 M NaCI and as low as 450 mV below the calculated interface recession may be larger than that prevailing
E, under constant deflection in aqueous FeCI3.4 We suggest that in a crack, in view of the tendency of the occluded environment to
once initiation has occurred, the required dissolution may occur as a approach equilibrium in this instance, according to the modeling
high rate transient following discontinuous crack advance, calculations of Bertocc. 25 Thus, the results in Figure 12 may
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represent a "best-case" situation for tho Faraday condition, which Conclusion
nevertheless fails to attain. This failure of the Faraday condition casts (1) TGSCC occurs for disordered Cu-25at%Au and for Cu-
doubt on the general applicability of the slip-dissolution or film- (1) TC ous for dioe citia an frC
rupture model, which is currently fashionabli and forms the basis for ja i aques N oro c tcent a l w e, which

muchmecaniticmodling Asshon rthe conlusvel bythe increases with increasing gold concentration and with decreasingmuch mechanistic modeling. As shown rather conclusively by the chloride ion activity.
present results, TGSCC in the present system occurs as a series of (2) For disordered Cu-25at%Au, TGSCC also occurs below Ec,
discontinuous cleavage-like events with local "average" velocities as where the steady-state electrodissolution rate is vanishingly small.
high as 28 gm/s, strongly dependent on potential (Table 2 and
Figures 9 through 11) Finally, the interesting result obtained for an kinetics of the transient current decay are silar to those observed

air-scratched sample after long-time immersion in the subcritical during scratching experiments, however, neither the steady-state nor
potential domain (Figure 4) supports our earlier observation of the the transient dealloying rates can account quantitatively for crack
propagation of cracks from a corrosion-affected domain into unat-tackd aloy. 3 propagation in a Faradaic sense.
tacked alloy.3

(3) The discontinuous nature of TGSCC is further confirmed by
the occurrence of current transients and load drops during crack
growth; it was demonstrated that these events can be used to study
cleavage events during TGSCC; in particular, the local average crack
growth velocity can be determined.

(4) Enhanced dissolution is expected at the crack tip because of
2 -dynamic deformation, and this could lead to crack renucleation.
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(Dordrecht, The Netherlands. Martinus Nijhoff, 1987), p. 669. solution. Near-saturation conditions may prevail, with a tendency for

23. D. Massinon (Masters thesis, Vanderbilt University, 1987). equilibrium to be approached and a consequent decrease in the
24. W.F. Flanagan, J.B. Lee, M. Zhu, B.D. Lichter, Symposium on overpotential for copper dissolution. Clearly some selective dissolu-

Environmentally Assisted Cracking. Science and Engineering, tion may occur on the fracture surface during the process of crack
held November 9-11 (Philadelphia, PA. ASTM, 1987), in press. growth, but our observations indicate that the dissolution rate may be

25. U. Bertocci, Embrittlement by the Localized Crack Environ- significant only in the vicinity of an arrested crack tip prior to
ment, ed. R.P. Gangloff (New York, NY: TMS-AIME, 1984), p. renucleation. We are presently undertaking Auger spectroscopic
49. studies of anodically polarized crystals, as well as of fracture

surfaces.
Discussion E.I. Meletis (Louisiana State University, USA): Assuming that

J.R. Galvele (Comison Nacional de Energia Atomica, Ar- dealloying is responsible for transgranular cracking, can you deduce
gentina). If the yield point of the alloy is 100 MPa and the surface the length of the propagating crack, from the measured thickness of
compound is Cu2CI2, with a melting point of 4300C, the surface- the dealloyed layer?
mobility mechanism (SMM) predicts a crack velocity of 13 A 10 6 B.D. Llchter: It is clear from our measurements of the time
m's, which is very close to what was reported by the authors, interval between cracking events and the crack-arrest distances on

B.D. Llchter; This is an interesting observation, which requihes the fracture surfaces that the dimensions of the dealloyed region
further consideration. However, before accepting the SMM proposed formed while the crack is arrested are considerably smaller than this
by Galvele, we shall have to explain the discontinuous nature of crack crack-arrest distance. Our present view of the process is that the
advance. The actual crack propagation rate is considerably higher 6,iack-arrest distance is determined by 'mechanical variables rather
than that calculated in our paper, which is an average that takes into than electrochemical ones, while the time interval between renuclea-
account the time during which the crack is locally arrested. (Actually, tlion events is determined by the extent of anodic dissolution occuring
this value is closer to 1 x 10-6 m.s- 1 than the value quoted by at the crack tip.
Galvele.) Furthermore, the potential range of observed transgranular
SCC exceeds that for which we may expect stable surface chloride
films to be present, according to the data and analysis of Nobo, et al.,
for pure copper. Direct observation of such films and correlation of
their presence with the occurence of transgranular SCC in this
system is needed.
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Surface-Mobility Stress Corrosion Cracking Mechanism
in Silver Alloys

G.S. Duffo* and J.R. Galvele**

Abstract
New experimental evidence supporting the surface-mobility mechanism for the embrittlement of metals
was found. As predicted by this mechanism, (1) embrittlement of silver alloys in aqueous solutions
occurred only at those electrode potentials where AgCI, AgBr, Agi, and Ag2SO4 were formed on the
alloy surface, (2) crack velocities were higher as the melting point of the surface compound got lower,
and (3) measured crack velocity values were very close to those predicted by the mechanism.

Introduction temperature. The samples were strained to rupture in a slow-
According to the surface-mobility mechanism,' stress corrosion strain-rate machine, with an initial strain rate of 2.6 .10 r s '. After
cracking (SCC), liquid metal embrittlement, and hydrogen embrittle- straining, the wires were metallographically sectioned, the crack
ment of nonhydride forming metals have a common mechanism at length was measured, and a mean crack velocity was calculated.
the tip of the crack. The surface-mobility mechanism states that crack Both the alloy composition and the eAperimental procedure were
propagation results from the capture of vacancies by the stressed described in a previous publication..4

lattice at the tip of the crack. The rate-controlling step is the rate of
movement of adatoms along the surface of the crack, and the role of Results and Discussion
the environment is to change the surface self-diffusivity of the metal The surface-mobility mechanism predicts' that the crack prop-
or alloy. This mechanism predicts that embrittlement should be agation rate (CPR) will be given by the following equation:
observed on tensile stressed metals at temperatures below 0.5 Tm
(Tm being the melting point of the metal, in K) and in environmental Ds r ex x a3

conditions that allow high surface mobility. CPR = L exp ( T-(
Experimental evidence supporting this mechanism has been

reported in four recent publications. Bianchi and Galvele' found where D,(m2 r s 1) is the surface self-diffusion of the metal; L is the
embrittlement of high-purity copper in argon contaminated with CuCl diffusion path, typically 10 1 m; a is the atomic diameter; a is the
at 200°C, where high surface mobility was previously measured.3 maximum stress at the tip of the crack, k is the Boltzman constant;
Duffo and Galvele4 reported SCC of Ag-Pd and Ag-Au alloys at the and T is the absolute temperature. While D, values at the conditions
electrochemical potentials where compounds with a low melting point of interest for SCC are not available, a rough estimate can be made
were formed on the alloy surface. Through this mechanism. Man- with the following equation, based on the publications of both
fredi, Maier, and Galvele were able to explain the potential-depen- Gjostein7 and Rhead:89.

dent intergranular to transgranular SCG transition on type 304 (UNS
S30400) stainless steel (SS) in MgCt2 solutions.5 Finally, Duffo, D, = 7.4 x 10-2 exp-(30 TdRT)
Maier, and Galvele reported that the dependence on temperature of + 1.4 x 10- 6 exp-(13 TdRT) (2)
SCC for type 304 SS in LiCI solutions was equal to that predicted by
the surface-mobility mechanism.6

The aim of the present work is to test the capability of the where R Is the gas constant (R 1.987 cal.mole-K'-), T is the
surface-mobility mechanism to predict crack velocities for new absolute temperature, and T. is the melting point of the surface-
systems quantitatively. As previously reported, silver alloys are of adsorbed compound, both In 'K Equation (2) shows that a compound
particular interest oecause of the high number of low melting point with a low melting point surface will induce high surface mobility and
compounds they form.' For this purpose, the same alloys and thus high SCC susceptibility.
environments used in a previous work were tested.4  The cases of silver and silver alloys in the above-mentioned

environments are of particular interest. All of them belong to the
family of the Ag/AgCI reference electrode; abundant literature is

Experimental Method available on the electrochemically formed surface compounds, and
All the measurements reported In this paper were performed on the equilibrium potentials above which such compounds will begin to

0 8-mm-diameter wires of Ag-15Pd (alo) alloy. The environments be produced are well known. The standard electrode potentials (E0)
used were 1 M KCI. 1 M KBr, 1 M KI, and 1 M Na2SO, aqueous foreachofthesilvercompoundsinvolvedareasfollows:EO(AgAgCl )
solutions. All the solutions were nitrogen deaerated and at room -0.222 V; E0(AgiAgBr) = 0.074 V: E,(AglAgl) = -0.150 V; and

Eo(AglAg 2SO4) = 0.653 V. In addition, because of their low solubility,
their presence during the SCC process can be confirmed ex situ by

Comision Nacional de Energia Atomica, Depto. Quimlca, Av. del surface analysis techniques. Finally, their melting points are low
Llbertador 8250, 1429-Buenos Aires-Argentina. (AgBr: 432'C, AgCI. 4550, Agl: 5581C; Ag2SO.: 652'C), and

"Comision Nacional do Energia Atomica, Depto. Materiales, Av. del according to Equations k1) and t2j, they should lead to rather high
I ibertador 8250, 1429.Buenos Aires-Argentina. CPR values.
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Figure 1 shows the CPR values measured in the present work. Equation (1) does not explicitly show a dependence of CPR on
The results were plotted as a function of the overpotential (i.e., the the electrode potential. The surface-mobility mechanism only re-
applied potential minus the standard electrode potential). As previ- quires a compound with a low melting point to be present at the tip
ously reported,' SCC was found only when the silver compounds of the crack. The effect of the potential appears only. in those cases,
became thermodynamically stable on the metal surface. At potentials e.g., in aqueous solutions or in fused salts, where a charge transfer
below the standard electrode potential, where those compounds reaction is involved in the film formation process. In these cases,
were absent, no SOC was found. Therefore, for Ag-15Pd alloys, the SCC will be observed either above the standard electrode potential
presence of AgCl, AgBr, Agil, or Ag2SO4 on the metal surface was for the formation of the compound, as in the present case, or above
concluded to be a necessary condition for SCC. Cracks were the passivity breakdown potential, as found by Rebak, Carranza, and
intergranular, as shown in Figure 2, and the presence of the silver Galvele" for brass in nitrite solutions. Figure 1 shows a dependence
compounds was observable under the scanning electron micro- of CPR on the overpotential. This is due to the electrochemical
scope. At low overpotentials, aside from the adsorbed monolayer of processes taking place inside the crack, such as ohmic drop,
silver compound, isolated crystals were also present on the crack diffusion overpotential, etc. The discussion of such processes falls
surfaces; at higher overpotentials, the silver compound crystals outside the scope of the present work and will be discussed in a
covered the entire surface. In every case, the nature of the separate publication.10 In the present work, only the maximum CPR
compounds was confirmed by surface analysis.10  values and their relation to Equation (1) will be considered.

Because of the very low strain rate used and the high cracklog (ZPR/trns) velocities found, the fractured samples showed practically no plastic
deformation. It seemed reasonable then to use for a in Equation (1)

Ag-15Pd the value of 0.2% proof stress, which, for the samoles used in the
present work, was found to be 62.4 MPa. The other values used were

1.OM Aqueous sol. + a = 2.88 x 10- 0 m and L = 10-8 m. In Figure 3, the maximum CPR

-s-Na2SO4 -7 - + + values measured in the present work were compared with the
predictions of the surface-mobility mechanism. As predicted by the

AKC 0 mechanism, a low CPR corresponds to a high melting point of the

-6- KBr surface compound. The predictions of the theory fit very well with the
+ KI experimental results for KI and Na2SO4 solutions. A strong deviation

-8 was found in those solutions in which much higher CPR values were
expected; it seemed as if the SCC rate had reached a saturation
value. This was a result of the nature of the processes taking place

inside a crack in aqueous solutions and called for separate analysis.

"9 i Og CPR/(m/a)
-02 0 02 04 06

Overpotenlial/(V) Ag-15Pd
FIGURE 1-Crack propagation rates as a function of overpoten-
tial. Strain rate: 2.6 x 10- 6 s-1.  -6

- - Tho. -
0Exp.

400 500 600 700
A Surf.comp. melting point/(C)

FIGURE 3-Maximum crack propagation rate values measured
; , In the present work (Exp,), compared with the predictions of the

surface-mobIlity mechanism (The.).'

As shown above, the presence of the silver compounds was a
necessary condition for SCC of Ag-15Pd. In the aqueous solutions

FIGURE 2-Typical Intergranular fracture surface for Ag-15Pd used in the present work, the production of those compounds was the
strained In 1.0 M KCI, at 0.600 VNHE. Deposits of AgCl are result of reactions of the following type:
observed on the fracture surface. Dashes = tim.

nag + X"" AgnX + ne" (3)
The SCC process observed in the present work was not

specifically related to the presence of Pd In the alloy, since Ag-15Au where Xn" stands for Cl-, Br-, I , or SO,'. As the crack propagated
alloys have been shown to have a similar behavior.4 ' Neither was into the metal, bare metal was exposed to the environment, but at the
it due to the presence of water In the environment, as shown in electrode potentials used, this bare metal reacted according to the
separate tests. Silver alloys are known to react chemically with free reuction in Equation (3). The result of this was an anodic current
halogens, leading to the formation of silver halides. As reported floing through the crack. Simultaneously, by the same reaction, the
separately,10 SCC was found when Ag-l5Pd wires were slowly anions X"- were consumed at the tip of the crack and had to be
strained In benzene or in toluene, both saturated with iodine. In the transported from the bulk solution to the tip of the crack either by
first case, the CPR measured was 6 x 10-a m/s- t , while in the diffusion or by migration, provided convection inside a crack was
second, it was 7 ), 10-8 m/s-1 both values falling within the range negligible. Making a very conservative approach, a monolayer of
of maximum CPR values found in an aqueous 1.0 M KI solution in AgX was assumed to be formed along the crack walls. From this
Figure 1. assumption, it was easy to calculate the current density flowing
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through a crack at each CPR value, as well as the flow rate of the X1-  References
ions necessary to compensate those consumed by Reaction (3). The 1. J.R. Galvele, Corrs. Sci. 27, 1(1987): p. 1.
diffusioncoefficientusedsimilarformostionsinaqueoussolutions, 12  2. G,L. Bianchi, J.R. Galvele, Corros. Sci. 27, 6(1987): p. 631.
was 10- 9 m2/s - 1. A CPR value was found, above which the 3. F. Delamare, G.E. Rhead, Surf. Sci. 28(1971): p. 267.
replenishment of ions by diffusion was insufficient for the SCC 4. G.S. Duffo, J.R. Galvele, Corros. Sci. 28, 2(1988): p. 207.
process to continue. This was equivalent to a limiting current density 5. C. Manfredi, L.A. Maier, J.R. Galvele, Corros. Sci. 27, 9(1987):
in electrochemistry that, when reactions of the type of Equation (3) p. 887.
were involved, led to what in electrochemical kinetics is called 6. G.S. Duffo, I.A. Maier, J.R. Galvele, Corros. Sci. 28, 10(1988):
diffusion overvoltage.13  p. 1003.

Using the equations developed for diffusion overvoltage in 7. J.J. Burke, N.L. Reed, V. Weiss, eds., Surfaces and Interfaces-I
electrochemical kinetics, 3 a relation between the maximum CPR
values allowed by diffusion vs overpotential was calculated. Figure 4 (Sya , NY: Sc i t Pess, 17p 1
shows the results of these calculations as compared to the CPR 8. G.E. Rhead, Surf. Sci. 15(1969): p. 353.
values measured in KBr solutions. It was assumed that a monolayer 9. G.E. Rhead, Surf. Sci. 22(1970): p. 223.
of AgBr was formed on the crack surface, and that the diffusion path 10. G.S. Duffo, J.R. Galvele, Corros. Sci., in press.
was of 0.01 cm. Under those conditions, it was found that for 11. B. Rebak, R. Carranza, J.R. Galvele, Corros. Sci. 28,11(1988):
concentrations of 1.0 M of the active species, CPR values much p. 1089.
higher than 10-6 m/s-' were not possible in aqueous solutions 12. J.R. Galvele, J. Electrochem. Soc. 123, 4(1976): p. 464.
because of the limitations introduced by ion diffusion in the liquid 13. K.J. Vetter, Electrochemical Kinetics (New York, NY. Academic
environment. The calculations were conservative, since accumula- Press, 1961), p. 170.
tions of AgBr much thicker than a monolayer were observed on the
crack surfaces. On the other hand, the diffusion path assumed was Discussion
that of a stagnant solution"' without allowance for the crack length. R.A. Oriani (University of Minnesota, USA): Your r,I of

stress corrosion cracking (SCC) is based on the idea that because of
the different states of stress between the crack tip and the crack

-log CPR/tm/s) flanks, vacancies move from the crack flanks to the tips by surface
diffusion, causing the crack to advance. I wish to point out that this
idea is based on a misunderstanding of how stresses can affect the

Ag-1 5Pd force, and hence the direction, of a diffusive flux.
A diffusive flux is motivated by a gradient or a difference in

0 o chemical potentials, and for lattice atoms (A) in a stress field, the
- relevant equation is that of Herring [Scripta Metall. 5(1971): p. 273].

d -f.ov 7 /" which is
0 1M KBr

UA - U V = UA
O 

- VAn (DI)

8 jwhere u = chemical potential; VA = partial molal volume of the

species A; n = normal component of the stress at the interface,
which can exchange atoms with a hydrostatically stressed surround-

-s 'ings, and V refers to the vacancy. The chemical potential of A and V
0 0.2 04 06 in a nonhydrostatically stressed system can be defined only at an

Overpotental/(V) interface, not in the interior. This equation says that at constant
volume concentration, (uA - uv) decreases with increasing positive

FIGURE 4-Maximum crack propagation rate values allowed by i.e., tensile) normal stress on the interface. The flux equation
diffusion overvoltage compared to the values measured In KBr becomes (again from Herring)
solution.

JA - {D/kTVA) x (UA - u) (D2)
Thus, the deviation from surface-mobility mechanism (Figure 3)

is concluded to be due to the presence of a volume diffusion so that a flux of A atoms may be established toward the surface or
rate-controlling step. interface having the larger tensile normal stress. This, of course, is in

keeping with the direction of mass flux in Herring-Nabarro creep. The
manner of how the transport of A species is accomplished, whether
by volume diffusion or surface diffusion or by some other mechanism

Conclusion is here irrelevant, since I wish to discuss only the direction of the
The conclusions from the present work are as follows: (1) mass (lux,

Ag-15Pd alloys show inlergranular SCC in KCI, KBi, KI, and NaSO4  Now, to the extent that one can apply continuum concepts to the
solution,, (2) SCC is observed only above the electrode potentials region of a crack tip, if one believes that atoms at the crack tip
where the respective AgX compounds are formed, and the presence experience a component of stress normal to the "surface," whereas
of those compounds is a necessary condition for SCC; (3) the the atoms on the flanks of the crack surface clearly have zero normal
surface-mobility mechanism quantitatively predicts the CPR values stress, then the above equations would predict a force fhr transport
expected in those environments; and (4) in aqueous solutions with of atoms from the flanks to the crack tip. If the crack tip is considered
1.0 M active species, CPR values are limited to about 10 6 nis A as mote rounded because of plastic deformation, it is easier to see
because of bulk diffusion of the active species. that the normal stress at the crack tip is zero, so that in either case

one does not expect a flux of atoms away from the crack tip (i.e., of
vacancies toward the crack tip) as your model demands.

That your model is based on how stress affects vacancy
Acknowledgment diffusion is clear in the reference to Corrosion Science [27(1987): p.

This research was supported by the Consejo Nacional do 1], but it is mistakenly based. Therefore, I must regretfully conclude
lnvetigacruines Cientificas y Tecnicas, Argentna, arid by the Pru that whatevet success yuu have had An making phenomenological
grama Latinoamericano de Lucha Contra la Corrosion OEA-CNEA. correlations must have a different basis.

EICM Proceedings 263



J.R. Galvele: I am sorry to say that the first statement made by some weak points that will have to be corrected in future versions, but
Oriani ("Your model for SCC is based on the idea ... causing the as far as I can see, none of those points are addressed by Oriani's
crack to advance.") is not correct, and consequently his further question.
considerations do not apply to our work. Otherwise, we should be R.A. Oriani: My understanding of Galvele's poster and the 1987
talking about intergranular creep cracks, growing by surface diffu- Corrosion Science paper is that the mass flux envisioned is between
sion, a problem that was extensively discussed by Chuang, et al. the surface at the crack tip and the surface of the crack away from the
[Acta Metall 21(1973)" p 1625 and 27(1979)" p. 265, and by Cocks crack tip. His response implies that he envisions a mass flux between
and Ashby in Prog in Mater Sci 27(1982)' p 189] Such a process the crack-tip surface and the volume immediately below that surface.
should be present at temperatures well above 0 5 Tm, and, as I stated I therefore reshape my comments to this scenario. His reply in no way
in the paper in Corrosion Science [27(1987): p. 1], we are only answers the basic point of my objections.
interested in what happens below 0.5 Tm. Following the sequence of his rep;y, I point out that his Equation

As for the thermodynamic aspects of a SCC process based on (D4) presents equilibrium (i.e., equal chemical potential of the
surface mobility, these have already been treated by R.J. Asaro and vacancies) between a compressed region of a lattice and a region not
W.A Tiller [Metall. Trans. 3(1972): p. 1789]. Our 1987 model is under compression. Hence, there will not result a vacancy flux
oriented to the kinetic analysis of the process at a molecular level, an between the two regions. Therefore, this equation is irrelevant to the
aspect that had not been treated in any previous publication. The question of the direction of the driving force for generating a vacancy
main idea on which our model is based is not about where vacancies flux or vacancy injection in the region of the crack tip. As I pointed out
move to, but what is the equilibrium concentration of vacancies at the in Equation (D1) above, the driving force for mass flux is ? (uA -uv),
tip of a crack, and how such equilibrium is reached It is based on very and of course the mass flux is equal, and oppositely directed, to the
elementary metallurgical concepts. Let me quote, for example, J.P. vacancy flux.
Hirth and J Lothe [Theory of Dislocations (New York, NY: McGraw Galvele states that his model considers only cases for T < 0.5
Hill, 1968), p. 4581," . As an example, consider vacancies equili- Tm, so that volume diffusion is negligible and "the usual sources of
brated at an external surface under hydrostatic pressure, P. Forming vacancies will be inactive." In the previous paragraph, he states
a vacancy by removing an atom from the interior and placing it on the "Usually, the sinks and sources of vacancies are surfaces, grain
surface leads to external work in the final step boundaries, and dislocations." Hence, it is surprisingly inconsistent

that in the first of the assumptions made in his model he assumes that
W, = P x V, [(D3)) metal atoms close to the surface (i.e., the volume close to the

surface) will be easily exchanged with those in the surface. This must
Thus, the vacancy concentration in equilibrium with the surface is occur by vacancy exchange in the opposite sense, thereby negating

his assumption. The most important aspect of Galvele's model for the
C, = C,* x exp {-PV/kT} [(D4)] present discussion is contained in his assumptions 2 and 3. Therein

he suggests that the stressed lattice at the tip of the crack
where V8 is the atomic volume" [See also Franklin, Statistical (presumably a tensile stress) captures vacancies from the crack
Thermodynamics of Point Defects in Crystals, in Point Defects in surface (presumably at zero stress). Although in his response
Solids, Vol 1, ed Crawford and Slifkin (New York, NY: Plenum Galvele does not clearly state what he believes to be the driving force
Press), p. 19.] for the vacancy capture, his 1987 Corrosion Science paper indicates

For the sake of simplicity, to reach the same equation, in my that he believes it to be a stress difference. However, the direction of
Corrosion Science (1987) paper, I quoted Nabarro's work. From the vacancy flux h'e assumes is wrong. The vacancies will flow from
Oriani's question, I see now that it was not a very fortunate choice, a region of tensile stress to one of smaller tensile stress or one of
since it has led to confusing our mechanism with high-temperature compressive stress. The mass flux will consequently go toward a
creep fracture. region of larger tensile stress, in keeping with the thermodynamic

So far we have nothing new. Where I think originality lies in our driving force, and in keeping with the direction of mass flux
model is in the analysis of the sources of vacancies with the crack associated with Herring-Nabarro creep. The last part of assumption
propagation process Usually the sinks and sources of vacancies are 3, that the rate-controlling step is the rate at which injected adatoms
surfaces, grain boundaries, and dislocations. When an excess of move away from the tip, is irrelevant to tnis discussion.
vacancies is produced in a metal, they will cause climbing of I must reiterate that the basis of Gaivele's model is incorrect.
dislocations, or coalescence of dislocation loops (as shown by J.R. Galvele: I am afraid this discussion is becoming unbear-
Smaltman in the oxidation of metals), or alternatively they will diffuse ably longl However, before concluding, let me clarify a few of my
to grain boundaries or external surfaces. An inversion of these points. Let us assume that we have a cracked, stress-free metal. The
processes is observed in the case of a depletion of vacancies, vacancy concentration at the tip of the crack will be Cvo. If we now

In our model we assume that the temperature is below 0.5 Tm apply a tensile stress to the metdl, a stress concentration will be
and that volume diffusion is negligible. This means that the usual generated at the tip of the crack. In equilibrium, the new concentra-
sources of vacancies will be inactive. The other assumptions made lion of vacancies at the tip of the crack will be given by Equation (D4).
in our Corrosion Science model are as follows. As Oriani correctly points out, this is an equilibrium equation. The key

(1) Under high surface-mobility conditions, the metal atoms point in our model is that at temperatures below 0.5 Tm, this

close to the surface will be easily exchanged with those in equilibrium is never reached. Thus, the driving force in our model is

the surface. the difference between the vacancy concentration the metal has at

(2) The capture of vacancies from the tip of the crack will lead the tip of the crack, Co, and that it should have according to Equation

to a crack propagation process. (D4), namely Cv,. Oriani is right about the direction vacancies should

(3) The above reaction will lead to an injection of adatoms at the move in a stress field, but this does not apply to our work. Whenever
tp fthe abovcracanwead t ae ctonling ato the te we talk about movement of vacancies or adatoms it is on the
tip o the crack, and the rate-controllng step will be the rate stress-free surface Taking into account the contaminants that induce
at which this excess of adatoms is removed from the tip, high surface mobility, liquid metals, or low melting point metals or

Incidentally, it is important to point out that, even if a stress- salts, this surface must be stress free. Finally, Oriam misquotes me
assisted anodic dissolution process were acting in SCC, adatoms when he says there is an inconsistency in my assumption concerning
must be emitted at the tip of the crack, in the same way as described the exchange of atoms with the surface. I assumed a condition of high
in our model, and Parkins's rejection of our mode! should be surface mobility. Since such a surface behaves as if the metal were
reconsidered. at a high temperature, it is reasonable to expect that some degree of

In conclusion, most probably the surface diffusion SCC mech- exchange will take place between the surface and the first layer of
anism, as described in our Corrosion Science (1987) paper, has atoms.
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The Contribution of Localized Surface Plasticity
to the Mechanism of Environment-Induced Cracking

D.A. Jones*

Abstract
A comprehensive mechanism of environment-induced cracking (EIC) is described in which localized
surface plasticity can induce brittle fracture in a surrounding alloy matrix. The key element in stress
corrosion cracking (SCC) is the anodic attenuation of strain hardening at film-rupture sites, caused by
galvanic coupling to adjoining passive surfaces. Anodic attenuation of strain hardening induces
localized surface plasticity and provides a critical link between chemical and mechanical factors
affecting EIC. The proposed mechanism explains numerous experimental factors affecting SCC. The
mechanism of anodic attenuation of strain hardening is discussed, as well as common elements with
corrosion fatigue and hydrogen-assisted cracking.

Introduction Careful examination of SEM fractographs reveals ductile ser-
Some degree of enhanced plasticity has been associated with the rations within larger areas of brittle cleavage in both SCC

4 and HAC.5

common forms of environment-induced cracking (EIC), including SCC and HAC are enhanced in high-slrength alloys in which
stress corrosion cracking (SCC), corrosion fatigue cracking (CFC), dislocations are pinned by strain fields associated with solute atoms,
and hydrogen-assisted cracking (HAC). The objective of this paper is nonequilibrium phases, and precipitates. Also, austenitic SSs are
to further describe a mechanism whereby enhanced microscopic susceptible to HAG only after having been cold wcrked (strain
localized surface plasticity (LSP) can induce brittle cracking in a hardened) to high strength levels because of strain fields created by
surrounding hard, strong alloy matrix, dislocation tangles. Both anodic dissolution and dissolved or ad-

The mechanism was previously introduced with emphasis on sorbed hydrogen apparently act to increase dislocation mobility.
SCC and CFC,1 in which anodic attenuation of strain hardening Fatigue in the absence of corrosion has also been observed to
(AASH) can induce localized plasticity by anodic currents that result increase primary creep. Figure 3 shows recent data6 for carbon-
from coupling film-rupture sites with surrounding passive surfaces. manganese steel in which primary creep was enhanced by low-cycle
Considerable discussion was devoted to the mechanism of attenu- fatigue loading. Cyclic loading apparently also acts to attenuate strain
ation of strain hardening invr~Ling corrosion-generated vacancies, hardening at persistent slip bands and again to increase dislocation

The emphasis in this paper is on the common element of mobility. It has been observed that a minimum corrosion (anodic
increased plasticity in many forms of EIC, and the ability of the LSP dissolution) rate is necessary to cause corrosion fatigue.! Corrosion
mechanism to explain numerous experimental factors known to fatigue therefore includes enhanced dislocation mobility by both
affect SCC. Common factors affecting CFC and HAC are discussed corrosion and cyclic loading.
as appropriate and summarized later in the paper. Thus, corrosion-enhanced plasticity is a common feature of the

major orms of EIC and may provide the key to a common explanation
of many factors affecting these forms of metal failure.

Enhanced Plasticity
in Environment-Induced Cracking Description of the LSP Mechanism

Corrosion and anodic dissolution have been observed to SCC must initiate with film rupture because a passive surface
Increase primary creep under constant load in thin sheet and wire film is a prerequisite for virtually every system experiencing SCC. A
specimens. If conditions are favorable for SCC, cracking will ensue dissolved oxidizer is usually required to form the film on the surface.
after an initial period of creep, as shown for type 304 (UNS $30400) Film rupture may be expected at the emergence of slip bands during
stainless steel (SS) in Figure 1.2 In the absence of SCC, creep will yielding at the onset of plastic deformation, Exposed bare surfaces at
continue under conditions of general corrosion or anodic dissolution, the rupture sites have a transient rest potential that is considerably
Figure 2 shows that the creep rate for copper was enhanced by an active to the passive surface potential, However, these bare surfaces
Impressed anodic current3 where no surface film was present and no are anodically polarized to the passive potential by coupling to the
SCO could occur. relatively large surrounding passive surfaces. The anodic current

Normal primary creep in noncorrosive conditions Is suppressed densities will be very high because of the high cathodelanode
with time as strain hardening develops above the yield stress. surface-area ratio and will cause a localized softening or plasticity by
However. Figures 1 and 2 show that corrosion and anodic dissolu- attenuation of strain hardening at the rupture sites, according to the
tion, respectively, attenuate this strain hardening and allow creep to data of Figure 2.
continue. Straining electrode current transients in Figure 4 simulate

conditions at the film-rupture sites during SCC.8 The area under the
current-transient curves are proportional to SCC susceptibility.8

'Department of Chemical and Metallurgical Engineering, University Potential was controlled potentiostatically at the original passive
of Nevada-Reno, Reno, NV 89557. corrosion potential during the rapid-straining experiments, general-
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ing transient anodic currents. The potentiostat replaced the "chemical 20o0
potentiostat," which results from coupling to large surrounding
passive surfaces during usual SCC, and provided measurable anodic Stress at start of cyclic loading 348 MN/m

2

currents when rapid straining formed numerous film-rupture sites. Prior strain 0.12

Note that a current increase, evidence of film rupture, was not -5
appreciable until yielding was apparent on the load-time curve. It [ 016

should be noted that only ductile cup-and-cone rupture resulted from
the rapid-straining experiments of Figure 4. Only the film-rupture
conditions needed to initiate SCC were simulated. Strain rate was too --static
rapid to permit actual initiation and growth of brittle SCC cracks.
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4.40 FIGURE 3-Creep of carbon manganese steel enhanced by low-
35% MgC! 2 , 600C cycle fatigue. (Reprinted with permission.6)
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FIGURE 1-Creep followed by Initiation of SCC In type 304 (UNS RUPTURE
S30400) stainless steel loaded to 64% of the ultimate tensile 40 ..--. 500
strength In 35% MgCl2 solution at 600C. (Reprinted with
permissIon.2) :
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425-- potentlostated In liquid anhydrous ammonia solutions at the

cirront oil unstralned free-corrosion potential.8

41 420 - As deformation progresses in a slip band emerging at the
, . surface, lateral stresses (u,) normal to the primary tensile stress (or)

must develop to maintain continuity in the slip-band volume (Figure
4.15-p. 5). A component of the lateral stress on the slip plane opposes the

-I- shear component of the tensile stress. A plane-strain condition with
-r ! I a triaxial stress results, and further slip is restricted in the slip band

40 50 60 70 80 00 110 120 100 130 140 150 in which the materia' has been softened by localized attenuation of
Time, minutos strain hardening.

Restrictions on slip become very severe in a small, thin volume
FIGURE 2-Creep of unfllmed copper wire resulting from Im- of softened, plastic material embedded in surroundings that are at full
posed anodic dissolution current. (Reprinted with permlsslon.3) strength and hardness. An analogous phenomenon has been

described in an introductory text on materials science.9 When lead
A specific environment is generally required for SCC, although solder used to join the ends of two steel bars (Figure 6ta)j, a

additional experience continually reveals new conditions that pro- suffice, unsile stress parallel to the common axis of the bars and
mote SCC in most alloy systems, In Figure 4. the maximum current perpendicular to the thin solder joint produces brittle cleavage
transient coincident with maximum SCC occurs in the presence of an fracture in the solder within the joint. Under conditions of severe
oxidizer, dissolved oxygen, and some critical aggressive species; in triaxial stress, plastic slip is totally suppressed, and normally soft,
this case, nitrogen The specific aggressive nature of Cl- for SSs and ductile silder fractures in an entirely bnttle manner. Similar condi-
NH, * for brass is well known, It is thought that these critical species lions are present in the microvotume at a slip band (Figure 6(b)] in
act to weaken the film by chemical interaction or adsorption to retard which the strain hardening has been locally attenuated by anodic
repassivation and sustain anodic dissolution at film-rupture sites. current resulting from film rupture and galvanic coupling to the
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surrounding passive surfaces. The softened slip-band material (1) Film rupture by initial plastic deformation at slip bands exposing
fractures by brittle cleavage that has resulted from restricted slip underlying bare surface at the rupture sites.
under severe triaxial stress conditions. (2) Anodic dissolution of bare metal at rupture sites from galvanic

coupling to adjoining large passive surfaces.
(3) Chemical interactions or competitive adsorption of a critical

dissolved species at the rupture sites to retard film healing and
/i prolong localized anodic dissolution.

/(4) Attenuation of the localized strain hardening in the surface
/ slip-band volume and consequent softening of the alloy (LSP) at

the rupture sites.
/ '(5) Restriction of continued plastic flow at slip bands because of

lateral stresses that develop normal to the imposed tensile
stress and oppose the shear stresses on the slip plane.

(6) Crack initiation in the slip-step volume that becomes stressed
triaxially by the developing lateral stresses from anodically

~ stimulated attenuation of strain hardening. Brittle cracking is
/ 'required to satisfy attenuation of strain hardening when plastic

/ slip is restricted by the trivial stress state.
/ (7) Crack propagation in a brittle burst of cleavage fracture from the

X/ softened, triaxially stressed (plane-strain) volume at the initiated
crack tip into the surrounding unaffected alloy, where it is
temporarily arrested before continuing in a new cycle of film
rupture, galvanically imposed anodic current, and LSP.

a1

4 Surface film

FIGURE 5-Lateral stress (o'1) developed In a slip band to
oppose usual shear stresses (o) resulting from tensile stresses
(r) Alloy Solution

-oi- .(7) _. ,; , , - " +

"e- (1)

(a) (b)

FIGURE 6-(a) Triaxial stress state developed in a thin layer of
soft lead joining the ends of two steel bars and (b) similar triaxial
stress state developed In softened slip-band material at a
film-rupture site caused by anodic current.

or,

With restricted plasticity, the localized relief of strain hardening FIGURE 7-Schematic diagram of localized surface plasticity
at a film-rupture site Is sufficient to trigger a brittle cracking "event" mechanism of SCC,
that then propagates the sharp crack from the softened region into
the adjacent unaffected material at a rate higher than can be
explained by either electrochemical dissolution or solid-state diffu- Explanation of Experimental Factors Affecting SCC
sion processes, As the crack grows into material that has been The following listed factors generally affect SOC in most alloy
unaffected by corrosion, brittle fracture may be expected to slow or systems and are discussed relative to LSP. While isolated exceptions
even stop, At the end of each such event, film formation and rupture, to these factors may be present, the LSP mechanism seems to
anodic dissolution, and attenuation of strain hardening must be explain the great majority of experimental information relating to
renewed to initiate a now burst of brittle cleavage fracture. SCC.

The following list of steps summarizes the proposed LSP Film rupture. A common feature of alloys susceptible to SCC
mechanism of SCC The steps, designated by " -, are summarized is the presence of a passive surface film that serves as a barrier to
schematically in Figure 7. active and rapid general corrosion. Consequently, an oxidizer is often
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required for film formation The application of mechanical stress with the surrounding alloy, which is still at full strength and hardness
the attendant local deformation at slip bands is expected to rupture (Figure 7). Brittle crack propagation through this softened material
the surface film. into the surrounding alloy is more rapid than any electrochemical

Film rupture of a passive surface film is required by LSP to dissolution or solid-state diffusion processes.
concentrate anodic dissolution and attenuation of strain hardening at
the slip band that underlies each film-rupture site. . ..... ...

Specificity of environment. Environments causing SCC are [0 0 C steel in NO 

specific to the alloy. For example, hot chloride solutions cause SCC 1 -I# A C steel in OH

of SSs but few if any other alloys. The same can be said for carbon C U C steel in COn HCO2
steel in hot nitrate and brass in ammonia solutions. (D 18/8 st. steel in MgCi2

The LSP mechanism assumes that specific ions or environ- E

ments for each alloy retard repassivation at film-rupture sites, E X AI-7 Mg in NaCI
maintaining localized anodic currents to attenuate strain hardening at 2 10 7 Brass in NHJ X
underlying slip bands during initiation and at the crack tip during -Z o
propagation of SCC.

Resistance of pure metals. Pure metals are almost univer- o
sally immune or at least more resistant to SCC than alloys of the
same metal. As alloying elements are added to a pure metal, the C "0
strain hardening and the ultimate tensile strength increase while the I..
ductility decreases. On the other hand, during slow-strain-rate tests
(Figure 810), loss of ductility (embrittlement) by SCC is accompanied 0

by reduced stress to produce deformation. Cracks are initiated
during plastic flow above yield at stresses below those required for 166

plastic flow in the absence of the SCC solution. Therefore, it is ,, , t , , ,
concluded that SCC causes an attenuation of strain hardening before 13 162 id 100

initiation of cracks.
Average Current Density on Straining Surface A.cm-2

FIGURE 9-ProportionalIty between SCC crack growth rate and
anodic current density at straining electrodes of ductile alloys.'

Sieradzki and Newman proposed that a dealloyed surface layer
will initiate sharp, brittle cracks that can gain sufficient velocity to

1200 propagate into the adjacent ductile alloy.' 3 Forty originally discarded
0 this concept because of the unlikely continuity of the dealloyed layer

'1 with the substrate alloy.'4 Fritz and Pickering observed more recently
0-glycerine that brittle cracks would propagate through the dealloyed layer into
1-MgC12, -6.4o10-5/s the substrate only in the presence of an anodic current.' 5 Thus, it
2-MgCI2, =6.4 10-6/s would seem that dealloying is probably a symptom rather than a
3=MgCI2, -6.4 -10-7/s
4 MgCI2, 6.410-8/s cause of SCC.

-MgC)., -. 4-1-8/sDealloying was found only on mechanically strained brass
surfaces when exposed to a solution causing SCC.16 Unstressed

4 specimens showed no dealloying. These results are consistent with
0 1 2 3 4 5 6 7 8 9 10 the LSP mechanism, Mecl:nical strain produces film rupture, and

- Deformation (rim) the resulting high anodic galv,3nic currents cause dealloying coinci-

dent with AASH at film-rupture sites.
FIGURE 8-Slow-strain-rate curves for stainless steel In hot Metallurgical effects. Effects of metallurgical parameters are
magnesium chloride solutions. (Copyright ASTM. Reprinted varied depending on the alloy involved. No dominating metallurgical
with permlsslon.10) factors have emerged, and it is difficult to prevent transgranular SCC

LSP requires some degree of strair .ardening that is relieved or simply by changing the metallurgical structure or other features of a
attenuated by anodic dissolution in an alloy. In the absence of particular alloy. Grain-boundary composition can be adjusted to
extensive strain hardening In most pure metals, considerable defor- affect intergranular SCC. Higher-strength alloys are more susceptible
mation and ductility are permissible before strain hardening is than lower-strength alloys.
sufficient to initiate brittle cracks, and pure metals are resistant to Explanations of these and other metallurgical effects often
SCC. require considerable speculation, and LSP is no exception. However,

Electrochemical dissolution at straining surfaces. It has strain hardening will be affected by most metallurgical factors, and
been found that the rate of SCC crack growth is proportional to the AASH provides a unique link between chemical and mechanical
anodic current density on a straining electrode surface of the same parameters affecting SCC. Thus, the LSP mechanism readily ac-
alloy in the SCC environment" Thus, cathodic polarization stops counts for the fact that highly strain-hardenable alloys such as brass
SCC by suppressing the causative anodic reaction in AASH. and SS are susceptible to SCC, although both are ductile with

Figure 9 shows a log-log plot of crack growth rate vs current relatively low yield strength. Similarly, pure metals with low strain
density" The linearity indicates direct participation of anodic reac- hardening are resistant, as discussed above. High-strength alloys
tion in the SCC mechanism. It must be noted, however, that generally depend on dislocation pinning effects, and LSP can
proportionality does not guarantee that the actual cracking process is account for higher susceptibility by enhanced dislocation mobility on
electrochemical. The crack growth velocity is usually greater than a localized microscopic scale.
can be accounted for by charge-transfer processes.'2  Brittle fracture. Fractographic examinations of transgranular

In LSP local plasticity stimulated by anodic current at slip-band SCC fracture surfautts have shown cleavage planesofthetype (1001,
rupture sites may trigger those mechanical processes that account (1101, and {210} in otherwise ductile fcc alloys.I On the other hand,
for the brittle, structure-dependent nature of SCC crack surfaces. The in the more frequent intergranular mode, SCC fracture surfaces often
softened material at the slip band becomes brittle when embedded in follow the grain boundaries rather closely. Facing halves of cracked
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specimens exactly match one another, whether intergranular or published work has emphasized the importance of film rupture in
transgranular, indicating a strong brittle-fracture compcnent of the HAC '2 4 which would localize hydrogen penetration to such-small
SCC mechanism. volumes. The disturbed lattice in the slip-band volume may also be

In the LSP mechanism, slip is restricted by the triaxial stress inherently more susceptible to hydrogen pene.ration.
state in the small softened volume at the film-rupture site. The For CFC, attenuation ofstrain hardening comesaboutbyanodic
softened material must fail by cleavage on {100}, {210}, and 1110} dissolution as for SCC. Cyclic loading in CFC should inhibit repas-
planes with minimal opportunity to deform by slip. Such low index sivation at persistent slip bands and replace to some extent the
planes are weakest in cleavage because of their low atomic density, function of a critical dissolved species in SCC. No specific environ-
subsequent low density of atomic bonds, and maximum interplanar ment is required for CFC or HAC. Both can occur in numerous
spacing, solutions and require only a cyclic tensile stress and a source of

hydrogen, respectively, in the presence of corrosion. For HAC,
dissolved hydrogen generated by cathodic electrochemical pro-

Mechanism of Anodic Attenuation cesses apparently attenuates strain hardening, whereas anodic
of Strain Hardening processes serve the same function for SCC and CFC. In any case,

The mechanism of attenuation of strain hardening by anodic hydrogen may be generated from most aqueous solutions during
dissolution and corrosion remains for study and speculation. Lynch corrosion and does not require any specific dissolved species.
proposed that adsorbed hydrogen increases plasticity by increasing
dislocation mobility at the crack-tip surface.1'8 20 As discussed above,
cathodic processes, which stop most forms of SCC, are required to Conclusion
produce hydrogen. However, hydrogen is the acknowledged cuprit
for very high-strength steels and other nonferrous alloys when (1) Some degree of enhanced plasticity has been associated with

cathodic polarization enhances cracking. the common forms of EIC, including SCC, CFC, and HAC.

One can speculate that other species such as chloride could (2) For conditions of SCC, microscopic LSP can be introduced at

adsorb or interact with surface films to stimulate anodic reactions and emergent surface slip bands because of AASH by anodic

dislocation mobility at the crack tip. Surface dissolution has often currents from galvanic coupling between film-rupture sites and

been suggested to remove surface dislocation barriers21 and thereby adjoining passive surfaces.

facilitate dislocation movements to the surface. (3) LSP can result in brittle cleavage fracture of softened slip-band
Reve and Uhhg proposed anodically generated vacancies to material constrained by the surrounding unsoftened, full-strength

explain the increased creep resulting from anodic dissolution (Figure alloy resulting from restricted slip under a triaxial stress.

2) in application to CFC? Vacancies generated during corrosion were (4) The LSP mechanism of SCC explains (a) the need for a film-
postulated to form divacancies, which have sufficient mobility to forming oxidizer with some critical aggressive species, (b) the
migrate to subsurface dislocations and facilitate movement of dislo- resistance of pure metals and susceptibility of strain-hardenable
cations around obstacles by climb mechanisms. Apparently, they did alloys, (c) the proportionality of crack growth rate to anodic
not appreciate the possible importance of corrosion-induced relief of current on straining electrodes, (d) crack growth rates too high

stain hardening in SCC as well as CFC. to be explained simply by electrochemical dissolution, (e)
The present author suggested that corrosion-generated vacan- intermittent crack growth, and (f) brittle transgranular cleavage

cies are responsible for initial attenuation of strain hardening and fracture on crystallographic planes of types J100), J110}, and
subsequent embrittlement during SCC. 1 Divacancies can take an {210).
alternative role to enhanced slip or dislocation mobility to reduce (5) The mechanism of AASH may be related to removal of surface
strain hardening. As they accumulate in the plane-strain region at the dislocation tangles or formation of a supersaturation of vacan-
crack tip, divacancies will randomly populate prismatic planes of low cies at the surface by anodic dissolution.
crystallographic indices. The cleavage stress across such planes will (6) Cyclic loading in CFC inhibits repassivation at persistent iip
be reduced by displacement or weakening of bonds by the vacancies,' bands to maintain AASH at film-rupture sites and replaces the
and a transgranular crack can initiate and grow. The fracture stress function of a critical dissolved species in SCC. Thus, CFC
and ductility will be reduced as a result, in agreement with the slow- requires only an adequate corrosion rate and a cyclic tensile
strain-rate results of Figure 7. load with no critical aggressive species required.

Diffusion calculations indicate that penetration of corrosion- (7) For HAC, hydrogen dissolved in the lattice from cathodic
generated divacancies may be up to a few thousand angstroms,' electrochemcal processes apparently generates LSP at film-
sufficient to trigger brittle cracking events and account for crack rupture sites, whereas AASH serves the same function for SCC
growth rates above that of simple electrochemical dissolution, While and CFC.
divacancy penetration is adequate to affect mechanical behavior, it is
questionable whether divacancies are sufficient in number to cause References
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24. J.C. Scully, P.J. Moran, Corrosion 44(1986): p. 176.
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SECTION V

Environment-Assisted Cracking of Nonferrous Metals
Co-Chairmen's Introduction

A.I. Asphahani
Haynes International

Kokomo, Indiana, USA

F. Mazza
University of Milan

Milan, Italy

The segment of the conference devoted to environmental effects on specific alloy
systems was initiated with invited reviews of nonferrous systems. The review by Bertocci, et
at., presented at the conference by Pugh, focuses on the alpha-brassaqueous ammon a
system, Intergranular and transgranular failure mo%!es and crack propa(, Aion issues are
discussed The slip-dissolution concept (or "film-rupture" mechanism) is used to interpret
observations related to intergranular stress cracking. For the transgranular stress cracking
mode, experimental evidence of discontinuous crack propagation is shown to support the
film-induced discontinuous cleavage model.

Jones and Bruemmer illustrate numerous cases of crack growth in nickel-base alloys in
gaseous hydrogen and in acid and basic aqueous environments. Efforts are made to correlate
the crack growth to microchem;stry, microstructure, environmetal parameters, and stress
conditions. No universal theory is proposed, as it pertains to clarifying th6 roles of the critical
factors controlling the SCC of various nickel-base alloys.

The review by Holroyd and Scamans provides a general update on advanced aluminum
alloys and metal-matrix composites. The role of hydrogen embrittlement is discussed in
terms of its applicability to "real life" conditions. Alb.. the aspect of combined effects of satic
stress and cyclic load is illustrated for actual service performance. Other issues, such as
mechanical and thermo mechanical effects and weldment behavior, are covered along with
a new "breaking load" test method for evaluating aluminum alloys.

The review paper on hexagonal metals by D. Hardie points out that the corrosion
behavior of these metals is influenced by factors such as the very low nobility of these metals,
the occurrence of protective passive films that are stable in aqueous media, the possibility of
stable hydride formation at ambient temperature. The high reactivity and corrosivity is
precisely what leads to the formation of protective oxide films that require a sufficient
concentration of free water. When the free water concentration of the environment decreases
(for example, in organic solutions or in concentrated ionic solutions at a crack tip), film
breakdown can occur, leading to electrochemical conditions whereby loss of protection and
possible hydride formation can produce cracking. It is pointed out that investigations of these
conditions Is difficult, and results are often inconclusive.

Overall, the four papers on nonferrous metals represent brief historical reviews of the
basic phenomena of environment-induced cracking and the current state of knowledge in
understanding these phenomena. The concept of a film-induced cleavage model for
explaining transgranular SCC is an interesting one that provoked productive discussions.
Thoughts for future research in the field of nonferrous metals should ensue.

Photos M a. Ives



Environment-Induced Cracking of Copper Alloys
U. Bertocci, E.N. Pugh, and R.E. Ricker*

Abstract
The path of stress corrosion cracking (SCC) in at-phase copper alloys can be intergranular (IGSCC) or
transgranular (TGSCC). but there is no consensus as to whether these correspond to two different
mechanisms. Since research into the mechanism(s) of environment-induced cracking of copper alloys
has focused overwhelmingly on a-brass in aqueous ammonia and since both forms of cracking are
observed in this system, this paper deals primarily with this system.
The characteristics of IGSCC in brass are consistent with cracking occurring by the film-rupture (or
slip-dissolution) mechanism. TGSCC, on the other hand, is thought to proceed by discontinuous
cleavage, with an average crack velocity on (110) planes of, typically, 10- 7 ms- 1. The mechanism by
which the environment induces brittle failure in the ductile face-centered cubic metal has not been
established, but several have been proposed. Hydrogen embrittlement is an attractive mechanism in
that it can account for the kinetics of propagation and for the repeated crack arrests. However, modeling
of the chemistry within the crack indicates that hydrogen discharge is unlikely for copper-zinc in aqueous
ammonia and impossible for copper-gold in ferric chloride. An alternative mechanism for TGSCC
proposes that a thin epitaxial film, such as an oxide or dealloyed layer, forms at the crack tip and triggers
brittle fracture. In terms of this model, it is not clear why the crack arrests, particularly under conditions
in which the stress intensity increases with crack length. One approach involves unfractured ligaments
at the crack front. Further, the shearing of these ligaments would be favored by coplanar glide and
suggests an explanation for the correlation between TGSCC and stacking fault energy.

Introduction embrittlement1 Efforts on the theoretical side have centered on the
The literature un the mechanisms of environment-induced cracking concept that thin surface layers produced by reaction with the
of (.oppet alluys deals overwhelmingly with the stress corrosion environment can initiate cleavage cracks, which then propagate for
cracking (SCC) of w-brass containing approximately 30% zinc in relatively large distances into the unaffected brass substrate.'1 The
dqueuub ammunia, therefure, this system is the focus of this paper, premise that cleavage can propagate in a ductile face-centered cubic
with work on i.uppei, other w-brasses, copper-gold, other copper (fcc) alloy has understandably generated controversy in the physical
dtluys, and uther environments being described where it relates to the metallurgy community. There has also been some attention given to
Cu-30Znaqueuus ammonia system. As in other systems, there has the related question of why a propagating cleavage crack should
been little recent work on the initiation of SCC in Cu-3OZn, and thus subsequently arrest.
this review deals with crack propagation. Since one of the authors In the second section, our understanding of the behavior of
nab previously reviewed this subject, '" the present paper concen- unstressed copper and t brass in aqueous ammonia i3 summarized.
(rates un work conducted since the publication of the last of these The phenomenology of SCC is then outlined in the third section,
reviews. followed by a discussion of the proposed mechanisms of crack

In the last review,3 it was argued that two basically different propagation.
mechanisms for crack propagation operate in Cu-3OZn, correspond-
ing to intergranular and transgranular failure (IG. and TGSCC). Chemistry of the Brass/Ammonia System
IGSCC was thought to propagate by the classic film-rupture model,4.5

in which localized plastic deformation at the crack tip causes
continual film rupture and preferential anodic dissolution, TGSCC, on Electrochemical reactions and complex equilibria
the other hand, was considered to proceed by discontinuous Practical cases of SCC of brass generally occur in moist air
cleavage, that is, by brittle mechanical fracture, It will be seen that this where a condensed moisture layer acquires ammonia and oxygen
view remains tenable. from the environment.1 3 Since small amounts of .nier are involved

The mechanism of IGSCC in Cu-3OZn has received little in the condensed layer, the concentration of both ammonia, which is
attention since 1975, but there has been considerable activity on the being absorbed in the film, and of copper ions, which are produced
transgranular form, both experimental and theoretical. New expert- by anodic attack, can become quite large. This justifies the use of
mental results include the observation that pure copper can undergo concentrated solutions in laboratory tests. Although early studies
this form of cracking," that Cu-3OZn fails transgranularly in an were conducted In the vapor phase, since the well-known work of
ammoniacal solution that causes no detectable overall dissolution,10  Mattsson,14 the general practice is to use bulk solutions of aqueous
ana that exposure of unstressed Cu-3OZn to such solutions leads to ammonia containing dissolved copper, e.g., ASTM G37-85. The

corrosion behavior of Cu-3OZn in such solutions is illustrated in
Figure 1(a), which shows the well-known relationship between
corrosion rate and dissolved copper content." ' 7

Materials Science and Engineering Laboratory, Natiunal Institute uf To understand this relationship, consider first the behavior of
,tandards and Technology, Gaithersburg, MD 20899. pure copper in aqueous solutions. Two reactions must be taken into
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To account for the ammonia complexes, Reactions (1) and (2)
must be rewritten in the following way:

__ Tarnish (a)
. 1.0 Free Cu + (0+2-y)NH 3 = cCu+ + o3Cu(NH 3)

+ + -iCu(NH3), + e-

(withc +p+-y = 1) (1')

Cl,) cxCu + + p3Cu(NH 3)+ + -YCu(NH 3) + 6NH3 =
.1Cu+ + Cu(NH 3)*+ + .iCu(NH3)2* + OCu(NH 3)-+

" + LCu(NH 3)4"+ + KCu(NH 3), "+ + e- (2')
.. 0.5 (with c+3+"y+S = E++1l+0+L+K 1

and 0+2-y+8 = + 2 "1+3 0+ 4 +5K)
ILL
o TarnIshing The value of the various stoichiometric coefficients can be found, for
LU. a given ammonia concentration, by solving the system formed by (1),

a (2), and the stability constants of the complexes K1 = [Cu(NH 3)+]/
__ [Cu+][NH 3] (n = ito 2) and K2, = [Cu(NH3 )n +]/[Cu+  ][NH 3j" (n

1 to 5). Equilibrium for the corrosion reaction, in which cupric ions
104 oxidize copper metal

(b) Cu4  + Cu = 2Cu* (3)
)Intergranular
WI Cracking is reached when the ratio between the activities of the uncomplexed
D 03  species, [Cu + *]/[Cu ]2, equals the equilibrium constant K, whose
..! value at 250C is 1.2 x 106.19

LL In uncomplexed solutions, if the concentration of Cu + + ions is
O 0.1 M, the Cu concentration is [Cu+ ] = ([Cu +]/K) °5 = 2.9 x 10'
I-_ 102 Trans- M, and its equilibrium potential will be 310 mV. In aqueous ammonia,
III granular however, for example, 5 M, if the total copper in solution is 0.02 M,

Cracking at equilibrium only about 5.5 x 10-7 M will be in the divalent form,
and the concentration of the uncomplexed form, (Cu + ], is 9 x 10-22
M, while [Cu 4] is 2.7 x 10-14 M. Therefore, the equilibrium potential

10 -I 1 is 280 mV. One can see that Reaction (3) is completely shifted to
0 C* 5 the right: Copper immersed in a cupric.ammonia solution will corrode

COPPER CONTENT (g/1) with the formation of cuprous ions.

FIGURE 1-The relationship between the concentration of
copper and (a) the rate of dissolution and (b) the time-to-failure Kinetics
for Cu-30Zn In 15 M aqueous ammonia. The critical copper Reactions (1) and (2) have been traditionally supposed to be
concentration for the onset of tarnishing (C') as determined very fast, so they have been assumed to be in equilibnum at the metal
from visual observations, Is Indicated by the broken line. (Based solution interface even when copper is rapidly corroding,2 Such an
on data In Reference 5.) assumption led to good agreement between experimental corrosion

account: a metallsolution transfer reaction rates and those calculated on the basis of transport control.21

However, for a more detailed understanding of the electrochemical
processes, it would be desirable to have quantitative data on the

Cu = Cu* + e-  (1) charge-transfer kinetics of the two reactions. Unfortunately, pub-

lished data on this are very sparse.22

and a redox reaction In uncomplexed solutions, Reaction (2) is slower than (1), so as
to be kinetically determining.2 3 This is probably the case in aqueous

Cu* = Cu- + 0- (2) ammonia as well, possibly because cuprous and cupric ions have a
different number of ammonia ligands, and the redox reaction requires

whose standard potentials are E^, - 520 mV and E' - 159 mV vs a rearrangement of the solvation shell. For Reaction tlI), it is unlikely
NHE. In aqueous ammonia, the electrochemistry is dominated by the that the tate-determining step trds) is the same as in un.umplexed
formation of very stable and soluble complexes. Two Cu * and five solutions, involving only Cu', since its concentration is so small. The
Cu +-ammonia complexes are known to exist:'8 in moderately rds probably can be written as
concentrated (NH3 a 1 M) solutions, cuprous ions are overwhelm-
Ingly present as [Cu(NH3)2*] complexes, while cupric Ions are present
either as (Cu(NH 3) 

] or [Cu(NH3)*'], the second becoming the Cu + nNH3 = [Cu(NH3). + e (4)
main species as the concentration of ammonia increases, No kinetir
data are available for the ,..omplexation reactions, but on the basis of but ihe reaL.tdtri ,.,rdei, a, is unknown. We will mantiun neru that some
qualitative measurements of ,.oppet electrodes in these solutions, putentiodynamit. ,=iaasurerrients of the anodic. .unent dersity uf
the homogeneous equilibria are very fast, so they don't seem tu be .uppe In pure aqueous armunia of diffeient tnuentiatiuns have
rate determining. been conducted in our laboratory. Major obstacles to obtaining good

Because of the high stability of these complexes, alkaline results were the poor ..onductivity of the solutions and the difficulty in
ammonia solutions can contain fairly large concentrations of wopper eliminating oxygen. The uesults shuwed that the late of Reatiurk t
ions before the solubility product for the precipitation of Cu2O is was transport controlled in the range investigated. making it impos
reached. The solubility depends on pH as well as on ammonia sible to determine the reaction order of ammonia in the rds. Only a
concentration. Foi pH between 12 and 13, a few grams per litu of lower limit lur the rate wonstant could be established. K cannot be less
copper as cuprous complexes can be maintained in solutior,. than 1 irs, otherwise deviations from diffusion control would have
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been detected. No kinetic data for Reaction (2) are available; Zn 4' is in the 0.1 M range. The electrode reaction should be written
however, considering that, at equilibrium, the ratio of the concentra- as follows:
tion of Cu4  to Cu+ ranges between 10-4 and 10-5, even if the
cathodic overvoltage at a corroding copper surface were, say, 120 Zn + (4a+33)OH- + 4yfNH 3 =
mV, the Cu+'4 concentration at the interface would still be very low.
This would affect the electrode potential (1-a-3-y)Zn+  + -yZn(NH3)

4+ + aZnO'- + P3HZnO2

RT Cu+ +  + (2a + 3)H20 + 2e- (6)E2 =E
°, + -nC- (5)

2 F (Cu4]
Given the low nobility of zinc and its relatively fast electrode

which depends on the Cu + +/Cu + ratio, but not the corrosion rate, kinetics in ammonia, 25
.
26 the generally held opinion that the corrosion

which depends on the concentration gradients. The concentration of brass is qualitatively similar to that of copper is quite reasonable.
profiles during the corrosion of copper in cupric-ammonia solutions The quantitative differences are mainly due to a smaller Cu+

can then be schematized as in Figure 2, with the concentration of concentration at the electrode than for pure copper for the same
Cu4 at the metal surface roughly double that of Cu+ + in the bulk and corrosion rate, as stoichiometry dictates.
zero in the bulk solution, while the Cu+ + concentration is close to
zero at the metal surface.

Figure 2 illustrates the fact that the corrosion of film-free copper Film formation
in the oxygenated solutions is under limiting current conditions, so the

corrosion rate is proportional to the concentration of Cu i + in the bulk During the corrosion process, the Cu + + concentration will

solution, This accounts for the linear portion of Figure 1 (a). Figure 2 increase until the solubility of Cu2O at the metal surface is exceeded

also illustrates the main role of oxygen in the process, which is to and a film is formed. As illustrated in Figure 2, the concentration of

oxidize to Cu" - the Cu ' ions diffusing away from the metal surface. Cu' is greatest at the surface, approximately twice that of the Cu4 +
ireaton ccur in the bulk Studies have indicated that the tarnish formation processThis reaction occurs within the diffusion layer, with the interesting

consequence that oxygen, normally the cathodic reactant, does not is a three-stage process:

contact the surface in solutions containing significant concentrations (1) The formation of a thin (-. 20 nm) protective film of Cu20,

of Cu' + It will be seen below that the presence of Cu 4 within cracks (2) Local breakdown of the thin film at anodic sites, leading to rapid
eliminates oxygen in similar fashion. Note also in Figure 2 that the attack at these sites and the growth by precipitation of a thick
concentration of Cu+ +, the primary cathodic species, can rapidly porous layer of Cu20 (the "tarnish layer"); and
increase outside the diffusion layer during the corrosion process. (3) The formation of an outer layer of CuO.
Since the reduction of cupric ion generates two cuprous complexes, The first two steps of this process were originally suggested by
which in turn react with oxygen to generate the cupric complexes, the Jenkins and Durham on the basis of film growth studies on copper
process has been termed autocatalytic.2 4 It should also be noted that and Cu-3OZn in 15 M aqueous ammonia? 7 However, the ellipso-
the concentration of the cupric complexes can attain values many metry stuidy of Green, et ,i., in 15 M aqueous ammonia with 8 g/L of
times greater than that of oxygen, which is limited by its solubility in dissolved copper did not indicate the formation of a thin protective
the aqueous phase. layer as the initial step.28 Later, Cheng21 studied the kinetics of film

growth on copper and Cu-Zn alloys in a 1 M aqueous ammonia
solution, where the kinetics are slower, and he found that the original
view of Jenkins and Durham2 7 was essentially correct. That is, he
found that (1) initially a thin protective film formed and grew to a

U C. , Diffusion Layer B u I k limiting thickness of about 10 nm for pure copper and about 20 nm for
Cu-Zn alloys, (2) the kinetics of film growth were faster for the Cu-Zn
alloys, and (3) the rate of film growth and breakdown increased with
increasing copper content of the solution, Prolonged exposure to the
tarnishing solution results in the form.ation of an outer layer of CuO on
the tarnish layer and eventually x.ray diffraction reveals the presence
of CuO only in the tarnish layer.9 During this process, the corrosion
potential undergoes a noble shift, with the final values in the regions

..',) of stability of Cu.O and CuO.21 The thick layer, which is porous and
relatively poorly protective, Is commonly termed the tarnish. The
onset of tarnishing causes the reduction In the corrosion rate, as
illustrated In Figure 1(a), and results in the corrosion potential
becoming more positive, indicating that the Cu+ + activity at the
interface has increased and that the corrosion process is no longer

"y under transport control. The tarnish film was earlier believed to play
a key role in the propagation of IGSCC, 3° but the work of Holdt and

02 his colleagues31 demonstrated that the thin passive film is present at
the crack tip and that the thick tarnish is formed at some distance

__"_________ behind the advancing tip. While this observation eliminated any major
role for the thick tarnish film In crack propagation, it does not preclude
its role In crack Initiation.

FIGURE 2-Schematic view of the diffusion layer for the corro- The difference between the structure of the tarnish film formed
sion of copper In oxygenated cupric ammonia. at a surface accessible to the cupric-ammonia complexes and that at

the crack tip may be related to differences in the generation of
cuprous ions. On the outside, Cu+ at the interface Is provided both

Effects of alloying by Reaction (1 ) going anodically, possibly forming Cu2 O by a
The presence of zinc in a brass does not substantially change solid-state process, and Reaction (2') proceeding cathodically. The

the description of the electrochemical behavior. Zinc also forms reduction of Cu + " might have a tendency to occur on the points of
stable and soluble ammonia complexes; as far as solubility is the oxide film protruding into the solution, where Cu ' * transport is
concerned, only at pH around 13 may ZnO precipitate from solutions easier, rather than closer to the metal, since Cu2O is a good
containing more than 10," M Zn *. At pH = 12, the solubility of electronic conductor. Therefore, during the growth of the tarnish
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layer, the anodic and cathodic parts of the corrosion reaction might Summary of earlier work
separate in space, occurring on the opposite sides of the oxide film, Experimental results reviewed previously showed the strong
contributing to its loose and porous structure. Close to the crack tip, dependence of the SCC behavior on copper content in solution. For
only the anodic process is available for film formation, since copper example, Figure 1(b) shows early data for thin sheet specimens of
in solution is almost completely in the monovalent form. annealed Cu-30Zn, tested under constant load at open circuit.'5

It should be noted that the concentration of copper in laboratory These data iruicate that (1) a minimum copper content is necessary
test solutions at which the onset of tarnishing occurs depends on the for crack;ig, (2) time-to-failure decreases markedly with increasing
method of preparation The so-called preconcentrated solutions used dissc'ed copper, and (3) the path of cracking undergoes a transition
in Figure 1 were prepared by dissolving copper powder in oxygen- from transgranulat to intergranular at the onset of tarnishing. As
ated ammonia. In such solutions, the only anion is OH-, and their pH noted above, copper was present in solution as cupric complexes,
is higher than that of solutions prepared by dissolving a neuiral salt and observations (1) and (2) led understandably to the proposal that
such as Cu(NO3), In more alkaline solutions, the solubility product of the complex jons play a major role in crack propagation.32 However,
Cu20 is reached at lower Cu- concentrations. In solutions prepared later studies established that the complexes simply provide the
with oxygen, saturation with respect to Cu2O may be reached at cathodic reaction for the corrosion to run at a sufficient rate.
concentrations 4 to 5 times lower than those prepared from Cu(NO3)2, Therefore, cracking can be produced in the absence of the cupric
since their pH can be 1 unit greater To illustrate this point, Figure 3 3nns by applying an anodic current.33 The simple correlation between
shows, as a function of the total copper in solution, the total crack path and the presence or absence of the tarnish assumed in (3)
concentration of cuprous ions in equilibrium with the metal and the was found not to be totally valid. Failure of Cu-30Zn is transgranular
concentration of Cu+ ions at saturation for the two methods of in nontarnishing solutions, but cracking in tarnishing solutions can be
solution preparation (1) dissolution of copper metal by oxidation with either intergranular or transgranular, depending on factors such as
oxygen followed by equilibration with copper metal and (2) dissolu- crack length, stress intensity, strain rate, and grain size. Transgran-
tion of half the copper as a neutral cupric salt, again followed by ular cracking has been observed in tarnishing solutions for heavily
equilibration with the metal, both calculated for a 13 M aqueous cold-worked samples,3 in admiralty metal, 3

5-
37 and a transition from

ammonia solution. The maximum amount of copper in solution is intergranular to transgranular is observed with increasing crack
quite different in the two cases. It should be pointed out that, in length.38*40

practice, the oxygen present in solution (or slowly leaking into the In nontarnishing solutions, crack propagation can be either
cell) is continually reduced, causing an increase of copper in solution
as well as an increase in pH. Formation of Cu20, therefore, might be intergranular or transgranular depending on the zinc content of the
expected at concentrations intermediate between the two limiting alloy, being intergranular for zinc contents less than 18% andvalues. transgranular for zinc contents above this value. The slip character of

the alloy and the dislocation structure also varies with zinc content,
Aqueous ammonia 13 mol/L with wavy slip and cellular dislocation arrays being observed at low

0.35 zinc contents and planar slip with the formation of persistent slip
bands being observed in the higher zinc content alloys, and this may
be responsible for the change in crack path. However, recent

0.30 - evidence suggests that the percolation threshold for dealloying of
Cu-Zn alloys is in the same range of zinc content; this may be a

0.25 - J critical factor in this transition. 4
1

(Cu) at saturation Probably one of the most important observations made in the
Solution prepared I1960s and 1970s was that the transgranular fracture surfaces were

_ 0 0.20 - with neutral cupric salt cleavage-like in appearance, with linear features resembling fatigue
o -striations. McEvily and Bond examined replicas of fracture surfaces

01 (Cu ) total in the transmission electron microscope and found that these linear- 0.15

In equilibrium features were (1) paillel and remained so over dimensions much
with Cu metal greater than the grain size. (2) were perpendicular to the direction of

0.10 crack propagation, and (3) ,\ccurred at different stress levels? ° They
concluded that these features vere the result of discontinuous crack

0,os (Cu+) at saturation propagation and plastic bluntirq of the crack when it arrests, in
Solution prepared accordance with the earlier surface trace studies of Edeleanu,42 and

with Cu metal and 02 Edeleanu and Forty,30 as illustrated in Figure 4. These investigators
0.00 2 1 . 0 I I observed that the crack tip remained stationary for some time, as

shown in Figure 4(a), after which a thin crack was observed to extend
Total Copper In Solution, mol/L past the crack tip some distance, marked Ax' in Figure 4(b), which

then widened as the crack blunted, as shown in Figure 4(c). For an
FIGURE 3-Total concentration of Cu+ In equilibrium with average time (.t*) between crack propagation events, the crack
copper metal and saturation lines with respect to Cu2O, for propagation velocity would be
different methods of preparation of the solution.

da/dt = Ax*/l~t" (7)

SCC Behavior of Brass/Ammonia System Because of the importance of these observations to the understand-
ing of the mechanisms of crack propagation, numerous Investigators

This section is divided Into two main parts. In the first, the status have examined transgranular fracture surfaces over the last 10
of our knowledg of SCC of Cu-Zn alloys In aqueous ammonia at the years; their results will be discussed below.
time of the most recent review of this subject by one of the authors
(1979) will be surveyed briefly. For more details, the reader Is
directed to the earlier reviews.'* In the second part of this section, Results of recent studies
the results of experiments that have been conducted since the time Characterization of the nature of crack propagation. Beggs,
of the last review that have influenced our thinking on the SCC et al.,44 confirmed the results of Edeleanu and Forty4 3 on discontin-
behavior of this system are presented. Then, the significance of these uous crack advance and demonstrated that the crack advance
results on our understanding of the mechanisms of SCC of these observed optically corresponded to the detection of a discrete
alloys will be discussed in the section "Discussion." acoustic pulse. Beavers0 7 reported that the acoustic activity that

276 EICM Proceedings



accompanied transgranular crack propagation in admiralty metal equilibrium composition with respect to copper.10'4' Since copper is
consisted of discrete pulses of approximately 1 ms duration, includ- not anodically attacked in these solutions, dissolution-based models
ing ringdown time, indicating discrete crack p'opagation events of of SCC would not predict cracking in these conditions. The solutions
approximately 1 its duration. Newman and Sieradzki"I showed that were prepared by adding excess copper powder and allowing it to
electrochemical current transients also occurred within 1 ms of the react in the absence of oxygen until Reaction (3) reaches equilibrium.
acoustic transients and that the magnitude of the transients was The justification for using such solutions is based on the realization
consistent with the crack advance distances measured on the that, because of the relatively fast kinetics of Reactions (1) and (2),
fracture surfaces Finally, the application of load pulses to mark the the solution in contact with the bare metal is always close to
location of the crack tip at discrete time intervals40 confirmed the equilibrium composition. It is then reasonabe to assume that the
discontinuous nature of crack propagation and allowed the shape of same conditions exist inside a crack, where a small amount of
the crack front to be determined This showed that the linear features solution is in contact with a large metal surface. Because of the
originally reported by McEvily and Bond42 are crack-arrest markings, relatively high resistance of the solution that electrically connects the
as these authors postulated. tip of the crack to the exterior, the external conditions have only a

( minor influence on the electrochemical processes at the tip. There-
fore, it is not surprising that cracking will occur in a similar fashion
both in equilibrated and nonequilibrated solutions.

(a) Kaufman and Fink have also conducted experiments in equili-
Brittle brated solutions, but they were unable to observe TGSCC. 49

-50 The
Crack (e) solution used by these investigators was prepared from a 0.13 M

cupric solution in nominally 15 M aqueous ammonia and after
(b) "equilibration with copper metal should have contained at least 0.25 M

copper. If some atmospheric oxygen had to be scavenged, the
- 1 concentration of Cu -ammonia complexes might have been some-

(C) AX, "what higher. Comparison with the curves in Figure 3 shows that the
solution might have been saturated with respect to Cu20, particularly
if the pH had become slightly higher than the value calculated, which
does not account for the reduction of any oxygen. The formation of

Crack Arrest--/ a thin Cu20 layer might have been very difficult to detect (no thick
Marking tarnish would be expected in these marginal conditions) but might

FIGURE 4-Schematic of the successive events that occur have prevented crack initiation or otherv.se interfered with the
during the propagation of transgranular stress corrosion cracks: cracking process.
(a-c) section through crack tip, (d-f) plan view. (a) and (e) More recently, Shahrabi5 l conducted constant-strain tensile
Indicate crack advance distance per propagation event (Ax*). tests in carefully controlled, copper-equilibrated solutions at various

The results of the fractographic studies have been reviewed concentrations. By including sensor electrodes in his experiment, the
recentlIy 4 8'" and will be summarized here. Transgranular fracture cupric ion concentration could be measured, and it was demon-
surfaces have been found to be cleavage-like in appearance. strated that the solutions were indeed at equilibrium. TGSCC was
consisting of flat, parallel primary facets separated by steps that, at observed at potentials ranging from slightly anodic to slightly cathodic
low stress intensities, are also crystallographic in nature. This is of equilibrium, but as the copper concentration of the solutions
schematically illustrated in Figure 5, where the primary facets are increased and approached those used by Kaufman and Fink, the
(110) planes and the steps are (111) planes.31-4 8 It has been shown time-to-failure and the load required to cause crack propagation
also that opposite sides of the fracture surfaces match precisely, that increased, indicating that crack initiation and/or piopagation is more
the steps between the fracture facets are approximately perpendic- difficult in these environments. These results have demonstrated that
ular to the direction of crack propagation, that the steps radiate out not only is dissolution of copper not required for crack propagation,
from the initiation site as indicated in Figures 4(d) through (f), that but that crack initiation and propagation can occur under conditions
river patterns form when the crack crosses a grain boundary, and that of copper deposition, suggesting that the only anodic process
undercutting occurs at the steps.40". ' Typically, the crack advance contributing to cracking Is dissolution of zinc from the alloy.
distances observed on the transgranular fracture surfaces of Cu- Experimental observations of embrIttlement. Some of the
30Zn tested in aqueous ammonia are of the order of 1 t.m, with a time recent advances have come from studies on alloys other than brass.
interval of about 10 s between successive crack advance events, An example Is Cu-Au alloys, which have close structural similarities

[110] with a-brass. From the chemical point of view, copper Is the base
Crack Tip metal, corresponding to zinc In brass, while gold takes the place of

copper as the noble metal. In the 1950s, Bakish and Robertson- ' r5 '

studied various aspects of the corrosion behavior of Cu3Au alloys. In
the course of these studles,55 thin slices of annealed Cu3Au single
crystals were exposed to a FeCI3 solution for a month. When these
samples were bent normal to the (110 plane in air, they exhibited

' Dlrectlon of Crack brittle behavior, with what appeared to be cleavage on the (110)
Propagation plane and cleavage steps that followed the (11) slip planes. Bakish

concluded that the samples had become chemicaily embrittled by the
Unfractured dissolution of copper from the (110) planes and the formation of a

system led Lichter and coworkers5 59 to undertake a detailed study
of the TGSCC of Cu-Au alloys. Their observations have contributed
significantly to our understanding of the mechanism of TGSCC.

Lichter. ot al.,59 found that the transgranular fracture surfaces
generated during SCC of ordered and disordered Cu-Au are essen-
tially identical to those that form during transgranular cracking of

FIGURE 5-Schematic of the features observed on a transgran- brass In ammonia. The fractures appeared to occur by discontinuous
ular SCC fracture surface, cleavage with (1 10)-type cleavage facets, (11)-type cleavage steps,

SCC in equilibrated solutions. A recent development in SCC and crack-arrest marks perpendicular to the direction of crack
studies for brass has been the observation of TGSCC in solutions of growth. They found that, for the sample size and exposure time used
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by Bakish, s copper had been completely removed by the FeCI3  TGSCC of pure copper. One of the most important experimen-solution, so the entire sample had been converted to a dealloyed tal results of the last 10 years is the observation of TGSCC in puresponge. On bending, they found that, while the samples were copper.69 A thorough study of the conditions leading to SCC in puremacroscopically brittle, the facets formed were perpendicular to the copper was recently conducted by Cassagne.8 He observed TGSCCloading axis and not crystallographic, that the steps on the surfaces in nitrite solutions, but also in acetate, c'nfirming previous reports.6of the fractures were not crystallographic, and that the fractures The presence of an oxide film was found to be necessary foroccurred by ductile failure ot the remaining gold filaments in the cracking, so that in acetate solutions no SCC was observed at pH =sponge-like structure More importantly, they exposed samples to the 3, where no oxide forms. Cracking was also dependent on electrodeFeCI 3 solution for a shorter time, so that only a thin surface layer potential and strain rate, indicating that when the strain rate is too fastabout 30 tim thick was dealloyed. On bending these samples, (thus, decreasing the time available for film growth), and the potentialmacroscopically ductile behavior was observed, but numerous is too negative (thus reducing the driving force for oxide formation),"brittle" cracks perpendicular to the loading axis were observed. On brittle fracture does not occur. Figure 7 shows potentiodynamiccross sectioning through these cracks, it was found'that most of them scans obtained in copper acetate at two pHs. Cracking was observedterminated at the boundary between the dealloyed sponge-like layer only in conditions where oxide formation was detected as indicatedand the unattacked alloy; however, several of these cracks propa- by the anodic current increase and by the existence of a reductiongated up to 20 Rm into the unattacked and normally ductile alloy, peak in the cathodic scan. The oxide growth process was investi-Careful microprobe analysis of cross-sectioned cracks indicated that gated by ellipsometry in the two solutions in which TGSCC wasdealloying had not occurred on the fracture plane beyond the observed, namely 0.1 M sodium acetate at pH = 5.5, and 1 M sodium30-tIm-thick surface dealloyed layer and that fracture did not occur nitrite at pH = 9. Initially, a thin Cu2O film (1 nm or less) was foundalong a dealloyed plane but penetrated into the unaffected matrix, to form in both solutions, but subsequently the film breaks down by
More recently, Fritz, et al.,6° conducted SCC experiments on a micropitting, and this is followed by the formation of a thick porousCu-1Bat%Au alloy in a 1 N Na2SO4 0.01 N H2SO4 solution, which had tarnish layer, several tens of nm thick. Based on his results,been shown to cause TGSCC of this alloy.59 Fritz, et al., dealloyed Cassagne concluded that it is not the formation of the initial thin film,unstressed samples at one potential, then switched to a second but rather the breakdown of this film that is important for the initiation

potential and applied a load to the sample. They found that cracks of the brittle crack. 8
propagated beyond the dealloyed layer only if the second potential Modeling of crack chemistry. A possible explanation for thewas in the range where copper dissolution occurs, and that the occurrence of TGSCC in otherwise very ductile alloys such as brasscracks always stopped before or at the dealloyed layer-unaffected and Au-Cu could be hydrogen embrittlement. Such an explanation ismatrix interface when the second potential was at a value where little attractive in that it can account for the observed kinetics of cracking.or no copper dissolution occurs, They concluded that dissolution of Thus, for Cu-3OZn, the diffusivity of hydrogen required to account forthe less noble metal, copper, is required for stress-corrosion crack the embrittlement to a depth of 1 tim ahead of the crack tip in 10 spropagation, and that the cracks observed to propagate beyond the is 10 9 cm2/s, a reasonable extrapolation from high-temperaturedealloyed layer5 6 were due to either (1) crack propagation in the diffusion data. One can speculate, therefore, that cathodicallyFeCI3 solution prior to bending because of residual stresses in the generated hydrogen is absorbed at the crack tip and produces a
sample, (2) crack propagation during bending because of incomplete hydrogen-containing zone. The crack, once initiated, propagatesremoval of the FeCI 3 solution from the sponge layer, or (3) a through this zone and arrests when it emerges into the hydrogen-free
difference between the alloys examined (Cu-1 8at%Au vs Cu-25atAu lattice, The process is then repeated.
used by Lichter). Hydrogen discharge is made credible because selective disso-The recent experiments of Newman, et al.," may help in lution of the less noble metal at the fresh surface immediatelyreconciling the apparent discrepancies between the results reported following crack advance is expected to produce a transient decrease
above. These investigators tested samples of a 12.5-tim-thick brass in potential, well below the values measured in steady-state condi-foil by pulling them to failure in different environments after different tions. The potential would then return to the prior value as dealloyingpre-exposure treatments, They found that the pre-exposure and test becomes limited by solid-state diffusion. Evidence for periodicenvironment influenced the fracture morphology. Figure 6 Is a flow potential transients, correlated to the acoustic signals caused by thechart of the 7 different experiments conducted by these investigators, crack advance, has beqn reported.45 Also, if 75Cu-25Au alloy iswith the fracture morphology (ductile vs cleavage-like) that resulted abraded with emery paper and rapidly immersed in FeCI3 , thefrom each experiment. First, these Investigators demonstrated that potential shows an initial minimum of about 400 mV vs NHE and then,the rapid straining of the brass foil in air at room temperature or at In less than a second, returns to its steady-state value of about 700
77'K results In ductile fracture (experiments 6 and 7 in Figure 6) and mV.
that rapid straining in 15 M NH3 + 0.04 M Cu(NH 3)2 * results in brittle When the crack advances, fresh, undealloyed surface is ex-cleavage-like fracture (experiment 1 In Figure 6). By analogy with the posed to the solution. In the case of TGSC' of brass in aqueousresults of Lichter and his coworkers,6 '59 one would assume that ammonia, th, cathodic reaction involves the deposition of copperpro-exposure to this solution, which causes dealloylng and brittle according to Equation (1), while the surface zinc anodically dissolvesfracture, followed by testing in air, would be all that is required to according to Equation (6). In the case of Cu-Au alloys, copper is theinduce brittle cleavage, but this was not the case. Instead, after base metal that is anodically oxidized to Cu*. while gold is notrinsing in methanol and drying in air at room !emperature, the fracture attacked at the potentials of interest. Since the typical solution forbehavior at both room temperature and at 77K was ductile. This TGSCC studies of Cu-Au alloys is acidic FeCl3 , copper dissolves
would seem to refute the role, if any, of a dealloyed layer in nucleating according to the reaction
a fracture event that propagates into the unattacked matrix. However,
those Investigators took a sample out of the ammonia solution and Cu + (P3+2,/+3B)Cl-
Immediately quenched It In liquid nitrogen and pulled it at 77'K. This ctCu * + RCuCI + -yCuCI 2 + 8CuCI - + esample failed by brittle cleavage (experiment 4 In Figure 6). Since (e+ + y+ = 1) (8)
earlier experiments had demonstrated that cooling at 77°K does not
induce brittle fracture In this alloy (experiments 6 and 3 in Figure 6), In the presence of FeCI3 , which maintains the potential of the metal
and since the surface of the sample would not be wet at 77K, at a fairly high value, cuprous ions are further oxidized to CuI '. AsNewman, et al.," concluded that they had demonstrated that a in ammonia solutions, the greater part of the copper ions aredealloyed layer less than 100 rim thick could Induce cleavage complexed. The cathodic reaction consists of the reduction ofpropagation over several tm. but, since cleavage was not observed Fe' to Fe *. Here, too, both ions are present mostly asIn the room-temperature experiments (experiments 2 and 5 in Figure chlorocomplexes. Electrochemical experiments have shown that6), they concluded that exposure at room temperature to conditions TGSCC can occur under anodic oxidation in chlondes,59 so thatthat do not cause dealloying results in room-temperature "aging" of Fe'" presence is not important, except for providing the cathodicthe dealloyed film such that the film can no longer nucleate cleavage, reaction in the absence of an externally impressed current.
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FIGURE 6-Chart of the experiments conducted by Newman, et al.,"1 which demonstrates the
embrittlement of Cu-30Zn by pre-exposure (unstressed) to a cuprous ammonia solution.

0.8 ' ... j "!In the case of brass, the results are summarized in Figure 8,

which compares the calculated minimum potential reached in solu-

0.4 tions containing different amounts of ammonia, for a reasonableE range of exchange current densities for the cathodic Reaction (1'),

with the equilibrium potential for hydrogen evolution at pH = 12.

at tSince some of the calculated potentials fall below the HH

Since equilibrium line, hydrogen discharge at the crack tip cannot be
categorically excluded on the basis of the modeling calculations.

poeia-0.4 However, while H2 evolution may occur in concentrated ammonia

be solutions, it is almost impossible in the more dilute ones. Since no
ero) dechanges in crack behavior or morphology have been observed as a

c ifunction of ammonia concentration,2 these results make hydrogen
w hrH=3 embrittlement as the cracking mechanism in brass very unlikely.

.¢0.4
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1.0 0.8 0.6 0!4 0.2 0 .0.2 Z -700 -o (H/+,p=2...........................

Electrode Potential, mV vs. SCE tpoC,.as
FIGURE 7-Potentodynami c scans for copper In copper acetate f to of the echa n • urrent.densityof.the.cathodi
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Since reliable mee ents at the crack tip are difficult to ur o tm.
achieve, modeling calculations of the transient minimum of the
potential have been used to test the possibility of hydrogen discharge -8ty
at the time of crack advance. The details of the calculations have
been pubhshed .12,65 In b e , to es tm ate the m inm um in the 2.0 .1.5 -1.0 °0.50
electrode potential reached at the crack tip at the instant of the crack
advance, it is necessary to calculate the ratio between the area LOG 10 (Cu/Cu+), Alcm 2

where the anodic reaction occurs [either (6) or (8) for brass and
Au Cu, respectively] and the cathodic area, which extends from the FIGURE 8-Minimumn potential at the crack tip for Cu-30Zn as a
tip into the crack. This entails the treatment of an elet,tnical circuit function of the exchange current density of the cathodic
analogous to atransmisstunhlne. The calculation eqwr, s knowledge reaction. Different lines valid for the ammonia concentration
of the kinetic parameters of the reactions involved, and the results marked on them.

depend on solution composition as well as geometric parameters of The results of the modeling for Au-Cu alloys in acidic FeCI3 are
the crack. summarized in Figure 9. Here there is no possibility for hydrogen
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discharge at the minimum potentials calculated, even taking into vation is slower at the grain boundaries than in thetgrain interiors,
account that on gold, H adsorption may occur about 100 mV more presumably because of segregation,3 but the nature of the segregant
positive than the equilibrium potential for H2 evolution.6 6 The has not been established. There has also been debate over the
conclusion, therefore, is that hydrogen embrittlement can be ruled question of whether the crack tip remains bare and active during
out as the cause of TGSCC in Au-Cu alloys, strengthening the belief propagation or whether it undergoes cycles of repassivation. The
that this is the case for brass also. results of Lot and Cottis, who examined the electrochemical noise

generated during IGSCC of polycrystalline Cu-30Zn in aqueous

see50 ammonia and detected transients, which they attributed to film-
rupture events, would tend to support the latter viewpoint.7'

Present treatments of the film-rupture model have been criti-
cized for limiting consideration of the cracktips to two-dimensional

LI 45G representation. In particular, this oversimplified picture has led to the
Z , . implication that a single film-rupture event can cause the entire crack
6front to become film free. However, if the crack is viewed in three
> dimensions (Figure 10), it can be seen that film rupture caused by slip> 400

E would be expected to occur at a number of sites distributed along the
a crack front, each leading to independent anodic attack. Moreover, at
E each active site, the crack front would advance locally ahead of
LJ 350o- neighboring passivated sections, so that the stress on these sections

would increase and this, in turn, would shield the propagating section
from the externally applied load. In this way, the stress at the points
where the crack is propagating will fall, and slip will no longer be able

_ _ _ _ __ to keep them bare, except at high stress intensities. As a result, the
-3.5 -3.0 .2.5 -2.0 crack tip should experience cycles of rupture and repassivation, with

LOG 10 (Cu/Cu+), A/cm 2  the percentage of the crack tip bare increasing with the stress
intensity, and the probability of repassivation increasing for a section

FIGURE 9-Mlnimum potential at the crack tip for 25Au-75Cu In of the crack tip that deviates from the plane normal to the applied
acidified ferric chloride, as a function of the exchange current load. Crack propagation by the film-rupture mechanism can thus be

viewed as the summation of a large number of almost independent
Discussion events, each being influenced by their local environment and loading

In a review of this subject published in 1971,2 it was proposed conditions.
that intergranular and transgranular cracking in nontarnishing solu- Crack Tip
tions occurred by the same mechanism; preferential anodic dissolu-
tion at the crack tip. However, in a more recent review (1979),3 this
view was deemed to be inconsistent with the fractographic observa-
tions made in the 1970s, and as a result, it was concluded that the
mechanisms of IGSCC and TGSCC were not the same, and that,
whil. the mechanism oll IGSCC still appeared to be preferential
dissolution, there was convincing evidence that TGSCC occurs by Independent
discontinuous brittle mechanical fracture. Since no new data have fimrupture

appeared that would lead us to modify this conclusion, we will discuss

each of these forms of crack propagation separately below.

Intergranular cracking
Relatively little recent work has been directed to studying the

mochanism of ink-viranular crack propagation in the brass-ammonia
system, and exi-lng evidence continues to support the Logan-
Champion4,5 film-rupture model. The model has been modified by a
number of workers, 67 69 but the basic concept remains that the crack Crack
proDannte, by prrntl dissolution at the Crack ip where thePrpagation. .. - - ....... ... 1,, ---- tne Irc IVw ee h FIGURE 10-Schematic diagram of the film-rupture process In
passive film is ruptured by localized plastic deformation. The three dimensions
evidence for this model in the Cu-30Znlaqueous ammonia system is
as follows- Transgranular cracking
(1) A thin passive film is known to exist at the crack tip.31  In contrast to IGSCC, over the past ten years a large amount of
(2) The fracture surfaces are smooth, consistent with a dissolution work has been focused on TGSCC of brass in aqueous ammonia,

process and exhibit no evidence of crack arrest or crack-front and considerable advances have been made in understanding its
markings." l  mechanism. The most significant experimental iesults were dis-

(3) There is no evidenca for discrete acoustic omissions of the type cussed in the preceding section, and the impact of these results on
detected during the propagation of transgranular cracks."4  our understanding on the mechanism of TGSCC will be the subject

(4) The observed crack velocities, approximately 10-6 ms-1, can of this subsection. The mechanisms that have been proposed for
be shown by a Faraday's law calculation to be fully consistent SCC fit into five basic categories: (1) dissolution (film-rupture and
with a dissolution process,3  dissolution models), (2) adsorption, (3) hydrogen embrittlement, (4)

While these observations are consistent with the film-rupture model, dealloying or tarnish rupture (crack propagates in films only), and (5)
they do not prove that It Is operative, and it is possible that an film-induced cleavage.
alternative mechanism exists, In particular, they do not rule out a In the last review,3 it was concluded that dissolution models for
process based on dezincification. Such a process would be expected TGSCC were not consistent with thb fractographic evidence. At that
to be discontinuous, but observations (2) and (3) above would not time, there was no direct indication that dissolution of the noble
rule out this possibility if the crack advance distance were small, component of the alloy was not required for TGSCC in brass, and the

It should be noted that the film-rupture explanation leaves analogie, i'ith Au-Cu were not apprecia!ed. Since then, experiments
several details to be resolved. For example, the reason for the in cuprous ammonia, so-called equilibrated solutions, have shown
intergranular path !s usually rationalized by postulating that repassi- that dissolution of copper is not a necessary condition for observing
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TGSCC'iiibnss 10.41.51 This conclusion has been challenged by TGSCC of pure copper,6-9 or the results of Lichter, et al.,565' 9 and
Kaufman, 49.s° but, as previously discussed, there are sufficient Newman, et aL," where the thickness of the dealloyed layer and the
reasons, in our opinion, to be skeptical of Kaufman's claims. Also, a rate of its growth has been measured and shown to be less than the
dissolution-based mechanism cannot explain the embrittlement ob- crack advance distance. We must conclude that, while dissolution of
served at 770K by Newman" after a very short exposure to a zinc from brass and of copper from Cu-Au alloys appears to be
corroding medium. These results demonstrate that, while dissolution required for TGSCC, fracture of the dealloyed layer alone cannot
of copper is not required, some dealloying is necessary to induce explain the crack advance distances, the cleavage-like appearance
brittle cracking Mechanisms that do not involve mechanical fracture of the fracture surface and the steps between the cleavage facets.
of a dezincified layer cannot explain these results. Circumstantial, but The explanation of the cracking of pure copper, moreover, must be
nonetheless significant, evidence for the role of dealloying in TGSCC based on some different model.
is provided by the close correlation between the percolation limits for At the time of the last review,3 the only mechanistic possibilities
dealloying and the minimum concentration of the less noble compo- for TGSCC appeared to be those discussed above, and each of them
nent, for brass as well as for other alloy systems, necessary to has been weakened, if not eliminated altogether, based on the
observe cracking.72  experimental evidence obtained since. Recently, a new mechanism

Once it is concluded that crack propagation occurs by a for TGSCC crack propagation has been proposed by Sieradzki and
mechanical fracture process, it is necessary to evaluate the environ- Newman12 based on the experimental observations and the model-
mental interactions that may cause this type of propagation. In the ing work of these investigators and their coworkers.7 8"82 According to
adsorption model, a chemical species is adsorbed from the environ- this model, in the presence of a thin surface film-at the crack tip, a
ment on the bare metal, interacting with the interatomic bonds and fracture initiated in the film propagates in the normally ductile matrix.
inducing crack propagation by lowering the energy required to break The critical difference between this film-induced cleavage model and
these bonds This would explain SCC and liquid metal embrittlement the model proposed by Forty76 is that, when the crack in the film
by a single mechanism, and it could account for the influence of the reaches the film/matrix interface, traveling at a high velocity on an
electrode potential on cracking, at least for the case of adsorption of orientation favorable for cleavage, the ductile matrix cannot arrest
a charged species. However, it is unclear which species could play crack propagation and blunt the crack tip until the crack has
the critical adsorbing role. Uhlig, et al.,32 suggested that copper- propagated for some distance into the matrix.
containing ammonium complexes could be responsible, and a similar The critical questions in evaluating this mechanism are (1) what
proposal has been advanced recently by Hintz.73 One of the is the film, (2) can this film initiate brittle fracture, (3) can the brittle
problems is that it is hard to envisage how an adsorption mechanism crack propagate in the ductile matrix, and (4) what, then, stops the
would result in discontinuous crack advances. Hintz, et al., 4 based crack. For brass in ammonia, the surface film at the crack tip is
on examinations of crack-arrest marks in a-f-brass, suggested that, supposed to be the copper-rich dealloyed layer. The embrittlement
at high stress intensities close to Ku,,,, the cracks propagate faster experiments of Newman, et al.,1 clearly demonstrate that the
than the rate of transport can provide the damaging species to the presence of a dealloyed layer on the surface of a Cu-30Zn sample
crack tip, resulting in crack arrests and blunting. This would imply that can induce transgranular crack propagation for distances of about 12
crack-arrest markings are only present near the point of final ductile tm. Similarly, Lichter and coworkers56"59 have shown that the
overload However, crack-arrest markings have been reported to be gold-rich layer in Cu-Au can initiate cleavage-like fracture. More
present throughout fracture surfaces, only being more difficult to recently, it has been reported that a dealloyed layer on Ag-Au can
observe at lower stress intensities,3 The fact that acoustic emission cause cracking. 3 In the case of the experiments of Newman, et al.,"
and electrical potential transients are observed over the entire course on Cu-30Zn dealloyed in cuprous ammonia, since the measured
of crack propagation cannot be easily explained by an adsorption thickness of the dealloyed layer was of the order of 100 nm, since the
process As a result, we conclude that while adsorption as a cause cracks propagated up to 12 gm at 771K, where no adsorption or
of TGSCC is an interesting hypothesis, it fails to account for all of the dissolution could take place, and since the cracks were identical to
observations. the transgranular cracks observed during SCC of Cu-30Zn in

Hydrogen embrittlement may be considered a reasonable aqueous ammonia, we conclude that dealloyed layers can initiate
explanation for TGSCC in copper-base alloys, as it is in the case of brittle fracture that propagates beyond the dealloyed layer into the
other metal systems It would explain discontinuous crack propaga- suhstrate. However, it should be noted that the presence of a
tion and the similarity between TGSCC fractures and the fracture dealloyed layer alone is not sufficient to cause brittle crack propa-
surfaces generated by hydrogen charging of some fcc metals. gation, For example, brass dealloys rapidly in chlorides and, as yet,
However hydrogen solubility In copper alloys is generally considered no SCC has been reported in this system. In the experiments
very low Recently, Nakahara and Okinaka75 reported damage as a discussed above, Newman, et al.," found that aging the foils at room
result of electrochemical hydrogen charging of pure copper, but this temperature resulted in the recovery of ductility. As a result, we must
was achieved only by poisoning the hydrogen-recombinaion reac- conclude that, although dealloyed layers can initiate brittle fracture
lion and lengthy exposures Also, as discussed above, modeling of that propagates into the alloy matrix, the ability of the layer zo initiate
the electrochemical conditions at the crack tip has indicated that, for brittle fracture depends on some property of the dealloyea layer,
brass In aqueous ammonia, hydrogen discharge Is unlikely, and for which, in turn, depends on the alloy and the environment. Obviously,
Cu-Au in FeClo, impossible Therefore, while hydrogen embrittlemont more research is needed to help us understand this point.
may be the cause of TGSCC of some alloys in some environments, The situation In brass Is further complicated by the observation
it can be safely ruled ;ut in the cases considered here. that pure copper undergoes TGSCC, also by discontinuous propa-

In 1959, Forty78 proposed that TGSCC of brass In aqueous gatior on (110) planes. Clearly, a dealloyed layer cannot by invoked
ammonia resulted from the selective dissolution of zinc from the alloy, in this case. An alternative possibility was that the thin passive film
leaving a void-rich layer, which then fails in a brittle manner, represents the initiating layer in the pure metal, However, the studies
According to this model, the crack blunts and stops when it reaches of Cassagne,e discussed above, demon3traiud that conditions that
the end of the dealloyed layer As a consequence, the rate of crack maintain the presence of tho film do not lead to TGSCC. but rather
advance would be limited by the rate of dealloying. Namboodhiri" the breakdown of the film by mtcropitting appears to be necessary for
has reported that dezincificatlon of brass In ammonia is significantly the occurrence of cracking. Cassagne has speculated that the pitting
accelerated by stress, If these results could be shown to be process can produce closely spaced, fine tunnels, which form a
applicable to the crack tip, they might be able to account for the porous layer similar to that resulting from dealloying, and that this
observed crack velocities, without requiring that the crack move layer also initiates cleavage crt~cks.
ahead of the dealloyed layer Even if anomalously high dozincifica- From a scientific point of view, the elimination of all of the
tion rates are possib!e at the crack tip, a model based on brittle possibilities for crack propagation in the Cu-30Zn aqueous ammonia
fracture of a dealloyed layer would have difficulties in explaining system other than film-induced cleavage is very important, and the
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distribution, dislocation mo\,ement may cause antiphase boundaries, ture in specimens dealloyed in the absence of stress An early paper
which in turn can interfere with the glide process and cause by Pickering and Swann [Corrosion 19(1963). p 373] illustrates the
discontinuous cleavage. porous layer in several alpha-phase copper alloys and associates its

E.N. Pugh: As I indicated earlier, the failure of pure copper occurrence with susceptibility to cracking.
would seem to rule out the possibility that solute atoms, and hence M.M. Hall (Westinghouse Electric Corporation, USA): You
ordering phenomena, play. a necessary role in the inherent embrt- discussed the difficulty in understanding how crack arrest may occur
tlement process at the crack tip. However, in our paper it is argued for transgranular SCC based on the assumption that crack advance
that factors such as ordering and stacking fault energy, which occurs due to extension of the microcrack into the matrix by cleavage
promote coplanar glide, have a major effect on shearing of ligaments fracture initiated in a thin oxidized or dealloyed crack-tip layer An
and on the ease of cleavage step formation, and therefore on crack alternative crack advance mechanism that does not require "crack
propagation. Moreover, we speculate that this effect accounts for the arrest" is that crack advance occurs by, first, the nucleation of a
correlation between restricted cross slip and susceptibility to trans- cleavage crack at a distance ahead of the microcrack tip and,
granular SCC under static loading conditions. second, the extension of this microcrack back to the microcrack tip

B. Cox (Atomic Energy of Canada Limited, Canada): In the by fracture of the intervening ligament. Dislocation glide and block-
cracking of alpha-brass, if you can control the size of the crack-front age within the ligament could account for the cleavage crack
jump distance by adjusting experimental conditions, and if there is nucleation, perhaps on hydrogen-embrittled cleavage planes, and
always significant strain during the stationary phase of the crack would then accommodate microcrack opening and extension to the
front, then, if ligament tearing is controlling crack arrest, the strain point of ligament rupture. Are not your experimental observations
accumulated during crack arrest should be proportional to the size of consistent with this alternative crack advance mechanism'?
the jump (i.e., length of ligament). An accurate measure of this strain, E.N. Pugh: The possibility that a subsurface crack is initiated
using, for example, photoresist and a video camera, could provide ahead of the main crack and runs back to the tip has been suggested
useful evidence. Has anyone measured these crack-tip strains and from time to time for copper alloys and other systems, However,
strain rates and, if so, are they constant or proportional to jump existing experimental evidence does not permit this possibility to be
distance, and how does the strain rate compare with identically distinguished from the more conventional view that the crack is
loaded precracked specimens in air? reinitiated at the surface. Other details of the crack advance process

E.N. Pugh: You have put your finger on the major assumption remain unclear. For example, we assume that each propagating
in our hypothesis, that step formation by ligament tearing is unable to event is initiated at a point and that fracture then spreads laterally
keep up with cleavage, so that the ligaments lengthen and increase along the crack front. There is no direct experimental evidence for

this view.the restraining force at the crack tip, and that the bulk of step I should also comment on your suggestion that hydrogenformation occurs during the arrest stage. Experiments of the type you embnttlement may play a role. In our paper, we conclude that
describe have not been performed in brass or in other cases of hydrogen effects can be ruled out in alpha-phase copper alloys.
transgranular SCC but are essential to evaluate the hypothesis. L.A. Heldt (Michigan Technological University, USA): There

J. Kolts (Conoco, Inc., USA): In view of the fact that radiation is increasing evidence [Kramer, Wu, and Feng, Mater. Sci. Eng.
can cause cleavage in face-centered cubic (fcc) metals, and since 82(1986): p. 141; Kaufman and Fink, Acta Metall. 36(1988). p. 2213,
dissolution in specific environments can cause creep in alloys, have Kasul, White, and Heldt, "Relationships Between Plasticity and
you considered the defect structure in front of the crack tip as being Stress Corrosion Cracking," this proceedings] that environment-
the cause of cracking? Also, can results from slow-strain rate and induced local plastic flow is associated with, and may contribute to,
dealloying experiments be considered consistent with defect struc- stress corrosion of copper materials. Apparent cleavage may result
ture at the crack tip? in transgranular SCC from microscopic flow. The concept is prom-

E.N. Pugh: In the early 1980s, I actively pursued the idea that ising for explaining (1) susceptibility of copper as well as alloys and
the defect structure induced by the environment could initiate brittle ( st aorap h y of cr e a s.
cracks, specifically that vacancy injection caused by selective (2) crystallography of observed fracture planes.The nature of the environmental interaction is not known.
dissolution of zinc might cause hardening by interacting with dislo- Papers by Lynch [J. Mater. Sci, 20(1985). p. 3329, Scripta Metall.
cations. This view, first proposed by Forty in 1959 (see reference In 18(1984). p. 3213 and by Hintz, et al. (Metall. Trans. 17A(1986). p-
my previous response, above), was encouraged by various obser- 1081], have invoked adsorption, Kaufmann and Fink [Acta Metall.
vations of hardening of brass due to vacancy annihilation, for 36t1988). p. 2213] envisionadissolution-deformation synergism that
example, anneal hardening. but my attempts to embrittle foils by is extremely iocalized. For the adsorption case, there are similarities
producing large vacancy concentrations by quenching or deforma- to processes described for hydrogen embrittlement and metal-
lion, and straining at various temperatures and strain rates, were induced embrittlement, as discussed separately by Birnbaum, Ger-
unsuccessful. The observat!cn of cracking In pure copper caused me berich, and Stoloff at this conference. For the dissolution case, a
to abandon this approach. similar synergism has been described by Duquette for corrosion

Interestingly, recent results at our laboratory (see T.B Cas- fatigue. A similar process may well contribute to ntergranular SCC in
sagne, Ph.D. diss., Johns Hopkins University, 1988) suggest that a the copper materials.
micropitting process at the crack tip Is necessary for cracking in pure E.N. Pt'gh; The view that the propagation of transgranulat
copper. This may produce a structure similar to that of the porous stresb corrosion cracks occurs by highly localized environmentally
dealloyed layer thought by Sieradzk and others at this conference to enhanced plastic flow rather than by discontinuous cleavage is
be responsible for crack initiation during transgranular SCC of copper legitimate and, as we state in the paper, merits further attention.
alloys. I agree that it offers an attractive and straightforward explana-

R.H. Jones (Pacific Northwest Laboratories, USA): I would tion for the observed orientation of the fracture surfaces in alpha
like to make the observation that the porous structure produced by phase ,oppet alloys. Thus, it is plausible that coordinated slip 0i,
dealloying is similar to that found ir, ,rradiated materials. In copper intersecting %111 If planes could result in macroscopic fracture on a
and nickel at room temperature, radiation damage produces hard bieting 11 t0 plane, ligament bhearing would then "ccu on the two
ening by clusters of Interstitials and vacancies. (111) planes that are perpendicular to the fracture plane and

A. Gelpl (Framatome, France): Is there any experimental therefore in planes of maximum shear, as proposed in the paper.
evidence for the pores in front of the crack tip or in the dealloyed However, the ,case of type 310 %UNS S31000) stainless steel, also
layer? single-phase fcc, is not as straightforward, since failure occurs on

E.N. Pugh. l am not aware of any experimentai evidene for the t100j rather than t1 10. The i100) plane also bisects intersecting slip
existence tl ,no porous structure ir front of crack tips or even on planes, but in this ,ase ligament shearing would occut on slip planes
crack walls, but there are a number of papers that piesen ltransmis that are nut perpendi.ulat katually approxniately 55") to the fracture
sion eltruon micrographs showing the characteristio, bpunge strut. plane. It is nut .leai why the two f. alloys should behave differently
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or why the steel should choose a less efficient option for ligament E.N. Pugh: The situation is complicated by the fact that two
tearing, forms of cracking occur-intergranular and transgranular-and that,

It should also be noted that these crystallographic observations in my opinion, they involve basically different mechanisms. In the
cannot be rationalized in terms of the cleavage model at the present ir.'ergranular case in brass, it seems likely that crack propagation
time. occurs by the film-rupture mechanism, that is, by preferential anodic

N.S. Stoloff (Rensselaer Polytechnic Institute, USA): The dissolution at the crack tip where a passive film is continually ruptured
copper-bismuth experiment of Rice you described seems to be by localized slip. Several environments cause this type of failure in
unconvincing support for a film-induced cleavage model. There are the laboratory, e.g., citrates, tartrates, acetates, and sulfur dioxide, in
many instances in the literature of solid metal embrittlement of cracks addition to ammonia. The governing parameters here are repassi-
extending well beyond initiating inclusions, often along transgranular vation kinetics and anodic dissolution rates, so that thermodynamic
paths. In the absence of detailed surface analytical experiments on data alone (E-pH diagrams) are not definitive. The use of poten-
the copper-bismuth fracture facets, you cannot rule out a simple tiodynamic techniques of the type pioneered by Parkins [Corros. Sci.
metal-induced fracture model to explain the transgranular facets. 20(1980): p. 147] offers the most promise for prediction at present.

E.N. Pugh: I agree that the observation is not conclusive In the case of transgranular cracking of brass, the mechanism
without surface analysis. of propagation is not established, but it seems that dezincification

N.S. Stoloff: Cracking of pure copper in nitrite solutions seems plays a key role Clearly, the simple occurrence of dealloying is not
to resemble metal-induced embrnttlement as far as a transgranular a sufficient condition for cracking, since transgranular failure is not
cleavage-like crack path is concerned. Has high-magnification scan- commonly observed in aqueous chlorides despite rapid selective
ning electron microscopy been used to examine copper fracture dissolution It appears that the rate of dealloying is critical, perhaps
surfaces, to determine whether localized plasticity is responsible for through its influence on the scale of the porous structure, so here
cracking? again it is difficult to identify environmental parameters that haveE.N. Pugh : The n trte solution causes consderable corrosiest ag fo w r p ed ci e v l .
attack of the fracture surfaces, so that detailed fractographic studies straightforward predictive value.are mposibe. Hwevr, he adur ,ncoper s s~~la m anyOf course, potential has a profound effect on both processes,
are impossible. However, the failure in copper is similar in many anthsisgifctlafeedbmnyxrnicato.
respects to that of the alpha-brasses, and in that case there have and this is significantly affected by many extrinsic factors.bee sveal ig-rsoltin tudesofthefrctre uracs.In J.R. Galvele (Cornlson Naclonal de Energla Atomlca, Ar-
been several high-resolution studies of the fracture surfaces. I gentina): In a recent publication [Rebak, Carranza, and Galvele,
particular, Lynch [Scripta Metall. 18(1984). p. 321] has used the Corros Sci 28(1988): p. 1089], we have shown that passivity
replica technique with transmission electron microscopy to study breakdown is present in SCC of brass in sodium nitrite solutions.
cleavage-like fracture surfaces in Cu-3OZn produced at our labora-to/in ammoniacal solutions under conditions in which corrosive Cracking was only found at potentials above the pitting potential.
tory iSince the same happened in pure copper, I find it difficult to accept
attack is minimized. Fine markings were reported knot detectable with that two different mechanisms have to be applied for transgranular
scanning electron microscopy), and these were claimed to be cracking-one for brass and another for pure copper.
evidence for a propagation mechanism involving localized plasticity.
However, I believe that further study is necessary to establish that the E.N. Pugh: In our paper, we speculate that the basic mecha-

markings are slip traces rather than crack-arrest markings, and that nism for transgranular SCC is the same in both cases, namely, that

they are not simply slip steps produced behind the crack tront. More it involves the formation of a zone containing pores or tunnels. In the

recently, Diion, in unpublished work at Ewoe Polytechnic, Montreal, case of copper, this obviously cannot result from dealloying, and it is

Canada, 1988, has produced similar evidence in austenitic stainless suggested that micropitting may be responsible.
J.-P. Lynn (Westinghouse Electric Corporation, USA): Thesteels tested in chloride solutions. As I indicated before in my width of the crack at the crack tip must be on the order of the film

response to Heldt, I agree that this possibility merits attention. th filgrows oth ra l (bete film

W.W. Gerberlch (University of Minnesota, USA): This follows thickness As film grows. both internal (between film and matix) and

up on the comments of Stoloff, Hetdt, Lichter, and Engell, concerning eternal stresss increase. Which force is the more likely to cause

localized slip. If 1 11 i slip along facets can shiold with additional slip crack advance'" Is there an optimum film thickness that cracks will not
in the wake uncoupling the shield tu produce high local stresses, this grow?

E.N. Pugh: In brass, two types of film are thought to be
might be an alternative cleavage mechaism. Serrated yieldig might Important: a passive film (oxide) and a dealloyed layer. Both are thinenhance such a process, so this question addresses this aspect. (approximately 1 nm) compared with the width of the crack at the tip

Hydrogen is known to produce serrated yielding in nickel at low

temperatures. Has anyone evaluated the stress-strain characteris- (approximately 100 nm) Initially, the film-induced cleavage model
tics of copper-zinc during in situ electrochemical charging where proposed by Sieradzkl and his colleagues [see, for example, Paskin,
large hydrogen fugacities are involved? et al., Acta Metall. 31 (1983): p. 1253] placed emphasis on the role of

E.N. Pugh. I am not aware of such experiments in copper-zinc. epitaxial stresses associated with both types of film, but, at this

Several workers, including Forty, Parkins [reponrtd at an unpublisned meeting, this view has ben overshadowed by the idea that the

workshop on SCC of copper alloys, National Institute of Standards porous layer is more likely to relnitiate cleavage.
J.-P. Lynn: If film Is formed by the environment and is protectiveand Technology tformerty National Bureau of Standards). Washing- (at least thin film), why should the same environment cause pores to

ton, 1983] and myself, have attempted to produce transgranular form?

cracking in Cu-30Zn by conducting slow-strain-rate tests while EN. Pugh: Depending on its composition, ammoniacal solu-
hydrogen was cathodically generated at the surface. These attempts tions can lead to film formation (tarnishing) in Cu-30Zn, or may cause
were unsuccessful, so that the experiments were never reported, I do active anodic dissolution In the absence of protective films. A quick
not know if the load-time curves showed evidence of discontinuous answer to your question might be that passive film growth and
yielding. I should add that the occurrence of transgran- dealloying (which leads to pore formation) are not considered to
ular SCC in copper-gold alloys eliminates the possibility of a unique occur in the same environment, the latter taking place only in
role for hydrogen, since hydrogen generation can be unequivocally nontarnishing solutions. But this avoids an interesting issue. In
ruled out in this case. tarnishing solutions. intergranular failure is widely believed to pro-

A. Atrens (University od Queensland, Australia): What envi- ceed by preferential anodic dissolution of bare metal at the crack tip,
ronmental parameters govern SCC o1 copper and 70/30 brasses inothe aqeou sysems Reentworkhasshon te posiblit 01 exposed by plastic deformation, However, it is legitimate to suggest
other aqueous systems? Recent work has sown the posscbnfi ty o f alternatively that dealloying takes place during transient anodic
cracking in sodium chloride. but there is a lot of confusion concerning dissolution and that crack advance is mechanical. as is believed to be
the necessity of Cu', Cu ', E, pH, Cu2O, CuO. Is it possible to sort the case for nontarnishing environments. There is no evidence for
out these SCC-producing environmental conditions-perhaps in discontinuous propagation in intergranular SCC In tarnishing solu-
terms of E-pH diagrams? Can you specify what surface conditions tions, but this might be a result of small crack advance distance per
are needed for SCC and then from these surface conditions predict event.
environmental requirements?
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Environment-Induced Crack Growth Processes
in Nickel-Base Alloys

R.H. Jones and S.M. Bruemmer*

Abstract
Nickel-base alloys exhibit excellent corrosion resistance and are used extensively in corrosion
applications, although environment-induced crack growth has occurred in several applications.
Environment-induced crack growth in nickel-base alloys occurs in a number of environments, including
water, acidic and basic solutions, and gaseous hydrogen. Factors controlling environment-induced
crack growth are similar to those in other materials, namely, microstructure/microchemistry. environ-
ment, and stress. The critical factors controlling stress corrosion cracking of nickel-base alloys are
generally known, but many of the details are not. In some cases, quantitative information is lacking with
details limited to knowledge about general susceptibility. The crack growth mode is generally
intergranufar for aqueous environments and hydrogen-gas environments. A key difference between
environment-induced crack growth in Fe-Cr-Ni alloys and nickel-base alloys is the susceptibility to
cracking in hydrogen environments in nickel-base alloys, while Fe-Cr-Ni alloys exhibit cracking in
hydrogen environments only under extreme conditions. This paper presents a comprehensive review
of the literature on environment-induced crack growth of nickel-base alloys and covers both
phenomenological observation and mechanistic interpretation.

Introduction alloys) have not been examined. Ni and a wide range of Ni-base
Ni-base alloys exhibit excellent corrosion resistance in a wide variety alloys will be considered in order to develop a more comprehensive
of environments This behavior, along with the high-temperature understanding of environment-induced cracking in this important
strength that can be developed in many Ni alloys, has prompted their alloy system.
extensive use in chemical, petrochemical, pulp and paper, food, and
electric power industries. However, environment-induced cracking FACTORS CONTROLLING
has been a continuing problem for certain material/environment ENVIRONMENT-INDUCED CRACK GROWTH
conditions. It is important to keep in mind that even though cracking Environment-induced cracking can be defined similar to the
has been observed In service, Ni-base alloys have proven to be the classic definition of SCC Cracking occurs because of the combined
most corrosion-resistant system for severe engineering applications, presence of a susceptible material/microstructural condition, a suffi-

ciently corrosive environment, and a sufficiently high stress, Each of
Environment-induced cracking of Ni-base alloys in aqueous these three components is required for cracking, and each will be

solutions will be reviewed, analyzed, and evaluated in this paper. described based on experimental observations in Ni-base alloys.
Special interest will be given to the metallurgical variables that have
been observed to influence susceptibility and on specific crack Metallurgical Aspects
growth mechanisms. Stress corrosion cracking (SCC) and H-Induced
cracking (HIC) of solid-solution and precipitation-hardened N1 alloys Bulk effects
will be examined to Identify controlling parameters and crack growth Ni is used for many corrosion-resistant applications without
processes. Transgranular and intergranular processes will be iso- alloying Commercial-purity NI has excellent resistance to attack in
lated and evaluated in relation to mechanistic models for environment- caustic environments. Numerous elements are added to Ni including
induced crack growth. C, Cr, Mo, Fe, Si, Cu, Al, Ti, Nb, and W. These elements can directly

affect microstructuril and microchemical development and impact
Environment-Induced cracking of austentic alloys has received material strength and deformation characteristics. Each of these

cor.tsderable attention over the last 25 years and has been the metallurgical aspects can then affect cracking resistance, as will be
subject of several reviews.' '2 Most of these reviews have dealt discussed below A number of common Ni-base alloys are listed in
primarily with austenitic stainless steels (SSs) and not directly with Table I along with their nominal bulk compositions.
NI-base alloys. The only NI-base alloy that is often discussed Isalloy
600 (UNS N06600), which exhibits many microstructural similarities Bulk composition can have a controlling influence on environ-
to the unstabilized SSs, Other alloys ranging from simple binary mental cracking. The effects of individual elements are a function of
systems (e.g., Monelt alloys) to complex systems (e.g., Hastelloyt  thermomechanical treatment and service environment. For example,

the susceptibility of alloy 600 to intergranular (IG) SCC tends to
increase with C content in oxidizing environments, 13 15 while the
opposite behavior is found in deaerated, high-temperature
water. 186 Thus, it is difficult to make generic conclusions concerning

PMacific Nortiwest Laboratory, Ricland, WA 99352. bulk effects without considering specific alloys, metallurgical condi-
t Trade name. lions, and solution chemistries.
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TABLE 1
Nominal Compositions of Various Alloying Elements in Ni-Base Alloys, wt%/o

Alloy C Cr Fe Mo Co Cu Al TI Others

Ni 200 0.06 - 0.15 - - 0.05 - -

Monel 0.15 - 1.5 - - 30.0 -
Type 600(A) 0.08 (c )  15.5 8.0 - 1.0(c) 0.5 - -
Type 6 2 5 (A) 0.1

(c)  21.5 5.0(c) 9.0 1.0(c )  - 0.4 0.4 Nb+Ta
Type 6 9 0 (A) 0 .0 8 (c) 29 9.0 - 1.0(c )  0.5 - -

Type 7 18 (A) 0.05 18 19.0 3.0 1.0(c )  0.1 0.5 0.9 Nb+Ta
Type X-750(A) 0.08 (c ) 15.5 7.0 - 1.0(c) 0.5 0.8 2.5 Nb+Ta
Type 8 2 5(A) 0.05(c )  21.5 29.0 3.0 2.0 (c )  2.0 - 1.0
Type C.276 (t )  

0.01(c) 16 5.5 16.0 2 .0(c) - - - W

(A)Inconel allcy, INCO.
(W8Hastelloy alloy, Haynes International, Inc.
(C)Maximum concentration.

The addition of many minor alloying elements on IGSCC time(i.e.,degreeoforder)at5000C.3 2Theinitialincreaseinhardness
susceptibility has been examined for alloy X-750 (UNS N07750).21 22  and decrease in time-to-failure is related to SRO, while the change
While there is some disagreement concerning the effects of Zr and B, after long-time aging is a result of LRO. It is not known at this time
other elements such as Cr, Mg, Cu, La, N, 0, S, and P were found whether SRO or LRO is a sufficient condition to promote cracking or
to have no significant influence on cracking. Floreen and Nelson if P segregation is also required, as suggested by Berkowitz and
reported beneficial effects of Zr and B additions, 21 while Hattori Kane.2 s In the presence of cathodic H, Asphahani observed trans-
indicated B to be detrimental and Zr to have no effect on IGSCC.2 granular cracking in highly deformed and aged C-276,2° so P
Si was identified as being particularly detrimental to cracking segregation may not be a factor in heavily cold-worked material. P
resistance.22 Again, it is important to keep in mind the complex may have a complex effect on cracking since it also increases the
interrelationship among composition, metallurgical condition, and rate of SRO? 2 In a more general sense, P3. and N3880 have been
solution chemistry on IGSCC susceptibility. Alloying and impurity shown to have the largest effect on slip planarity of all solutes in
elements tend to modify specific aspects of the material microstruc- austenitic alloys. This is believed to result from SRO effects and not
ture and microchemistry, which tn turn impact SCC. Individual effects from changes in SFE.7 .38 Regardless, both elements are thought to
of certain elements will be explained during discussions of micro- increase environmental cracking susceptibility because of their
structure and microchemistry in Ni-base alloys, influence on deformation characteristics.'

Strength level can have a significant effect on cracking, ' ,
particularly HIC If all other parameters are kept constant, increasing
material strength will increase HIC s,..:eptibility. Cold work has been
shown to accelerate cracking in many materials, including alloys
600, 24 X-750, 718 (UNS N07718),25 625 (UNS N06625), C-4 (UNS
N06455), and C-276 (UNS N10276).28 Precipitation-hardened alloys
tend to exhibit an increased cracking susceptibility over solid-solution
alloys of the same basic type. A good example of this is the
comparison of alloys 600 and X-750, in which the higher-strength
X-750 Is much more prone to cracking in H and hgh-temperature
deoxygenated water c4vironments. However, higher strength need
not involve increased HIC. Alloy 718 has shown excellent HIC and
SCC resistance in several solutions, despite its high strength. 10,24.28.27

Deformation characteristics have an important effect on SCC
and HIC susceptibility. In particular, slip planarity can influence
cracking susceptibility and fracture morphology. Planar slip leads to
dislocation pile-ups and high local stresses. Crack nucleation at
external and Internal interfaces may be enhanced,28 as well as H
transport along planar arrays.2 An example of these planar dislo-
cation arrays (pile-ups) for alloy 600 Is shown in Figure 1. Materials
with relatively low stacktng fault energies (SFEs) exhibit this behavior
at small plastic strains because of higher stress requirements for
cross slip to occur,

Short-range ordering (SRO) and long-range ordering (LRO) can
also promote planar slip and increase susceptibility to HIC, While
other factors influence HIC resistance, SRO and LRO appear to have
an important effect on the cracking of alloy C.276.3030 Asphahani
suggested that ordering prompted HIC through its effect on slip
characteristics? ° Dislocation substructures with planar arrays de-
velop since dislocations move as coplanar groups and large stresses
are needed for cross slip. As a result, ordering causes slip charac-
teristicz similar to low SFE metals even though the apparent SFE
increases._2

Ordering also increases material strength level, which corre- 0.3 p.m
sponds to the onset of HIC susceptibility. Results of Fiore and Kargol FIGURE 1 -Transmission electron microfraph showing dlslo-
presented in Figure 2 illustrate this dependence as a function of aging cation emission from grain-boundary carbides.
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carbides can be extremely susceptible to IGSCC. Carbide densityC. -76 effects on environment-induced cracking are illustratev by the results
50 ungd - 3.2 of Miglin and Domian in Figure 349 The extent of cracking for alloy
48 Ilardnes - 3.2, 00 - X-750 drops to low levels as intergranular carbide density increases

2 in deaerated water tests, while the reverse is observed for tests in a
stae i Io~iy2.6 ~. ~ H environment at lower temperatures. Cracking in H does not result

4 2.0 solely from the presence of grain-boundary carbides. Cr depletion
0=1.0 that develops adjacent to the growing carbides controls susceptibility

42 u - , 1.4 in high-temperature oxidizing solutions13-14.52 or in acidic sulfate
, environments. 3

-
55 Grain-boundary impurity segregation also pro-

40 Unaged 0.8 0.1 motes cracking, particularly in low-temperature H environments. 9 6 "

38 0.2 s8 Cr depletion and segregation effects on environmental cracking
o"  

2 o3 104 will be discussed in a following section.
Aging Time, h

FIGURE 2-Comparison between hardness, Stage II crack ve- 100 AH
locity, and time-to-failure for Hastelloy alloy C-276 (UNS
N10276).

32

0

Microstruct'ral effects AH 0 AH.6

Environment-induced failure of Wi-base alloys is very sensitive
to heat treatment. The most effective heat treatment often depends
on the service environment (e.g., resistance to cracking can be 40

markedly different in oxidizing vs nonoxidizing and low pH vs high pH
solutions). Heat treatment impacts SCC and HIC through its effect on
material microstructure and microchemistry. For many alloys, grain- 20

boundary microcharacteristics control material behavior. Microstruc- 00 0
lure and microchemistry effects on environmental cracking are 0 1 I I 1

isolated (where possible) in this and the following section. 30 40 50 60 70 so 90 100
Carbide precipitation. C and Cr are primary alloying elements % G.B. Coverage by Precipitates

in many of the Ni alloys, particularly in Inconels,t as indicated in Table
1 This promotes the formation of Cr-rich carbides, typically M7C3 in FIGURE 3-Average crack depth vs grain-boundary carbide
alloy 600 and M2C 6 in the more complex alloys. In addition, Ti coverage for alloy X-750 (UNS N07750). 49

carbides/carbonitrides and refractory-metal carbides are present in Intermetallic phases. A large number of intermetallic phases
some of the precipitation-hardened alloys. Distribution and morphol- can form during aging of precipitation-hardening alloys (e.g., alloys
ogy of Cr-rich carbides in alloys 600 and X-750 have been shown to X-750 and 718) including -y', Ni3(AI, Ti), .y", Ni3(AI, Nb), q,, Ni3Ti, ,1,
influence directly IGSCC resistance in high-temperature caustic and Ni3Nb, and Laves (FeaT) phases. While many of these phases have
deaerated water environments? " -2 ,"11-50 Because these alloys are an indirect impact on environment-induced cracking (by matrix
of critical interest in nuclear power plants and have been more strengthening), only -y' has been directly linked to the cracking
extensively studied than other Ni alloys, carbide precipitation effects process Hosoya and coworkers have suggested that preferential
in alloys 600 and X-750 will be described in some detail, dissolution of -y' at grain boundaries of alloy X-750 generates H

Cr-carbide precipitation occurs readily because of the extremely locally and prompts HIC in high-temperature deaer3ted water.' This
low C solubility in most Ni-base alloys.5 ' Mill-anneal temperatures proposal is based on electrochemical polarization work on single-
below about 1000*C will not solutionize pre-existing carbides and phase compounds simulating intermetallics of interest. Whle -may
result in predominantly intragranular carbides in the final structure. phase n simulaninm of iterest. W he
This combination of intragranular with no ntergranular carbides play a role in the mechanism of crack growth when present, the
appears to be very susceptible to SCC in high-temperaurecausu.o presence or absence of intergiranular carbid remins the domma.-tp wter. As mill-annea temperae ae imicrostructural feature influencing behavior in alloy X-750.
deaerated water. As mill-anneal temperatures are increased above Intermetallic precipitates can also have an important effect on
!000 0C, carbides are dissolved so that C s avalable for itergranular bulk deformation behavior. For example, exchanging -y (alloy X-750)

precipitation during cooling or subsequent thermal treatment. If a forallo 1)a t o atri-stenghnng a saly modfie
'arge fraction of the bulk C is tied up in intragranular carbides, few resultant deformation structures. The - matrix phase n alloy X-750

intergranular carbides will form during cooting or thermal treatment. res dor ation structures 'mand phase inallo n

The ability to produce a controlled carbide distribution is critical, promotes coplanar dislocation structures o and localized deformation
sinc inerganuar arbdestendto ncraseSCGresstace. behavior On the other hand, alloy 718 with -j" as the mat rix-since intergranular carbides tend to increase SCC resistance, strengthening phase exhibits a much more homogeneous dislocation

Semicontinuous or continuous distributons have been shown to structure 10 This difference in deformation characterstcs may be a

improve behavior in caustics and in deaerated water. Most evalua- sct In The impro iesitncebrer ay 718

tions have used U-bend specimens and have assessed susceptibility key aspect in the improved IGSCC esistance observed for alloy 718

based on time-to-failure. As a result, crack growth data are very Dislocation density. Cold work has been noted to increase
limited, and it Is not known to what extent carbides influence crackDilctodesy.Cdwrkhsbnntdtonraeiiteatind is; nk kowt wht rexultent cares artinluc crak cracking susceptibility for many Ni-base alloys. Any prior working will
initiation vs crack growth. 1ecent results suggest a relatiely small lead to an increased dislocation density and residual stress in the
effect on subcritical growth rates, while the larger effect of itergran- material, and it will promote an overall increase in strength level. If the
ular carbides appears to be on crack nucleation or growth of very increased dislocation density is present before final aging treatments,small cracks).' 84 Unfortunately, a clear descrpton of carbde elemental difusivities and precipitation nucleaton stes can be

effects on mechanistic aspects of environment-induced cracking of signtal dified preipitat nleotes cange

alloys 600 and X-750 in high-temperature deaerated water or significantly modified For example, Hosoi, et al.,43 reported a change
caustics has not been established. from globular M23Co carbides to cellular morphologies, and then to ac Tics hasene not beenetalhe d s fine scattered shape after final aging if cold work were present prior

The presence of intergranutar carbides does not indicate a inmre to heat treatment The fine distribution was the most resistant to
SCC resistant microstructure it alloy 600 or X-750 s tested n more cracking in high-temperature deaerated water.

oxidizing environments or In lower-temperature H environments. On

the contrary, microstructures with a high density of intergranular Radiation damage. Core components in both boiling water
reactors (BWR) and pressurized water reactors (PWR) have expe-

tTrade name. rienced IGSCC after a specific irradiation exposure. This cracking,
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termed irradiation-assisted stress corrosion cracking (IASCC), has of 10% at the boundary. The most effective method of limiting S
been observed in austenitic SSs and Ni-base alloys.1°0-'6 The segregation in Ni has been through additions of Mg or other strong
IASCC process is extremely comp!cx, with radiation influencing sulfide-forming elements. Grain-boundary segregation in Ni-base
material microstructure, microchemistry, and deformation behavior, alloys is typically quite small or not observed because of the
and solution chemistry and electrochemistry. presence of sulfide formers such as Mg, Zr, Hf, Ti, or Cr69.8284

From a microstructural point of view, radiation damage of However, these elements do much more than simply tie up S in
austenitic SSs and Ni-base alloys at 300'C produces a large number complex Ni-base alloys, and their effectiveness depends on alloy
of matrix defects including vacancies, interstitials, and clusters, chemistry and thermomechanical processing.84

Increases in cluster density with irradiation exposure produces a
significant increase in material strength and a decrease in ductility. 100
Local chemistry changes and second-phase precipitation or phase
transformations can also be induced by radiation. The presence of a %Z
high density of clusters can lead to planar deformation behavior.6- 65  so •

Dislocation activity becomes localized in narrow slip bands, which /
can promote large stress concentratiors where these bands impinge 6
on grain boundaries. Intergranular fracture has been observed in air
for alloy X-750 after sufficient radiation damage, apparently because 5
of this localized deformation behavior. Z ERRANULAR

While the majority of the data on IASCC has been obtained for FRACTURE
austenitic SSs, observations of IASCC in Ni-base alloys have been 0
made. Garzarolli, et al., r6 reported on stress corrosion experiments Z 20

with alloys 625, X-750, and 718 in the core of a BWR and PWR -
reactor. The samples were irradiated as cladding with mixtures of 0 1 I
A1203 + 84C pellets to induce various strain rates while being \ A
irradiated in the core and in contact with the reactor coolant. Two A32

impurity concentrations of alloy 625 and variable heat treatments on 48 - .

a single heat of alloy X-750, given three different heat treatments, 0 tit
failed in both the BWR and PWR environments with strains of 1% or 0 S .o STRAIN 0 24 
less. Alloy 718, heat treated at 95400/1 h + 718°C/8 h + 621°C/8 h, < "e • FA.L. R- =has not exhibited JASCC up to strains of 1.5% in a BWR environment z"  /' -

or 1.0% in a PWR environment; the same alloy heat treated at z 24 --- ,::110650C/0.5 h + 760C/10 h + 649C/20 h exhibited IASCC at a R
strain of 0.5% in a PWR environment. An intergranular fracture mode RION
was observed in all materials. 12 I A

0 I I I 0
Microchemical effects 0.03 0.06 0.09 0.12 0.15 0.18 0.21

Environment-induced cracking of Ni-base alloys tends to be
intergranular for many alloys and environments. This fact specifies a GRAIN BOUNDARY FRACTURE SURFACE COVERAGE OF SULFUR

strong interest in grain-boundary characteristics for these alloys. MONOLAYERS)

Precipitation characteristics at grain interfaces were shown to be FIGURE 4-Percent Intergranular fracture, strain to failure, and
important in assessing cracking resistance in the previous section; in reduction of area vs grain-boundary S concentration for NI

this section, ~n.b..unda-Y micrchmistr effecis wiii be reviewed. tested in I t4 H2 S0 4 .78

Equilibrium and nonequilibrium processes can lead to critical enrich-
ments of impurity elements or depletions in alloying elements that Grain-boundary segregation of S has been proposed to play an
directly mricify cracking resistance. impotant role in the IGSCC of alloy 600 in deaerated water

Impurity segregation, Ni and Ni-base alloys are very suscep- environments.3 ,16 This appears to be unlikely based on the lack of
tible to intergranular embrittlement because of the grain-boundary significant S segregation measured in this system.8,r 92 S levels
segregation of certain trace impurilies.87"70 S has received the most enriched at grain boundaries are consistently below several percent
attention, but other impurities such as Se, Te, Bi, and Pb have been of a monolayer, if observed at all. It is important to note that Andresen
shown to segregate and embrittle NI-base alloys. 70 It is expected that and Briant have shown that S segregation may enhance SCC of
this tendency for segregation-induced mechanical embrittlement nonsensitized, austenitic SS in aerated, high-temperature water. 9 3

Indicates that these elements would also have a strong effect on No comparable results have been documented in Ni-base alloys.
environmental cracking and HIC In particular. Fortunately, these P also strongly segregates to grain boundaries in Ni and
elements are carefully controlled In most Ni-base alloys, resulting in NI-base alloys.35 '60 7.78.85 -9 9

4 It is the primary impurity segregant in
a bulk concentration low enough to minimize grain-boundary segre- most NI-base alloys and can achieve grain-boundary enrichment
gation. ratios comparable to those for S. Grain-boundary segregation data

S segregation has been shown to promote IG corrosion 7l'74 and for Ni and several Ni alloys have been compiled and plotted in Figure
HIC74"79 In Ni, but not SCC. 74,80.8

1 Bruemmer, et al., have docu- 5 P enrichment increases with decreasing temperature consistent
mented direct correlations between the amount of S segregated to with the equilibrium segregation prediction shown as the solid line in
grain boundaries and susceptibility to IG corrosion" and HIC 76 in a the figure. The change in the predicted segregation behavior below
low-temperature acidic solution (Figure 4). A transition In behavior is about 700°C results from the solubility limit for P in Ni being
observed for both cases when grain-boundary S coverages increase exceeded. Thus, the amount of P available to segregate is expected
from about 5% to 10% of a monolayer. This "critical" coverage to to decrease as heat-treatment temperatures drop below this limit.
induce environmental degradation depends on electrochemical po- Unlike S. P segregation does not embrittle Ni in the absence of
tential, as demonstrated by Jones, et al., for HIC at various cathodic an environmental effect. P also appears to have a very small effect
test potentials.79  on HIC in low-strength Ni, certainly much less than that for S.V 8 In

S has a very low solubility in Ni (100 appm at 973K) and higher-strength materials such as alloys 600 and X-750, HIC has
segregates to very high enrichment ratios at grain boundaries (105 been shown to depend on grain-boundary P composition.5-8 5

times). As a result, an alloy with 1 ppm in the bulk can still reach levels However, the same heat treatments that produce high levels of P
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segregation result in continuous grain-boundary carbide precipita- Soo
tion, which can influence the tendency for IG fracture. P segregation Type 304 SS
has been found to decrease the tendency for IG HIC in alloy 6001"
and Monel 400 (UNS N04400).94  700 -

Grain-boundary segregation of P has been shown to promote IG
corrosion in oxidizing solutions for Ni"3-74'8t-05 and Ni-base
alloys. 87,8 '91 9 0 7 P has also been implicated in the IGSCC of these
same alloys. Bruemmer 74 and Jones and coworkers °'81 demon-
strated that P segregation to the grain boundaries in Ni causes IG Alloy 600

cracking at passive and transpassive potentials in a low-temperature 500 -

acidic solution. Evidence for a similar P effect in austenitic alloys has
not been obtained. P segregation in alloys 600 and X-750 is almost 40D

always linked to IG carbide precipitation; i.e., both change concur- .01 0.1 1.0 10 oo
rently. Was found that grain-boundary P did not promote IGSCC in a Heat Treatment Time, h

carbon-free, P-doped, alloy 600 heat when tested in high-tempera- FIGURE 6-Comparison between grain-boundary carbide pre-
ture water.08 This is consistent with recent results for type 304 (UNS cipitation kinetics In type 304 (UNS S30400) SS and alloy 600
S30400)_SS.9 3  (UNS N06600) with comparable carbon contents.

1100 Cr depletion becomes most significant during heat treatment in
SPhosphorus Segregation in: the temperature range 550 to 7500C. Desensitization occurs quite

1000 o Alo60
- 10 Type 304 SS rapidly at higher temperatures, while Cr diffusion kinetics are too slow

900 " at lower temperatures for carbide nucleation and sensitization, as
0 indicated in Figure 6. Another important difference between Cr

800 0 a oEquilibrium Seg. Prediction depletion in Ni-base 'nd Fe-base stainless alloys is the carbide-
u Nickel - 100 ppm precipitation therm.,,amics. Carbide thermodynamics specify the

o Cr concentration in equilibrium with the growing precipitate. Local

600 0 0 grain-boundary Cr concentrations reach much lower levels than for
SSs because of this difference. For example, minimum concentra-
tions are typically about 10% at 600°C for alloy 304103 and less than

10 100 6% for a comparable alloy 600 heat.88

Grain BoundarV' Composition, Atomic % Cr depletion controls IGSCC susceptibility in oxidizing environ-
FIGURE 5-Grain-boundary P segregation In type 304 (UNS ments for both Fe and Ni-basn austenitic stainless alloys. The
S30400) SS and alloy 600 (UNS N06600) as a function of susceptibility of alloy 600 to IGSCC in aerated, high-temperature
temperature. water environments directly depends on the extent of Cr depletion

Several other impurities have been shown to become enriched (degree of sensitization), FAs has been well documented for austenitic
In grain boundaries in Ni and Ni alloys. Carbon segregation leading SSs.10 This same correspondence can be noted for SCC tests in
to graphie precipitation has been observed in commercial-purity low-temperature sulfate solutions." .55 Was and Rajan determined
nickel,? which can result in poor mechanical and corrosion behavior, that IGSCC susceptibility varied with the extent of Cr depletion and
In most Ni-base alloys, C is essentially tied up in the form of carbides the minimum Cr concentration at the grain boundary in particular."

and is not considered to have an independent segregation effect on Intergranular cracking increased as Cr at the boundary was de-
environmental cracking. B, on the other hand, appears to have at creased below about 8 w1%. Bruemmer observed a similar IGSCC
least an indirect influence on cracking susceptibility. Grain-boundary dependence on the minimum grain-boundary Cr concentration in
B segregation in alloy 600 has been documented by several type 304 during tests in aerated, high-temperature water e04 These
authors. 8 "8 ,

*
° B additions improve the HIC of pure Nit °°.tot and results (illustrated in Figure 7) point out the critical importance of

Ni-aluminide intermetallic compounds.1° 2 The effect of B on IG sensitization and specific Cr-depletion characteristics on IGSCC in
corrosion and SCC of alloy 600 appears to be related to Cr oxidizing environments,
carbide-precipitation kinetics. Low bulk levels retard precipitation, The previous discussion was carefully limited to oxidizing
while higher levels accelerate precipitation. Thus, B may affect SCC environments because nearly the opposite behavior has been seen

v,,p,,uiy t evromns: sgn~s IG~ carbu pri pwiiutio ad concerning carbide precipitation and Cr-depletion effects on IGSCC
Cr depletion are instrumental in the cracking process. in high-temperature deaerated water and caustics, As noted in some

Other potentially detrimental elements such as Se, To, Bi, Pb,70  detail earlier, this behavior results from the presence or absence of
and Sb,52-78 which can segregate in Ni and Ni alloys, appear to do so IG carbides, Any effect of Cr depletion is minor in comparison to the
only when the bulk concentration is significantly Increased by doping. beneficial influence of the carbides in these environments.
Enrichment ratios comparing segregated grain-boundary and bulk Irradlatlon-inducedmicrochemlstry. Grain-boundarycompo-
concentrations are too small for significant interfacial enrichment to sition can be markedly changed during neutron, electron, or ion
occur in typical alloys, As a result, even though these elements can irradiation. Displacement damage produces a nonequilibrium con-
promote HIC, they probably do not play a role in environment centration of vacancies that can enhance diffusion and segregation.
induced cracking of commercial alloys. Undersized solutes migrate to available sinks such as grain bound-

Chromium depletion. The precipitation of Cr carbides along aries, while oversized solutes tend to migrate away from sinks, Most
grain boundaries in the Ni Cr alloys, such as alloys 600 and X 750, work has concentrated on SSs in which Si and P enrichment and Cr
promota the formation of a Cr depleted region for certain time- and Mo depletion have been measured at grain boundaries. '608 to,

temperature treatments. Because of C's low solubility and Cc's The cause of IASCC in Ni-base alloys may be the same as in
relatively fast diffusivity, this depletion or sensitization occurs much austenitic SSs, or there may be other contributing factors. Brinmnall,
more rapidly In Ni-base alloy 600 than Fe-base alloy 304. A Baer, and Jones evaluated the effect of irradiation on impurity
comparison of typical time-temperature-sensitization kinetics in segregation of Ni r 0.03,o P and PE-16. 1° They found P segrega-
alloy 600 and austenitic SSs of comparable C contents Is shown in tion occurred at a rate similar to that observed in type 316 (UNS
Figure 6 Because of the more rapid sensitization kinetics in the Ni S31600), therefore, if impurity segregation is a factor in IASCC of
base alloy, It is likely that moderate to high C heats will exhibit these materials, it appears that it can occur at equal rates in Ni-base
grain-boundary Cr carbides and some Cr depletion in the mill- and Fe-Cr-Ni alloys. However, the effect of heat treatment on the
annealed rondition The extent of this depletion will depend on susceptibility of alloy 718 suggests that the microstructure is a factor.
processing temperatures and cooling roites. Garzarolli, et al., observed large Ni3Nb precipitates at the grain
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boundaries of the unirradiated alloy 718, which they suggested IGSCC of Ni-base alloys. Was and Rajan also noted that sodium
contributed to this alloy's resistance to IASCC.66 However, detailed tetrathionate is especially effective in causing IGSCC of alloy 600.'
microchemistry and microstructural examinations of irradiated mate Oxygen concentration is a critical element , determining the
rial have not been conducted, so the role of segregation and SCC of austenitic steels and is also thought to be a factoi in Ni-base
grain-boundary microstructure in irradiated material is largely un- alloys. Crack growth is more predominant in aerated solutions than
known. in low-oxygen solutions, although crack growth has been observed in

solutions with oxygen concentrations as low as 10 ppb at about
45 300"W0..17 An example of the effect of dissolved oxygen is shown
40 - by the results of Matsushima and Shimizu in Figure 8.180
3S - Reduction in the dissolved oxygen content With H is sufficient to

minimize SCC of austenitic SSs, but with Ni-base alloys, this
2was Rajan approach was shown by Totsuka, et al., 109 to induce crack growth by

S Al BuemmerS25- Aly304 SS H uptake. This result suggests that the IGSCC of solid-solution

20 -Ni-base alloys can be H induced. Other results by Mager, who
demonstrated crack growth in steam-plus-H environments, further

s - 0 corroborates this idea.110 Matsushima and Shimizu also demon-

10 - strated a greater SCC susceptibility in alloy 600 at pH less than 4.1

5
0 , I I tOt , I10 -%

100 00 30 Specimen without a crevice

60- Bruemmer_
Type 304 SS 0.5 -

- Was & Ral~n 0
JU1

Alloy 600 -, Specimen with a crevice

20

0 t 3, 1 0 I 1
4 6 8 10 12 14 0 10 20 30

Minlmum Grain Boundary Chromium Content, w,% Dissolved Oxygen/mass, ppm

FIGURE 7-Comparison between the strain to failure and per- FIGURE 8-Effects of dissolved oxygen and a crevice on the
cent intergranular fracture vs grain-boundary Cr minimum for resistibility index of solution-treated material in pH 4 water at
type 304 (UNS S30400) SS and alloy 600 (UNS N06600). 3000C08

Environmental Aspects
SCC results when the environment, microstructure, and stress

factors achieve critical conditions. Of these three controlling factors, Concentrated solutions
the environment can assume greater importance than the micro Ni-base alloys are frequently used in applications irvolving
structure and stress factors because it can change with time in highly corrosive solutions such as concentrated acids or alkali
service and is amenable to corrective actions. Microstructural and solutions. Considerable SCC work has been performed on alloy 600
stress factors are established by fabrication procedures and design in high-temperature caustic environments.1" "a Caustics were
and do not change appreciably with time in service, while water thought to play a crittcaj role In the $CC of steam generator tub!ng
purity, electrochemical potential, etc., can change appreciably in a and have been used to accelerate cracking in laboratory tests, Alloy
short time period. Also, the environment is amenable to monitoring 600 has been shown to be particularly susceptible to cracking in
and alteration to minimize the potential for SCC. NaOH solutions, illustrated by the data in Figure 9. Cracking was

Water environments observed in NaOH concentrations as low as 4 g/L.
Ni-base alloys are susceptible to SCC in high-purity, high-

temperature water, given that the material is in a susceptible 4000

condition and that tl'e stress is sufficiently high. Alloys 600, 718, and Minimum Time 0.a3raied Caustic

X-750 have all exhibited crack growth in high-temperature water, Deep Crack, h Solution, NOH

although in general the crack velocities are slow (108 to 10 m/s). 3000

In high-purity water, impurities such as Cl-, Na2S2O3, 0, etc., Constant.Load

enhance SCC of Ni-base alloys as they do with austenitic SSs. AISI 316 Method

Material chemistry, microstructure, and heat-treatment effects dom- 20 nooby 800

inate the SCC literature for NI-base alloys, while there have been E
relatively few controlled water-chemistry studies.

Newman, et al., evaluated the effect of various concentrations
of sodium thiosulfate and sodium-tetrathlonate on IGSCC of alloy 1000

600.106 Sodium tetrathionate induced crack growth at 220C in U-bend
tests at concentrations as dilute as 10- M in mill-annealed material, c n 60

while sodium thiosulfate did not induce crack growth up to a 0 200 300 400

concentration of 10-2 M and a temperature of 800C. A reduction in streas. PA

the pH to 3 caused the sodium thiosulfate to be as effective as the
sodium tetrathionate solutions with a threshold concentration of 10 -  FIGURE 9-Comparison of SCC resistance of type 316 (UNS
Mat40'Cinaeratedsolution with 1.3%boricacidThisconcentration S31600) steel, Incoloy 800 (UNS N08300), and alloy 600 (UNS
is 75 ppb of S. which is thought to be a critical species in causing N06600) In NaOH solutions."'
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Theus,"' Cels," 4 Lee, et al.," -and Bandy, et al.,' 16 all 200

observed IGSCC of alloy 600 tested in caustic solutions with 06+.101
bend,"' constant extension rate testing (CERT)," 4 " 56 C-ring, and
constant-load samples.) 6 Other alloys such as Incoloyt 800 (UNS 150

N08800) and type 304 exhibit transgranular cracking at or near the
open-circuit potentials and intergranular crack growth at more
oxidizing potentials. Theus concluded that IGSCC of alloy 600 E 100

occurred at electrochemical potentials in the active-to-passive tran- i
sition, as shown in Figure 10. Lee, et al., found a similar potential 9

dependence to cracking in mill-annealed and solution-annealed _

material. Theus also observed that high-carbon material was less so
susceptible to IGSCC in NaOH, while Lee noted that high-carbon
alloy 600 heat treated at 700CC was more resistant to IGSCC than the cr _0
mill-annealed or solution-annealed material. Alloy 690, which has 0 i <--

about twice the Cr concentration of alloy 600, was shown by Crum to 0 10 20 30 40 50 60 70 80

be much more resistant to IGSCC than alloy 600 in both the annealed NI, wt%1
and 7000C heat-treated conditions." 7  FIGURE 11 -Effect of NI content on corrosion of 17% Cr steel in

boiling 5 N HNO3 solution with and without Crl+. 1 8

1.0 -Hydrogen environments
Cover Ga: Low-temperature acidic and gaseous hydrogen5% H2 IN N2

0.8 - environments. Ni and Ni-base alloys have been shown to exhibit
H-induced subcritical crack growth at 25C under a variety of

.6 6- conditions including cathodic and gaseous H precharging and
C dynamic cathodic charging 3-3,53,75 79,99.119-129 The results of these

studies indicate that H has been shown to induce subcritical crack
0.4 growth in "high-purity" and commercial-purity Ni, and in solid-solution

0.2 and precipitation-hardened Ni-base alloys and Ni-Cu-Al alloys.
Ni tested under dynamic cathodic charging exhibits a reduced

strain to failure and reductions of area, as shown by the data in
0 _Figures 12 and 13.75.78 Latanision and Opperhauser demonstrated a

102 101 reduce. strain to failure and increased tendency for intergranular
fracture with increasing cathodic potential and increasing grain

Current Density, mA/cm 2  size.7 A loss of ductility and increased tendency for intergranular
FIGURE 10-Cracking zone for alloy 600 (UNS N06600) shown fracture with increasing cathodic potential was also demonstrated by
with respect to an anodlc polarization curve In 10% NaOH Bruemmer, et al 16"7 An enhanced H effect was demonstrated for Ni
solution at 288 0C.11 with grain boundaries enriched with S (Ni case in Figure 13) and Sb

relative to P-enriched grain boundaries. Similar effects on the ductility
The beneficial effect of C relates to the dominant influence of of Ni are obtained whether H charging occurs simultaneously with the

gran-boundary carbides on SCC susceptibcilty of alloy 600 (and strain, as in a straining electrode test, or is precharged at cathodic
X-750) in high-temperature caustics and deaerated water. This potentials Boniszewski and Smith demonstrated that the strain to
behavior was discussed in some detail in the section on microsiruc- failure is decreased from 30% for H-free samples to about 8% for
tural effects. The presence of carbides signficantly improves SCC samples charged with 87 cc [standard-temperature pressure (STP)]
resistance in caustic or deaerated water but may indicate a micro- of H per 100 g of Ni and tested at 25°C and a strain rate of 8.33 x
structure susceptible to IG attack in acidic or oxidizing environments. 10 - 3 s- I. The reduction in the strain to failure was less for smaller H

The severity of SCC in caustics is also a function of concentra- concentrations."0

tion and temperature, Several researchers have reported that a 10%
NaOH solution was more aggressive than a 50% solution at 50

316°C.4 .112 Airey rationalized this concentration dependence by
considering the electrochemical potential and corro.sion rate in these 40 d 401pM
tests.8 7 Controlled potential tests (near the active.passive transition)
showed faster crack growth with increasing NaOH concentration.
Temperature has a large effect on caustic cracking. Significant30 \30
increases in cracking have been reported in mill-annealed and
thermally treated alloy 600 by Increasing test temperatures to about 0 -
340'C.' Temperature effects on and activation energies for SCC will
be discussed in a following section. 0400 pr

Ni-base alloys are resistant to SCC in concentrated chloride 10

solutions. This resistance is controlled by the bulk NI content itself. As
Ni is increased above about 8% (in a SS alloy), SCC resistance 0 ---
increased continually. NI additions shift the electrochemical potential 0 .0.5 .1.0 -1.5 -2.0

to levels below the critical cracking potential in boiling MgCI2  Potential, vsc

solutions,8 Evaluation of the effect of Ni concentration on corrosion of FIGURE 12-Fracture strain of polycrystalline NI with grain
a 17% Cr alloy by Coriou, et al. (Figure 11), illustrates that high Ni sizes ranging from 40 gim to 400 jIm tested In 1 N H2SO4 at
alloys do not exhibit desirable corrosion resistance in low-pH, highly cathodic potentials.70

oxidizing solutions. " 8

H induces subcritical crack growth in Ni in a manner very similar
to that observod in other materials. Examples of the subcritical crack
growth of Ni and Fe with S-enriched grain boundaries tested at

'Trade name. cathodic potentials are shown in Figure 14. The results of Jones, et
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al ,'20 reveal that the stress-intensity threshold and Stage I crack the high-purity Ni-Cr-Fe material exhibited the same embrittlement as
velocities for Ni and Fe with S-enriched grain boundaries are very the material with Sb and Sn additions, while material with P and C
similar Deviation occurred at higher stress intensities because the additions were less embrittled. The authors presumed that the purity
subcritical cracks in Fe become critical, while subcritical cracks in Ni additions were segregated to the grain boundaries and that the
do not become critical because of plastic-zone growth. high-purity material had clean grain boundaries, however, no direct

Ni tested under monotonic or cyclic loading is also influenced by Auger election spectroscopy (AES) measurements were reported.
the presence of gaseous H 12-123 Wilcox and Smith' 2 showed that Based on the AES results of Bruemmer, et al., for high-purity Ni, the
thermally charging Ni with H was equivalent to the cathodic charging high-purity Ni-Cr-Fe material may have had significant S
results of Boniszewski and Smith" 9 for equivalent H concentrations. segregation." ' Therefore, the conclusion of Cornet, et al., that H
For instance, at 10 cc of H, per 100 g of Ni, thermally charged Ni had induces intergranular crack growth along "clean' grain boundaries
a strain to failure of 18%, and cathodically charged nickel had a strain of IN600 is unproven. " In another solid-solution Ni-base alloy,
to failure of 22% In high-cycle and low-cycle fatigue tests of Ni in C-276, Sridhar, et al., showed that the stress-intensity threshold was
gaseous H, Verpoort, et al .124 demonstrated that the number of decreased, and the crack growth rates increased for material
cycles to failure was decreased and the crack growth rate increased, charged cathodically with H.3

OO0

NI- Subcritical Crack Growth
80 NISb for 2-mm-Thick Fe and Ni
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FIGURE 13-Percent Intergrartltqr fracture and reduction of
area of polycrystalllne NI tested !n I N H2SO4 at cathodic
potentials.78  /

Grain-boundary segregation of elements such as S, Sb, P, and 10-3

Sn77.811 21 J2 2 has been shown to contribute to the H-induced .
subcritical crack growth of Ni. H induces an intergranular fracture E . .
mode, and the evidence suggests that grain-boundary impurity C; 1p
segregation contributes to this transition from ductile to intergranular

fracture." ° H effects in commercial-purity Ni and Ni-base alloys are 4 , /
more complex than for "high-purity" Ni because of the additional
effects of grain-boundary and matrix precipitation. For instance, Lee (, 10-0 Na'
and Latanision concluded that precipitation of grain-boundary graph- +
ite particles at 425 to 650'C reduced the effect of H in Ni.200 (UNS + .
N02200).9 However, it should be noted that H changed the reduction 106-+ Fe, .600 mVsc
of area from 70% for tests conducted in air to about 30% for tests 10 f NI, -1000 micK for Fe • Elastic
conducted in H2SO 4 at -1000 mVsc5. The reduction of area of K for NI - Elastic.
Ni-270 was only 15% for the same heat treatments and cathodic test Plastic
conditions. Grain- boundary S segregation was noted to be the 10-7 ,1 , I I I , I ,
dominant factor contributing to the H-induced IG fracture mode. 0 10 20 30 40 s0

Solid-solution alloys of Ni-Cr-Fe are also susceptible to H- b Stress Intensity. MPal/m

induced intergranular fracture. Cornet, et al., demonstrated that
intergranular fracture would occur in the absence of grain-boundary FIGURE 14-Subcrltlcal crack growth (a) for 2-mm-thick Fe and
segregation for straining electrode tests conducted in 1.8 N HS0 4  NI tested In 1 N H2SO4 at 25°C, and (b) for 1 0-mm-thIck Fe and NI
and a current density of 50 mAlcm 2. 7 At a strain rate of 4 x 10- 3 s- 1, tested In 1 N H2SO4 at 250C.
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Measurements of H-induced subcritical crack growth in two- consistent with crack growth being controlled by Sievert's law. This
phase Ni-base alloys have not been reported to the same extent as similarity suggests that the intergranular subcritical crack growth of Ni
for Ni and solid-solution Ni alloys. Kekkonen and Hanninen reported at cathodic potentials is dependent on H pressure similar to H uptake
on the time dependence for crack initiation in H-charged alloy in gaseous H.Many studies have shown an increasing effect of H
X-750.'29 Small U-bend samples were cathodically charged with H at with respect to H concentration, cathodic potential, or H-charging
a current density of 5 mA/cm2 and the time-to-failure was monitored. time;-- 99-"9 '1 34 however, very few relate a crack growth parameter
Failure times ranged from-8 to 140 min depending on solution- directly to H activity or pressure. Sridhar, et al., estimated the
treatment temperatdre and aging conditions. Higher solution- treat- dependence of the Stage II crack velocity in alloy C-276 on H fugacity
ment temperature increased the failure time, while samples given a using cathodic current density.3 They concluded that the velocity
single aging treatment had longer failure times than those given a was proportional to the fH°

.
75 , which is similar to that observed by

double age. Jones, et al.7 9 if da/dt is assumed to be inversely proportional to C.
Hydrogen-sulfide effects. The subcritical crack growth be- Both analyses suggest that the crack growth rate is controlled by the

havior of Ni-base alloys in aqueous environments with H2S bears near-surface H activity, which is -controlled by the H pressure or
many similarities to their behavior in low-temperature acidic environ- fugacity at the crack tip.
ments. Kolts and Sridhar have discussed the parallels between the H
embrittlement and H2S embrittlement (sulfide- stress cracking) for c
ferritic steels and Ni-base alloys.13 1 They concluded that the simi- 1004

larities include the effects of grain-boundary segregation, test tem- Ns=
peiature, strain rate, and applied stress, while some of the differ- 80 so
ences include less dependence on yield strength and the effect of 0
ordering in Ni-base alloys. Both ferritic steels and Ni-base alloys are
susceptible to cracking in H2S environments. Kane132 concluded that 60 (Monolayer)
H2S causes accelerated H charging of Ni-base alloys at tempera-
tures lower than 200°C when these materials are cathodically
coupled to steel. At temperatures higher than 200°C, he suggests V 0
that cracking results from anodically induced SCC.

Subcritical crack growth tests on Hastelloy alloys C-276, G, and 20

X(LC) (UNS N10276, N06007, and N06002) in the NAGE H20-5%
sodium chloride-0.5% acetic acid solution saturated with H2S'33  

0 J A
indicates that Ni-base alloys perform better than ferritic steels in 0 100 200 300 400 500 600
H2S-bearing environments. The stress-intensity thresholds for Ni- a Hydrogen Concentration, appm
base alloys decreased with increasing yield strength with alloys
X(LC) and C-276 having similar thresholds with higher yield strengths 100
than alloy G. For instance, alloys X(LC) and 0-276 had a threshold
of 60 MPaV" at yield strengths of 1300 MPa, while alloy G had a .0.72V o
similar thresold at a yield strength of 1150 MPa. Crack growth 80-

occurred in an intergranular mode in all cases. Kane observed crack IL
growth in alloys C-276, C-4 (UNS N06455), and 625 tested in the 60 0 -0.43V
NACE solution and at temperatures ranging from 25°C to 1490C. 132

Cold work, aging time and temperature, sample orientation, galvanic
coupling with steel and environment temperature, and composition 4D 0

were all evaluated. Failures were observed only in samples galvan-
ically coupled to steel, which caused the Ni-alloy potentials to be 20 .0.30v
cathodic. Aging was found to enhance crack growth, while the 0 0
susceptibility to cracking decreased with increasing temperature. In 0
a later evaluation, Berkowitz and Kane concluded that grain- b 0 r

boundary P segregation contributed to the intergranular subcriticalcrack growth of alloy 0-276 in the NACE solution saturated with FIGURE 15-(a) Dependence of the fracture mode on the bulk H
concentration for specimen series NS1, NS2, and NS3. Point AH2SP35 P segregation was correlated with aging treatment and the Is for an NS1 specimen quenched from vacuum while Point B is

increased susceptibility of this alloy with aging treatment, for a similar specimen quenched from Ar gas containing some
Hydrogen activity and temperature. H-induced subcritical water vapor. Point C Is for an NS2 specimen quenched from

crack growth is controlled by the microstructure or microchemistry of vacuum. (b) Fracture mode transition for Ni with Increasing
the material, the environment, and the stress. Grain-boundary grain-boundary S concentration at various cathodic potentials.
chemistry is the dominant microchemistry issue, while grain-boundary
precipitation effects have not been evaluated. Other transgranular Temperature is an environmental parameter that can have a
effects were discussed in the previous section. H activity, as strong influence on H-induced subcritical crack growth. This has
measured by H pressure, cathodic potential, or pH, depending on the been shown for ferritic steels,135 

138 but again, less information is
environment, is the primary environmental parameter, although there available for Ni and Ni-base alloys. Wilcox and Smith found that the
are instances when active corrosion enhances H uptake. Also, time-to-failure of charged Ni obeyed a l/T dependence with an
stress, stress intensity, and strain rate are drivinig forces for H- activation energy of 6.8 kcal/mol (Figure 16).121 They concluded that
induced subcritical crack growth, the crack growth rate of precracked samples was controlled by H

Studies of the effect of H activity on H-induced subcritical crack mobility at temperatures between 0 and -501C. Activation energies
growth are scarce Jones evaluated the effect of cathodic potential on for crack growth of alloy 600 in high-temperature water with variable
the fracture mode transition of nickel as a function of grain-boundary water additions such as H2 and H3BO3 have also been reported.
S concentration 7 The results of this study are shown in Figure 15(b), Bandy and van Rooyen' 39 reported a value of 33 kcallmol and
where it can be seen that a given percent of intergranular fracture Totsuka and Smialowska '4 a value of 1 kcal/mol for tests conducted
requires an increasing grain-boundary S segregation with decreasing at temperatures of about 300 to 350C and for high-purity water with
cathodic potential By analyzing these results in terms of the Nernst H.. Bandy and van Rooyen used both U-bend and CERT, Totsuka
equation, Jones, et al ,7 were able to show that the shift in C, could and Smialowska used a flat sample with a crimp that produced a
be described by L, H-pressure dependence of (PH)-l2, which is stress concentration and stress gradients. Bandy and van Rooyen
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have suggested that the large disparity in activation energy resulted 14

from the fact that activation energy for Stage I crack growth was0
considerably larger than for Stage I1. If this suggestion is correct, the AN

wide difference in the activation energy obtained for alloy 600 could HOA
be explained by cracks initiated in the crimped sample used by .0
Totsuka and Smialowska, propagated mostly in Stage 11 because of 10 A 0
the high stress concentration, while those in the U-bend and CERT
samples used by Bandy and van Rooyen produced data for cracks in 0
Stage I. However, a variation in activation energy is also likely for a -A,

change in the crack growth mechanism such as H vs anodic
dissolution. As noted, Wilcox and Smith observed an activation 0 0
energy of 6.8 kcaVmol for H-charged nickel. While these tests were , 1

at a lower temperature (- 0 vs 3000C), they suggest the possibility 0
that the Totsuka and Smialowska results were related to a H 4 I
mechanism and controlled by H transport, while the Bandy and van 30 40 so 60 70 so 90 100

Rooyen results were more dependent on anodic dissolution, a %G.S. coverage by cr 23c6 6 Carbide&
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FIGURE 16-The temperature dependence of the delay time-to- FIGURE 17-(a) Rising-load time In water vs carbide Interfacial
fracture for H-charged NI prestrained 15% at -80'C and E = 3.3 area per unit volume of material for alloy X-750 (UNS N07750)
X 10-4/s. conditions (IT = No. 1 temper).49 (b) Rising-load time during H

charging vs percent grain-boundary coverage by Cr 23C6 car-
Strain Rate, Stress, and Stress-Intensity Effects bides for alloy X-750 (UNS N07750) conditions.49

High-temperature water environment 20
Strain rate, stress, and stress intensity are primary variables in

determining whether subcritical crack growth will occur and at what
rate it will occur. Strain rate can be an independent variable or a
dependent variable controlled by the stress or stress intensity. 1 5
Constant extension rate tests are frequently used to evaluate SCC of
Ni and Ni-base alloys, although few results have been reported as a -
function of variable strain rate. Garud has suggested that the crack . 1 0

initiation rate for alloy 600 in high-temperature water can be -
described by f(e) = AeP where A and p are constants dependent on
the material and environment. 41 .

1
42 A value of 0.65 for p was 5 0

estimated for alloy 600 over a temperature range of 290 to 3650C. 0
Data on the crack velocity of Ni-base alloys as a function of

strain rate have not been presented as for the case of type 304;1 3 0 0 1 10

however, it has been clearly demonstrated that Ni8 and Ni-base 0 1 1 00 0 2 3 0

alloys5'3 39 exhibit SCC at strain rates of 10- 7 to 10- 5 s- I. The 0.5 1.0 1.5 2.0 2.5 3.0 3.5
rising-load test using a notched Charpy-type sample is a variation of Phosphorus, wI%
the CERT test, except that a sharp crack is dynamically strained FIGURE 18-Effect of graln-boundary P concentration on rising-
throughout the rising-load test, while crack nucleation and propaga- load performance of condltign BH heats In 930C water.58

tion occur with the smooth CERT test. Examples of results from the
rising-load test for alloy X-750 are shown in Figures 17 and 18. The
data of Miglin and Domian in Figure 17(a) indicate that the rising-load Stress corrosion tests of Ni-base alloys have frequently been
time which increases with decreasing crack velocity, increases with conducted at constant deflection or approxiriate constant-stress
increasing grain-boundary carbide coverage when tested in high- conditions. Tests using U-bend or reverse U-bend samples are
temperature water 49 In contrast, the rising-load time decreases with common because they are compatible with samples removed from
increasing grain-boundary carbide coverage when tested at cathodic tubing, which is a common product form for Ni-base alloys. Results
potentials [Figure 17(b)] Results by Grove and Petzold (Figure 18) for U-bend samples of alloy 600 tested in deaerated high-tempera-
show that the rising-load time of alloy X-750 decreases with ture water are shown in Figure 19. Tests performed at a stress equal
increasing P segregation "6 Therefore, the rising-load tests, which to the yield strength of alloy 600 failed in 100 days or less. A threshold
are equivalent to a notched CERT test, suggest that the crack growth stress is not indicated by these data. In NaOH solutions, alloy 600
mechanism in alloy X-750 supports a H induced subcritical crack was shown to exhibit crack growth to a stress of 100 MPa (Figure 9)
growth mechanism that is enhanced by P segregation, substantially below the yield strength." The behavior relative to other
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alloys is also shown in Figure 9 and the poor performance of alloy 600 Rosborg was solution treated at temperatures exceeding 982'C. A
in high pH solutions is illustrated Results of constant-stress tests on low solution-treatment temperature also coincided with a low stress
alloy X-750 given various heat treatments and tested in high-purity threshold in constant-stress tests, shown in Figure 20, however, the
water at 3500C are shown in Figure 20.144 Solution treatment at crack velocity was relatively independent of solution-treatment tem-
8850C resulted in a stress threshold of 700 MPa, while a higher- perature.
temperature anneal at 1093°C resulted in a threshold of 950 MPa. A As discussed in a later section, the film-rupture model given in
two-step precipitation heat treatment was given to both sets of Equation (5) predicts a stress-intensity exponent of 2 to 4. While this
samples. equation has been applied primarily to austenitic SSs, it is informative

to compare the stress-intensity exponent of the data shown in
10 Figures 21 and 22 with that predicted by Equation (5). It is also worth

noting that the accuracy of the exponent determined from the
experimental data is very sensitive to the accuracy of the crack-
length measuring system used for these tests. Since this is not
generally known or given, it is difficult to assign a standard deviation

c.w. AR or accuracy value to the experimental exponent values. For the data
-- 3cARshown in Figure 21, n has a value of 41 in Stage I; for the data in

o 1.o Figure 21, n has a value of 5 in Stage I and 1 in Stage II. A relatively

large stress-intensity-dependent Stage I and stress-intensity-inde-
2pendent Stage II is suggested by the data in Figure 23 in contrast toL6 the linear dependence suggested by the results in Figure 22. Based

on this relatively small database, it is not possible to determine
whether Ni and Ni-base alloys can be described by Equation(5).

0 1 = I i I Further testing with accurate crack-length measuring systems is
1 10 100 1000 needed to develop a model of the crack velocity stress-intensity

Failure, days dependence.
FIGURE 19-Effect of applied stress on failure time of as-
received alloy 600 (UNS N06600) tubing, 365 0C, pure H20.o 0 _
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FIGURE 20-SCC of alloy X-750 (UNS N07750) with different
heat treatments [solution anneal 885*C/24 h (A2) and 10930C/1 h 1o 8

(C2) plus precipitation anneal 730°C/8 h and 620°C/8 hi In pure - Alloy X-750
water [with H25/50 mL (STP)/kg] at 3500C.144 x 1.1 982'C/lh

A 1.2 11491C12h+843"C/24h+704'CI20h
O 1.3 982*cIlh+732'c/h.821*c95 h

Subcritical crack growth tests are useful for defining the stress- 10 4 0 1.59I2lh+704C/20h 0
intensity threshold at which an existing crack will begin to grow and - c c
for determining the steady-state crack velocity under known stress- 0

intensity conditions. Crack velocity data can be obtained from CERT
or U-bend tests, but the velocity is an average value determined from 2 0
the time of crack initiation and propagation. Also, the stress-intensity . 1;10 Xxxvx
cannot be accurately determined because the crack length is not /
known as a function of time. Subcritical crack growth data for Ni with
0.13 monolayers of P segregation tested at a low temperature at an
anodic potential of +900 mV are shown in Figure 21. These data of ,, ,*,,,
Jones, et al., indicate that under these conditions Ni is very 1o1  2 4 6 8 to2  2
susceptible to SCC, because the stress-intensity threshold is low, 13
MPa\', and the steady-state crack velocity is high, 2 x 10-4  Stress Intensilty. MPa m
mm/s. 1 Subcritical crack growth data for alloy 600 are not available; FIGURE 22-SCC growth rates of alloy X-750 (UNS N07750) In
however, subcritical crack growth data for alloy X-750 are.147

.
148  pure oxygenated water at 3000C.' 4

Figures 22 and 23 show a wide range In the threshold for crack
growth but a similarity in the crack velocity. The results of Kawakubo Hydrogen-induced crack growth
and Rosborg145 indicate a stress-intensity threshold of 70 MPaVi/ H-induced subcritical crack growth is dependent on microstru-
(at 10- 10 m/s), which is relatively independent of heat treatment, tural, environmental, and stress factors similar to anodic-dissolution-
while the results of Vaillantl'4 Indicate a stress-intensity threshold of induced crack growth. Clearly, the specific conditions controlling
10 MPaV"u at the same crack velocity. The material tested by crack growth in H and anodic-dissolution cases may differ, but the
Vaillant was solution treated at 8850C, while that of Kawakubo and fact remains that crack growth varies with changes in these factors.
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Of the three factors, the stress dependence of H and anodic- behavior was evident with no threshold or Stage I or I1l. The fracture
dissolution-induced crack growth are perhaps the most similar. For mode was predominantly intergranular in annealed Ni, while trans-
instance, the time-to-failure decreases with increasing stress with granular crack growth occurred during the early stages of crack
evidence for a stress threshold below which both H and anodic- growth with a transition to intergranular crack growth as the cracks
dissolution crack growth ceases. This can also be expressed as a lengthened in cold-worked Ni. Therefore, it appears that with cyclic
stress-intensity threshold in a crack velocity-stress-intensity plot, and load conditions, H can enhance transgranular crack growth, but that
both H and anodic-dissolution-induced. crack growth exhibit a Kt,. intergranular crack growth is predominant during static and dynamic
Also, three crack growth .;tages art 6vident in H-induced and monotonic tension loading modes.
anodic-dissolution-induced crack growth evaluations.

MECHANISTIC UNDERSTANDING
10 MIS OF CRACK GROWTH PROCESSES

E -g
10 Hydrogen-Controlled

Crack Growth Processes
1.0

Most Intergranular processes
1of the experience with H-induced subcritical crack growth

of Ni or Ni-base alloys reveals that the predominant growth mode is
0.1 -intergranular. Grain-boundary segregation was found to enhance the

subcritical crack growth in H. There is also evidence that H affects the
0 0 20 3 4 bulk properties of Ni and Ni-base alloys, which will be discussed in0 10 20 30 40 50 60 70 80thnetsci.

Stress Intensity, MPA VM_ the next section.
The earliest data relating grain-boundary impurity segregation

FIGURE 23-Stress corrosion crack growth of alloy X-750 (UNS to H embrittlement of Ni were published by Latanision and Opper-
N07750) given a solution heat treatment of 885°C/24 h and hauser.75 In this study, the authors observed a decreasing ductility
single-step precipitation treatment (704°C/20 h) in PWR primary and increasing tendency toward intergranular fracture with increasing
water at 325°C.146 grain size and cathodic potential, as shown in Figure 12. Latanision

Evaluation of the stress or stress-intensity dependence of H- and Opperhauser detected Sn and Sb on the ntergranular fracture
induced subcritical crack growth of Ni and Ni-base alloys is limited by surfaces of the Ni-270 specimens that were fractured in the electro-
a sparse database Many H-embrittlement studies have used CERT lyte and explained the tendency toward ntergranular fracture by the
tests in H gas or at cathodic potentials or tensile tests of H-charged presence of H recombination poisons in the grain boundaries. They
material Tests are frequently conducted at a single strain rate, and postulated that the H-recombination poisons enhanced H absorption
reduction of area or strain to failure are the primary properties at the grain boundaries and therefore induced ntergranular fracture.
reported from these tests; therefore, stress or strain-rate dependence The work of Latanision and Opperhauser identified a potentially
is not established However, there are a limited number of subcritical new H-embrittlement process, however, their work also demon-
crack growth tests that illustrate that H-induced subcritical crack strated the need for tests performed on Ni with a range of grain-
growth of Ni and Ni-base alloys results in classical V-K relationships, boundary segiegants and for AES analysis of samples fractured in
Jones, et al, found that Ni tested at cathodic potentials (Figure 14) high vacuum.75 Jones and coworkers evaluated the fracture mode
had a crack growth threshold of 10 MPaViim, a Stage I with a da/dt and ductility of Ni with several grain-boundary concentrations of S, P,
= AK dependence with n equal to 17 and a Stage II crack velocity and Sb.8 " The grain-boundary compositions were determined from
of 10-4 mm/s 120 No Stage III was observed, presumably because of samples fractured within the AES chamber and therefore excluded
the large amount of plasticity in Ni and a large plastic zone. Sridhar, the possibility of contamination from the testing solution or air. The
et al also observed a classic V-K relationship for H-charged alloy grain-boundary concentrations for the alloys tested by Jones, et al.,
C-276 34 They evaluated the effects of H-charging current density are showii in the histograms in Figure 24. The distribution in
and aging at 5000C following cold work. Stress-intensity thresholds segregation was the result of variations among individual grain faces,
(at 105 mim/s) decreased from 105 to 90 MPa%'m with charging and hence, a variation in the range of grain-boundary energies and
current densities of 100 mA/cm 2 to 200 mNcm2 for material aged 100 the dependence of segregation on grain-boundary energy. Jones, et
h at 5000C Both aging and H-charging current decreased the al., used the straining electrode technique, an electrolyte of 1 N
threshold and affected the exponent n. For instance, values of n H2S0 4, and strain rates and cathodic potentials similar to those used
ranging from 41 for unaged material to 5 for material aged 1500 h at by Latanision and Opperhauser to evaluate the effect of S, P, and Sb
5000C were observed, while the threshold decreased from 105 on the intergranular fracture of Ni. The results of these tests
MPaV/ for cold-worked material without subsequent aging to about demonstrated that S was the most effective in causing intergranular
65 MPaV' for material aged for 500 h at 5000C. Likewise, the Stage fracture of Ni in the presence of cathodic H, Sb was slightly less
II crack velocities increased with increasing H-charging current effective, and P was the least effective. The effectiveness of these
density and aging time Stage II crack velocities increased from 2 A impurities can be expressed by the following relationship:
10" mms to 3 x 10-4 mm/s with 5000C aging up to 1500 h and from
about 4 x I0-5 mm/s to 10- 4 mm/s for current densities of 100 C0q = C, + 0.5 Cg + 0.07 Cp (1)
mAcm2 to 200 m/Vcm 2. A Stage III was observed In alloy C-276,
unlike in the Ni, presumably because the higher-strength alloy where CT is tho equivalent grain-boundary S concentration and Cs,
supported a higher local stress with Increasing K, while Increasing K Cb,, and CP are the S, Sb, and P grain-boundary concentrations. It
in the Ni did not appear to increase the local stress, only the size of can be seen from this relationship that Sb is 1/2 and P is 1/15 as
the plastic zone. effective as S. The effect of S, Sb, and P on the fracture mode and

H has also been found to enhance the fatigue crack growth rate reduction of area of NI as a function of cathodic potenial is shown In
of Ni tested in H gas and cathodically charged with H.1'47 Verpoor, et Figure 2. Lee and Latanision" evaluated zone-refined Ni, Ni-270,
al., found a decrease in the number of cycles to failure and an and Ni-200 and found that intergranular fracture was promoted at
increase in the crack growth rate when compared to tests in Ar cathodic potentials by the presence of grain-boundary S. It is
gas.147 Annealed Ni tested in H gas exhibited a crack growth rate of important to note the small contribution of P segregation to the
10-4 mm/cycle at a AK of 10 MPaVaR Only Stage it crack growth intergranular fracture of Ni as indicated by Equation (1). This result is
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inconsistent with the recombination poison mechanism proposed by al.,79 who demonstrated a relationship between the grain-boundary
Latanision and Opperhauser, since P is known to be a recombination concentration of S and the cathodic overpotential for Ni tested at
poison when added to the electrolyte. cathodic potentials in H2SO4. The results of Lassila and Birnbaum'3

Oxygen absorption from the annealing vacuum was claimed to and Jones, et al.,79 are shown in Figure 15. The percentage of
have an effect on Ni tested in cathodic H by Ogino and Yamasaki.' ° 1 intergranular fracture is shown as a function of bulk H for various
They concluded, based on indirect evidence, that undoped, Sn- grain-boundary S concentrations in Figure 15(a) and as a function of
doped, and Sb-doped Ni were susceptible to H-induced crack growth grain-boundary S for various cathodic potentials in Figure 15(b).
because of oxygen absorption from the vacuum environment, while Lassila and Birnbaum show that intergranular fracture occurs in the
P- and B-doped materials did not exhibit susceptibility to H. They absence of S segregation and the transition from transgranular
suggested that P and B impeded oxygen penetration along the grain fracture to intergranular fracture occurs at 300 appm of H. The lowest
boundaries Ogino and Yamasaki did not measure grain-boundary grain-boundary concentration of S examined by Jones, et al., was
chemistries, therefore it is uncertain which mechanisms control ,,is 0.04 monolayers, and a cathodic potential of -0.72 Vsc E was
behavior.' 0' needed to produce 50% intergranular fracture. While Jones, et al., did

not observe intergranular fracture with only H and no S segregation,
6 significant intergranular fracture was observed at very low concen-
- Nickel (11001C) trations of S (0.04 monolayers) at a sufficiently high cathodic

,a 4 - potential. Lassila and Birnbaum also concluded that the grain-,k, , S0,C, boundary segregation of H was necessary for H to induce intergran-

2U ular fracture and H-induced localized plasticity near the grain
boundary. 34 They concluded that H-induced localized plasticity and

_ _ _ _ _S-induced decohesion were factors in the intergranular fracture
"_ _ _ _ _mechanism.

S 6 NI P (600'C) In fatigue crack initiation tests of Ni-oriented bicrystals, Vehoff,
"d 4 et al., also observed that intergranular cracks nucleated when S was

2, segregated to the bicrystal boundary, and the samples were fatigue
: 2tested in H.'49 No intergranular fracture was observed with only H or

Z. ,S. Persistent slip-band cracking occurred in bicrystals with clean
0 grain boundaries when tested in H. Bicrystals with asymmetrical

0 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 grain orientations crack more readily than those with symmetrical
Grain Boundary Fracture Composition (monolayer) grain orientations. The bicrystal results are generally consistent with

FIGURE 24-Distribution of S and P on Intergranular fracture the polycrystalline Ni results, even though the bicrystals were loaded
surfaces of NI. 7  in fatigue, while the polycrystalline materials were loaded monoton-

ically Intergranular crack growth induced by H along "clean" grain
TheresultsofCornet, etal.,57 for alloy600strainedatacathodic boundaries of Ni, as observed by Lassila and Birnbaum,134 differs

current density of 50 mNcm in H2S04 are consistent with those of from that of Vehoff, et al., 14 9 and to some extent from the results of
Bruemmer, et al., for Ni.78 They observed that alloys doped with P Jones. et al 79 Although Jones, et al., observed intergranular fracture
and C exhibited less embrittlement than those doped with Sn and Sb at 0 04 monolayers of S, the trend with decreasing S segregation,
and less than the high-purity material without additions. Figure 15(b), is toward decreasing or zero intergranular fracture with

The observation that Ni tested in cathodic H is susceptible to no S segregation.
intergranular fracture is similar to observations' 21'23 made with Ni
precharged with H or tested in H gas. In the precharged, charged Ni Lassila and Birnbaum' 34 tested Ni containing internal H and
studies, the grain-boundary compositions were not measured, and treated to intentionally allow H segregation to the grain boundaries,
therefore information about combined impurity plus H effects cannot while Jones, et al.,79 and Vehoff, et al., 49 tested Ni in external
be obtained from these results. However, according to the segrega- cathodic and gaseous H, respectively. Samples tested in external H
tion results of Bruemmer, et al,,"8 the material used by Wilcox and would have a concentration gradient ahead of the crack tip, while
Smith, 2 ' which Lontained about 20 appm S and was annealed at samples with presegregated H would have a uniform H concentration
1000°C, may have had as much as 0, 1 monolayers of S at the grain along the grain boundary ahead of the crack tip. Therefore, the ability
boundaries. Therefore, it is quite possible that the results of Smith of H to induce intergranular cracks along "clean" grain boundaries
and coworkers were influenced by S segregation.' 2 t '2 Smith and may be related to the concentration of H at the grain boundary within
coworkers observed that the maximum embrittlement occurred at the large plastic zone ahead of the crack tip. Evidence for H
-501C and was enhanced by the occurrence of serrated yielding and enrichment at grain boundaries has been presented by Fukushima
grain-boundary shear. However, Latanision and Opperhauer re- and Birnbaum using secondary ion mass spectroscopy techniques.'
ported only a small serrated yielding effect in 400.pim grain size Ni They concluded that H was enriched at grain boundaries and free
tested at 200C in external cathodic H and no measurable serrated surfaces of Ni and that S on the surface enhanced the H enrichment.
yielding in smaller grain size material.75 Latanislon and Opperhauser In a similar study using electron-stimulated desorption, Jones and
observed grain-boundary shear ledges that were very similar to those Baer evaluated the surface concentration of H on a type 4340 (UNS
reported by Windle and Smith.' = Therefore, it would appear that G43400) steel with a variable surface concentration of S (Figure
serrated yielding, a temperalure of -50°C, and the source of H are 25).151 They observed that H was enriched on S free and partially
not major factors in the intergranular fracture of Ni, while grain- covered surfaces with a decrease in the H coverage at S coverages
boundary shear and impurities (particularly S) may be important above 0.5 monolayers. Lee and Lee'5 2 reported a H grain-boundary
factors. In a recent study, Eastman, et al., observed the intergranular binding energy of 20.5 kJ/mol for Ni, which is consistent with grain
fracture of Ni in external gaseous H only when S was segregated to boundaries as strong traps for H. Therefore, H grain-boundary
the grain boundaries. '48  segregation is potentially a factor in H-induced intergranular fracture,

Lassila and Birnbaum'3 illustrated an interdependence be- as suggested by Lassila and Birnbaum. 13 The role that impurity
tween the grain-boundary concentration of S, the bulk H concentra- segregation and H segregation play in H-induced intergranular
tion, and the extent of intergranular fracture. They observed that less fracture of Ni and Ni-base alloys could be to reduce the intergranular
bulk H was necessary to produce an equal extent of intergranular fracture energy or to other related effects on dislocation dynamics.
fracture with increasing grain-boundary S segregation. Their results H-induced intergranular fracture mechanisms are discussed in more
are very consistent with those of Bruemmer, et al.,78 and Jones, et detail in a later section.
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and dislocations but do not indicate whether long-range transport
occurs. Strain-enhanced H release could result from strain effects on

, 100 - surface processes and need not be due solely to dislocation
M transport. Frankel and Latanision reported on H-permeation mea-M >o0

- 0 surements using single and polycrystalline Ni dynamically strained inSM 0an electrochemical permeation cell.16-161 They concluded that
0 4) enhanced permeation was observed only for single crystals strained

=m 601 in the easy-glide region and that H increased the easy-glide strain.
4) 0 The extent of enhanced permeation was small, on the order of a few
i 40 percent increase, but their results support earlier observations of
OCV, > H-dislocation interactions. However, no evidence for dislocation
> m 0 20- transport of H was observed for poycrystalline material undergoing
" t,0 multiple slip. Frankel and Latanision concluded that dislocations are

0 0 _ _ _ traps for H and under conditions of multiple slip, dislocation tangles
0 0.5 1.0 reduce the transport distances such that H trapping dominates.

0/nax (Fraction Saturated Sulfur Coverage) Zakroczymski also evaluated the effect of strain on the H permeation
through Ni and observed only a slight effect of plastic deformation on

FIGURE 25-Hydrogen coverage on Fe vs S coverage.'" the effective diffusivity and permeation of H.'62 He also examined a
low-carbon steel and austenitic SS and reached the same conclu-

The critical distance that H penetrates ahead of a growing crack, sion.
the H-transport mechanism, and the rate-limiting step in H-induced Therefore, the picture that emerges regarding dislocation trans-
subcritical crack growth of Ni and Ni-base alloys are key questions. port of H is one in which H-dislocation interactions do occur, but
Kimura and Birnbaum1" concluded that intergranular crack growth long-range transport may occur only under selected conditions. In
of Ni in the presence of external H could be explained by the grain- polycrystalline materials in which dislocation/dislocation interactions
boundary diffusion of H.11 Using the following equation for the tend to confine dislocation glide distances and in which a net
annulus area of grain-boundary fracture ratio (GBFR): dislocation flux in the direction of crack growth is unlikely, it appears

that dislocation transport of H is unlikely. Since intergranular fracture
GBFR = 4b [ a(Dt) 1'" - bDt]/a2  (2) depths could be correlated with grain-boundary diffusion," it would

where a is the sample radius, t is the charging time at 295 'K, D is the appear that this is the primary H transport mechanism in polycrystal-
diffusivity, and b is a constant taken to be equal to 2.0. Kimura and line Ni and Ni-base alloys. Grain-boundary chemistry and structure
Birnbaum showed an excellent correlation with their experimental would be expected to affect H transport and the critical grain-
data, as shown in Figure 26. A diffusivity of 4 A 10 9 cm-is was used boundary concentration needed for crack growth. Kimura and
kKumura and Birnbaum' ). Data obtained from precharged samples Birnbaum'" have evaluated the effects of S and C segregation in Ni
showed the best fit with Equation k2), while samples charged during on these parameters based on the kinetics of H charging to attain a
deformation gave results suggesting slower H transport. GBFR of 0.5.

These results indicate that both S and C segregation decreases
1.0 the grain-boundary diffusivity of H in Ni; they concluded that S

decreased the critical concentration of H needed for fracture, while C
0.8 0 had little effect or caused an increase in the critical H concentration.

Therefore, grain-boundary impurity segregation can alter the kinetic
response of Ni and probably Ni-base alloys to external H. Evaluation

,E 0.6 of the effect of other impurities such as P and B, which segregate to
Ugrain boundaries, on grain-boundary diffusivity and critical grain-

0.4 boundary concentration of H has not been reported. Also, the effects
of grain-boundary precipitates on these parameters would be useful
for evaluating their role on crack growth. For instance, the effect of

/O Expi. Data - Precharged
0.2 S Expi, Data Charged during carbides in alloy 600 has been postulated by Bruemmer, et al,, as

Deformation being that of dislocation emission sources reducing the crack-tip
stress;9 ? however, the carbides may also reduce the grain-boundary

0 6 2 H diffusivity or the dislocations emitted from the carbides may trap H.
o10 102 10 Either effect would increase the resistance to crack growth by H

Charging Time at 295 K, min uptake. The crack growth mechanism of alloy 600 in high-tempera-
FIGURE 26-Calculated (solid line) and experimental grain- lure water has been suggested as a H-induced crack growth
boundary fracture ratio vs cathodic charging time at 220C.156  mechanism, although this needs further verification.

Evidence for a H-dislocation interaction in Ni also comes from H
solubility studies and the observation of serrated yielding in H-

Transgranular processes charged Ni. Strong H-dislocation trapping has been suggested by the
Hydrogen's primary effect in Ni and Ni-base alloys is to induce results of Louthan, et al.,' 6 and Lee and Lee.' 2 Louthan, et al., also

intergranular fracture, however, transgranular procebbes such as H observed an increase in permeation with cold work while Lee and Lee
transport and effects on dislocation dynamics and morphology are did not. Lee and Lee reported a H-dislocation binding energy of 7.5
contributing factors. H transport is used here to inilude absorption to 13.4 kJ,mol and a H grain-boundry binding energy of 20.5 kJ~mol.
from the environment in lattice diffusion and dislocation transport. These results support the contention of Lassila and Birnbaum that
Effects on dislocation dynamics include possible effects on disloca grain-boundary segregation of H is an important process in intergran-
tion mobility such as serrated yielding and H induced plasticity. ular fracture because H grain boundary binding energy is sizable.'""
Dislocation transport of H was first suggested by Bastien and Also, H that enters along the grain boundary at the crack tip is not
Azou' and more recently by lien, Thompson, and Bernstein.' likely to be transported away by dislocation transport or bulk diffusion.
H-induced serrated yielding," 12215015 strain-enhanced H Serrated yielding of H-charged Ni has also provided significant
release,'" and autoradiographic evidence' 9 are used to support the evidence for a H dislocatliun interaction. These effects have mostly
concept that dislocations assist hydrogen transport. The serrated been observed at temperatures below 0 C. BoniszewsK and Smith
yielding results clearly suggest an interaction between dissolved H observed serrated yielding and yieid points at 80 C in H-charged
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Ni."19 They determined the H-dislocation binding energy to be 7.7 H contributes to intergranular'racture by segregation to grain
kJlmol, which is consistent with that reported by Lee and Lee.' 5 2  boundaries for H-precharged materials or by diffusion along grain
Wilcox and Smith 12 -157 also observed serrated yielding at -80°C boundaries for crack growth in external H. The contribution of
and noted that each serration is associated with a dislocation-mul- H-dislocation interactions on intergranular fracture of Ni is more
tiplication process. They also observed that fracture was intergranu- subtle. Wilcox and Smith concluded that dislocations transport
lar and that the embrittlement was most severe under conditions that dissolved H to the grain boundaries and thus increase the local H
promoted serrated yielding. Windle and Smith'-5 measured the flow concentration and perhaps also the local stress. H causes solid-
properties of H-charged Ni single crystals and observed serrated flow solution hardening in high-purity material and increased strain
at temperatures of 0 to -1250C, while in polycrystalline Ni,' 2  hardening. Either process could lead to increased local crack-tip
serrated flow was observed at -30 to -1300C. They also concluded stresses that promote fracture. However, Eastman, et al., observed
that intergranular fracture is enhanced under conditions that promote that H causes solid-solution softening.' 65-68 Deformation studies in
serrated flow and that H may reduce the SFE of Ni from 240 to 155 a high-voltage electron microscope with-a H-gas environment'6 8

erg/cm2. indicated that this softening was associated with enhanced disloca-
While several authors observed that intergranular fracture is lion mobility along planes'09 ahead of the crack tip. In subsequent in

pronounced under conditions that promote serrated flow, intergranu- situ studies, Robertson, et al., observed crack extension by planar
lar fracture occurs under conditions in which serrated flow does not slip adjacent to the grain boundaries. 69 They concluded that H in or
occur. Therefore, while the effects of H on the dislocatio.n dynamics near the grain boundaries promoted alternating planar slip adjacent
of Ni that cause serrated flow may contribute to intergranular fracture, to the grain boundaries and, ultimately, transgranular crack growth
these processes do not appear to be necessary. Wilcox and Smith that propagated along the grain boundary. Robertson, et al.,' 69

concluded that the observed H-dislocation interactions contribute to suggested that this is a H-induced intergranular crack growth
intergranular fracture by dislocation transport of H to the grain mechanism; however, there is considerable evidence that impurity
boundaries."' The absence of long-range dislocation transport- in segregation enhances H-induced subcritical crack growth and that
the experiments of Frankel and Latanision'60-'6' and impurity effects are expected to be localized to the grain boundary.-. 79

Zakroczymski'6 2 suggest that only short-range transport occurs. In Also, H-charging is used to promote intergranular fracture for in situ
fact, the results of Frankel and Latanision showed dislocation AES analysis, and this fracture is clearly along the grain boundary,
transport of H in single crystals undergoing easy glide so that not on alternating planes,109 since the AES electron-escape depth for
short-range transport from some distance within a grain to the grain the elements of interest (S, P, Sb) is very small. Fatigue crack growth
boundary is quite feasible. Since Wilcox and Smith evaluated Ni with in single crystals of Ni tested in acidic solutions and H gas by Vehoff
internal H, presumably short-range transport would significantly and Klameth' 70 support the observation of Robertson, et al.,'69 of
increase the grain-boundary concentration of H, and since the H crack extension along slip planes,' 0 9 although local brittle fracture
grain-boundary binding energy exceeds the H-dislocation binding along planes'00 was also observed by Vehoff and Klameth.
energy, H would be deposited at the grain boundary. Formation of LRO in highly cold-worked alloy C-276 is an added

Increases in the strain-hardening rates of H-charged Ni have feature to the H-induced crack growth of Ni-base alloys,134 which is
also been reported as evidence for a H-dislocation not a factor in Ni and solid-solution strengthened Ni alloys. It has
interaction,19 ,21 2 3 .

1
56.

1
57 Wilcox and Smith'- 7 concluded from been demonstrated that H permeation increases with the develop-

etch-pit and transmission electron microscopy studies that the ment of ordered zones 17 and that crack growth in H-bearing
increased strain hardening in H-charged Ni resulted from an increase environments is related to H transport.172 Alternatively, Berkowitz
in the dislocation density. They suggested that each serrated yielding and Kane concluded that the H-induced crack growth of alloy C-276
event was associated with a dislocation multiplication process that was related to grain-boundary P segregation.35 In studies of H
produced a greater dislocation density per unit strain than in the embrittlement of a Ni2Cr alloy, Berkowitz, et al.,173 found that the
absence of H. A decrease in the strain-hardening rate for Ni disordered and 100%-ordered alloy were more susceptible to H
deformed at cathodic potentials has been reported by Lunarska and embrittlement than the 40% to 50% ordered condition (Figure 27). An
Flis. 64 They concluded that the decrease was a result of redistribu- explanation for this effect was an increase in slip planarity with
tion of the subsurface stress and by the generation of new glissile ordering and thus in H transported by dislocations. From the work of
dislocations. There is possibly a dilference between the strain- Frankel and Latanision'rO on H permeation in single-crystal Ni,
hardening response of Ni with internal H and external H. For the increased slip planarity could contribute to dislocation transport of H,
internal case, H can redistribute and interact uniformly with the However, the increased permeation from this process is expected to
dislocations, while for the external case, the stresses associated with be small. The effects of slip planarity on dislocation transport of
hydrogen uptake result in softening. hydrogen is more likely to influence the local redistribution of internal

No increase in the yield strength was reported in early research H to grain boundaries and not to uptake from the external environ-
on H-charged Ni, 1

1
9

,1
2'1 '23 '156-' although more recent work by ment. Mezzanote, et al.,' 7' observed a factor of 2 increase in H

Eastman, et al.,'6 indicated that H is a solid-solution strengthener in permeation following aging for 100 h at 5000C. Whether this is
high-purity Ni. H also caused solid-solution softening in less pure NI sufficient to explain the susceptibility of alloy C-276 to H-bearing
and especially in high-carbon material. Eastman, et al., suggested environments remains an open question.
that the thermodynamics of C-C interactions may be affected by the
formation of C-H pairs, or alternatively that H affects the strain field
around C-C pairs. In any event, there is evidence that internal H can Hydrogen-induced crack growth mechanisms
cause an increase, no change, or a decrease in the yield strength of A comprehensive list of crack growth mechanisms includes the
Ni. processes that affect the kinetics of crack growth as well as the

Wilcox and Smith' 57 reported a factor of 2 increase in the critical processes that account for atomic separation. A summary of
dislocation density of H-charged Ni strained to 0.1; however, these secondary processes such as H uptake and transport, order-
Mclnteer, et al. " andRobertson and Birnbaum 67 have reported no ing, and segregation have been reviewed in the sections on
change in the dislocation cell structure or dislocation density. The intergranular and transgranular processes. In this section, the
latter observations were made on material strained at 25C, while mechanisms that can account for atomic separation will be reviewed,
Wilcox and Smith evaluated material that was strained at -80°C and and since the primary failure mode of Ni and Ni-base alloys in H is
serrate, yielding was promineat. Wilcox and Smith associated the intergranular, those mechanisms dealing with intergranular separa-
increased dislocation density to the serrated yielding process. It tion will be emphasized. These mechanisms include (1) intergranular
appears that H has no effect on the dislocation density or structure of decohesion by H and impurity segregation; (2) enhanced planar slip
strained NI at 250C. H may cause a small increase in the dislocation and near grain-boundary shear failure; (3) reduced surface energy;
density at -80'C. and (4) formation of a brittle grain-boundary hydride.
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ORA.RA fracture studies of Ni in a H-gas environment and observed that

70,- RA Loss Air 2 SO4  " fracture occurred in the vicinity of the grain boundary but not along
RAr * the grain-boundary interface. 169 Localized plasticity, which is thought

o60 4 to be enhanced by H, accompanied crack growth on planes vicinal to

I o the grain boundary. Vehoff and Klameth" ° have reported H-induced
50 crack growth along slip planes in fatigue tests on single crystals.' ° 9

b40 Sine1ng, Therefore, it appears that H-induced shear fracture of Ni is feasible,
Emtbrithement but the relationship of H-induced plasticity and the transgranular

fractures observed by Robertson, et al.,' 69 to intergranular fracture in
20 , macroscopic samples remains uncertain. The lack of plastic con-20 -

: ,straint in thin (< 1 tIm) HVEM samples appears to favor plastic-
10 -- G-.- TG "4'= IG; fracture processes over decohesion. It is conceivable that H-induced

0 * ,plasticity in slip planes adjacent to the grain boundary could enhance
0 0decohesion by increasing the local stress on the grain boundary.Many fractures reported as intergranular may indeed be mixed mode

Degree of Order, volume % between decohesion along the interface and shear failure adjacent to

the grain boundary with the proportion of decohesion increasing with

FIGURE 27-The effect of the degree of order on the embrittle- grain-boundary impurity concentration.
ment susceptibility of NI2Cr. Regions of Intergranular and Lassila and Birnbaum' 34 observed extensive slip traces on the
ductile transgranular failure are shown.' 73  intergranular fracture surfaces of H-charged Ni and a lower density of

slip traces on "brittle" intergranular fracture surfaces produced
without H in samples with a thin grain-boundary sulfide. No change
in the slip-line spacing was found with changes in the H concentra-

Deuterium segregation to grain boundaries has been detected tion. However, Jones et al.,8' found similar slip-line spacings on
using secondary ion mass spectroscopy by Fukushima and Ni + P samples that were cracked at anodic potentials in 1 N H2S04,
Birnbaum"m° in support of the suggestion by Lassila and Birnbaum.' 34  as those observed by Lassila and Birnbaum. Therefore, evidence for
However, embedded-atom calculations by Baskes and Vitek indicate a mixed intergranular-transgranular H-crack growth process has not
that H is not readily trapped at clean, defect-free grain boundaries of been presented at this time. A detailed study of fracture surface
Ni 74 Differences in the experimental observation of Fukushima and morphology as a function of grain-boundary S and H concentrations
Birnbaum and the theoretical calculations of Baskes and Vitek could is needed to clarify whether such a mixed fracture process occurs.
result from the H binding energy between clean, defect-free grain A surface-energy argument to explain H-induced intergranular
boundaries being substantially different from grain boundaries with fracture has been suggested by the analysis of Rice,' 80 who used the
impurity segregation and defects. Also, the results of Fukushima and interfacial crack growth model of Rice and Thomson"" and the
Birnbaum showed deuterium profiles extending 75 nm from the solute segregation-interfacial fracture model of Mason.'8 2 The Rice
boundary, which is not consistent with equilibrium segregation, that and Thomson interfacial crack growth model considers the activation
are located within one or two atom layers of the interface. H atoms energy for dislocation emission vs brittle intergranular crack exten-
located several atom distances from the interface are not likely to sion. Brittle intergranular crack extension is based primarily on the
contribute to intergranular decohesion but could alter dislocation ideal work of fracture, which is a function of the grain-boundary
behavior near the grain boundary. Therefore, that H can concentrate surface energy in the absence of plastic deformation. Rice treated as
at grain boundaries and contribute directly to decohesion of Ni has a segregant and used the data of Petch' 83 for the change in the
not been demonstrated; however, there are theoretical calculations surface energy of Ni with H. Using appropriate parameters for
that suggest that segregated H would contribute to decohesion. face-centered cubic (fcc) Ni, Rice concluded that the Rice-Thomson

Daw and Baskes, using the embedded-atom method, con- model predicts that intergranular fracture of Ni is favored if the
cluded that when slip is constrained, H at the crack tip of Ni reduces surface energy is reduced by 750 ergs/cm2.'18 The Petch data
the stress required to break Ni-Ni bonds.'75 When slip is allowed, indicate that such a decrease is possible. However, the relevance of
thpse same authors found that H assisted dislocation emission from the Rice-Thomson model to intergranular fracture of Ni, which is
the crack tip of Ni and also reduced the brittle fracture stress. '  A preceded by significant plastic, deformation, is not clear, because this
conclusion regarding the interdependence of these two processes model is based on an evaluation between disloc ttion emission from
was not possible with the embedded-atom method calculations, the crack tip and intergranular decohesion. Matrix dislocations would
Molecular orbital calculations have indicated that it is possible for have to be sufficiently pinned to make crack-tip emission more
impurities such as S to reduce the intergranular fracture stress. Briant difficult than bulk dislocation movement and both processes more
and Messmer, using detailed electronic structure calculations, con- difficult than intergranular decohesion.
cluded that S in the grain boundaries of Ni forms very strong bonds Nickel-hydride formation has been an elusive mechanism that
within the plane of the grain boundary while weakening the NI-Ni has been postulated to explain H-induced crack growth of Ni and
bonds that run adjacent to the boundary,"' Intergranular fracture Ni-base alloys. Convincing evidence that Ni hydride forms at high H
was hypothesized to occur between Ni atoms adjacent to the grain fugacities during cathodic charging has been presented. 8 4-1 86

boundary Eberhart, et al 178 performed molecular orbital calcula- Wayman and Smith observed beta hydride in Ni and gamma hydride
tions of a NI-S cluster and concluded that there is a significant S-S in Ni-20%Fo alloys with x-iay diffraction following cathodic charging
interaction within the grain boundary when the S-S distances are Iss at 1 A/cm2 for 1 h.184 Upon removal of the cathodic-charging current,
than 0.376 nm They concluded that at a critical grain-boundary the hydride decomposed with the beta hydride decomposing slower
concentration, the grain-boundary cohesive strength is decreased than the gamma hydride. Decomposition took several liours and was
and the shear strength is increased. Both conditions were considered controlled by H transport, Hinotani, et al., observed Deta hydride by
necessary for intergranular fracture Also, it was suggested that S x-ray diffraction of Ni-Cr-Fe alloys charg,d with H at a current density
and H in the grain boundary formed a bonding network that enhanced of 40 mA/cm2 for 24' i1,185 although hydrides weie observed in a
intergranular fracture Therefore, atomistic calculations suggest that 50%Ni-20%Cr-30o Fe alloy after 600 s at 10 mA/c'n2, Hydrides were
H could contribute to intergranular fracture in Ni, and that this observed in alloys wth Ni concentrations ranging from 30% to 60%,
contribution is enhanced by impurity segregation. Birnbaum and with the loss in ductility being more severe with increasing Ni
coworkers' 67' 69 and Lynch"79 have suggested H-enhanced plastic- concentration. Surface cracks appeared at gramn boundaries and the
ity as a mechanism for H-induced crack growth, Robertson, et al., interfaces of aicrotwins after H charging ceased.1° 9 The authors
performed in situ high-voltage electron microscopy (HVEM) tensile concluded that the surface cracks occurred during the decomposition
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of the hydride and that the tendency to intergranular fracture and Cr-carbide precipitation at grain boundanes and Cr depletion
concurrent loss in ductility with increasing Ni content resulted from have been shown to occur in alloy 600 in a manner analogouc to
the reduced microtwin formation and increased intergranular hydride- austenitic SSs. However, carbide-precipitation effects occur at higher
induced microcracking with increasing Ni content. In a recent study, temperatures and lower C concentrations 'n Ni-base alloys relative to
Tseng, et al, observed surface hydrides in Ni following H charging at austenitic SSs. Also, overlapping crack growth mechanisms such as
10 mAlcm for 5 h 186 They used a chemical method that relies on H-induced crack growth and carbide effects on microdeformation
adsorbed, H-reducing Ag ions in a Ag-nitrate solution. A surface apparently complicate the relationship between Cr depletion and
phase is clearly revealed with this technique, although no phase IGSCC. Bandy, et al., concluded that a sensitized structure was the
identification was made. A key feature in all of these studies' l' s is cause of IGSCC of alloy 600 but that cracking was a combination of
the use of a H-recombination poison, that for a given H-reduction rate anodic dissolution and intergranular brittle fracture.' 9' Was and
results in a much greater surface activity than in the absence of the Rajan found a specific relationship between the grain-boundary Cr
poison. content and IGC and IGSCC, where a grain-boundary Cr concen-

Clearly, Ni hydrides can be formed by cathodic charging at tration less than 5% was found to promote rapid IGSCC and 12%
current densities as low as 10 mNcm2 for 600 s when a H gave complete protection in sodium tetrathionate solutions.53 There-
recombination poison is added to the electrolyte. A key question is fore, it would appear that under some circumstances a sensitized
whether hydrides are involved in the H-induced crack growth results microstructure contributes to the IGSCC of solid-solution Ni-base
of Ni and Ni-base alloys precharged cathodically with H or tested at alloys.
cathodic potentials. In the study by Bruemmer, et al., ' 8 straining The presence of carbides and intermetallic precipitates at the
electrode tests of Ni were conducted at current densities of 0.01 grain boundaries of Ni-base alloys can cause effects other than Cr
mAicm2 to 100 mA/cm2 without a recombination poison. No effort depletion. It has been suggested by Bruemmer, et al., that grain-
was made to determine if hydrides had formed, although the results boundary carbides promote crack-tip deformation by acting as
do not show a discontinuity across this wide current density range, sources for dislocation emission. 87 89 Presumably, the localized
suggestive of a change in crack growth mechanism. Since hydrides deformation relaxes the crack-tip stress and the mechanical driving
are not expected at current densities below 10 mA/cm2, a disconti- force for crack extension. This type of mechanism was proposed for
nuity would have been expected in the results as a function of alloy 600 in deaerated high-temperature water and caustic environ-
increasing current density. ments. In low-temperature sodium thiosulfate and sodium tetrathio-

nate solutions, Bandy, et al., proposed that lamellar grain-boundary
carbides assisted brittle intergranular fracture.191 Evidence for an

Dissolution-Controlled Crack Growth Processes intergranular mechanical fracture was based on crack velocities

SCC of Ni-base alloys is a complex process that may involve the exceeding those attributable to anodic current densities in an active
simultaneous occurrence of several mechanisms such as active path path dissolution mechanism. A process in which intermetallic precip-
dissolution, film rupture, and H embrittlement. Other intergranular itates on grain boundaries contribute to local galvanic cells has been
and transgranular processes contribute to these mechanisms. For proposed for alloy X-750 by Hosoya, et alY o In this case, they
instance, the presence of carbides at the grain boundaries can cause determined that the Ni3 (AI,Ti) phase was highly active relative to the
localized deformation18 ' 89 that alters the grain-boundary stress, matrix and did not passivate at temperatures around 100'C. Based
although the crack growth mechanism may not be affected. Also, the on this observation, Hosoya, et al., concluded that crack growth of
presence of precipitates that act as cathodes may contribute to crack alloy X-750 at 93C was by H embrittlement, but at higher tempera-
growth by the generation of H A summary of the intergranular and tures the Ni3(AI,Ti) phase was able to passivate so that the galvanic
transgranular crack growth processes is covered in the next two current was substantially less than at 93°C. Under these circum-
sections followed by a discussion of crack growth mechanisms. stances, it was concluded that crack growth was an anodic-

dissolution mechanism.

Intergranular processes Transgranular processes
Impurity segregation to grain boundaries is an intergranular There are several transgranular effects that have a bearing on

process that has been demonstrated to affect IGSCC in Ni in
low temperature environment,, but a clear demonstration in Ni-base Cof Ni alloys These include bulk composition and general
alloys has not been presented. S and P are the impurities most likely corroson resistance and slip planarity from low SFE or coherentlo be enriched at the grain boundaries of Ni-base alloys. Jones, et al., precipitates Alloying elements that are added to Ni to increase its
evaluated the effect of these impunties on the IGSCC of Ni in 1 N corrosion resistance include Cr for oxidizing conditions and Cu, Mo,
H2 l at 25C and found that P irduced IGSCC and IGC, but S did and W in nonoxidizing acids, Cr reduces the stacking fault of Ni and
not rnduce IGSCC and produced only shallow IGC.81 Evaluation of can increase slip planarity, while ordering and coherent precipitates
the eflect of these two elements on the passivty ot Ni revealed that also increase slip planarity. Slip planarity has been identified as a

factor in H-induced subcritical crack growth, but its effect on SCC of
a thin, implanted layer of P will inhibit passivity, but P is oxidized, and Ni-base alloys is not as well established. In austenitic alloys, slip
Ni passivates upon ,omplete oxidation ot P. S is somewhat more planarity has been identified as contributing to transgranuar stress
complex, it was shown to enhnce the active corrosion rate and acorrosion through a sip-dissolution process. Transgranular stress
appeared to inhibit passivity similarly to the results of Marcus, et al. 19 corrosion of Ni-base alloys involving an anodic-dissolution process is
However, if IR correction is used, the passivation potential of Ni s cooono aloys ini an odicdsuto ro
unchanged in the presence of S. Therefore, at a crack tip, an IR drop uncommon, although Asphahani has observed TGSCC of alloycoul sheldthecrai~ all an ti frm te aplid ptenial itwas C-276 when tested in NaOH.' 92 It is possible that planar slip could
concluded that the crack walls and crack tip remained actie. At high contribute to IGSCC by increasing the local grain-boundary stress.
potntlsd bth the crack walls and crack tip could asivae. Etheh Bruemmer, et al , concluded that transgranular carbide precipitation,p o te ntials, b o th th e crack w a lls a nd cra ck tp co uld p a ss iva te . E th e rwh c p r m t d is o a o n el s ru u e , c n rb t d to I S C fcondition was shown to result in shallo,., IGO and a lack ot IGSCC which promoted dislocation cell structures, contributed to IGSCC of
with a crack-tip corrosion model, alloy 600 because dislocation emission from grain-boundary car-

bides was impeded.187"18 9 This led to less stress relaxation at the
Evidence that impurity segregation induces IGSCC of Ni alloys crack tip and increased IGSCC.

in high-temperature water or at high pHs is not very convincing. As
mentioned previously, S has been proposed as contributing to the
IGSCC of alloy 600,3 16 but direct evidence is lacking. In oxidizing Anodic-dissolution crack growth mechanisms
environments, P has been shown to cause IGC of Ni-base Anodic-dissolution-controlled crack growth mechanisms are
alloys: 87'8 91

.9
97 however. Was found that P segregation did not referred to as those in which the crack extension process results

cause IGSCC in a low-carbon alloy 600.1°  directly from anodic-dissolution processes. Included in this section
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are active path and film-rupture mechanisms, as opposed to a the grain boundary. Therefore, the more ganeral concept of crack-tip
H-induced crack growth process. However, also included are me- strain causing rupture of a passive or salt film is a more appropriate
chanical fracture processes that occur simultaneously with the description. Ford has also expressed Equation (2). in terms of the
anodic process or that may be induced by the anodic process. More crack-tip strain rate, film-rupture strain, and repassivation time, and
than one of these processes may occur simultaneously. more recently in terms of the applied stress intensity as given below.

In Ni or Ni-base alloys, active path stress corrosion occurs
primarily along grain boundaries because of local microchemistry daldt = (7.8 x 10- 3 n3.6)(6 x 10 - 14 K4)n (5)
effects, such as segregation or depletion of specific elements, as
discussed previously. For impurity segregation in Ni, Jones, et al., where n is a function of the material condition, corrosion potential,
have shown that at low temperatures in low-pH solutions, P promotes and solution conductivity and K is the stress intensity. The value for
IGSCC while S does not.81 The crack velocity for an active path n ranges between 0.5 and 1, which gives a K exponent between 2
process is described in its simplest form below: 193  cnd 4. Jones, et al., evaluated the stress-intensity dependence for

crack growth of SSs and found that the exponent for K in Stage I
dadt = i M/zF3  (3) ranged from 7 to 24,196 which is considerably larger than the value

given by Equation (5). Therefore, this equation describes more of a
where', is the bare-surface current density, M is the atomic weight, z steady-state crack velocity, such as in Stage II, where the stress-
is the valence, and F is Faraday's constant and the material density. intensity dependence is very small. Ford s analysis has been used for
Foi a crack growing along a grain boundary enriched in a species that austenitic SSs and ferrtic steels, but a detailed application to Ni-base
inhibits passive film growth such that the grain boundary remains in alloys has not been made. Jones, et al.,197 determined the crack
the "bared" condition, and there are no transport limitations within the velocity-stress-intensity dependence of Ni t P in 1 N H2S04 at -f 900
crack, Equation (3) describes the maximum permissible crack mVsc E and found that Stage I had a very large K exponent of 41. At
velocity Using Equation (3) and data on current density vs P- cathodic potentials, Ni had an exponent of 17 and alloy C-276 had an
concentration data, Jones, et al., determined 'hat the calculated exponent that ranged from 5 to 41 as discussed in the section on H
crack velocity was about 10 times less than the measured velocity at effects. Based on these values, it is possible that Ni-base alloys
high-stress intensities where crack transport limitations are minimal.8'  exhibit the classic Stage I with strong K dependence and a Stage tI
Potential processes that account for experimental crack velocities with small K dependence, at this time, there are insufficient data to
exceeding calculated velocities will be discussed below, make such a conclusion possible.

There are a number of processes that can retard crack Calculated Crack Tip Corrosion Rates for Ni + P System
velocities below thnse given by Equation (3). These processes
include crack geometry and crack width effects on crack-tip chem-
istry and corrosion rate, salt or passive film formation, crack-tip - f o.5o Immi
shielding and crack deflection. Danielson, et al., evaluated the effects _- /
of crack length and width on the crack-tip corrosion rate for an active " .1. .
path corrosion process."'9 The results of crack-tip chemistry model- < s
ing are shown in Figure 28 for crack lengths of 0.25 mm to 3 mm and E I /
crack angles up to 30. The crack length and angle effect results from " / / C0
the contribution of the crack-wall corrosion to the total metal ion : t 1
concentration in the crack. Even though the crack wall was assumed E Coo11 Im/I
to be passive and the tip was active, at small crack volumes, the 2 100
crack-wall contribution is significant. Changes in crack angle result L) i /
from sample stress; the angle increases with increasing stress. The - 1/ w °I' = [mm]w = 3000 A
results in Figure 28 show that the dependence of the crack-tip current "3 0'i 3 x 104 A
density on crack angle decreases with decreasing crack length. For 2 /, 10A Grain Boundary
crack' lengths oL0.5 .mym or less, the crack-tip current density is 1/ 900 mV
independent of crack angle or stress-stress intensity. This is the
regime in which IGC and IGSCC cannot be distinguished because 0
there is no stress dependence; however, for longer penetrations 01 3
there is a definite stress or stress-intensity dependence. The Crack Angle 8 idegrees)
maximum current corresponds to the corrosion rate of the P-enriched FIGURE 28 -Calculated crack-tip corrosion rates vs crack angle
grain boundary without any rate-limiting processes such as crack for NI+ P94

transport, Results in Figure 28 suggest that the Kiscc and the
transition from Stage I to Stage II cracking are crack-length depen- 0.5 m
dent, as shown schematically in Figure 29. Experimental evidence for
crack-length effects in anodic dissolution-controlled SCC is not
presently available and represents a fruitful area of research.

Passive- or salt-film formation at the crack tip can retard the
crack-tip corrosion rate and crack velocity to values lower than the 3 nm
active path values. A film-rupture model presented by Ford, as given 3 1 m
below, expresses the crack velocity as a function of the time (t) 72 mm
between film-rupture events and the charge density (Q) passed "
between the time of film ruptures and re-forms:' 43

daldt = M 01 /z F t (4)

This model is an adaptation of a slip-dissolution model, originally
presented by Vermilyea, which considers the corrosion that occurred Stress Intensity
on a slip plane following slip rupture of a passive film.195 For active FIGURE 29-Schematic of crack growth rate vs stress Intensity
path dissolution retarded by film growth, crystallographic slip will only for various crack lengths, based on calculated crack-tip corro-
rarely produce a slip surface that coincides with the active path along slon rate vs crack-angle results.

304 _IC, Proceed _ .



Mechanical fracture accompanying active path dissolution with alloys but appears to promote cracking only in oxidizing environ-
or without film rupture has been suggested by Jones, et al.,81 to ments, while grain-boundary carbide precipitation is beneficial in
explain the crack velocities of Ni + P and by Bandy, et al.,19' to high-purity water environments. Slip-planarity effects contribute-to
explain the crack velocity of alloy 600. Mechanical fracture during hydrogen-induced crack growth by assisting local hydrogen transport
TGSCC of brasses has been presented as a stress corrosion to the grain boundaries and/or contributing to grain-boundary tensile
mechanism, by several studies. 198'207 Evidence for discontinuous stresses. Impurity segregation of elements such as P and S have
crack advance includes a correlation between acoustic -emission been clearly related to hydrogen-induced crack growth but only
(AE) and current pulses and fractographic analysis. implicated in crack growth in aqueous environments. It .has been

Jones, et al.,-found that the measured crack velocity of Ni t P suggested that intermetallic phases such as gamma prime produce
was about a factor of 1C gredter-than that determined by the active local corrosion cells at the crack tip and thus a high hydrogen activity.
path mechanism, with no film formation and the grain-boundary
current density determined with bulk Ni+P alloys.8' Crack-tip al -
corrosion-rate analysis also indicated that for crack angles corre-
sponding to the high-stress-intensity Stage II crack growth regime, ) p
the crack-tip corrosion rate was not controlled by crack-transport oD t2
limitations and the tip corrosion rate equaled that of a flat plate. The az
approach used by Jones, et al., is illustrated in Figure 10; it was
suggested that active path dissolution along a P-enriched grain
boundary could sharpen the crack, raise the local stress, and induce P P'
mechanic fracture. The geometry for a propagating (Ni+P) vs
nonpropagating (Ni+S) crack [Figure 30(b)] was consistent with
crack-tip shapes below and above the blunting line. The sequential 3.*. P1
process detailed in Figure 30(a) suggested that corrosion along a 1- 1,,.
to 2-nm-wide grain boundary enriched in an active element such as Blunting 1 f- 00

P could sharpen the grain boundary such that the crack tip is sharper Line P
than the tearing modulus for a radius p, and crack extension occurs j N-in P2

to bring the crack into correspondence with a tearing modulus of P2. "2
Since some plastic deformation and crack blunting is likely to
accompany the mechanical fracture, the crack-tip condition now
corresponds to that of a blunter crack-tip radius such as p, but with
a new crack length a2. Resharpening of the crack tip by localized
grain-boundary corrosion could resharpen the tip, which again 81 82
induces mechanical fracture. Whether crack extension will occur by a, m
mechanical fracture or whether crack-tip sharpening by localized 38812017.1M
corrosion induces plastic flow without crack extension is a key (a)
question that has not been answered.

In an effort to detect mechanical fracture, Jones and Friesel' 96

have monitored the AE emanating during subcritical crack growth of
Ni + P. An AE event rate of 800 events/mm2 of crack extension was "
detected; however, at present, the events detected appear to
correlate with the fracture of ligaments such as transgranular
ligaments or inclusion behind the crack tip. Detection of short 10-gm
crack jumps was not feasible, and no conclusion could be reached
regarding intergranular mechanical fracture. Bandy, et al., suggested
that the high crack velocities of alloy 600 tested in thiosulfate and
tetrathionate solutions correlated with the presence of large grain-
boundary carbides.' 9g Intergranular fracture extending beyond the
grain-boundary carbides was considered a possibility, although no
detailed mechanics or AE analysis was performed to verify the NI + P .J NI + S
hypothesis. 1o PM (o 1 ,M

In summary, evidence for identifying specific crack growth (b)
mechanisms in Ni-base alloys is sparse. There is some evidence that FIGURE 30-Schematic of a corrosion-assisted ductile Intergran-
the crack growth mechanism in Ni with P-enriched grain boundaries ular fracure mechanism. 81

can be described by active path dissolution with the possibility of
mechanical fracture. For alloy 600, Cr depletion on activate path Nickel-base alloys crack in high-purity water, although the crack
dissolution and Cr-carbide effects on crack-tip strain or mechanical velocities are relatively slow compared to austenitic SSs. Water
fracture are processes that have been identified. Alloy X-750 has the impurities such as Cl, Na2S20 3, 02, etc., accelerate crack growth
additional effect of galvanic coupling between intermetallic phases rates as they do in Fe-Cr-Ni alloys. Irradiation that produces an
and the matrix, which may contribute to crack growth. oxidizing environment induces cracking in nickel-base alloys and

Fe-Cr-Ni alloys. Cracking occurs more readily in acidic environments
and hydrogen gas in nickel-base alloys as compared to Fe-Cr-Ni
alloys, and hydrogen has been implicated in the crack growth of alloy

Summary 600 in high-temperature water. Concentrated caustic solutions have
Nickel base alloys exhibit environment-induced crack growth in been used to simulate some service environments, and crack growth

a variety of environments. This cracking is controlled by the has been observed in nickel-base alloys in the active-to-passive
well-established stress corrosion parameters: (1) material microstruc- transition in these solutions.
ture/microchemistry, (2) environmunt, and (3) stress. Examples of Quantitative relationships between stress, stress intensity and
microstructural effects include grain boundary carbide precipitation, strain rate, and crack growth rate are essentially unknown for
slip planarity induced by LRO, grain boundary impurity segregation, nickel-base alloys. SCC tests have been primarily U-bend and
and intermetallic phase precipitation. Sensitization occurs in Ni-base CERT, which produce information on relative susceptibility but not
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detailed relationships. Some information on crack growth rates and 19. H.A. Domian, R.H. Emanuelson, L.W. Sarver, G.J. Theus, L
temperature dependence of crack growth rate has been obtained Katz, Corrosion 33, 1(1977): p. 26.
with these techniques, but the data needed to develop the stress and 20. G.P. Airey, Corrosion 35, 3(1979): p. 129.
stress-intensity dependence of cracking are absent. 21. S. Floreen, J.L. Nelson, Metall. Trans. A 14A(1983), p. 133.

Improved understanding of the mechanisrms of environment- 22. S. Hattori, Pnvate Communication, reported in Reference 8.
induced crack growth of nickel-base alloys requires further research 23. D. van Rooyen, Predictive Methods for Assessing Corrosion
in the following areas: Damage to BWR Piping and PWR Steam Generators, ed. H.
(1) The role of grain-boundary carbides on crack growth in nonoxi- Okada, R.W. Staehle (Houston, TX: NACE, 1982), p. 383.

dizing environments; 24. P.W. Rice, Materials Performance 17, 9(1978): p. 16.
(2) The role of intermetallic phases; 25. R.D. Kane, M. Watkins, D.F. Jacobs, G.L. Hancock, Corrosion
(3) The relationship between LRO and impurity segregation on 33, 9(1977): p. 309.

crack growth in hydrogen-bearing environments; 26. J. Prybylowski, R. Ballinger, CORROSION/86, paper no. 244
(4) Grain-boundary hydrogen concentrations and critical concentra- (Houston, TX: NACE, 1986).

tions for IG fracture; 27. M. Tsubota, Workshop on Advanced High Strength Materials
(5) Grain-boundary hydrogen-transport rates, impurity trapping, for LWR Vessel Internal Applications (Clearwater Beach, FL.

disloction transport over short distances (cell diameter); Electric Power Research Institute, 1986), p. 50.
(6) Quantitative da/dt vs K in high-temperature water, and 28. N.S. Stoloff, R.G. Davies, Prog. Mater. Sci. 13(1966)- p. 1.
(7) da/dt vs strain rate in high-temperature water. 29. J.J. Tien, A.W. Thompson, I.M. Bernstein, R.J. Richards,

This list may not be exhaustive, but it represents the most glaring Metall. Trans. A 7A(1976): p. 821.
unknowns encountered in writing this review. 30. A.I. Asphahani, 2nd International Congress on Hydrogen in

Metals, paper no. 3C-2 (New York, NY: Pergamon Press,
1977).
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cubic materials, the binding energies involved are relatively low not embrittle in hydrogen, but in the presence of any one of these
(compared to body-centered cubic materials), and therefore transport impurities, they do. Can we explain the impurity effect by solute
of hydrogen by dislocations is unlikely, pinning of dislocations by the impurities that increase hydrogen

R.H. Jones:- I agree. The results of Frankel and Latanision residence time sufficiently to cause dynamic trapping?
(References 160 and 161 in the paper) on hydrogen permeation in R.H. Jones: Based on our results and those of Birnbaum
nickel single crystals undergoing single slip suggests that long-range (References 134, 153, 154 of the paper), hydrogen-induced inter-
transport of hydrogen by dislocations occurs, but that the enhanced granular crack growth of nickel can occur with 0.04 monolayer or less
transport is only of the order of a few percent. of sulfur. Comparable Auger electron spectroscopy data for nickel-

S.C. Jani: You questioned the relevance of the Griffith criterion base alloys is not available, so similar conclusions cannot be made
for cracking (brittle transgranular or intergranular). The criterion has for these materials. Since fmpurities are not required for hydrogen-
no inherent limitations. The real limitation is that the specific energy induced intergranular crack growth of nickel (and iron), your sugges-
to form new surfaces is not easily determined because the energy tion of impurity pinning of dislocations is not appropriate. However,
imparted to a cracked body performs plastic work in addition to there is some evidence that impurities in grain boundaries can alter
causing crack extension. the properties of grain-boundary dislocations, such as the critical

R.H. Jones: My point was that for materials in which disloca- stress for grain-boundary dislocation sources.
tion nucleation and mobility is relatively easy, the balance between J. Kolts (Conoco, Inc., USA): The susceptibility to HE of
cleavage or decohesive fracture and slip tends to favor slip. various nickel alloys is very variable. For example, alloy C-276 (UNS
Therefore, the use of the Griffith criterion is inappropriate, unless it N10276) requires strength levels beyond 150 ksi (950 MPa), while
can be shown that hydrogen reduces the surface energy of nickel alloy 825 (UNS N08825) is almost immune even at its highest
sufficient for decohesion to be favored over slip. strength levels. How can these large variations be explained by

A. Gelpi (Framatome, France): You mentioned briefly high- impurity segregation to grain boundaries?
temperature stress corrosion cracking (SCC) of nickel-base alloys. In R.H. Jones: It is difficult to make correlations without knowing
your opinion, can this cracking occur by an anodic-dissolution more about specific hydrogen uptake rates, grain-boundary micro-
mechanism? structures and chemistries.

R.H. Jones: To my knowledge, an electrochemical reaction is R. Griffin (Texas A&M University, USA): With regard to
not possible in steam without condensed water on the surface. Water Kolts's comment on the lack of cracking in nickel alloys until very
can be stable in cracks or crevices at steam temperatures, so the Ko-trent oe are ach want to ske llo ing
absence of condensed water must be demonstrated before anodic- high-strength levels are achieved, I want to ask the following
dissolution effects can be discounted. question. It seems that Kolts's co ments would suggest that a citical

J.M. Sarver (Babcock and Wilcox, USA): Can the work by strain, at or near the crack tip, would be an important parameter. Do
Bruemmer be used to explain the intergranular and transgranular you think this might be a useful way of approaching the problem?
cracking of annealed and sensitized Inconelt 600 (UNS N06600) in R.H. Jones: It is difficult to generalize the role of crack-tip strain
the presence of lead? and stress, since different mechanisms will be activated by stress

R.H. Jones: Without more details about cracking of Inconel 600 and strain. Decohesion at grain boundaries or particles such as
in lead, it is not possible to correlate observations about the effect of carbides or hydrides is initiated by stress, while film rupture (passive,
grain-boundary carbides on microdeformation in high-purity water to salt, or dealloyed layer), crack transport, and crack-tip plasticity
the case in lead. effects are strain and strain rate related.

S. Szklarska-Smialowska (Ohio State University, USA): It is K. Sleradzkl (The Johns Hopkins University, USA): It might
well established that by increasing the partial pressure of hydrogen be worthwhile to try to interpret some of the results you describe in
in primary water, the intergranular SCC susceptibility of Inconel 600 terms of recently developed models for intergranular separation
is increased, It has also been found that a cathodically treated alloy processes, which I reviewed yesterday. Do you have any plans to
is suceptible to intergranular SCC in high-temperature water [see, for attempt this?
example Totsuka and Szklarska-Smialowska, Corrosion 43(1987): p. R.H. Jones: Our current emphasis is in anodic transgranular
734] On the other hand, there are reports in the literature that high SCC processes and we are therefore not actively pursuing mecha-
overpressures of hydrogen in water solution inhibit intergranular SCC nisms of hydrogen-induced crack growth. However, our recent
of Inconel 600. observations (Jones, et al., Corrosion, in press) of itergranular SCC

R.C. Newman (University of Manchester Institute of Sct- in iron at crack growth velocitie n press)0of may requre us to
ence and Technology, UK): Smialowska appears to have lost revisit these issues.
confidence in hydrogen embrittlement (HE) as the mechanism of
intergranular SCC of Incone1600 in high-temperature borate solution. J. Stewart (Harwell Laboratory, UKAEA, UK): Your sug-
Yet in her papers with Totsuka (for example, Totsuka, et al., gested explanation of acoustic emission during intergranular SCC
Corrosion 43(1987): p. 505], she shows a continuity in behavior tests is consistent with our findings during intergranular SCC
between E(corr) and cathodic potentials as high as -1 V (I think), propagation in sensitized stainless steels. We find that the corrosion
Surely this more or less proves HE Is the mechanism, does it not? current flowing during the early stages of crack propagation is

S. Szklarska-Smialowska: Results of our experiments show somewhat cyclic, with each cycle corresponding to a crack odvance
that in dry hydrogen gas at high pressure, SCC does not occur, of a grain-boundary facet length or less. However, cracks do not
although hydrogen is absorbed into the alloy. However, there is no arrest during this period, but appear to be hindered. Perhaps you
corrosion and no surface film formation. The totality of our results could consider using electrochemical techniques in conjunction with
indicates that corrosion in hydrogenated water solution that is acoustic emission. Also, it appears to us that the propagating crack
accompanied by oxide/hydroxide film formation is the necessary is hindered by "microstructural barriers" that will depend on the alloy
condition for intergranular SCC of Inconel 600. So, entry of hydrogen and environment corrosivity, but that probably include grain-boundary
from water solution and oxide/hydroxide film formation both play triple points and precipitates. This is an important area requiring
important roles in intergranular SCC of Inconel 600 in primary water, future research, with implications for alloy design. Would you

R.N. lyer (Pennsylvania State University, USA): Is the pres- comment please?
ence of impurities a necessary and sufficient condition to cause HE? R.H. Jones: II your quiescent period results from ligaments
Oriani, in one of his review articles, has indicated that very clean behind the crack tip and further crack extension occurs when these
metals and alloys (without nitrogen, phosphorus, and sulfur, etc.) do ligaments fail, then acoustic emission should occur during your

quiescent pediod and just prior to the next electrochemically active
period. We are currently setting up an experiment to make these

tTrade name. measurements.
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D.J. Duquette (Rensselaer Polytechnic Institute, USA): Just R.H. Jones: Birnbaum and Lassila (Reference 134 in the
a comment. As has been pointed out, grain-boundary impurities are paper) have also reported intergranular crack growth of nickel, with
not required to cause embrittlement of nickel in hydrogen. In some very little sulfur segregation, while we have also shown this for nickel
cyclic loading tests we performed, rapid crack advance in grain with as little as 0.04 monolayers (this was zone-refined nickel) of
boundaries of very pure nickel (no sulfur in the grain boundaries) was sulfur on the grain boundary. Cold work has been shown to promote
observed for annealed samples, while transgranular cracking was transgranular cracks in alloy C-276 and IN 600 in hydrogen-bearing
observed when the metal surfaces were shot peened. It appears that environments. This may be evidence of hydrogen-enhanced shear
shot peening provides a large sink of dislocations for hydrogen and along the planar dislocation arrays, causing a localized shear
accordingly biases the crack path. In addition to enhanced fatigue instability type of fracture. However, there has been little fundamental
crack propagation rates, enhanced cyclic hardening was also ob- work performed on this issue.
served. Thus it appears that there is a strong link between disloca-
tions and hydrogen.
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Environment-Induced Cracking
of High-Strength Aluminum Alloys

N.J.H. Holroyd*

Introduction Microstructural Aspects
Continual development of new generation aluminum alloys such as
aluminum-lithium-based alloys, powder metallurgy products, 7090 The influence of alloy microstructure upon the SCC of 2XXX
and 7091, and new variants of existing alloys, e.g., 7010, 7050, and (Al-Cu) and 5XXX (AI-Mg) is documented in detail elsewhere, 1 

6 with
7051, prompts a review of the current understanding of stress SCC susceptibility being directly relatable to the development of local
corrosion cracking (SCC) mechanisms. Excellent review papers arodes and cathodes within GB regions. Notable exceptions are as
summarize published information up until the mid-1 970s,' and the follows Hardwick, et al.,' 4 who suggested that an Al-Cu-Mg alloy,
reader is directed to these along with a recently updated general text' 2124, can suffer HE after being subjected to simultaneous straining
for background on the compositional, metallurgical, and mechanical and cathodic charging with hydrogen from an aqueous environment,
details of aluminum alloys. Environment-sensitive fracture of alumi- and Higashi, et at.," who reported the existence of pie-existing
num alloys is almost exclusively intergranular (IG) unless the embrittled zones ahead of SCC crack fronts in precracked AI-8%Mg
mechanical loading conditions are severe andjor the local grain specimens, which are reversible and therefore associated with HE.
boundaries (Gls), are unfavorably oriented. Although numerous
detailed SCC mechanisms abound, two basic theories have evolved, The general dependence of So C susceptibility upon iso-thermal
One envisages cracking as highly localized anodic dissolution of GB aging is well established for 7XXX series aAs-Zn-Mg(-Cu)} alloys,6

regions under the combined influence of stress and environment, the 2XXX series alloys AI-Cu(-Mg)1) 64 and the Al-Li-Cu-Mg alloy
other suggests embrittlement and loss of ductility is promoted after 809018.19 (Figure 1):
the ingress of an aggressive species (usually atomic hydrogen) onto
or into the alloy. The Sprowls and Brown review' concluded in 1969 Microstructure Susceptibility
that the SCC of 2XXX (AlCu) and 5XXX (AI.Mg) series alloys occurs Solution Treated Immune
via an anodic dissolution mechanism, whereas mechanistic attribu- (No GB
tions for 7XXX (AI-Zn.Mg(-Cu)] series remain controversial, precipitation)

Many authors favored anodic-dissolution-based SCC mecha- Underaged Maximum
nisms for all aluminum alloy systems until the early 1980s, ignoring Peak Aged Susceptible
the pioneering work of Gruhl and coworkers in Germany on 7XXX Overaged Decreases with aging
series alloys (recently reviewed8) and the suggestions of Haynie, et
al 9, 0 until the work of Gest and Troiano" triggered numerous For 7XXX series alloys, numerous attempts to correlate sus-
studies showing that hydrogen embrittlement (HE) generally has a ceptibility with microstructural features known to be influenced during
role in the SCC of 7XXX series aluminum alloys' 2

*1
3 and may be thermal treatment include the following;

involved for 2XXX ' and 5XXX series alloys.1 Despite the above, (1) Grain-boundary precipitate size and spacing;203 4

some authors still maintain the SCC of 7XXX series alloys propa- (2) Precipitate free zone (PFZ) width or preferential slip in the
gates via purely anodic-dissolution-based mechanisms, with no role PFZ;2O.21 27,35 .39

for HE.' 6  (3) Matrix precipitate size/distribution and deformation
SCC of aluminum alloys is a complex process involving a characteristics ;40-44

multiplicity of time-dependent interactions that remain difficult to (4) Solute profiles in the PFZ;7, '2945
-
54 and

evaluate independently. SCC to date eludes a complete mechanistic (5) Grain-boundary segregation.55*62

interpretation. Nevertheless, considerable progress has been made Despite claims to the contrary (Figure 2), no single microstruc-
over the last two decades, with most resulting from the availability of tural parameter has yet been identified that uniquely controls the
sophisticated experimental techniques involving high-resolution elec- SOC of 7XXX series alloys.' This conclusion is sustainable for the
tron microscopy, electrochemistry, and the implementation of frac- following reasons:
ture mechanics.

The aim of this review is to present and discuss the experimen- (1) In many studies, microstructural comparisons have been made
tal observations upon which the current understanding of the without maintaining strength levels;
environment sensitive fracture of aluminum alloys is based, Discus (2) It is almost impossible to vary independently the microstructural
sion will focus upon published work for 7XXX series alloy plate parameters listed above, for example, most parameters could
material, and, where appropriate. results for other aluminum alloy change during aging of a solution-heat-treated and quenched
systems will be highlighted. Important experimental observations and alloy;
conclusions covering microstructural, environmental, and mechdni- (3) Correlation of SCC susceptiodity with one parameter need not
cal aspects of environment sensitive fracture of aluminum alloys are exclude the possible dependence on other parameters and
summarized In the following sections. independence of the one associated with the apparent correla-

tion; and
(4) Prior to the mid-1970s, SCC data was rarely considered in terms

'Alcan International Limited, Banbury, Oxon, OX16 7SP England. of initiation and propagation stages.
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I80 %, precipitate size upon faliure time for AI-Zn-Mg alloys and (c) for
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260 275 specimens of AI-Zn-Mg(-Cu) alloys. (Reprinted with permission

Sfrom Chapman and Hall Publishers.3 3)

40 X X

20 Further complications arise because, although it is well known
0 X X that microstructural development during commercial thermal-
S1X , I I I I i ,mechanical practices almost inevitably differs from laboratory-based
0 0.2 0,4 0.6 08 treatments, most published work involves, almost exclusively, either

a PRECIPITATE FREE ZONE WIDTH Ipm) laboratory-cast and -processed alloys or commercial alloys subse-
quently subjected to laboratory-based heat treatments. In addition,
many studies use high-purity analogue alloys that normally are

CONSTANT LOAD SCC (p Al7) completely recrystallized with isotropic SCC properties, whereas
ot AX 3 VN.,AT Al-Zn-Mg wrought products of commercial alloys (e.g., plate and extrusion)

o 3V./.HO(.)?c generally have elongated grain structures and potential SCC sus-
* 3',2%oCt, T 'ceptibilities restricted to the short-transverse direction. The validity of

/ equating the microstructural dependence of SCC for high-purity
/ / alloys with recrystallized GB structures with those of nonrecrystal-

3 A/ lized short-transverse pancake GB structures is not yet established.
103 /Many potentially important iriluences are thus ignored, for instance;

- grain refiners and dispersoids (e.g., Mn, Cr, and Ti), impurity
*- elements (e.g., Fe and Si), tace element segregants (e.g., Pb, Bi,

Sn, etc.), and the effects of GB shape and texture. Due care must
A * I3so Ai therefore be exercised when generalizations are made for commer-

02 cial alloys based upon noncommercial alloys and/or fabrication/
0

t thermal practices.
Experimental findings in which the above complications have

-been minimized are summarized in the following sections covering
the various stages of thermal aging of precipitate age-hardening
aluminum alloys.

AL.,.Y, )o'--C IA KENT (19701 RFC23 Al-fl
t

3Zn-239
(.1 o. %O) AIAHI c 119M7EF--29 A nZi )t19 Solution heat treatment
"-*a" r' 

"|  
• FOULOSE etolgn7QREE27A-552T.-25gP a

• 9 X PE XEL & POOLE (1971)REF 30.S 62.,2 Pickens and Langan investigated the influence of solution
27 0 0.AROO &TOWNSEND1970) REFZS heat-treatment (SHT) temperature upon SCC susceptibility of a

0226 20 A- b2MIA?-6 Izn-23I high-purity AI-7Zn-3Mg laboratory alloy and attempted to eliminate
0 500 000 1500 other variables, such as recrystallization, grain growth, yield stress,

b GRAIN BOUNDARY PRECIPITATE SIZE (A) and solute depletion, by carefully controlling alloy thermomechanical
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processing and aging treatments.6 9- Reported SCC crack growth Quench rate
rates increase with decreasing SHT temperatures, contrary to the The influence of quench rate upon IG corrosion and SCC
trend reported by Shastry, et al.,6' for the commercial AI-Zn-Mg-Cu susceptibility for 2XXX series alloys is considered to be well
alloy 7075-T651, but are in general agreement with the earlier data understood..6 .

6 For alloys such as 2024-T3 and -T4, SCC suscep-
of Taylor and Edgar46 for the Al-Zn-Mg alloy 7004 (Figure 3). tibility becomes marked when quench rates fall below around
Recrystallization, grain growth effects, and alloy yield stress could 500*C/s (Figure 4), and GB regions become sufficiently anodic with
account for these differences It is interesting to note that the one respect to grain interiors resulting from GB precipitation of Al2CuMg. .6

result of Taylor and Edgar's that is contrary to the trend quoted by If SCC occurs via a purely anodic dissolution mechanism, as is
Pickens and Langan is for the highest temperature they tested, currently generally accepted for 2XXX series alloys, it may be
5750C, the only one promoting significant grain growth. possible to predict SCC susceptibility by integrating the effects of

All the above studies, which were principally aimed at assessing precipitation at intermediate temperatures during a quench.63
the influence of GB segregation on SCO, will be reviewed in a later
section. Data quoted by Sprowls & Brown (1967) REF 1

A4 1 1 1 1 - . I I 1 I 1 1-1115%1
10 SMOOTH SPECIMENS SCC oil
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0 
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10 T j FIGURE 4-Effect of cooling rate during quenching between 315
and 400C on the susceptibility of 2XXX series alloy to SCC."

Ai-1. Q-n-379
EQUIAXEO GS',70)j For 7XXX series alloys, the picture is less clear-cut, although
PEAK AGED2&hr 12M there are undoubtedly microstructural changes occurring during
CONSTANT LD r, \quenching (such as precipitation on chromium-rich and to a lesser
SNs/.No(I+'oZ rO. p. extent zirconium-rich particles 6O and precipitation near high-angle

37S 400I 425 450 475 00 525 boundaries') that influence subsequent aging responses . . 6
6

a SOLUTION HEAT TREATMENT TEMPERATURE 16  Doig and Edington reported that rapid quenching promotes a local
enrichment of magnesium on as-quenched grain boundaries for an

1 ,AI-6Zn-3Mg alloy,48 and Miller and Scott argued that this accounted
10 PRE-CRACKEO OCB for the SCC they observed in as-quenched Al-Zn-Mg alloys.64 In

() (2) hindsight, the latter explanation is improbable if, as is now thought,
A -25) GB precipitation is a prerequisite for SCC.62 A more plausible

'%.oa + N 2CrO .0%. Al 0 explanation is that GB precipitation occurred during their SCC testing
PEAK AGED at room temperature.
7 PICKENS I LANGAN For 7XXX series alloys, it is generally believed that the influence

>" 10 (19871 REf60 le of quench rate upon SCC is dependent upon an alloy's copper
Z content. For copper-lean alloys, SCC resistance is progressively

is C ,-improved by reducing quench rates;2 low rates (e.g., air cooling)
\ Vz,.N,.. offer practical immunity,2 .67 whereas the reverse is true for alloys

S.<ASIYti i containing more than about 1 wt% copper .2 6 Sarkar, et al., 69

10, attribute this to quench rates having to prevent dispersoid elements

10. . such as Cr and Mn acting as nucleation sites for copper-rich

St . precipitation and the removal of copper from solid solution,70 which
, - they deem detrimental to SCC performance of AI-Zn-Mg-Cu alloys.

t"., Slower quench rates were considered beneficial for copper-lean
alloys because more incoherent precipitation and homogeneous

10 -S 9 deformation characteristics are promoted that are well known to
o improve SCC performance. 22.

43 .7 1

,) Thermal aging. For most commercial applications of high-
strength aluminum alloys, precipitation hardening is of paramount

-importance. In general, the potential risk of stress corrosion prevents

6101 I I , exploitation of the maximum strength offered, because although
400 450 So0 550 alloys are immune to SCC in the as-quenched condition (as long as

b SOLUTION HEAT TREATMENT TEMPERAIURE(OC) GB precipitation is prevented62), they usually become susceptible
FIGURE 3-Influence of solution heat treatment upon the SCC with increasing precipitation hardening, reaching a maximum before
performance of AI-Zn-Mg alloys In saline environments; (a) time- peak strength (Figure 1)43
to-failure from smooth specimens and (b) Region 2 SCC pla- The influence of thermal aging upon the SCG of Al-Cu(-Mg)
teaux crack velocities from precracked specimens, alloys generally reflects the electrochemical potential difference
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between GB regions and the alloy matrix.' 6 An example of this is most susceptible alloys, concentrates in bands across grains,.40 417

given in Figure 5, comparing electrochemical data for AI-4%Cu with thereby indicating the importance of the overall distribution and
SCd data for 2024 during aging at 1900C. nature of precipitates within the matrix and their interaction with

For 7XXX series alloys, the beneficial effects that can result dislocations during plastic -deformation. In view of this, Speidel
from overaging are strongly influenced by the presence of copper:5 suggested that SCC susceptibility is enhanced by precipitates being
Alloys with copper contents below, around .1 wt% -require gross sheared during plastic deformation, with the effectiveness of particle
overaging before high resistances-to SCC are obtained, whereas shearing being determined by the particle size, volume fraction, and
alloys with higher copper contents need only sacrifice 10 to 15% of coherency.' 3 Using the above, an argument can be generated
the maximum strength, as is exploited in the commercial -T73 duplex explaining why overaging can improve the SCC resistance of
aging practices developed during the 1960s' to minimize servica AI-Zn-Mg-Cu alloys containing more than about 1 wt% copper
problems (Figure 6).5 without dramatic loss of strength, as found for AI-Zn-Mg alloys. The

addition of copper to AI-Zn-Mg alloys not only increases the volume
__ fraction of strengthening precipitates but also modifies the kinetics of

50 .2- the precipitation reaction. In the presence of copper, the develop-
2ment of -q' from Guinier-Preston (GP) zones is accelerated and the

o0 - At -Cu-Mg semicoherent -q' precipitate persists to longer aging times.74 Conse-

quently, precipitates in peak-aged AI-Zn-Mg alloys will be sheared
30-20 and result in inhomogeneous planar deformation, whereas precipi-

tales in AI-Zn-Mg-Cu alloys containing sufficient copper will develop
wdislocation loops and result in a more homogeneous deformation

o Spedet Hy~f \ 10

0o Speidel & Hyatt The dislocation-precipitate interaction hypothesis and the pro-
10- I (1972)-REF 6 " -5 posal of preferential deformation/corrosion of PFZ regions are at best
0 e ienrs et a 1(, ) incomplete, and most workers believe that a realistic model of SCC

-0 q10 C must include microstructural features of the GB region. PFZ width per
o 0 se is unlikely to be a critical parameter. Most investigations have

T3 2 4 6 8 10 12 14 T8 CLSC,2344.
A( TIE AT1900 C • detected little or no effect upon SCC,2 "344979 although reducing

AGEING TIME AT PFZ width has been claimed to increase 37 and decrease 36 SCC

FIGURE 5-Comparison between measured potential difference susceptibility. Evidence for SCC resistance increasing with increas-
between grain-boundary regions and the matrix and the SCC ing GB precipitate size and spacing is more convincing, although
performance of 2XXX series alloys In 3.5% NaCl as a function of there are discrepancies here as well.
aging time at 190°C. Middleton and Parkins's76 indirect experimental evidence for

_ 4. r,  the SCC in AI-Zn-Mg alloys generally being along GBs rather than
1ELT76 T73 within PFZs is supported by the later detailed fractographic evidence

T651 SPEIDEL(1972) + + of Scamans, 7 7 although, as reported by Lynch,78 cracking can in
some instances involve microvoid-coalescence and therefore prop-

10- agate within PFZs.
Middleton and Parkins76 suggest SCC propagation in At-Zn-Mg

S -W6%Cu alloys occurs via MgZn2 GB precipitates acting as an active path for
-100-8 0 ALLOY 7079 corrosion, with creep preventing the formation of an effective

>2 1-2-2.0 6 ALLOY 7075 passivating film over the crack tip and allowing dissolution of the
I- 1-6-2-4 0 ALLOY 7178 material between the GB precipitates. Poulose, et al.,27 modified

- - 2.5cm THICK PLATE these ideas by suggesting that GB precipitates act as sacrificial
_j 10 CRACK ORIENTATION TL anodes and retard SCC and that crack growth rates (cv) in the
.J SATURATED AQUEOUS- K-independent domain (Region 2) are inversely proportional to the
> 8 NoCI SOLUTION volume fraction of MgZn2 GB precipitate (Figure 7). These authors

-.1 10- TEMPERATURE 23?C held the alloy composition (AI-5.5Zn-2.5Mg) and strength level
I.J OPEN CIRCUIT constant and conducted experiments to separate the microstructural
<variables of PFZ width and GB and matrix precipitate sizes. On the
U 9 basis of their results, they maintain that rather than the number or the

10- -- size of GB precipitates being critical, it is the volume fraction, and
LuJ since the PFZ width, deformation mode, and matrix precipitation are
in 1-10 not directly involved, their model is consistent with there being many

10 apparently contradictory findings reported in the literature. Further
work is needed to evaluate these ideas. Recent results quoted by

-11 Park for alloy 7075 (UNS A97075) in a 3.5% saline environment imply
101 a logarithmic relationship between SCC plateau velocities and the

0 1 10 100 500 volume of GB precipitates/unit GB area3 ' (Figure 7).

OVERAGING TIME AT 160'C (hr.) Starke and coworkers used the above arguments, supple-
mented with ones based upon observed deformation and electro-

FIGURE 6-Influence of copper concentration on the Improved chemical behavior, to explain the influence of aging upon the SCC of
SCC performance (Region 2 SCC plateau velocities) Induced by commercially cast and fabricated AI-6Zn-2Mg-XCu alloys containing
overaging alloys at 1600C.3 various levels of copper.69 .70 .7 3 -7 4 Homogeneity of slip was shown to

!n the late 1960s, it was hypothesized that dislocation- be dependent upon an alloy's copper level"3 and the strengthening
precipitate interactions play an important role during the SCC of precipitate coherency, volume fraction, and the number of partially
aluminum alloys.5' - O Work by Thomas and Nutting39 led to the coherent and incoherent precipitates.' 4 It was argued69 that SCC
proposition that preferential flow occurs in GB PFZs of SCC- crack growth rates in the stress-intensity factor (K) insensitive region
susceptible Al-Zn-Mg and AI.Zn-Mg-Cu alloys, which facilitate local (Region 2) were under electrochemical control, whereas those in the
ized corrosion along the regions subjected to plastic flow. This view K sensitive region (Region 1) were influenced by the deformation
was questioned by later work demonstrating that slip, even in the mode.
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For alloys in the T651 temper (Figure 8), Sarkar, et al.,69

SCC PROPAGATION suggested the following:
(1)-In Region 1, copper levels up to 1 wt% had little influence

upon either SCC crack growth rates or deformation mode, whereas
for higher- copper levels, slip homogeneity increased and crack

-7 Poulose ef at (1974) velocities decreased; and
A-510 RE5 27 (2) In Region 2, the SCC crack growth rate progressively

3, . n- g decreased with increasing copper level because copper entered
3%o NaCI hardening precipitates, making them more electrochemically noble

_-- a- (RISING LOAD) and reducing local electrochemical differences in the crack-tip region.
VA The beneficial effects of overaging copper-free alloys were primarilyo 7075

/ o attributed to a deformation-mode transition from predominantly
> -8 / 3FA/NaCDI inhomogeneous (T651) to a homogeneous mode promoting reduced
=10 8 (FALLING LOAD) stress concentration at grain boundaries, whereas for copper-

containing alloys, both copper enrichment of precipitates and ho-
F- mogenization of deformation were deemed important (Figure 8).

Q. I I I I I I
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FIGURE 7-ImplIed relationships between SCC performance
and the volume fraction of grain-boundary precipitates for 7XXX FIGURE 8-SCC of AI-6Zn-2Mg-XCu alloys In 3% NaCI; (a) SCC
series alloys: In terms of (a) crack growth rate and (b) failure crack growth rate as a function of stress-Intensity factor and (b)
times for smooth specimens In 3 to 3.5% NaCl. Region 2 plateau velocity at various copper concentrations.
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Further development of the deformation-mode arguments should During the late 1970s and early 1980s, considerable effort was
be possible now that it is appreciated that strain accommodation in made to determine whether GB segregation of magnesium influ-
precipitate-hardening alloys is strain-rate dependent, with GB defor- enced the SCC of AI-Zn-Mg(Cu) alloys. Early work by Montgrain and
mation being favored by lower strain rates.75  Swann noted that magnesium oxide developed preferentially at GB

Concurrent with attempts in the mid-1970s to characterize SCC surface intersections during solution treatment and was thought to be
in terms of deformation mode or GB precipitation, other workers responsible for accelerated hydrogen entry and subsequent embrit-
focused attention upon the solute content of the GB region away from flement under tensile stress (pre-exposure embrittlement).12 This
precipitates. Lorimer and Ryder suggested that the solute profiles result led Viswanadham, et al., to propose that magnesium was also
within the PFZ may provide an electrochemical sensitive path. 0 Doig enriched in ambient oxide films adjoining GBs and that magnesium
and Edington and Doig, et al., in a series of publications, reported was segregated at GBs within AI-Zn-Mg(Cu) alloys.so A series of
solute concentrations across GBs for Al-Mg, AI-Zn-Mg, and Al-Zn- publications resulted, with spectroscopic and microscopic techniques
Mg-Cu alloys obtained using a range of electron-micr6scopy-based being used to seek evidence of magnesium segregation at grain
techniques.60 Matrix and GB microstructural changes observed boundaries.
during the overaging of 7075 from a T6 to a T73 temper were minimal
other"than a twofold reduction in the Cu concentration within the PFZ A research group at Martin Marietta Laboratories initiated work
On the basis of this and electrochemical studies, they concluded that (recently reviewed in detail by Pickens, et al.82) using the enhanced
the SCC susceptibility of aged Al-Zn-Mg-Cu alloys, although inde- surface sensitivity of Auger electron spectroscopy (AES) to obtain
or-",rt of the GB PFZ width, are controlled by the width of a segregation profiles at grain boundaries in high-punty Al-Zn-Mg and
e'-jleted copper zone within the PFZ, with improved SCC resistance commercial Al-Zn-Mg-Cu alloys. Initial segregation studies con-

-sociated with overaging being attributed to reduced cathodic ducted by Green and coworkers involved fracturing several Al-Zn-
',.iarization characteristics Peel and Poole extended these argu- Mg-Cu alloys in situ in an Auger chamber under ultra-high vacuum at
ments by observing that (1) Cu entered GB MgZn2 precipitates during around - 194'C to produce IG fracture.2 8 55 

58 Segregation on the
overaging leading to more positive electrochemical potentials in fracture faces was then measured using AES with information being
saline environments, and (2) cathodic polarization characteristics for obtained to a depth of 3 to 6 atomic layers from 6 to 8 grains under
Al-Zn-Mg-Cu solid solutions were insensitive to Zn and Mg depletion the electron beam. These workers concluded that both Zn and Mg
or reducing Cu from 1 5 to 0 7 wt% but were markedly decreased by atoms segregate to GBs with "free" magnesium existing in addition
the complete removal of copper.' Later work by Poole, et al., to MgZn2,. Further support for this was provided by ptasmon-loss
indicated that copper reductions from 1.5 wt% downward did energies of the Auger spectra5 6 which suggested that 60% of the
significantly influence the cathodic polarization characteristics (Figure magnesium existing on peak-aged 7075 GBs was 'free, with all of
9) and reinforced their belief that the beneficial effects of overaging the Zn being tied up as MgZn2. Attempts to reproduce the latter
retarding SCC of Al-Zn-Mg-Cu alloys is associated with crack findings have been unsuccessful" and several questions resulted.
blunting that results from preferential anodic dissolution of relatively For instance, (1) does the IG microvoid coalescence fracture
wide GB regions with copper depletion.72  produced in the Auger chamber truly represent SCC fracture, which

predominantly runs along GBs rather than in the associated PFZ, and
-600 (2) how significant are local compositional changes induced by the

-600- POOLE et al (1979) AI-0 6Zn-1 3Hg-XCu- electron beam during analysis? Pickens and Langan have attempted

REF. 72 SOLID SOLUTION to minimize the first problem by developing an embrittlement
procedure capable of promoting the appropriate IG fracture morphol-

Cathodic Polrisation ogy in ultra-high vacuum.5so 6 Three techniques were assessed
-700 31/2%NaCI AERATED o using a high-purity laboratory Al-Zn-Mg alloy with a composition and

d" mA/cm2  temper known to give a high susceptibility to SCC: fracture at nearpH liquid nitrogen temperatures without prior embrittlement and fracture

o 6.5 at room temperature after pre-exposure to either liquid gallium or
U. 0water-vapor-saturated air (WVSA) at 100'C. Fractographic evidence
I.-o -800 confirmed that the IG fracture promoted at liquid nitrogen tempera-

lures was via microvoid coalescence, while that produced after the
two pre-exposure procedures showed little evidence of ductile
dimpling and was thought to be true GB fracture. Problems arose as

-900 mfuRi*rALLIC Ga was found to react with the GB and !ead to local Mg concentra-
-0 t3%NCi,,,o2  tions increasing with time, as was previously reported by Scamans.

ti 60 rL Thus, by elimination, the WVSA pre-exposure method was deemed
the most appropriate. However, the latter method also has draw-

-00, backs, because SCC for all alloys, save the most highly SCC
-1000- -0 ~ ot~sensitive in appropriate tempers, requires strain rates lower than

1 10 20 those provided by impact fracture in the Auger chamber,85 and if
%At. COPPR lower strain rates are used, sufficient time is now available for the

0 0-S 1.0 V-S vacuum to remove the pre-exposure effects, and ductile fracture will

COPPER CONCENTRATION (vt,%) be promoted. 88

FIGURE 9- Electrochenilcal potential (vs SCE scale) for AI-O.6Zn The above spectroscopic work and parallel microscopic work
1.3Mg-XCu solid solutions and Mg-Znj-Cu, Intermetalllcs at an (reviewed elsewhere62) present clear evidence for magnesium
anodlc current density of 10-  mA/cm 2 and the FCP, respec- segregation on boundaries in the quenched condition in the absence
tively, for various levels of copper In aerated 3.5% NaCl. of GB precipitation. The retention of segregation after precipitation

remains a controversial point, although the weight of evidence for
The failure of Doig, et al.,so to detect significant Zn or Mg solute "free" magnesium on boundaries of aged alloys is growing. °

level changes In GB regions during overaging 7075 must be The importance of GB magnesium segregation during SCC of
attributed to a lack of measuring technique sensitivity, because more AI-Zn-Mg(Cu) alloys remains unresolved, since, on the one hand, the
recent electron microscopy studies .81 report changes. For Zn, presence of magnesium at GBs is known to promote local activity and
these changes are consistent with those expected, i.e., concentration hydrogen entry into grain boundaries that can be detected by bubbles
decrease with overaging3 2 .81 whereas those for magnesium are less of molecular hydrogen discharged at suitable trap sites; '8788 and, on
clear, with increases .ZO decreases,48 and minimal changes53 all the other hang, (1) the presence of GB magnesium is not a sufficient
having been reported, condition for SCC; (2) in the as-solution-heat-treated condition, when
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GB segregation is maximized, alloys are immune to SCC; (3) would be expected to reduce SCC susceptibility; however, they
experimental evidence suggests that magnesium concentrations at added the proviso that electron microscopy was needed for confir-
GBs can increase when SCC susceptibilities decrease, e.g., AI-Zn- mation. More recent explanations have focused attention upon GB
Mg-Cu alloys being aged from T6X to T7X tempers (Figure 10).32.81 precipitates, some .-93 have invoked ideas of Scamans, 87 Christo-

doulou and Flower,8 and Pressouyre and Bernstein96 that GB
C_ precipitates need to exceed a critical size before they act as

preferential sites for hydrogen discharge or trapping, whereas others,
"(T73) who have also found.SCC growth rates are related to GB precipitate

(76 - / size, believe further study is needed to describe quantitatively their
-7 < .,results.3 Data available to date suggest that the SCC rankings T6,

IWO *- T73, RRA are not lineaily related to precipitate size, spacing, or
- 6 volume'fraction'- 8 1,97 (Figures 2 and 7), so, although there is a

/ r 1 consensus that SCC resistance generally improves as GB MgZn2S= /t7 \ .- <novd0. precipitate size increases, it seems probable that other factors areS - /(76 5 involved.

UJ 7150 :.. .. .

< 7475
RRA TO GIVE

j 3 - STEM REE < (1) T73 CONDUCTIVITY
- 7150 Hepples etol 1J 300 (38%IACS).

Z (1989) 8 (2) T6 DESIGN o'y(462MPa)
0 2 -. 7075 RAO (1981) 32 28
co 1- 0- 80

<1 "7075 a 70S0-HP Green etot - 260
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1977) 2l
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FIGURE 10-Influence of alloy temper upon the grain-boundary 0 * 1984
concentration of solid solution magnesium in various Al-Zn-Mg- 180
Cu alloys. L.J 180

101 102 03  10

Retrogression and re-aging RETROGRESSION TIME (secs.)
Although successfully minimizing SCC service problems for

high st-ength At ZnoMg-Cu alloys, duplex aging prevents exploitation FIGURE 11 -Retrogression times for peak-aged 7075-type (UNS
of an alloy's potential maximum strength. ' Alternative heat treatment A97075) alloys capable of providing retrogressed and re-aged
procedures known as retrogression and re-aging (RRA) have been properties with at least T6 design 0.2% proof stress, 462 MPa,

claimed to provide SCC resistances equivalent to an overaged T73 and a T73 electrical conductivity, 38% IACS.8'

temper while maintaining peak-aged strengths.89 These heat treat-
ments consist of a retrogression or reversion stage where peak or A recent study on a Al-Zn-Mg-Cu alloy 7150e '' using ultra-
underaged material is heated in the temperature tange 180 to 280 G high-resolution ( 2 nm) scanning transmission electron microscopy
followed by re aging at a lower temperature. Initial applications for (STEM) has revealed that both RRA and duplex aging practices
RRA were restricted to thin sections' because it was not realized promote significant changes to GB segregation of zinc, magnesium,
that retrogression temperatures below 220"C could be used for some and copper These results, which are in close agreement with Rao s
Al Zn Mg Cu alloys. Use of these lower temperatures extend the for 7075-T651 and T7351,3 show that both duplex aging and RRA
required retrogression times from a few minutes up to over one hour treatments promote increases in magnesium and decreases in zinc-
fFigure 11) and has allowed thick sections to be successully heat and copper-segregation concentrations at grain boundaries tFigure

treated.9' 12). On the basis of these results, it seems unlikely that GB
magnfesium segregation controls SCC, and although the observed

Several papers have been publshed documenting the micro- changes for zinc are consistent with the proposal of Schmiedel and
structural changes introduced during RRA 23 . and the factors Gruhl '5 that zinc controls SCC (Figure 13), the changes for copperpromoting improved SOC performance.Y ' Work up until late 1986 are more striking (Figure 12) and have prompted a re-examination8'

has been reviewed by Thompson, at al.,3 who conclude that there is of the proposals made by Doig, et at.. in the mid-1970s that GB

general agreement on the final RRA microstructure but that two opp s ation c ols taC in te alloys tt

schools of thought exist on how it is obtained. Danh, et al.,3 propose

that the retrogression step promotes GP zone dissolution and -I'
nucleation within grains, whereas Park and Ardell92 favor matrix Transgranular SCC
nucleation of q and partial dissolution of -'. These differences may Despite the SCC of aluminum alloys being almost exclusively
arise because Park and Ardell used a higher retrogression temper- IG,1 

5,6 transgranular (TG) SCC is well documented.8 -7 .85 .98 
1"

2 It
ature (as suggested by Thompson, et at.9 ) or they may reflect occurs when factors such as grain shape/orientation, 9,10 1 crack-
microstructural differences in the initial plate material, which are tip strain rate,85 10° or local environmental conditions 85-'13 are
known to be markedly sensitive to commercial fabrication practice. unfavorable for IGSCC, and the severe loading requirements for
As yet, there is no general understanding of why the RRA micro- T(SCC may be established8 . ' 2 without the onset of overload
structure offers a high resistance to SOC. Cina and Ranish's" initial mechanical fracture. For example, albeit at very high stresses,
explanation of the improved SCC resistance was based on the TGSCC can occur in high-strength aluminum alloys: (1) across the
proposal of JacobsO5 that SCC is due to concentrations of disloca- fibrous grain structures often found in commercial plate and extru-
tions adjacent to undissolved MgZn, precipitates. The authors sions alloys, i.e., nonshort-transverse onentations that in general are
concluded that if the latter mechanism were operative, retrogression highly resistant to IGSCC;1°1cl" (2) in short-transverse precracked
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specimens of 7XXX-T73 alloys loaded at stress-intensity factors -196°C and room temperature. Their results confirmed the temper-
approaching Kc;104.109 or (3) in place of IGSCC if a critical crack-tip ature-dependent HE previously reported by Gest and Troiano," and
strain rate is exceeded and sufficient time is available prior to ductile demonstrated a microstructural sensitivity mirroring that known for
overload failure.8',1 The critical strain rate for the IG/TGSCC SCC; i.e., HE and SCC susceptibility decrease UA > PA >> OA,
transition is microstructure sensitive, increasing with an alloy's SCC despite the fact that in this work the principal fracture path is TG for
susceptibility and the aggressiveness of the environment/ HE, as opposed to IG for SCC. Albrecht, et al.,' 15 in a later study
pre-exposure conditions. obtained similar results using a commercially produced high-purity

7075 model alloy with Cr, Fe, and Si minimized and demonstrated
12 1 1 that the fracture path for the HE (as with SCC) is primariy IG when

12 7150 Zn M9 Cu grain structures are favorably oriented and the local hydrogen
HEPPLES ef at concentrations are sufficiently high. In this study, a test procedure
(1989) REF 81 *known as SET (straining electrode test) was introduced, in which
A- 7075 specimens were preloaded to about 70% of their yield stress ando RAO (1981| REF32 0, 0

then continuously plastically strained to up to 2% total plastic strain
2. i simultaneously cathodically charging with hydrogen at -2000 mVsc E

in a HCI environment with a pH of 1 prior to tensile testing in
5 laboratory air using a nominal .- 3.3 x 10-4/s. SET is an aggressive

gM g test for HE, often inducing greater embrittlement than static cathodic
C) charging (Figure 14), an effect that has been attributed to the

,-, involvement of dislocation transport of hydrogen' via solute atmo-
spheres being associated with mobile dislocations." 9"

1
2
1 In view of

,3 - this, Albrecht, et al., " 5 concluded that microstructural effects upon
the HE of AI-Zn-Mg-Cu alloys were accountable in terms of the

Cu relative planarity of dislocation motion, the strain for slip-band
2 I segregation, and the effects of local slip-band softening." 4 Further

I evidence in support of these proposals was offered by concurrent
Zn studies" 6 , ' 8 on commercially produced 7050-type alloys, AI-6Zn-

1. 3Mg-xCu, with and without copper. Here it was shown, as expected,
that UA (80% PA strength) alloys were highly susceptible to HE,

0 whereas the Cu-containing 7050 alloy when PA was highly resistant,1r I t !41

T6 T7X RRA unlike the copper-free version or 7075-type alloys,' 4-"5 which

ALLOY TEMPER contain lower levels of Cu than 7050. The explanation offered was
that matrix precipitates are sheared for 7050-UA, 7075-PA, and

FIGURE 12-Influence of alloy temper upon zinc, magnesium, AI-6Zn-3Mg-PA, '7 . 4 which is often associated with a poor resistance
and copper concentration at grain boundaries for two commer- to HE,' 23 whereas for 7050-PA, they are looped7 3'. 4 and thereby
cial AI-Zn-Mg-Cu allcys, 7075 (UNS A97075) and 7150. provide an improved HE resistance,1 22 i.e., the same argument as

Alloy composition in weight. % previously used for SCC resistance improving with aging.43.69 74

9'2 74 7.7 5.06.66-56.0 %Zn

1.2 0.9 1.8 2'9 14 22 2.1 %,Mg so HP-7075 Albrechtelat(1982)

t_ < Al-Zn-Mg Schmiede &
o , 3 0 Gruhl (1983)
Z o _11_REF. 54

-  1 0

00 ca
o *Zn ~20 D l

o o 0Mg

0 1 2

LIFETIME iN h AT 250N/mm2

FIGURE 13-Relationship between zinc and magnesium content X_"
of grain-boundary regions and time-to-fallure for AI-Zn-Mg
alloys with varying ZnIMg ratios in an aqueous saline solution.' h

FIGURE 14-Comparison of ductility of uncharged, precharged

and straining electrode test (SET) specimens for a high-purity
7075 (UNS A97075) analogue alloy In an underaged temper."15

Hydrogen embrittlement
The most comprehensive study of microstructural effects upon A detailed examination of the microstructural dependence of the

HE of aluminum alloys is provided by Bernstein, Thompson, and HE for the HP-7075 alloys previously used by Albrecht, et al.," t5 has
coworkers,' 4 .1'14-118 who over the past decade have conducted been recently presented by Nguyen, et al.' 'These authors conclude
systematic studies on Al-Zn-Mg-Cu alloys and have suggested that for high-strength aluminum alloys in general that (1) matrix precipi-
similar effects are operative for an Al-Cu-Mg alloy, 2124. 4 Initial tates exercise the most control over HE through their influence on slip
studies 1 4 examined the influence of temper [underaged (UA), peak planarity, (2) GB precipitates play a secondary role, probably via
aged (PA), and overaged (OA)J upon the susceptibility of a laboratory- hydrogen trapping providing localization of hydrogen and enhanced
re-aged, commercially produced 7075 plate material, cathodically IG embrittlement, and (3) the presence and size of PFZs are of minor
charged with hydrogen and fractured at temperatures between if any importance.
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On the basis of the data obtained (Figure 15), it appears that a (3) SCC fracture morphology is IG with crack growth kinetics
remarkably strong resistence to HE is obtained when the matrix controlled by the humidity level and independent of gas compo-
precipitate size exceeds around 9.3 nm, which compares favorably to sition (Figure 17).
the 8.5 nm quoted by Jacobs' 23 for high SCC resistance. (4) SCC is observed at sufficiently low humidity levels, e.g., below

30% relative humidity (RH), for condensation not to occur at
In the opinion of the reviewer, although the importance of matrix propagating crack tips and therefore eliminate the possibility of

precipitation for transgranular SCC and HE is undoubtable, the case anodic dissolution.
for matrix precipitation controlling the IG HE or SCC behavior is far
from proven. The conclusions of Bernstein, Thompson, and cowork-
ers are based upon observations for TG HE (IG HE in general being 4- At-2"9Li-l-lCu-0-11Zr
restricted to a maximum depth of a few grains). Plausible arguments

Efor GB precipitation controlling IG HE can be made. For instance, it E o UA
is interesting to note from the data of Nguyen, et al., given in Figure 40 0 PA + 6' reverted +CWQ
15 that a high resistance to HE occurs when GB precipitate sizes "e
exceed around 30 nm. This value has been quoted by several 0 PA
authors as a critical minimum size for good SCC resistance in 7075- C * PA + 6' reverted
type alloys, as used by Nguyen, et al. ' 

17 U
LD 30 - +UA T

The most convincing evidence for the importance of GB
precipitates during IGSCC is provided by Vasudevan, et al., 124

,
125  

L 25 -
who have manipulated the microstructures of Al-Li-Cu-Zr alloys using <
reversion and re-aging to provide microstructures maintaining PA ,J (
GBs while varying the matrix structure. The SCC growth data for 20 (1987) Ref. 125
microstructures with PA GBs and an UA matrix closely resemble that -J
of the PA rather than the UA material (Figure 16). This important <roebservation ipnryquestionsinthe importance of matrix precipitation and the >UJ 05J / / ' '" .. -..

role of slip planarity during SOC. 2: l

50 I I Z10 0
NGUYEN el al (1987)

HP 7075
,0 REE 117

00 20 40 60 80 100
30 - EXPOSURE TIME (days)

FIGURE 16-Variation in crack growth with exposure time for an
C under-, peak-, and peak-aged + reverted AI-2.9Li-1.1Cu-0.11Zr
Z 20 - alloy exposed to drip-fed 3.5% NaCl aqueous solution. 25

2 I~ Graint Matrix Boundary
U.) 7075 -T651

K= 19MNn63/2

23-C, HUMID AIR
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PRECIPITATE SIZE(nm) 10
FIGURE 15-Ductility loss as a function of precipitate size, both 0In matrix and at grain boundaries."'7  

-

Clearly, more study is needed to clarify the role of microstruc- >
ture during SCC and HE. It is interesting to note, however, that the v
dependence shows many similarities, a point that will be returned to < -10
in a later section. 10

SPEIDEL (1972)
Environmental Aspects REF. 3

Almost all published SCC data for aluminum alloys (2XXX,
5XXX, 7XXX, and Al-Li-based alloys) involves cracking in aqueous 10-11 1 1
saline environments. Some data is available for 7XXX series alloys 0.1 1.0 10 100
in (1) various gases, s .6 (2) aqueous environments containing halide 'I i U
anions other than chloride1.35

.
6.126 or nonhalide anions,3 5. . 12

&'
13 1  RELATI HUMIDITY

and (3) nonaqueous organic environments.3 .5.,1 32  FIGURE 17-Effect of humidity upon Region 2 SCC crack
growth rate In an Al-Zn-Mg-Cu alloy, 7075-T651. 3

Gaseous environments On the basis of the above, Speide 3 argues that a HE mecha-
The influence of gaseous environments upon the SCC of nism must control the SC of 7XXX alloys in moist, gaseous

Al-Zn-Mg(-Cu) alloys is summarized by Speidel as follows:3  atmospheres.
(1) SCC neither initiates nor propagates in dry gases. SCC in moist environments has not been reported for 7090 or
(2) SCC initiates almost immediatel in wet gases when precracked 7091 rapidly solidified powder alloys or ingot metallurgy k1/M) alloys

specimens are subjected to stress intensity factors approaching other than 7XXX series, altho-yn 6XXX series alloys (Al-Mg-Si) are
K,e. known to be potentially susceptible to nonenvironment-sensitive slow
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crack growth (SCG) when loaded to stress-intensity factors approach- 10- 5
ing Kc.11 Further work is warranted to confirm these observations07079-T651
and to establish whether 7XXX series IJM alloys alone are suscep- 7 -

tible to SCC in moist environments. SPEIDEL (1975)
The inability of dry hydrogen to promote nucleation and growth 6 REE 5

of subcritical SCG in high-strength aluminum alloys has been used in 10
the past as an argument against HE being a potential SCC
mechanism. More recent work, however, now has demonstrated that (0

this observation results from hydrogen-entry problems, as embrittle- 7039-T6

ment has been promoted in dry hydrogen when (1) ionization occurs, - 7017-T651( *)
e.g., during electrical discharge' 0 5 or in the electron beam of a 7-.*

high-voltage electron microscope, 133 and (2) very. high gas pres- 7075-T651,7178-T651
sures, e.g., 300 atmospheres, are combined with dynamic loading - 8
close to overload.1 C

Aqueous environments
Halide solutions. Published information on the influence of 9 7049-T73

environmental parameters, such as solution composition, pH, tem- <
perature, viscosity, etc., and electrochemical potential, on SCC in 70 "0-T=-6
halide solutions is limited, almost exclusively, to that available for 7075-T7351
7XXX series alloys. Until a few years ago, all of the available 10j 1 0
information was based upon bulk solution conditions, despite it ) DCB, 31/2% NaCI
having being well known for the last twenty years that local Al, 23°C
environmental conditions within cracks generally differ significantly A WATE
from bulk conditions." 3 The issue of bulk vs local environmental 1 SEA WATER
conditions will be returned to in a later section. Meanwhile, environ- (Hotroyd & Hardie
mental effects will be discussed in terms of bulk conditions. REE 108)

SpeidelP" and Speidel and Hyatt6 have presented a wealth of - 12_
data in the form of SCC crack velocity-stress-intensity factor curves. 10
Unfortunately, most of this data is for 7079-T651 and is unlikely to be 0 5 10 15 20 25 30
truly representative of 7XXX series alloys. SCC crack growth rates for b STRESS INTENSITY FACTORK(MN
7079-T651 (1) are higher than for other 7XXX series alloys and (2) in

0 5 M sodium chloride are at least two orders of magnitude higher FIGURE 18-Stress corrosion crack growth rates in distilled
than those in distilled water (for other 7XXX series alloys the increase water and aqueous sodium chloride solutions for commercial
is less than an order of magnitude) (Figure 18). AI-Zn-Mg-Cu alloys; (a) comparison between crack growth rates

in distilled water and saturated sodium chloride (note 7075-T651
shows a significantly smaller difference, more typical of 7XXX
series alloys); and (b) crack growth rates in 3.5% NaCl for a

10- 4 1 1 1 range of commercial 7XXX series alloys.

7079-T651 Solution composition-SpeideP has proposed that the pres-

, Sat. NaCI ence of cations other than Hg2 * and H+, e.g., Li4 , Na+ , K+, Rb+,

(2 Al3 , and NH+ , have little or no specific effect upon the SCC growth
10 kinetics for 7XXX series alloys in neutral aqueous chloride solutions

other than their influence upon solubility products and possible
0 limitation on local concentration of specific ions.6 Availability of Hg2+

-6 0 presumably leads to the deposition of liquid mercury and the
0 10 possibility of rapid cracking via liquid metal embrittlement. Similar

S arguments can be made for metallic ions of other low-melting-point
elements that also tend to activate aluminum surfaces, e.g., Ga, In,

> 7 7079- T651 Sn, and Pb.' 36 The influence of H+ ions will be discussed below in-7 ;Distitted Water-
10 the section on solution pH effects.

o 0 , (7 tests) A quantitative study of the SCC of 7XXX series alloys in
U.J 7075-T651 aqueous solutions containing different halide ions is not available.

0 Sat, NaC[ From data given by Speidel and Hyatt6 and Speidel3 for 7079-T651,
1 (14 tests) the following can be concluded: (1) F- and the pseudo-halide ion

tj . ' - 1SCN- do not accelerate SCC like other halide ions and that F- can
act as an inhibitor, and (2) on the basis of the limited data available,

. 0 DistilLed Water SCc crack growth rates increase with increasing halide ion concen-

,j 100 (7 tests) tration above around 1 0- M and are not significantly different in Cl-,

')J  D0ata. from Br-, and I- solutions of given anion concentration (Figures 19 and

Speidel & Hyatt (1972)REF 6 20). The extent to which the above is valid for 7XXX series alloys in

10-10  SpeideL (1975) REE 5 general is debatable. The marked increase in Region 2 SCC growth
(All tests at 23% & fpc) rates reported for 7079-T651 in halide solutions6 has not been

observed for 7075.T651 in chloride solutions. For example, for a
concentration increase 10-3 to 1 M sodium chloride, Le, et al.,' 27 and

101 I I deJong' '1 report that ciack growth rates for 7075-T651 increase by
0 5 10 15 20 25 30 less than an order of magnitude, whereas for 7079-T651 in potas-

S-3/2) sium iodide solutions, Speidel and Hyatt6 observed an increase of
aSTRESS INTEN SITY ( Nm 32three orders of magnitude (Figures 19 and 20). (Although deJong, 37
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like others. 04.1 8140 failed to detect Region 2 SOC plateaux, his SOC
crack vc6.-ity dita for 7075-T651 are consistent with the plateaux -7 7075-T651 oq, NoCI, 18C
data of Le et al., 127 when assessed for stress-intensity factors 10 pH 6"2-6-8
assocdated with Region 2, Figure 20.) DCB K

(MNm 3/2)

10-3 i i i 22
SPEIDEL & HYATT 7079 -T651 20

(1975) 230C, fcp o0 16

10 > 1T 14

Environment 81-S * 3.4m KCI REF

0- 
A 3,8m KBrj0- 5 "0 11 K I !

> 5"oM KI RE Data from
10 - 3"4M 1<1 6 Speidel (1972) deJong (1982)
1 1 REF.3 REE 137

S-10 , 
10 DITL LD 6-2

S 10
- 7 

WA R 10-1 1

scotterband for 7 b SODIUM CHLORIDE CONCENTRATION (M)

0 tests in distilled H20 FIGURE 20-Stress corrosion crack velocities for 7XXx series
alloys in aqueous solutions containing chloride and Iodide Ions;

W 0- 8 (a) Region 2 SCC plateau velocities for various alloys and (b)

) 1SCC crack growth rates as a function of sodium chlorlde
VC concentration for a range of stress-Intensity factors.

Detailed study of the influence of chloride ion concentration
-9 upon SCC initiation has not been reported. Available test data from

10 smooth specimens involving SCC initiation and propagation suggest
that increasing sodium chloride concentrations above 0.5 M (3 wt%)
has little effect upon whether or not SCC crack initiation occurs.

1610 Crack propagation data, on the other hand, show that chloride
0 5 10 15 20 25 30 additions up to around 0.1 M have a minimal effect upon SCC growth

STRES INENSIY FCTOR K (~ff /2) rates, whereas rates increase with further additions up to about1M
STRESS INTENSITY FACTOR. K (Nm 3/2) chloride (Figure 20). Le, et al., 127 noted that maximum crack growth

rates for 7075-T651 occur for sodium chloride concentrations of
FIGURE 19-Stress corrosion crack velocities as a funtion of around 1 M and suggested that this is probably associated with
stress-Intensity factor for 7079-T651 In distilled water and dissolved oxygen levels, which peak at similar chloride concentra-
various aqueous halide Ion solutions. tions.

Additions of aqueous nonhalide anions to saline solutions can
promote synergistic effects upon the SCC of aluminum alloys. These
will be discussed in a later section.

y Solution pH- There is general agreement that the occurrence
-3 of SCC in high-strength aluminum is reduced as saline solutions

Region 2 SCC Crock Velocity become more alkaline.' 6 Constant-load SCC testing was used in the
Oa from Speidel & Hyolt (1972 early studies of solution pH effects on the SCC of 7075-T651 in

1 R- 4 .nd Spe6deI 1972,tIS) sodium chloride solutions. The results obtained suggested that SCC

tunless stated otherw sel performance improves gradually w;th increasing bulk solution pHs up
(unle s s to 10, and then improves significantly at higher pHs (Figure 21).'41 In

contrast, more recent data for 7075-T651 subjected to slow-strain-

-6 _I7,-!,-,z,:7 VT'rate testing'142 In 30.% NaCl suggest that SOC susceptibility increases
significantly for pHs below 4 (Figure 21),143

4-Q \., % Examination of the crack propagation data reveals that crack
initiation and the development of local environments within cracks

X-7 / must influence the above trends. deJong's data for 7075-T651
T ' suggest that crack growth rates increase logarithmically with bulk
j4 :.-- -  solution pH changes either side of 7 and that a discontinuity exists

-1 somewhere between pH 10 and 12 (Figure 22).17 Further work is
rneeded to establish whether these observations can be related to the

stability of aluminum corrosion products such as AI(OH)3, A1203-
0i9 *i I xH20, AI(OH),(Cl), etc. (Figure 22).0" " - - = -, -

= 
-

.

tt AD~2 O'it(T18)IOIF US HP Ai'Zi-,ig A A In contrast to that reported by doJong for 7075-T651, Speidel

-10 tK-16.N2' 107S a a and Hyatt6 did not observe any influence of bulk solution pH (pH 0 to
10 L _ I I 1 11) upon Region 2 crack growth rates for either 7079-T651 inS M KI

w A-1 
"  

" 0 t 0(-700 mVscE) or a high-purity AI-7Zn-3Mg alloy in 3.5% NaCI ata HALIO ION CONCENTRATION IM) room temperature. This probably reflects the very high SCC suscep-
tibility of the alloys used by Speidel and Hyatt.

EICM Proceedings 321



30 , Solution temperature-The influence of temperature upon SCC
7075-T6 McHardy & Hohllngworth has been assessed by several researchers in attempts to identify
e NaCI (1966) REF 141, rate-controllig processes.3 .

5'6"137 '144 "150

o NaCI +AICI 3  • In the early 1960s, Gruhl'45 reported that constant-load SCC
(Constant Load) tests, in a saline solution at temperatures in the range 25 to 700C for
Q scc 7 5%y a commercial AI-5Zn-3Mg sheet alloy in a highly SCC sensitive

- 20 condition, yielded straight-line plots of applied stress against speci-
men life. Helfrich' 47 obtained similar experimental results in 1 M NaCI
for short-transverse C-ring specimens from 7039-T64 plate (Figure
23) and calculated activation energies and activation volumes using
an approach developed by Hillig and Charles' s' that assumes SCC
is a thermally activated process in which the rate of activation is

U 10 dependent upon the local state of stress at or near the reaction
boundary. Helfrich concluded that IGSCC of 7039 is a stress-
activated and thermally activated process with the rate-determining

o " step (RDS) involving anodic dissolution of GB MgZn2 precipitates
o 0 rather than a transport phenomenon such as diffusion of species to
o, 0 active GBs. He also suggested that factors such as minimum spacing

0 f I I I of GB precipitates, low GB ductility, and a high yield stress would aid
0 2 4 6 8 10 12 14 the mechanical aspect of SCC crack propagation.

a BULK SOLUTION, pH

400-
1- 0 -de Jorg(90) -HELFRICH (1967)REF 147

1dEFg 13 - 7039-T64

0-9 '
1/  300 0 * C- RINGS. IN NoCI0"9 - 300-

C.. U
o. o14 30 (Te sfT

0 08 C,)U 100 80 60 40 30 (Test Temperature)
m200 o

S0"7 -7075-T6510

Slow' Strain Rate 100b" ~ ~ ~ ( 06 ('3 x 0-8/s). 0
3% NoCl, 25t <-

0-5 * ST0
0-& LT 1 10 102 103 104 105  106

0.41 , - I = I I I IMEDIAN FAILURE TIME (rin.)
0 2 4 6 8 10 12b BULK SOLUTION pH FIGURE 23-Effect of applied stress at constant temperature on

failure time for constant strain SCC tests on 7039-T64 in 1 M
FIGURE 21 -Influence of bulk solution pH on (a) failure times for NaCl. (Copyright ASTM. Reprinted with permission, 147)
constant tests on 7075-T651 In, a saline solution '4 and (b)
failure stress ratio after slow-strain-rate testing In 3% NaCI.,'43  Apparent activation energies (E) for 7XXX series alloys,

**.- calculated using time-to-failure data from SCC tests on smooth

707S -T6S1 31/2% NaCI 300C. OCB specimens tested in saline environments, are generally in the range

de JONG (1982) REF 137 58 to 86 J/rnole, with values depending on the SCC test method and
e 6907stress ievel, in addition to alloy microstructure/composition and the

100 27 - test environment. Speidel and Hyatt suggest that the E, values
- - 2' calculated from time-to-failure test data for smooth specimens will

S ""\ ~ , . i 2 integrate Region 1 and Region 2 SCC behavior, with a bias toward

"" 1 / - 4 " " that for Region 1, since these conditions generally prevail during>.-- • " k,/ '' /+ most of the specimen life in these tests,6 Data quoted by Helfrich '4

. -6 + and Romans and Craig' '8 is in qualitative agreement with Speidel
j andHyatt's proposal in that E, values are in the range 16 to 114

£j 6kJlmole (see below), and they Increase with decreasing initial load-- -I -"" A A ° andlor the stiffness of the test-method loading system (Figure 24);

< - A8 '2 -10 i.e., Ea values increase as the Region 1 component increases.

Speidel and Hyatt reported that the activation energy (E.) for
A . SCC crack growth in 7079-T651 in 3 M potassium iodide under

conditions of anodic polarization depends upon the operating stress-
intensity factor (K): E, - 113 kJ/mole for K values in Region 1

KIMN6 312) (stress-dependent region) and E. - 16 kJ/mole for Region 2
a (stress-independnt region) (Figure 25).6 Although most of their
12 reported experimental data at temperatures above 250C involved
16 potassium iodide and anodic polarization, the above E, values were

1- 9 also attributed to chloride solutions under free-corrosion conditions.
2 4 6 8 10 12 On the basis of the above, Speidel and Hyatt propose that the

BULK SOLUTION. pl rate-controlling step (RDS) during SCC crack propagation in 7079-
FIGURE 22-Crack growth rates as a function of bulk solution T651 in aqueous halide solutions involves a chemical process in
pH for 7075-T651 suffering SCC In 3.5% NaCI at various Region 1 and a mass transport process in Region 2. To explain why
stress-Intensity factors. SCC crack propagation in Region 2 for 7039-T61 in 5 M potassium
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iodide at the free-corrosion potential (FCP) has an apparent Ea of 85 I 1 I 1 I
kJ/mole and is contrary to the above, Speidel and Hyatt argue that 7039-T64 Speidel & Hyatt
SCC crack propagation for 7039-T61, unlike 7079-T651, can display
two Region 2 crack velocity plateaux (Figure 26),6 with the lower one 0 -700 mV I SCE )
being equivalent to SCC in distilled water and having an apparent Ea
of - 85 kJ/mole (chloride-independent) and the higher one, existing
at greater K values, being chloride-dependent with an apparent Ea of V) -5 0

16 kJ/mole, similar to that found for 7079-T651 in Region 2. E 10 -

- 6 0 70°C
0- -

10 23°C
90 , 7039-T64 C

C-RING 1M NaCtSpH u6 > 0-71
Data from

a 0 
Crck velocity in

z 70 AI-4Zn-2'SMg(-Cr-Mn) *. 10- 9  distilled water 230C

_o 3/2% Na-
> Data from ROt'ANS &.CRAIG(1967) REE 148(19

. -Ring REE 1 4
" Constant Strain o00

0: Constant Load STRESS INTENSITY FACTOR, K ( i- 3/2

a-

ZFIGURE 
26-Stress corrosion crack velocity as a function of

0 stress-Intensity factor for 7039-"64 in distilled water at the FCP

I ! iand under anodc polarization in an aqueous,5 M potassium
0 100 200 300 400 iodide solution,8STRESS (3Nm-%3 2)

FIGURE 24-Apparent activation energies for 7039-T64 suffer- Whether the above proposals are approprate for the SOO of

ing SOC in 3% NaCI under various loading conditions, commercial 7XXX series alloys in saline solutions at the FOP is

debatable. An alternative explanation for the E8 for 7039-T61 Region
2 S0C being too high to fit Speidel and Hyatt's proposal can be made
if the low Ea values quoted above for Region 2 behavior, i.e., 16

kJ/mole, exist only when highly susceptible alloys such as 7079-T651
and 7039-T6X are subjected to sufficient anodic polarization. (Note

10 - ' that all Speidel and Hyatt's6 and Speidel's3 .s reported low E0 values

PLATEAU REION II were obtained using the above alloys or a high-purity AI-7Zn-3Mg

10- is possible that it is the low Ea values that are unusual. Published E0

~values from other authors favor this proposition, for example:
t 1 - 6  (1) All available E, values for the commercial alloy 7075-T651 in

t- 0 0 -R n 10

saline solutions at temperatures below 40 exceed 25 kJ/mole

>. (E8 values with anodic polarization are not available);
S1-7 STRESS OEPDENT _(2)An Ea of 103 kJ/mole has been quoted by Landkof and

01

uJ 0-8 8 E0 -11f. kJ/MCtE chromate-inhibited saline environment; and

< FIUREP tha and rroasi"ot cra valuety s o fu09 tio26an

50 - strs-109 y 8 kJ/mole for 70 0 initiation in distilled water and a

>~~~~n 10u-13aner and porztons quot a aues, o t 0 asiu

9 chromate inhibited 3.5% NaOl solution respectively, for a slightly

510- overaged high-purity AI.6.3Zn-2.6Mg alloy.
Apparent E eralues calculated from the 5C0 crack growth data

'-' -10 Speidel & HYadt recently Aeported by deJong t37 for freely corroding 7075-T651 in a

~ 10 (1972) REi 6 rang of saline solutions are given in Figure 27 as a function of bulk

.1 "/0'a9-T6S1 solution pH and applied stressintensity factor (K). deJong did not

10 Aq. 3MKI observe 0SC crack growth rate plateaux, and the callurated Ea

-700 mU (SCE) values are insensitive to K for the range 8 to 20 MNma s. The most

1. Ea -16striking observation from deJong's results is that the E values for

1 spsolution temperatures above and below about 40 0 fall into two sets:
26 2"8 3"0 32 34 3'6 38 Ea values 55 to 80 kJ/mole for temperatures 40 to 5500 and E

RECIPROCAL TEMPERATURE x 1(1( )1 ) values 27 to 47 kJlmole for temperatures 25 to 4000 (Figure 27). The

transition temperature of around 4000 is insensitive to solution pH (2

FIGURE 25-Apparent activation energles for thermally act- to 10) and decreases slightly with increasing K, i.e., 40"C and
vated SCC crack growth under anodlc polarization fr 7079- 3200 for K values of 8 and 16, respectively (rgure 28). Because

T651 In an aqueous 3 M potassium iodide solution, a change in 00 performance at temperatures around 40°0 is a
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common experience, it is tempting to speculate that this behavior is kJ'mole), (2) creep-deformation processes controlled by cross slip
associated with surface filming characteristics, which also change (103 to 117 kJ/mole 6 4), and (3) the diffusion of hydrogen in the
significantly at temperatures around 40°C. ' 52 aluminum lattice (- 90 kJ/molelss). E, values of around 50 kJ/mole

have been quoted for (a) anodic dissolution,156 (b) grain-boundary.
II sliding' 0

,
1 5 7 and diffusion, ' - 5 8 (c) creep-deformation processes

7075-T651 OCB SCC, 31/2% NaCI controlled by intersection of dislocations,159 (d) escape of disloca-
Ea Calculated using SCC Crock tions from segregated atmospheres,'6 and (e) segregated yielding

90 Velocities from de JONG (1982)REE 137 in Al-Mg alloys.16'

8- In summary, the RDS during SCC of 7XXX series alloys awaits
-- -2-7 - identification. Based on the evidence available, it is unlikely that the

0 T< diffusion of species with aqueous environments controls SCC
.. 7 /T p initiation or propagation other than under conditions of anodic

60 . I polarization.
.Z - Electrochemical potential-Under appropriate anodic polariza-

>.0 tion conditions, all medium- and high-strength aluminum alloys can

, A52 Asuffer SCC. Even commercial 6XXX series alloys (Al-Mg-Si) are
ZPH susceptible,Iez.1 3 although no failures have been attributed to SCC
z T >400C 4 in more than 30 years of service experience, and cracking in the

laboratory under freely corroding conditions only occurs for uncon-
30 - ventional heat treatments.' As with solution composition, pH, and

20-pH Temp. 0C temperature, the available published data on the influence of

" 20 4 4 25-30 OPEN electrochemical potential are almost exclusively limited to those

A 2 40-55 SOLID available for 7XXX series alloys in halide solutions.
10 Speidel claims to have quantitatively investigated the effect of

electrochemical potential upon SCC crack growth rates.3 Typical
0 crack velocity-stress-intensity factor (cv-K) curves for 7XXX series

alloys in haide solutions is given in Figure 29. These data imply for
8 10 12 14 16 18 20 a given K, a crack velocity in Region 1 decreases as anodic

STRESS INTENSITY FACTOR, K (mN if 3/2) polarization decreases, while a Region 2 crack velocity remains

FIGURE 27-Apparent activation energies for 7075-T651 suffer- constant at high levels of anodic polarization but oecreases with
ing SCC at various stress-intensity factors In an aqueous 3.5% decreasing potential below a critical value, with mild cathodic
NaCl solution. polarization promoting crack growth rate retardation compared to

SCC in distilled water at the FCP.

de JONG (1982) 7075- T6, As with other environmental parameters assessed by Speidel3 .5

REF 137 31/2% NoCI and Speidel and Hyatt5 using cv-K curves, most of the reported data

0-7 OC for electrochemical effects involve either 7079-T651 or a high-purity
AI-Zn-Mg alloy in potassium iodide solutions. Limited data are
available for these alloys in other halide ion solutions (SCC potency
increases in the order F- < CI- < I-, Figure 30) and for 7075-T651
in a potassium iodide solution (Figure 29). Comparison of the data for
7075-T651 with that for 7079-T651 or the AI-7Zn-3Mg alloy once

UJ more demonstrates that the latter two alloys differ significantly from

7075-T651 and so do not provide characteristic behavior for 7XXX
series alloys.

? 10 A major problem restricting interpretation of electrochemical
°

StnpH K(t, Nr- 3/2) potential effects upon SCC crack growth using the above data is that
external electrode potential (i.e., potentials for DCB surfaces away

o. 4 solid 81from the crack) will only equal the crack-tip potential for potentials, 'n •close to the FCP. Edwards measured electrode potentials within
o 1growing SCC cracks for 7075-T651 immersed in aqueous sodium

chloride and potassium iodide solutions and published the relation-

550C) (500C) (400C) (300C1125tC ships he obtained between impressed external potential and those
-9 _developed within a SCC crack (Figure 31).164 The data confirmed the

earlier work of DavisiM that external anodic or cathodic polarization
3.0 3.1 3-2 3 3 becomes increasingly less influential upon crack-tip potcntials as

RECIPROCAL TEMPERATURE x 10 (K"1 ) external potentials move away from the FCP, with limiting crack-tip

FIGURE 28-Arrhenius plots using SCC crack growth rates for putentials being 100 mV anodic and 300 mV atriodit t.i thu F%P.
7075-T651 In 3 NaCI at various temperatures and solution pHs. Eawards'" ' suggests that Speidel's" '  and Speidei ana iyatt s' data
(Note- Implied activation energies are not strongly Influenced by cait be corrected to allow fur the potential-drop efle,;ts, and whien
stress-Intensity factors being in Region 1 or Region 2.) adjusted, their data show good agreement with his own experimental

data (Figure 32).
The dangers of attaching mechanistic significan,.e to apparent The implication of the above is that the crack velocity plateaux

activation energies are clear Even when all exper:jiental variables shuwn in Figures 29 and 30 with SCC growth rates unde ircreasing
are removed (which is not always readily achieved) and apparent Ea eAternal anodic polarization are nothing more than iaOK gowtn tates
values may be taken as actual E, values, it must be remembered that at thd limiting potentials attainable at the crack tip. it, uppun ul this
several processes can have similar activation energies, and there- proposal, it is interesting to note for 7075-T651 in putabbiuri iudide
fore generally only when strong independent evidence is available that the potential k 550 mVscE6 below which Speidec ' luund Region
can a specific process be confidently selected. For example. E. 2 SCC crack velocities started to decrease with detreasing anodic
values of around 100 kJ.'mole have been reported for (1) the anodic polarization corresponds to the limiting potentiai reported by
dissolution of aluminum alloys in aqueous solutions, 80 to 100 Edwards"' (compare Figures 29 and 31). Other authors," including
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the reviewer,85 .86 in the past have ignored potential drops when they 10- 2

are undoubtedly involved; 7075 -T651 SPEIOEL (1972)
The influence of'crack-tip potential on SCC is complex. Some 5M KI pH,6 REF. 3

researchers have used the observations that mild cathodic polariza- -3 3/2
tion retards SCC initiation and propagation rates in saline environ- 10 REGION 2 K'x_16-18MNr2

ments, while anodic polarization accelerates SCC to conclude or
prove"'66 that HE is not responsible for SCC of 7XXX series alloys in

_5 -4
saline environments. The arguments presented do not exclude HE, >.10
and other experimental evidence, such as that provided by Ohnishi
and Nakatani,167 clearly demonstrates that hydrogen entry can be -

enhanced by anodic polarization. These issues will be returned to in -5-
a later section. 10

i i I i i I

7079-T651 SPEIDEL (1972) - -6 /
REE3 1 /

-5 o / Pitting Potential
10 144t4-:

V)

__ s.HN (n1-6 Potential vs /

0 - 350 7079-T651 Open Circuit Potential

o- From FI. 29b>o0 7 - 550 .

10 0000- #- 635(open 109  I- -- o -0650 circuit!09 I
< - i-1-0 -0-8 - 06 - 04 -0"2 0"0 0"2

: -740
/ 10  -800 C ELECTROCHEMICAL POTENTIAL(VOLTS Vs. EH2/H+)

o 10 / 0-850
V)0 -900 FIGURE 29-(a) The effect of Imposed electrochemical potential
o '--Distilled Water '-950 and stress-Intensity factor upon SCC crack growth rates for

10 Water - 1000 7079-T651 in an aqueous 5 M potassium Iodide solution; (b) data
from (a) replotted as a function of electrochemical potential (see
text for potential-drop effects) and (c) comparison of SCC data

U, for 7079-T651 ant' 7075-T651 as a function of electrochemical
--10010 7079-T651 potential.

SM KI.pHn,6
230C I

At-7Zn-3Mg Speidel & Hyatt(1972)
0 5 10 15 20 25 30 10-3 Under Aged REF 6

a STRESS INTENSITY FACTOR. K (MNn - 3/2)

.~-4
1- 10

10 0059o

7079-T651 SPEIDEL (1972) > 10
SM KI.pH'u6 REF 3

-310 0 Region 2 (K- 14-16MNrr- 3/2) 106
<- Region 1 (K- 6-6Nm-/2)

4 10-4t1 5 M H I

Li10
0 100 o5 KI
...a a 0'6M KCI

> &SM KFlo-s  o -o-
8  ,

1 -2,000 -1.600 -1,200 -800 -400 0 +400

-6 ELECTROCHEHICAL POTENTIAL mV (SCE)
0o -6
V 10 FIGURE 30-Effect of Imposed electrochemical potential on

SCC crack growth rates for an underaged high-purity AI-7Zn-
3Mg alloy In various aqueous halide Ion solutions.,

8 7
10S10Solution viscosity-Published information on the influence of

c solution viscosity upon SCG is very limited. Speide -5 and Speidel
IN () Region 1 and Hyatt6 provide cv-K data for 7079-T651 in a 2 M potassium

10 Extropolaled iodide solution doped with various levels of glycerol to generate a
range of solution viscosities (Figure 33). SCC crack growth involved
an impressed external anodic potential of about 200 mV, and so the

0-9 I I t quoted linear relationship between Region 2 SCC crack growth rate
-1,2 -1-0 -0.8 -0-6 - 0,4 -02 and the reciprocal of solution viscosity probably reflects that SCC is

b ELECTROCHEMICAL POTENTIAL (VOLTS Vs E H2 A 'I under diffusion control for the specific test conditions investigated.
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It has been reported that local conditions within SCC cracks are anions other than halides, such as perchlorate, carbonate, and
highly viscous, even for dilute bulk solution conditions, and so benzoate, can markedly increase SCC crack growth rates for
generally differ significantly from bulk solution conditions or freshly 7075-T631 in aqueous solutions. This apparent contradiction prob-
made-up simulated crack-tip solutions. 168 Further work is needed to ably reflects the difference between 7079-T651 and 7075-T651
establish the influence of solution viscosity upon SCC of aluminum highlighted previously, and suggests that it is prudent to assume for
alloys. 7XXX series in general that anions other than halides may potentially

,, accelerat SCC crack growth rates relative to those in distilled water.
S -600 ' I ' , ' J ' I , t

7075-T651 EDWARDS (1985) 1 / 1 1 1
0"6M NaCI REF 164 STAGE 2 SCC 7079-T651

> K,,18-21MNnF 3/2 / E K'01-15MI3/2 2M K+Glycerol
-800 230C

- 10

oF._

Uj

CD -1000 -/>

/ ~.=10

< 1200 -U

-1400 -1200 -1000 -800 -60C " 10 - s(ope -1*
EXTERNAL POTENTIAL mV (SCE)

FIGURE 31 -Crack-tip electrode potential measured as a func-
tion of externally applied potential for 7075-T651 in a 3% NaCI Li -8
bulk solution 1 64  

Li 1 0bulk__solution._10_Speidet 
(1972)

10-  I REF 3
7075-T651 EDWARDS (1985)
5M K1. plH-,6 REF 164 10- I

10 5 -K'1 16-21 MNm 3/2 1 10 100 1,000
E VISCOSITY(centipoise)
- FIGURE 33-Effect of solution viscosity on Region 2 SCC crack

-6 velocity plateaux for 7079-T651 under anodic polarization in an
oD 10

03 aqueous 2 M potassium iodide solution.3:>

Lt-7 oa from A NoCt1 0 -10 B NAN 3

LX HUNTER el ao (1967)_5 C No2CrO4
EDWARDS Ref. 126 and 169 0 N02SO40-8
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~~~REFS6 . .
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FIGURE 32-Region 2 crack growth rate as a function of 30Immersion
electrochemical potential of the crack tip calculated taking Into 0 , "5%uy
account potential-drop effects, 1 6 4  
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Nonhallde solutions. Prior to the early 1980s, SCC data in 10 ? ? ? ? ?
nonhalide environments was scarce. Data quoed in the review
articles by Sprowls and Brown in 19691 and Speidel and Hyatt in 0 A CD i i LLL.L ...LL.LL
19726 are limited to that published by Hunter '26 '69 in the late 1960s. 7039 -T651 2219-T37 2219-187 7075-T651 7075-T73
These data, reproduced in Figure 34, indicate the SCC initiation FIGURE 34-SCC test data for smooth tensile specimen of
propensity for the alloys 2219,7039, and 7075 in a range of aqueous various aluminum alloys In a range of aqueous
environments of sodium salts. 7039-T63 suffered SCC in all of the environments.261 69

solutions used, Cl, Br-, I-, F-, NO., and CrOZ 169 and prompted
Sprowls and Brown' to speculate whether 7039-T63 would resist Le and Foley 28 statistically assessed the reliability of SCC
SCC in any aqueous environment. 7075-T651, although generally crack propagation data from DCB SCC testing and reported that their
more resistant than 7039.T63, eventually cracked in all the data for a given alloy heat of 7075 T651 generally were reproducible
environments,1 26 whereas 7075-17351 and 2219-T87 showed no to about 5 to 109. at a 90% confidence level (6 7% and 8 C. for tests
signs of SCC initiation during the test period adopted. in 1 N NaCl and 1 N NaCIO, solutions, respectively). On the basis of

During the 1970s, Speidel3 ' and Spe:del and Hyatt e published ther data, it was suggested that sodium perchlorate solutions :hUld
cv-K data for 7079-T651 in various aqueous environments and be considered for use as standard test environments for SCC testing
reported that, for the anions assessed, only Cl , Br , and I as, insofar as it is known, perchlorate ions do not form complexes
ac-.elerated SCC growth rates above the scatter band found for SCC with aluminum and thus should yield a test environment minimizing
in distilled water, irrespective of alloy temper or imposed electro- specific ion effects while providing a high conductivity and low
chemical conditions 3 More recent work by Le, et al.,' 2 7 indicates that chemical reactivity.
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SCC crack growth rates quoted by Foley and coworkers '1 1: region for 7XXX series alloys when the surface condition of the
for 7075-T651 in aqueous sulfate, nitrate, chloride, and perchlorate shavings is similar to the "oxide" composition of crack walls close to
solutions of sodium salts are reproduced in Figure 35. Growth rates crack tips.'8 Evidence for this proposal is given by the observed
increase in the order SO;- < NO < ClO" < Cl- for SCC at the FCP pH-time behavior when shavings, prior to exposure to a limited
or under anodic polarization, whereas the order is reversed for SCC volume of a neutral 3.5% NaCI solution, are given a short "wash" in
under cathodic polarization, with significant SCC being promoted in dilute sodium hydroxide to replace the "as-machined" oxide layer
both S04= and NO3 solutions. Foley and coworkers129"131 also with one formed in an aqueous environment. In this case, unlike that
assessed the local environmental conditions developed within SCC when shavings are only degreased, as for example in the previous
cracks during crack growth in 7075-T651 in these aqueous environ- studies,' 70", 7

1 solution pHs become acidic and approach values
ments; this work will be discussed in the next section. quoted for SCC cracks. (Figure 37).'6

7075-T651 D
Doe from "Holroyd et 0(1987)

E DCB 777 Le & Foley(19831. REF 168 ,,-- -'.------- --

L=Z Ref, 1288
S X x Leetlatl(B)

< Ref.127 "

" - * Nguyen et el(1982)"
Ref. 130 6

=2) ,- Sedriks efl I(1971)REE 170

_J10"  2 . .

3 7475- T651
S'SHAVINGS'

v 2 > 3% NC I

( )No. of Tests 4

To I

UJ0 0'5 1'0 11'5 2'Lt 0 40 6 10
_0-9  1 1 1 TIME (hours)

1M 0.SM 1M 0.SH 1M FIGURE 36-Solution pH as a function of time for 7475 shavings
NaCt NoCI04 Na N03 No2S04 NaC00CH3  exposed to 3% NaCI solutions with various critical pH values.

TEST ENVIRONMENT I 1 0 1
FIGURE 35-Regon 2 SCC crack velocity data for 7075-T651 In 9 DEGREASED
various aqueous environments.

Environmental conditions within cracks. As mentioned ear- 8 0ier, it has been known for more than 20 years that the environmental

conditions developed within cracks generally differ significantly from
bulk conditions and that a detailed knowledge of these solution / '7475 -T651
chemistries should help elucidation of the mechanisms of SCC in 16 g'shavings'
aluminum alloys.N3 3 A major restraint in obtaining such dasa is the
limited soluion volume available for analysis and its inaccessibility. Z
Several attempts have been made to overcome these difficulties: (1)
simulatin of the local environmental conditions within a crack by s s n ea5
immersing alloy shavings into restricted solution volumesiron i.e.,
minimizing the ratio of solution volume to alloy surface area, (2) .J DEGREASED -NoOH ETCH
monitoring local solution pH and electrochemical potential within reil 0 4,

03

and a fical cracks using in situ micaoelectrodes ch' 61 (3) ex
situ solution pH and chemical analysis of environments extracted e 1
from within SCC cracks using freezing and thawing, '

9313 direct 3volume
extraction, tea74 or a room-temperature "freezing" technique that REF. 168

uses specific solution gelling agents 7.and (4) post-fracture analysis

of fracture surfaces using high-resolution electron microscopy7 and
surface spectroscopy techniques.5  0 1 2 Y 24

Simulation of local environmental conditions using alloy shaving TIME (hr)
in restricted solution volumes at first seems a realistic approach to
generate relatively large volumes of crack-tip environments. The FIGURE 37-Influence of surface pretreatment upon pH-tme
results quoted by Sedriks, et al.,' 0 7 for 7075-T651 alloy shavings behavior given by 7475 shavings exposed to 3%NaCI.'8

immersed in highly acidified chloride environments are readily
reproduced'18 with solution pH values of around 3.5, i.e., similar to Solution pH-time behavior in "shavings" experiments for alu-
those usually associated with SCC cracks. Holroyd, et al.,16 minum-lithium-based alloys wetted by restrictod volumes of neutral
observed that if the initial solution pH is above 3.5, the solution pH in 3.5% NaCI differ significantly from those for 7XXX series alloys.'"
the shavings becomes alkaline within a few minutes (Figure 36) and Identical behavior was obseived for AI-Li, Al-Li-Zr, and Al-Li-Cu-Mg
thus questions whether the "shavings approach" simulates condi- alloy shavings with solution pHs rapidly adopting values of about 9,
tions developing within SCC cracks that are not necessarily initially irrespective of whether given an acid or alkaline pretreatment, and
highly acidic. The rationalization of these observations is that the after a few hours displaying a sudden pH increase to 11, which was
"shavings approach" is a reasonable simulation of a crack enclave followed by a gradual decrease back to less alkaline pHs controlled
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by CO. uptake and lithium carbonate generation (Figure 38).18 On 12 12
the strength of these results, it was suggested that solutions within 12 DAVIS (1972)
SCC cracks for Al-Li-based alloys may be alkaline.' 8 Further work 1-' 10 BULK SOLUTION REF.165 10 "
has shown that saline solutions in long (> 1 mm) SCC cracks are .L

Zacidic with pH around 4, slightly higher than those for 7XXX series 8 10 4 -8 0
alloys, as dissolved lithium as well as aluminum species are in P
solution. Itappears-that the Al-Li alloy "shaving" experiments are 6 -
reflecting the behavior of cathodic regions, and their relevance to 6 cn
SCC initiation awaits clarification. Langan, et~al., 77 have recently
conducted alloy "shavings" experiments for 7XXX series rapidly =>
solidified powder alloys, 7090 and 7091, and have reported similar co
findings to those of conventionally cast direct chill 7XXX series alloys. 1 2 1 1 1 1 2
These authors conclude that the improved SCC resistance of the -600 -400 -200 0 200 400 600 800 1000 5000
powder alloys could not be attributed to oxides present in these alloys SCC C K- NOTCH
promoting more alkaline conditions within cracks, as speculated by CRACK-4BA S TEST ENVIRONMENT
Lyle and Cebulak, 178 and offered an alternative explanation that a DISTANCE FROM NOTCH BASE (pm)

Co2AI9 precipitates act as cathodic reaction sites that enhance the

kinetics of hydrogen recombination and evolution, thereby reducing
that available to promote HE during SCC.

7075-T651
v) 12 Al-Li-Cu-Mg SHAVINGS -0.9 - 4-5% KC

8090 IN 3%NaClZ U. 1> 11 - x NAT. AGED -0-8
o EKC DAVIS (1972)

0 0 -0-7 REE 165

C: x < 0 -0-2 -04 -0-6 -0-8 -1-0 -1-2 -1-4 -1-6

Lib APPLIED POTENTIAL(VAg /AgCI)
2 Holroyd el at (1985)

REF 18 FIGURE 39-Environmental conditions within propagating SCC
o cracks reported by Davis' 65 for 7075-T651 immersed In a 4%
V6 , potassium chloride bulk solution; (a) solution pH In crack as a10 100 1000 10,000 function of distance from the starter notch for a range of bulk

TIME (minutes) solution pHs and (b) crack-tip electrode potential as a function
of externally applied potential in a neutral pH 4.5%potassium

FIGURE 38-pH-time behavior given by 8090 alloy shavings in chloride solution.
various tempers exposed to 3% sodium chloride solution.' 8

Direct in situ measurement of local environmental conditions 3-0 7475 -T651 -1within cracks is of course preferable to simulation or ex situ methods. - R C1

In the early 1970s, Davis reported some elegant work using specially DCB. Data from
developed microelectrodes to measure solution pH and electrochem- NOTCH \ - Hotroyd et at(19B7)
ical potentials within SCO cracks for 7075-T651 exposed to a bulk 3.5 - REE 168 -2 Z

4.5% potassium chloride solution. 165 The data clearly demonstrate N,
that environmental conditions within cracks can differ significantly U s N 0

from bulk conditions: solution pHs moved to values around 3.5 to 4 4,i 0 - 0

independent of bulk pHs in the range 2 to 10, and external Z o -3
polarization only significantly Influenced potentials within cracks for 0\ oo
potentials close to the FCP, with limiting crack-tip potentials being 3 0 \
less than 100 mV anodic and 300 mV cathodic of the FCP (Figure Z 4-5- <
39). Davis only observed acidification when a sufficient stress was 160
applied to his notched specimens and suggested Ihis was related to D >
the need for a minimum stress-intensity factor for SCC, Klscc. 8  CD 5.0 0

This is not a valid assumption for aluminum alloys in general - - 9 5 Ln
because acidification readily occurs in cracks and crevices in the 85 0 NO BULK - - 1"

absence of stress when local geometries are sufficiently restricted.' + BULK plain "
Rationalization of Davis's observation is possible using the argument surface- - o- >
that the relatively wide open "V" notch at the start of his experiments 10IIo t Li
had a local solution volume to surface area ratio (V/A ratio) too high 0.10 0.15 0-20 0-25
to allow acidification to occur, ie., local geometry not tight enough,
and SCC initiation is needed to reduce the V/A ratio. The initial V/A V/A (cm)
ratio will be -> 0.15 cm when Davis's notch is < 6 mm deep FIGURE 40-Solution pH and dissolved aluminum concentra-
(assuming a 60 base angle), which, on the basis of data presented tion In a range of cylindrical crevices geometries (VIA ratios) for
by Holroyd, et al.' is too high to expect acidilication to develop in 7475-T651 exposed to 3% sodium chloride with and without bulk
the absence of a bulk solution (Figure 40). solution above the crevice.'"
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Although other researchers using microelectrcdes 6 4 
1 2 have characterization of the solution chemistries developed within SCC

now confirmed the results reported by Davis" for solution pHs and crack enclaves for 7075-type alloys exposed to 3.5% NaCI bulk
electrochemical potentials within SCC cracks in 7075-T651, the only environments.
additional solution chemistry variable monitored using in situ micro- During the initial stages of solution development within a crack,
electrodes is chloride concentration with silver/silver chloride the local solution pHs are accountable in terms of the dissolved
electrodes.1 79 These measurements show that a significant chloride aluminum via the equilibrium reaction
accumulation can occur within cracks, and its magnitude is increased
by anodic polarization (Figure 41). How much of the measured Al3 + H20 = AI0H2+ + H4  (1)
chloride is present as "free" chloride ions as opposed to aluminum
hydroxychloride complexes awaits elucidation. All microelectrodes For example, Le and Foley'3' measured a dissolved aluminum
used to date (pH, potential, and CI-) are physically large compared concentration of 2 x 10-2 M within a propagating SCC crack for
to crack-tip dimensions, so all of the measurements quoted above 7075-T651 in a bulk 3.5% NaCl solution. Their measured solution pH
apply to regions "close to" rather than "at" crack tips. of 3.0 to 3.2 compares favorably with the 3.4 predicted by Equation

, , , ______ -T'-" (1) After longer immersion times, the measured dissolved aluminum
concentrations become too high and the chloride levels too low for

7475-T6 51 -3% NCI pHs to be controlled by Equation (1) (even if "activity" is used rather
DCB than concentration to allow for solutions becoming relatively concen-

0 trated), and aluminum hydroxychloride complexes such as AI(OH)2CI"
CRACK-TIP and gel products AI(OH)2 Cl and AI(OH)Cl 2 promote the gelatinous

R .solution conditions found within SCC crack-tip regions. 8

0 •Foley and Nguyen'80 argue that during the dissolution of0

D OR aluminum in aqueous chloride solutions, high-energy aluminum

< metal ionizes rapidly to the Al3+ ion, which immediately hydrolyzes
0via Equation (1), and the two species A " and AIOH2  react with

.,. chloride ions to yield

0 BULK U A1
3 + Cl- = AiCI 2+  (2)

uj

CRACK-TIP BULK AICI12 + 2H20 = AI(OH)2CI + 2H+ (3)
R B Ag/AgCI

W micro-electrode and
0 o XRF A10H 2 ' + Cl" = AI(OH)CI (4)

Hotreyd et at (1987)REF 168

10-1  R 1 1 1 1 AI(OH)CI+ + H20 = AI(OH) 2CI + H+ (5)
0 5 10 is 20 25 4

a "1IMEIhr) and AI(OH)2CI + H20 = AI(OH)3 + H " + CW (6)

E AI(OH)3 + HCO = AI(OH) 3,.H20 (7)
: 3-5 (amorphous)

HUANG & HE (198!.) An overview of the above reaction path provided by Foley and
3-0 REF. 179 Nguyen' 80 in the form of a schematic free-energy surface is

V) Al-Zn-Mg-Cu ALLOY reproduced in Figure 42. Based on these ideas and their own

z 2-5 I 3112% NoCI experimental measurements, Holroyd and Jarrett' 81 suggested that
t BULK SOLUTION the solution chemistries within SCC cracks for 7475-T651 exposed to

-. 0 3.5% NaCI bulk solutions involve a range of aluminum species; with
o mainly simple All ions at the crack tip and then a series of complex

1.5 - aluminum hydroxychloride species with increasing hydroxide to
,_-. chloride ratio moving away from ttip, e.g,, A13 

-" AI(OH)CI

1-0 I * AI(OH)2 C - A12(OH)SCl - AI(OH)3 , leading to AI(OH) 3 associated
Iwith the crack mouth (Figure 43). Solution pHs are around 2,7 at

So.S I crack tips and steadily increase to about 5.5 at crack mouths. The
I actual species present will be more numerate and complex than

0 II indicated as the local chloride concentration, solution temperature,
-500 -1000 -1500 -200.q and solution "aging" effects all influence the ratios of mononuclearb EXTERNAL ELECIROCHEMICAL POTENTIAL(mV) SCE and polynuclear ions and solids.'8 2 Substitution of chloride ions with

sulfate ions dramatically reduces SCC crack growth rates in 7075-FIGURE 41 -(a) Chloride concentration In a propagating SCC T651'3 o3, (Figure 35) despite local solution conditions within cracks
crack tip as a function of (a) time and (b) applied electrode being similarly acidic'3 '3' Foley and Nguyen'" explained this by
potential, for 7075-T6 type alloys In neutral 3% sodium chloride. suggesting that the presence of sulfate ions modifies the reaction

Characterization ot local solution chemistries associated with pathway for aluminum dissolution in aqueous solutions by introduc-
propagating SCC cracks, other than that quoted above, has involved ing the processes
solution-extraction techniques and ex situ chemical analysis, with A3 ' + S04" = AISO" (8)
work being conducted exclusively on 7075-type alloys. Until recently, and
little quantitative analytical or kinetic data has been published, and A1OH 2' + SO4" = A(OH)SO4 (9)
that available up until the mid-1980s indicated the presence of
dissolved aluminum' 35 and a semiquantitative estimate of its and providing low-energy intermediate species, AI(OH)SO 4 and
concentration.13 More recent data obtained using the freezing-tha- AISO1, leading to the formation of basic aluminum sulfate with a
wing technique developed by Brown, et al.,13 5 and the extraction lower energy than aluminum hydroxide (Figure 42) and an environ-
method of Holroyd, et al., 16

8'.
7 4 have facilitated more quantitative ment with an appropriate acidi pl-I and a low chemical reactivity.
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F Nperchlorate and nitrate solutions (and distilled water), itis suggested
Long FOLEY & NGUYEN(1982) that transient species, including hydroxide species produced during

M REF. 160 oxygen reduction, provide a direct pathway to AI(OH) 3 and thus
prevent acidification. An additional complcalion can arise in nitrate

OH+' solutions because "bare" aluminum at growing crack tips can
promote ammonia formation via nitrate ion reduction within SCC

<cracks. 129 Under cathodic polarization, this process leads to the
o, -A1OI't+  development of highly alkaline pHs and has been suggested to

A.00 account for why cathodic polarization stimulates SCC for 7075-T651
o A _t.H3  A..._.._ in aqueoucnitrate solutions but not in chloride solutions. 29" 3°

0

AtOH }2" CNonaqueous environments
< Organic environments. Available data for the SCC of alumi-
u Short num alloys in organic environments is limited to that quoted forLong Short 7075-4651 and 7079-T651.5,6.1321.14 Procter and Paxton 32,184 pro-

vided the earliest data and maintained that the IG and transgranularaREACTION COOPDINATE _O H  SCG promoted in their work was not due to traces of water. SCC was

observed in 7075-T651 in a range of organic environments including
At* methanol, ethanol, isopropanol, benzene, ethylene glycol, and car-

FOLEY & NGUYEN 1982 ban tetrachloride. Reported threshold stress-intensity factors were 6
LgE 8to 10 MNm -2, and Region 2 crack velocities were in the range 10- 1°

Long to 5 x 10- 9 m/s with the highest being in ethanol and carbon
AtOH tetrachloride and the lowest in benzene. Later work by Speidel and

Hyatt6 concedes that SCC may occur in very dry organic environ-
At (OH) SOt, ments but suggests that SCC is controlled by moisture content when

water trace levels exceed about 10- 2 wt% (Figure 44), and thus SCC
in re-agent grade organic environments will result from the presence

AOH)3 A 203  of water for most practical situations.

:Z 10 1£ o2s,.2 Speidel &Hyatf(1972)
U - REF 6< Short E

= 10 -
Long Shor -

b REACTION COORDINATE (rAlOH)9-.- oj 10- 9  o 7079-T651
FIGURE 42-Schematic potential energy surface for (a) Al- L" 10
chloride Ion and (b) Al-sulfate Ion constructed by Foley and > 7075-T651
Nguyen. (Reprinted with permission.' 8 ) -1 CORROSION

SOLUTION CONDITIONS WITHIN A CRACK < 10 -CORROSION NO CORROSION

,-.. 10 r IApprox, (A3 1-2 -
Solution Pulk 10-3 102 -1 1 10 102

2-H 34 .4 Solution WATER CONTENT OF METHANOL (wl.%)
FIGURE 44-Velocity of SCC cracks In commercial 7XXX series
alloys, 7075-T651 and 7079-T651, as a function of water content
In methanol.8

AICI 3 AIIOH)CI 2 AI(OH)CI AI2IOH)SCI AI(Oli)3  Mechanical Aspects
The issue of whether the SCC of aluminum alloys occurs via a

continuous process., driven by anodic dissolution of aluminum, or a
discontinuous process involving mechanical and electrochemical

(Schematic, not to scale) components has been debated in the literature for at least the last
FIGURE 43-Schematic representation of aluminum hydroxi- three decades. Detection of SCC initiation from smooth surfaces
chloride species existing within propagating cracks In high- remains difficult to resolve even with the high degree of sensitivity
strength aluminum alloys suffering SCC In a bulk saline provided by state-of-the-art equipment.
er.vlronment.1'8  To compound the problem, the doinition of when SCC has

Le and Foley"3' developed these ideas to explain why alumi- initiated is not obvious. The position for crack propagation is more
num chloride, nitrate, perchlorate, and sulfate all hydrolyze to give established, with published work generally suggesting that SCC
solution pHs in the range 2.6 to 3.8,83 and yet within SCC cracks, propagation in ago-hardening aluminum alloys is discontinuous with
only chloride and sulfate solutions adopt acidic pHs, and perchlorate continual "reinitiation" via a mechanism probably differing from that
and nitrate solutions remain at neutral pHs of 6 to 7. The controlling of "true" SCC initiation from a smooth surface. Published SCO
factor is thought to be the reaction pathway pursued during the propagation data for ingot metallurgy alloys in saline environments is
earliest stages of aluminum dissolution, Le., as cracks advance. For available in abundance for 7XXX series alloys, less so for 2XXX
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series alloys, and is limited for aluminum-lithium-based alloys and A recent experimental observation with relevance to SCC
rapidly solidified alloys Data available is generally in the form of initiation is that strain accommodation in the Al-Mg-Si alloy, 6351, is
crack-velocityfstress-intensity factor plots (cv-K curves) calculated strain rate dependent with grain-boundary accommodation of slip
from crack growth time data obtained using a coarse time scale of at becoming more significant at lower strain rates.7 5 An example of this
best hours and normallydays between crack length measurements, is given in Figure 45, which shows the surface deformation of flat
so short-term fluctuations in crack growth rates go undetected, polished tensile specimens after straining to 0.4% using a fast
Exceptions to the above will be discussed in the next sections. (10-1/s) or a slow (10- 6/s) nominal strain rate. As similar observa-

Crack initiation tions have now been made for other precipitate-hardening aluminum

As implied above SCC, initiation is a poorly understood and alloy systems, eg, 2XXX, 7XXX, 193 and aluminum-lithium-based

loosely defined phenomenon necessitating further wok for the alloys,'94 it is reasonable to question the concept that the maximum

development of a clear mechanistic interpretation. High-quality strain rate for SCC initiation is dependent upon the availability of
experimental data, as far as the reviewer is aware, is unavaiable sufficient time for corrosion activity, as has been proposed for ferritic

currently, but should be forthcoming with the use of a combination of steels'-' aluminum,10 8 and other nonferrous alloy systems.'8 9 
'g

modern techniques such as time-lapse video, acoustic microscopy, The correct explanation for aluminum alloys is likely to be more

acoustic emission, and electrochemical noise spectroscopy. subtle, with the maximum strain rate above which SCC fails to initiate

Initiation smooth surfaces. About 25 years ago, Gruhl' 85 (which will depend upon environmental and pre-exposure conditions)

suggested that SCC initiation in aluminum alloys involves a predom- being related to those in which IG deformation becomes insufficient

inantly corrosion-driven process, whereas crack propagation re- to sustain IGSCC Initial results suggest that the influence of alloy

quires a significant mechanical component. It is not clear whether this temper upon (1) SCC susceptibility and (2) the maximum strain rate

corrosion-driven process is strongly influenced by the development for significant GB strain accommodation are in qualitative agreement

of local'environmental conditions within tight crevices/flaws/cracks, and thus have the same microstructural dependence. Further work is

because similar conditions develop whenever an appropriate local needed to establish the importance of these observations and to

geometry is available, independent of stress level or an alloy s determine whether IGSCC initiation in age-hardening aluminum

temper and inherent SCC susceptibility. "" Attempts to mathe- alloys is controlled by GB precipitation, matrix slip characteristics, GB

matically model the development of environmental conditions within segregation, or some combination of these factors.

aluminum crevices look promising, 86 17 and with refinement and a
further experimental input, they should be capable of accurately W"
describing the overall process.

The critical process controlling SCC initiation probably involves
the establishment of a sufficient stress raiser, located at an appro-
priate microstructural site within a susceptible microstructure, with
the site of attack being dictated by the size and distribution of suitable
anodic and cathodic reaction sites within an alloy's local microstruc-
ture. Experimental evidence in favor of this argument has recently
been presented by Magnin and Rieux for crack initiation in a
commercial weldable AI-Zn-Mg alloy, 7020 immersed in a saline
environment.'8 These authors maintain that HE during SCG or
corrosion fatigue in saline environments is only operalive in the 40 Pm
presence of a stress concentrator, so HE does not influence crack .
initiation from smooth surfaces unless a stress raiser is established
by another process (e.g., corrosion or mechanical deformation). A
universally agreed and consistent definition of SCC initiation is not
available.

A reasonable definition of when the initiation process is com-
plete is that the propagation stage starts when a SCC crack becomes
self-sustaining and no longer a short crackilissure, often referred to
as "nonpropagating" in other alloylenvironment systems, e.g., mag-
nesium alloys'8 9 and ferrilic steols.1 °0 Work reported to date on
nonpropagating in aluminum-based alloys is very limited,191 and
considerably more work is needed to establish whether SCC initiation
requires a critical stress raiser. Evidence in favor of this argument is
given by an observed correlation botw. ,u f'c a.... p holU y
and SCC initiation behavior for a peak-aged Al-Li-Cu-Mg alloy, 8090.
This alloy, as with aluminum-lithium alloys in general,'" rarely suffers
SCC initiation from smooth surfaces in neutral saline solutions under b
total immersion conditions but does so under alternate immersion
conditions, as will other aluminum-lithium alloys containing sufficient FIGURE 45-Surface of Identical heat-treated polished tensile
copper.' 8 if applied stresses are sufficiently high. Surface attack specimens strained to 0.4% plastic strain at strain rates of (a)

morphologies for polished sections exposed to 3.5% NaCI under total 10-81s and (b) 10 2/s!5 Grain-boundary strain accommodation

or alternate immersion conditions show that overaged tempers suffer Is more prevalent In the specimen tested at the slow-strain rate.

general attack, I e., limited stress raisers and SCC, whereas for peak- Initiation from notches/precracks. SCC "initiation" from
aged material, the mode of attack is more IG in nature and notched or precracked specimens has been studied by many
significantly more pronounced under alternate immersion cond. authors." 4 4 

1', "'9 athoria and Tromans' 4" report that SCC
itions. 8 I e .a greater stress ra;:,er for the case In which SCC occurs initiation times from mechanical-produced notches in high-purity
more readily A similar situation probably exists for 2XXX series AI-8.6Mg and AI-6.3Zn-2.6Mg alloys immersed under freely corrod-
alloys such as 2014 T3 and 2024 T6, in which SCC tests using ing conditions in aqueous saline or water-containing ethanol envi-
smooth specimens under total immersion conditions tend to show ronments decrease with increasing solution temperature, stress-
large batch to batch variations even with slow strain rate testing,'" '  intensity factor, or hydrogen precharging times, Similar observations
whereas SCC initiation under alternate immersion conditione is are quoted by Hermann and Holroyd ' for a commercial AI-Zn-Mg-
reasonably reproducible. Cu alloy, 7475-T651, pre-exposed to saline environments prior to
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testing in WVSA. Several proposals have been made describing Hadden212 and Farmery and Evans" 3 for Al-Mg and Al-Cu alloys,
SCC initiation from notches and precracks, Skoulikidis and cowork- respectively, are significant nevertheless because they provide the
ers, in a series of papers," ' 203 recently summarized 2

1 present first evidence that SCC propagation in aluminum alloys is a discon-
experimental evidence for an Al-Mg alloy, 5052 (UNS A95052), from tinuous process, probably involving a rapid micromechanical crack
which they suggest that SCC initiation in aluminum alloys relies upon jump followed by a slower step involving corrosion prior to the next
the generation of an "active path," by the fast solid-state diffusion of mechanical jump.
disordered mobile A13 during pit formation leading to local energy
decreases and decohesion along the IG diffusion path. The latter
studies have generated interesting results but further work is needed (7475-TSCC L E
to substantiate the mechanistic proposals. E i E

Holroyd, et al., 174 observed local changes in the optical char- E 4

acteristics of the crack-tip region just prior to SCC initiation in the - -
AI-Zn-Mg-Cu alloy, 7475-T651, immersed in a saline environment - X 3

(Figure 46). These changes were detected using a technique known "U I
as the "shadow optical method of caustics, '205° 207  which can " 7-5 -

generate valid plane-strain stress-intensity measurements for alumi- . 2
num alloy precracked specimens based solely on the diameter of the <
reflected caustic shadow from the external surface containing the I /
crack-tip region (Figure 47). Environment-induced effects were found X 
to influence results and the term "caustic shadow swelling"' 74 was t' I /) 7 - 0 /Uused to describe a phenomenon consistent with an internally driven <- I I I , N O , o
process leading to higher stress-intensity factors without any change L- 0 1 2 3 4 5 6 7 8
to the externally applied load or crack length. At first, caustic shadow TIME (hrs)
swelling was thought to be uniquely associated with SCC initiation,
but subsequent work showed it could be induced prior to SCC FIGURE 46-SwellIng of the caustic diameter prior to SCC crack
initiation if precracked specimens were loaded in laboratory air after initiation. 74

pre-exposure to aqueous environments.2° The controlling process
has not been unambiguously defined; however, factors such as 28 -HERMANN & HOLROYD (1986)
corrosion-product wedging, crack tunneling, and any nonreversible REE 208
processes have been eliminated. Later work by Hermann 2°9 has 24 /
shown that repeated loading/unloading can lead to caustic shadow /
swelling effects, invoking a role for plasticity effects and demonstrat- 20 -
ing that the phenomenon may be induced by more than one route. -,

For the initial observation of the phenomenon, however, the pre- ' 16
cracked specimen (7475-T651) was only loaded once (under constant- "

strain conditions), and the "caustic shadow swelling" was observed X"

after a few hours without any further changes to the external loading - 1'

(Figure 46). In the opinion of the reviewer, the most plausible "" ,,W
explanation of the "caustic shadow swelling" effect is that hydrogen 8 , CA.STIC;SHADO
uptake promotes a local elastic modulus increase in the crack-tip C

region. This would lead to increases in stress.intensity factors (K) 4 ,'
without crack lengths or externally applied loads having to change.
Independent evidence that environmental effects can induce K / _ _ _ _ _ _

increases is provided by Domack,21 ° who presented load-time data 0 4 8 12 16 20 24 28

from strain-gauged bolts in a precracked DCB specimen during SCO K meh, MNi 3/2

testing of 7475-T651 in a saline environment. The reported load FIGURE 47-Stress-Intensity factor (K) obtained by the shadow
measurements under fixed strain conditions increased prior to method of caustic (Kent) as a function of K via conventional
detection of SCC initiation from the precrack (Figure 48). This linear elastic fracture mechanics (KmOCh). 20 (Insert shows a
observation Is not readily explained, because even if .'CC had typical caustic).
initiated undetected the measured load levels would be 4 xpr cled to
decrease rather than increase. An increase in elastic mot:.,!!u; would x 3- . 0

account for the observation, but how hydrogen ingress woul, achieve -. •load -. . 7075 DCB
this is not clear. However, it is interesting to note that ot,,er elements a
with low atomic numbers such as lithium and beryllium are known to " 3'3 "XI 350
increase the elastic modulus of aluminum alloys,7 and similar i-. ,
proposals after hydrogen uptake are being voiced for ferrous Z-
aoys' 1  , x, ' . 300<

In the opinion of the reviewer, SCC initiation studies using v,. V
notched or precracked specimens almost inevitably reflect crack t.. crack length "
propagation behavior, further discussion will continue in the next 3-1 - -X XX" DOMACK (1986)- 250
section, 31/2%NaCl pH X, REF 210

Crack propagation -I0+NQ2Cr04 I 1 200

Although initial studies on the mechanical aspects of the SCG of 200 400 600 800

aluminum alloys conducted in the early 1950s involved smooth test TIME (hr)
specimens, the then-available experimental techniques provided FIGURE 48-Loaa-tme behavior tront a strain-gauged bolt
insufficient sensitivity to resolve "true" SCC initiation, so the reported during a double-cantilever beam SCC crack propagation test on
results probably reflect the propagation of short SCC cracks. The 7075-T651 In a 3.5% sodium chloride solution. (Note a load
ulet.truchemicdl potential tni.rents toward mure negative potentlalb Increase occurs under fixed displacement conditions prior to
observed during SCC in saline solutions reported by Gilbert and SCC initiation). (Reprinted with permission.210)
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In the early 1960s, van Rooyen214 extended these ideas by designed a study based upon a commercial AI-Zn-Mg-Cu, 7075-
observing that during SCC propagation in AI-7Mg and AI-4Cu alloys T651, in which, to aid detailed definition of the mechanical compo-
exposed to saline solutions, sound generation only occurred during nent, they i1) re-heat treated the alloy to produce a recrystallized
the initial stage of the negative electrochemical potential transients, microstructure to provide a reasonable GB path, 2) used a pre-
i.e., during the rapid 10 to 80 mV potential decrease, and not at other cracked specimen geometry to allow a good mechanical descriptiun
times, ari,.luding those during the subsequent slower, yet still last during the SCC crack growth process, i3) selected an acidified saline
(_ 80% recovery within 1 s), potential rise region of the transient. environment and a peak-aged temper to provide a high SCC
These results -are important because they complement data for sensitivity, i4) ran tests at relatively constant stress-intensity factors
AI-Zn-Mg(Cu) alloys" 149 197 199 21S 216 and provide quantitative ev- as a function of temperature to permit apparent thermal activation
idence that SCC propagation generally is discontinuous for Al-Mg, energy determination, and (5) used AE to detect discontinuous crack

AI-Cu, and AI-Zn-Mg(Cu) alloys, with one stage being rapid and jumps ard scanning electron microscopy in an attempt to separate

mechanical in nature and the other being slower and probably mechanical and chemical contributions to the crack growth process.
involving a corrosion process. van Rooyen's 214 results generally are Remembering that the above study was conducted in the mid-
not reported in the context of the SCC of aluminum alloys because his 1970s, it is a remarkable contribution. In hindsight, it is regrettable
results appear in papers principally dealing with the SCC of austenitic that the stress-intensity factors (K) used were generally too high and
stainless steels in chloride environments. (The reviewer is indebted that the thermal aging practice used sig.,ficantly reduced the alloy
to Dr. R.C. Newman as the source of this reference.) strength level and probably rendered the alloy temper unrepresen-

Work on AI-Zn-Mg(Cu) was initiated in the early 1960s by Gruhl tative of commercial 7XXX series alloys. The data obtained, how-
and his coworkers in West Germany. Brenner and Gruhl21s detected ever, clearly shows that IGSCC crack propagation is discontinuous
sudden deflection changes during SCC tests on an AI-5Zn-3Mg alloy and that at high K values, it involves a component of IG microvoid
in a saline solution and, as reported by van Rooyen, could not coalescence, as suggested by Jacobs," who proposed that crack
attribute the transients to a given crack but noted that crack jumps propagation in 7XXX series alloys occurred by a series of chemical-
were obviously very fast. (Brungs and Gruhl estimated a crack mechanical steps between MgZn2 precipitates. In summary, Wood
velocity of around 0.2 m/s. 216) and Gerberich's experimental study and electrochemical-mechanical

Several authors have subsequently reported evidence for the model' 50 should be used as the basis of further study, capitalizing on
discontinuous nature of SCC crack propagation in 7XXX series the improved AE equipment now available and using a more
alloys: (1) Gest and Troiano observed intermittent rapid strain energy appropriate alloy microstructure and loading orientation.
release rates;"1 (2) Scamans provided high-resolution fractographic
evidence that face-matchied IGSCC fracture surfaces can display Martin, et al.,' 98 detected "striations" on 7075-T651 IGSCC
striations fulfilling the requirements of "crack-arrest markings," and fracture faces promoted in 3.5% NaCl or humid air that closely
that regions between these striations show perfect face matching resembled those reported by Scamans7' for other 7XXX series alloys
with minimal evidence of corrosion (Figure 49)," (3) others report (7010, 7017, and 7079). The interred crack jump distances, as
repeated bursts of acoustic emission (AE) events, '4 9 ' '1 and reported by Scamans," were insensitive to the applied stress-
Martin, et al.,' 98 correlated these AE signals with crack-arrest intensity factor (K) and the SCC crack velocity (cv). AE events
markings similar to the type reported by Scamans," and k4) work on recorded during SCC were consistent with the above, over the K
high-purity AI-Zn-Mg alloys in saline environments, currently in range studied, in that the AE amplitude remained constant while the
progress by the reviewer in collaboration with R.C. Newman and AE event count rate increased in proportion with SCC crack growth
coworkers, identifies periodic electrochemical transients during SCC rates. This led to the conclusion that cracking occurs by a series of
that sho%, a 1.1 relationship with recorded load drops and striations discrete crack jumps with a frequency depending upon the crack
on SCC fracture faces. velocity and the characteristic jump distance for a particular alloy.

The issue of whether SCC propagation occurs by a microscopically
."brittle" or "ductile" fracture process remains unresolved. Lynch has

consistently maintained that environmentally assisted cracking of a
range of metallic alloys, including high strength aluminum alloys, can
be described by a "chemisorption-induced localized slip" process,

- which he has recently reviewed with the experimental evidence."
Lynch concludes that environment-assisted cracking occurs because
chemisorption facilitates the injection of dislocations from crack tips
that promote coalescence of voids ahead of cracks. The reviewer
believes the most likely SCC propagation mechanism for 7XXX
series and probably for 2XXX series and aluminum-lithium-based
alloys cracking in aqueous environments involves dissolved hydro-
gen concentrating in grain boundaries in high-stress regions ahead of
crack tips and somehow reducing flow stresses locally and promoting
a highly localized "reduced ductility" fracture.

Further detailed studies are needed to demonstrate if either or
both of the above mechanisms operate. The information available is
inconclusive in that (1) recent eviaence from in situ high-resolution,
high-voltage electron microscopy studies reported by Bond, et al.,'
for commercial 7050-T651 plate and 7075-F sheet material can be
used to support either mechanism, since the high strain rate and the
unfavorable loading orientation used led to transgranular fracture,
and (2) although the detailed high-resolution fractography of

FIGURE 49-SEM fractograph of an IGSCC fracture face of an Scamans" and others'"82 8 shows little evidence of the microvoids
AI-Zn-Mg alloy, 7018-T76, stressed In an acidified Inhibited necessitated by Lynch's mechanism, it remains unproven that they
saline environment (courtesy of G.M. Scamans). are absent, as it is conceivable that they are too shallow to be

resolved, or, as is more likely, that they are not easily recognized
The most systematic attempt to date to quantify the microme- because they are only parlally formed with the [educed ductility

chanical contribution to the SCC of aluminum alloys s that presented referred to above being a hybrid between classit grain-boundary
by Wood and Gerberich 4 

14950 in the mid-1970s. These researchers decohesion and ductile microvoid coalescence.
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Slow crack growth studies revealed that SCC crack growth initiation from the notches
Recently reported experimental observations indicate that IG was internal and associated with a region ahead of the notch. These

slow crack growth (SCG) can occur in high- and medium-strength authors suggest that the only plausible explanation is that during the
aluminum alloys in vacuum or dry air without any precharging with SCC test, hydrogen was generated via a cathodic electrochemical
hydrogen.75 193 19 4' 219 SCG resembles SCC in several ways: Both process in the aqueous electrolyte, with some diffusing into the alloy
are IG, except at at high stress-intensity factors, high strain rates, or via GB diffusion to accumulate at sites of high stress ahead of the
unfavorable loading orientations, and the cracking susceptibility notch and lead to internal cracking. In the opinion of the reviewer, this
dependence upon thermal aging is identical for the two phenomena, is a true reflection of the events that occurred, and it is most unlikely
i.e., CA << PA< UA. that solid metal embrittlement was responsible for the subroot-notch

SCG was first recognized in Al-Mg-Si alloys7s .219 because this cracking z22 and was mistaken for SCC.
alloy system is generally immune to SCC,' and when crack growth
resembling SCC was observed in 6063 (UNS A96063) and 6082-
T651 at room temperature, some other explanation was sought; Solid
metal embrittlement was found to be promoted in susceptible estimated
microstructures by minute concentrations, e.g., > 20 ppm, of heavy stress .
metals such as lead and bismuth.7 5

.
219 Further work has demon- distribution

strated that SCG is possible in other age-hardening aluminum alloy /
systems, e.g., 2XXX, 93 7XXX, 193 and aluminum-lithium alloys,\94  o .
and that SCG can be promoted by GB contaminants other than lead es

and bismuth, e.g., Lynch22° has recently reported SCG in 7075-T651 - p=0"lm. 600
induced by indium. AI

For the Al-Mg-Si alloy 6351, a detailed mechanistic study of the
influence of lead on SCG is currently in progress.22' Crack growth
rate/stress-intensity factor relationships are sensitive to lead concen-
tration (Figure 50). The apparent thermal activation energy for SCG .-J
in the temperatures in the range -4 to 800 (- 17 kJ/Mole) is <
consistent with control by GB lead self-diffusion and crack growth is
predominantly internal and associated with the maximum stress
region a small distance ahead of the crack tip.2' The similarity . & .. .1
between SCG and SCC in aluminum alloys is obvious, as is the
mechanistic implication that a mechanical aspect of SCC propaga- 0

tion in aluminum alloys may have been overlooked. Further studies FIGURE 51-Notched hollow tube design used by Ratke and
are needed to examine the latter possibility. Gruhl' 97 to show SCC initiation from a notch can occur inter-

nally.
tO 8 , , ,I I , '
8 ppm Pb 6351 f Pb The earliest suggestions that the SCC ot,7,XXX series alloys

0 550 (300 ) suffered HE during SCC in aqueous environments were made in the
X 120 K ''18MNrn2 early 1960s by Gruhl and his coworkers in West Germany with their
A 60 K INT /100 work on pre-exposure embrittlement (PE),223 and Haynie, et al.,9"10
0 o 30C B in the United States who showed that stress increases the solubilityE o<10 / of hydrogen at GBs in AI.Zn-Mg alloys exposed to aqueous environ-

1 1/1 ments. Little attention was paid to these studies until the work of Gest
0 <10 and Troiano" triggered a series of experimental studies worldwide,

L " ppm Pb d' e.g., Scamans, et al., 224 Christodoulou and Flower,81 and Holroydo , ,._ and Hardie85 in the United Kingdom; Bernstein and Thompson and
gU 120 10 E coworkers1

14- 15 in the United States; and Gruhl and coworkers, 54 197

> 550 30 .E who continued their studies in West Germany.

Y 10 0 Gest and Troiano's work proposed that a high-strength Al-Zn-
J I"10 " Mg-Cu alloy, 7075-T651, was susceptible to a strain aging type of

(2hr. S70 0C) reversible HE and that this played a major role during SCC in
G GRAIN SIZE 1 aqueous saline environments. They provided hydrogen permeationdata (D, - 2 x 10- 3 m2/s) and related their internal friction and

ltieparameter measurements directly to hydrogen uptake from the
environment. Later work by Scamans, et al., 224 on high-purity

1-11 L ____I ! ______ .. __/ AI-Zn-Mg alloys and Hotroyd and Hardie"5 on commercial AI-Zn-Mg-
8 10 12 14 16 18 20 22 24 Cu alloys confirmed the observation of pre-exposure embrittlement

83 1reversibility. Scamans, et al.,224 detected almost complete reversi-
STRESS INTENSITY (MN m 3/2) bility together with hydrogen out-gassing at low stresses during

FIGURE 50-Influence of bulk alloy lead concentration upon tensile testing of precharged specimens to failure in a vacuum
slow crack rate In an AI-Mg-SI alloy, 6351-T6, as a function of chamber with a mass spectrometer attached. Holroyd and Hardie"5
applied stress-Intensity factor7  observed complete recovery of PE when tensile specimens pre-

exposed to aqueous environments were strained to failure at
Hydrogen embrittlement and pre-exposure effects appropriate strain rates in dry air; for 7049-T651 pre-exposed to

As yet, no irrefutable evidence is available that proves the SCO seawater for 30 days at room temperature, the degree of recovery
of high-strength aluminum alloys in aqueous environments is con- increased with decreasing strain rates below - 103-/s (PE was not
trolled by HE. The nearest to this is that provided by Ratke and operative at higher strain rates) and was complete for strain rates
Gruhl197 for a 7XXX series, AI-Zn-Mg alloy, suffering SCC in a saline below about 5 x 10-11s (Figure 52). These results are important
environment. Their ingenious experiments involved loading exter- because they demonstrate that HE of 7XXX series is a time-strain-
nally notched hollow tubes in tension with the inside of the tube filled dependent phenomenon and imply that hydrogen diffusion or some
with a saline environment and the external surfaces carefully other process must occur during both crack propagation and HE
protected to prevent moisture access (Figure 51). Fractographic recovery. Although it is only indirect evidence that SCC in aqueous
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environments involves HE, it is interesting to note that a similar strain- Loading mode effects. Although a common feature of most
rate dependence exists for pre-exposure embrittlement and SCC, proposed HE mechanisms is the need for hydrostatic stresses,22 it
and that the loss of ductility promoted by the two processes is is not initially apparent why a triaxial stress state is a prerequisite for
additive."5 1 2  the HE of aluminum alloys, since hydrogen diffusion along GBs, in

the absence of stress, can occur at sufficiently high fluxes to account
for observed SC crack growth rates in aqueous enviropments. 0 8

However, this issue is resolved by the recent results for 7XXX series
alloys published by Magnin and Rieux, who showed that HE only
operates ;n the presence of a sufficient stress raiser,'88 and those of

-.7049T651 Ratke and Gruhl,'17 who showed that SCC propagation generally
< 3 Day Hinitiated internally and was favored by highly stressed regions

0"8 -Pre -Exposure HOLOYD & associated with stress raisers, i.e., a triaxial stress state; hence the
2 tO Sea Water -HARDIE(1981) assumption made by Green and coworkers28 and others2 27 thatt SeaREF 85 - Mode III loading is not expected to promote crack growth by HE,

whereas Mode I loading, with its high hydrostatic tension immediately
< 0-6 ahead of crack tip, should promote HE of 7XXX series aluminum

alloys is valid and Mode 1/111 loading experiments are an appropriate
" Dry air method to determine whether HE is involved during SCC in aqueous
o _ Lab air environments. These authors observed that SCC initiation and

Z 0 hydrogen-charging effects in notched 7075-T651 specimens im-4 x Seawater mersed in saline environments occurred far more readily under Mode
iS.D for at least I loading (tensile) than Mode III loading (torsional) (Figure 54) and

two tests concluded that HE was involved during SCC in aqueous environ-
S 7 -6 -5 -4* - ments.

10 10 10 10 10 i-

NOMINAL STRAIN RATE (1S5) _______________

FIGURE 52-Variation In reduction in area ratio (test environ- I-
mentlvacuum) with strain rate for 7049-T651 tested in dry air,
laboratory air and natural seawater after pre-exposure to sea- 1.0- Ct/CrO,,pH3-2 MODE IT
water for 72 h at ambient temperature.85  6

Pre-exposure to aqueous environments at elevated tempera- , 09 A

tures can introduce complications. It appears that if an alloy's 0
inherent susceptibility to SCC or PE is decreased during the U. 0.8 A Oaa from

Z A Green et at (1975)pre-exposure period, then partial PE recovery occurs in laboratory air Ref.t226

unstressed,86 and the alloy adopts a sensitivity equivalent to that of 2 0-7 A

the final alloy tempe. after pro-exposed at room temperature (Figure
53), and that further recovery requires sufficiently slow continuous bols MODE I
straining in an inert environment.85  -r f ppm. AS.

7 =o 10 100 1000
___- TIME TO FAILURE IhrI

7179-T651 ilardie et ci - FIGURE 54-Influence of loading mode upon SCC susceptibility
580 - 3 dc> ore-Soak 11979) 7E for 7075-T6 In an acidified Inhibited saline solution with and

,without an arsenic addition to poison hydrogen recombination
.570 n Topwatered _ REF 86 and hydrogen gas formation.228

,u 560 at -1510 Co fi Cyclic loading
US Corrosion fatigue (CF) of aluminum alloys is covered in detail

UTS elsewhere in this volume, so discussion here will be restricted to the
L540- 490 In interfacial region between SCC and CF where IG environment-

u' 5 30 * ] induced fracture processes are accelerated by cyclic loading. Limited..,i 5,o- 48R0S 0
FLOW STRESS 8 , research has been conducted in this area of environment-sensitive

520 - 470 u- fracture of aluminum alloys,'08 and that published is restricted to
SI7XXX series alloys in saline solutions.

10 100 1000 oBased upon data obtained for 7079-T651 in a saturated NaCI
RECOVERY TIME (hr.) solution, Spede 228 showed that CF crack growth rates were

predictable using a simple supeiposition model in which the ob-
FIGURE 53-Recovery of 0.2% flow stress and ultimate tensile served CF crack growth rate [(da/dn)cF] is related to that occurring by
stress for 7179-T651 strained to failure at a nominal strain rate fatigue in an inert environment ((dadn)F] and the crack velocity
of 1.7 - 10' S/s In laboratory air after Immersion In tap water at resulting from SOC I(daldt)sccJ by the relationship
70'C for 72 h.0

Martin, et al., °D provided Interesting indirect evidence that HE (da/dn)cF = (da/dn)F + f(da/dt)scc
controls the SCC of 7XXX series alloys in aqueous saline environ- (lO)
ments During SCC propagation in 7075-T651 In 3.5% NaCI or humid Unfortunately, this approach is inappropriate for other 7XXX
air they detected identical AE signal count ratestunit crack advance series alloys,"° In which SCC crack growth rates are two to three
and concluded that the same SCC mechanism must be operative in orders of magnitude slower (Figure 18), and the (datdn)cF term is not
both environments It this assertion Is correct and it is accepted that controlled by the (da/dt)scc term, as occurs for 7079-T651.
HE must be reponsible for SCC In humid air (David, et al., have stated Holroyd and Hardie'08 addressed this issue by assessing the
that crack growth in moist air cannot be explained in terms of an influence of loading frequency (0.1 to 70 Hz) upon crack propagation
anodic dissolution mechanism), tten HE must also be occurring rates in the Al-Zn-Mg alloy, 7017-T651, immersed in natural seawa-
during SCC in aqueous environments.'" ter and characterizing CF fracture modes in terms of crack growth
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rate, cyclic loading frequency, and AK (Figure 55). The data showed 100
the following: 0 TRANSITION A

(1)_IG CF, fractographically indistinguishable from SCC (other than " TRANSITION 8

possibily SCC "striations" details), was promoted at the highest
loading frequency tested (70 Hz) as long as the AK values were HIGH
sufficiently low; I0 - FREQUENCY

(2) IG CF crack growth rates could be up to three orders of BEHAVIOUR
magnitude faster, than the Region 2 plateau crack velocity; TRANSGRANULAR

(3) The frequency dependence of the crack velocities associated .
with the transition from IG to TG shows a linear dependence
upon the square root of the loading cycle period and an implied
RDS consistent with GB diffusion of hydrogen during the loading z I
cycle; and U.

(4) A simple superposition model is inappropriate for IG CF, and 00
further work should be directed toward evaluating the influence LL
of crack-tip strain rates upon CF (Figure 56). (Gao, et al., used
a modified superposition model to describe TG CF. 2 ")
Magnin and Rieux' 88 investigated the initiation of SCC and CF OI INTERGRANULAR

from smooth surfaces for an Al-Zn-Mg alloy, 7020, immersed in a I
saline environment. Their results demonstrate that HE only initiates 1-
and propagates when a sufficient stress raiser is made available by 7017-T651
some other process. They observed that (1) under cyclic loading Sec Water
conditions, stress raisers may be promoted by either a mechanical or -o I 
corrosion process, and so CF initiation and HE tend to occur at the IO 15 20 25
FCP or under cathodic polarization conditions over a wide range of A .K (MN )'2)
strain rates; and (2) under static loading, corrosion is generally the b
only available route, so SCC initiation from smooth surfaces occurs O0
at the FCP at sufficiently low strain rates but is difficult or impossible C TRANSITION A
under cathodic polarization conditions. 0 TRANSITION B

7017-T651
E 0

Environment-Induced Cracking of Welds F C P
For weldable aluminum alloy systems other than medium- .J FREQUENCY INDEPENDENT

strength Al-Zn-Mg alloys, service failure resulting from environment- - CORROSION FATIGUE
induced cracking is rare and is restricted to occasional instances for
Al-Mg alloy welds 2z invariably associated with heat-affected-zone 6
grain boundaries becoming decorated with an electrochemically '0 76
active phase, p (Mg2AI 3), and SCC occuring via a predominantly 0 1\ f.
anodic dissolution mechanism that would occur in similarly sensitized
parent plate material.' INTERGRANULAR

• 7017-T"651
0 log CV -049 log freq, -5,6S 0

E. 0 log CV.-o4og freq.-607
10 --.-

10000.l 1 to 100
o/ C FREQUENCY (Hz)

L "  FIGURE 55-Corrosion fatigue of Al-Zn-Mg alloy, 7017 In natural
,/ seawater; (a) crack growth rate/cycle as a function of AK for a

" / range of cyclic loading frequencies, (b) the dependence of
CL I6 corrosion fatigue fracture morphologies In terms of cyclic

71 loading frequency and AK, and (c) fracture morphologies In
C , terms of crack growth rate/cycle and cyclic loading frequency. 08

/OI-'j Air f.Hz) Localized corrosion of welded Al-Zn-Mg joints has been ob.
14 served in service 231.3nd laboratory experiments (see iceference

/ Sea VVer  234 for 27 references). It generally occurs as exfoliation corrosion
cr . within a heat-affected region a few millimeters from the weld bead orx 70 I 0wthnaha

70 10 as a type of SCC, weld-toe cracking (VITc), which initiates at weld
o 2 toes and propagates into the interfacial region between the weld
o 05 bead and heat-affected zone (Figure 57), commonly known as the

- 02 "white zone" because of its etching behavior in nitric acid.3' 5
. 01 The reviewer has discussed WTC in At-Zn-Mg welds in detail

elsewhere.3 4 It is a complex phenomenon that involves at least two
processes; the first being separation of the mechanically weak!10 chemically reactive weld overlap region from the plate (the weld-toe0 10 0 H " 30 region) and the second crack initiation and propagation in the white

C1 AK me, 2zone driven by HE" ,23'2 2 7
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Considerable effort has been expended to prevent weld-toe10 cracking. Initial attempts concentrated upon copper 238 "24 0 or
70H3 silver23 9"241 additions to the parent plate. This was followed by work

70H3  involving silver additions to the -filler wire.3 5 ,242 .245 Most of these

10-4 studies revealed beneficial effects for AI-Zn-Mg weldments in both
naturally aged and the otherwise highly susceptible post-weld aged

-10H 3  condition. Encouraging as these results were, they have not led to a

commercially viable solution. Silver additions, as well as beipg
10 -5 iH3  expensive, promote an increased quench sensiti-

_ vity239"24' and unacceptable strength losses in naturally or post-weld
0-1 H 3 aged welds.240 Copper additions, usually limited to around 0.15 wt%

because of hot cracking limitations, and silver additions, typically 0.5
10 -6 wt%, both can promote increased tendency toward exfoliation

-J0 corrosion' 24
6

2 4
7 and recent observations indicate that the previously

reported beneficial effects toward WTC are associated with crack
> -7- - initiation rather than propagation '2 4 7 and therefore do not offer a

Slong-term solution.
More recent approaches have concentrated upon minimizing

) S "MONOTNIC stresses in welded joints2 33 2 48 and the development of protective

10-8 "  To/< 1/S coatings.2 36
.
244249 Di Russo and Abis248 have show i that the use of

weld gaps calculated using finite-element analysis can significantly
reduce stress levels in welded joints, as can controlled peening.23 3

These findings are encouraging, and such approaches should be
10- | 2 30 incorporated into joint design since any reduction in stresses will be

beneficial. They do not, however, provide a complete solution,
Kmox or K (MNm- 3 '/2) because inevitably some joir.ts will be highly stressed and therefore

FIGURE 56-Schematic representation of the effect of crack-tip potentially susceptible to WTC.
strain rate upon the relationship between crack velocity and The coatings approach, other than the passing reference to a
stress-intensity factor. 08  "protective varnish" by Pimer and Bischel,244 has been restricted to

aluminum-based metal spray coatings that "cover up" weld-
ments 2 36 Although an aluminum-hwt%zinc flame-sprayed coating
has been used with some success to prevent exfoliation corrosion in
AI-Zn-Mg weldments in service conditions,249 these coatings, whether

WELD-TOE flame- or arc-sprayed, do not provide complete electrochemical
WELD SEGREGATION protection against weld-toe cracking in most service conditions
B EDAD unless the sprayed compositions are specifically tailored to do so

using appropriate "activator additions., 2 34'2 5
0 In general, therefore,

protection relies upon coatings acting as a physical barrier. This
condition is rarely maintained long term in service because all
secondary protection systems, e.g., paints, eventually allow moisture
penetration and the sprayed coatings themselves are porous (Figure

,, .... 58). In other words, to guarantee complete protection, it should be
ZONPLATE assumed sprayed coatings are breached, and the coating itself must

provide controlled sacrificial protection preventing WTC and exfolia-
tion. In view of this, some doubt must exist about the recent claims 51

made for arc sprayed aluminum-zinc coatingb not containing the
activator additions needed to generate sacrificial protection.

x30. lO0pm
b
FIGURE 57-(a) Schematic representation of the weld-toe region FIGURE 58-Scanning electron micrograph of a typical arc-
for a conventional aluminum alloy weld and (b) a weld-toe crack sprayed aluminum-based coating on a medium-strength weld-
propagating In the "white-zone" region, able aluminum alloy substrate.
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Previous -work by Holroyd, et al.,236 outlined an approach to data in both 3% sodium chloride and an acidified saline solution
develop aluminum-based spray coatings that should provide immu- indicated that the "activator" additions had promoted the desirednity to WTC and exfoliation corrosion in service even when the potential shift toward more electronegative potentials, but unfortu-

coatings are mechanically or otherwise locally disrupted. The ap- nately both the weld bead and the white zone were similarly effected,
proach adopted was to identify first the local environmental condi- so the potential couple was not reversed. The reason for this is that
tions associated with propagating weld-toe cracks and then to define parent plate melt-back during welding promotes up to a 50% dilution
the electrochemical conditions providing immunity in these and the of the weld pool and promotes diffusion of "activator" elements into
full range of environmental conditions expected in service. Worst- the white zone via partially liquated grain boundaries.
case laboratory testing indicates that immunity to all forms of _ _ _ _ _ _ _ _

localized corrosion is guaranteed if electrochemical potentials are POLISHED WELD CROSS-SECTIONS
maintained in the range -1130 to -1200 mVscE, irrespective of EXPOSED TO A SALINE SOLUTION
solution pH as long as general corrosion is avoided (Figure 59). A toe
wider "safe" potential range will generally exist in service because -1000
the environmental and loading conditions will be less severe than
those used in the above study.

I I I I
7017 Bead-on-ptafe ,-900

NaCI/Na 2CrO4 pH3
DRY AIR a1- - - "- -- 0

SolFailure < ld HAZ p8ateSolid-Plate #-l _ -800

- open-toe Z

01 C0

Z V LAB AIR -

2 10 --- -
-700

< 70 plate filler weld
ZO 0 A 7039-T65 5183 TIG-2pass

C) 0 55

S,, 2219-T87 2319 TIG-2pass

0 10 20 30 40 505 100
DISTANCE FROM WELD CENTRE-LINE (mm)

"WHITE FIGURE 60-Electrochemical potential profiles across medium-
ZONE" T. T6 strength weldable alloy weldments. (Data from Shumaker, et

0 r 1 1 11 al.252)

-1300 -1200 -1100 -1000 -900 To overcome the problem of white-zone activation, a double-
pass welding technique was developed in which the second pass

POTENTIAL (mV) SC E involves the super-purity "active" filler wire,2" and the first pass
FIGURE 59-Influence of applied potential upon elongation and involves a commercial AI-5Mg filler wire that acts as a diffusion
fracture mode for welded Al-Zn-Mg specimens slow-strain-rate barrier preventing activator transfer in one direction and iron/silicon
tested (cross-head speed -2.5 A 10-1 minis) In 2% NaCI + pick-up from the plate in the other (Figure 61).
0.5%/ Na2CrO4, pH 3.236

Self-protecting welds. Analysis of the available published Summary
work describing electrochemical potential profiles across weldment Evidence presented in the previous sections in this review
cross sections during exposure to aqueous saline solutions reveals clearly demonstrates that considerable progress has been achieved
that a significant difference exists between Al-Zn-Mg alloys 252 25  over the last 20 years in the quest to understand environment-
and other weldable aluminum alloys such as Al-Cu, 252 Al-Mg,252 and induced cracking of aluminum alloys. Significant issues remain
Al-Mg-Si.255 Weld beads are electronegative with respect to the unanswered, and with the continual commercial drive toward using
heat-affected zone and parent plate for all of the alloys other than stronger alloys and less conservative designs for transport, struc-
Al-Zn-Mg (Figure 60). The potential data quoted by Shumaker, et tural, and other applications, the potential risk of environment-
al.,252 for a 7039-T651 weld is representantive of Al-Zn-Mg alloys in induced service failures will become more pronounced unless a
general and corresponds closely to the data reported by Tuck254 for greater predictive capability is established,
the alloy 7017-T651, welded using similar welding conditions. Some of the more important unresolved questions, in the

These observations are Important because, when interpreted, opinion of this reviewer, are summarized below.
they provide clear evidence for why Al-Zn.Mg alloys tend to suffer Alloy mlcrostructure. Recent SCC crack velocity data'99

weld-too cracking while other weldable aluminum alloys are generally showing that long-term room-temperature aging of a peak-aged
immune. Holroyd, et al,34 asked the question, "why are Al-Mg and Al-Zn-Mg-Cu alloy can significantly influence crack velocity/stress.
Al-Mg-Si welds immune to WTC while Al.Zn-Mg welds are suscep- intensity factor (cv-K) behavior (Figure 62) indicate that the control-
tible even though, like the Al-Zn-Mg welds." the Al-Mg and Al-Mg-Si ling microstructural features can be subtle, possibly involving GB
welds also have white zones 257 with recrystallized microstructures segregation effects.
and high concentrations of magnesium on the grain boundaries?" Work reported during the mid-1970s proposed that rapidly
The answer proposed was that the potentially susceptible white solidified powder metallurgy (PM) 7XXX series aluminum alloys offer
zones are sacrificially protected by the weld bead in cases where an inherentiy better combination of strength and resistance to SCC
WTC is not observed. To test this hypothesis, an attempt was made initiation and exfoliation corrosion than conventional ingot metallurgy
to reverse the weld-bead/white-zone potential couple for a 7017- (IM) alloys, because for PM alloys, the number of heterogeneous
T651 weld by using a super-purity-based AI-5Mg filler wire compo- corrosion sites available for SCC initiation, e.g., large iron-rich
sition containing "activator" additions. Potentiokinetic polarization inclusions, are minimized and the corrosion attack is more uniform in
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nature 1 ,78 While it is a fact that rapid solidification rates potentially a synergistic effect between various aqueous species. In hindsight, it
offer castability for a wider range of alloy compositions and hence is true that this situation has not promoted service problems for
alloys with higher strength than IM alloys, it is not inevitable that PM existing alloys, although synergistic effects are known to occur for (1)
alloys have superior SCC-resistances compared to compositionally 7075-T651, where nitrate ion additions to saline solutions can
similar IM alloys. Published cv-K data for PM 7XXX series alloys accelerate SCC crack growth rates,127 and (2) an AI-Li-Cu-Mg alloy,
7090 and 7091259-260 indicate that crack propagation characteristics 8090, where sulfate ion additions to a 3% NaCI solution can promote
can be matched by conventional IM alloys (Figure 63). SCC initiation in smooth specimens under total immersion conditions

that otherwise would not have occurred.26

DOUBLE- PASS ACTIVE-WELD AI-6Zn-2.5Mg-i.6Cu i A David et
, Peak Aged " 1983)CF 10 1 -'3 -. \%>- \.REF. 199-

(0 ACTIVE WELD WIRE C

( N661 WIRE 20 25 30 35
a C )WHITEZONESTRESS INTENSITY FACTOR, K CHNr- 3I2)

FIGURE 62-Stress corrosion crack velocity as a function of
stress-intensity factor for a peak-aged AI-6Zn-2.5Mg-1 .6Cu alloy

i i , iafter various storage time at room temperature after solution
7017-T651 Double-Pass Welds (MlIG) heat treatment and prior to SCC testing In a saturated aqueous

13 -Cl-/Cr0,'pH SSRT .potassium chloride solution.'99

12 ""'7 - -- "WTC' -- 1-7 7090,7091 P/ti 0(8 DATA
7/ 7075 O? JM eC-feraO,.pH3-
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b WELD FILLER WIRE FIGURE 63-SCC crack propagation data for PM alloys 7090 and

70912s 26o and IM alloy 7475104 in an acidif led inhibited salineFIGURE 61s-(a) A schematic representation of a double-pass environment.
self-protecting weld and (b) fracture elongation given by double-
pass 7017-T651 welds after slow-strainsrate testing In 2% NaCI
+ 0.5% Na2CrO4, pH 3.234 Future work, of course, should be directed toward the develop-

ment of alloy microstructures that minimize crack propagation;
however, composition modifications, surface coatings, or novel

Ciiti,i.,i niu4otuuit4dL featuieL, ,.ritrolhnri SCC url CFj await processes, mat proeent the development of acidified conditions witin
,dur~tikatiri. Attempts tu. a ,hieve this need to a.ugment those pits~fissures, crevices andor minimize potential stress raisers also
fo..used .4porl ,nderstaidrl 9 the influen,.o alloy mi~rostructure has offer major benefit.= if SOC andor CF =initiation can be significantly
on fracture characteristics and other mechanical properties. The retarded or, ideally, prevented.
.~erall aim is to optimize the balance of properties offered by Mechanical aspects. Perhaps the least well-understood ashigh-strength aluminum alloys. pect of environment-induced cracking of aluminum alloys is the role

Environmental conditions. Enviionment sensitive frautuie of stress. Re .ently, two important observaticns were made foi
studies for aluminum alloys in aqueous environments generally have intergranutar SCC. tlt SOC can involve internal fracture and L2j
bee~n undui~tJ ifn halide iun solutiuns, with some limited work in SOG in inert environments can occur in all precipitate-hardening
othei solutions involving single anions. The signifiiani..e of syiiei diumifiur alloys, It is possile that enviro,'iment-ndu.ed ,.rauL.Kng of
gistic elfects" needs to be established, as it is conceivable that a aluminum alloys propagates by a similar mechanism to SCG
nelw" aluminum aloy may. be deemed insenstive tu SOC land CF, somehow ac .elerated by the environment, e.g., by a HE mechanism
,on thu basis of labozatory testing using o.unventional lest environ that, side SCG,. tends to involve s.rack propagation ahead of thJ crack
merits. when a significant susceptiblity occurs in service because of t ip. Further work is needed to establish this proposal.
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In the past, it has been generally inferred that SCC crack- 19. R.C. Dorwood, K.R. Hasse, Corrosion 43(1987) p. 408.
velocity-stress-intensity factor (cv-K) behavior provides a unique 20. A.J. Cornish, M.K.B. May, J. Inst. Metals 97(1967). p. 44.
relationship independent of test procedure. Experimental' 4 22 2 and 21. P.N.T. Unwin, R.B. Nicholson, Acta. Metall. 17(1969). p. 1397.
theoretical evidence2

6
2 now show that this assumption is often invalid 22. K.G. Kent, J. Inst. Metals 97(1969). p. 127.

with crack growth rates tending to be higher for increasing than 23. K.G. Kent, J. Aust. Inst. Metals 15(1970). p. 171.
decreasing K conditions263 

264 and/or different initial starter K values. 24. P.N. Adler, R. De Isai, G. Geschwind, Metall. Trans. 3(1972). p.
In addition, now that SCC crack growth rates can be continuously 3191.
monitored, using techniques such as potential-drop or compliance 25. A.J. De Ardo, R.D. Townsend, Metall. Trans. 1(1970). p. 2573.
methods, it is evident that true "plateau velocities" rarely occur, but 26. A.J. Sedriks, J.A.S. Green, D.L. Novak, Localized Corrosion,
that crack velocity generally fluctuates with an overall tendency for NACE-3 (Houston, TX. NACE, 1974), p. 569.
the mean to increase with increasing K. 17 4  27. P.K. Poulose, J.E. Morall, A.J. McEvily, Metall. Trans. 5A(1974):

p. 1393.

Conclusion 28. J.A.S. Green, W.G. Montague, Corrosion 31(1975): p. 209.

A mechanistic interpretation of environment-induced cracking of 29. T. Asahi, F. Yabusaki, K. Osamura, Y. Murakami, Proceedings

high-strength aluminum alloys remains controversial. The wealth of of 6th International Conference on Light Metals (Lloben,

experimental evidence that SCC propagation in these alloys is Vienna: 1975), p. 64.

generally a discontinuous process indicates that a growth mecha- 30. C.J. Peel, P. Poole, Mechanisms of Environmental Sensitive

nism controlled solely by continuous anodic dissolution at the crack Cracking of Materials (London, England: The Metals Society,

tip is impossible, and much systematic study is still required to 1977), p. 147.
achieve an adequate description. 31. R. Hagg, J.E. Morrel, A.J. McEvily, International Conference

To end on a positive note, (1) significant progress toward Proceedings of the Environment Degregation of Engineering
understanding environment-induced cracking of high-strength alumi- Materials (Blacksburg, VA: Virginia Polytechnic Institute, 1977),
num alloys should be possible over the next decade with the p. 19.
availability of novel experimental techniques and improved resolution 32. B.V.N. Rao, Metall. Trans. 12A(1981): p. 1356.
and data capture/analysis capability for existing techniques, and (2) 33. K. Rajan, W. Wallace, J.C. Beddoes, J. Mater. Sci. 17(1982): p.
alloy microstructural "manipulationtoptimization offers a route to 2817. [Note misprint in Reference 33 acknowledged in Metall.

provide current and the new emerging high-strength aluminum alloys Trans. 16A(1985): p. 2068.]

with inherently high resistances to environment-induced cracking. 34. J.K. Park, Mater. Sci. Eng. A103(1988): p. 223.
35. P. Brenner, Aluminium 28(1952): p. 216.
36. A.J. Sedriks, P.W. Slattery, E.N. Pugh, Trans. ASM 26(1969):
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223. W. Gruhl, Metall. 17(1963): p. 197; Z. Metallkde 54(1963): p. 264. J. Blain, ). Masounave, J.1. Dickson, Corros. Sci. 24(1984):
86. p. 1.
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227 R.E Swanson, A.W. Thomspon, I.M. Bernstein, R.L. Maloney, resistant microstructures and controlled grain-boundary chemistries,
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228 M 0. Speidel, Stress Corrosion Research, ed. H. Arup, R.N. predict microstructure and microchemistry development. Has re-
Parkins, NATO Advanced Studies Series (The Netherlands. search been performed in this area for these high-strength aluminum
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pre-exposure to aqueous environments, did not suffer intergranular B. Cox (Atomic Energy of Canada Ltd., Canada): In the
embrittlement when tested in vacuum or dry air, but did in laboratory three-dimensional micrographs you showed, which were used to
air or aqueous environments when the test strain rates were support your claim of a HE mechanism, there were undoubtedly
sufficiently low [Holroyd and Hardie, Corros. Sci. 21(1981): p. 129]. many precipitates on the fracture face. However, there did not seem
These results imply that intergranuiar embrittlement requires anodic to be an equivalent number of holes. If the precipitates were there as
dissolution and/or hydrogen uptake during straining, the crack front passed, then (on the average) there should be equal

In my opinion, it is not yet established whether the SCC of numbers of precipitates and holes on each face. Since there appear
aluminum-lithium alloys differs from 7XXX series alloys. The exper- to be very few holes, other origins for the visible features could be
iments you describe were conducted in laboratory air and so precipitation from solution after crack passage or extensive dissolu-
hydrogen pick-up during testing was not prevented. A further tion (greater than twice the mean precipitate size) during crack
complication arises for aluminum-lithium-copper alloys, because the formation. Either route to the observed microscopy would seem to
normal mode of nonenvironment-sensitive fracture is ductile inter- support a dissolution, rather than a HE mechanism.
granular failure [Suresh and Vasudevan, Aluminium 63(1987): p. N.J.H. Holroyd: Grain-boundary precipitates grow in coherent
1020], which is difficult to distinguish from intergranular embrittlement registry with one grain surface and have an incoherent interface with
because of the reactivity of fracture faces with laboratory air. the opposing grain surface. On fracture, the fracture path tends to be

W.W. Gerberich (University of Minnesota, USA), The back- along the incoherent interface, and hence an intergranular surface

face hydrogen ,antry experiment with the notch that Ratke and Gruhl can show either a complete set of precipitates or a complete set of
[Werkst und Korros. 31 (1980). p. 768] made is very convincing for precipitate holes Equal numbers of precipitates and holes on one

hydrogen embrittlement (HE), but the amount of hydrogen that can grain surface are, in fact, quite rare. This illustrates the need tobeteein eqLlilit'rium wihtemild stress efetof the notch is sml, examine both fracture surfaces at high resolution. This technique
be there i qjltrunwith the mlsteseffect othntcissmall, also demonstrates that !he observed features are not formed byThis implies that either slip-induced large stresses and/or binding to preipiatonslutin sic the holes a e noudary
trap sites, such as precipitates, is required. Do you have a feeling for precipitation from soution, since the holes and the gracn-boundary
whether one or both of these is essential to produce HE? precipitates are fully matching. This wouid not be the case for

particles deposited from solution. Fracture matched surfaces have

N.J.H. Holroyd: It is presently impossible to answer your been published by Scamans (Metall. Trans. 11A (1980): p. 846 and
question unequivocally. it is known that atomic hydrogen enters Aluminium 58(1982): p. 332].
unstressece aluminum alloys exposed to aqueous environments E.N. Pugh (National Institute of Standards and Technology,
without the need for electrochemical stimulation [Scamans, et al., USA): You concluded in your talk that intergranular SCC in 7XXX
Corros. Sci. 27(1987). p. 329], and for some time this observation series alloys propagates by HE I recognize that hydrogen absorption
caused the authors to doubt the relevance of Mode I/Il !oading can lead to "itergranular cracking, but it is not clear that HE, rather
experimints for aluminum alloys. The work of Ratke and Gruhl than the film-rupture (anodic dissolution) mechanism, is responsible.
provides strong evidence for HE occurring during the SCC of 7XXX Could you summarize the main reasons for your conclusions? If the
alloys in aqueous environments and implies a ;ole for tnaxiat observation of crack-arrest markings on the intergranular fracture
stresses, thereby validating the Mode 1/111 approach adopted by surfaces is considered important, I should add that it is generally not
several workers in attempts to determine whether SCC involved HE possible to detect such markings on intergranular SCC surfaces-
[Green, et al., Effect of Hydrogen on Behavior of Materials (New indeed, their occurrence may be a special case.
York, NY: AIME, 1975), p. 200; Swanson, et al., Hydrogen Effects in NJ H. Hoiroyd: This question has been specifically addressed
Metals (New York, NY. AIME, 1980), p. 459]. SCC, HE, and in the written paper, with a more detailed argument. Briefly, our
pre-exposure embrittlement of 7XXX series alloys all require the conclusion is that the SOC of Ad-ZnMg and Al-Zn-Mg-Cu 7XXX
presence of grain-boundary age-hardening precipitation [Holroyd si o s th a a HE mc an wi- fn t a7 oXi
ar"' Scamans, Scripta Metall. 19(1985). p. 915] and loading at series) alloys occurs via a HE mechanism with sufficient anodic
suticiently low strain rates [Holroyd and Hardie, Corros. Sci. 21 981). dissolution occurring during SOC to guarantee the req anred hydrogen
p 129] Thus, grain boundary precipitation almost certainly has a role generation Thus, crack propagation is pnrncipally va HE, and in the
during intergranular environment-sensitive fracture. How the pres- absence of anodic dissolution, intergranuar SoC will be neglgible.
ence of hydrogen affects this is unclear. Several workers have Evidence for subsurface SOC initiation, provided by Ratke and Gruhl
observed during transmission electron microscopy studies that eWerkst u Korros 31(1980). p. 768] via notched, hollow tube
grain boundary precipitates above a critical size 250 to 300 nrni tend experiments, taken together with the indirect evidence from acoustic
to act as hydrogen recombinalio sites and generate hydrogen gas emission, electrochemical noise, and load drops measured during
bubbles [Scamans, J. Mater. Sci. 13 (19 78). p. 27, Christodoulou and cracking, provides strong evidence that ScC involves sudden bursts
Flower, Acta Metall. 29(1980). p. 481, Rajan, et al., J, Mater. Sci. of crack growth followed by periods ofcrackarrest. Thsmimy opinon
17(1982). p. 2817, note misprint acknowledged in Metall. Trans. demonstrates that, generally, a film-rupture mechanism is not
16A(1985). p. 2086] whereas smaller precipitates are thought to act operative during the intergranuar S C o 7XXX seres alloys n
as trap sites. The time dependency for environment-sensitive frac- aqueous saline environments, The situation is less clear for trans-
lure, implied by the required slow-strain rates, has been interpreted granular SOC.
as hydrogen having to move from a trap site to a site to do damage The point y,;u make concerning the fact that crack-arrest
[Holroyd and Hardie, Hydrogen and Materials III (Pergamon Press, markings are not generally detected on itergranular SCC surfaces
1982) p 659] A possible role for hydrogen is that it somehow is accepted These markings are often difficult to identify and are
influences strain accommodation. Recent work on Al-Mg-SI alloys easily obscured or destroyed by post-fracture corrosion.
has shown that the strain accommodation mode is strain rate H. Kaescho (Friedrich Alexander University of Erlangen-
sensitive [Lewandowski, at al., Mater. Scl. and Eng. 96(1987): p. Nurnburg, Federal Republic of Germany): It seems that the
185]. For small plastic strains, up to 2%, strain accommodation is via essential mechanism of intergranuiar SCG of age-hardened aluminum-
transgranular slip when strain rates are high but involves grain- zinc-magnesium alloys, i.e., discontinuous crack propagation due to
boundary sliding/creep if strain rates are sufficiently low. In this work, HE, is by now well established. An important point then is that the
solid lead was found to increase the maximum strain rate for micropitting type of !ocalized corrosion, apparently producing hydro-
intergranular strain accommodation. Could hydrogen have the same gen at the crack tip, does occur at a value of electrode potential far
effect for 7XXX series alloys? If so, it would explain many experi- below the potential for onset of either pitting or intergranular
mental observations, e.g., maximum strain rate for pre-exposure corrosion. The effect therefore appears to be one of crack triggering
embrittlement Increases with pro-exposure time and/or availability oi by stress- or strain-induced local crack-tip corrosion events. This also
a hydrogen supply during testing. Further work is needed to clarify if answers Pugh's question concerning the alternative possibility of
the above could lead to slip-induced high stresses. crack propagation by continuous anodic metal dissolution, at least for
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the particular case of aluminum-zinc-magnesium alloys, intergranu- hydrogen traps or alter the sites at which hydrogen is collecting and
lar SCC, and chloride-containing aggressive environment causing crack propagation. Reductions in the crack growth rate can

N.J.H. Holroyd: The proposal for micropitting occurring at also be accomplished by reducing the corrosion rate and hence the
potentials below the pitting potential is validated by your own work hydrogen reduction rate, but there may be restrictions in the potential
and that of others. [See Kaesche, Werkst. und Korros. 39(1988). p. to reduce corrosion rates. Improving a material's tolerance for
152, Baumgartner and Kaesche, ibid., p. 129, Foley, Corrosion hydrogen can serve as a back-up to the reduced corrosion rate
42(1986). p. 277.] The process of crack triggering is not well approach in the event that local corrosion causes a breakdown in the
understood. Hydrogen entry into grain boundaries occurs without the protective film.
need for stress-/strain-induced events. However, intergranular em- R.P. Gpngloff (University of Virginia, USA): I have four
brittlement for 7XXX series alloys precharged with hydrogen be- questions relating to SCC in aluminum alloys. (1) Are your results on
comes difficult to initiate if anodic dissolution is prevented during copper segregation and retrogression aging sufficient to exclude the
straining and transgranular cracking generally occurs [Holroyd and effects of planar slip on SCC in the 7000 series alloys? (2) What is
Hardie, Corros. Sci. 21(1981): p. 129]. the consensus mechanism(s) for the enhanced environmental crack-

E.N. Pugh: I accept that anodic dissolution may be ruled out in ing of 7XXX alloys, compared to the 2XXX series alloys? (3) What is
the specific case Kaesche ias described and that cracking corre- the accepted mechanism for the beneficial effect of cathodic potential
sponds to HE, but I am not sure that this is true in general for on stress corrosion and transgranular corrosion fatigue cracking in
intergranular SCC of 7XXX series alloys in aqueous solutions, aluminum alloys? and (4) on a more modern note, do you have any

N.J.H. Holroyd: SCC of 7XXX series alloys in aqueous results that indicate grain-boundary segregation effects in aluminum-
environments can occur under electrochemical conditions where HE lithium alloys?
is improbable (Holroyd and Hardie, Corros. Sci. 21(1981): p. 129]. N.J.H. Holroyd: Your first three questions are addressed in
However, available experimental evidence strongly suggests that detail in the written paper, and I will not discuss them further here. On
SCC at potentials close to the free-corrosion potential occurs via a your last point, experimental work is now in progress to determine
HE mechanism requiring hydrogen generation and hence anodic whether grain-boundary segregation effects are important in the
dissolution during SCC propagation. environment-sensitive fracture of aluminum-lithium alloys [Gray, et

R.E. Ricker (National Institute of Standards and Technol- al., Proceedings, Aluminum-Lithium V (Charlottesville, VA. University
ogy, USA): In an aqueous environment, hydrogen evolution and of Virginia, 1989, in press). Indirect evidence is consistent with
metal dissolution will occur simultaneously at the tip of a propagating copper segregation being important. For example, SCC initiation is
stress corrosion crack, regardless of the external environment, difficult in alloys not containing copper, but generally occurs more
potential, etc As a result, you cannot use potentiostatic tests to readi:,, as the copper content increases [Holroyd, et al., in Aluminum-
discriminate between mechanisms, and that is why we [Ricker and Lithium i:! (London, England. The Institute of Metals, 1985), p. 310].
Duquette, Metall Trans 19A(1988). p. 1775] elected to use water Surface anaiysis of intergranular fracture of Al-Li-Mg-Cu alloys
vapor as i hydrogen source in our corrosion fatigue and prechargin produced by mechanical overload promoting grain-boundary micro-
experiments However, the debate over whether anodic dissolution, void coalescence has failed to reveal copper segregation [Wert and
HE, or both are involved neglects the fact that both processes have Lumsden, Scripta Metall. 19(1985). p. 205, Miller, et al., Mater. Sci.
a common step that can be rate limiting, and that is passive film and Techn. 2(1986). p. 1210, Lewandowski and Holroyd, Mater. Sci.
breakdown As a result, it seems to me that the best way to improve Eng., in press], so if segregation occurs, it is on and close to the grain
the environmentally induced fracture resistance of these alloys is to boundary, i.e., within nanometers, as found for the 7XXX senes
improve the resistance of the passive films to breakdown at occluded alloys and described in our poster paper here (Hepples, et al., 'The
sites and at the crack tip What, if anything, can be done to achieve Influence of Microstructure on the Stress Corrosion Cracking and
this? Exfoliation of Commercial Al-Zn-Mg-Cu Alloys," this proceedings).

N.J.H. Holroyd: The inherent corrosion resistance of aluminum J.-P. Lynn (Westinghouse Electric Corporation, USA): I
and its alloys relies upon the stability of a protective surface film. would appreciate having more detail on your technique for measuring
Upon immersion into aqueous saline environments, air-formed and crack-tip chemistry. How close is the probe tip to the crack tip? If HE
anodized oxide films chemically react, with aluminum Ions going into is reversible, what is the role of precipitates (S, Zn) on cracking?
solution and chloride ions being adsorbed [see Nguyan and Foley, J.
Electrochem. Soc 127(1980). p. 2563, Foley, Corrosion 42(1986). p. N.J.H. Holroyd. Experimental details for the techniques used to
2'7c Local geometric features, e.g., film defects or weak spots, can characterize crack tip chemistry are published elsewhere [Holroyd, et
allow the local development of acidic solutions and provide potential al., Embrttlement by the Localized Crack Environment, ed. R.P.
initiation sites for localized corrosion. Hydrogen entry into 7XXX Gangloff (vvo,rendale, PA. TMS-AIME, 198 4).-p. 327 , and Corrosion
series alloys has been recorded even when corrosion rates are Chemistry within Pits, Crevices and Cracks tLondon, England.
negligible, e.g.. chromate inhibited saline environments iScamans, HMSO, 1987), p. 495]. During work on real, as opposed to simulated
et al. Corros. Sci. 27(1987). p. 326], and facilitates HE when an alloy cracks, environment extraction techniques were used, and hence the
temper is susceptible and loading conditiuns are appropriate, issue of probe tip to crack tip does not directly arise. In the initial

To date no obvious approach has been identified offering studies, we removed 5 or 10 iL solution samples from the crack-tip
self-repairing film generation that prevents hydrogen entry. Hence, region, so even if all of the solution were removed from the crack tip,
the most elfective route to minimize environment-sensitive fracture is it would be diluted by solution associated with the initial few
to generate alloy microstructures that tolerate tne presence of millimeters of the crack walls. Hence, solution chemistry character-
hydrogen, while providing maximum mechanical strength, ductility, ization is that of the "crack tip region" rather than the "crack tip"
and toughness in addition to good resistance to all forms of corrosion, itself Current work is aimed at addressing this by using a room

temperature freezing technique using tailored gels containing pH andRL. Jones (Pacific Northwest Laboratory, USA): A comment ion-specific indicators, which should provide good spatial resolution
in response to Ricker's statement that crack growth occurs in (Menys, et al., submitted to Corros. Sci.).
aluminum alloys at conditions when anodic dissolution and hydrogen
generation occur, and therefore a detailed understanding of the exact The doubt you express on the subject of reversibility of the HE
mechanism does not matter. I disagree. It we are striving to improve in 7XXX series alloys should be balanced against the considerable
the performance of alloys ;n Lorrosive enironments it is netessary to weight of puitivu experimental evidence. Several roles have been
know the specific mechanism associated with the crack advance envisaged for precipitates during SCC, these are discussed in the
process. Even though anodic dissolution wrid hydrogen reduction are written paper lui three types of precipitate. MgZn2 hardening
involved in the crack growth process, it may be necessary to add precipitates, Mn, Cr, or Zr dispersoids, and Fe-rich inclusions.
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The Environment-Induced Cracking of Hexagonal Materials:
-Magnesium, Titanium, and Zirconium

D. Hardie*

Abstract
An attempt has been made to present an overall picture of the environment-sensitive fracture of
materials having a hexagonal crystal structure: particularly magnesium, titanium, zirconium, and their
alloys. This does not include an exhaustive examination of the many specific environments that may
induce such fracture in these metals, but rather presents a global view of the processes involved using
particular examples of many systems to illustrate the points being made.
The three metals mentioned all adopt highly cathodic potentials when bare metal is exposed to aqueous
environments; hence the influence of hydrogen uptake on their mechanical behavior becomes of great
importance. The relevance of hydrogen embrittlement (HE) and hydrogen-induced cracking to failure
mechanisms is therefore discussed.
Environment-sensitive fracture is very much influenced by the passive film that may develop on the
metal surface under many environmental conditions, and the chemical and mechanical breakdown of
such films is given appropriate consideration.
Since HE mechanisms do not offer a universal explanation of the failures observed, the competition
between this and anodic dissolution is investigated.
The properties of the alloys based on these metals may be adjusted by suitable heat treatment, and the
influence of the resultant microstructures on reaction to particular environments and their promotion of
failure is of great importance. In this context, the occurrence of characteristic fractography may provide
useful information.

Introduction many applications, particularly in the chemical industry, exploit its low
Only three of the metals having a hexagonal crystal structure appear density and excellent corrosion resistance, This is retained in a wide
to have been involved in industrial failures or have been the subject variety of potentially aggressive environments, largely because of the
of a significant amount of laboratory investigation with respect to strongly adherent film of stable oxide that provides a protective layer
environment-induced failure: magnesium, titanium, and zirconium, on its surface. The metal and its alloys remain protected under most
The last two of these are exothermic occluders of hydrogen and form oxidizing, neutral, or inhibited neutral conditions, but, while they
very stable hydrides, whereas magnesium hydride (MgH 2) will remain passive under mildly reducing conditions, they may be
decompose rapidly at temperatures above 280°C,l unless high attacked by strongly reducing or complexing media. Although SCC of
hydrogen pressures are sustained, and these make a considerable a titanium alloy in aqueous sodium chloride was first reported in
contribution to the major failure processes in these materials. The 1966,5 the first incidence of SCC in commercial purity (cp) titanium
environments most involved in studies on these metals and their occurred in 1953 in red, fuming nitric acid.6 The report of the latter
alloys reflect the particular applications for each. included an extensive list of environments that did not induce such

Zirconium has a low neutron-capture cross section for thermal cracking.
neutrons and hence has wide applications in the nuclear industry, If the surface film on passivated metals is removed or damaged
mainly as alloys used for fuel sheathing and pressure tubes, As a in any way, then the underlying metal so exposed is extremely active.
result, most concern relates to its performance in high-temperature The standard potential of a bare magnesium metal surface is -2.69
water, possibly with additions of halide that are relevant to contam- VscE in acid ard -2.93 Vscv in an alkaline environment, 7 even
ination by fission products. But Cox found that zirconium alloys were though the steady-state potential in the presence of a passive film is
susceptible to environment-sensitive fracture in most of the environ- usually about 1 V more positive,8 Although not nearly so cathodic, the
ments that produced failure in titanium alloys. The restricted use of potential of titanium in the absence of an oxide film is still in the region
the magnesium appears to be attributable to undue concern about its - 1.0 to - 1.5 VscE.9 Such potentials are well below the necessary
inflammability, but it Is generally believed 3 that only the aluminum- potentials for hydrogen evolution on these metals in aqueous
containing alloys show any appreciable tendency to stress corrosion environments, and this inevitably introduces the likelihood of consid-
cracking (SCC), with the susceptibility increasing with aluminum erable hydrogen uptake under appropriate conditions. As a conse-
content up to 6%. Environment-induced cracking in such alloys has quence, any consideration of environment-induced fracture in these
been widely reported since it was first observed by Althoff 4 in 1938. metals invariably involves considerable discussion of hydrogen
By far, the most extensively used hexagonal material is titanium, and embrittlement (HE) effects, and most proposed failure mechanisms

take account of the possible involvement of hydrogen at some stage.
Since hydrides may play a significant role in many fracture

'Department of Metallurgy and Engineering Materials, University of mechanisms, both the uvhdli sulubility of hydrogen and the terminal
Newcastle upon Tyne, NE1 7RU England, solubility in the hexagonal a-phase are very important. The overall
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solubility of hydrogen in solid magnesium is never very high, rising to in various conditions revealed that the temperature for transition from
a maximum of about 20 wppm at 6400C.10 This is in marked contrast ductile to brittle behavior in notch-bend specimens hydrided to
to that in both zirconium and titanium, in which the capacity for various levels up to 1000 wppm depended upon both the hydrogen
absorbing hydrogen is such that the amount taken up in the metal content and the flow stress of the matrix. Although the variation of
before precipitation of a hydride phase is considerably in excess of flow stress with temperature was very different for the different
the total solubility in magnesium (Figure 1). Such a variation plays an materials, the transition temperature for a particular hydrogen
important part in comparisons of the HE of these materials, and it is content invariably corresponded to the attainment of a specific value
worth noting that extrapolation of high-temperature data indicates a of the 0.7% flow stress in the material concerned. This immediately
terminal solubility of hydride in titanium I at 3000K of about 20 wppm, suggests that whether or not an unstable crack may readily propa-
whereas that in zirconium' 2 is less than 0.05 wppm. gate through the matrix from one brittle hydride to the next is

determined by how much energy has been stored in the material by
350 100 0 C deformation before the hydride cracks (at something approaching 1%

plastic strain) and thus releases the energy for crack propagation.
1000 The amount of energy required does, of course, also depend upon

the distance to be traveled from one hydride to the next, and this

S explains the dependence of embrittlement upon the interhydride
C .spacing.' 5 In general, the occurrence of intergranular hydride intro-
30 0 duces a dependence upon grain size as well as hydrogen concen-

tration.
As the hydrogen concentration increases, so does the hydride

_ 10concentration, up to a point, and the embrittlement becomes worse
D as a direct consequence of the decreasing interhydride spacing. The

variation in the critical applied stress with hydrogen concentration for
CO 1.0- unstable fracture of a particular type of specimen (Table 1 shows
z "results extracted from earlier work22) may be examined in terms of a
a' simple energy model by equating the amount of energy stored up to
- 0.1 .the point of fracture with the amount of energy of the fracture surface

0 produced, The elastic strain energy stored (S) in unit volume of
material after deformation by a simple tensile stress is given by

0.01
2.0 IO3/T 3.0 4.0 = a210/TS =f' a X

FIGURE 1-A comparison of the overall solubility of hydrogen 0J (1

in magnesium'0 with the terminal solubility of hydride In
titanium" and zirconium.' 2  where f is the strain and E is Young's modulus of elasticity, although

Griffith23 has demonstrated that the presence of a crack of length (c)
increases the strain energy of a sheet of unit thickness by an amount

Hydride Cracking Wa
2c2/E.

Although normal tencile ductility is only significantly affected at Assuming that a moving crack can draw energy from the volume
relative high hydrogen concentrations, when large quantities of brittle surrounding the initiating hydride, the total energy available (ST) will

precipitate are present, both titanium 3 and zirconium"4 are very be related to the hydride spacing (r):
susceptible to embrittlement by relatively small amounts of precipi-
tated hydride at high strain rates or in the presence of triaxial 2 x.Ar3  (2)
stressing. With the latter, high strain rates are not essential but do ST 2E
increase the effect.'" Since the solubility of zirconium and titanium
hydrides is less than 20 wrp0ih at. ambient temperature (Figure 1), where A is simply a geometric constant. The energy of fracture (F) will
hydride precipitate is likely to be present in both in the as-received be related to the specific surface energy and the area of new surface
condition. Much rf ore contamination would, however, be required to created, which will depend upon the distance traveled from one
induce precipitation in titanium than in zirconium at temperatures fractured hydride to the next:
above about 100°0,

The observation that the degree of embrittlement decreases
rapidly with increasing temperature provoked various theories re- F = 2- Br2  (3)
garding the contributory factors. An early belief'1 that the decrease in
the quantity of hydride in zirconium arising from the increasing
hydride solubility at higher temperatures was responsible for the where B is again a geometric constant.
ductility transition was dispelled by solubility determinations.' 7 Theimpotane o twnnin asa dforatin mehansm n teseThe critical level of stress necessary to store sufficient energy toim portance of tw in nng as a deform ation m echanism in thesepr p g t an u s bl c a k wh n i is e e s d j c n t en e
hexagonal materials, particularly at lower temperatures and higher propagate an unstable crack when it is released ((2) can then be
strain rates, together with the observation that twinning led to fracture ascertained by equating Equations (2) and (3).
of hydrides,'5 focused attention upon this as a cause of the transition,
but such a position was later shown to be untenable.' 9-2  -C2 x Ar = 2-yBr2 (4)

In fact, the two critical events in the fracture of hydride- 2E
containing materials are the initiation of cracking in the brittle
precipitates and the propagation of these microcracks through an
essentially ductile matrix from one hydride to the next. The first stage
is strain dependent,2' whereas the second appears to be stress
dependent.2 A study of seven samples of zirconium and Zircaloyt-2 9r - 4(EBrA(5

tTrade name. where B/A 1.
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TABLE 1
The Critical Stresses for Unstable Fracture in Slow-Bend Specimens22 (A)

Hydrogen Hydrides Average Critical Stress (or) Measure
Content in Section Hydride at Hydride of Stored
wppm 1rm Spacing (r) Fracture Energy

10-3m MN/m 2  16-8Oa2 r2

50 37 0.164 380 38.84
50 40 0.158 380 36.06

100 52 0.139 360 25.03
150 76 0.115 345 15.74
200 89 0.106 330 12.23
250 76 0.115 313 12.96
350 101 0.100 290 8.41
400 90 0.105 280 8.64
600 97 0.102 280 8.16
800 92 0.104 280 8.48

1000 90 0.105 280 864

(A)Related to the average distance between hydrides for various hydrogen concentrations in Zircaloy 2.

A simple plot of u2 r2 against r should therefore produce a with grain size, even with slow cooling, and the prevalent length,
straight line of approximate slope 4-yE For the results obtained from which is always greater than the thickness, is about double the grain
slow-bend specimens of Zircaloy22 (Figure 2), there appears to be size.26

amazing agreement with such a simple relationship, and the slope Similar mechanisms to those developed for the various hydride
obtained is 474 v 10'" N2fm3 For a Young's modulus of about 10'1  effects in zirconium might be expected to apply to hydride embrit-
N/m2 (actually around 9 5 - 1010 N/iM2), this would indicate a mean tlement of titanium, but the significant difference is that considerably
surface energy of 474 Jjm2 The testing of Charpy specimens of higher hydrogen concentrations would generally be required in this
zirconium instrumented to provide a direct measure of the energy of material to produce similar hydride distributions to those found in
fracture 24 gave fracture energies of about 50 ft-lb (about 68 J) in the zirconium.
ductile materials at room temperature, and this corresponds to a Where hydride separates from solution on cooling in the form of
specific surface energy of 0.43 M J/m2, This implies, therefore, a rather coarse plates, it is obvious that the prec.pitate orientation has
significant lowering of the fracture energy of the matrix by hydrogen a considerable influence upon the fracture path and hence on the
in solution It is interesting to note that when Beevers25 applied a macroscopic ductility. The dependence of such orientation on the
Griffith's criterion to the extension of hydride cracks in a ductile preferred orientation in fabricated zirconium alloy tubes and plates,
zirconium matrix, he obtained an effective surface energy of 200 and therefore upon the thermomechanical history, was recognized
J/m2  quite early.2 ' Following a number of failures in Zircaloy fuel element

tubes, Louthan and Marshall28 conducted an extensive investigation
40 s of the control of hydride orientation in these materials when cooled

under stress. Since the hydride has a lower density than zirconium
itself, an expansion occurs on precipitation; hence, it is energetically50 favorable for precipitation of hydride plates to occur with the p!ane of

E 30 the plate perpendicular to a tensile stress and parallel to a compres-
r.9z Unstable sive stress. While the fabrication history 27 and the associated

100 deformation were recognized as important factors in precipitation in
0 100 unstressed materials, it was found that under stress, the texture29 '30

20 and stress 28.29 became of greater significance. Reorientation of
15 precipitated hydride in zirconium-niobium alloy under stress was

L 2 o Stable found to depend intimately upon solution of the hydride.31 That is, the
1V 250 proportion of precipitate that became oriented perpendicular to an

10300 applied (or residual) stress on cooling was directly related to the
.'4oo-1000amount dissolved during a heating cycle, and even then only

occurred when the tensile component of stress was along a direction
0 having a high concentration of basal poles, i.e., it was perpendicular
0.08 0.10 0.12 0.14 0.16 to a high proportion of basal planes.

r mm An equation based upon the nucleation relationship proposed

FIGURE 2-Plot of y2 r2 Indicating the critical stored energy by Ells32 has been found3 1 to provide a good representation of the

required when hydrides crack for unstable fracture to occur In results of reorientation under a stress (a,).
various hydrlded bend specimens of Zircaloy-2. Hydrogen
contents In wppm are noted against the points.

If the relationship of Equation (5) were still applicable for much R,, = R. exp (Ba,) (6)
closer hydride spacings, the plot should ullimately pass through the
origin, which it obviously does not. However, it must be remembered
that the model is greatly oveisimplified and takes no account of the where R represents the ratio of hydride lying between 45 and 90' to
finite size of the hydrides themselves The latter varies considerably the applied stress to that within 0 to 45'. (The subscripts r and o
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represent the presence and absence of stress, respectively.) R, is appropriate stress) must be locally exceeded for precipitation of
indicative of the prevalent hydride orientation in the material in the hydride to take place, it is not clear why the terminal solubility should
absence of stress, and B is a factor appropriate to the nucleation exercise any other constraint on either precipitation or the crack
process that is not particularly sensitive to the stressing temperature. velocity. Diffusion control of the crack velocity would seem to be more

likely, and, indeed, an activation plot for diffusion does provide a good
Stress-induced Diffusion fit to the crack velocities quoted (Figure 3) (only deviating very slightly

from the calculated line of best fit), bearing in mind the experimental
Since the introduction of an interstitial solute into a metal lattice scatter.

invariably introduces a localized distortion, the presence of a stress
gradient would be expected to result in migration of the foreign -7 i.,

atoms. The idea that hydride precipitation may be enhanced by 42
stress in supersaturated titanium alloys was floated by Williams 3 as
early as 1962, and Westlake34 subsequently suggested that hydride 0 43

precipitation in exothermic occluders could be induced by tensile
stresses, particularly in the region of triaxial stress ahead of a crack
tip or other stress concentration. As a result, stress-induced diffusion -8
of hydrogen-up a stress gradient-was proposed35 as the mecha-
nism for delayed hydride cracking in the Zr-Nb alloy end-cap welds E
of an experimental nuclear fuel sheath after a period of two years.
Earlier, Weinstein and Holtz'6 had investigated the susceptibility of j-

zirconium and some of its alloys to delayed-failure effects when 0 0
containing 500 ppm hydrogen. They reported no effects in either 0
unnotched or notched specimens of zirconium and Zircaloy-2 at W 9 0
ambient temperature, but moderate susceptibility in Zr-2.5Nb and >
high susceptibility in a high-strength Zr-Al-Sn-Mo alloy. Lack of Y
susceptibility was attributed not to lack of crack initiation but to
subsequent stress relaxation by localized plastic yielding in the softer cc
materials. 0

Waisman, et al., quoted the catastrophic delayed failure of a 0,-10
titanium pressure vessel that was the result of the build-up of hydride 0 0
stringers during operation over a period of 1.5 years at room
temperature, and they investigated the diffusion of hydrogen at 600
to 800°C resulting from composition, temperature, and stress
gradients. 7 They concluded that the stress effect was a direct
consequence of the lattice dilation required to accommodate the
interstitial hydrogen atom, which corresponded to a partial molar 11 2.5 3
volume VH of 1.7 to 2.2 cm3/mol. Wreidt and Orianil had previously 1.5 2.0 2.5 3.0
developed an equation for the effect of stress on the solubility of 10 IT K
hydrogen in a solid and applied it to a palladium-silver alloy Dutton, FIGURE 3-Reported results424 3 for the velocity of sustained-
et al.,39 subsequently developed a general model for hydrogen- load cracking of cold-worked Zr-2.5Nb compared with the rate of
induced delayed cracking in hydride-forming materials that attempted variation of diffusion with temperature (dotted line). 44

to combine theories for the diffusion of interstitial solutes to stress
concentrations40 .41 with ideas concerning stress-assisted precipita- On the other hand, Simpson and Cann46 have produced
tion. They calculated a rate of hydride growth Irom the anticipated evidence for a crack-velocity dependence upon the product DHC, in
hydrogen flux and compared calculated crack velocities expected Zr-2,5Nb hydrided to 200 wppm, with an activation energy of 65 5
from such precipitation in Zr-2.5Nb with those observed in earlier kJ/mol compared with the 35.1 kJ/mol associated with diffusion
work.42.4 3  alone. One factor that they discovered to have a considerable

The temperature dependence of the crack velocity arising from influence upon crack velocity was the distribution of the P-phase in
their model was principally a consequence of the term involving the the alloy. Higher crack velocities were observed in the as-received
product of the hydrogen diffusivity and the terminal solubility for material, compared with the hydrided or annealed, and this they
hydride, which varied by six orders of magnitude over the tempera- attributed to the continuous P3-phase present in that condition
ture range involved. The reasonable agreement of calculated and Thus, obvious points of conflict still exist, and carefully designed
experimental results revealed at higher temperatures did not, how- experiments will be necessary to unravel a complex situation that is
ever, apply at temperatures below 100MC.4 " Indeed, if the plateau further complicated by the influence of fabrication route and heat
velocities apparent from the reported results are plotted against the treatment on the Inherent microstructure of alloys Whatever the
reciprocal of the testing temperature (in XKj, the general trend toward controlling factors, there Is no doubt that stress induced diffusion of
higher crack velocities at higher temperatures can be seen to be dissolved hydrog3n may take place The question that arises Is how
unaffected by hydrogen content over the range studied kFigure 3), great a concentration gradient can be established as a consequence
i.e., the variation can be explained by the activtion energy for of stress gradients that may exist in the material The change In the
dilfusion alone [taking a diffusivity Di1 - 2,17 x 10-" solubility of hydrogen C, under the influence of a hydrostatic stress
expt-42171T)m2is"4 . This, of course, is hardly surprising when all of (P) (which is equal to z,'3 where a is a uniaxial applied stress)
the specimens involved contained conziderably more hydrogen than derives ' from the work done against the external stress in expanding
corresponded to the terminal solubility in zirconium C, at the the metal lattice and is related to the solubility In the absence of stress
stressing temperature. (Cj) by the following:

Although It has been suggested that the terminal solubility in
Zr-2.5Nb could be higher by a factor of 5, Erickson45 considered that C, = C, exp (PVHIRT) (7)
the equilibrium value was unaffected by the presence of niobium, and is increased under a tensile stress, i.e., where P is positive
despite the increased hysteresis between heating and cooling The maximum enhancement of solubility will thus be related to
results. While it is essential that the terminal solubility (under the tie maximum stress that can be generated in the material In the
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region of triaxial stress ahead of a crack tip, the maximum hydrostatic Integrity of the Passive Film
pressure can exceed the uniaxial yield stress ((Ty), but, even under For a wide range of environments and conditions of exposure,
plane-strain conditions, the enhancement factor is only about 2.4. titanium is protected by an adherent surface film of either rutile or
Dutton suggests that the maximum increase in hydrogen concentra- anatase, which not only promotes passivity but may present a
tion promoted by such conditions is given by the following.47  reasonably effective barrier to hydrogen absorption. In a similar way,

a passive film that forms on the surface of magnesium when it is

C$ = ep 2.4ryVH cathodically polarized in aqueous solutions' may prevent hydrogen
" = exp RT (8) uptake. Stampella, et al., suggest that rupturing this film by straining,

even at 5.7 x 10-6/s and -1500 to -2000 mVsCE, is not sufficient
Tto allow hydrogen absorption because of the rapidity of
The enhancement thus depends exponentially upon the yield stress repa~sivation s5 As a result of such effects, Blackburn, et al., went so
and the partial molar volume as well as the reciprocal of temperature. far as to state categorically that SC does not initiate in smooth

In their examination of titanium alloys, Waisman, et al., surveyed a far ia s o ttategoin a t envio ents a m

large amount of data from previous literature and found quoted- specimens of titanium in aqueous environments .56

vlues aOutof from previ.2 ous Tkingatr and vaun uote =Under certain circumstances, however, the protective film may
values of VH from 1.1 to 2.2 cm35/mol. Taking a value of VH = 2.0 become disrupted and allow both localized corrosion and hydrogen
cm3/mol and a yield stress of 350 MN/ni 2 (perhaps on the high side absorption to occur The requirements for such breakdown could

for cp titanium, for example) gives an enhancement factor of 2.0 at po t cr Sh ee sre e le to beaino n the
ambint empratue ad 153 a 20'C if te asocateddro in prove quite critical Such effects are believed to be involved in the

ambient temperature and 1.53 at 200°C (if the associated drop in SCC of titanium and zirconium when they are exposed to solutions
yield stress is ignored). Doubling the yield stress by alloying would SCo iaimadzroimwe hyaeepsdt ouin
yielstessisigor)D the yieldtstresstbyecontaining chlorides, particularly in the presence of organic solvents
double the room-temperature enhancement. that inhibit the repair of the passive film. 7 Very rapid cracking of both

It is immediately obvious that, although there i s a detinite effect metals was observed when they were stressed in methanol contain-
of stress upon the hydrogen solublikty n zirconium alloys, the effect ing more than 0 1% hydrochloric acid. The same authors pointed out
is not particularly great and is only likely to signifcantly influence the beneficial effect of the presence of water in the test environment
faiure mechanisms if the terminal solubtity is exceeded at some and suggested that the addition of 1 5% of water was sufficient for the
point. Under such crcums inces, a steady flux of hydrogen to the prevention of cracking in titanium, whereas double this quantity was
stress concentration would inevitably lead to localized hydride necessary for zirconium Such suggestions are consistent with the

growth. Coleman has pointed out that such processes may lead to repassatio bir of TuAh nvestia te by h who
catatrohicfaiure whn zrcoium llos ae ued nde codi- repassivation behavior of Ti-5AI-4V investigated by Buhl, who

catastrophic failures when zirconium alloys are used under condi- showed (Figure 4) that, although the amount of water present above

tlions in which corrosion by high-pressure water or steam may lead to 2hwhd little influneu re aton kine asnt by

excessive hydrogen pick up. Although Margolin 49 proposed 25% had little influence upon repassivation kinetics, as indicated by

model for sustained-load cracking that was based simply upon the was only 0.05%e n

movement of hydrogen in solid solution between different interstitial

sites, most of the mechanisms postulated involve strain-induced
precipitation.-'

It would seem, therefore, that even if the crack velocity in
sustained-load cracking is essentially controlled by diffusivity, as Z-2-
suggested earlier, initiation of cracking is likely to be determined by wi I7 0.05%
the solubility limit for hydride and perhaps the degree of supersatu- c-CC
ration. Under such circumstances, the susceptibility of a zirconium
alloy with a particular hydrogen content at a particular temperature _3
would be considerably greater than that of a titanium alloy under the
same conditions simply because of the lower hydride solubility 0 25-100%
therein. j1

The situation is further complicated by alloys containing both a- P 'laned -
and p-phases,5 1 but Boyer and Spurr suggested that a hydride
precipitation model fitted their crack growth data for Ti-6AI-4V: A
reduction in temperature reinitated crack growth In high-hydrogen- -3 -2 -1 0 1

content materials and produced Initiation in lower-hydrogen-content LOG TIME s

'aterials " They reported that stress Intensity did not play a major FIGURE 4-Influence of the water content of the solvent (meth-
role in sustained load cracking beyond the minimum value required anol) on repasslvatlon of TI-6AI-4V after surface planing In 0.1 M
to induce hydrogen migration to the crack tip, which could, however, sodium chloride, from the results of Buhl.57

be very low (.- 12 MPa-m 2). Moody and Gerberich3 suggest that Dawson 9 has drawn attention to the fact that the level of water
provision of hydrogen internally (38 wppm) in a Ti 6AI 6V 2Sn alloy or other inhibitor required to achieve substantial improvement in the
results In an exponential dependence of crack growth on stress corrosion fatigue behavior of Ti-6AI-6V-2Sn at 1 Hz and low AK is
intensity They also point out that the crack growth rates are much greater than that needed to produce stable passivity in
dependent upon the diffusion of hydrogen through the P-phase. unstressed specimens or to prevent fracture under static loading.
Increase in crack velocity up to a temperature of 300'K was attributed Chloride additions to the environment increase delay times for
to the temperature dependence of diffusion and decrease at higher repassivation,l and even though titanium alloys exhibit passive
temperatures to problems of hydride nucleation. Subsequently, the behavior in pure methanol, a very small amount of chloride produces
same workers 5' extended their investigation to includa the effect of breakdown of passivity followed by pitting and intergranular attacK.
plane-strain conditions on the threshold stress intensity and crack Depending upon both the alloy and the chloride concentration, the
velocity They found that the threshold approached a lower limiting necessary water addittuns tu resture passivity and inhibit intergranu-
value of 32 MPa-m 2 as total plane-strain conditions were ap- lar attack vary from a fraction of 1% to more than 10% by volume. 1

preached, but with increasing plane stress it moved toward immunity The importance of oxygen or water to prevention of hydrogen
from hydrogen effects A modified model was therefore developed uptake at high pressures and temperatures has also been stressed
that allowed for the stress state in the material and provided good in connection with the extensive use of titanium in oil refineries for
agreement with observations. Where the ratio of the radius of the process streams containing hydrogen.' However, such protection
plane-stress plastic zone to the sample thickness was greater than may be lost where cathodically impressed or galvanically induced
0.1, the threshold rapidly increased, currents generate atomic hydrogen directly on the surface of the
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metal. The presence of > 1.34% water appears to introduce suffi- to the Grade 2 material promotes essentially the same cathodic
cient passivity to titanium when in contact with fuming nitric acid.6 current density as measured for the Grade 12 in deaerated solutions:

The entry of hydrogen into magnesium is generally prevented 1 mA/cm 2 at room temperature and 10 mA/cm2 above 100°C. If
by the passive Mg(OH)2 film that forms on the metal surface in similar hydrogen fugacities are being developed at both surfaces, the
alkaline solutions As a result, pitting is a necessary precursor to HE obvious inference is that the hydrogen generated is being prevented
and consequential cracking. The walls of a pit provide the bare, from entering the Grade 2 titanium, presumably by the surface oxide.
active, film-free magnesium surface that allows any hydrogen This implies that there is some subtle difference in the character of
produced by local cathodic reaction to enter the metal. The corrosion the surface film on the two materials. Leckie has suggested, from a
potential of magnesium in aqueous solutions of sodium sulfate study of the stress corrosion resistance of a Ti-Al-Nb-Ta alloy, that
corresponds to the breakdown potential and hence pitting, with metallurgical structure plays a relatively minor role, but alloying
resultant hydrogen entry and embrittlement, can occur under open- affects the electrochemical stability of the oxide formed. 65 It has
circuit conditions. certainly been reported that the thermal oxide on Grade 12 does not

Recent studies of the effect of cathodic polarization on the constitute an effective barrier to hydrogen entry and that the
ductility of titanium slowly strained in hot, deoxygenated aqueous presence of nickel in the alloy may be a contributory factor.66 There
chloride have confirmed the possibility of hydrogen uptake under the is also some evidence that incorporation of nickel from the alloy in the
appropriate conditions Slow straining Grade 12 titanium (containing passive film 6 or deposition of nickel on the metal sorface" can
1% nickel) revealed hydride formation at temperatures above 100°C greatly increase the efficiency of penetration by hydroge:. Sander-
and potentials below about -730 mVSHE Where the time available son and Scully also refer to the detrimental effect of alloying on the
for hydrogen dissemination was restricted and potentials were only adherence of the protective film on Ti-6A-4V when immersed in a
slightly below the expected hydrogen evolution potential, the hydride methanol-hydrochloric acid mixture. 69

appeared in the form of channels, which seemed to reflect the local The incorporation of iron particles into the surface oxide during
mechanical breakdown of the oxide film (Figure 5), but with longer abrasion likewise provideb effective disruption of the passive film and
timps and more drastic cathodic charging, a more continuous hydride greater hydrogen pick up.'0 On the other hand, galvanic coupling with
layer developed Subseauent work using cyclic loading instead of iron in seawater does not result in hydrogen uptake unless hydrogen
straining to failure has indicated that plastic deformation makes an sulfide is present in the environment. 62

essential contribution to oxide film rupture and the consequent The high chemical reactivity of magnesium greatly restricts its
embrittlement by hydrogen. use in corrosive environments. The passive film of hydroxide that

_only forms under strongly alkaline conditions is readily destroyed by
the presence of chlorides in the environment. Where the environ-
mental conditions are such as to promote passivation, ,,Jwever, the

22 -environment-sensitive cracking that may occur exhibits many simi-
larities to that occurring in titanium. Competition between the
disruption of the surface film and repassivalion thus constitutes an

". !" ~important factor in the SCC of magnesium-aluminum in a mixture of

S- chloride and chromate 1 The investigations conducted by Franken-
.. - ,thai established fairly conclusively that there is a relationship

.,.-.. between SCC and pitting in magnesium alloys 2 While the addition
-.. of chromate to less aggressive solutions prevents SCC, in more

- .- - aggressive environments containing sodium chloride or sodium
sulfite, it promotes a sharp increase in the rate of cracking. Chloride

,..ions in the environment tend to disrupt the passive film by the
Sformation of pits, but, although cracking may occur from the base of

...... .pis... - (Figure 6), the presence of another species such as potassium
• chromate is necessary to prevent excessive pitting and failure by

. more general corrosion rather than by stress corrosion.

"\ 0.2mm

FIGURE 5-Section of Grade 12 titanium strained In 3.5%
aqueous sodium chloride at 200°C and a potential of -908
mVSHE. i = 2.8 x 10-/s.

At the temperature concerned, the diffusivity of hydrogen is
adequate enough to promote extensive penetration of the specimen
and therefore does not restrict crack growth once the surface film is
disrupted. In fact, subsequent metallographic examination (Figure 5) 0 MM
indicates considerable general dispersion of hydride throughout the
section, with precipitation of large hydride needles.

One surprising outcome of the investigation was that conditions
giving rise to extensive hydride formation and consequential embrit-
tlement in the Grade 12 material had no effect whatsoever upon FIGURE 6-Cracking at the base of a corrosion pit In Mg-7AI
Grade 2 samples, nor had a large variety of olner combinations of strained to failure at 2.0 x 10-61 In an aqueous solution
temperature, cathodic polarization, and strain rate. This, despite the containing 35 g/L sodium chloride and 5 giL potassium chro-
concurrent observation that application of a potential of -750 mVsHE mate.
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SCC does not-take place if either chloride or chromate are lifetime was reduced compared to specimens in which stress
present on their own, but with both species present, a delicate relaxation was allowed to occur for a period before specimens were
balance may be set up that influences both the crack velocity (Figure exposed to the solution, and the crack velocities were consequently
7) and the threshold stress.73 The minimum threshold stress and the higher. Both cp titanium and Mg-7AI therefore seem to be prone-to
maximum crack velocity are promoted by solutions containing almost environment-sensitive cracking at the slow-strain rates involved in
equal proportions (by weight) of both sodium chloride and potassium the early stages of creep. Parkins suggested that such effects were
chromate. Excess chromate and excess chloride each result in a related to the role played by deformation in the disruption of passive
reduction in the cracking rate. The general relationship between the films and exposure of the underlying metal to the corrosive
chloride/chromate ratio and the crack velocity does, however, appear environment. 7 Naturally, the interplaybetween the creep properties
to fall down at low ratios of chloride to chromate when the chloride of the material concerned and the critical strain rates for overcoming
concentrations are high (Figure 7), presumably because of the repassivation effects could be quite critical. Scully, for instance, has
excessive pitting that then occurs and the inability of the chromate to pointed out that the range of cross-head speeds over which cracking
localize the cracking process. The inhibiting effect of sodium nitrate occurs in tensile straining of Zircaloy-2 is lower than that observed for
on SCO 72 appeared to be associated with prevention of the break- Ti-O alloys.78

down by chloride of the passive film promoted by chromate.
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CRACK VELOCITY .Jr/s (a) commercial-purity titanium In methanol-hydrochloric acid"O
and (b) Mg-7AI (quenched from 3500C after I h) In a chloride-

FIGURE 7-Dependence of crack velocity on the ratio of sodium chromate mixture.78

chloride to potassium chromate (by weight) In aqueous solu-
tions containing 5 to 35 gIL sodium chloride. Aoi islto rHdoe mrtlmn

The question of film repair and maintenance is important even In many of the stress corrosion systems Involving magnesium,
in the hot-salt cracking of titanium alloys.74 Titanium and its alloys titanium, or zirconium, extremely high crack velocities have been
suffer from pitting when exposed to moist chlorine, and a critical level measured, and this he's presented a considerable obstacle over the
of moisture must be present to inhibit attack by repair ot the protective years to the identification of a cracking mechanism. When'Scully
film.75  considered the various objections raised to the proposal that

The importance of strain rate and the consequential Influence of hydrogen played a principal role in environment-induced cracking of
creep on the progress of SOC has been highlighted by Parkins,70.77  titanium alloys, he took into account maximum reported crack
and it is interesting to compare such effects in magnesium78 and Velocities Up to 10o-3 mm/s for Initially smooth specimens and
itanium"3 (Figure 8), in which the data produced from constant strain considerably faster for precracked specimens."9 Crack velocities as
tests on smooth tensile specimens, either stressed for 3 h (at the test high as 10-2 mm/s have been quoted for specimens of a Mg-Ai
stress or higher) prior to introduction of the test solution or stressed alloy,"7 8,7 for which Chakrapani and Pugh mentioned 10o-" mm/s for
immediately after addition of the solution, show many similarities. transgranular cracking of smooth specimens. On such a basis. Scully

Whenever significant creep deformation occurred while the went on to point out that it was very unlikely that hydrogen could
material was actually exposed to the corrosive environment, the sustain such high propagation rates with a diffusivity of 10-14 m-/s,
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since this would mean that hydrogen would only penetrate a distance presumably because of the essential part played by the chloride in
of about 10

-
4 mm in I s.79 This general point concerning the penetrating the passive film. There was then a tendency 74'87 '8 9 to

necessary diffusivity has been discussed by Johnson, who stressed attribute the intergranular cracking to anodic dissolution and the
the importance of the ratio of crack velocity to diffusivity in connection transgranular "cleavage" failure (with river patterns) to HE. Speci-
with the penetration of hydrogen ahead of a propagating crack.80  mens pre-exposed to the methanol-acid mixture prior to straining
Mitigating circumstances quoted for the apparent discrepancy be- tended to exhibit a three-zone fracture surface 9 in the early stages
tween crack velocity and diffusion rates tend to invoke an increased before complete embrittlement, where a central dimpled region was
diffusivity produced by dislocation sweeping sl or an alternative separated from an outer, intergranular region by a fluted "cleavage"
mechanism whereby cracks through embrittled material continue to region. The disappearance of the fluted region that resulted from
propagate a certain distance into the unembrittled region before aging up to 750C before straining (but after exposure) was taken as
being arrested.8 2  further evidence of the involvement of hydrogen; i.e., the aging

On the other hand, many authors have firmly believed that the allowed more general dispersion of hydrogen from the transition zone
feasibility of producing these crack velocities by an anodic dissolution between intergranular and dimpled failure. The authors therefore
process was even less likely than by means of hydrogen-induced believed8 9 that their experimental results were consistent with the
cracking. Beck considered the possibility of penetration of titanium by proposal that transgranular cleavage is a direct result o hydrogen
an "electrochemical knife" ' If the current density (iA) required for absorbed during the anodic dissolution that causes the intergranular
propagation by anodic dissolution is given by fracture.

Later work has, however, demonstrated that such a model is an

_ zFpv over-simplification of the true situation and that absorbed hydrogen
iA - (9) may itself give rise to intergranular failure, whether or not anodic

dissolution is also involved." With less aggressive solutions, i.e.,
where z is the valency of the metal, F the Faraday constant, p the with a higher water content, the anodic dissolution process is
density, M the atomic weight, and v the velocity of crack propagation, retarded, and this allows more time during pre-exposure for pene-
then a velocity of 1 mm/s57 would require a current of 3 x 107 A/M2. tration by hydrogen Significant embrittlement is effected after only 48
However, Beck did not believe that this was out of the question in h of immersion in a methanol-acid mixture (Figure 9) and, more
view of his estimated current density at the mixed corrosion potential significant still, considerable recovery of ductility occurs when
for bare metal surfaces. He also claimed that, since the average specimens are held under vacuum at 200'C for two days before
crack velocity in double-notched specimens of a duplex.Ti-8A-1 Mo- straining Despite the lack of corrosive attack, except at the surface,
1V alloy strained in aqueous chloride, bromide, and iodide solutions during immersion, there was significant intergranular fracture to a
was directly proportional to potential (and current), the crack propa- considerable depth on subsequent straining.
gation process was intrinsically electrochemical.84 Taken at its face
value, of course, this statement does not exclude a hydrogen- C1
induced mechanism. E

The debate on the relative contributions of anodic dissolution Z
and HE to the failure of titanium and its alloys in various environments L
has consequently continued over many years, particularly after W
Menzies and Averills demonstrated that the preferential dissolution Co 48h
of grain boundaries that occurred when titanium was anodically W 400- ^W-.
attacked by methanol-hydrochloric acid mixtures was accompanied F | * . ' -
by entry of hydrogen into the grains to form hydride. The correct W Oh._ -.

answer may well be that the relative contributions vary with the -0
environment, and, in this context, the complementary results of 0
different workers may shed considerable light on the subject. .. _200_

Powell and Sculty" showed quite definitely that unstressed .60 .
titanium specimens could be embrittled by extended exposure to a 0* Oh
methanol-acid mixture before straining to failure in air. Both grain-
boundary failure and cleavage were reported. The dependence of the cr
degree of embrittlement upon strain rate and the occurrence of failure <
at fast strain rates8 7 e'lminates the possibility that loss of ductility Z 40 I;" .
could be attributed to xtensive anodic dissolution of grain bound.
aries during the period of pre-exposure, the extension of which Z O
nevertheless increased the initial loss in ductility. Sedriks, et al,, 0 /
had earlier drawn attention to the fact that cracking could be induced H 4Bh
in Ti-5AI-2.5Sn by prior exposure to methanol, either as liquid or 20
vapor, before stressing, but that vacuum annealing at 8301C before 0

stressing completely eliminated embrittlement, This immediately 0
suggests hydrogen-induced embrittlement. The effects are acceler-
ated by the presence of halide ions, particularly bromine, In the -
environment, presumably because of their penetration of the protec- 0 109h
live surface film. -7 -5 -3 -1

Following an extensive examination of the cracking of titanium LOG STRAIN RATE /s
and titanium alloys (containing aluminum, tin, and vanadium) in
methanol-hydrochloric acid mixtures, Sanderson and Scully74 de- FIGURE 9-Variation of the ductility and flow stress with strain
duced that two different processes might be operative in their stress rate for commercial-purity titanium specimens strained in air
corrosion failure: transgranular hydride formation and selective after different periods of Immersion In a methanol-acid mixture.
dissolution of the ci-grain boundaries. They also observed that alloy The open points on the ductility plot represent specimens
specimens left in the mixture after fracturing or immersed unstressed heated under vacuum for 2 days at 2000C, following 48-h
for similar periods of time suffered extensive intergranular embrittle- exposure to the mixture, and then tested In air at ambient
ment, This did riot occur when immersion was in methanol alone, temperature.
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Another interesting phenomenon associated with hydrogen 30
uptake was also observed: the occurrence of dark-etching bound- ryAir

aries in polished sections removed from the pre-exposed specimens
after straining at 3.2 x 10-i/s (Figure 10). No such effect was 0
observed when specimens were polished and etched without strain- 0 fcp
ing after immersion. That connection with hydrogen was further
confirmed by the observation that no dark-etching grain boundaries 20
were present in pre-exposed specimens that had been left for 60 W
days after straining to failure in air. The obvious inference is that cc
hydrogen becomes concentrated at grain boundaries during straining
after immersion but will disperse again within the grains on subse- z
quent holding in air at ambient temperature. Tile introduction of the 0

hydrogen to the titanium during prior exposure clearly provides a
species that can become concentrated at grain boundaries during o
straining and so provide a susceptible path for brittle cracks (Figure cc
10). The variation of the depth of penetration (as assessed from the
appearance of the dark-etching boundaries) with time of immersion
in the methanol-acid mixture indicates91 a hydrogen diffusivity of 1.4 0 I
x 10- 13 m2/s, if hydrogen is indeed the cause. Although this is higher -2.0 -1.8 -1.6 -1.4
than the value of 5.2 x 10- 15 m2/s obtained from extrapolation of APPLIED POTENTIAL V(sce)
high-temperature data,92 Waisman, et al.,93 have presented evi-
dence in welded pressure vessels of a room-temperature diffusivity FIGURE 11-Variation of the reduction in area at fracture for
(= 5 w 10-9 cm2 s) more than an order of magnitude higher than that smooth tensile specimens of Mg-7A when strained at 2.0 A
derived by such extrapolation. 10-6/s while Immersed in an aqueous solution containing 5 g/L

sodium chloride and 5 g/L potassium chromate at various
ptentials.
.. Intergranular penetration of Zircaloy in a methanol-iodine mix-

ture at room temperature and in a fused nitrate-chloride mixture at
300 to 450'C occurs even in the absence of applied stress and is

_ - -thought to be governed by anodic dissolution.

.( •Stress Concentration Effects
The very high rate of repassivation of cp titanium in the

-A, . A, .. 4 . presence of water and the good resistance of the material to crevice
corrosion led to the belief that it was immune to SCC in aqueous

m," , ., environments. Similar behavior has been reported for Ti-6AI.4V in
halide solutions,"8 9 but such ideas are confounded by the discovery

ST"that specimens of this and Ti-8Ai-lMo-V had a reduced resistance
to crack propagation when prefatigued, notched bars were stressed

FIGURE 10-Dark etching boundaries in a section from com- in seawater "" investigation of a duplex-annealed Ti-8A1Mo-IV in
merclal-purlty titanium specimen pre-exposed to a methanol- a wide range of environments"4 clearly demonstrated that, although
hydrochloric acid mixture for 73 h before straining to failure in precracking was not essential to the failure mechanism, there was a
air at 3.2 x 10-5is. minimum notch radius above which SCC did not occur. However, the

critical radius varied with the type of environment.
Scully and Adepoju89 showed that titanium, even when it

contained 0.37% oxygen, showed similar behavior to Ti-5Ai-2,5Sn,
The possible involvement of HE in the stress corrosion failure of In that loss of ductility in smooth specimens occurred over only a very

magnesium and Mg-Al has proved to be even more controversial narrow range of strain rates (from 2 % 10 4 to 5 A 10 1s) in 3%
over the years HE was proposed, as Is often the case, because of aqueous sodium chloride (Figure 12), because ductile fracture
the difficulty of explaining the observed high crack velocities by pre-empted crack initiation at higher strain rates, and repassivation
anodic dissolution The Mg 7A alloy has, however, been embrittled occurs faster than the creation of bare surface at slower strain rates.
in a similar fashion by cathodically generated and by dry gaseous The reason for cracking at slower strain rates in the methanol-acid
hydrogen 94 It was also discovered that embrittlement induced by solution is that the I resence of the methanol (in the absence of water)
immersion in a chloride-chromate mixture could be removed by prevents repassivation.
vacuum annealing at 3850C One of the obstacles to the acceptance Although it was believed that stress corrosion did not initiate in
of a mechanism Involving HE was the effect of applied potential on smooth specimens of t;f3 alloys in aqueous solutions,56 precracked
the ductility of smooth specimens when slowly strained ;n tension specimens showed a well-defined threshold stress intensity for
(Figure 11); embrittlemont is decreased by the application of more cracking.98

cathodic potentials However. it now seems likely that. although hlgh It seems obvious that the protective oxide film on these
cathodic potentials support passivatlon of magnesium' and growth of materials introduces a very effective barrier to crack initiation. Since
a barrier to hydrogen Ingress, anodic polarization not only causes titanium does not suffer from pitting under the relatively mild
breakdown of passivity but also hydrogen evolution because of the conditions involving low chloride concentration at ambient tempera-
"negative difference effect."95 It Is therefore believed that disruption ture, some other agent for penetration of the film is required. One
of the surface film on the metal by chloride pitting enables entry of the solution to the initiation problem is to use notched andzor precracKed
evolved hydrogen and initiation of brittle cracks at the base of pits specimens, so that the high stresses developed at the notch root or
(Figure 6). crack tip can promote localized deformation. Smith, et al., were able
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to deduce Kiscc values for titanium alloys immersed in aqueous film may promote both the initiation and, because of effects on the
chloride in this way.99 Competition between cyclic SCC and repas- rate of repassivation, the propagation of cracks All of these factors
sivation at the crack tip has been offered as an explanation of the have already been given some consideration here, but another very
AKscc transition observed under cyclic-loading conditions.'0 Cleav- important aspect of al:oying is its effect upon microstructure and the
age of the grains in the Ti-6AI-6V-2Sn and Ti-6AI-4V examined was response of this to heat treatment.
no longer suppressed by sufficient repassivation of the fresh surface Wearmouth, et al.,76 demonstratqd that the occurrence of
exposed at the crack tip. It has also been discovered96 that transgranular or intergranular failure was a consequence of the
transgranular cracking of Ti-5AI-2.5Sn in acidified sodium chloride inherent grain size and applied aging treatment in the stress
may be initiated by the brittle hydride layer produced on the surface corrosion of Mg-7AI; coarse grain leading to transgranular and fine
during chemical polishing, grain to intergranular failure. On the other hand, Stampella, et al.,65

deduced that the crack path in pure magnesium suffering from
environmentally induced cracking in sodium sulfite was exclusively
transgranular in the finer-grained, commercial metal and mixed

30 1 1mode, intergranular with transgranular, in coarse-grained, high-purity30n- 0 -0I material.

Aqueous Since titanium and zirconium each undergo a phase tranforma-/Ci tion from hexagonal to body-centered cubic (at 882 and 862°C,
* respectively), the structure of their alloys and their response to

0/ thermal treatment are very susceptible to whether or not the alloying
20 0jO elements stabilize the hexagonal a or the body-centered cubic P. In20 / practice, this aspect of alloy behavior has not always received the

Z attention that it deserves and, worse, has even been ignored under
0 HCI certain circumstances. However, Curtis, et al., 0 1 did conduct a

comprehensive survey of the stress corrosion behavior of titanium
a - alloys, both a and a+P, in 3.5% aqueous sodium chloride. They
Z identified a dependence of susceptibility to cracking upon microstruc-
.J ture over a wide range of alloy compositions and thermomechanical

W conditions: Increasing the proportion of p-phase generally improved
the resistance to failure, although stabilizing the p-eutectoid has a
detrimental effect, and increasing aluminum (above 6%) and tin
tended to make the alloys more prone to failure. It has been
proposed10 2 that transgranular stress corrosion fracture may be

0 I eliminated in certain alloys by (1) heat treatment in the p-range, (2)
-5 -4 -3 -2 the introduction of a P.stabilizer, or (3) a decrease in aluminum

LOG STRAIN RATE Is content.
Heat treatments that produce a discontinuous network of the

a-phase at least appear to decrease, and possibly even eliminate,
FIGURE 12-Varlation of the ductility of Ti-0.34%O when strained susceptibility.96 It has also been suggested' °3 that martensitic
In either 3% aqueous sodium chloride or a methanol-hydro- conditions in Ti-6AI-4V and in Ti-8AI-lMo-IV are not susceptible to
chloric acid mixture at various strain rates. 9  stress corrosion. There is certainly no doubt that the behavior of

alloys is very sensitive to the detailed distribution of the a- and p-
Straining of smooth Ti-6A-4V tensile specimens at a variety of phases in alloys with a duplex microstructure. Altering this distribu-

strain rates in aqueous chloride or acidified seawater revealed no lion by high vacuum heat treatment (1 h at 800°C followed by furnace
significant change in mechanical properties compared with testing in cooling) has been found to increase ,the crack velocity for bend
laboratory air (Table 2). However, dead-weight loading of bend specimens of the Ti-6AI-4V alloy subjected to dead-weight loading in
specimens produced a significant reduction in resistance to crack aqueous sodium chloride by two orders of magnitude (Figure 13),
propagation in similar environments (Figure 13), with resultant crack despite the absence of any such effects from smooth tensile
velocities of about 10-6 mm/s. The performance of smooth speci- specimens treated in the same fashion10° 4 This deterioration in stress
mens was not influenced adversely by heat treatment, corrosion resistance was associated with a general coarsening of the

Initiation of environment-induced fracture by a brittle surface microstructure and an increase in the continuity of the p-phase
layer may also be achieved by heating titanium alloys in a "low" (Figure 14). There was also an associated increase in the vanadium
vacuum, to produceoxygen diffusion and develop a hardened i-case content of the p-phase, while the aluminum distribution did not
that suffers brittle cracking when specimens are strained. The stress change significantly.
concentrations and c;evices so produced introduce a susceptibility to The toughness of a Ti-5AI-4V alloy in three-point bending when
SCO (Table 2). surrounded by hydrogen at 0.9 bar has also been shown'05 to be

markedly influenced by microstructure, but this was explained in
terms of the relative hydrogen transport rates in the a- and p-phases.

Microstructure and Heat Treatment Those microstructures having a continuous a-phase with fine,
Alloying may influence the behavior of materials in a variety of dispersed p in the boundaries were least embrittled, whereas those

ways with regard to their resistance to environment-induced fracture, with a P-phase throughout were most embrittled In the former, failure
The strengthening effect of any alloying additions may be important occurred by a transgranular cleavage mode; intergranular separation
from the point of view of the manner in which the matrix reacts to the took place in the latter, as was reported in the early work on
presence of brittle hydrides or the way in which creep properties hydrogen-charged alloys.' This conclusion conflicts with some
interact with the integrity of any passive film under load. Accompa- reported results for internal HE of a near a alloy,'05 where fine
nying variations in toughness may also have a major influence on discontinuous films of p were associated w;th easy fracture The net
crack propagation and ultimate failure because of the different effect will, of course, depend very much upon the specific role played
reaction to the presence of initiated cracks. Where susceptibility to by the p-phase, and creep deformation appeared to dominate the
SCC is intimately connected with the properties of a protective latter work. A long lifetime was obtained at 203'K where no creep
surface film, incorporation of alloying elements or impurities in this effects were observed.
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TABLE 2
Mechanical Properties of Smooth Ti-6AI-4V Specimens(A)

Test %Plastic 0.2% Flow Stress UTS
Environment Elongation MN/rn2  

MN~m 2

As received Air 12.1 843 918
As received Aqueous 3.5% NaCl 11.9 848 918
As received Seawater pH = 1 13.0 878 963
40 h at 250'C Aqueous 3.5% NaCI 11.5 900 954
2 h at 6500C Air 12.2 904 967
2 h at 650'C Aqueous 3.5% NaCl 13.4 869 938
40 h at 6500 Aqueous 3.5% NaCI 9.3 890 954
5 h at 800°C Aqueous 3.5% NaCI 9.6 858 932
5 h at 8000C Air 10.8 910 990
40 h at 250'C+ Aqueous 3.5% NaCI 11.5 900 954
40 h at 65010+ Aqueous 3.5% NaCI 8.3 850 893
5 h at 800C+ Air 10.8 910 990
5 h at 800°C+ .,,queous 3.5% NaCI 5.5 860 886

(A)Strained in tension at 3 XIO 5 /s in various environments, either in the as-received condition or after vacuum annealing. Specimens indicated by + were

annealed in "low" vacuum.

-3 1 1 1 A comprehensive knowledge of the influence of microstructure
TI6AI4V on environment-induced cracking can, of course, be manipulated to

advantage in developing a structure that is more resistant to failure
, HT in service. Work has been conducted on zirconium alloys"° to this

end: to help identify suitable manufacturing schedules for the
production of pressure tubes that would resist delayed hydrogen

E * 7* cracking.E Al
AR/

0 -5 Fluted Fracture Surfaces
0 0 Over the years, it has become appreciated that the fluted

W,, fracture surfaces idcntified with stress corrosion or HE of these
> 0 materials (Figure 16) are not, as initially believed, 107 a result of

Y_'Cv cleavage along particular planes of the hexagonal lattices involved.
o 0 The observation of "pleated" failures in Mg-Al, which could be

avoided by vacuum annealing, after immersion in a mixture of sodium
o ,O chloride and potassium chromate was interpreted as a consequence

of cleavage on {3140) planes." However, following investigation of
o analogous failures in titanium and zirconium, Aitchison and Cox'08

suggested the term "fluting" and emphasized the essentially ductile
7 nature of such failures with complementary river patterns on mating

fracture surfaces (ridge matching with ridge); i.e., the characteristic
flutings resulted from necking between tubular voids and not cleav-
age. They also referred to the similar fractography associated with

-O I -L-- _ _ _ __C___ liquid metal embrittlement of zirconium alloys,2 particularly with

40 50 60 mercury at room temperature.

STRESS INTENSITY FACTOR MN/mn/ 2  Knorr and Pelloux'09 observed fluted failures when studying the
effects of texture and microstructure on the propagation of iodine

FIGURE 13-Variation of crack velocity with applied stress- stress corrosion cracks in Zircaloy and found a correlation with the
Intensity factor for TI.6AI-4V specimens subjected to constant orientation of the hexagonal structure.
load In aqueous sodium chloride. The material was either In the
as-received condition (AR) or had been vacuum annealed at Fracture sufaces presented from magnesium" ° and magne-
8000C for 5 h before testing (HT). sium alloys75 that had suffered stress corrosion failure in a mixture

containing sodium chloride and potassium chromate and showed
The consequences of alloying are not always predictable. This obvious fluting have frequently been referred to as cleavage, but

is amply illustrated by a comparison of the behavior of Ti-6AI.4V to appear to have a similar origin to analogous fractures in titanium and
that of cp titanium when tested in a methyl alcohol-hydrochloric acid zirconium.
mixture (1.13 vol% of 35.5% HCI) (Figure 15). The loss in ductility that
the cp titanium suffered when pre-exposed to the mixture and then It has been proposedl °8's" that fluting, which appears to be
strained in air (Figure 9) was not exhibited by the alloy. By contrast, peculiar to hexagonal materials, occurs because of the scarcity of
when the alloy was strained in the solution, so providing mechanical active slip systems and is produced by the coalescence of tubular
disruption of the passive film, it was more readily embrittled than the voids nucleated by the interaction of particular slip bands, or the
pure metal, intersection of slip bands with grain boundaries, ahead of crack tips.
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Ub 0.15mm

FIGURE 14-Microstructure of the TI-6A1-4V alloy (a) In the
as-received condition and (b) after vacuum annealing at 800'C
for 1 h and furnace cooling.

o Oh Conclusion
CP TI A 48h The three hexagonal materials concerned here exhibit many

60 - " 168h similarities in their susceptibility to environment-induced cracking, but

< - -- --_ - there are also obvious essential differences. Although such failures
( 50 - I in magnesium or its alloys have at times been attributed to hydride< TPEj .OAj/_(A,, TI6AI4V formation, it is only in titanium, zirconium, and their alloys that this
z 40 - V plays such a major role in stress corrosion or corrosion fatigue. Since
Z the hydride solubility is less in zirconium than titanium, the former
O \ TS suffers more obviously from hydride embrittlement, but both are

o30 \ TS, prone to the more insidious delayed failure arising from stress-
'/ Einduced hydride formation.

o / ~ PE
cc 20 -- " Passive films, and particularly the tenacious oxide formed on

-both titanium and zirconium, play an important part, not only in
10 - , . protecting the metals from attack, but in preventing the ingress of

hydrogen produced by ancillary cathodic reactions. The breakdown
0 and repassivation of such surface films may be decisive factors in

-7 -5 -3 determining whether the materials remain immune to failure, undergo

LOG STRAIN RATE /s gross general attack or suffer from environment-induced cracking.

FIGURE 15-Effecx pre-exposure (for 0, 48, or 168 h) to a Once metal is exposed, there may be competition, as well as
methanol-hydrochlorIc acid mixture followed by straining to cooperation, between anodic dissolution drid HE prucesses, and
failure in air (PE), and straining In the same solution without differentiation may et times prove difficult. The balance may also be
pre-exposure (TS) on the ductility of TI-6AI-4V. The curves for very sensitive to environmental and material variables.
commercial-purity titanium (from Figure 9), tested In solution or
after 48 h pre-oxposure, are shown (dotted) for comparison. Introduction of brittle surface films, or embrittlement of the metal

surface itself, and the occurrence of local stress concentrations may
After comparing the transgranuiar fractures of Zircaloy obtained also Introduce a susceptibility to failure that is notably absent from

In a methanol-hydrochloric acid mixture at room temperature with smooth specimens.
those induced by molten salts at 300 to 4500C and in liquid metals,
Cox 1°8 believed that, despite certain obvious differences, they were Alloying can have an important influence on the character and
all a consequence of the adsorption of some active species at the properties of passivating films. In certain circumstances, this may
crack tip-the agent being hydrogen in both the methanol-acid prove decisive, but in others the associated changes in microstruc-
mixture and the fused salt While it is always dangerous to base any ture and the way in which these may be modified by heat treatment
failure model solely upon fractographic evidence, there does seem to may be of greater importance.
be reasonable grounds for supposing that analogous mechanisms All these factors must be taken into consideration to make a
operate for both titanium and zirconium. realistic assessment of industrial performance or service failure.
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testingrin,10- 3 M sodium sulfate solution at pH 10. The source of advanced with respect to the high crack velocities involved My

hydrogen is the local action cathodic reaction. Atomic hydrogen can intention, however, was not to choose between the mechanisms on

only enter the metal through bare, film-free pit walls. Cathodic a velocity basis. There is obviously an even greater problem in
polarization prevents pitting and therefore prevents hydrogen entry reconciling high crack velocitias with "diffusion" of metal or halide
and embrittlement. On the other hand, anodic polarization promotes ions. I would therefore agree that the fracture mechanism in the latter

pitting and hydrogen entry and therefore results in more severe environments must be entireti different and may indeed be attribut-
embrittlement. That the cracking was due to hydrogen was confirmed able to surface adsorption. I see no fundamental objection, however,
by the fact that specimens exposed unstressed to the environment to invoking different basic mechanisms for differing circumstances
and subsequently tested in air were embrittled. However, this Your suggestion that halide embrittlement may be involved in

embrittlement was eliminated by holding the pre-exposed specimens cracking of titanium and zirconium in methanol/hydrochloric acid

at room temperature for 24 h. The cracking was transgranular in mixtures is interesting. This would mean there are three competitive
commercial-purity magnesium and mixed inter- and transgranular in mechanisms. There is no doubt, however, that the dark-etching
high-purity magnesium. We did not study the crystallography of the boundaries to which I referred (Figure 10) provide unequivocal
cleavage facets, but clearly the formation of a dealloyed layer cannot evidence for the involvement of hydrogen penetration
be involved in this cracking. R.A. Orlani (University of Minnesota, USA): You said that in

E.N. Pugh: I was not aware that pure magnesium undergoes the presence of stress concentrators, a titanium alloy needs more
{3140} cleavage-type failure in aqueous solutions. We have been water in a mixed solvent to passivate than in the absence of stress
unable to produce such failures. I believe it will fail by hydrogen concentrators. Would you explain this?
embnttlement, as will Mg-7AI, but this is not equivalent to transgran- D. Hardie: I was referring to the corrosion fatigue results of
ular SCC of Mg-7AI in the aqueous Cl - /CrO2 solutions. Dawson (Reference 59) with respect to the need for high water levels

B. Cox (Atomic Energy of Canada Ltd., Canada): I thought I to inhibit cracking in the presence of stress concentrations I believe
heard you say that titanium was more susceptible than zirconium to that the role of the stress concentrator in breaking down passivity is

hydrogen embrittlement because of its high hydrogen solubility. The to promote local plastic strain.
only way that would be true would be if both could be cracked in the T.-L. Yau (Teledyne Wah Chang Albany, USA): It seems that

absence of hydride precipitates. This is not so for zirconium and too much attention has been given to the hydriding tendency of these

(despite the electron microscopy of Birnbaum) I know of no well- metals, and too little to the role of oxygen, which can greatly inhibit

attested example of such a failure in a macroscopic titanium sample. the hydriding tendency. For example, an environment with an
In fact, most of the in-service failures of zirconium components by oxygen/hydrogen ratio of 1.40 is sufficient to prevent hydriding of
hydride cracking have occurred with the as-received hydrogen zirconium.
content, because that is inevitably above the low-temperature D. Hardle: Your comment relates to the effect of oxygen in the

hydrogen solubility. environment. This may indeed prevent hydrogen pick up in materials

D. Hardle: If indeed I did say that, it was a slip of the tongue. The such as titanium and zirconium, which have a very high affinity for

point that I intended making in Figure 1 was to emphasize tha, more oxygen, particularly where it promotes a passive surface film No

hydrogen would be required to promote embrittlement of titanium mention of temperature is made in Vour question, but it should always

than of zirconium under given conditions. At ambient temperature, be remembered that hydrogen may be driven out of exothermic
the amount of hydrogen necessary to precipitate hydrides is certainly occluders at high temperatures, unless a high hydrogen fugacity is
well below the normal level in as-received zirconium. Like you, I have maintained.
not come across any reference to a service failure (due to hydrogen) M.B. Ives (McMaster University, Canada): It is not clear to me

in titanium that did not involve hydrides, what is unique, if anything, about the environmental cracking of
K. Sleradzkl (The Johns Hopkins University, USA). A large hexagonal metals. What is the particular role of crystallography in

number of models exist for the brittle-ductile transition in steels, (See, these materials?
for example, Lin, Evans, and Ritchie, J, Mech. Phys. Solids 34(1986). D. Hardle: Although I stated that crystallography does not

p. 477.j These models incorporate many features that your simple provide a unifying factor in the environment induced cracking of

model neglects. Have you investigated the applicability uf some of hexagonal metals, the details of the specific failure mechanisms may

these models to the brittle-ductile transition described in your paper? indeed involve crystallographic considerations One example from

D. Hardle: This idea would certainly be worth investigating, but the literature is the relationship between deformation twin planes and

it must be appreciated that the ductile-brittle transilson in hydrided the habit planes for hydride precipitation in the fracture of zirconium

hexagonal metals is entirely different in character from that in carbon (Reference 18 in in, paper) Others are the importance of basal pole

steels, i.e., it is not attributable to an intrinsc change in fracture mode concentration in stress induced hydride formation (Reference 31)

in the matrix, but rather to the presence of brittle hydrides, and delayed failure (Reference 52) in zirconium and titanium

B. Cox: You choose between anodic dissolution and hydrogen RC. Newman (University of Manchester Institute of Sci-

embrittlement cracking mechanisms in zirconium or titanium, using ence and Technology, UK): I recall work by Latanision, Opper-

the crack velocity as one criterion. Yet in zirconium the fastest hauser, and Westwood [Scripta Metall, 12(1978)- p, 4751 on zinc in

transgranular cracking process is the "metal embrittlement" cracking, sodium sulfate solution They suggested that the effect of potential

which occurs in metal vapor (as well as in liquid or solid metals) and was to affect dislocation interactions with the surface, via the surface

is almost certainly an adsorption-induced cracking. The transgranular charge density (:r maybe there was a film). Does this have any value

cracking of zirconium (and titanium) in dry halogen vapors is closely in the discussion of magnesium cracking? Incidentally, the zinc

analogous to the metal vapor case and is also probably adsorption- cracking is really fun to studyl

induced, since neither anodic dissolution (no ionic solvent, the D. Hardle: I did not include zinc in my review, but I am grateful

products are nonpolar) nor hydrogen embrittlement (hydrogen in to you for bringing this work to our attention Latanision. et al, do

solution) can be causing it. It seems possible that liberation of suggest that the effect of charge density on fracture behavior, where

halogen at the crack tip could occur in methanotl/hydrocnloric acid cracks initiate from the surface in contact with the environment, may

and provide a third potenual mechanism, withl a velocity equal to or be relevant to hydrogen embrittlement because of the electropositive
greater than that due to hydrogen embrittlement. absorbate. They certainly observed significant reduction in the

D. Hardle: I introduced the section on anodic dissolution vs time-to-failure of zinc crystals with an applied potential of -1200
hydrogen embrittlement by quoting the arguments that have been mVscE.
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SECTION VI

Environment-Induced Cracking in Nonferrous Alloys
Rapporteurs' Report on Poster Presentations

L.A. Heldt
Michigan Technological University

Houghton, Michigan, USA

B.D. Lichter
Vanderbilt University

Nashville, Tennessee, USA

This session included papers dealing with a variety of "nonferrous" materials.
aluminum-, copper-, nickel-, and titanium-based alloys. It also included a paper on stress
corrosion cracking of uranium-silver interfaces in silver-coated uranium/type 304 (UNS "-
S30400) stainless steel weldments.

ALUMINUM ALLOYS: The paper by Elboujdaini, et al., presents data showing the
relative differences in the stress corrosion cracking resistance of commercial aluminum-
magnesium-silicon alloys at room temperature in chloride media. A strong relationship exists
between pitting mode and susceptibility to stress corrosion cracking. Kim, et al., report
interesting results for type 6351 that extend the concept of environment-inuuced cracking to
consideration of lead-assisted failure. This work is interesting both from the variety of Z;
analytical techniques used and because of its relationship to solid metal-induced embrittle-
ment reviewed earlier in the conference by Stoloff. During the plenary session, the following
comments were made in relation to this paper:

Y.S. Kim (Case Western Reserve University, USA): We show in our paper that voids
initiate by tensile separation at the interface between lead-containing particles on the grain
boundaries and within the matrix in high lead-containing alloys. Low-ductility intergranular
failure is promoted by lead, which is released from the cracked or decohered particle either
in the matrix or at grain boundaries.

The contribution of Liao presents constant-deflection test results for 7000 and 5000
series aluminum alloys, including K,, values, Stage II crack growth rates, and fractographic '- -

analysis The final paper in this group, by Hepples, et al., deals primarily with microstructural
effects in alloy 7150, as affected by "retrogression re-aging," and shows the beneficial effects i ./ --

of this treatment in reducing copper segregation at grain boundaries.
COPPER ALLOYS Two papers are incorporated into the proceedings on alpha-brass,

although only one was presented at the conference. The work of Shih and Tzou presented
results of CERT'SSRT'SEXT (call it what you will) tests in acidified fluoride solutions showing
the effects of pH, strain rate, and potential on intergranular stress corrosion cracking. In
response to several questions raised in the plenary discussion session following the poster
viewing, the following statement was made by the author:

H.C. Shih (National Tslng Hue University, Republic of China): In our paper, we are
dealing with brass in an environment containing fluoride ano we have found that (1) there
exists a critical pH va'ue, at about 9, below which stress corrosion cracking will take place,
but above which stress corrosion cracking is inhibited, The fracture mode is predominantly
intergranular (2) Cathodic potentials prevent stress corrosion cracking, while anodic
potentials promote it No hydrogen embrittlement was observed in this system, (3) X-ray
diffraction showed the existence of cuprous oxide in alkaline environments. (4) The
open-circuit potential changed to more negative values as solution pH was increased. OH
ions in this system polarize the cathodic reaction and therefore can be conbidered as cathodic
Inhibitors (5) We are certain that the mechanism for the stress corrosion cracking of this
system is the anodic dissolution at the crack tip. Cuprous oxide retards dezincification at
solution pH greater than 9.

Additional concerns on this paper expressed by delegates are found in the discussion
immediately following the paper in the volume.

One other paper on alpha-brass, by Chatterjee and Sircar, was not presented at the
conference, and therefore was not discussed there. It is included in the proceedings without
comment to provide a platform for the views of the authors.

PhOtos: M.B. Ires



NICKEL ALLOYS: The paper by Kolts presents a comparison of Zhang and Vereecken, and describes the behavior of Ti-6AI-4V in
the susceptibilities to embrittlement of type 316 (UNS S31600) acidic methanol solutions.
stainless steel and three nickel-base alloys [types 825 (UNS N08825), A summary observation made at the end of the plenary session,
C-276 (UNS N1 0276), and C-22 (UNS N06022)] commonly used in returning to the question of whether anodic dissolution and hydrogen
deep-well environments. The test environments contained hydrogen embrittlement are mutually exclusive mechanisms, is appropriate
sulfide and hydrogen chloride at room -temperature and produced here:
transgranular cracking, which was accelerated by anodic polarization D. Hardie (University of Newcastle upon Tyne, UK): I would
and retarded by additive inhibitors. Nagano, et al., present an
analysis of the factors that produce intergranular attack in type 600 like to tink a comment on a point raised in this discussion with both
(UNS N06600). This includes both intergranular corrosion, which a general observation made in my own presentation and the poster
serves as a crack initiator, as well as the ensuing intergranular stress presentation on titanium Although I introduced the topic of "anodc
corrosion cracking. The third paper in this group, by Garud and dissolution or hydrogen embrittlement"in my talk, I then continued byMcllree,,develops a new model for the cracking of alloy 600. During describing a particular situation where both were involved, and I
the plenary session discussion, one of the authors of this paper led believe quite firmly that this is frequently the case. A slight change in
the flloingy sussion schne othe prevailing conditions (such as the presence of water in the
the following discussion exchange: methanol-hydrochloric acid environment) may produce a pronounced

Y.S. Garud (S. Levy Incorporated, USA): In connection with change in the balance between dissolution and embrittlement. The
the mechanisms of stress corrosion cracking (viz., metal dissolution dissolution itself may play a dual role by penetrating passive films and
vs hydrogen embrittlement), one is left with the impression, after producing an embrittling species such as hydrogen. The crevice
reviewing the presentations on nickel-base alloys, that either one or corrosion of Grade 2 titanium in the poster presentation by Clarke,
the other mechanism prevails. As I have pointed out elsewhere (EPRI Ikeda, and Hardie (this proceedings) provides a good example of
Report, NP-3057, 1983), it is likely that metal dissolution is essential such a situation, where localized dissolution results in penetration by
for the intergranular stress corrosion cracking of type 600 in aqueous hydrogen and the formation of embrittling hydrides. However, in
media, but that possibly hydrogen also influences the overall these particular circumstances, penetration by crevice corrosion is so
process. This may occur, for example, through the interaction of rapid that hydrogen embrittlement plays a minor role in the overall
hydrogen with localized deformation, which in turn affects the failure. Not only may both dissolution and hydrogen embrittlement be
film-rupture process. In effect, the two mechanisms need not be involved in a particular situation, but the one may actually depend on
exclusive, and this may be particularly true for type 600. the other.

R.H. Jones (Pacific Northwest Laboratory, USA): There are URANIUM-SILVER INTERFACES: The presentation by Rosen,
a number of combined anodic dissolution/hydrogen embrittlement et al., is concerned with the integrity of welds involving a uranium-
processes that may act synergistically to cause stress corrosion silver interface when exposed to moist air. Under these conditions,
cracking. These processes include corrosion crack-tip sharpening, stress corrosion cracking failures are observed at the interface.
hydrogen uptake during film-free corrosion, and hydrogen effects on Specimens were stressed in Mode III loading, and subjected to
the behavior of crack-tip dislocations, long-term tests (four years) at a relatively small fraction of their

TITANIUM ALLOYS. The poster paper by Clarke, et al., ultimate strength For short-term tests, specimens exhibited stress

complements the review paper of Hardie, presented orally earlier in corrosion cracking within days when stressed to one-half their

the session with a practical account of titanium alloy selection for ultimate strength.

possible application as a nuclear waste container material in which The individual papers submitted and presented as poster
both crevice corrosion and hydrogen embrittlement may occur. One presentations now follow, along with specific discussion points where
additional paper, not discussed during the conference, is authored by these are addressed primarily to specific papers.
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Stress Corrosion Cracking
of Aluminum Alloys in Chloride Media

M. Elbouidaini, E. Ghali, and A. Gaibois*

Abstract
Stress corrosion cracking (SCC) behavior of 5083 aluminum-magnesium (UNS A95083), 6061 (UNS
A96061), and 6351 aluminum.magnesium-silicon alloys in 3% NaCI solutions was studied. Potentio-
kinetic determinations of the characteristic pitting potential (Epit) and protection potential (Eprot) for a
given sweep rate were made. Impressed potentials equal to or more positive than the pitting potential
(E.,) generated the maximum degradation of the mechanical properties, while at values lower than the
protection potential (Epri), no mechanical propert;x of aluminum alloys were altered. The mechanical
and fractographic properties showed that the pr .lominant features of SCC were pitting and anodic
dissolution, attributed in some cases to the presence of precipitates at grain boundaries. The alloy 5083
showed a relatively better performance than alloy 6351, which demonstrated susceptibility to SCC with
a clear intergranular path. A correlation between electrochemical behavior and SCC resistance of these
alloys is discussed.

Introduction susceptible aluminum alloys to be used in different corrosion media
When a metallic surface is not protected, it will suffer uniform should be fully examined for safety purposes. This paper deals with
corrosion. However, when the material is susceptible to the formation the SCC behavior of three such alloys, two from the 6000 series and
of a passive film, the latter corrosion phenomenon is replaced by a one from the 5000 series, for comparison purposes.
localized and more dangerous one resulting from the breakdown of Corrosion behavior, including pitting of different alloys, was
this film, i.e., stress corrosion cracking (SCC). The transition from studied by potentiodynamic techniques. Electrochemical control was
pitting attack to SCC has been noted in the literature,' 3 The maintained for a SCC test samples by galvanostatic or potentiostatic
nucleation of stress corrosion cracks from corrosion pits has been methods. Surface analyses and sample morphology were examined
observed in aluminum and r"mo of its alloys." Furthermore, the by x-ray diffraction analysis and scanning electron microscopy
plastic deformation at a crack tip, resulting from the local stress (SEM).
concentration, could prevent the re-formation of the protective film.
This leads, in an aggressive environment, to a localized and high rate Experimental
of metal loss by dissolution, thus promoting crack growth 56 The Constant tensile load tests using smooth round-bar specimens

fundamental processes occurring in SCC have been the subject of were conducted in a 3 wt% sodium chloride environment to examine
several Investigations reported and reviewed in the literat.re 7,11 the ir',luence of applied stress, alloying elements, current density

Aluminum and aluminum alloys are materials falling into this (CD), and potential on the SCC behavior.
class and are thus susceptible to the SCC phenomenon. However,
because of their compatibility and their corrosion resistance to
methane and hydrogen environments, aluminum alloys (except those Materials
of nigh mechanical properties, e.g., the series 7000 tAl-Zn-Mg) and Plates of Al 5083 (UNS A95083) in the H321 temper condition,
2000 IAi.Gu, seties, which are in fact susceptible to hydrogen of Al 6351 (laminated) and of Al 6061 (UNS A96061) (extruded) In the
emobrittlemen"' "I are actually used to process, handle, and store T651 temper condition with the same thickness (13 mm) were
these gases as well ais natural gas. Indeed, alhminum is generally obtained for this investigation. The chemical composition and me
suiltab e for use with hydrogen under pressure both at high and low chanical properties of the tested material are summarized In Tables
temperatures. " Tests conducted on aluminum and aluminum alloys I and 2, respectively.
(5000 and 6000 series) revealed that they represent one of the few
classes of metals not embrittled by hydrogen.15 In addition, aluminum Test apparatus
is resistant to methane both in gaseous and liquid states,1 6 The U S The apparatus consisted of a solution tank (volume 5 L) and
Department of Transportation (DOT) Exemption 6498 approves the five glass cells (volume. 50 mL), each containing a test specimen.
use of Al 6351 -T6 for the Iransportatpon of compressed methane The solution was circulated between the tank and each cell by aNevertheless, some problems are encountered in aluminum pm.Teaprtswscntutdb DML0)7Ec lsalloys with some of the contaminants either in commercial grade pm.Teaprtswscntutdb DML t 1 7 Ec lscell was provided with a counter electrode (Pt) and a saturated
gases or from the environment. Therefore, performance of the more calomel reference electrode (SCE). A multichannel potentiostat

(ESCt Model 440), interfaced with a computer for data acquisition

*Department of Mining and Metallurgy, Laval University, Quebec, (M1 lrsid, France.
Canada G1K 7P4. tTrade name.
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and storage purposes, was used to impose the desired potential or -500
current. Smooth-rod specimens with 5-mm diameters and 12.7-mm
gauge lengths (2 cm2) were used. The specimens were machined E --645mV Pt

with long axes parallel to the rolling direction and were strained - -Possible--

between 30 to 80% of the elastic limit during the anodic polarization -700--_._ tri. .W E protection 1-
7

20
O 
MV reverse scan

and during the galvanostatic measurements. r oes

Prior to exposure, each specimen was degreased, cleaned with 0) 'No pitting
acetone, and covered with Teflont tape, except for its gauge portion, > -900
which was exposed to testing. The electrolyte was a 3% NaCI E

solution, deaerated by purging with argon for 60 min before and .J Al, 6061-T651
during the test. The pH measured at the beginning of the experiment < N% Noc, pHt=5.5

I- -1100 d E -. 17 myV. mrn"
was 5.5. The temperature was 21 ± 10C. A Princeton Applied z dt
Research Laboratories potentiostat (Model 173 plug-in) was used to 1.
study the linear sweep polarization behavior and to determine the 0 21ore
characteristic pitting potential (E,,) and protection potential (E po,). o-1300 ' "

Polarization curves were traced in the following sequence: (1)
increasing the impressed potential in the positive direction at a rate
of 17 mV/min, and (2) reversing the direction of potential scan after
a CD of 1 mA cm -2wasreached. -1500 , , ,,,,, , ,,,,,,,[ , ,,,,,, I ......

10 10 10 10 10 10"
I (y/lA/cm

Results and Discussion

The characteristic pitting potenlial (Ej1) and protection potential
(Eprot) are shown in Figure 1. The scan speed was fixed at 17 mVmn -500
and has been found to be relatively appropriate and representative i Pitting
for this study. In our experimental conditions, pitting corrosion E pitting -665mV "1

initiates and propagates freely at potentials more positive than E'a. In -700 -.--- - _i
addition, existing pits propagate, but no new ones initiate, at W E protection -7 -pn Ln
potentials between E,, and Eprot. The failure mechanism, which is o Eprotection"7o5mv reverse scan(I')

attributed to SCC, was found at potentials approximately equal to or . No pitting
more positive than E,.  > -900-

_j Al- 6351-T651
' 3% NoaCI, pHi5.5

Galvanostatic studies F. -1100 / 1 mV.,,, ,"
A galvanostatic study was conducted for the aluminum alloys w,

5083 and 6061 with and without different levels of external loads (30, 8 (E Col.-1260mv)
45,60, and 80% of the elastic limit). The relationship between applied a.
stress and time-to-failure is shown in Figure 2. The curves reveal that -1300
both alloys failed at much lower stresses than the material tensile
strength, implying that both alloys exhibit SCC susceptibility in
deaerated 3%'NaCl solution. -1500 ,, , ,,,,.I , ,,,, , ,,, , , ,

For a CD of 3 mA cm- 2, the 5083 alloy displayed a much better 1O Io 101 10, IO tO
corrosion resistance than Al 6061 under all applied loads. As shown I (tLA/cm
in Figures 3 and 4, the alloy 5083 did not display any active shift of
the potential as a function of imposed loads; however, an important FIGURE 1-Polarization curves of aluminum alloys.
systematic active shift was observed for alloy 6061 as a function of
the stress level, and this shift reached 60 mV for the 80% elastic limit
test. The results, shown in Figures 2 to 4, confirm the good stress
corrosion behavior attributed to the alloy 5083. 3% NC, pH5.51- 3 mA/cm2

The important observation for alloy 5083 Is the presence of
uniform pitting, numerous but shallow on the side surface, with CO 0 . ,
predominant general corrosion (Figure 5(a)). The fractographs show .. 203 5083-H321
the side surface's flat appearance and shallow dimples, Indicating a. Q
poor ductility (Figure 5(b)], whereas, for alloy 6061, pits observed on - 174 - 0 3.
the side specimens are accompanied with secondary cracks (Figure
5(c)]. Mixed failure modes are apparent, with about 20 to 30% U3 * ) *
lntergranular cracking (Figure 5(d)). Cracking of the Al 6061 initiates t 145 [ Ne FAILURE

at oxide-filled pits that are probably associated with inclusions, - 6061-T6\ o-4

Dissolution of stressed specimens begin at the particle-matrix (n 116 0 o
Interface: in some instances, mechanical rupture of the constituents
occurred and SCC started at these Interfaces. Therefore, the initial L
stage of SCC is caused apparently by localized corrosion or 87 13 00 0o-

intergranular attack; when the stress intensity at the crack tip I I ' I I j
increases to a sufficiently high value, intergranular attack can no 50 70 90 110 130 150 170
longer be sustained, and ductile failure ensues. Similar observations TIME TO FAILURE (hrs)
were supported by other authors.t 8-'9

FIGURE 2-Relationship between applied stress and time-to-
tTrade name. failure.
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TABLE 1

Chemical Composition of Aluminum Alloys (wt%)

Al Alloys Si Fe Cu Mn Mg Cr Zn Ti Others

5083-H 0.4 0.4 0.1 0.6 4.4 0.35 0.25 0.15 0.15
6061 0.6 0.7 0.27 0.15 1.0 0.25 0.25 0.15 0.15
6351 1.0 0.5 0.1 0.6 0.6 0.25 0.20 0.15 0.15

TABLE 2 *1

Mechanical Properties of Aluminum AlloysN e . . '

AAlos Yield Strength Ultimate Strength Elongation

5083-H321 248 367 10
6061-T651 293 335 15
6351 -T651 315 341 12 .

Noble () )YS; YIELD STRENGTH ~ 4 L .Z

E

-70

z 720 3% NaC, PH=5.5 .

-760~ ~ o45 %YS*iX.
AlI15083 b= Q%YS

-7810 Lz ca0% Ys
8o L 0 40 80 120 160 200 24~0 280

40 TIME (hours)
FIGURE~~~ ~ ~ ~ ~ ~ 3-oeta vlto uiggavnsai tde fk 4

Al 5083.

Noble W( l 06 I3mAcn % NaI H55V

w~ -640 - YIELD STRENGTH I~ 1 4 ~
WYs0% I *

E-660~ 0O '*

-680 ~ 03 0Y

1--700 80% YS

-720,FGR rcorpso
___FIGURE________________________of specimens strained at 60% of

0 20 40 6 8 0 10 th lstic limit under current density (I = 3 mA/cm2) In a 3%0 20 40 0 80 100 120 NaCI solution: (a) shallow pits and general corrosion on sideTIME (hours) specimen of Al 5083, (h) fracture surfaces of Al 5083, and (c)

FIGURE 4 -Potential evolution during galvanostatic studies of propagation corrosion pits In Al 6061 (UNS A96061), and (d)
Al 6061 (UNS A96061). fixture surfaces of Al 6061.
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232 Anm as No O" FCP 6 8

Ialu.gE=-85O mV Z 6-65

203i
IS1= 6061 (-720 mY) 6061

0. \A-- 6351 (-705 mV)
o4 2 I*= 6061 (-645 mV) w

U os 6351 (- 665 mV)8
C/)6
uj 145-

-5Z 3% NoCI, OEAERATED, pHI5.5
* a : APPLIED STRESS= 60% ELASTIC LIMITC

116 2 PITTING POTENTIAL -645 mV (6061)
Eprotection 1 665 mV (6351)

EpIttIng I I I I I I 1
2 0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

87 o 0 4 A mN TIME (h)
I I I I I I I I I I I

0 20 40 60 86400 800 b06
TIME TO FAILURE (hrs) E

FIGURE 6-Relationship between applied stress and time-to- <
failure In 3% NaCI. 0.4

Potentiostatic Polarization 00.3F
The influence of the applied potentials and stresses on SCC are

shown in Figure 6. The characteristic pitting potentials (Eo,) were I-- 0.2 3%NoCI,OEAERATEOZ pHi- 5.5

found to be -645 mV for Al 6061 and -665 mV for Al 6351, whereas "' APPLIED STRESS:60% ELASTIC LIMITE
the protection potentials (Ep,) were -720 mV and -705 mV for the 0: O T. TMr PROTECTION POTENTIAL f- 720 mV (6061)

above alloys, respectively (Figure 1). _-705 mV(6351)

In both aluminum alloys, when the applied potential was 0 20 40 60 80 100 120
controlled at the pitting potential (Ep,,) or at a more positive potential, TIME (h)
failure occurred within a very short time after the stress was settled
at 80% of the elastic limit. However, if that potential was more FIGURE 7-Current density as function of time at (a) the pitting
negative than the protection potential (Ep,0 ), failure took longer to potential and (b) the protection potential.
occur for the same stress level. The resistance of Al 6061 to SCC was
about twice that of Al 6351 when the potential was set up between E,, grooves at grain boundaries. In the passive region -850 mV), the

and Epot, provided that the stresses were lower than 60% of the attack is much less than that at the pitting potential [Figure 1 0b), and

elastic limit. If the applied stress level was only 40% of the elastic the time-to-failure increases exponentially. The question that may

limit, failure by SCC did not occur, arise now is whether the predominant SCC mechanism of the
aluminum alloy 6061 and 6351 is hydrogen embrittlement or anodic

Anodic CD evolution dissolution. This work has shown that the stress corrosion behavior

Figure 7 shows the evolution of the anodic current as a function of these alloys is greatly affected by the load, and a large time-to-

of time for Al alloys of the 6000 series when either E , or Ero, was failure has been observed as a function of imposed potential,

imposed. For the current evolution [EP, Figure 7(a)), two distinct A critical potential exists below which failure does not occur. It
regions are observed in each curve for the two alloys. (1) a rapid was also noted that the timq to-failure is dominated by the initiation
increase at the beginning (Part I), which may suggest a uniform period This may suggest the ixistence of a critical potential for the
attack of the reactive surface, and (2) a gradual current increase initiation stage The initiated crack can be arrested if the imposed
accompanied by a certain stabilization (Part II), which reflects the potential is lower than the critical one, while at potentials more
propagation of the pits. No efficient passivation is observed that can positive than the pitting potential (E,,), localized arid deep pits were
contribute to a decrease of the corrosion current. For Epxot (Figure formed A morphological change has been identified previouslyf as
7(b)], the curve showed a noticeable decrease of current that is an indication of the significant modification of the protective proper-

characteristic of a passivation phenomenon. The amount of current ties of the passive film that formed on aluminum alloys when the
at E,1 was 30 times greater than at Ep,, level, indicating the potential was increased above the protection potential (Efo0).
importance of the electrochemical attack, since SCC was observed Experimentil data suggests the main factor for SCC is polar-
at E , Both potential levels show that the corrosion current for the Al ization If the potential is lower than the critical potential (E .. Ep,, an
6351 alloy was always higher than that for the Al 6061 alloy, aggressive environment cannot build up at the crack tip, and shallow

cracks will remain inactive because of the formation of a protective
Figures 8 and 9 show scanning electron fractographs of the film However, if the potential is high enough, the rate of metal

specimens tested at the pitting potentials of - 645 mV for A16061 and dissolution at the crack tip will be enhanced.
of -665 mV for Al 6351. The crack morphology on the specimens The electrochemical phenomena at the crack tip seem to control
shows localized corrosion (pits) with secondary cracks [Figures 8(b) the potential that plays an important role in the Al alloys' resistance
and 9(b) for alloys 6061 and 6351, respectively]. All of the specimens to SCC The time-to-failure decreases with the increasing potential,
that underwent SCC exhibit the apparent mixed mode (intergranular indicating an increase in anodic dissolution. This is consistent with
and ductile failure) of fracture as seen In Figures 8(c) and 9(c). This the results of other previous studies of the microscopic analysis of
can be explained as follows. Material degradation was brought about different aluminum alloys,21 -'

by electrochemical phenomenon, causing localized intergranular
attack. This induced a weakening of the material, and led to a purely Conclusion
mechanical failure through overload, as shown by the typical dimple (1) In a solution of 3% NaCI at a CD of 3 mAlcm2 , SCC in both
morphology, alloys, i.e., Al 5083 and 6061, is strongly affected by the level of

A failure of the Al 6061 at the pitting potential (-645 mV), was external loads. In spite of a large uncertainty in the time-to-failure vs
observed on the side surface [Figure 10(a)]. General corrosion is also stress relationship, the Al 5083 alloy appears to offer much better
shown, in addition to the dominating preferential attack manifested by resistance to SCC than the A 6061 alloy at ambient temperature.
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(2) When the tests are conducted at the pitting potential, both ___
the A 6061 and Al 6351 alloys display ductile and intergranular !
cracks. SEM observations indicate that corrosion tunnels are formed
occasionally at fracture planes, suggesting that propagation results
from pitting. Prior to the protection potential (Eprot), the time-to-failure
increases exponentially, and fractographs reveal a typical dimple
morphology with shallow intergranular cracks.

(3) Results show that SCC susceptibility is increased by
increasing anodic polarization. The better performance of Al 5083
alloy can be ascribed to its uniform type of pitting (numerous but 4
shallow pits) The Al 6351 alloy, however, displays a more localized
pitting pattern. 1 '

tt
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Pb-Induced Solid-Metal Embrittlement of Al-Mg-Si Alloys
at Ambient Temperatures
Y.S. Kim, NJ.H. Holroyd,** J.J. Lewandowski*

Abstract
Minute amounts of Pb (i.e., 5 ppm to 500 ppm) are shown to induce embrittlement of Al-Mg-Si alloys
at ambient temperatures. Transmission electron microscopy-energy-dispersive x-ray analyses and
high-resolution scanning Auger microscopy of high-Pb alloys (i.e., 500 ppm) revealed that Pb was often
associated with incoherent particles containing Si, Mn, and Fe, although isolated Pb particles were also
found on the grain boundary and were associated with Fe in the grain. In the low-Pb alloys (i.e., 20 ppm),
fracture surface analyses using backscattered electrons indicated that Pb was only found in association
with Fe-containing particles. These sites of high-Pb concentration are preferential sites for crack
initiation in a low-ductility intergranular mode (LDIGF). Sequential straining experiments revealed that
grain-boundary accommodation of slip was more prominent with increased Pb level in alloys tested at
a slow-strain rate. It was additionally shown that the nonuniform strain to failure was significantly
reduced in Pb-containirg alloys. Tensile interruption tests indicated that both increased Pb content and
high holding temperature reduced the final tensile ductility, suggesting that Pb is mobile during tensile
straining and that additional accumulation of Pb (i.e., internal) by diffusion promotes fracture in a LDIGF
mode. It is proposed that locally segregated regions c' Pb are preferential sites for cracking in a LDIGF
mode either by decohesion or cracking of Pb-containing particles, with subsequent Pb-assisted crack
propagation occurring along grain boundaries. Propagation of fracture in a LDIGF mode requires a
continual supply of Pb to the crack-tip region, as supported by the tensile interruption tests, which
conclusively showed that both the amount of LDIGF and the loss in nonuniform strain to failure
increased with both increasing Pb level and increasing holding temperature.

Introduction shown in that work that the fracture morphology in the DCB
Pb is virtually Insoluble in solid aluminum and is often intention- specimens was affected by the Pb level and applied K1 Fracture

ally added in the 1 to 3 wt% range to certain aluminum alloys to occurred in a tow ductility intergranular mode (LDIGF) tor high-Pb
increase their machinability. In free-machining alloys, these low- alloys, while intergranular microvoid coalescence (IGMVC) was
melting-point additions enhance machinability by liquefying during predominant in low-Pb alloys. LDIGF was also observed in smooth
machining, thereby aiding the formation of mtti chips.' While tensile specimens of high-Pb alloys tested at slow-strain rate i.e.,
enhanced machinability Is achieved with these additions, it has - 108s), It appeared that the rate of crack growth and the type of
recently been discovered that minute amounts of Pb (e.g., -500 fracture mode was controlled by the availability of Pb.3 ,'

ppm) may be detrimental to the mechanical properties toth at The present work was undertaken to identify the locations of Pb
intermediate Ce g.. 100°C)2 and low te.g., -4C, 25 C)3 tempera- in the microstructure, in addition to performing experiments designed
tures. to elucidate the possible mechanisms of Pb-assisted failure of

AI-Mg-Si alloys A variety of analytical techniques were used in
Guttmann, et al.,2z have indicated that small amounts e1 Pb may combination with sequential straining tests and tensile interruption

induce embrittlement of Al-Mg-Si alloys in creep conditions at tests, in addition to a grid technique adopted to enable local strain
elevated temperatures. Severely reduced creep-rupture lives of measurements as a function of total strain.
At-Mg-Si alloys tested at 100'C were obtained by increasing the Pb
content in the range < 10 to 165 ppm. However, there was little Experimental Procedures
observable effect of Pb content on either the room-temperature
Charpy impact toughness or smooth tensile behavior. Materials

More recent work3"4 on 6XXX series aluminum alloys has Aluminum alloy 6351 containing Pb levels in the range 5 to 500
demonstrated the deleterious effects of Pb at ambient temperatures ppm were used in this study. The laboratory alloys were direct chill
In sustained-load cracking tests and In slow-strain-rate testing. The cast as 70 kg ingots by ALCAN International Ltd, (' and were
schematic in Figure 1 illustrates the effects of Pb level and applied homogenized at either 570'C/2 h or 4501C/1 2 h. Additional process-
stress intensity (K) on the crack velocity In bolt-loaded double- Ing details are summarized elsewhere,3'4 and Table 1 lists the
cantilever beam (DCB) specimens 3.4 Crack growth rates exceeding compositions, All specimens were tested in the peak-aged condition.
100 mmly were obtained at room temperature, with threshold values
lower than 18 MPa Vim at room temperature. It was additionally Tensile testing

Smooth, flat tensile specimens of gauge length 13 mm and
'Department of Materials Science and Engineering, Case Western thickness 2.54 mm were tested at room temperature at either 3.3 x
Reserve University, Cleveland, OH 44106.

-ALCAN International Ltd., Banbury, Oxfordshire, England. O'Banbury, Oxfordshire, England.
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TABLE 1
Compositions of Alloys (wto/o)

Mg SI Mn Cu Fe Zr TI Pb Al

0.62 1.06 0.55 0.001 0.24 0.02 0.014 0.0005 Rem
0.62 1.01 0.59 0.007 0.25 0.02 0.013 0002 Rem
0.62 0.99 0.58 0.007 0.23 0.02 0.017 0.005 Rem
0.62 1.00 0.55 0,007 0.24 0.03 0.012 0.01 Rem
0.62 1.02 0.56 0,007 0.23 0.03 0.016 0.05 Rem

Surface analyses
High-resolution (i.e., 500 A) surface analyses were obtained on

polished, undeformed, and ion-sputter-cleaned specimens in a
HIGH PS Perkin-Eimer*- PHI 660 Scanning Auger Microprobe operated at 10

>. kV and at 11 hiA, in an attempt to identify the source(s) and
C) location(s) of Pb in the microstructure. Auger line scans were

i1 OW PS performed across grain-boundary regions in both high- and low-Pb
alloys.
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the EDX spectra as being incoherent AI(Mn,Fe)Si phase or an subsequent nonuniform strain to failure at either Pb level, whereas
Al-Mn-Si phase, while the latter contained Al, Fe, and Si. EDX significant decreases were obtained for both low- and high-Pb
analyses of the small-grained 100-ppm Pb alloy indicated that Pb specimens held at 80*C prior to reloading. Greater losses were
was often associated with the small, faceted grain-boundary particles obtained with higher Pb levels. the orientation of grain boundaries
at the giain boundary,4 and was also detected in association with the exhibiting failure was determined with respect to the tensile axis on
large Fe-containing particles both at the grain boundary and in the the tensile interruption tests. Figure 9 summarizes the cumulative
grain Auger line scans across a grain boundary of the polished, ion- total of grain boundaries exhibiting fracture as well as their orientation
sputter-cleaned, undeformed, 500-ppm Pb-containing alloy is pre- with respect to the tensile axis. High Pb alloys exhibited a predom-
sented in Figure 5. Pb signals were detected both at the grain inance of failure in boundaries oriented at 900 to the tensile axis, while
boundary and within the grain, as Figure 5 illustrates. Additional grain-boundary failure for low-Pb alloys did not reveal any orientation
analyses revealed that the Pb was often associated with Mn, Fe, and preference.
Si, although isolated Pb signals were detected in the absence of Fractography
these elements.4 Analyses of low-Pb specimens (i.e., 20 ppm) have The fractography of failed specimens similarly revealed an
failed to locate the site(s) of Pb in the alloy. However, fractographic effect of Pb level and holding temperature on the fracture mode. The
evidence indicates Pb association with Fe particles.4  high-Pb alloy (500 ppm) tested at slow-strain rate exhibited regions

,, ' "'of LDIGF surrounding large (i.e., .> 5 lm) voids, as shown in Figure
, ,10(a). In contrast, the fast-strain-rate tests as well as the low-Pb

alloys exhibited IGMVC or transgranular microvoid coalescence, as
shown in Figure 10(b). SEM stereo pairs of the fracture surfaces

S ' g . stressrevealed that LDIGF was typically present in regions normal to the
sress axis.

TEM observations
TEM micrographs of tensile specimens strained various amounts

revealed microvoid initiation both at the grain boundary and at
-. W .. ., . cracked, large Fe-containing particles within the grain. The grain-

boundary microvoids were typically associated with the small faceted
particles shown earlier (i.e., Figure 4) at which Pb was detected.
Figure 11 shows a TEM micrograph of a large-grained 500-ppm Pb
specimen subjected to the tensile interruption test held at 800C, and
subsequently tested to failure. Pb was associated with the large
particle shown in Figure 11, while the grain-boundary void shown was
associated with a precipitate-free zone (PFZ). Cracks associated
with the large Fe containing particles were observed at all Pb levels.

Discussion
___------ __ The above results detailing Pb-assisted low-ductility failure at

FIGURE 4-TEM mlcrograph showing faceted particles (arrows) ambient temperatures exhibit a number of similarities to solid-metal-
at the grain boundary In small-gralned 100-ppm Pb alloy, induced embrittlement (SMIE), ' However, the present Pb embnt-

tlement phenomenon was observed to occur at room temperature
and below (ie., -40C), ,4 while SMIE is typically observed to occur

Tensile results near the melting temperature of the embrittler. 5

The local (i.e.. micro-) strain as a function of macrostrain of the Although Pb exhibits some solubility in liquid Al, essentially zero
sequentially loaded flat tensile specimens, calculated via the tech- solubility exists in the solid state. The present results indicate that the
nique shown in Figure 3, are presented in Figure 6, while Figure 7 Pb distribution is affected by Pb level. In tow-Pb alloys, Pb was only
shows deformed grids of specimen surfaces of ta) large-grained 500- observed at Fe-containing inclusions, while high-Pb specimens
ppm Pb alloy strained to 2.2% and (b) large-grained 20-ppm Pb alloy exhibited a variety of locations. Isolated Pb peaks were detected at
strained to 2% by slow-strain rate. Arrows indicate the deformed the grain boundary, within grains, and at incoherent particles [i.e.,
grain-boundary regions in (a) and the matrix slip lines in (b). Al(MnFe)Si or AI-Mn-Sil and inclusions (i.e., AI-Fe-Si). Pb was also
Calculations of local strain were performed both across grain- detected at the boundary In the presence of Mn and Si,
boundary regions and within the matrix for the two strain rates. Figure
6(a) indicates a strong effect of Pb level on the iucrostrains obtained TEM investigation of foils taken below the fracture surface
for a given macrostrain, when measured across grain boundaries in revealed preferential crack mitiation at Pb-containing grain-boundary
slow-strain rate tests. Direct comparison of the behavior of the 500 particles. Figure 9 shows that the high-Pb alloys show a strong
ppm (570'C) alloy and the 20 ppm (570"C) alloy is provided by the preference for grain boundary failure by LDIGF for boundaries
solid lines in Figure 6 Increased grain-boundary accommodation of oriented normal to the stress axis. These cracks subsequently grow
deformation Is evident in higher Pb materials [Figures 6(a, and 7tajj in a LDIGF mode by the continual supply of Pb from the process zone
and was more pronounced at the larger levels of macrostrain, while ahead of the crack. Thus, the Pb-containing Fe particles, in addition
deformation by matrix slip was more prevalent for low-Pb alloys to isolated Pb globules at the grain boundary, are (internal) sources
tested at the same rate (Figures 6(b) and 7(b)], Figures 6(c) and (d) of Pb, .a

Indicate that there was no measurable effect of Pb on the balance of The deleterious elfects of Pb were particularly well demon-
deformation by grain-boundary or matrix slip for specimens tested at strated In the tensile interruption tests. While it appears that Pb is
a fast strain rate (Ie , 9 8 Y 10-3(s). Arrows in Figure 6 Indicate the released either from cracking or decohesion of inclusions, or from
strain at which grain-boundary failure was detected. decoheson of Pb globules from the matrix, the tensile Interruption

The nonuniform strain decreased with an Increase In Pb tests demonstrate the effect(s) of allowing additional Pb diffusion to
content AS detailed earlier, additional specimens were unloaded at the crack surfaces (i.e., internal). High-Pb alloys held at 80'C prior to
the UTS and were subsequently reloaded after holding in vacuum for retesting produced additional reductions in total elongation to failure.
24 h at either room temperature or 80'C. The nonuniform strain to Low-Pb alloys as well as those held only at room temperature
failure obtained after reloading, summarized In Figure 8, was strongly exhibited considerably less reduction in ductility. Therefore, the
affected by both the Pb level and the holding temperature. Holding at availability of Pb appears to be a major controlling factor in this
room temperature for 24 h produced no measurable effect on the embrittlemont phenomenon.
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* S Scan,

FIGURE 5-Auger line scans of the polished and Ion-etched surface of large-grained 500-ppm
Pb alloy. Pb Is detected at the grain boundary (straight arrow) and In the matrix (curved arrow).!9 5000:, 7 S'C GB VM ATRI X
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FIGURE 6-Local strain vs macrestrain measurements for different Pb levels at slow f(a),(b)] and
fast 1(c),(d)J strain rate. Solid lines compare data for the 500-ppm and 20-ppm specimens. Arrows
Indicate the strain at which grain-boundary cracks were noted.
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A104

FIGURE 7-Deformed surfaces of (a) large-grained 500-ppm Pb alloy and (b) large-grained
20 ppm Pb alloy Illustrating deformed grids by slow-strain-rate tensile test. A long arrow
Indicates the tensile direction.
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FIGURE 8-Nonuniform strain to failure vs Pb level. (Data obtained In the tensile Interruption
tests.)
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FIGURE 9-Cumulative locations of grain-boundary failure vs angle to stress axis.
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these regions. In contrast, the stronger interfaces in the low-Pb alloys
J, • require additional stress and strain to decohere the interfaces. Thus,

in the latter case, higher shear stresses along the grain boundary
result, thereby promoting dimpled fracture. Once a crack has
initiated, the crack will propagate with a continual supply of Pb (i.e.,
internal) to the crack tip. Therefore, the observation that LDIGF is not
obtained in low-Pb or high-Pb alloys tested at fast strain rates can be
rationalized as resulting from the mobility of Pb, which is insufficient
to keep up with the growing crack. Although there is no unified
mechanism that is generally accepted for SMIE, it has been
suggested that crack propagation is controlled by surface self-
diffusion of embrittler over embrittler.9'10 The present results, al-
though not quantitative, tend to support such a mechanism, since
additional embrittlement as measured as loss in nonuniform strain
was obtained in the tensile interruption tests, where it is expected that
additional Pb diffusion may occur during holding at high temperature.

Many of the observations in the present work are similar to those
made on specimens undergoing creep. However, conventional creep
theories predict an increase in creep rate with decreasing grain size.
The present work and previous work3 have clearly demonstrated that
large-grained material (i.e., high homogenization temperature) ex-
hibited lower macroscopic strains to failure and faster crack growth
rates in the presence of internal Pb than did the small-grained
specimens. Unfortunately, the heat treatments used to obtain the two

5grain sizes tested in the present work may additionally change both
AX 'the size and distribution of Mn dispersoids in the material," which

has also been shown to affect the deformation and fracture charac-
teristics. Thus, an unambiguous determination of grain-size effects
on fracture in the present work is difficult. Additional work on this
subject is continuing.

FIGURE 10-SEM frartograph of (a) low-ductility Intergranular FIGURE 11-TEM micrograph of grain-boundary voiding (v)
mode surrounding large (5 lim) grain-boundary voids (arrows) along the precipitate-free zone in a large-gralned 500-ppm Pb
In large-grained 500-ppm Pb alloy and (b) Intergranular micro- alloy. Specimen obtained from tensile Interruption test where
void coalescence In large-grained 5-ppm Pb alloy. Specimens holding at 80'C was performed prior to reloading.
were taken from tensile Interruption tests held at 801C.

In the absence of triaxial stress conditions, it Is difficult to obtain Conclusion
LDIGF under slow-strain-rate conditions unless high-Pb levels (i.e.,
- 100 ppm) are tested. LDIGF is not typically observed in aluminum (1) LDIGF can be obtained in AI-Mg-SI alloys at ambient
alloys tested under monotonic conditions. Although previous work temperatures.
has indicated that Mn removal may promote Intergranular fracture of (2) The sources of Pb and LDIGF sites have been identified. In
a dimpled nature in fracture toughness tests,' 8 the present materials Iow-Pb alloys, Fe-containing inclusions provide the primary
contain sufficient Mn to prevent low-ductility intergranular fracture at source of Pb, while a variety of sites were identified for the
fast strain rates, It follows that Pb facilitates both crack initiation and high-Pb material.
propagation Under slow-strain-rate conditions, the PFZs are pro- (3) Increasing the availability of Pb enhances the following during
ferred sites for deformation. In high Pb alloys, cracks will preferen- deformation. (a) grain-boundary accommodation of slip and (b)
tially initiate at the interfaces of Pb-containing particles situated in reduction of nonuniform strain to failure.
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(4) Evidence for stress-driven mobility of Pb in producing and 7. B.J. Dunwoody, D.M. Moore, A.T. Thomas, J. Inst. Metals
sustaining LDIGF was obtained in the tensile interruption tests. 101(1973): p. 172.

(5) Although many of the observations obtained on Pb-induced 8. J.A. Blind, J.W. Martin, Mater. Sci. Eng. 57(1983). p. 49.
LDIGF are similar to a creep mechanism, the observed grain- 9. J.C. Lynn, W.R. Warke, P. Gordon, Mater. Sci. Eng. 18(1975).
size effect is not consistent with conventional creep theories. p. 51.

10. P. Gordon, H.H. An, Metall. Trans. 13A, 3(1982): p. 457.
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The Stress Corrosion Cracking
of AI-3.7wt%Zn-2.5wt%Mg and AI-4.7wt%Mg Alloys

C.-M. Liao

Abstract
The stress corrosion cracking (SCC) behavior of both Al-3.7wt%Zn-2.5wt%Mg and AI-4.7wt%Mg alloys
in 3.5% NaCl solution has been studied using the double-cantilever-beam technique. Constant
deflection tests for AI-3.7wt%Zn-2.5wtMg alloy in 3.5% NaCl solution were also conducted. The SCC
resistance of AI-4.7wt%Mg is better than that of the AI-3.7wt%Zn-2.5wt%Mg alloy. The fracture
morphologies of both alloys are intergranular along the elongated grains. In the constant deflection test
of Al-3.7wt%Zn-2.5wt%Mg, SCC initiates from several different sites near the outer surface of the
specimen and propagates toward the center.

Introduction TABLE 1
Both AI-Zn-Mg (7000 series) and Al-Mg alloys (5000 series) are Chemical Compositions of Alloys
high-strength aluminum alloys popularly applied in transportation,
structural, and military equipment. Not only are the chemical com-
positions of these two kinds of alloys different, but also the strength- Element (wt%)/AIloy Zn Mg Mn St Cr Fe Al
ening mechanisms are not the same. The AI-Zn-Mg alloys are
strengthened by precipitation hardening after the solution treatment,
quenching, and aging processes. The AI-Mg alloys are strengthened AI-3.7wt%Zn-2.Swt%Mg 3.66 2.48 0.29 0.062 0.22 0.17 bal.
by work hardening after the rolling process.

Although these two series of wrought alloys have high strength, AI-4.7wt%Mg 0.025 4.74 0.70 0.11 0.09 0.24 bat.
they are susceptible to stress corrosion cracking (SCC), especially in
the short transverse direction,' which corresponds to the plate
thickness. In this work, tensile stress was applied in the short
transverse direction of AI-3.7wt%Zn-2.5wt%Mg and AI-4.7wt%Mg
alloys, and the SCC resistance of these alloys in this direction in 3.5
wt% NaCl solution was examined. The results are discussed. (m). The propagation velocity of cracking was plotted as a function of

the crack-tip stress intensity (v-K curve) after testing.
In addition, a constant deflection SCC test was used for the

Experimental Procedures Al-3.7wt%Zn-2,5wt%Mg alloy in the short transverse direction.
The chemical compositions of these two alloys are shown in Specimens were stressed by constant deflection4 and then in-

Table 1 Double cantilever beam (DCB) specimens were chosen for mersed in the 3.5% NaCl solution alternately.5 10 mm immersed in
the SCC testing: the dimensions of the DCB specimen are shown in solution and 50 min exposed to air. The specimen and the stressing
Figure 1 23 The length of the specimen corresponds to the rolling frame are shown separately in Figure 2 before and after testing.
direction of the aluminum plates, and the thickness of the specimens
corresponds to the short transverse direction. The specimen was
stressed in the short transverse direction by bolt loading to pop-in Results and Discussion
crack and then placed in a vessel containing 3.5% NaCl solution. The resulting v-K curves for A-3.7wt%Zn-2.5wtMg and

Al-4,7wt%Mg alloys are illustrated in Figure 3. The shape of the
The propagation of the crack was measured witi, a micioscope curves for both alloys is quit" -1 iilar At the lower stiess intensities,

(of 10 tm resolution) every two days on two surfaces of the specimen there is a strongly stress-dependent region called Region I. The SCC
during the testing period. The crack-tip stress intensity value 1K) threshold stress intensity (Kiscc) was defined by the stress intensity
(MN-im ) was calculated by Equation (1): corresponding to a crack growth rate of 10-10 ms.3. 6 At higher stress

intensities, the crack velocity is independent of stress; i.e., the v-K
K Eh3h(a+0.6h)2+ h 1  (1) curve has a plateau, and this region is called Region II or the plateau

4[(a+-0.6h) 3+h~a] region. The Kiscc values of AI-3.7wt%Zn-2.5wt%Mg and
Where E = Young's modulus of the material (Nm - 2), a = the A1-4.7 wtMg alloys were measured to be 3 to 7 MNm - 32 and 28
deflection at the load line (m) (i.e., between A and B in Figure 1), h to 32 MN-m - ",2 respectively. Crack growth rates at Region II are

half of the thickness of the specimen (m), and a = crack length about 2 x 10-8 mls and 3 to 4 x 10-9 m/s for AI-3.7wt%Zn-
2.5wt%Mg and Al-4.7wt%Mg alloys respectively. Both Kisco and the
Region II velocity are the indexes of the SCC sensitivity of materials.

'China Steel Corporation, Lin Hai Industrial District, P.O. Box 47-29, The results show that the Kisco of AI-3.7wt%Zn-2.Swt%Mg alloy
Hsiao Kang, Kaohsiung 81233, Taiwan, Republic of China, is lower than that of AI-4.7wt%Mg alloy, and the Region II velocity of
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the former is faster than that of the latter. This indicates that the The DCB specimens are fractured after testing, and the macro-
AI-3.7wt%Zn-2.5wt%Mg alloy is more susceptible to SCC compared structure of the fracture surface is shown in Figure 4. There are three
to the AI-4.7wt%Mg alloy, regions on the surface. The first is the "pop-in region," which is

caused by initial bolt loading. The second is the "stress corrosion
cracking region," and the third is the fast fracture or "torn away"

b.1_0 region, which results from tearing the specimen after SCC testing.
A The surfaces of both the pop-in and torn-away regions are rougher

-0 60- than that of the SCO region, which is smooth and contains some
microbranches.

STEIL NOLT

1 - -10 ___DUI .i ST

025-

D SPECIMENORIENTATION IN { 0
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;,11 1) 41 4 xi_ iA H V

CRACK OPENINIG DISPLACEMENT £EOUALs THE MEASU*E9
DEFLECTION BETWEEPONTS A AND4 I"ALO THE BOLT CENTEHLWE is " It"" Y" '" Is-,

FIGURE 1-Dimensions and orientation of the DOB specimens. 2 Cm

FGURE 4-The macrostructure of the fracture surface of a DCB
_MMOC jal'-specimen after testing.

The fracture surfaces of the pop-in and torn-away regions are
similar, as shown in Figure 5. The observed fiber-like and dimple
structures are representative of ductile fracture, i.e., both these
regions are duc;ile. The grains are elongated by rolling, as shown in
Figure 6, and SCC of the wrought aluminum alloys is intergranular,
so the propagation of the crack tip along the elongated grain

'-' boundaries makes the surface smooth. This SCC fracture shown in
i:igure 7 is similar to the work of Landkof, in which the SCC fracture

FIGURE 2-The specimens and the stressing frames for con- morphology is smooth." In the SCC region, several grains have been
stant deflection tests, (The right-hand specimen Is before peeled off by microbranching;O this phenomenon can also be
alternate Immersion testing; the left one Is after the test.) demonstrated in Figure 8, which shows several cracks in the

specimen.

The fracture surface morphology of the Al-4.7wt%Mg alloy is
t AI-3.7wt%Zn-2.SwtMg similar to that of AI.3.7wt%Zn-2.5wt%Mg. It also has three regions:
*AI-4.?wt'Mg pop-in, SCC, and torn-away. The pop-in and torn-away regions are

also ductile fractur, including fibedike and dimple structures, while
the SCC region shows intergranular SCC.

After the constantly strained specimens of AI-3.7wt%Zn-
regionj 2.5 wtMg alloy failed during the alternative immersion test, the

fracture surfaces were examined by optical microscopy and scanning
electron microscopy.

- The upper left side of Figure 9 illustrates a rough surface, while
1°9 the lower right side Is planar. When the magnification of the picture

> is increased, it Is clear that the fiber-like and dimple structures are
present in the upper region, and the smooth fracture morphology is
present in the lower region. Compared to the fracture surface
morphology of the DCB specimens, the lower region is the intergran-

10 ular SCC region, and the upper region is the solely mechanical
fracture region. This result indicates that SCC is initiated from the
lower side, and the crack propagates toward the upper region until
the cross section suddenly fractures.

Figure 10 shows another fracture surface for the constantly
'0 1,0 A i is 5 Ao 'O do strained specmen of the AI-3.7wtZn-2.5wt%Mg alloy. There are

K( MN.1 2 ) three planar regions on different planes near the outer surface of the
specimen, and the zone between each successive two planes is of

FIGUI 3-Effect of stress Intensity on the velocity of SCC for the suddenly fractured morphology. This means that SCC initiates
AI-3.7wt%Zn-2.Swt%Mg and AI-4.7wt%Mg alloys, simultaneously at several sites on .he outer sur;jce and propagates
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toward the center of the specimen When the cross section of the.c;,-
specimen is too small to sustain the force imposed by the frame, the
specimens suddenlyfracture and produce'a surface containing both 
SCC and ductile fracture regions.

FIGURE 7-The morphology of the SCC region of a DCB
specimen of Al 3.7wt%Zn 2 /5wtMg. (That of the AI-4.7wtMg
Is similar.)

FIGURE 5-A scanning electron micrograph of the pop-in region
of the AI-3.7wtZn-2.5wtMg alloy. (The morphology of the
overload or torn-away region Is similar to this.)

- k' Q

.alloy.Vt.
0' '' Conclusion

tz o, (1) The Kisce values of AI-3,7wtZn-2,5wtoMg and AI-4 .7
< wtoMg alloys are about 3 to 7 MNm and 28 to 32 MNm"
m

m (2) The crack propagation velocities for Region 11 in the v-K
curves are about 2 x 10-8 m/s and 4 x 10-0 mis for Ai-3.7wt%Zn.
2.5wt%Mg and AI-4.7wt%Mg alloys, cespuctively.

(3) The SCC fracture morphologies of these two alloys are quite
similar; the SCC regions are planar and Intergranular. the pop-in and
overload fracture regions are ductile, including fiber-like and dimple
structures.

(4) The constant deflection test of the AI-3.7v, %Zn-2.5wt%Mg
alloy (n the short transverse direction shows that SCC initiates from

FIGURE 6-Mlkrographs of the elongated grains of the At- several sites near the outer surface of the specimen and propagates
3.7wt*%Zn-2.Swt%Mg alloy after rolling, toward the center of the specimen.
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FIGURE 9-The fracture morphology of a constant strained
specimen of AI-3.7wt%Zn-2.5wt%Mg.

FIGURE 10-The fracture morphology of a constant strained
specimen of AI-3.7wt%Zn-2.5wt%Mg,
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The Influence of Microstructure
on the Stress Corrosion Cracking and Exfoliation

of Commercial AI-Zn-Mg-Cu Alloys
W. Hepples, M.R. Jarrett, J.S. Crompton, and N.J.H. Holroyd*

Abstract
Retrogression and re-aging (RRA) AI-Zn-Mg-Cu alloy 7150 using commercially viable thermal process
routes can provide material with peak strength and high resistance to stress corrosion cracking (SCC)
and exfoliation corrosion. A correlation exists between alloy conductivi% and the susceptibility to
localized corrosion: If conductivity exceeds 38% of the International Annealed Copper Standard (IACS)
exfoliation, corrosion and SCC resistance are high. Transmission and scanning transmission electron
microscopy, along with very high-resolutioa chemical analysis, has enabled the characterization of grain
boundaries in peak-aged, overaged, and RRA material. Significant differences in grain-boundary
precipitation and segregation have been observed, but no simple relationships between SCC resistance
and grain-boundary microstructure have been identified. The results of grain-boundary segregation
profiles, however, indicate that segregation, particularly that of copper, can significantly affect the
response to environmental attack.

Introduction RRA aging treatments. RRA involved retrogression at 180 or 200°C
Commercial exploitation of high-strength AI-Zn-Mg-Cu alloys aged to for various times up to 180 min and re-aging at 1201C for a standard
peakstrength is currently restricted bythe potential riskof environment- time of 24 h. Overaged imcrostructures (T73-Lab) involved aging
sensitive cracking (Figure 1).' The commercial compromise uses W51 material 24 h at 120°C followed by 20 h at 1600C.
duplex thermal aging practices developed during the 1960s2 that Electrical conductivity (measured as a percentage of the
minimize service problems' but introduce a 10 to 15% loss in International Annealed Copper Standard, %IACS) and Vickers
strength. Alternative hea,.treatment procedures known as retrogres- hardness (H) were monitored during heat treatment. Electrical
sion and re-aging (RRA) have been reported 3 to provide stress conductivity measurements are a useful means of following changes
corrosion resistance equivalent to an overaged T73 temper while in solute distribution. All known metallic additions to aluminum reduce
maintaining the peak-aged strengths These heat treatments consist its electrical conductivity, those in solid solution depress the conduc-
of a retrogression or reversion stage in which peak-aged material Is tivity to a greater extent than those out of solution. Since electrical-
heated for short times (i.e., a few min) in the temperature range 220 conductivity measurements can be made quickly and easily, this
to 280'C, followed by re-aging at a lower temperature. 4 During provides a convenient method for assessing an alloy's temper and
retrogression, strength falls rapidly to a minimum, partially recovers stress corrosion susceptibility. Although it is unlikely that conductivity
after longer times, and finally decreases (Figure 2) 5 Re-aging after and intergranular SCC are directly related, it is well known for
short retrogressing times can restore the strength to that of the AI-Zn-Mg(Cu) alloys that the higher the conductivity, the greater the
peak-aged material, but extended 'atrogression times lead to a loss extent of alloying additions out of solution and ihe greater the
of the aging response. resistance to SCC.? Exfoliation resistance for the T651 and RRA

The Incorporation of these thermal practices Into commercial tempers was assessed using the ASTM EXCOt test, ASTM G34-86,
production schedules for thick sections requires retrogression times with exposure times of 48 h on the t/10 surface. EXCO samples are
of at least I h. Recent laboratory studies suggest beneficial RRA rated on their degree of exfoliation after exposure to the EXCO
offects may be obtained under these conditions if the retrogression solution. A rating of Ed indicates the least resistance to exfoliation
temperatures are below 200°C (Figure 3) 5-8 The aims of the present corrosion, while resistance increases through Ed to Ea. P indicates
work are to examine commercially viable RRA practices that provide a change in corrosion attack from exfoliation to pitting. SCC testing
a peak strength of 7150 with a high SCC resistance and to identify the was conducted in an acidified saline environment
factors controlling localized corrosion. (2%NaCII0.5%Na2CrO 4pH3) using displacement-loaded, double-

cantilever beam specimens loaded in the short-transverse direction
Experimental Procedure and oriented so that crack propagation occurred in the longitudinal

Alcan Plate Urltedt "l supplied 7150 plates (12.7- end 32-mm direction,
thickness) In a W51 temper (solution treated, stretched, and naturally Characterization of 7150 microstructures was achieved using a
aged) with a nominal elemental composition (wt%) of 5.9 to 6.9 Zn, JEOL t 2000FX transmission electron microscope (TEM) fitted with
2.0 to 2,7 Mg, 1.9 to 2.5 Cu, 0.08 to 0.15 Zs. and (Fe + Si) < 0.1. energy dispersive x-ray analysis equipment. Chemical analyses of

Laboratory processing involved solution heat treatment for 1 h graln-boundary regions were obtained using a VG-HB501t scanning
at 475C followed by a water quench (ambient) and (onventienal or transmission electron microscope (STEM) with e. probe diameter

smaller than 3 nm.
Alcan International Limited, Banbury, Oxen, OXIG 7SP England,

(t)Alcan Plate Umited, Kitts Green, Birmingham, B33 9QR England. t Trade name.
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Results and Discussion
ie Commercially Mechanical properties

C resistance produced 7150-T651 had a hardness of 190 ± 2
to S ALLOYS H, and a conductivity of 34.3 ± 1% IACS. These properties were

evaluated for different retrogression treatments to determine the
-- conditions under which improved properties could be obtained. The

,, z nresults indicated that the hardness and conductivity values of
SUJ commercially produced T651 material can be achieved using RRAZ/

15/ procedures (Figure 4) while maintaining strength and ductility (Table
I_') 1). The observed reduction in strength after retrogression has been
uIJ discussed previously.9,10 Two views prevail: Park and Ardell suggest

I: I that the initial loss in properties results from partial or complete
I dissolution of small q' precipitates,9 whereas Danh, et al., conclude

that the initial decrease is associated with the reversion of Guinier-
Preston zones.10 Both theories provide satisfactory explanations for

Aging Ti me(Isothermat) loss of strength, and it is possible that both operate with retrogression
treatment8 and/or earlier commercial processing of the material

FIGURE 1-A schematic diagram Illustrating the effect of Iso- dictating which mechanism predominates. Increases in strength
thermal aging on the strength and resistance to stress corro- associated with re-aging after retrogression are critically dependent
slon cracking of 7XXX series aluminum alloys.' on the retrogression- time. If times are sufficiently short, strengths

may be increased to T651 levels by re-precipitation of a fine
distribution of q' during re-aging. During longer retrogression times,
precipitate growth occurs and increases in strength after re-aging
becomes less significant.

Optical metallographic examination of 7150 microstructures
After Retrogression failed to distinguish between peak-aged, RRA, and overaged mate-

PEAK AGE and Re-age rial. TEIM studies, however, revealed differences reflecting the
observed changes in corrosion performance. The matrix (71) precip-
itates of the RRA material were finer than those found for the

A le peak-aged material, which, in turn, were finer than the matrix
etresn precipitates of the overaged material (Figure 5). In contrast, the mean

Retrogression grain-boundary precipitate size in the RRA (and overaged) material
Uj was larger than that in the peak-aged material (Table 2). Precipitate
Z free zone (PFZ) width, as reported by others, was found to be
oX independent of aging (Table 2)."

220 ii

RETROGRESSION TIME - (>120hrs) I TARGET AREA
200 -ciFIGURE 2-The effect of retrogression and re-aging on the z ,-- --

strength of 7XXX series aluminum alloys.5  o.
U 0

180 •
/) 0
W/) 0 *

...... , ,,r .,, .. .1 , , 160 Age Retrogression Re-age

7475 Cr 13
RRA TO GIVE a 1600C
(1) T73 CONDUCTIVITY 140 0 24h 120°C 200C

'-j 300 (38%IACS) L 24h 120 C 2000 C 24h.120°C
2.. (2) T6 DESIGN oay462aHPa)0'280 - 120, i

Z30 35 4,0 4,5

1~ 260 - - CONDUCTIVITY %]ACS

Zi20 FIGURE 4-Effect o! retrogression and re-aging on the hardness
2 240 - 1OG , "p and conductivity of 7150.

W WALLACE el at l hr) Environment-sensitive properties
u 220 - 1952 X The EXCO performance of 7150 that was given RRA treatments
aX 193 providing T651 equivalent strengths with low and high conductivities

200 - 195 . o was compared to that of the T651 material. T651 material suffered
o: severe oxfoliation, and ARA material behavior depended on the time
UJ 180 of retrogression: For times < 30 min (conductivities < 36% IACS)

SI" _ intergranular attack predominated, whereas for times in excess of 45
101 102 103 104 min (conductivities > 38% lAGS), localized pitting occurred, signify-

RETROGRESSION TIME (Secs) ing a high resistance to exfoliation corrosion (Figure 6). Figure 6(b)
shows that a critical conductivity exists (38% lAOS) beyond which
localized corrosion via an intergranuiar path is minimized. 6' On this

FIGURE 3-Retrogression conditions required to Impart peak basis. ARA-treated material can provide better corrosion resistance
strength (T651) and high resistance to environment-sensitive than the overaged material, which is, however, superior to the T651
cracking (T73), after subsequent re-aging, to 7475, material.
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TABLE 1
Typical Mechanical Properties of 7150-T651 and a RRA Temper(A)

Temper Hardness, Conductivity O.2%0-y Ultimate Tensile, Elongation
(Hv) (% IACS) (MNm- 2 ) Strength (MNm 2) (%)

T651 192 34.3 t 1 585 620 12
RRA 192 380 585 620 11

(A)Providing T6 strengths and T73 SCC and exfoliation corrosion resistance.

TABLE 2
Grain-Boundary Precipitate

Sized for 7150-T651, 773, and RRA Tempers

Temper Precipitate Size (nm) Precipitate Free
Length Width Zone Width (nm)

T651 45.0 ± 16.5 16.1 t 4.5 31.8 ± 4.9
RRA 72.0 -26.2 24.1 t 5.7 32.4 t 5.5
T73 88.0 t 26.4 32.2 t 8.5 37.0 t 3.7

Similarly, SCO performance can be related to conductivity. 7150
shows the expected behavior:12 laboratory peak-aged material
(conductivity < 36% IACS) is susceptible to SCC, whereas material
given suitable RRA treatments (conductivity > 38% IACS) displays

*lower crack propagation rates and higher threshold stress-intensity
factors (Figure 7). Previous studies have linked improved SCO
resistance to microstructural characteristics such as grain-boundary

4 precipitate size and spacing, 13"8 PFZ width or solute content,' 4' 9

matrix precipitation and slip characteristics,2 22 and grain-boundary
segregation.'1 5 23. 8 None of the evidence presented to date is
unequivocal because it is impossible to interdependently vary the
various microstructural parameters listed above. Nevertheless, the
influence of alloy microstructure upon SCC has been discussed

4 .' extensively in mechanistic terms and is reviewed elsewhere. °30

tj "Accepted SCC crack growth mechanisms fall into two generic
categories: in one, crack propagation occurs via anodic dissolution

04. (AD), and in the other, it is via hydrogen embrittlement (HE).
S-. Beneficial effects of RRA upon SCC susceptibility with respect to

T651 material have been attributed to increases in grain-boundary
precipitate size and spacing. Mechanistic interpretations encompass

(b)i both AD and HE crack propagation mechanisms. For example,
Thompson, et al,,8 suggest that RRA reduces the dissolution kinetics

7 of grain-boundary precipitates, thereby lowering local stress-raising
effects, whereas, Rajan, et al.,5 use the proposals of others that
grain-boundary precipitates above a critical size act as hydrogen
discharge sites and thereby reduce HE susceptibility.31 3 Neither of
these interpretations are complete since the observed SCC suscep-
tibilities rankings (T651 >> T73 > RRA) do not match those of the
grain-boundary precipitate size and spacing, for which T651 >> RRA
> T73 (Table 2).

Grain-boundary segregation
Grain-boundary segregation is often cited as a factor influencing

SCC of 7XXX series alloys, Available spatial resolution, i.e., with
bearri diameters of > 20 nm, has limited previous attempts to
chemically analyze grain-boundary regions. In the present study, the
use of improved spatial resolution, < 3 nm, has allowed a detailed
investigation of Zn, Mg, and Cu segregation to within the PFZ and on

FIGURE 5-Bright field micrographs of grain-boundary precip- grain boundaries (Figure 8). Grain-boundary Mg levels for T651
Itates In samples of 7150 after various heat-treatment condi- material were slightly above the matrix levels and increased with
tions: (a) T651, (b) T73, and (c) RRA. further aging, whereas zinc levels were below matrix levels and
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decreased with aging, being highest for the T651 temper (- 2 wt%) I I
and least for RRA material (<0.5 wt%). Copper segregation
displayed similar trends to zinc with the influence of aging being more 8ot
pronounced; Cu levels on T651 high-angle grain boundaries dis- 10- 8
played considerable scatter, i.e., 4 to 14 wt% Cu compared to the 31.0%IACS A
overaged (T73-Lab) and RRA tempers with average concentrations o
of 2.5 and 1%, respectively. Similar data has been reported 0 0

°

previously for 7075-T6 when averaged to a T7X temper (T6 + 24 h 9 o,/ 0
1600C). Rao's data is in remarkable agreement, he quotes (wt%) < 10""T651
magnesium increases, 0.97 (t 0.61) to 1.68 (± 0.50); zinc de-
creases 6.32 (± 0.52) to 2.72 (± 0.31); and copp~er decreases 4.96
(± 0.47) to 2.32 (t 0.26). 1 Earlier work by Doig, et al., detected a • T
reduction of at least a factor of two for copper but failed to observe R 10 -12)
any changes in zinc or magnesium segregation.2 - 7075 3,5% NaCi0ton 81e0)

< J -- - '71502%NMCI + 0S%NC2C0, 31.

0X 0 'Lab 6' pH310" 11  * RRA 37,7%IACS 9936% 1AcS

7150 W I J t I

SHT 1 hr 475 C CWQ AGED 6hrs 160C 10 i 20 25 30

RETROGRESSED FOR x mins 180C STRESS INTENSITY FACTOR (MNrM/2)

hrs 120 C FIGURE 7-The resistance to stress corrosion cracking of 7150
and 7075 (UNS A97075) in various commercial and RRA tem-
pers.

75T651

The role of magnesium segregation during SCC was recently
reviewed by Scamans, et al., 25 who conclude that, in itself, it does not

545 induce SCC, but it promotes grain-boundary reactivity and the
localized entry of hydrogen. Results obtained here showing that
grain-boundary magnesium segregation increases with increasing

, -, "SCC resistance (Figure 8) confirm that Mg segregation is not the
dominant feature controlling SCC, despite free magnesium being

15 60 present on grain boundaries.2 5 Schmiedel and Gruhl suggest SCC of
AI-Zn-Mg(Cu) alloys is independent of magnesium segregation and
is controlled by grain.boundary zinc segregation,26 which is inferred
to induce increased hydrogen solubility and hence enhance SOC.
This proposal is based on SCC time-to-failure data for a range of

30 90 1mm Al-Zn-Mg alloys that show a good correlation with measured grain-
RETROGRESSION TIME (mins) boundary region zinc concentrations but no relationship with the local

magnesium concentrations (see figure in Reference 28). Doig, et al.,
on the other hand, attribute overaging's beneficial effects upon SCC
solely to the reduced cathodic electrochemical kinetics of grain-
boundary regions with lower concentrations of copper in solid
solution. 3

I i I I I

P ALe 0 *

,*A A& Clearly, further work Is needed to elucidate the mechanisms
controlling the SCC of Al-Zn-Mg-Cu alloys. Proposals that grain-

Ea * A boundary precipitate size and/or spacing control SCC are obviously
_ 0A Incomplete since the SCC rankings (T651 >> 173 > RRA) do not

Ematch those of the grain-boundary precipitation (T651 >> RRA >
T73). Similarly, grain-boundary segregation arguments are Inade-

%J Ileat Treatment quate, Schmiedel and Gruhl's concept that zinc segregation controls
EC- A A single 'aging SCC Is not easily explained because zinc-hydrogen interactions are

A o RRAIRETRO 200C not expected to be strong, ° and, as with magnesium segregation,
Ed u £ •A RRA(RETRO M0C the maximum concentrations occur for the as-solution-treated con-

dition, which, in the absence of precipitation, Is Immune to SCC,25.3
The copper-segregation-based arguments of Doig and Edington,18 et

I I I I I I al., also have limitations,2 as highlighted by Rao," since grain-
30 32 3'. 36 38 40 42 44 boundary region electrochemistry will also be influenced by zinc and

CONDUCTIVITY %IACS magnesium segregation levels.

Several factors may contribute to the Improved SCC resistance
FIGURE 6-(a) Comparison of a cross section from a 7150-T651 of Al Zn Mg Cu alloys provided by retrogression and re-aging. These
sample with those of 7150-RHA samples after 48-h exposure to will include grain boundary precipitation (size, composition, morphol
EXCO solution and (b) the relationship between the resistance )gy, and spacing) and copper segregation. A complete understand
to exfollatIon corrosion and conductivity of 7150. ing of the relative importance requires further work.
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Conclusion7150 T651 ALLOYING ELEMENT Cnlso
A E T (1) RRA thermal processing 7150 plate via a commercially
0 Cu viable process route provides a temper with T651 strengths, and
• Zn. SCC and exfoliation corrosion resistance superior to T73 material.

(2) The microstructure of this temper consists of a peak-aged
6 - matrix (mainly precipitates) and overaged grain boundaries.

. .(3) SCC and exfoliation corrosion resistances increase signifi-
5 cantly when 7150 conductivities exceed 38% IACS.
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Effect of pH on the Stress Corrosion Cracking
of 70/30 Brass in Fluoride Solutions

H.C. Shih and R.J. Tzou*

Abstract
The stress corrosion cracking (SCC) behavior of 70/30 brass has been studied in sodium fluoride
solutions at 20'C using the slow-strain-rate technique. Under free corrosion conditions, the effect of
strain rates on the SCC susceptibility was determined. It was found that the strain rate for the most
severe SCC was at 1.1 x 10- 5 s- 1. Using this strain rate, the effect of pH value on the susceptibility
of SCC was assessed from a quantitative expression of maximum stress and reduction of area in this
solution. The electrochemistry of the brass/fluoride/pH system is presented, and a correlation between
SCC results and the electrochemical behavior is established. Results are summarized as follows: (1)
SCC of 70/30 brass can occur in the fluoride; (2) the critical pH value was found to be 10; above this,
SCC will be inhibited; (3) the application of a cathodic potential prevented SCC, while an anodic
potential accelerated SCC of brass in fluoride solutions; and (4) the results are consistent with the
concept that anodic dissolution initiates SCC, while a film formed on the surface of brass may be
responsible for diminished SCC.

Introduction Experimental
Stress corrosion cracking (SCC) has proved to be one of the most The chemical composition (wt%) of the commercial annealed
frequent causes of failure of copper alloy equipment in industry. One brass plate used in these tests was 29.9% Zn, 0 02% Fe, 0 02% Si,
technique particularly useful in determining the susceptibility of and 0.007% Ni, with a balance of Cu, as analyzed by atomic emission
metallic materials to SCC is the slow-strain-rate test (SSRT).1"4 The
advantages and limitations of this technique have been discussed in spectrometry.
depth.5 The results of an SSRT are expressed in stress-elongation Round specimens fabricated from 4.76-mm-diameter rod had
curves from which it is possible to obtain both the ultimate tensile threaded ends and a 3.175-mm diameter by 12,7-mm gauge length,
stress (UTS) and reduction in area (RA) values The lower these according to ASTM G49-76.' 6 Prior to testing, the gauge length of the
values are in comparison with those determined in an inert environ- specimen was polished with alumina powder k3 ttm) along the tensile
ment under the same experimental conditions, the more susceptible direction to avoid a possible notch effect, then degreased in acetone,
the material is to SCC. Among the advantages of this technique, as and dried in air. The chemicals used in this study were of extra pure
compared to those at constant load or total strain, are its high degree grade; deionized water was used to prepare the test solutions.
of reproducibility and its relatively short execution time. The SSRT technique was used in this tusi, and ihe assambly is

70/30 brass has high strength and excellent hot-working prop- similar to that used elsewhere." The driving mechanism consists of
erties and is widely used for heat exchangers, valve stems, and rivets a moderately hard straining frame producing six crosshead speeds
because of Its relative ease of fabrication and low cost. However, it easily varied by gear changes. The use of a constant speed motor
usually exhibits somewhat poor resistance to SCC, which limits its driving through reduction boxes, gear wheels, and chain sprocket
applications. For many years, brass was thought to fail only in drives gives a reliable positive drive. The load and elongation are
ammonlacal environments, but later work has shown cracking to monitored continuously by a load cell and a displacement transducer
occur In nonammoniacal environments as diverse as sulfate, "' until fracture occurs. All tests were performed in aerated sodium
acetate, formate, tartrate, hydroxide,10 acidic chloride," mercurous fluoride solutions over a pH range of 2 to 12. The pH value was
nitrate, 12

.1
3 and sodium nitrite solutions.1

4'1
5 Little is known about the adjusted with eitner NaOH or HF. Experiments were performed under

cracking susceptibility of 70/30 brass in applications Involving fluoride open-circuit conditions as well as at applied controlled potentials The
solutions. For example, fluoride solutions are used to produce metal RA and UTS of the fractured specimen was then measured, and the
fluorides, such as cobalt fluoride, antimony fluoride, and particularly fracture morphology was examined by means of scanning electron
uranium hexa-fluoride in nuclear plants, It is also known that the microscopy (SEM).
addition et a few ppm of fluorine as sodium fluoride to drinking water
can reduce tooth decay. Potentiodynamic polarization was also studied for each alloy/

The purpose of the present work on 70/30 brass is to investi- environment system at a scan rate of 1 mV/s. The polarization
gate, by means of the SSRT technique, the susceptibility and apparatus is similar to the standard assembly used elsewhere 18 The
inhibition of SCC in this alloy in NaF solutions at various concentra- data were obtained using a Princeton Applied Researcht Model 273
tions and pH levels. potentiostat/galvanostat interfaced to an IBM PC/AT for data pro-

cessing, storage, and analysis. Potentials were measured against a
saturated calomel electrode (SCE), as were all potentials in this
investigation.

*Department of Materials Science and Engineering, National Tsing
Hua University, Hsinchu 30043, Taiwan, Republic of China. 'Trade name.
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Results The stress-strain curves, relating to a series of measurements

When the tensile tests were performed in air, the UTS was performed to establish the pH range critical to SCC, are shown in

observed at 372 MPa and the corresponding RA was at 67.8%, the Figure 3 From these results, it can be seen that there is relatively

strain was at 82.7%. These data can be used as a standard for little difference between stress-strain curves between pH 10.0 and

comparison. pH 11.2 fluoride solution (0.1 M). Furthermore, the tensile result of
brass in solution pH 12.5 is similar to the ductile fracture of Specimen
4 tested in air. However, relatively severe decreases in elongation

Stress-strain curves at open-circuit potentials (OCPs) were observed in the solutions pH < 9.1. The effect of pH on UTS
Experiments were conducted to determine the most suitable and RA is shown in Figure 4. Results indicate that significant

conditions for producing SCC, both in terms of strain rate and fluoride recovery of ductility, as expressed by values of UTS and RA, occurs
concentration with various pH values. Figure 1 shows the stress- in solutions with pH > 10. On the contrary, the low values of both UTS
strain curves at various strain rates in 0.1 M NaF (pH 6.2). Both at the and RA, indicating SCC susceptibility, are almost invariable with pH
highest (5 x 10- 5 s-1) and lowest rates (2 x 10- 6 s-1) tested, the at < 9.1.
curves showed considerable SCC suseptibility, i.e., lower UTS, RA,
and elongation values compared with the specimen failed in air. To
produce strong evidence for cracking, it seemed necessary to use an 500
intermediate strain rate of 1 x 10-5 s-1 . At this strain rate, not only Strain rate =1x 1 s
the UTS values, but also the RA values of the test in fluoride solution S r0
were lower than those obtained from other strain rates, as shown in 400-
Figure 2.

- 300-
Ai

50q
f e i v pH values

o 100 629.1 10Q0 11.2
L.. 3(X ..

1A 0 25 50 75 100
2

2 Air Strain(())

FIGUEFIGURE 3-Stress-stran curves of 70/30 brass In 0.1 M sodium~fluoride solution at various pH values.

025 50 75 10"

Strain M%)

40-o RA AF-6
FIGURE I1-Stress-strain curves of 70130 brass In 0.1 M (4200 -Air
ppm) sodium fluoride (pH = 6.2) at various strain rates: (1) 5 x
10"5 S-1, (2) 1.2 x 10- 1,(3) 1 X 10-5 s- 1, (4) 2.5 X 10-6 s- 1, 350- -50
and (5) 2 x 10-8 s-1. a.

30C- 35

450 _8 _2_0 250_.20

0-0- - -R 016 200 6 8 1 0 12 

_ ------- *-.fr(UTS) E1-p

CO 350- 55,. 12.p
Ar(lntion) 0

- FIGURE 4-Effect o.' pH on the UTS and RA uf 70/30 brass In 0.1
8 -8 M sodium fluoride solution at the open-circuit potential. (Strain

,UTS ,W rate = 1.1 x 10- s s-1.)
oRA

2C .X E Iong ". Stress-strain curves obtained in various fluoride concentrations

are shown In Figure 5. Apparently, there is little difference between
200 I , , , ,0 I 1 1 '0 stress-strain curves in fluoride-free solution and those in the solution

10 10 containing I ppm fluoride. Moreover, a significant reduction in strain
appears between 1 ppm and 10 ppm fluoride. Further decreases in

Strain rote ( s"  strain were observed in the solutions containing 1000 ppm fluoride or
more. Figure 6 shows the effect of fluoride concentrations on the UTS

FIGURE 2-Effect of strain rates on the UTS, RA, and elongation and RA, indicating that higher fluoride concentrations lead to greater
of 70/30 brass In 0.1 M sodium fluoride solution (pH = 6.2). SCC susceptibility.
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500- particularly at pH 11, signifies the intersection of the cathodic reaction
on the passive range of the anodic reaction and belongs to a distinct
transition from active to passive state. Therefore, the OCP of brass

400 - - in this condition remains in the passive range of the anodic reaction.

500

300-
0. 400 -
tA 200 i _

a, 300 Air
4.1 10000 1000 100] 10Ai

_____._!n _L •30 -50 -30025 100 mV

Strain (2)

FIGURE 5-Stress-strain curves obtained In different fluoride
concentrations at 200C (pH= 6.2). 0 25 50 75 T

.50 1 1 1 1 Strain (M)

9 UTS FIGURE 7-Stress-strain curves obtained In 0.024 M (1000 ppm)
o RA Air sodium fluoride solution (pH= 6.2) under various applied

400- 6 65 potentials.

Air5/,0-irA5
350 450 80

o Air
1~ 0UTS

30--5400- o RA -65
Air

D 0

0-.350- -
250 20 2

I-I

2 0 0.1. ....---1.. 5 3 0 0 - 3 5
1 10 100 1000 10000

Fluoride concentration (ppm) 250 -20

FIGURE 6-Effect of fluoride concentration on the UTS and RA ocp
of 70130 brass at 20C (pH= 6.2). 2

2(,uI Ju I. I U

Stress-strain curves at the applied potentials
A series of tests was conducted at different potentials varying Applied potential ( mV vs SCE

from -600 to +300 mVscE to investigate the effect of potential on the
SOC behavior in 0,024 M (1000 ppm) fluoride solution, It was FIGURE 8-Effect of applied potential on UTS and RA of 70/30
observed that no SCC occurred when the specimen was cathodically brass In 0.024 M (1000 ppm) sodium fluoride solution (pH = 6.2).
polarized at -300 and -600 mVsc., respectively. The OCP here
was appruirridtily 50 mVscE. On the other hand, when the applied A blight variation uf the passive currents, as observed on the anodic
potentials were -et at 0 and ,300 mV, respectively ,,.e., anodically curve [Figure 9(bl], is within a factor of 1.4. Figure 9(c) shows that the
pularized, SCC did uLui, as shown in Figuie 7. The relationship OCP of brass becomes much more negative as pH value increases.
r.utweuri uT-, RA, OCP. arid the appiaed putential in fluu.de sulution This suggests that hydroxyl ions may polarize the cathodic reaction
can be seer. from Figure 8. It is clear that the severity of SCC substantially and thus act as a cathodic inhibitor for SCC. For
increases with Increasing applied potential. instance, the OCP decreases from -10 to -280 mVscE as pH

increases from 6 to 11. At pH 11, the measured OCP was found at
-280 mVscE (-38 mVsHE), which corresponds to the stable phase

Electrochemical analysis of Cu20 according to the E-pH diagram 9"2 of Cu/HO a 25°C.
Effect of pH. Polarization experiments were conducted with Effect of fluoride Ion concentration. Polarization curves of

u=itrebued b puuirriurr, .) M udium fluuride for different oviuliui unstressed spei.mens were alsu determined in solutions with various
pt-i, the results are snown in Figure 9. It is clear from Figure 9kaj that fluuride concentrations, and the results for neutral solutions (pH 6.2)
Ihe anodc., buhavior of brass is almost indiscernible in sulution, with are shown in Figuie 10. It is clear from this figure that the more
ph - 8 and tiat nu passvatior takes plaue. Figure 9kb), huwever, .oncentrated the fluurrde. the higher the anodic and cathodic current
riohews appdruit passivatiun ul brass in rulutruns with pH- t, wh,.rh densities. For instance, the polarization curves remain active even at

is probably a result of the oxide film on the specimen surface. A the anodic potential up to t 1000 mV. ,, and the corrosion current
prominent peak showing at 360 mV=c on the cathodic curve, increases as the fluoride concentration increases.
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a Current density (mA/cm 2 ) Fractographic observations
1000 As shown in Figure 11, the fracture morphology shows predom-

inantly intergranulai failure for the specimen tested at OCP in the 0.1
M sodium fluoride solution (pH 6.2). Photomacrographs show that
secondary cracks are also clearly visible along the gauge length

600- exposed to the solution containing different concentrations of fluo-
pH ride, as shown in Figure 12. Almost no secondary cracks are visible
pon the gauge section of 70/30 brass in 1 ppm fluoride solution,

L"
11 whereas the secondary cracks are apparent in 10 ppm or more

200 fluoride solution.
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> FIGURE 11-Intergranular SCC of 70/30 brass In 0.1 M (4200
E ppm) sodium fluoride solution (pH = 6.2).
- _150_

Discussion
0

a. -20
A significant result of the present study is the clear susceptibility

Iof 70/30 brass to intergranular SCC in aqueous fluoride solution at

8 -250- the OCP in the pH < 9.1.

The results indicate that the major factors that determine SCC
I__ susceptibility in 70/30 brass are the pH and the fluoride concentration

0 2 4 6 8 10 12 14 of the solution, Specimens in solutions with pH < 9.1 were subject to
C pH general corrosion and were very susceptible to SCC, provided that

FIGURE 9-(a) and (b) Effect of pH on the polarization curves of the fluoride concentration exceeded 10 ppm. These effects of the pH
unstressed 70/30 brass In 0.1 M (4200 ppm) sodium fluoride and fluoride concentration on both the UTS and RA are consistent
solutions (scan rate 1 mV!s) and (c) effect of pH on the corrosion with the SCC mechanism involving stress-enhanted anodr. disso-
potential of 70/30 brass in 0.1 M sodium fluoride solutions. lution. The formation of a cuprous oxide film protects the specimen
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from corrosion and SCC. (See Figure 13.) The idea that anodic
dissolution is the rate-controlling step in the SCC of copper alloys is
not new. The work of previous investigators, which shows that anodic
polarization generally accelerates SCC, while cathodic polarization.
retards it, can also be attributed to the enhancement of anodic
dissolution.7.- ,22

, , 00 .m

FIGURE 12-Photomacrographs showing secondary cracks on
the side surfaces of 70/30 brass in (a) 1 ppm, (b) 10 ppm, (c) 100
ppm, and (d) 420 ppm sodium fluoride solutions.

Potentiodynamic polarization curves suggest that the specimen
is generally corroded in the solution pH <. 9.1, whereas the passive

al film is formed at solution pH > 10. Verink, et al., 3 reported that
.li n 3 cuprous oxide was found in the stable thin film corrosion products on

brass and observed that this film was sufficient to reduce the extent
of dezincification of brass. This result is consistent with the sugges-
tion that anodic dissolution is responsible for the initiation of SCC,
and the cuprous oxide film forms the protectiveness against the
occurrence of SCC.

These results can be compared to those obtained when sodium
sulfate is used as an SCC medium for admiralty brass.8-" Ka-
washima, et al., 7 reported that maximum susceptibility to SCC in
sodium sulfate solution lies in the pH range of 4 to 10, and the
severity of SCC increases on applying anodic potentials of -27 to
+ 238 mVsc E. However, they did not observe SCC under open-circuit

.conditions. It is also interesting to note that some investigators have
observed SCC of brass at the OCP in nonammoniacal solutions such
as sodium nitrte, sodium chlorate, and sodium chloride." '

1522

These investigators also showed SCC of brass pH 4 to 9 at 1.5 .
S ,10- s- , beyond which no SCC of brass was observed. The results

of brass in F - environments, however, indicated that SCC occurs in
S, .neutral and acidic F- environments (pH -. 9.1) and showed no SCC

" b in an alkaline F environment (pH - 10). The major disagreement is
that the SOC of brass n F environments can extend to a much more

It 14 mrn acidic environment (pH -. 4) where no $CC was observed in
. - Na 2SO4 , NaNO2 and NaClO1. It is well known that brass is

susceptible to stress corrosion in hydrofluoric acid 24

Supporting data about the aggressiveness of fluoride ions have
been published by many investigators 25

-
2' Fluoride ions, even in a

neutral sodium fluoride solut16n, could increase the critical and
passive current densities of titanium and zirconium alloys during
anodic polarizations2528 Valand, et al.,27 also provided evidence of
the aggressiveness of fluoride ions on pure aluminum, It is worth
noting that the fracture mode of 70/30 brass in sodium fluoride
solution belongs to intergranular SCC. accounting for the fact that the
grain boundary is more active and dissolves at a higher rate than the
grain interior. In other words, the anodic sites are the grain

, ,,.j boundaries, and the grain interiors act as cathodic sites. Thus,
localized zinc dissolution takes place at the grain boundaries. These
zones will crack readily in the presence of stress. Several workers
favor the intergranular SCC mechanism for brass, which involves the

,,,',': dezincification at the crack tip.1222 Pugh, et al., 28  and Bertocci, et
"- , al.,313 indicated that an explanation can be made on the basis of the

''C belief that dezincification plays a key role in the embrittlement
process. The fact that pure copper did not fail in either copper-
containing ammonia solution indicates that zinc plays a vital role and
is thus consistent with the dezincification hypothesis.
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An Analysis of Evidence to Support an Adsorption Model
for Stress Corrosion Cracking in Alpha-Brass

U.K. Chatterjee and S.C. Sircar*

Abstract
The mechanism of stress corrosion cracking of alpha-brass in ammoniacal solutions has been studied
from the viewpoint of a transition in the mode of cracking. A change in solution conditions or polarization
causes this transition, which cannot be explained on the basis of structural changes in the material. The
suggested model of adsorption of reacting species at the prevalent discrete anodic and cathodic sites
can successfully explain these and other observations.
Kinetic studies involving the role of chemical variables and the effect of temperature lend support to the
adsorption hypothesis and an electrochemical nature of the initiation and propagation stages of the
cracking process. The effect of adding extraneous ions to the cracking media on time of cracking also
supports this model.

Introduction slip mode for the ease of cleavage step formation. While this may
The mode of stress corrosion cracking (SCC) in alpha-brass in explain the propagation mode and crack morphology, the transgran-
ammoniacal solutions has been found to be both intergranular and ular crack initiation step remains unexplained. Moreover, the role of
transgranular. A transition in the mode of cracking from intergranular chemical variables and their effect on time to fracture have been
to transgranular in polycrystalline alpha-brass has been reported to ignored. Based on the concept of Paskin, et al '28 and Sieradzki, et
be caused by factors like cold work," an increase in Zn content of al.,29 who showed that a brittle crack can initiate in a thin surface film
the alloy,4"7 an addition of a third element to the alloy,7 " and the and can attain a velocity sufficient to propagate as a cleavage crack
condition of the corrosive medium.12-13  for significant distances into the unaffected substrate, Pugh27 pro-

The pioneering work of Mattsson revealed the importance of posed a film-induced cleavage model for crack initiation, but the
solution pH in determining the mode of fracture.12 In subsequent feasibility of this model in reference to the SCC of alpha-brass
works by different authors, a solution-dependent transition in the remains to be established. Elsewhere, Bertocci, Thomas, and Pugh
mode of cracking was reported. 13

1
5 The reason for such transitions considered the embrittlement as a consequence of the adsorption of

could not be attributed to structural changes in the material. cuprous ammonium complex ions," following the views of Lynch;31

Shimodaira and Takano suggested a correlation between the alternatively, they believed the cuprous ions provided the cathodic
physical properties of the surface film, viz., crystal grain size, species with protection against a dezincification anodic reaction.
thickness, porosity, hardness, strength, etc., and the mode of The overall picture of SCC of brass in ammoniacal solution
cracking and its transition.16 Pugh"7 classified the ammoniacal remains unclear, particularly when considering the transition in the
solutions into two categories: tarnishing and nontarnish;ng, and mode of cracking under the changed conditions of the solution.
attributed the intergranular cracking in tarnishing solutions to the
tarnish-rupture model as postulated by Forty and Humble 8 and The Effect of Polarization
developed by McEvily and Bond.' In nontrnmishing solutions, he The controversy was further aggravated when studies under
explained the tliansgranular cracking on the basis of preferential applied potenbal conducted at our laboratory showed that in an-
dissolution at dislocations, based on the ptuposal of Tromans and nealed samples, anodic polarization results in minimal cracking time
Nutting,-'" without explaining why this preferential dissolution at accompanied by a transition in cracking mode from intergranular to
dislocations should be absent in the same material when exposed to transgranular (Figure 1),2
a larnishing solution. Procter and Islam bhuwed that whilt the tarnish No ready-made explanation came from the existing theories for
fractured transgranularly, the metal cracked intergranularly, thus the rising part of the curves on the anodic side, as the anodic
nighlighting the discrepan .y in the tarnish rupture mechanism." polarization is expected '0 bring about more dissolution, leading to a

Pugn -7 subsequently replaced the tarnish iupture model with a decrease in cracking time. An explanation based on blunting of the
modified film-rupture model," " that is, by preferential anodic crack tip because of a high rate of dissolution, and hence a fall in the
dissolution of film-free metal at the crack tip where plastic deforma local stress intensity, which is unable to susturn the cr ick propaga
tion continuously ruptures the protective film. However, he suggested lion, cannot account for the transition in cracking mode and the
that transgranular cracking in a nontarnishing soiution occurs by propagation of a transgranular crack. The minimum in cracking time
brittle mechanical frauture, rather than by dissolution, a view that has can only be explained if an adsorption maximum at the most
been reflected in a subsequent publication as iell.26 In a recent susceptible potential is assumed, followed by desorption at f gher
paper, Pugh" attributed this brittle fracture to environment induced potentials. That the polarization leads to a change in the cracking
cleavage and dwelt upon the importance uf stacking fault energy and pattern is an indication that the crack path is, after all, not dependent

on the internal arrangements of defects or dislocations but on the
'Department of Metallurgical Engineering, lIT, Kharagpur 721 302, situations existing at the surface or the interfaces of the corroding

India. material and the environment.
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180 i terms of time to fracture, an analysis involving the rate of crack

I NC growth as dependent on the environmental factors was likely to give
C I better insight into the mechanism of SCC, particularly if effects on

E 140 NC-N crack initiation and crack propagation stages were studied sepa-
NC rately.

w The variation of copper, ammonium ion, and hydrogen ion
10 concentration in Mattson's solution on the rate of crack initiation and

-- 0 - crack propagation yielded3s rate equations conforming to a process
0 - where the Langmuir-Hinshelwood mechanism36 operates through a
Z competitive adsorption of these ions at specific sites. The overall

60 chemical reaction involving the adsorbed species can occur in two
< ways:

0 20 2Cu(NH 3)OAD) + 6H++ H20 +,2e =-Cu20 + 8NH4+ (1)

140 100 60 20 0 20 60 100 or

.VE -ANODIC CATHODIC - -ME 2Cu(NH3),AO) + 20H = Cu.O + 4NH3 + H20 (2)
APPLIED POTENTIAL, mV

(SC E s cal e) In the first reaction, the adsorbed species are cathodically reduced to

FIGURE 1-Effect of applied potential on the time of fracture of Cu20. According to the second equation, the formation of Cu20
a-brass In Mattsson's solution of different compositions. (Re- occurs through a cuprous amine complex produced after a cathodic
printed with permission from Pergamon Press.32) reduction step of

NH' -1 g mol/L, pH = 7
X ..... X-0.03 g atom cu/L Voc -50 mV Cu(NH 3) 1AD) + e -- Cu(NH3)*2(AD) + 2NH 3  (3)
* ..... o-0.01 g atom cu/L Voc -100 mV
0..... -0.005 g atom culL V= -150 mV Thus, the copper oxide formed is a product of the cathodic reaction

or electron-consuming reaction leading to a corresponding anodic
reaction for attainment of a steady-state value. Copper oxide does

The explanation for these observations was as follows:32 "If not create a galvanic condition for the anodic reaction, but it can be
discrete sites of variable energies pre.exist on the surface, some of viewed as a product that plays a minor role in the process of cracking.
which are anodic and some cathodic in nature, then, on impressing Activation energy values for the initiation and propagation of
an anodic potential, the cathodic sites become active anodic points, cracks, as derived from the dependence of these two steps on
while on impressing a cathodic potential the anodic sites become temperature, were found to be the same (13 kcal/mol).35 This shows
active cathodic points. As we move away from the corrosion potential that these two steps are chemically controlled processes and
in either direction, the surface active points or regions change their essentially the same. A more interesting observation was the
nature, totally or partially, depending on the extent of polarization, dependence of activation energy on polarization (Figure 2), 6
During anodic polarization, the anodic reaction that initially occurs on kcal/mol for anodic and 21 kcal/mol for cathodic polarization, which
the grain boundaries spreads to other areas in the grains. Therefore, indicates the electrochemical nature of the process and that the
the active centers are now more widely distributed in the grain discrete energy sites facilitating the electrochemical reactions are
boundaries as well as in the grain interiors, resulting in a mixed type influenced by electrical stimulation.
of crack. Beyond the minimum, the grain interiors become more 200
active than the grain boundaries, leading to a transgranular crack." -o- AT O.C. POTENTIAL

As a corollary to the mechanism proposed, it should be -.-- ANODIC
expected that where prior conditions for transgranular cracking 100 - -&- CATHODIC
prevail, i.e., where the susceptibility exists preferentially at the grain 0
interior, as in the case of cold-worked materials, the changeover from
transgranular to intergranular cracking should be possible if the
active sites can be shifted from the grain interior to the grain
boundaries. This was made possible with cathodic polarization of 0

cold-worked samples. C,
The observation of a shift in the maximum susceptible potential 0 A

range to more anodic values in cold-worked specimens compared to '

annealed specimens (and also in 80-20 brass compared to 70-30 -I-
brass) was successfully interpreted based on adsorption on discrete
reaction sites.33 The same idea was further supported by the 0

occurrence of transgranular cracking and a shift in the open-circuit 10 0
potential value toward more cathodic values when ammonia of the
conventional Mattsson solution was substituted with butyl amine, 34

Kinetic Studies
Having identified the role of discrete anodic and cathodic sites 3 1 1 1

in determining the crack path, it became necessary to obtain more 3.0 3 3.2 3.3 3., 3.5 3.6
direct support for adsorption of reacting species and to understand
the reactions involving these sites and the effect of compositional X 10 ,K -

variations on these reactions. The basic question of whether or not FIGURE 2-Log rate (log lit) vs reciprocal of absolute temper-
the crack propagation is electrochemical or mechanical in nature was ature plots for annealed brass under polarization conditions.
also asked. Since (he SCC susceptibility is normally expressed in (Reprinted with permission.35)
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100 An analysis has been made following the method proposed by
Hoar and Hclliday,39 plotting a graph between log 0l(0) and log
concentration of the additive, where (1 - 0) corresponds to the
fraction of protection affected by the addition of inhibitor, where the
latter follows Langmuir's adsorption isotherm. The plots yield straight
lines, a representative of which is shown in Figure 3 for the chloride

-. addition, confirming the validity of the adsorption hypothesis. The plot
10 also incorporates the analysis of results of Uhlig, et al.40 Similar plot

SHERBINI A has been obtained for sulfate addition to Pugh's solution.3
The effect of polarization on time to fracture with or without the

addition of chloride is shown in Figure 4. During anodic polarization,

Uhl,_ a sharp rise in cracking time has been observed in the solution
containing chloride compared to the chloride-free solution. This can

(71 be explained as follows: In the normal cracking process at the
0 1 open-circuit potential, the positively charged copper complexes get

adsorbed to the cathodic sites, in the grain interior. During anodic
polarization, the negatively charged chloride ions will get a better

W situation for their attachment. They begin competing with the copper
Gcomplexes, which were previously tightly adsorbed, and will try to

dislodge some of them. As a-result, the process goes through a
transition in mode of cracking; the grain interiors lose their copper

0.1 ions and become available anodic sites. The cathodic intensity
0.003 0001 0.01 0.1 decreases, leading to a fall in the intensity of the dislocation process.

log CCI- gm -atom 1 - A similar observation has been made with phosphate addition to
ammoniacal carbonate solution.41

FIGURE 3-Log concentration of chloride Ions added to test The adsorption hypothesis put forward here can thus explaii-.,,e

solution vs log 0/(1-0) plots. (Reprinted with permission from preferential sites for crack nucleation as well as the preferred
Pergamon Press. 38) reduction reaction resulting from the absorbed species, either leading

or not leading to a tarnish formation. The similar results reported by
20 BLANK SOLUTION other authors can also be interpreted based on this model. 42 44

--6- WITH NH4 CI 0.004 moll I
240

1210 - Conclusion

(1) The SCC of brass in ammoniacal solution occurs as a result of

c 180 the adsorption of various reacting species at discrete anodic and
cathodic sites existing on the material surface and the subse-
quent electrochemical reaction at these sites.

-150 (2) Film formation or the absence of it is a consequence of the
prevailing electrochemical reactions and is not considered to be
a deciding factor in the dissolution process.

120 (3) Factors like alloying, cold work, polarization, etc., cause a

change in the distribution and activity of the sites, and a
,,. transition in the mode of cracking is thus explained.
0 90
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Stress Corrosion Cracking of Nickel-Base Alloys
in Room-Temperature HCI Containing H2S

J. Kolts, C.C. Bumette, M.W. Joosten*

Abstract
Nickel-base alloys were found to be susceptible to environmental embrittlement in room-temperatuie
HCI + H2S. The cracking was transgranularquasicleavage and was accelerated by anodic polarization.
.Cracking can be attributed neither to a film-rupture mechanism nor to classic hydrogen embrittlement.
Commercially available acidizing corrosion inhibitors were effective in preventing cracking in nickel-
base alloys. A new test sample configuration was developed for inexpensive evaluation of stress
corrosion cracking performance. Notches machined at each end of two sheet samples have been used
to stress the samples upon assembly without theuse of fixtures, welding, or bolting.

Introduction may be machined at one time, thus minimizing the cost and time to
Recent reports show that about one third of present deep-well prepare samples. The cost of machining was approximateiy $1 per
completions in the United-States use corrosion-resistant alloys for sample, thus coining our terminology for these coupons as "cheap
corrosion control.' The term "corrosion-resistant alloys" is being specimen configuration."
used in the oil and gas industry to refer to alloys with uorrosion The samples are easily assembled with pliers and a vice. The
resistance In deaerated production environments, which is at least an assembled coupons (Figure 2) were designed to provide a stress of
order of magnitude less than carbon and low-alloy steels. The term 50% of the 0.2% offset yield strength at the reg~ons with a full
would include type 410 (UNS S41000) stainless steel (SS), duplex cross-section width. The stress at the reduced section was about the
SS, and nickel-base alloys. Many of these deep wells will be acidized yield strength of the alloy.
using either hydrochloric acid or mixtures that include HCI, Therefore,
the likelihood of HCI contacting various corrosion-resistant alloys is
quite high. Most of the experimental work on effects of acidizing
environments on corrosion-resistant alloys has emphasized general Strain Calculations
corrosion, especially at elevated temperatures.23 However, some Simple geometry was used to make the strain calculations for
evidence shows that stress corrosion cracking (SCC) can result with the samples, assuming that the stressed specimen conformed to the
the presence of H2S in room-temperature hydrochloric acids. 4-6  shape of an arc of a circle. The equation describing slot width for a
Since the dissolution of sulfide-containing scales during acidizing given outer-fiber strain is
may provide a source of sulfide ions, this form of cracking must be 1 1
considered in using corrosion-resistant alloys. w = t [ 360 E I + (1)

Corrosion inhibition can provide a method to mitigate SCC in tan s t
HCI; however, only cursory examinations have been made on
cracking behavior, This investigation therefore examined the effect of where w = width of slot; t = thickness of sample, ,E = desired strain;
various inhibitors in their ability to prevent SCC. Furthermore, an I = length of sample at midpoint of slot, the argument of the angle
attempt was made to better understand the mechanisms of cracking being in degrees. Appendix A details the derivation of Equation (i).
to help predict incidences of stress corrosion during acidizing.

Experimental Procedure
Because of the many requirements for SCC tests in HCI, a new Materials 3nd Environment Chemistry

testing sample configuration was develuped. Testing fixtures suffi- Highly alloyed corrosion-resistant alloys considered for down-
ciently resistant to corrosion in HCl , HzS to provide freedom from hole equipment were selected for this investigation. Type 316 tUNS
solution contamination and sufficient strength were not available tu S31600) SS was also chosen for examination, since this alloy
the authors In addition, the time and Lost needed to machine testing represents the standard by which industry compares corrosion
fixtures from exotic alloys was excessive. Therefoie, a method was resistance. All of the alloys except type 316 SS were high strength,
developed to stress the samples without the requirement for stress- and all of the alloys were solid-solution austeniti, alloys. No second
Tng fixtures While there are stressing methods available that du not phases or precipitates were formed intentionally. Different methods
require fixtures, these methods are either not quantitative with of cold working will result in a range of mechanical properties for each
respect to applied stress (i.e., U bends) or require welding. These respective alloy, these alloys were cold worked by cold rolling.
restrictions were not acceptable. Table 1 presents the compositions of the alloys, while Table 2

The sample configuration developed is shown in Figure 1. Two gives the mechanical poperties. Two lots of alloy C-276 (UNS
slots are machined into each sheet sample. Fifty or more sarTaples N10276) were used. The sheet samples were high strength produced

by cold work. The tubing samples used in the direct-tension tests
*Conoco Incorporated, P.O. Box 1267, Ponca City, OK 74603. were also cold worked but to a much lower strength level.
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TABLE 1
Composition of Alloys (wt%)

Alloy C SI Mn P S Ni Cr MO Cu W TI Al Fe V Cb Co

Type 316 0.06 0.43 1.57 0.020 0.010 10.1 16.2 231 0.47 - - 0.04 bal - - -
Type 825 0.05 0.34 0.50 0.018 0.001 40.2 23.4 3.39 1.62 0.24 0.95 0.09 bal - - -
Type C-276 0.004 0.13 0.46 0.004 0.002 bal 16.1 16.5 0.17 3.24 - 0.45 3.45 0.08 0.14 0.27

Sheet
Type C-276 0.003 0.04 0.50 0.014 0.001 bal 16.0 15.9 - 3.63 - - 5.2 0.19 - 2.0

Tubing
Type C-22 0.008 0.10 0.22 0.003 0.002 bal 22.2 12.5 0.12 2.73 - 0.33 2.87 0.11 0.12 0.17
Type 718 0.022 0.08 0.06 0.003 0.001 52.3 17.6 2.87 1.85 - 0.96 0.46 20.2 - 5.09 -

TABLE 2 Sheet samples were sheared, machined, degreased, washed,
Mechanical Properties of Alloys aid stressed. The specimens were used as cold rolled and ma-

chined; no abrasion of surfaces was performed, These were placed
Yield Strength UTS Elongation in a solution containing 50% by volume of concentrated reagent-

Alloy MPa (ksi) MPa (ksi) % grade HCl and 50% by volume water to produce approximately 17
wt% HCl solution. The inhibitors were added as 0.5 vol% of the total

Type 31 6(A) 240 (35) 586 (35) 55 solution and were dissolved in the concentrated HCl. The composi-
Type 825 1230 (179) 1270 (184) 3 tion of the 938 inhibitor was not known. The HAI-75 and -85 inhibitors
Type C-276 1140 (165) 1250 (181) 10 are a proprietary blend of acetylenicalcohols, quaternized heterocy-

Sheet clic amine dispersers, and inorganic salts containing cuprous iodide.
Type C-276 785 (114) 1909 (158) 23 The stressed samples were placed in the solution at room temper-

Tubing ature, as shown in Figure 3. The solution was deaeraied with nitrogen
Type C-22 1230 (179) 1320 (191) 8 for approximately 2 h, then H2S was used to saturate the acid.
Type 718(8) 923 (134) 1240 (180) 29 The H2S was intermittently purged, once every weekday for

approximately 1 h over the total duration of 1 week of exposure.
('Nominal prSome tests were conducted as controls with only nitrogen gas. After

properties. 1 week of exposure, the solution was purged with nitrogen, and the
(e)Anneal 1024C, 1-h water quench; age 788'C 6.5 h, air cool. samples were removed, cleaned, and examined visually for cracking.

In another series of tests, 0.64-cm- (0.250-in.-) diameter tensile
samples were stressed in commercially available proving rings to
their yield strength. The solution in the cells contained either the
NACE Standard TM0177-86 ("Testing of Metals for Resistance to
Sulfide Stress Cracking at Ambient Temperatures") standard acetic
acid, sodium-chloride-containing solution saturated with H2S, or
arsenic-poisoned (100 ppm) sulfuric acid (5% by weight) at room
temperature. In the latter test, specimens were cathodically polarized
with a galvanostat to different levels of current.

Polarization curves were obtained for coupons with areas of
approximately 10 cm2. Luggin capi!laries and acid reservoirs not

FIGURE 1-Sample configuration used In stress corrosion containing H=S permitted the use of saturated calomel electrodes as
cracking evaluation, potential references. Graphite or platinum counter electrodes were

used as required,
In some SCC tests, stressed test samples were anodically or

cathodically polarized in hydrochloric acid using a galvanostat. In
these tests, one set of stressed samples was made the anode while
the other set was the counter electrode (cathode). In this way, the
effects of cathodic and anodic polarization could be assessed
simultaneously in one test.

Results
Table 3 presents the results of the SCC tests. The type 316 SS

samples did not crack in any of the test environments investigated,
but this does not mean that it is a more resistant alloy than the
nickel-base alloys examined. Type 316 SS was tested in the
annealed condition and had a much lower yield strength than the
other alloys. Consequently, this alloy was stressed to roughly one
fifth of the stress of the other alloys.

In the uninhibited acid saturated with H2S, all of the nickel-base
alloys cracked. Cracking occurred primarily in the highly stressed
area of the test specimen, although surface cracking was also

FIGURE 2-Appearance of assembled sample. associated with the sheared edge of the samples. The data from
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Table 3 show that different inhibitors prevent SCC to varying inhibited system containing the inhibitor HAI-85 have little meaning.
degrees. Consequently, testing and selection of inhibitors are nec- This inhibitor contains cuprous ions as a component to enhance the
essary for acceptable field service of corrosion-resistant alloys during inhibitor effetiveness. The application of cathodic polarization rew
acidizing. suited in electroplating copper on the surfaces of the test samples of

One interesting feature was found on alloy 825 (UNS N08825) alloy 825.
exposed for a short period of time in the uninhibited, H2S-containing Polarization curves of alloy 825 were obtained to help under-
environment. Figure 4 displays SCO patterns that delineate the stand the effects of polarization and corrosion inhibition on SCC in
stress state of the assembled samples. Notice the high stress HCI + H2S. Figure 5 demonstrates the effect of inhibition on
concentration at the corner of the machined, reduced cross section. polarization behavior. The main effect of H2S addition to HCI is the

The slot width was chosen to stress the samples to 50% of the reduction of the free-corrosion potential to more negative values.
uniaxial yield strength in the region where the sample is full width At Otherwise, only slight differences were noticed in the shape of the
the location of the notch, the stress is approximately twice that, anodic polarization curve by the addition of H2S or inhibitors. The
because the sample width is one half of the full section width. The anodic curves did not evidence passivity with or without inhibitors.
stress concentration at the corner increases the stress even further; Likewise, cathodic polarization showed differences only at highly
therefore, cracking is expected to occur in the reduced section negative potentials in inhibited environments. These effects are not
locations. In spite of the high stresses at the corner, SCC also expected to be of significance because of copper plating and
occurred in the full-width sections of the sample along the entire decomposition of other inhibitor components at highly negative
length of the stressed region. This demonstrates that SCC initiates potentials.
and propagates at very low stress levels. The addition of corrosion'inhibitors resulted in a positive shift in

the free-corrosion potentials for all inhibitors examined. This shift can
be partly accounted for by the cuprous/cupric redox potential. The
potential measured on platinum showed a corresponding positive
shift with inhibitor additions.

Table 4 shows the cracking response of alloys in a number of
> - ,environments, based on round-bar tensile tests. Failures occurred in

only the HCI + H2S environment. Alloy 0-276 samples did not crack
ir this test in the HCI/H 2S environment but readily cracked as sheet
samples. This may be partly attributed to the test method. However,

Xt• . it is more likely that the higher strength of the sheet samples and the
transverse instead of longitudinal orientation of the sheet of the
tubing samples is responsible for cracking in the sheet and not
tubing. Environments that cause severe entry of hydrogen into the
alloys such as the TM0177-86 solution, especially when the alloys
are coupled to steel or arsenic-poisoned sulfuric acid with cathodic
charging of alloys at 10 mA/cm2 , did not cause cracking in the alloys
tested. These tests further confirm that cracking in the HCI + H2S
environment is not a classic hydrogen embrittlement (HE) phenom-
enon found in steels or heavily cold-worked nickel-base alloys.

Discussion

FIGURE 3-Photograph of experimental apparatus. The SCC of nickel-base alloys at room temperature is an
unusual occurrence. The cracking is transgranular, typical of that
found in environments at temperatures exceeding 2040C (400*F).7 .8

The cracking occurs only in the presence of H2S. However, this
Since two stress states exist at the different locations of the cracking phenomenon is different from the classic type of HE found

same sample, the susceptibility to cracking could also be assessed in some heavily cold-worked nickel-base alloys.9 °10 In the latter
by determining whether cracking occurred at only the highly stressed phenomenon, cracking is typically intergranular and is accelerated by
location or at both highly stressed and low-stressed locations. If the cathodic polarization rather than anodic polarization, The higher
environment was not extremely aggressive from a cracking stand- iron-containing alloys, such as alloy 825, are more resistant to the
point, cracks as in Figure 4 were found. However, in severe classic HE than the alloys such as alloy C-276 or C-22 (UNS
environments, cracking also occurred in the full-width sections. N06022). In the HCI - H2S environments, the converse is true, and

The results of applied current on SCC revealed that anodic alloy 825 is more susceptible to cracking, as shown in Table 3. The
polarization increased cracking on alloy 825. In the absence of presence of H2S is required for SCC of nickel-base alloys in HCI.
externally applied currents, alloy 825 cracked in HCI i HzS, While the effect of sulfide ions on passivity of nickel has been studied,
predominantly in the highly stressed region of the stressed samples, the corresponding effects in HCI may not have much relevance. The
Only a few secondary cracks were noticed in the full-width section of polarization curves in this work show that these nickel alloys in HCI
stressed samples However, the application of anodic polarization do not exhibit the classic passivity found in less aggressive environ-
corresponding to 20 t.A/cm 2 greatly Increased the incidence of ments.
cracking on the lower stressed portion of the samples. Correspond- Crevice corrosion or crevice effects can often have accelerating
ingly, the application of cathodic currents eliminated cracking on the effects in SCC. The use of the cheap specimen configuration places
lower stressed region of the samples when exposed to HCI + H2S the highest stresses area near a crevice that is likely to increase the
without inhibitors. However, cathodic polarization did not eliminate all severity of the cracking. However, in HCI, the nickel-base alloys
of the cracking in the highly stressed locations of the samples. exhibit general corrosion, and crevice effects are not likely to affect

Table 3 shows that acidizing inhibitors can reduce the incidence the cracking since crevice corrosion does not occur in this solution,
of cracking in HCI + H2S. However, the application of anodic Local yielding is very likely at the corners of this specimen.
currents (200 tAtcm2) on alloy 825 can overcome this inhibition, and However, this does not negate the occurrence of SCC at stresses
cracking is again seen on this alloy even with corrosion inhibition, lower than the yield strength of the alloys. Cracking was also found
This demonstrates that coupling to steel would be beneficial in on the middle of samples. Thus, cracking occurred at stresses lower
eliminating cracking in HCI The effects of cathodic polarization in the than 50% of the 0.2% offset yield strength of the respective alloys.
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TABLE 3
Stress Corrosion Cracking Results(A)

Alloy Environment

Acid Acid Acid H2S Acid H2S Acid H2S Acid + H2S
Only Visco 938 Only HAI-75 HAI-85 Visco 938

Type 316 NC11)  
NC NC NC NC NC

Type 316 NC NO C(c) NC NC C
Type C-276 NC NC C NC NC NC
Type C-22 NC NC C NO NC NO

(A)Room-temperature tests 50/50 volume dilution of reagent-grade HCI-1-week exposure, sheet samples, inhibitors added as 0.5 vol%.
(8)NC denotes no cracking.
(c)c denotes cracking.

of alloy 825 cracking. Also, even in the presence of corrosion
inhibitors, a further positive shift in corrosion potential by use of a
galvanostat increased the susceptibility of alloy 825 to SCC. It is likely
tnat the inhibitor effects are related to competitive adsorption of
sulfides and organic inhibitors on the metal surface. Possibly the
inhibitor-enhancers (copper ions) have little effect on the inhibition of
SCC in HCI + H2S environments.

TABLE 4
Proving Ring Stress Corrosion Cracking Tests(A)

Environment Alloy

718 C-276
Bar Tubing

TM0177-86 N'L )  NC
(5% NaCI + 1/2% acetic acid + H2S)

TM0177-86 NC NC
FIGURE 4-Appearance of stressed alloy 825 (UNS N08825) Steel couple
sample after exposure for a short period of time H2S containing
HCI at room temperature. 5% H2S04 + 100 ppm arsenite NC NC

0.1 mA/cm2 cathodic current

.......... o5o0K. H S 5% H2SO4 + 100 ppm arsenite NC NC2X--.. - 5015 O-4 2:

- 0/0 o + o% HAt 85 • i2s 10 mA/cm, cathodic current

50/50 volume dilution HCI + H2S 28 h NC

e (A)Stress at 896 MPa (130 ksi); 758 MPa (110 ksi) minimum yield

". ".strength alloys; time-to-failure-h; 1-month exposure.
... ()NC denotes no cracking in 1 month.

" .The mechanism of cracking in the HCI solutions is not readily
explained by existing theories of SCC. The polarization curves do not

.60t show regions of passivity, thus film rupture is probably not a
7M - mechanism. Much prior work has shown that the anolyte in pits,O{DI 0031 O1 10 to

CUR.RNT eec, M crevices, and cracks becomes acidic. However, none of the exper-
imental work or theoreical treatments have shown that the acidity of

FIGURE 5-Polarization behavior of alloy 825 (UNS N08825) In solutions in pits or cracks can become more acidic than 17% HCI,
various room-temperature environments, which is the external environment. Thus, the environment on the

surface is much more acidic and presumably more corrosive than the
The major effect of corrosion inhibitor additions was in increas- environment in the crack in the case of SCC of nickel alloys in

ing the free corrosion potential to more noble values. This shift is HCL'HS solutions. Classic HE does not explain the results of the
probably caused by the presence of Cu' and Cu - ions in the SCC found. In a large number of studies of nickel alloy applications
inhibitors. These additions to inhibitors are made to enhance the for the oil and gas industry, the susceptibility of alloy C-276 to HE at
effects uf the organic compounds in the inhibitor formulations for high strength levels has been confirmed. Alloy 825 has been found
uniform corrosion resistance. The shift in corrosion potential to more to be relatively immune to cracking by HE. Yet in the HCOIH2S
auble values caused by inhibitor additions cannot account for the solutions, this work and other work have shown alloy 825 to be more
improved cracking resistance caused by inhibitor additions. The susceptible to cracking. Also, cathodic polarization has been shown
puiarization experiments on stressed samples showed that a shift in to reduce the inuidence uf cracking, contrary to most expected trends
potential in the positive direction actually Increased the susceptibility in classic HE,
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Conclusion The width of the slot (w) from Figure (Al) is

(1) Highly alloyed, corrosion-resistant nickel-base alloys are sus- w = a + b = + (Al)
ceptible to SCC in ambient temperature H2S-containing hydro- tan sin4)

chloric acid stimulation fluids. The cracking is transgranular and Figure Al represents the specimen configuration when stressed
occurs only in the presence of H2S. (arc of a circle). The strain on the outer fiber is given by

(2) Hydrochloric acid corrosion inhibitors can prevent SCC in
nickel-base alloys. t

(3) Anodic polarization accelerates cracking in the nickel-base = R(A2)
alloys in HCI + H2S, with and without inhibition.

(4) Cathodic or anodic polarization curves of the nickel-base alloys The equation for the length of an arc of a circle is
were not adequate to explain the inhibitor effects on cracking.

(5) A newly developed specimen configuration designed to offer an I = -T8.0 (A3)
inexpensive and easy testing technique for assessing SCC
resistance performed well. Combining Equations (2) and (3), the angle in degrees is
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Appendix A ARc LEGTH , I
Derivation of Equation for Calculating Strain

on Samples
FIGURE Al -Schematic for calculating strain on samples.

Calculation of sample strain
The strain obtained by assembling the individual samples can Notice that stress is not a parameter in any of the above

be calculated from simple geometry if it is assumed that the radius of equations. To obtain a given stress, the strain corresponding to a
curvature remains constant throughout the stressed portion of the given stress should be read from a stress-strain curve, and the
sample Figure Al displays the specimen configuration at the points samples should then be machined to obtdin the corresponding strain.
of contact at each end of the specimens. In effect, the strain obtained This is an advantage for austenitic alloys, since the stress-strain
is from four point contacts (two points at each end). curves a; e not linear near the yield point of the alloys.
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lntergranular Attack Behavior and Mechanisms
for Nickel-Base Alloys in Caustic Solutions

at Elevated Temperatures
H. Nagano, K. Yamanaka, K. Tokimasa, and H. Miyuki*

Abstract
Intergranular attack (IGA) initiation and propagation processes, effects of environmental and material
factors, and consideration of the selective grain-boundary dissolution mechanism of mill-annealed alloy
600 (UNS N06600) were studied in laboratory tests. The results obtained are as follows: (1) IGA is
composed of intergranular corrosion (IGC) and intergranular stress corrosion cracking (IGSCC)
following IGC. Experimentation has confirmed that IGSCC is initiated for a given applied stress when
IGC depth reaches a threshold crack depth for initiation of IGSCC (ah). Initiation may be defined in
terms of a critical stress-intensity factor as Kiscc = "qrV; ah (TI = constant and a = applied stress).
(2) Environmental factors are more influential than material factors in the IGA of Alloy 600. IGA occurs
in mixtures of NaOH solutions with pH higher than 10.3 and in metal oxide sludges such as Fe3O4 and
CuO at high temperatures. Fe30 4 acts as a strong oxidizer in the caustic solution, as described by the
following equation: Fe3O, + 2H20 4 2e- --* 3HFeO 2 + H4 . (3) Concerning the mechanism of IGA,
the segregation of dissolved elements such as C, B, and S at grain boundaries may be the cause of
selective grain-boundary dissolution of mill-annealed alloy 600.

Introduction after they were mill annealed at 1050'C. The plate of alloy 600
Various instances of corrosion failures have occurred in the steam containing 50 ppm boror (No. 2) was used to study the effect of boron
generators of pressurized water reactors (PWR), i.e., intergranular segregation on IGA by the slow-strain-rate technique (SSRT)
stress corrosion cracking (IGSCC) at the expanded parts and at Wires of 75% NiO to 15% Cr alloys (Nos. 3 to 5) were used to
severely U-bent parts of alloy 600 (UNS N06600) tubing in the measure the repassivation rate of film by the straining electrode tests
primary side, and wastage, denting, and intergranular attack (IGA) in Foils of rapidly solidified alloy 600 (Nos 6 to 14), supersaturated
the secondary side.1.2  with C, S, P, N, and Si made by double-roller methods (cooling rate:

The occurrence of wastage and IGA is closely related to the 1.5 x 105 C/s), were used to study the effects of grain-boundary
accumulation of concentrated caustic solutions. Wastage has ap- segregation of dissolved elements on IGA.
peared on the tube surfaces in the crevices between tube and tube Specimens for C-ring tests and SSRT were cut from a tube of
sheet in the steam generators that have been operated under 22.23-mm diameter by 1.27-mm thickness, and specimens for
phosphate treatment. IGA has occurred in the crevices between tube electrochemical measurements and U-bend tests were cut from a
and tube sheet, and between tube and tube-support plate in the plate of 4.9-mm thickness. Specimens for straining electrode tests
steam generators that have been operated initially under phosphate were cut from a wire of 0.5-mm diameter, and rapidly solidified
treatment and then under the alt-volatile treatment tAVT), or that specimens for corrosion tests were cut from a foil of 50- to 100-pLm
have been operated only under AVT. Another characteristic of IGA is thickness.
that it appears after a longer time period than wastage.

Currently, remedial actions have been applied to steam gener- Procedures
ators with IGA, controlling environmental conditions Immersion tests. C-ring specimens loaded to a stress level of

The objective of this study is to survey the effects on the IGA 15 or 30 kgf/mm 2 or U-bend specimens were put into a 40% NaOH
initiation and propagation process of environmental factors, such as solution or mixtures of 40% NaOH plus metal oxide sludges at 325'C
NaOH concentration, potential (influenced by addition of oxide for 200 h. Fe3Q4, Cu, and CuO were mixed to simulate the sludge
sludges), and hydrogen addition, as well as the effects of alloying for on hh u rfae of to s i ngat theelements. The mechanisms of IGA in nickel-base alloys are consid- compositions forming on the surface of alloy 600 tubing at the
ered. crevices between tube and tube sheet or tube and tube-support plate.Reagent grade metal and metal oxides were used for the immersion

Experimental Procedures tests. Particularly, Fe304 was rinsed in hot, pure water several times
for the purpose of avoiding such impurities as chlorides and sulfates.

Materials The composition of the mixtures are as follows:
Chemical compositions of alloys used are given in Table 1.

Tubes and plates of alloy 600 (No. 1) were used for corrosion tests (1) 1 L 40% NaOH + 520 g Fe3 4 0.(2) 1 L 40% NaOH -i 468 gFe304 -t 0.87 gCu -± 51 g CuO
(3) 1 L 40% NaOH + 0.5 g Cu + 300 g CuO

*Sumitomo Metal Industries, Ltd., Technical Research Laboiatuies, Specimens were covered with metal oxide sludges at 325'C
1-3, Nishinagasu-hondori, Amagasaki 660, Japan. during the test duration in autoclaves. Autoclaves are composed of
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TABLE 1
Chemical Compositions of Alloys (wto)

No. C Si Mn P S Ni Cr Ti Al B N Fe Shape of Material Used

1 0.027 0.33 0.31 0.008 0.001 74.45 16.45 0.20 0.11 0.0002 0.0073 8.10 Tube and plate
2 0.022 0.14 0.23 0.011 0.001 74.27 15.14 0.31 0.24 0.0050 0.0069 9.62 Plate
3 0.018 0.11 0.29 0.001 0.001 75.15 1505 0.21 0.14 0.0001 9.02 Wire(A)

4 0.018 0.11 0.29 0.001 0.001 74.55 4.86 0.21 0.13 0.0001 19.82 Wire (A )

5 0.014 0.13 0.31 0.002 0.001 74.38 0.01 020 0.10 0.0001 24.85 Wire(A
)

6 0.027 0.34 0.30 0.008 0.001 74.50 15.90 0.20 0.10 0.0001 0.0065 8.61 Foil(0 )

7 0.10 0.34 0.30 0.008 0.001 74.50 15.90 0.20 0.10 0.0001 0.0065 8.54 Foil(0

8 0.027 0.34 0.30 0008 0.11 74.50 15.90 0.20 0.10 0.0001 0.0065 8.50 Foil (" )

9 0.027 0.34 0.30 0.008 0.50 74.50 15.90 0.20 0.10 00001 0.0065 8.10 Foil 0 )

10 0.027 0.34 0.30 0.12 0.001 74.50 15.90 0.20 0.10 0.0001 0.0065 8.49 Foil1(

11 0.027 0.34 0.30 0.53 0.001 74.50 15.90 0.20 0.10 0.0001 0.0065 8.08 Foil ( )

12 0.027 1.05 0.30 0.008 0.001 74.50 15.90 0.20 0.10 0.0001 0.0065 7.90 Foil ( )

13 0.027 5.10 0.30 0.008 0.001 74.50 15.90 0.20 0.10 0.0001 0.0065 3.85 Foil (0 )

14 0.027 0.34 0.30 0.008 0.001 74.50 15.90 0.20 0.10 0.0001 052 8.09 Foil ( )

(A)0 .5 mm in diameter for straining electrode tests.
(D)Foil is (50 to 100 .m) of rapidly solidified alloy 600 (UNS N06600).

stand-still type with alloy 600 lining with an internal volume of 3 L. tf = tiGC + tIGSCC (2)
The SSRT tests. Specimens cut longitudinally from a tube were

extended mainly at a strain rate of 4.17 x 10-6/s or sometimes 4.17 In general, the crack growth rate by IGC is very slow compared
x 10-7/S in solutions of 4%, 0.4%, and 0.04% NaOH at 325C at with the crack propagation rate by IGSCC, resulting in t1GC t' IGscc,
selected potentials against the Pt/Pt reference electrode. Potentials and Equation (2) is shown by an approximate equation of Equation
vs Pt/Pt electrode was converted into the standard hydrogen (3)
electrode scale (SHE) referring to the electrochemical data.3

The constant load tests. Specimens cut longitudinally from a
tube were stressed at a constant load of 25 and 35 kgf/mm2 in the If = tiGc (3)

solution of 4% NaOH in the autoclave at 3250C, at the potential 100
mV above the corrosion p,'antial against the Pt/Pt reference Equation (4) giv.es tiGC using the terms of the average crack growth
electrode, rate by IGC (V),

Electrochemical measurement. Anodic polarization curves for
alloy 600 in NaOH solutions up to 40% at 3250C in an autoclave were tGc =- (4)

measured against the Ag/AgCI reference electrode held in the NaOH

solution of the same concentration at room temperature and high From Equations (1) through (4), Equation (5) can be obtained
pressure in a separate autoclave, which had a liquid junction with
NaOH at high temperature and high pressure. i = (Kscc) 2

V -(5)
Results

Therefore, it is necessary to obtain data concerning V, Kiscc (a,),
IGA process and (- to evaluate the lifetime against IGA.

Figure 1 shows the effect of stress on IGA of mill-annealed alloy
600 in 4% NaOH at 3250C and the constant potentials where severe
IGA was indicated by content-load tests. Specimens with both 35 r
kgf/mm 2 and 25 kgf/mm 2 loadings show that IGA is composed of IGC 600 Through Throug crackScrack Through

plus IGSCC: specimens with 35 kgf/mm 2 loading show a smaller a crack
amount of IGC and a more significant amount of IGSCC. 500 Str Stress25 kgf/rm2

It is suggested that IGA proceeds as IGC in an initiation period . 3

and then is converted to IGSCC in a propagation period, as shown in 400 : 25 kgf/m
Figure 2. IGSCC is initiaied when the IGC depth reaches a1h, which
is a threshold crack depth for initiation of IGSC0 and may be defined '!A 35 kgf/mm
by the following equation: 300 I

Kscc = lo\/ a(1) a 200 1 A/
where Kiscc = critical stress-intensity factor (kgf/mm3); -n 100 - A
constant, depending on the type of crack; a = applied stress / 0

(kgf/mm2 ); ath = threshold crack depth (mm). a/ L _
From Equation (1), a,,, becomes larger with decreasing a 00 50 100 150 200 250 300 350 400

because Kiscc is constant under fixed material and environmental Time (h)
conditions. This relation is easily understood in referring to Figure 1,
in which a, is larger at 25 than at 35 kgf/mm2. A lifetime for IGA (t,) FIGURE 1-Effect of stress on occ.lrrence of IGA of mill-
is shown by Equation (2) as the sum of the IGC period (hGOc plus the annealed alloy 600 (UNS N06600) In 4% NaOH at 3250C at 100 mV
IGSCC period (tiGscc), above the corrosion potential.
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Grain boundary FeO,+Cu+Cuo C-rLng 40%NaOH
40INaOH Fe 0 5"t Cu4CuO SSRT 4% and 0.4%
4oXraH . Strain rateSurface 40 ECr..- o: 4.2x1-'/sec 11.7

- z 4.2xl0-7/sec

S rgio 0 Solid mark IA
0 Reducing occurred

4 (agent 0 00 C 11.1 8

, N1)0

10.7

00A 4%NaOH

IGA 1 0.4 Ecorr. 0 A 8 10.3

Z; 0 9.8

Neutralization .
0.04 (Boric acid) 9.0

IGC - I* IGSCC

0) 1 -. 5 -1.0 -0.5
"a+ Potential (V vs. SHE)

FIGURE 3-Effects of NaOH concentration and potential on the
occurrence of IGA for mill-annealed alloy 600 (UNS N06600) In
caustic solutions at 3250C.

0102

IGA occurs 40%aOH
tlGC i tIGSCC I

Time 101 /

ath; Threshold crack depth for

the initiation of IGSCC. CuCuo 4%NaOH
+~Cu+Cu0 .O

FIGURE 2-Development of IGA in alloy 600 (UNS N06600). 1 t "
II //

Effects of environmental factors on IGA II IGA occurs/
Effects of NaOH concentration and potential on IGA. Figure " Ill /

3 shows the effects of NaOH concentration and potential on the I t / 0.4%NaOH .. ....IG"/.1A occurs"',f

occurrence of IGA for mill-annealed alloy 600 in caustic solutions at CW 10"1 IGA ocr
325°C. IGA occurs in a particular region of NaOH concentration and i /I . ,/
potential, as can be seen in Figure 3. The shaded area for IGA
occurrence begins at NaOH concentrations from 0.4% (pH = 10.3 at 'e ' I
3250C) up to higher values. IGA occurs in an active/passive, j O.04NaOH
transient, potential region where the surface film of alloy 600 forms an o 2 -0

unstable passive film (Figure 4). '+Cu+ Cu fl
In Figure 4, arrows indicate the corrosion potentials of mill-

annealed alloy 600 that were increased at 3250C in mixtures of NaOH
plus metal oxide sludges, such as Fe3O4 and CuO, IGA did not occur Il
at the less noble potential region, as in 40%5 NaOH, or at the more 10"

noble region, as in 40% NaOH + Cu + CuO, as it occurred at the -1.5 -1.0 -o.s
characterized potential region in the mixtures of 40% NaOH + Fe3O4  Potential (V vs. SHE)

and 40% NaOH + Fe3O, + Cu + CuO. FIGURE 4-Potential ranges for occurrence of IGA In anodic
IGA occurs in an active/passive transition potential region in polarization curves of mill-annealed alloy 600 (UNS N06600) in

mixtures of concentrated NaOH plus metal oxide sludges at high caustic solutions at 3250C.
temperatures, as shown in Figure 5. Figure 7 shows that IGA initiation is inhibited by hydrogen

Fe3O4 is one of the main components of sludges formed in PWR addition greater than about 10-4 atm pressure from the immersion
plants. It reacts with alloy 600 as an oxidizer in the caustic solution test results Furthermore, from the immersion test results using
by the cathodic reaction described in the following equation. Because precracked C-ring specimens in the mixtures of 40% NaOH FeO 4 t

o1 its reduction, the corrosion potential of alloy 600 shilts to the Cu & CuO at 3250C (Figure 8), it can be seen that IGA propagation
active-passive transition potential, where alloy 600 is susceptible to is also inhibited by hydrogen addition above some 10-3 atm.
IGA. The reaction is as follows: Consideration of selective grain-boundary dissolution mech-

Fe3O 4 + 2H20 + 2e- - 3HFeO 2- + H (6) anlsm. The mechanism of selective dissolution along grain bound-
aries is not clear yet for the IGA of mill-annealed alloy 600. Figure 9

Inhibition of IGA by hydrogen addition. IGA may be inhibited shows a summary of proposed mechanisms for selective grain-
when caustic concentration is sufficiently decreased or corrosion boundary dissolution of Ni-base alloys. Among these mechanisms, it
potentials are made less noble enough to shift the characterized is thought that the grain-boundary segregation of dissolved elements
potential region for IGA occurrence. such as C, B, and S can explain the experimental results of IGA of

Figure 6 shows the effect of hydrogen addition on the corrosion mill-annealed alloy 600.
potential of alloy 600 in the mixture of 40% NaOH + F03 4 + Cu + Segregation of dissolved elements such as C, B, and S along
CuO at 325°C The corrosion potential decreases to the less noble grain boundaries seems to be detrimental to the resistance to IGA,
side with increasing hydrogen pressure Shifting corrosion potential For example, Figure 10 shows the corrosion test results for rapidly
to the non-IGA potential region is made possible by the addition of solidified alloy 600, supersaturated with C, S, P, N, and Si, immersed
hydrogen above 10-4 atm. in the mixture of 40% NaOH + Fe3O4 + Cu + CuO at 3250C for 200
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h. S and C accelerate the caustic corrosion in, the mixtures of I I I I
concentrated NaOH plus metal oxide sludges. In our experiment,
samples of rapidly solidified alloy 600 supersaturated with more than
about 0.1 wt% B could not be obtained by single- or double-roller 600
methods because carbide precipitation could not be suppressed. a

Chaung, et al.,4 have reported that the segregation of sulfur "
along the grain boundaries of nickel 200 increases the anodic :
dissolution, e.g., grain-boundary attack within the sulfuric acid
solution. The same behavior may also occur in alloy 600 in the 4
caustic environments 400

O 20

,'. , - . # -. ::;(. ., : 0

•:, "; 'i :No
" ' addition

(a) O~aII ~ (W414a4*c~ej *~of hydro-

00 10-10-310-2

,$- ,H-(atm)
"- k-"- -'-, ' FIGURE 7-Effects of hydrogen pressure on IGA occurrence of

IN a mill-annealed alloy 600 (UNS N06600) in the mixture of 40%
.NaOH + Fe30 4 + Cu + CuO at 3251C for 200 h (C-ring specimen

t V.: stressed at 30 kgf/mm2).

Figure 11 shows that the susceptibility to caustic IGSCC
increases with the addition of very small amounts c, boron in 50%
NaOH solution at 350 C for 500 h using U-bend specimens On the

.. .. other hand, the detrimental effect of boron is nullified by a thermal
... R 4 ieO. H 6'A W treatment at 70 01C for 15 h.

,. Figure 12 shows that IGA is increased by segregated boron in
FIGURE 5-GA morphology of mill-annealed alloy 600 (UNS mill-annealed alloy 600 in 4% NaOH at 3250C by the SSRT.
N06600) In various kinds of mixtures of 40% NaOlI plus oxide The grain-boundary segregation of boron in mill-annealed alloy
sludges at 325°C for 200 h using C-ring specimens. 600 can be observed using the fission track-etching method shown

in Figure 13.9 Thus, the segregation of solute elements such as C, B,
and S at the grain boundaries might cause the selective grain-
boundary dissolution on mill-annealed alloy 600, but this does not
preclude the other mechanisms shown in Figure 9.

A: 4 oNaOH Conclusion
A 40%NaOll+Cu+CuO (1) IGA is composed of IGC and IGSCC following IGC. It has
0O 40%NaOH+Feo+Cu+CuO been confirmed through experimentation that IGSCC is initiated

*40%Na0H+Fc 39, when IGC depth reaches ah, a threshold crack depth for initiation of

IGSCC. It may be defined that Kscc is equal to q(V. (- = a
A constant, (Y = an applied stress).

600 (2) Environmental factors are more influential on the IGA of alloy
600 than material factors, IGA occurs in the mixtures of NaOH> solutions with pH above 10.3 and metal oxide sludges such as Fe3 e 4
and CuO at high temperatures. Fe3O4 is a main component of

0 sludges formed In the plant and acts as a strong oxidizer in the
0 caustic solution described in Equation (6):

_ Fe3O4 + 20 + 2e- -- 3HFeO,- + H (6)

-1.5 -Corrolion potential
In0 Nozaol This shifts the corrosion potential of alloy 600 from an active

potential region to an active-passive potential region, where IGA is
initiated and proceeds.

t 101 1°'1 10"1 101 101 100 (3) IGA initiation and propagation of mill-annealed alloy 600 can
No addition
of hydrogen Pit, (atm) be inhibited by hydrogen addition above i0" atm in the mixtures of

40% NaOH and metal oxide sludges at 325°C.
(4) Concerning the mechanism of IGA, the segregation of

FIGURE 6-Effects of hydrogen pressure on the corrosion dissolved elements such as C, B, and S at the grain boundaries may
potential of mill-annealed alloy 600 (UNS N06600) In the mix- be the causes of selective grain-boundary dissolution for mill-
tures of 40% NaOH plus oxide sludges at 325°C. annealed alloy 600.
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FIGURE 8-Effects of hydrogen pressure on IGA propagation of mill-annealed alloy 600 (UNS
N06600) in the mixture of 40% NaOH + Fe3O4 + Cu + CuO at 325TC for 200 h (C-ring specimen
stressed at 15 kgflmm2).__________
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0 FIGURE 12-Effect of boron on the IGA of alloy 600 (UNS
N06600) in 4% NaOH at 3250C by the SSRT. 7
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Discussion However, you show a beneficial effect of intergranular carbides
S.M. Bruemmer (Pacific Northwest Laboratory): Until now, on the resistance to intergranular attack, apt from SCC. I can

the effect of carbide precipitates on the SCC of alloy 600 (UNS understand the effect of carbides on intergranular SCC, but how can
N06600) has not been studied too well. Nagano, et al., have given a we explain carbide effects on intergranular corrosion? Mechanisti-
good presentation regarding the action of carbides on the cracking cally, how can these carbides improve corrosion resistance?
behavior of alloy 600. It is very interestina that alloy 600, with
continuous or discontinuous carbide precipitates, shows good SCO
resistance in high-temperature pure water a,,c -aLstic solutions, as H. Nagano: The details of the mechanism of intergranular
compared with the performance of austenitic sta,.Jfess steels. Car- corrosion remain obscure. In our paper we point out that environ-
bide precipitation reduces the detrimental effect of dissolved carbon mental factors are generally more influential than material factors,
along grain boundaries, increasing SCC resistance. such as the presence of carbides.

EICM Proceedings 413



Threshold Stress and Crack Growth Rate Considerations
-Based on a Strain-Rate Damage Model

of IGSCC for Alloy 600
Y.S. Garud* and A.R. Mcllree**

Abstract
An engineering model for quantitative evaluation of the intergranular stress corrosion cracking (IGSCC)
of alloy 600 (UNS N06660) tubing material in high-purity water was recently presented by the authors.
This paper deals with further applications of the IGSCC model. In particular, implications of the model
with regard to (a) the possibility of a threshold stress for the IGSCC and (b) the crack growth rate
evaluation are discussed with the objective of seeking some engineering correlations with the field data
on the primary-side-initiated IGSCC in recirculating-type steam generators.
Theoretical estimates of the threshold stress are obtained as dependent on the temperature and
material condition. It is shown that the thresh6ld stress is related to the deformation characteristics of
the material (such as the strain-rate sensitivity). Simplified correlations in terms of the room-temperature
yield and ultimate strengths are presented for mill-annealed and thermally treated material conditions.
The significance and limitations of the concept of threshold stress are discussed. Also, application of
the IGSCC model to determine approximate (average) crack growth rates is illustrated, demonstrating
the influence of stress and temperature on the pure-water cracking phenomenon. Failure times
observed in the field are summarized, analyzed, and compared with the model results. Results
presented in this paper lend further support to the utility and applicability of the strain-rate-based IGSCC
damage model.

Introduction Equation (1) states that the IGSCC damage (D) accumulated in
The occurrence of intergranular stress corrosion cracking (IGSCC) in time (t) is dependent on the strain rate (.). The functional relation (f),
Ni-Cr-Fe alloy 600 (UNS N06600) tubing in the primary water-coolant as given by Equation (2), involves two parameters (A and p) that
environment of steam generators of pressurized water reactors account for the material environment specific conditions. Equation (3)
(PWRs) has continued to adversely affect the availability of PWR simply defines the failure condition for the occurrence of a small crack
power plants for over a decade.' 2 Mainly because of increased costs of engineering significance, and t, is the time to reach that condition.
of plant operation and maintenance, this has resulted in the need for Here, D and a, are in units of length, A and f() have units of
quantitative and predictive modeling of IGSCC. An engineering length/time, . has units of 1/time, and p is a dimensionless
model based on a detailed review of relevant data and mechanistic parameter.
considerations3 was presented in an earlier paper.4  Alternatively, the above relations may be combined as follows:

The purpose of this paper is to provide estimates of threshold
stress and average crack growth rate for alloy 600 in high-purity, I '(t/)( )Pdl (4)
high-temperature water by applying the model under simplified wi
conditions of interest and to compare the results with service data, where - aiA, thus explicitly defining the time-to-failure (tl). The

strain rate used in the following discussion is taken equal to the total
nominal strain rate accounting for nonelastic material response in the

Model Description absence of any significant cracking,
Based on the material stress-strain data available for Ni-Cr-Fe

The strain-rate-based model for IGSCC of alloy 600 in high- alloy 600, the following formulation (referred to as the Bodner-Partom
purity water can be summarized by the following relations: 3,4  formulation') was found suitable3 to represent the strain-rate re-

sponse for various material conditions of interest.
D(t)= f f(i)dt (1) i = &/E + i (5)

f(i) = A(i)P (2) i (2Do/%/)exp[-0.5(Z/u)2 ] (6)

D(tt) = a, (3) Z =Z - (Z' - Zo)exp(- mW,) (7)

*S. Levy Incorporated, 3425 S. Biscom Ave., Campbell, CA Zo = (mT + C,)ZI (8)
95008-7006.

*'Electric Power Research Institute, 3412 Hillview Ave., Palo Alto,
CA 94304. n a/T (10)
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In theseequations, Do, Z1, io, ml, Co,-C , and a are material Starting with an ideally smooth surface (with no cracks) and
constants independent of temperature, E is Young's modulus of under the condition of constant stress, the deformation mechanics
elasticity, and WP is the cumulative work of nonelastic deformation formjlation [Equations (5) through (10)] implies a steep decrease in
(i.e., sum total or integrated value of the product of stress and the (nominal) strain rate at low (below-yield) nominal stresses, which,
incremental nonelastic strain), a is stress, and T is absolute in turn, translates into an extremely slow rate of damage accumula-
temperature. Here, E, Z, Z1, Z0, and Wp have units of stress,O) m and tion per the IGSCC model. Let E. denote the value of strain rate
Co are in units of 1/stress, J has units of stress/time, , i, and Do are below which the damage accumulation rate is too slow to cause any
in units of 1/time, and n is dimensionless. (Time is measured in significant degradation over the practical useful life of a component
seconds throughout this work.) To a first approximation, assuming conservatively that Z = Zo for 4.

Values of the constants for four material conditions are given in = e., Equations (6), (8), and (10) result in the following expression
Table 1 based on an analysis of stress-strain data. (For details of the for threshold stress (Slh):

data and analysis, the reader is referred to Reference 3.) The
room-temperature yield strength and ultimate strength corresponding Slh = Z,(mT + C,) [ ln(4D' /3) - 2 ln(. ) ]-T/2a (11)
to the various heats of these materials are also listed in the same
table for use in the subsequent correlations, these strength values One estimate of , may be obtained by equating it to the average
are experimental data as gathered from various sources in Refer- strain rate needed to accumulate the strain equal to the rupture strain
ence 3. of a metal oxide in the practical life span for the component; e.g., a

Comments on the Physical Basis metal oxide ductility of 0.001 and a life of 40 years would imply the

and Material Parameters &, equal to-7.93 x 10- 13 (1/s). Since the earlier work4 permits an
estimation of the accumulation of IGSCC damage for a mill-annealedEquations (1) through (4) constitute the IGSCC model that uses alloy 600 condition at 36500, this results in a more conservative value

the strain rate as a key variable. Various mechanistic and phenom- fo 60 of 70 3 thi resulBs on the latteraoc and

enological reasons for the strain-rate-based approach were -dis- for s of 7.09 x 10- a (t/s). Based on the latter approach and

cussed in the earlier work. 4 Very briefly, it allows one to interpret the allowing for some uncertainty, the value of ). is taken equal to 1.0 x

SCC in terms of a film-rupture mechanism, because the periodicity of 10- °(l/s).

ruptures is expected to be related to the strain rate and also to Using the above expression for the threshold stress and the

influence the rate of progression of stress corrosion cracking. In conservative value of 1 x10 -2
0 (1/s) for &,, the threshold estimates

addition, it is possible to relate the functional form I( ) [Equation (2)] for various heats and material conditions of Table 1 were obtained for

and the two model parameters (A and p) to the current-density data high-puty water n h themperature range of 500 to 680F (260 to

from electrochemical strain-rate transient experiments.34  360C). Figure I shows these estimates.

Equations (5) through (10) constitute the deformation mechan- The two material conditions for which data were available from

ics formulation quite independent of the IGSCC. model; i.e., any multiple heats exhibited considerable heat-to-heat variations in the

appropriate set of equations describing the stress-strain response of estimated threshold stress values, as can be seen from Figure 1.
the material under consideration may be used to define the strain- Note however, that the basic mechanical strength properties alsorate input needed for the IGSCC model. The formulation selected in show similar variation, as indicated in Table 1. Material constants in

this work is essentially the one proposed by Bodner and Partom, who Bodner-Partom formulation are normally not available (and their

also discuss its physical basis in relation to the motion of dislocations 5 determination requires more data and analysis) as compared with the

For instance, the material parameter (n) is related to the intrinsic readily available properties such as the room-temperature yield (S,)
viscosity of dislocation motion and to the strain-rate sensitivity of the and ultimate-strength (S.) values. It is useful, therefore, to obtain

material (the lower value of n implies greater sensitivity), alternative correlations for the threshold stress in terms of the latter

Do also influences the strain-rate sensitivity and is related to a values, if possible. The data from Table 1 and the model estimates

limiting (maximum) strain rate in shear. The parameter m relates to from Figure 1 were analyzed and yielded the following regressions:

the rate of work-hardening (higher values of m imply higher rates).
The variable Z is referred to as the hardness variable and represents For the mill-annealed condition,
the, overall~microstructural state of the material with respect to its Sl -48.050 + 0.8154S + 0.5440S, - 0.01471F (12)
resistance to the inelastic deformation; it is a type of scalar internal
variable .that accounts for the load-history dependence of the
nonelastic deformation. The parameter Zo is the initial hardness For thermally treated conditions,
corresponding to the reference state of the material from which the Stt -23.138 t 0.4496SY + 0,4491S. 0.01578F (13)
value of WID is measured; Z, corresponds to a limiting saturation
value of Z to ensure that the resistance to inelastic deformation is Here, F is temperature in degrees Fahrenheit [500 to 680' (260 to
ioite, It may be noted that the above formulation is applicable to 360'C)], and S,., SY, and S. are in ksi. The goodness of fit is quite
steady as well as variable kuniaxial) loading of stress or strain, satisfactory, as can be inferred from Figure 2. The heat-to-heat
therefore, constant stress, constant deformation, and constant ex variation is significantly accounted for, and most of the regression
minslon-rate conditions are only some of the particular cases of fitted values are within 5% of the model estimates.
loading covered by the formulation.

Threshold Stress Evaluation Crack Growth Rate Estimates
The concept of a threshold parameter (such as a stress or stress As noted above, the IGSCC damage model was developed for

intensity) separating the regions of conditions for the occurrence and the tirrie-to-failure (ti), with failure defined in terms of the initiation of
non-occurrence of a phenomenon is appealing to many engineers a small crack of the order of 1 mm (a). Based on this definition, an
and researchers, and the phenomenon ot IGSCC falls in this average crack growth rate (or the average rate of IGSCC penetration)
category. At the same time, however, it would be difficult to deny the can be estimated as a/t1.
elusive nature of the threshold, particularly when environmental Since the IGSCC damage model is based on the strain rate as
influences on material degradation are important and when the a key mechanics variable, it becomes essential to obtain an estimate
loading is not one of uniformly constant intensity,6 The Discussion of strain rates acting in the critical locations of a service component.
section argues the validity and limitations of the threshold concept for Such information is often not obvious nor readily obtainable; how-
IGSCC; the following is an attempt to estimate the threshold stress ever, with the use of a reasonable constitutive relation (i e., material
(under idealized conditions) as suggested by the above damage stress-strain behavior), it is possible to relate strain rate to more
(uoderalireadily available parameters such as temperature and stresses. As
model.

noted earlier, the Bodner-Partom formulation was found to be
("The SI unit for stress is MPa: 1 ksi = 6.895 MPa, suitable for alloy 600 tubing material.
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TABLE 1
Bodner-Partom Material Constants for Various Conditions and Heats of Alloy 600 (UNS N06600),

Room-Temperature Yield (S), and Ultimate Strength (Su)

No.(A) D, Z, a mO  Co m, SY S,
1/s kslio) 'K 1/(ksl *K) 1/ksl 1i1K ksl ksl

0.0 10 145.63 2868 1.307E-4 0.05826 -3.370E-5 0.41323 49.73 99.62
4.0 10 116.87 5950 0.703E-4 0.13393 -16.350E-5 0.42481 40.63 97.93
4.1 10 142.31 2541 1.402E-4 008167 -0.935E-5 0.35020 41.91 99.64

5.0 10 144.75 7319 0.723E-4 0.06842 -8.020E-5 0.45093 58.00 104.20
5.2 10 158.18 3507 1.251E-4 0.06435 -3.650E-5 0.40867 55.73 109.75
6.2 10 150.56 3287 0.991E-4 0.07888 -2.040E-5 0.36886 48.62 103.38
7.2 10 158.11 5240 0.521E-4 0,10173 -5.260E-5 0.41606 60.15 117.26
8.3 10 147.63 3689 1.327E-4 0.06974 -19.420E-5 0.67468 75.49 106.38

12.0 10 140.62 11141 0.0 0.10045 -10.370E-5 0.42225 53.77 107.84

(A)0.0, 4.0. 5.0, and 12.0 are mill-annealed heats (0.0 is average of 3 heats).

4.1 is mill-annealed and stress-relieved heat.
5.2, 6.2, and 7.2 are mill-annealed and thermally treated heats.
8.3 is mill-annealed and cold-worked heat.

(e)Note: 1 ksi = 6.895 MPa.
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TEMPERATURE (degrees F)
FIGURE 1-Model estimates of threshold stresses for IGSCC of .

various heats and material conditions of alloy 600 (UNS N06600). 225' ' 35 45 55

For the U-bend steam generator tubing application, although MODEL PREDICTIONS (ksi)
the service temperature data is known fairly accurately, the acting
(i.e., restdual plus operational) stress values are generally unknown FIGURE 2-Comparison of estimated threshold stress with
or reflect considerable uncertainty, particularly in the roll-transition regression-fit calculations for mill-annealed and thermally treated
(RT) zone and in the U-bend region, where fabrication histories and heats.
geometric complexities dominate the stress assessment. It is pro-
posed here to use the engineering yield strength (for 0.2% plastic the values of Z, (in Equation A.7 of Reference 4) were estimated by
strain) as the uniform telfective) stress level acting in the critical linear interpolation between the stress range of 36 to 45 ksi and the
location for purposes of estimating the average crack growth rate temperature range of 290 to 340'C [The resulting linear relation was
equal to a/if. Z, (ksi) = 1.1306639 + 1.0829918S + 0.p098T, where S is stress

In our earlier work,4 the model parameters were established for In ksi and T is temperature in °C],
a mill-annealed condition tno. 4.0) of alloy 600 for the high-purity Based on the above assumptions and model parameter values
water environment between 290 and 3501C. In particular, the from the previous work (with a, = 1 mm), the average rates of IGSCC
exponent p was estimated to be 0.65 and t tin seconds) was 10.627 penetration were calculated for the temperature range of 290 to
at 290"C I554'F), 6.05205 at 340'C (644 'F) and 4.84027 at 350'C 340'C (554 to 644°F) and stress levels of 0.90Sy, Si, and 1.10S,
t662 F). In this work, the t' values were interpolated between 290 (where Sy is the material yield strength at room temperature equal to
and 340C (i.e., t - 37.16171 - 0.091499T, where T is in 0C). The 40.63 ksi for the material condition 4.0). The resulting model
corresponding parameters describing the material strain-rate re- predictions are shown by the solid lines in Figure 3.
sponse are listed in Table 1. To be consistent with the earlier work,'?' In addition, the field data8 9 for reported IGSCC incidences at

the two critical locations; namely, the first-row U-bend region and the
'21The authors would like to note a correction to the typographical RT zone (of mill-annealed alloy 600 tubing of the recirculating-type

error in Equation (4) of their earlier paper (Reference 4): The factor steam generators), are also shown on the same plot of Figure 3.
(1 p) (arA) should read [(1 p) (ae'A)]. Similar correction is Here, the average rate of IGSCC penetration was estimated (with
warranted .n Equation k3.3) of Reference 3 and in 2, ation (7) of appropriate unit conversions) by simply dividing the nominal wall
Reference 7. thickness (50 mils or 1.27 mm) by the effective full-power days
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estimate at which time each IGSCC incidence was reported. Note Acknowledgment
that the RT data includes three incidences of IGSCC in the cold-leg The financial support for a major part of the work that forms the
portion of the recirculating-type steam generators. All these field data basis of this paper was provided by the Electric Power Research
have been reported for the IGSCC initiated from the primary-coolant Institute (EPRI) (Palo Alto, CA) through the Steam Generator
side of the alloy 600 tubes. Owners' Group Program. The research and its presentation were

(degrees F) facilitated by S. Levy Incorporated.
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The IGSCC damage model suggests that the threshold stress
as given by Equation (11) is dependent on deformation-related Discussion
material parameters, in particular on n, which is related to the M.M. Hall (Westinghouse Electric Corporation, USA): As I

strain-rate sensitivity. Also, typical estimated threshold stresses at understand your strain-rate damage model of intergranular SCC,

600'F (316'C) range from about 70 to 84% of the material yield your damage function is the integral over time of the rate of

strength at room temperature. It is important to note an implicit mechanical strain-energy dissipation. Your threshold stress (for
assumption made in estimating the threshold stress. The material is crack initiation) is then a critical strain parameter. Could you
assumed to be free of cracks just prior to the start of the holding comment on the general applicability of this result? Do me current
period of the stress If this is not the case, the estimate would have slow-strain-rate and static-loading test methods provide sufficient
to be lowered, depending on the severity of the cracking and of the information for a rigorous test of the concept? If so, what data sets
environment. Note also that the value of 4, (the critical strain rate) is best illustrate this?
expected to depend on the environment, thus, in principle, providing Y.S. Garud: Although the intergranular SCC damage D [Equa-
for the fact that these estimates would not be applicable to an tion (1)] and the functional relation f [Equation (2)) are related-
aggressive environment such as the polythionic acid. through the particular choice of material stress-strain law used in this

In view of the fact that the actual primary water environment is study-to the time-integral of the work (per unit volume) of nonelastic
somewhat different from the high-purity water environments used in deformation (W,), the relation is neither obvious nor simple. It is
obtaining the model parameters, the correlation of Figure 3 might difficult to see how either D or f is equivalent to W., as you suggest.
appear fortuitous The stress levels of Figure 3 are expected to be However, the idea of a more explicit and direct relation between the
reasonabla for the RT region; as such, the temperature dependence two may be of some merit for further evaluation.
covering the hot-leg and the cold-leg transitions Is very well repre- The threshold stress is actually related to a critical strain-rate
sented by the model. Since the U-bend region is expected to be more parameter in this work, However, as indicated under Equation (11),
highly stressed than the RT, the corresponding trend seen In Figure it may be interpreted In terms of the rupture strain of a metal oxide
3 appears to be In the right direction, expected to form under the conditions of interest, In this sense, and

Concluding Remarks under the idealized conditions noted in the paper, the concept should
Based on the strain rate IGSCC damage model for alloy 600 in be applicable to other alloy-environment systems [e.g., stainless

high temperature, high purity water, the concept of threshold stress steels such as type 304 (UNS S30400) in hign-temperature aqueous
is evaluated for a smooth (uncracked) component under constant conditions, as in a boiling water reactor] vhere the involvement of a
stress condition. It is shown that the threshold stress is related to the film-rupture process Is suspected.
deformation characteristics of the material, and simplified expres- The slow-strain-rate test and the static-load test do provide
sions in terms of the room temperature yield and ultimate strengths some information about the posibility of a threshold stress, but this
are presented for mill annealed and thermally treated material information is only indirect aid necessarily requires extrapolation tin
conditions, time) of the test results, In other words, there are practical limitations

To a first approximation, the model Implementation for estimat of time and resources needed for an otherwise rigorous test program.
ing average crack growth rates for the IGSCC was presented. These We are not awart; of currently available data tfor the PWR tubing)
estimates were shown to be In reasonably good agreement with data generated bpe(, ically to test the threshold stress ,oncepl. However,
analyzed from the service tube failures. Results presented in this recently, more specific data has been produced that might provide
paper lend support to the utility and applicability of the strain-rate some (indirect) information on this issue, subject to further evatua-
based IGSCC damage model. tion.
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Effect of Crevice Corrosion
on Hydrogen Embrittlement of Titanium

C. F. Clarke, * B.M. Ikeda, * and D. Hardie**

Abstract
Titanium is a candidate container material for the disposal of nuclear fuel waste in Canada. A possible
failure mechanism for titanium is hydrogen embrittlement (HE) caused by the hydrogen generated
during crevice corrosion. Although Grade-2 titanium is less susceptible to HE than Grade-12 titanium,
it is more susceptible to crevice corrosion, particularly at temperatures greater than 100°C. This paper
describes the development of a crevice design in order to establish consistent crevice corrosion on
Grade-2 titanium tensile specimens. Hydrogen entry into the metal does occur under the crevice.
However, the material fails mechanically because of a reduction in its cross-sectional area brought
about by crevice corrosion, not because of HE. The failure mode appears to be a competition between
the rates of hydrogen uptake and metal wastage.

Introduction However, under conditions where the passive film can be altered or
Titanium is a candidate material for use as a nuclear waste container, breached (e.g., crevice corrosion', hydrogen might enter the under-
In Canada, the design lifetime for such nuclear waste containers is lying metal. The question is whether or not emb,ittlement can arise
500 a at temperatures up to 100 'C in saline ground waters that could from crevice corrosion and contribute to cortainer failure.
approach saturation in chlr de. Titanium owes its excellent corrosion Extensive studies have been conducted on the crevice corro-
resistance over a wide range of environments and conditions to a sion behavior of Grade-2 titanium immersed in neutral saline
stable, adherent surface film of Tie 2, either in the form of rutile or environments under unstressed conditions.1 4 During the active
anatase. Any assessment of its viability as a materia for the stage of crevice corrosion, the passive film in the crevice is absent.
long-term containment of radioactive waste must cunsider factors The loss of the passive film in the crevice provides an easy way for
that may break down this protective film. hydrogen entry intp the bulk titanium. Therefore, more information is

This passive film can be compromised by excessive cathodic required concerning the relationship between HE and crevice corro-
protection or under crevice conditions, such as those created by sion.
surface deposits, metal-to-metal juints, or flanges containing gas- Crevice corrosion behavior is dependent on alloy composition
Kets. Commercial-purity titanium tASTM Grades 1-4) is partrculan (even within the specification range) and on chloride and oxygen
bub(.eptibie tu urevice orrusiun in same solutions at temperatures concentration, as well as on geometric considerations. In aqueous
dbove 100 C. On the other nand, Grade-12 titanium, which contains chloride solutions at temperatures up to 150'C, crevice corrosion
small amounts ut nickel and niuiybdenum, has been shown to have initiates in both Grade 12 titanium, and Grade 2 titanium with an iron
greater resistance to such attack.' However, it appears to have content 0.1 wt% bbt subsequently repassivates.' "' However, for
poorer resistance to hydrogen embrittlement tHEj when strained in a low iron containing Grade 2 titanium, active crevice corrosion
neutral chloride solutions and cathodically polarized at temperatures proceeds until all the oxygen is depleted from the bulk
greater than 100 C, or when precharged with hydrogen under environment,' Passivation does not occur. Since passive film
vacuum at elevated temperatures,' The results of Clarke, et al., formation in crevices does not occur for the low iron-containing
suggest that at extremely negative potentials, the passive film un titanium, this material is ideal for Investigating the susceptibility of
Grade-12 titanium is altered, rendering it more permeable to titanium to HE under crevice corrosion conditions.
hydrogen.? Apparently, this alteratiun does not occur on Grade-2 At this point, it is important to distinguish between initiation,
titanium. The alloying elements in Grade 12 litanium, whicr are propagation, and passivation. Crevice corrosion can be initiated on
Jilfhuit W, JUtuut In Me pdbbiv film, are Inught tu alter the properties titanium and then be followed by either passivation or propagation.
-il the vxide ,ayer, maKing it inure resistant to lu.dized breakduwn Atve crevice corrosion, or propagation, is limited by the supply of
out mure sus.eptible tu hydrogen entry at negative potentials. Uxidant in the bulk environment, and repassivation does not occur as

For free ,orrosion ccnditiuns %as opposed to athodically po lung as the oxidant is present. This behavior is usually observed for
idrizea .unduitinsi, both Graoe-r2 and Grade-12 titanium have guod low iron containing Grade 2 titanium. Whe, passivation occurs, the
iesistainue tu iE. This behavioi is believed 1. be a result of the amountofcorrosionislimitedeveninthepresenceoftheoxidant, this
clfectiveness ut the pabsive film as a barrier tu hydrugen uptaKe. behavior is characterisrc of Grade 12 titanium. In this study, we are

interested in active crevice corrosion, where the passive film Is
*Atomic Energy of Canada Limited, Fuel Waste Technology Branch. absent, and not in passivated crevices or the initiation event.
Whiteshell Nuclear Research Establishment. Pinawa. Manitoba, This paper discusses the influence of crevice corrosion on the
Canada ROE 1LO, susceptibility of ASTM Grade-2 titanium to hydrogen uptake in hot,

-Department of Metallurgy and Engineering Materials, University of aqueous, salt solution. Also, the development of a creviced tensile
Newcastle upon Tyne, England. specimen will be described.
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Experimental Procedure and metallographic examinations noted (1) the depth and area of
The experiments were performed in Teflont-lined titanium crevice corrosion and (2) the degree of embrittlement as indicated by

pressure vessels. The straining experiments were performed using the amount of brittle fracture surface observed. The elongation to
tensile machines that have been previously described.2 The data failure provided a more reliable measure of the ductility under these
were collected using an LSI 11/73 computer system with a txMACt -  conditions, because the attack within the creviced region precluded
4000 multiplexer. The load cycling was achieved by computer meaningful reduction-in-area measurements.
control, but the strain rates were established manually. The hydrogen content of the samples was determined either

Specimens were cut from plates of commercially available chemically, by the hot gas extraction technique, or by metallographic
ASTM Grade-2 titanium (composition shown in Table 1). The tensile ex.mination following etching with Krolls reagent. On the whole,
specimens used had a 2.54-mm gauge length, a 2.8-mm gauge metallographic examination provided the more reliable indication of
diameter, and a 12-mm-long threaded shoulder at either end. All the the variation in hydrogen content.
metal specimens were machined with their long axes parallel to the Surface analysis was performed using a SAM59OAt scanning
rolling direction of the original plate. Auger microscope with a SIMSt II secondary ion mass spectrometer

attachment, manufactured by the PSI electronics division of Perkin
Elmer. The scanning Auger microscopy analyses were performed

TABLE 1 using an electron beam voltage of 3 kV and an electron beam current
Composition of ASTM Grade-2 Titanium in wt%/o of 3 nA and an analyzer resolution of 0.6%.

Development of crevice design
The unstressed crevice samples were similar to those previ-

Fe 0.024 ously described.' A thin sheet of Teflon was sandwiched between

Ni <0.003 two rectangular prisms of titanium (25 mm long by 11 mm wide by 6
Cr 0.0026 mm thick) bolted together in the form of a cross by a 5-mm bolt
Mn <0.0008 passing through a central hole (Figure 1). The crevices were
Al 0.048 assembled while immersed in the solutions to be used. This
Mo <0.002 procedure ensured that the crevices were wet at the beginning of the
Si 0.11 experiment and that crevice initiation was not delayed by lack of
C 0.08 physical wetting of the crevice. Results were found to be reproducible
O 0.165 when the fastening bolts were finger tightened.

A galvanic coupling technique was used to electrochemically
monitor the progress of the crevice corrosion reaction.5 The artificially
creviced electrode was coupled to a large surface area titanium
counter electrode (a cathode) through a potentiostat used as a
zero-resistance ammeter. The corrosion potential of the specimen
was measured against an internal Ag/AgCI (0.1 mol/L KCI) reference
electrode using a high-impedance voltmeter, The potential of this
electrode is +200 mV vs the standard hydrogen electrode (SHE) at
150'C and, unless otherwise stated, potentials quoted in this paper
are relative to the SHE. All the experiments were performed in 0.60
mol/L (3.5 wt%) NaCI.

The experiments were performed at 15 0°C to allow correlation
with other crevice corrosion experiments that used unstressed
specimens. This temperature is wel above the expected maximum
disposal vault temperature range of 90 to 1001C. Consequently, the
experiment should be considered conservative, since the rates of
electrochemical and diffusion processes involved will be accelerated
compared with those expected In a disposal vault.

For tensile specimens, various stressing conditions were used
in an attempt to distinguish crevice corrosion from HE effects. The Teflon Crevice Former
specimens were strained at rates of 3 to 6 x 10-7 s - until a strain

of -2.5% (corresponds to 200 to 300 MPa) was obtained. The load FIGURE 1 -Schematic diagram of an unstressed crevice cou-
was then cycled between t,10 MPa of the stress at this point. Cyclic pen.
loading was used for two reasons: (1) to extend the testing time for Reproducible crevice corrosion was obtained using this un-
a given strain rate (i.e., to avoid straining to failure) and (2) to ensure stressed sample geometry; however, it was more difficult to obtain
that the geometry of the crevice was not unduly influenced by reproducible crevice corrosion with artificial crevices formed on
straining the specimen (I.e., necking) during the period of testing. II tensile specimens. It proved difficult to determine whether the
a constant extension rate was used, the specimens would fail, often differences in crevice corrosion behavior between stressed and
before either hydrogen or crevice coriosion could influence the failure unstressed samples were a result of the presence of the stress,
mode, To investigate the effect of strain rate on either crevice resistance to crevice corrosion, or difficulties in producing the
corrosion or HE, or to Investigate the relationship between HE and necessary crevice geometries. Therefore, a design was developed to
crevice corrosion, it was important to apply the load cyclically, reproduce a circumferential crevice around a portion of a tensile

After load cycling at 150°C for a given period, specimens were specimen having a gauge length of 25.4 mm, a creviced length of 14
cooled to ambient temperature and inspected before straining to mm, and a diameter of 2.8 mm. In an attempt to obtain reproducible
failure in air at a strain rate of 2 x 10- s- 1. Subsequent macroscopic data, the titanium containing low levels of iron was used for these

experiments because it readily undergoes crevice corrosion in 0.6
Mirade name. moVlL NaCI at 1500C. 4
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Under static (no strain) conditions, crevices are readily formed
on titanium if (1) the crevices are very tight, and (2) there is sufficient

.access to the crevice to provide solution transport into the crevice.
The latter condition is a geometry factor that is not well defined;
however, it is important since, during crevice corrosion, the acidic
environment that results from the hydrolysis of titanium must be -
balanced by anion transport into the crevice to maintain electroneu-
trality. The rate of anion transport may then limit the corrosion rate.
The crevice tightness is also a poorly defined factor that can cause \ /
difficulties in forming reproducible crevices. This problem is mainly Cross-section
avoided by forming "wet" crevices as described above.

a Longitudinal-section
Initially, the crevice former was a split cylinder of Teflon

extending over the entire gauge length of the tensile specimen. A 2.7.. 1
12.7-mm-diameter cylinder was drilled axially with a 3.175-mm- ,-
diameter hole. The cylinder was then cut in half lengthwise, and,
while under solution, the tensile specimen was placed between the
two halves. The assembly was held in place using chromel wire
loops. The longitudinal slits on the sides of the crevice were each -2 2.c - ,_
mm wide. Anodic polarization to -130 mVSHE to initiate crevice op vI
corrosion, followed by cathodic polarization to -830 mV SHE to P view
induce hydrogen entry, demonstrated that crevice corrosion could be
induced. Although no trouble had been experienced in initiating
crevice corrosion in the simple unstressed (sandwich) design (Figure
1), reliable initiation was not achieved with this split cylinder
arrangement, and modifications were therefore introduced.

Attempts to produce tighter crevices were made since the lack
of crevice corrosion resulted from an insufficiently tight crevice.
Drilling the central hole smaller and cutting the longitudinal slits so
that the cuts were wider did not produce the desired reproducibility. I - 2 4 3.175

Cutting the cylinder with only one longitudinal slit, so that the crevice 1-- 12.7 side view
former snapped tightly onto the tensile specimen, was equally b
ineffective.

FIGURE 2-(a) Schematic views of basic (unsuccessful) crevice
designs showing restricted access to the crevice region. (b)With these designs, the solution contact between the crevice Schematic of the successful Teflon tensile crevice former

and the bulk solution was limited to the two ends of the crevice and developed. The dimensions are in millimeters.
the slits (Figure 2(a)]. This provided only a very small contact area
and may have inhibited transport of solution (and chloride in
particular) into the crevice. It was felt that environmental access to Results and Discussion
the crevice could be improved by exposing a larger portion of the
gauge length. Hence, a modified crevice former was constructed by Hydrogen entry in the absence of stress
drilling a 12.7-mm-diameter by 14-mm-long Teflon rod axially to During crevice corrosion, the local chemistry in the crevice is
produce a 3.175-mm-diameter hole. One side of the holder was different from that of the bulk solution. The chemistry inside the
machined bacK in a plane tangential to the speomen's circumference crevice is complex and for a full discussion, the reader is referred to
until the inner hole had a 2-mm-wide access sior iFigure 2(b)]. TIS References 1 and 4 to 8. Briefly, it can be described as follows
produced a long, wide crevice mouth and a completely accessible Oxygen is depleted from the creviced region during the initial
crevice. A 1-mm-wide slit was cut 314 of the way through the side stages of crevice corrosion. This establishes a condition where
diametrically opposite from the radial slot. The 1 mm wide slit different elertrochemical processes can occur inside and outside the
provided sufficient spring in the Teflon to ensure that a tight crevice crevice. The overall anodic reaction
could be obtained around the specimen. The assembly was held
tightly in place by circumferential loops of chromel wire. Crevice Ti - Ti" + 4e- (1)
corrosion was still not consistently observed, but the situation was
further improved by inserting a thin Teflon sleeve between the Teflon which occurs inside the crevice, is coupled to the oxygen reduction
cylinder and the metal surface before tightening the wire loops, reaction

Having addressed the difficulties normally encountered in 02 + 2H20 + 4e--- 40H- (2)
producing stressed crevice coupons, we felt that the remaining
irreproducibitity may have been a result of the application of stress.
The straining of the sample may have (1) disturbed the chemistry of which occurs on the outer surface of the titanium coupon, i.e., the
the crevice during the initiation stage of the reaction or (2) caused surface exposed to the free solution, As crevice corrosion proceeds,
sufficient slackening of the crevice to make it too wide for crevice the pH in the crevice decreases (pH < 1)1.5.8 because of hydrolysis
corrosion. Consistency was further improved by delaying the initial of the dissolved titanium,
straining until the potential of the specimen had decreased and
stabilized in the region of -300 mVSHE; i.e., until active crevice Ti4 + 2H20 -- TiO 2 + 4H+ (3)
conditions had been established. Specimens were then either
strained to tailure or, more usually, loaded to an appropriate level for Eventually, the pH is sufficiently low that the hydrogen evolution
stress cycling, reaction
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2H' + 2e- -. 2H. --3 H2  (4) we annealed the sample in argon for 4 days at 400°C and then air
cooled it to homogenize the oxygen and hydrogen concentrations in

can couple with the dissolution reaction [Reaction (1)1, providing a the sample This heat treatment eliminated both the surface hydride
self-contained reaction pathway inside the crevice. The entire layer and the oxygen-rich halo [Figure 4(b)]. The absence of the
process is limited by a complex interaction between Reactions (2) region with needle-like fingers indicates that these needles were
and (4) and diffusion of protons out of the crevice, precipitated hydrides. If both sides of the halo region contain

The hydrolysis reaction [Reaction (3)] leads to the precipitation sufficient hydrogen to cause hydride precipitation, the halo region
of a voluminous, but nonpassivatig TiO, layer inside the crevice, must also contain hydrogen. The absence of hydride precipitation

This precipitate appears to form its own tight crevice within the indicates that the hydride solubility in the halo region is higher than

artificially formed crevice. The reaction in the bulk metal. A high oxygen content in this region could result in
this increased hydride solubility. The hydride observed after the heat
treatment was in the form of very fine needles on particular habit

Ti + H20 -> Ti-O + 2H+ + 2e- (5) planes within the grains [Figure 4(b)]. Closer inspection of the original
microstructure revealed a region of similar fine hydride precipitation

which may be little more than oxygen adsorption on the bare titanium at the interface between the clear halo and the metal. This represents
surface in the crevice, assists in blocking the dissolution reaction, a region where, even with the slower cooling rate involved with that

The hydrogen generated by Reaction (4) on the fresh titanium specimen, i.e., slow cooling in the test solution, the effect of oxygen
surface can rapidly diffuse into the metal. As we will show, oxygen in reducing the diffusivity of hydrogen promotes a much finer hydride
produced by Reaction (5) also diffuses into the metal, but at a slower distribution than that in the bulk of the material.
rate. The activity of the hydrogen developed by the electrochemical
reaction is so high that, at 1500C, a hydride layer builds up on the
metal surface immediately below the oxide in corrosion pits (Figure
3).

4'

FIGURE 3-Mlcrograph of an unstressed crevice coupon after

exposure for 3 days in 3.5 wt% NaCI showing the hydride layer ,

surface of the coupon shown was entirely Inside the crevice. V

When unstressed crevice corrosion coupons were immersed in _
056 mol/L NaCI for 36 hat 1500, and cross sections of the samplesM ,

Proceeding from the top of Figure 4(a) one can see the following. (1)
the greyish oxide layer tilling the depression, (2) a layer extending ; * .

from the black border of the oxide to the region with needle-like ;

fingers extending ino the metal, (3) a light-colored "halo' region of ,.' ....
smooth metal; and (4) the bulk metal with distinct hydride needles. FIGURE 4-(a)Mlcregraph of the area under a crevice showing
Comparison with unetched sections has confirmed that both the dark the four regions discussed in the text: (1) the oxide In the pIt, (2)
border forming the gap between the oxide and metal and the the region with the needle-like fingers, (3) the halo region, and
needle-like features are a result of etching, thus suggesting that this (4) the heavily hydrided bulk metal; and (b) mlcrograph of the
region actually consists of hydride prior to etching. area under a crevice, as In (a), following heat treatment at 40000

At a greater distance from the surface, this layer disappears and for 4 days, then air cooled.
more distinct hydride needles are observed. In all cases, immediately Microprobe analysis of a sectioned coupon suggested the
below the corroded region there is a halo of metal (approximately the presence of an oxygen gradient from the bulk metal through to the
same thickness as the hydride) containing very little precipitated oxide. A sectioned coupon was used insteaa of sputtering through
hydride The halo separates the surface hydride layer from the bulk the film because of inaccuracies expected in sputtering to the
material, where extensive hydride precipitation is visible (Figure 4(a)]. necessary depth. The oxygen concentration in the halo region was 2
This effect is similar to the phenomenon observed in a hydrided to 3 ati. The bulk material had an oxygen concentration of 11to2 at%/
zirconium specimen that had a 'case" containing relatively high with a detection limit of 1 at%/. Although the oxygen levels are close
concentrations of oxygen This observation was explained in terms to the detection limit of the instrument, Ine scans using Auger,
of the increased hydri,'tr solubility pronioted by higher oxygen secondary ion mass spectroscopy, and electron-stimulated desorp-
content in solid solution (Figure 5) To test whether a similar effect tion spectroscopy across the halo rgion all indicate the presence of
could explain the microstructural observations in the present work, an oxygen gradient (Figure 6).
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FIGURE 5-Schematic of the concentration profiles through the 0
region beneath the crevice. The long dashed line is the hydro- 0 100 200 300
gen concentration; the short dashed line is the oxygen concen-
tration; and the solid line is the terminal solubility limit for Dislance/microns
hydrogen. Region A is the heavily hydrided region directly
below the crevice, Region B is the halo region, Region C is the
hydrided region below the halo, and Region D is the bulk metal.

5

4
Chemical analysis for hydrogen in unstressed crevice speci-

mens indicated an average level as high as 500 ppm in the first 1.5 3
mm below the creviced surface, compared with 30 to 40 ppm in the 3

center of the plate. These observations provide direct confirmation Y . Oxide
that hydride and oxide were both produced by the acidic solution's 0 2
reaction with the metal surface within the crevice.

Iq

Auger

Stress effects on crevice corrosion 0 ,
The free-corrosion potential provides a means of monitoring the 0 100 200 300

progress of the crevice corrosion reaction and, when galvanic Distance/microns
coupling is used, the coupled current can also provide a measure of
the corrosion kinetics. Howover, the coupled current is a measure of
the coupling of Reactions (1) and (2) and is not a measure of the total
corrosion, which includes coupling of Reactions (1), (2), and (4).
Previous studies have determined that the electrochemical potential 5 ES D
for active crevice corrosion falls below -300 mV and that most of the
corrosion is caused by the coupling of Reactions (1) and (4). 4-5 The 4
potential of -300 mV is considered a critical potential. As the crevice
propagates, the potential becomes more negative and the reaction C Metal , Oxide
rate decreases, It has been suggested that the crevice remains M 3 -
active, but that its propagation is slow because of lack of oxygen.' It ,
was shown experimentally that the further addition of oxygen leads to o 2 I O
further current flow. It is also possible, however, that the slow
propagation results from some form of surface coverage, e.g., via
Reaction (5) or some similar process. If this is the case, then 1 ...... .....
exposing fresh metal by straining the specimen may also increase
the propagation rate. 0

0 100 200 300

Creviced specimens exposed to 0.6 mol/L NaCI at 1501C were Distance/microns
electrochemically monitored. The load was not applied until after the
potential was below -300 mV and the coupled current was zero FIGURE 6-Auger, SIMS, and ESD line spectra for 0 and TI taken
tFigure 7). Once this stable condition was attained, the specimen was from a cross section such as Figure 4. The vertical lines show
strained at a rate of 3 to 6 x 10 - s - I until a strain of 2.5% was approximately where the oxide layer Is located. All line scans

obtained and then it was cycled between t 10 MPa of the stress at were taken from the same place on the sample.
this point. The potential increased as the load increased, but did not
go above -300 mVsHE and the current remained zero. The speci-
mens failed either during cycling or after removal from the solutlon Hydrogen embrittlement
and straining u lailure in air at room temperature. When eAtensive Since considerable acidification occurs inside the crevice during
%.ievite ,.urusivn uccuried, the failure mode appeared mostly ductile, -.revice corrosion, a few tests were performed on specimens without
but there was some brittle nature to the fracture surface. These a crevice to observe the effects of straining in an acidified environ-
results suggest that when Grade-2 titanium is simultaneously sub- ment. Slow straining (5.2 - 10 ' s ') in 0.6 mol/L NaCl acidified with
jected to ai.tive creviite corrosion and slow tensile deformation, HCI to pH 3 produced no measurable loss in ductility at either 150 or
failure accurs in a ductile manner because of reduction in area 175'C, even with cathodic polarization to 700 mV5HE. On the other
%aused by a cumbination of crevice corrosion and tensile strain, hand, when a concentrated HCI solution was injected into a Teflon
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sleeve fitted tightly over the heads of a tensile specimen to provide The application of stress to active crevices appears to influence
a 6-mm internal diameter container around the gauge length, the propagation kinetics, possibly exposing more nonpassivated
significant embrittlement occurred in a 0.48 mol/L HCI solution (4 surface to the acidic environment of the crevice. The film then formed
vol%) but not in a 0.24 mol/-L HCt solution during load cycling at on the inside of the crevice may simply be a surface adsorbed layer
1750C. Difficulty was experienced in maintaining the load after about and not a passive, or pseudo-passive, film. The hydride that
13 h, probably because of the extension associated with the opening produces embrittlement results from the hydrogen introduced by the
of dracks. This crack opening also serves to exaggerate the apparent crevice corrosion, but its penetration into the underlying metal
elongation of the specimen during testing. Failure by localized depends upon the diffusivity. Thus, with fast rates of crevice
necking occurred after cycling for 33 h, after general cracking had corrosion, there is insufficient hydrogen diffusion for significant
reduced the effective cross section. Examination of the fracture embrittlement to occur. However, if the corrosion process is slowed
surface indicated that the specimen failed in a ductile fashion, relative to the hydrogen uptake process, hydrogen uptake might then
although the outer surfaces of the specimens were visibly cracked. A be important.
subsequent metallographic examination of a polished section re- When titanium was exposed to acidic conditions where little
vealed the presence of a hydride layer about 60 gim thick on the surface oxide was observed, i.e., slow corrosion, the sample was
surface, with only a very thin oxide layer (Figure 8). This is in marked grossly hydrided and underwent brittle failure. Obviously, the failure
contrast to the form of attack observed in the (unstressed) crevices, mechanism is a competition between the rate of hydrogen uptake,
where the oxide is the predominant product in the pits and on the which leads to embrittlement, and the rate of reduction in area
surface of specimens, with the hydride lying underneath 'Figure 3). because of both crevice corrosion and tensile deformation, which

These results indicate that hydrogen is unable to penetrate into leads to ductile failure.
the bulk material and completely embrittle the specimen. The
corrosion reaction occurs rapidly enough that a dense, hydrided layer
is formed near the strfice of the specimen. This outer layer of the Acknowledgment
tensile specimen is embrittled and cracks, leaving a reduced cross The authors wish to acknowledge the assistance of W.H.
section of material that contains little hydrogen and is therefore not Hocking and J.S. Betteridge for performing the surface analysis and
embrittled The specimen appears to fail in a ductile fashion. to W.G. Hutchings for preparing the metallographic samples. Dis-

The situation in the creviced tensile specimens is different cussions with D.W. Shoesmith are also gratefully acknowledged.
simply because the crevice corrosion reaction takes place more
slowly and therefore, more time is available for hydrogen diffusion __
prior to failure. As a result, the hydride concentration in the bulk of the
materal is greatly increased, and, although the final fracture of the
specimen was largely ductile, there was a greater degree of brittle
nature to the fracture surface than was evident for samp!es exposed . -Q'p-
to the acidified environment. There is obviously a competition ..-, "" j

between the reduction of cross-sectional area caused by crevice .T-,

attack that produces a ductile failure and the hydride penetration that f.- . .<
produces embrittlement. . z4-
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0.0 ,see L 0 FIGURE 8-Mlcrograph of a cross section of a tensile specimen
0 20 o oo 80 1oo exposed to 0.48 mol/L HCI, strained at a rate of 5.08 x 10- 6 s-1

Vmelw with an applied load cycled between 220 and 228 MPa.
FIGURE 7- Electrochemical results from creviced tensile spec-
Imens exposed to 0.6 mol/L NaCI at 1500C. The coupled current, References
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Crack Initiation Mechanism
for Ti-6AI-4V in Acidic Methanol

X.G. Zhang* and J. Vereecken*"

Abstract
Stress corrosion cracking of Ti-6AI-4V in acidic methanol at anodic potentials has been studied. The
specimen surface morphology was examined as a function of strain rate and heat treatment. Depending
on the test conditions, two kinds of cracks can be formed: (1) cracks along the slip traces and (2) cracks
perpendicular to the applied stress. A new model is proposed to explain the initiation of these cracks.
The cracks along the slip traces result from preferential dissolution of moving dislocations. Rupture of
the material between these cracks results in the perpendicular cracks.

Introduction as the seal between the specimen and the cell. The exposed surface

Stress corrosion cracking (SCC) of titanium alloys in acidic methanol was polished with abrasive papers down to 1200 grade.

has been studied for some time. ' I The detailed mechanisms of crack The solution was prepared by adding 8.5 mL of 37% HCI in 1 L

initiation and propagation, however, are not yet fully inderstood. It of CH3OH. The water content in the solution was adjusted by adding

has been suggested that SCC of titanium alloys in acidic methanol double demineralized water. The counter electrode was a cylindrical

may follow two paths, one involving anodic dissolution and another titanium plate, and the reference electrode was a saturated calomel

involving hydrogen embrittlement." 6 Whether anodic dissolution or electrode (SCE). The cell was constructed of Teflon.t The tests were

hydrogen embrittlement dominates the cracking process depends on performed at room temperature.
the solution composition, potential, and strain rate. After polishing and washing, the specimen was installed in an

Understanding crack initiation is as important as understanding Instront tensile machine. The electrolyte was introduced into the
crack propagation, however, crack initiation has received little electrochemical cell, and the electrode potential was kept at about
attention. Specifically, there has been little systematic information 350 mVS. to avoid immediate corrosion, The solution was

about the microscopic morphology of specimen surfaces reported in stagnant in the cell. The electrode potential was then shifted to the
the literature. One possible reason is that most SCC experiments chosen value and straining of the specimen was started. During
were conducted at slow-strain rate, and thus lasted for a quite long strainin,. he reaction current through the specimen was recorded,
time. The specimen surface could be changed because of corrosion The straining continued until the specimen fractured. The imposed
so that the surface features related to SCC could not be readily potential was immediately removed after the fracture. The surface
distinguished from those caused by corrosion, morphology of the tested specimen was then examined with a

This paper discusses the microscopic morphology of the scannir J electron microscope.
surface of a titanium alloy, Ti-6AI-4V, tested in acidic methanol at an
anodic potential. The effects of strain rate and heat treatment have Experimental Results
been examined. A new model is proposed to describe the crack
initiation process. Figure 1 shows the surface morphology of the specimen tested

at a strain rate of 8.3 x 10- 3/s (crosshead speed.divided.bygauge
length) in CH 3OH + 1% H20 at a potential of +'300 VscE. The

Experimental Method specimen failed with 14% area reduction. Numerous cracks were
The titanium alloy (Ti-6AI-4V) used in this study was received in produced on the specimen surface in addition to the corrosion pits.

the form of 12-mm-diameter bars. The chemical composition of the There were generally two kinds of cracks. One type of crack was
alloyisasfollows.AI-6.5;V-4.4;Fe-0.21;C-0.01;O-0.13;N- perpendicular to the applied stress and will be referred to as
0.01, H - 0.002, and a balance of TI (wt%). The material was in two 'perpendicular crack in the following text. Another kind of crack was
heat treatment states, mill annealed and P annealed Metallography formed along sup traces, which were neither perpendicular nor
of the mill annealed material showed equlaxed grains of a and parallel to the applied stress. Compared to the perpendicular cracks,
transformed P with a grain size of about I lm, and that of the these cracks, termed oblique slip crack" hereafter, were narrow and
p-annealed material showed a basket-weave structure of a plates in sharp.
a ( matrix with a grain size of about 80 tm. Specimens for tensile The two types of cracks were closely related. A perpendicular
testing were machined with a gauge diameter of 4 mm and a gauge crack was genei. lly associated with a set of oblique slip cracks. The
length of 10 mm. Each specimen was coated with silicon paste Oblique slip cracks were smooth whie the perpendicular cracks were
except for a 3-mm length in the gauge section The paste also served ouigu e slip lo i se the ig crack ie

rough. Figure 2 shows that the slip blocks inside the big crack in the

middle of the figure were disconnected from each other and
protrusions were formed on the fracture surfaces. These protrusions

'Department of Electrical Engineering, Columbia University. New prtuinweefmdonherauesracTeeporsos
were generally found on the fracture surface of perpendicular cracks

York, NY 10027. and were oriented from the surface to the bulk of the specimen.
-Department of Metallurgy, Electrochemistry, and Materials Sci-
ence, Vrije Universiteit Brussel, Pleinlaan 2,1050 Brussels, Belgium. tTrade name.
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FIGURE 1 -- Surface morphology of the specimen strained until FIGURE 3-Surface 'morphology of the specimen strained until
fracture at a strain rate of 8.3 x 10-3/s (1% HO, +300 mVscE). fracture at a strain rate of 8.3 x 10- 5/s In CH3OH + 0.1 NHCI +
The arrow indicates the applied stress direction (original mag- 1% H20 at a potential of +300 mVSCE (original magnification
nification 300X). 200X).

FIGURE 2-Inside the large crack at the middle of this photo, FIGURE 4-Surface morphology of the specimen strained untilprotrusions run from the specimen surface Into the bulk; deep fracture at a strain rate of 0.3/s. (1% H2 , +300 mVscE) (originalcrevices developed between the slip blocks (8.3 x 103 s, 1% magnification 200X).
H2 , +300 mVscE) (original magnification 1000X).

Figure 3 shows the surlace morphology of the specimen tested Figure 5 shows the surface morphology of the mill annealedat a siow-strain rate, 8.3 ^. 10 ",s. No oblique slip cracks were specimen. In contrast to the p-annealed specimens, no oblique slipproduced. Cracks were all perpendiculai to the applied stress, cracks could be observed on the mill-annealed specimens. All cracksCorrpared to the previous ,.ase, the density of the cracks was on the mill-annealed specimens were perpendicular t. the appliedreduced but the ,acks were larger. The corrosion pits were also stress, This kind of ,rack morphology did not change with the strainiarger because Ihe time to fracture is longer at slow-strain rate. The rate. in fact, when a mill-annealed specimen was fractured in air, noparallel lines in this figure were polish trdes that had no influence on wi fl defined sip traces could be observed on the specimen surfacecrack initiation. The specimen was broken with little plastic deforma- because the grain size was very small.
lion (about 3% area reduction).

Figure 4 shows the surface morphology of a specimen tested ata high strain rate, 0.33,s. As opposed to that tested at a slow-strain The size and number of cracks depended on the solutioniate, the pecimer surfa , ievedied no perpendicular cracks, but did concentiation and the electrode potential.' The number of cracks andrevedl olique uracks. The specimen was fractured with much the anodic current density increased with increasing potential. For aoetorrnation, 31% of area reduction, which was the same as that given strain rate and water content in the solution, there was alebted in air. Many corrosion pits were developed during the test, but potential below which no cu.ck could be produced. Water acts as aiumpared to the cracks, the pitb were shallow. it was observed that passivator in acidic methanol.89 The number of cracks decreasedwhile corrosion pits could be rned with 01 without straining, cracks with increasing water content, because the passivation rate was,uld only be formed by plastic strain. Some specimens were increased. No cracks could be produced for the potential andstrained to fracture in air at dilterent stidin iates. No tracks were strain iate ianges tested when the water content was higher thanproduced on the surface of these specimens. 1%Y
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AL" Without straining, the oxide film on the surface protects the material,
as shown in Figure 6(a). When straining is applied, the oxide film is
broken because of the movement of dislocations. Thus, the intersec-

W tion of the dislocation line with the specimen surface is exposed to the
electrolyte. The preferential dissolution of the atoms around the

moving dislocation line results in a crevice, i.e., the oblique slip crack
as shown in Figure 6(b). The formation of the oblique slip cracks

ftresults in a reduction of the net section area, as shown in Figure 7.
f Thus the stress in the material left between the cracks is increased,

/. and the material eventually ruptures, producing a perpendicular
crack The rupture could be caused by cleavage, mechanical tearing,
or preferential dissolution of moving dislocations in the net section

'aj /% / , area. Figure 2 clearly demonstrates such a crack feature.

U UI'Z7 a b 7

t~iii ec~ +00msE1%H0()(b)

FIGURE 5-Effect of strain rate on the surface morphology of oxide
the mill-annealed specimens (+300 mVscE, 1% H20 , 8.3 x film

10-3/s (original magnification 200X). ""

Discussion ,
Both anodic dissolution and hydrogen embrittlement have been

prcposed as the SCC mechanism for titanium alloys in acidic
methanol. It is probable that depending on the experiment conditions, piano ."\ " m
one of the two processes is responsible for SCC. It is concluded that I />_ _
the SCC in the present case results from anodic dissolution for the
following reasons. First, all experiments were conducted at 300 I .i----.
mVSCE, which was far above the potential for hydrogen reduction.
Second, the surface morphology of smooth specimens involved no dislocations oblique
local chemistry, i.e., the electrode potential and pH at all points on the slip crack
surface were the same as measured during the experiment. Third, U 7
the oblique slip cracks were caused by shear stress. However, in FIGURE 6-A scheme showing the formation of the oblique slip
hydogen embrittlement, tensile stress is required to produce cracks.' 0  crack through preferential dissolution of moving dislocations:

The formation of oblique slip cracks indicates that anodic (a) a metal crystal before the movement of the dislocations; (b)
dissolution occurs preferentially along the slip planes. This cannot be movement of the dislocations breaks the oxide film, and the
explained with the existing dissolution models. In these models, preferential dissolution of the moving dislocation produces an
crack initiation and propagation are attributed to the successive oblique slip crack. (Vm Is the velocity of dislocation; Vd Is the
processes of slip.step emergence, anodic dissolution, and repassi- dissolution rate.)
vation of the steps.' '13 However, the models are unable to explain
the higher dissolution rate on slip steps than on other active surfaces a a
such as inside corrosion pits. In addition, it is observed that the
protrusions in the cracks were all oriented from the specimen surface
to the bulk. According to the slip-step dissolution model, the
protrusions, if there are any, should be parallel to the specimen
surface, It does not seem possible that the sharp oblique slip cracks
initiate and propagate through anodic dissolution on slip steps.

A new model for SCC
It was observed that cracking only occurred when there was

plastic deformation. By contrast, oblique slip cracks could only occur
at a high 9train rate, indicating that the movement of the dislocations
at a certain speed was a necessary condition for the preferential
dissolution to occur along the slip planes. The only difference I oblique perpendicular

between the slip planes and other parts of the specimen during o slip cracks crack

straining was that there were moving dislocations on these planes.
This suggests that the oblique slip cracks formed because of the FIGURE 7-A scheme showing a perpendicular crack Initiated
preferential dissolution of the moving dislocations alung the slip through rupturing the material between the oblique slip cracks.
planes.

The atoms along a dislocation line have a higher activity to The dissolution rate (V,) in Figure 6(b) is a function of potential
chemical reactions such as 3fksolution, adsorption, etc., than do the and water content. 0 At a slow-strain rate, the dissolution rate Vd) is
surrounding ones." " These atoms will be more active when the much higher than the velocity of moving dislocations (Vm). Thus,
dislocation moves. Therefore, when the material is strained in the perpendicular cracks are initiated from corrosion pits before any
solution, preferential dissolution occurs along the dislocation line ublique slip crdcks are formed. On the other hand, at a very high
during the movement of the dislocatiun. Figure 6 illustrates how the strain rate, the velocity of the dislocations is much higher than the
oblique slip cracks are ir.tiated from such a preferential dissolution, preferential dissolution rate. Oblique slip cracks formed through
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dissolution grow quickly in length and the specimen is broken before that the material can react with the solution, (2) it increases the
the formation of any perpendicular cracks. This means that the reactivity of the atoms along the dislocation lines. The preferential
fracture is completely- mechanical and is little influenced by the dissolution of these atoms along the moving dislocation lines results
formation of the dissolution slip cracks. As a result, although there are in the oblique slip cracks. Rupture of the material between these
many oblique slip cracks on the specimen surface, the strain to cracks leads to the formation of the perpendicular cracks.
fracture is about the same as that tested in air (Figure 4). At a medium
strain rate, both oblique slip cracks and perpendicular cracks are References
formed.

The grain size of the mill-annealed specimens was about two 1 M.J Blackburn, J.A Feeney, T.R. Beck, Advances in Corrosion

orders of magnitude smaller than that of the annealed specimens; and Corrosion Engineering, vol. 3 (New York, NY. Plenum
hence the limiting slip length of a mill-annealed specimen was very Press, 1972).

small. No well-defined slip traces could be produced on the mill- 2 C M. Chen, F H Beck, M.G. Fontana, Corrosion 27(1971). p.

annealed specimens by deformation. Therefore, oblique slip cracks 77.
were not observed on mill-annealed specimens. This model is 3 J. Spurrier, F.C. Scully, Corrosion 28(1972). p. 453.
proposed to explain the initiation of the oblique slip and the 4 K Ebthaj, D. Hardie, R.N. Parkins, Corros. Sci. 25(1985). p.

perpendicular cracks. It is conceivable that it could also be used to 415.

describe the crack propagation process under certain conditions. 5 A J Sedriks, P W Slattery, J.A.S Green, Trans. ASM 61(1968).
p. 625.

6. J.C. Scully, T.A. Adepoju, Corros. Sci. 17(1977): p. 789.
Conclusion 7. X.G. Zhang, J. Vereecken, Corrosion, in press.

The surface morphology of a titanium alloy (Ti-6A-4V), after 8. F. Mansfeld, J. Electrochem. Soc. 118(1971). p. 1412.
straining to fracture in acidic methanol, was examined as a function 9. X.G. Zhang, J. Vereecken, Corrosion 45, 1(1989). p. 57.
of strain rate and heat treatment. Depending on the test conditions, 10. R.M. Latanision, O.H. Gastle, C.R. Compeau, Environment
cracks perpendicular to the applied stress (perpendicular cracks) and Sensitive Fracture of Engineering Materials, ed. Z.A. Foroulis
cracks along slip traces (oblique slip cracks) were produced. At (New York, NY. American Institute of Mining, Metallurgical, and
slow-strain rate, only perpendicular cracks occurred, while at high Petroleum Engineers, 1979), p. 48.
strain rate, only oblique slip cracks occurred. Both perpendicular and 11. T.J. Smith, R.W. Staehle, Corrosion 30(1964). p. 117.
oblique slip cracks could be produced at a medium strain rate. 12. T.P. Hoar, R.W. Jones, Corros. Sci. 13(1973). p. 725.
Oblique slip cracks only occurred on p-annealed specimens, not on 13. E.I. Meletis, R.F. Hochman, Corros. Sci. 26(1986). p. 63.
mill-annealed specimens. 14. W.G. Johnston, J.J. Gilman, Appl. Phys. 30, 2(1959): p. 129.

A new model is proposed to describe the initiation of SCC. 15. M.B. Ives, Localized Corrosion, ed. R.W. Staehle, B.F. Brown,
Dislocations will move when the material is strained. The movement J. Kruger, A. Agrawal (Houston, TX. National Association of
of dislocations has two effects: (1) It causes oxide film breakdown so Corrosion En 'neers, 1974), p. 240.
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Stress Corrosion Cracking of Uranium-Silver Interfaces
in Silver-Aided Diffusion Welds

R.S. Rosen,* S. Beitscher,** and M.E. Kassner*

Abstract
We have studied stress corrosion cracking (SCC) in weld specimens in which uranium and type 304
(UNS S30400) stainless steel were joined by an autoclave diffusion-weld method using silver as an
intermediate layer. The specimens were placed in bend-test fixtures, which applied tensile stresses
normal to the butt joints, in either laboratory air or in air saturated with water vapor. Those stressed in
laboratory air at 1/2 of the ultimate strength exhibited ductile creep rupture predominately at the Ag-Ag
diffusion-weld interface after more than 20 days, whereas those stressed in saturated water vapor at
the same load exhibited cracking predominately at the U-Ag interface after only a few days. Similar
specimens exposed to saturated water vapor for up to 37 days in an unstressed condition exhibited no
evidence of interfacial corrosion. Other weld specimens were prestrained to establish residual shear
stresses in the joints and then were stored for 4 years in polyethylene bags that were permeable to water
vapor. Other unstrained specimens were stored in an identical environment. After 4 years, the
prestrained specimens showed SCC at the U-Ag interfaces, whereas the specimens that had not been
prestrained showed no evidence of interfacial corrosion. Thus, U-Ag weld interfaces have been
demonstrated to be susceptible to SCC under both tensile and shear loading.

Introduction for both high and low pH conditions. They concluded that the
Silver-aided diffusion welds have been successfully used to join absence of embrittlement at low pH lends support to a uranium-plus-
otherwise nonweldable metals. The mechanical properties of silver- water-vapor SCC mechanism rather than hydrogen embritilement by
aided diffusion welds between uranium and stainless steel (SS) have diffusion of hydrogen ions. This observation was additionally sup-
been reported previously.' 2 These joints have high tensile strengths ported by tensile tests of prehydrided uranium by Hughes, et al.9 The
(400 to 500 MPa), although they experience stress or creep rupture authors noted that hydrogen embrittlement occurred in the prehydri-
at stresses as low as half of the ultimate. These failures usually occur ded uranium tested in vacuum or air but that a much larger reduction
by ductile fracture within the silver (Ag-Ag failure). The purpose of the in ductility occurred when tests were performed in water. The amount
present study is to determine the susceptibility of U-Ag interfaces to of embrittlement in the presence of water vapor was found to be
stress corrosion cracking (SCC) in a water vapor environment, independent of hydrogen content. Therefore, uranium plus water

Uranium is known to corrode in the pretence of water or water vapor SCC rather than hydrogen embrittlement appears to be the
vapor, generating uranium oxide and hydrogen as reaction products, more likely mechanism for the observed cracking of uranium.
and possibly forming uranium hydride as a by product? The pres- Magnani tested precracked notch specimens of U-0.75%T alloy
ence of oxygen has been shown to greatly retard the uranium-plus- in oxygen, hydrogen, and 100% relative humidity kRH) atmospheres. 0

water-vapor corrosion reaction. ' The authors suggested that oxygen Results indicated that plain-strain threshold values for stress corro-
retards this reaction rate by forming a protective oxide layer that sion crack propagation were much lower in 100% RH air and
inhibits adsorption of water vapoi andior slows the diffusion of water hydrogen than in oxygen, Miller" studied the effect of RH on
vapor through the protective layer. time-to-failure of precracked tensile specimens of U-7.5%Nb-2,5%Zr

Hughes, et al.,5 and Orman8 reported that 1cth ihe tensile alloy. The results indicated that the time-to-failure decreases only
strength and the ductility of uranium are reduced if th,. tests are slightly from 20 to 900 RH at constant initial stress intensities, but
performed in water vapor environments (or at temperatures below reduces by over 3 orders of magnitude from 90 to 100% RH.
the dew point in air). The authors suggested that SCC or hydrogen
embrittlement was responsible for the loss in ductility. Hughes, et al., Experimental Procedure
showed that this reduction In ductility is essentially independent of
temperature between 0 and 750C, and that no loss in ductility occurs
at temperatures above 100C7 Hughes, et al., extended this study to Materials and specimen preparation
include the effects of pH on tensile elongation at 20"C in water Long term test specimens were machined from type 304 tUNS
solutions.8 The authors determined that embrittlement only occurs S30400) SS and depleted U 238 bars into right circular cylinders prior
over the pH range of 5 to 10 and that normal ductility was observed to coating The machined specimen blanks were degreabed, ion

sputter-etched for 45 min (to remove the oxide), and coated with a
75-jim layer of nominally pure silver onto the laying surface. The
coated spncimens were then inserted into thin SS cans that were

*Lawrence Livermore National Laboratory, P.O. Box 808, L-355, evacuated, welded closed, and isostatically compressed with gas to
Uvermore, CA 94550. 207 MPa at a peak temperature of 6000C for 2 h. The bonded

**Rockwell International, Rockwell International, Rocky Flats Plant, specimens were then machined into standard 6.35-mm-diameter
Golden, CO 80401. reduced-section tensile specimens with the silver joint in the middle
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of the 25.4-mm-gauge section. A more detailed account of the of the 4 prestressed specimens was only 6 MPa when they were
specimen preparation procedures, including material properties, is retested 4 years later, after having been successfully loaded to 172
given by Rosen, et al., MPa in 1982; One of the four specimens was noted to be fractured

Short-term test specimens were machined from type 304L into two halves during storage. There was substantial cracking of
(UNS S30403) SS and depleted U-238 circular plates after coating these specimens, which reduced the load-carrying area by approx-
and bonding them together. The base-metal yield strengths were imately 95 to 100%. The cracking appeared to occur almost
lower than those of the long-term specimens: 240 vs 296 MPa for the exclusively at the U-Ag interface. All cracks appeared to initiate at the
SS, and 240 vs 345 MPa for the uranium. Machining and degreasing outer circumference of the specimens. A metallographic cross-
procedures for the plates were similar to those of the long-term sectional view of the unfractured specimen,SU-82, indicated that the
specimens, except that one plate of uranium had its oxide chemically oxide thickness along the crack tapered from 4 jtm at the circumfer-
etched prior to degreasing by immersion (pickling) in acid. Ion-sputter ence to the detectability limit of 50 nm at the crack tip, with no oxide
etching and coating of the circular plates for short-term tests were visible in the uncracked regions at maga;iications upto 10,OOOX in
performed in a hot hollow-cathode coater very similar to the one used the scanning electron microscope.
for the long-term specimens. Ion-sputter etch times for the SS were F ( ppid forc ) Tofqupii

comparable with those of the long-term specimens but were varied at @.g " r¢.dc~ed . wfTh capiibed

either 10, 60, or 120 min for the uranium plates for the short-term -Specimen(all) threads torsqemwrenct

specimens. All plates were coated with a 75-pm layer of nominally s12.i7 (6 al m d X

pure silver, canned and bonded as before except that the bonding Fixturel2. mm L)
pressure was maintained at only 68 MPa (vs 207 MPa). Bend-test specimen
specimens were either cored from the plates by electrochemical
machining (ECM) or machined conventionally to finished size (6.35- / [
mm diameter by 25.4-mm length). Additionally, microtensile speci- a. Bendtest b. Torque-.4alluretest
mens (15.2-mm length by 2.54-mm diameter) were machined out of
the bonded plates with the silver joint in the middle of the 11.4-mm-
gauge section to determine tensile strength values for the joints. Bolt tightened to

Glass Jar"i pre-dqtermlned torque
Test methods wih lid

Ten tensile specimens fabricated during 1982-83 were used for Same fIxture
the long-term study. First, the "as-fabricated" tensile strengths and as In b.

stress-rupture times were determined by testing companion speci-
mens fabricated during the same period. Next, six as-fabricated
specimens were sealed in polyethylene bags (permeable to water Rubber stopper
vapor) and stored until 1986. Finally, four specimens were loaded in
tension at 172 MPa for 2-1/4 months [approximately 16% of the c. t
stress-rupture time, based on extrapolations from stress- (creep-) FIGURE 1-SchematIc Illustrations of bend-test methods and
rupture tests conducted at 207 MPaI and then unloaded, leaving fixtures.
residual stresses from plastic deformation at the Ag-U interface. Tei
These specimens were also sealed in polyethylene bags and stored e rge fr cate (918 tile strengh speci-
until 1986. Tensile strength and stress-rupture tests were performed mens produced from the same set from which unstressed specimens
in 1986 to assess any environmental degradation of either the were selected for storage in bags was 330 MPa (SU 165 and 166).
stressed or unstressed bonded specimens. Additionally, metallogra- The average time for creep rupture at 276 MPa was 25 h (SU 167 to
phic cross sections were prepared to identify any interface cracking 169) Four years later, after storage in the same type ot seated
that may have occurred during the 4-year period, polyethylene bags as the prestressed specimens, tensile strength

Short-term stress corrosion tests were performed using C- and stress-rupture times showed no reduction from their original
shapeu t3-point) bend-test fixtures capable of maintaining a preset (1981-82) values. Tests conducted in 1986 resulted in an average
load in either laboratory air (40% RH, 22C) or saturated water vapor tensile strength of 356 MPa, and an average rupture time of 15 h at
environments (- 100% RH, 22C). A bending load was applied to the 276 MPa No evidence of U-Ag interface corrosion was detected in
specimen through the fixture by torquing a lubricated bolt directly any of the unstressed specimens
against the butt joint with the ends of the specimen supported (see It was found that the prestressed specimens plastically de-
Figure 1). First, tensile strengths were determined from microtensile formed (by creep) nearly 1% in the SS and silver, and approximately

specimen tests. Second, ultimate "torque bend strength" was 0,1% in the uranium. Unloading of a plastically prestressed specimen

measured by slowly applying torque with a calibrated torque wrench would result in residual stresses at the bimetallic interfaces. The

and noting the maximum torque at which the specimen fractured. sources of these stresses would be twofold, First, plastic incompat

Environmental effects were studied by torquing specimens to preset ibility occurs at the U Ag interface because of the larger strain in the

loads of either 1/2, 113, or 1/6 of the ultimate strength and then silver and SS compared with that in the uranium (0,5% vs 0.05%

placing the specimen and fixture in laboratory air or saturated water lateral strain). Second, differences in elastic properties' between

vapor for various periods of time or until the specimen fractured. silver, SS, and uranium result in residual stresses upon unloading

Additionally, control specimens were exposed to saturated water even if the macroscopic plastic strain measurements in the uranium

vapor in an unstressed condition. Saturated water vapor was and SS are Identical.

achieved by using tap water at the bottom of a sealed glass jar To approximate the interfacial residual stresses upon unloading

containing air. The water level was not in contact with the specimen of a plastically prestressed U Ag-SS specimen, finite-element method

or fixture. (FEM) analysis was conducted using the known elastic-plastic
properties of the metals. The axial stresses vary from 21 MPa (3000
psi) tension at the outer diameter (right-hand side) to 6.9 MPa (1000

Results and Discussion psi) tension along the bulk of the U-Ag cross section. The significant
Table 1 shows the effects of 4 years of aging in sealed residual stresces are in-plane (bond) shear stresses. The typical

polyethylene bags on prestressed and unstressed specimens. The sheai stiess along the U-Ag i iterfae is approximately 41 MPa (6000
average as fabricated (1981 82) tensile strength of specimens psi) oi an effective lyon Misosj stress of about 71 MPa, as shown in
produced from the same set from which prestressed specimens were Figure 2. This cumputer model did not allow tor time-dependent
selected ;,.as 392 MPa (SU-85 and 86). The average tensile strength plabticity, therefore, stress relaxation is not considered.
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TABLE 1
Results for Long-Term Specimens

(fabricated in 1982-1983 and tested or retested in 1986)

Specimen 1982-83 Prestress 1982-83 Tensile 1986 Tensile
Number (% rupture time) Strength or a(t,) Strength or a(t,)

SU-81 16% 1.3 MPa
SU-82 16% -(A)

SU-83 16% 15.2 MPa
SU-84 16% OM
SU-85 395 MPa
SU-86 388 MPa

SU-165 328 MPa
SU-166 331 MPa
SU-167 276 MPa (68 h)
SU-168 276 MPa (0.5 h)
SU-169 276 MPa (6 h)
SU-174 0 335 MPa
SU-175 0 276 MPa (1.3 h)
SU-176 0 276 MPa (48 h)
SU-177 0 276 MPa (3 h)
SU-178 0 276 MPa (8 h)
SU-179 0 377 MPa

(A)Specimen used for metallographic x-section
(e)Specimen noted to be fractured into two halves in 1986

17.15- "G\ Results of the short-term tests (ECM specimens) are listed in

110 s Table 2. Microtensile strengths of the 1- or 2-h ion-sputter-etched
17.05 - (uranium surface prior to coating) specimens are comparable to
17.00 those of the long-term test specimens [386 to 393 (micro) vs 328 to
1us - 395 MPa]. The microtensile and torque bend-strength specimens
16.0 ac- itefaea
16.85 r tested in laboratory air all fractured at the Ag-Ag interface, as
16.80 expected for plastic failures. No stress (creep) ruptures occurred in
16.75 st.SI.1,3 / bend tests loaded to 1/2 ultimate strength in air for up to 22 days.M670

" Specimens loaded at 1/2 or 1/3 ultimate strength in water vapor,
s16 0 however, all fractured at the U-Ag interface in fewer than 20 days
16. s5 (two specimens fractured in less than 1 day). The specimen loaded
16.50- to 116 ultimate strength in water vapor fractured after 13 days, also at
16.45

16.4o A.-lE.+0, the U-Ag interface. The control specimen (unloaded) was exposed to
1. -1,03E.01
C6. . -7.59E-0i water vapor for 37 days and then exhibited normal bend-test

1l o .83E1oo strength, fracturing plastically at the Ag-Ag interface after being16.25 - 1 . 3E.41

16.20 F. 2.7.E01 removed from the environment. Pickling of the uranium in acid prior
0 . 3.75E+01M.S H . 4.1E 01 to ion sputter-etching and coating did not affect the test results.

16I5sm5560 Microtensile strengths of the 10-mmn, Ion-sputter-etched speci-
16.00 mens were - 40% lower (221 MPa) than the previously discussed
15s short-term specimen strengths, Creep rupture occurred in air at 1/2

Sij ultimate strength after 22 days at load. Fractures occurred in water
Rs(mM) vapor at 1/2 or 1/3 ultimate strength in less than 1 day at load. The

FIGURE 2-Residual (In bond plane) shear-stress contours specimen loaded to 16 ultimate strength in water vapor fractured
(MPa) In prestressed U-Ag-SS specimen. Radius = 3.18 mm after 8 days. All fractures of the torque bend-test specimens from the
(0.125 In.) 10-min, ion-sputter-etch group occurred at the U-Ag interface.

Inadequate Ion-sputter etching fails to remove the normal, pre-
Extrapolations based on the creep-rupture data reported by existing oxide on metal surfaces, c.ausing reduced silver adhesion to

Rosen, et al..' indicate that the residual stresses are much too low to the uranium. Therefore, the specimens show a corresponding
cause creep rupture failure during this length of time. It shuuld be reduction in rupture times in both ai and water-vapor environments.
noted that the outer circumference of the uranium surfaces of all Results of the conventionally machined specimens are listed in
specimens stored in sealed polyethylene bags was covered with a Table 3. Microtensile strengths and torque bend-test strengths were
thick, flaking oxide consistent with a reaction of uranium and water slightly less than those of the adequately ion.sputter-etched speci-
vapor in a depleted oxygen atmosphere. "  A comparison of the mens from the ECM batch. Fractures nearly always occurred at the
permeability coefficients of H2O and 0, through polyethylene indi- Ag-Ag interface when experiments were performed in laboratory air,
cates that HO permeates through at a rate 100 times greater than Stress (creep) rupture o.curred in air at 1,2 ultimate strength after an
that of 0, 12"13 Therefore, the prestressed specimens were simulta- average time of 31 days. Tests conducted in water vapor at 112
neouqly exposed to moisture and internal stresses for up to 4 years, ultimate strength resulted in an average rupture time of only 8 days.
and SCC is a likely explanation for degradation of the U.Ag All of the specimens tested in water vapor fractured at the U-Ag
interfaces It will be shown in the next section that the calculated interface. The control specimen from this set that was removed from
equivalent uniaxial (von Mises) residual stress levels ( 16 ultimate the water vapor environment afte 9 days exhibited a normal bend-
strength) are sufficient to cause SCC . test strength and fractured exclusively at the Ag-Ag interface.
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TABLE 2
Torque-Bend-Specimen Results

(electrochemical machining)

Fabrication Environment Load Fraction Rupture Fracture
Process (N-m) of Ult Time (d) Location(A)

U pickled, 2-h Air 6.8 1_C) Ag-Ag
sputter etchto )  Air 6.3 1_c) Ag-Ag

Air 3.3 1/2 >22 ()
Water vapor 3.3 1/2 1-20 Ag-U
Water vapor 1,1 1/6 13 Ag-U
Water vapor 2.3 1/3 1 Ag-U
Water vapor 3.4 1/2 1 Ag-U

No pickle, 1-h Air 7.7 1 _(c) Ag-Ag
sputter etch (E) Air 7.3 1 _Cc) Ag-Ag

Air 3.7 1/2 >22 -(0)

Water vapor 3.7 1/2 1-21 Ag-U
Water vapor 3.4 1/2 6 Ag-U
Water vapor 0 0 >37 __F)

No pickle, 10 min- Air 3.4 1 _(c) Ag-U
sputter etch G)  Air 3.7 1 _c) Ag-U

Air 1.8 1/2 _(c) Ag-U
Air 1.8 1/2 22 Ag-U

Water vapor 1.8 1/2 1.21 Ag-U
Water vapor 0.6 1/6 8 Ag.U
Water vapor 1.1 1/3 1 Ag-U
Water vapor 1.7 1/2 1 Ag-U

(A)Tensile side given
(B)Microtensile specimen strength = 386 MPa (Ag.Ag)
(c)ultimate strength test
(°)Unloaded before fracture
(E)Microtensile specimen strength - 393 MPa (Ag.Ag)
(F)Fractured at Ag-Ag interface at normal bend strength after removal from nonstressedAwater vapor environment.
(G)Microtensile specimen strength - 221 MPa (Ag-Ag/Ag-U)

TABLE 3
Torque-Bend-Specimen Results

(conventional machining)

Fabrication Environment Load Fraction Rupture Fracture
process (N-m) of Ult Time (d) Location(A)

No pickle, 2-h Air 5.4 1 _(c) Ag-Ag
sputter etchia )  Air 2.7 1/2 25 Ag-Ag

Air 2.7 1/2 19 Ag-Ag
Water vapor 2.7 1/2 1 Ag.U
Water vapor 2.7 1/2 1 Ag-U
Water vapor 0 0 -9 _()

No pickle, 2-h Air 5.2 1 _(c) Ag-Ag
sputter etch'0t  Air 2.6 1/2 47 Ag-U/Ag-Ag

Water vapor 2.6 1/2 25 Ag-U
Water vapor 2.6 1/2 7 Ag.U/Ag-Ag

No pickte, 2-h Air 4,0 _(c) Ag-Ag
sputter etch(E) Air 1.9 1/2 41 Ag-Ag

Air 1.9 1/2 25 Ag-Ag
Water vapor 1,9 1/2 4 Ag-U

(A)Tensile side given
(O)Microtensile specimen strength - 366 MPa (Ag-Ag)
(c)ultimato strength lost
"D)Fractured at Ag-Ag Interface at 4.6 N-m (Ag-Ag) after removal from unstressed/water vapor environment
IE)Microtensile specimen strength - 331 MPa (Ag-Ag)
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It should be noted that the stress-rupture tests reported by References
Rosen, et al.,1 and Elmer, et al.,2 were performed in normal
laboratory air averaging 40% RH. Even when specimens were 1. R.S. Rosen, D.R. Walmsley, Z.A. Munir, Welding J. 65,
stressed above 1/2 tensile strength for over 6 months, SCC at the 4(1986): p. 83s.
U-Ag interface was not observed. This phenomenon is consistent 2 J W Elmer, M.E. Kassner, R.S. Rosen, Welding J. 67,7(1988).
with the effect of RH on the intergranular SCC behavior of uranium p. 157s.
alloys. 1 -Therefore, it is suggested that fracture times would most 3 M. McD. Baker, L.N. Less, S. Orman, Trans. Farad. Soc.
likely increase with decreasing relative humidity, possibly exhibiting 62(1966): p. 2513.
a threshold below which SOC-type failures may not occur. 4. M. McD. Baker, L.N. Less, S. Orman, Trans. Farad. Soc.

62(1966): p. 2525.

Summary 5. A.N. Hughes, S. Orman, G. Picton, M.A. Thorne, J. Nucl. Mater.
The torque bend-test results indicate that 100% relative humid- 33(1969): p. 99.

ity air causes SCC at U-Ag interfaces when they are simultaneously 6. S. Orman, Corros. Sci. 9(1969): p. 849.
subjected to applied tensile stresses. Variations in coating and
machining processes did not affect the observed SCC phenomenol- 7. A.N. Hughes, S. Orman, G. Picton, J. Nucl. Mater. 33(1969). p.
ogy. The results also suggest a trend of increasing time to fracture 159.
with decreasing applied stress. Specimens subjected to the same
100%-RH air in an unstressed state exhibited no loss in strength after 8 A.N. Hughes, S. Orman, G. Picton, M.A. Thorne, J. Nucl. Mater.
lengthy exposure. These results are in agreement with the long-term 33(1969): p. 165.
specimen results, where residual shear stresses led to cracking in a
humid air environment. Therefore, U-Ag interfaces are susceptible to 9 A.N Hughes, S Orman, G. Picton, Corros. Sci. 10(1970). p.
SCC under both tensile and shear loading. 239.

10. N.J. Magnani, J. Nucl. Mater. 54(1974): p. 108.
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SECTION VII

Environment-Assisted Cracking of Iron-Base Alloys
Co-Chairmen's Introduction

H.-J. Engell
Max Planck Institut fur Eisenforschung

Dusseldorf, Federal Republic of Germany

F.P. Ford
General Electric Corporation

Schenectady, New York, USA

H. Kaesche
F. Alexander University of Erlangen-Nurnberg

Erlangen, Federal Republic of Germany

The topic of environmentally assisted cracking of iron-base alloys is reviewed in four
papers, which address (a) the failure of low-alloy ferritic or pearlitic steels, (b) the
embr,ttlement of high-strength steels by hydrogen gas or hydrogen precharging, (c) the failure
of martensitic and duplex high-alloy steels, and, finally, (d) austenitic alloys in aqueous
environments. The format for these papers ranges from the atomistics of the cracking
mechanism (i.e.. the hydrogen embrittlement and austenitic alloy papers) to the application
ot mechanistic knowledge to practical problem solutions (i.e., the ferritic and martensitic steel
papers).

The review by T. Murata, the abstract of which is included here, dealt with the stress
corrosion cracking of low-alloy ferritic steels in aqueous environments, which frequently can
be observed under conditions in which a protective surface layer occurs and a film-
rupturelanodic-dissolution mechanism operates. The original presentation concentrated on
the conditions for film formation and stability, on the influence of chemical composition and
structure of the steel, and on the influence of preceding cold work and welding. It stressed the
operating mechanisms and made a number of recommendations for countermeasures. The
author pointed out the importance of electrochemical attack of grain boundaries or pitting to
initiate the cracks. He further dealt with failures in steels of higher strength level in coke oven
gas, which are due to hydrogen-induced cracking. The pH of the solutions formed by
condensation is the dominating effect in this case. Furthermore, the special conditions for
corrosion of steel by very thin films of electrolytes (e.g., formed by condensation), were
discussed and experiments related to this question described. The abstract of Murata's
presentation, along with the discussion that followed, Is included here in lieu of the paper

The paper by R.A. Onani, "Hydrogen Effects in High-Strength Steels," is an update of
previous reviews by the author covering the same subject. To make clear conclusions
concerning the fundamentals of this cracking system and their application, the cases of stress
corrosion cracking in aqueous environments and of fatigue of any kind are excluded from
consideration, and the discussion is limited to hydrogen uptake from a dry atmosphere and
to hydrogen-precharged material. The author clearly distinguishes between the thermody-
namic aspects of embrittlement of steel by hydrogen, and the kinetics of embrittlement and
crack propagation The first aspect deals with the weakening of cohesive forces in the lattice
of the steel by absorbed hydrogen, which may lead either to metal-metal chemical bond
weakening or to a lowering of the critical shear strength. The former possibility Is the author's
decohesion model, while the latter Is Beachem's and Lynch's model of the pseudo-brittle
crack propagation by localized slip resulting Irom hydrogen-Induced dislocations emanating
trom the crack tip. Oriani presents the experimental and theoretical evidence available for the
two models. He hypothesizes that both mechanisms may be potentially operative, subject to
a number of conditions so far unspecified. He then proceeds to describe the various kinetic
mechanisms of hydrogen embrittlement. The critical question is essentially that of the
rate-determining step in the sequence of reaction steps going from, e.g,, water molecules far
away from the crack tip, to hydrogen generated at the surface, hydrogen crossing the
interface and diflusing in the lattice, etc. One of the more significant findings to be explained
is the "bell-shaped" relationship between the Stage 11 crack propagation rate and the
temperature. The mechanistic suggestion brought forward by authors such as Simmons, et
ai.: Lu, et al.; Wei, et al.; Gerberlch, et at., and others are presented. The author finally, and
probably very correctly, points out that, to advance our fundamental ;.iowledge further, it will
be necessary to study the critical steps in the fracture processes in the absence of hydrogen, A
and then to establish the action of hydrogen on such steps. Ph..os..M B. IvePhotos: MBa. Ives



Whereas Murata dealt with the problem of cracking of steels that denudation/segregation). In particular, the likelihood of nickel-en-
have a ferritic or ferritic-pearlitic structure, Spaehn addresses this nched layers at the tip of stainless steels is evaluated in the light of
problem in high-alloyed steels with a ferritic, martensitic, or ferritic- historical evidence, with the specific objective of analyzing the
austenitic structure. All the materials he deals with are characterized applicability of the film-induced cleavage mechanism of crack prop-
by a chromium concentration ranging from 12% for the martensitic agatlion. It was concluded that this was the most likely mechanism for
alloys up to 30% for the super ferrites. Together with chromium, the transgranular cracking of austenitic stainless steels in chloride and,
content of nickel and the interstitials carbon and nitrogen primarily possibly, hydroxide solutions. An interesting hypothesis was intro-
determines the phases the steels are composed of, and the duced for the effect of nitrogen and phosphorous alloying additions
possibilities of precipitation reactions during welding and other heat on cracking susceptibility in terms of refining the porosity of the
treatments are discussed. dealloyed layer and hence, the ease of film cleavage. The authors

The aggressive media causing environmental cracking in these stressed that the evidence for a dealloyed (nickel-enriched) layer at
steels are numerous and different, depending on the steel compo- the crack tip was not conclusive because of the masking effect of the
sition and structure. With the duplex austenitic-ferrite steels, the corrosion product on its surface, however, some preliminary evi-
anodic active path dissolution is assumed to prevail, whereas with the dence for the existence of such a nickel-enriched film was presented
martensitic steel grades, hydrogen-induced cracking is the most based on analytical electron microscopy.
frequent failure mode. This difference can be related to the different It is concluded that slip dissolution is the most likely mechanism
strength levels, to the physical metallurgy of plastic deformation, and for intergranular cracking of sensitized stainless steels and nickel-
to the stability of passivity in the metal-electrolyte systems in base alloys in oxygenated high-temperature water and sulfur-bearing
question. solutions, with an additive grain-boundary mechanical fracture com-

A detailed discussion of corrosion fatigue leads to the conclu- ponent in the latter case. The possibility of hydrogen embrittlement
sion that four different failure modes can be distinguished, which are was acknowledged to be a possible mechanism for nickel-base
related to the electrochemical behavior of the alloy-medium systems. alloys in, for example, hydrogenated high-temperature water.
A measurement technique is described correlating these different
area modes with the local and electrochemical variables at develop- The overall conclusion from this session on the environmentally
ing cracks and the mechanical parameters in corrosion fatigue, assisted cracking of low alloy and ferntic, martensitic, and austenitic

The final paper by R.C. Newman and A. Mehta addresses the steels is that progress is continuing to be made not only on the
problem of stress corrosion cracking of austenitic alloys, although the validation of the mechanisms of cracking, but, just as importantly, on
majority of this review centers on austenitic stainless steels, such as the practical use of such knowledge. Although some significant
type 304 (UNS S30400), some attention is given to nickel-base alloys problems remain ir. the detailed quantification of the mechanisms
such as types 600 (UNS N06600), 690, X750 kUNS N07750), etc. (especially in the hydrogen embrittlement models), there is certainly
The objective of this review was to examine the various crack s0fficient knowledge available for the engineer to assess the relative
propagation hypotheses for these alloy systems in, for example, danger of cracking in the given system, provided the relevant
high-temperature water, hydroxide, chloride, ,1nd sulfur-containing parameters in that system are defined. Indeed, in some systems
species such as sulfate. This examination centers primarily on the (e.g., the austenitic stainless steel high temperature water system),
environment and reaction rates on the crack tip, rather than the this mechanistically based knowledge is sufficient to give specific
metallurgical aspects (e.g., crack-tip plasticity, grain-boundary solute quantitative predictions of plant performance.
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Low-Alloy Iron-Base Alloys(A)
T. Murata*

Abstract solution but the localized strain rate of some level or stress intensity
Stress corrosion cracking (SCC) of low-alloy iron-base alloys at the growing pits are key parameters for the initiation of cracks. The

was reviewed to make a clear picture of SCC in terms of initiation and geometry of the pits in this case is not circular at free surfaces, but
propagation processes in which the operating mechanism changes elongated with their major axes perpendicular to the tensile axis. As
with their progress. The emphasis was placed on (1) the stability of you hypothesized, it may not be wise to separate the process for
surface films as corrosion products, and (2) the role of stresses in strain-assisted pitting from that for cracking, since they are clearly
localizing corrosion reactions, and also accelerating crack propaga- different in their morphology, and the "acidified solution" is an
tion through field failures of low-alloy iron-base alloys that covered, in insufficient condition for SCC to initiate.
the review, low-alloyed steels with tensile strength less than 50 R.P. Gangloff (University of Virginia, USA): I would like to
kg/mm 2. comment on Ford's contention that an environmental fatigue crack

Issues involved in the evaluation of the susceptibility of low-alloy begins to propagate at time or cycles equal to zero For corrosion
iron-base alloys in various environments were presented. (1) require- fatigue of ferritic steels in aqueous chloride solutions, early work by
ment for sample size, (2) surface of a sample to volume of a solution Duquette and Uhlig [Trans. ASM 62(1969): p 839], coupled with our
ratio in simulating field failures due to SCC, (3) stochastic approach studies of micro-notch initiation, small crack growth, and conven-
to apparently random occurrences of localized corrosion and related tional fracture mechanics specimens, leads to the conclusion that
SCC, (4) role of stress state and strains, (5) competitiveness of two failure involves sequential cyclic deformation and crack propagation
basic mechanisms; active path corrosion (APC) and hydrogen- damage. Specifically, anociically stimulated surface deformation is
induced cracking (HIC) in certain alloy-environment systems, (6) attenuated by cathodic polarization below a threshold anodic current;
local chemistry of a chosen environment, (7) interrelationships failure life is greatly extended for smooth and micro-notched speci-
between SCC and corrosion fatigue. mens; the latter simulating pits. In contrast, rates of propagation for

The guidelines for designing the chemistry and microstructures cracks sized above about 25 itm are enhanced by cathodic polar-
of low-alloy iron-base alloys highly resistant to environment-induced ization. This deleterious environmental effect is modeled based on
cracking, which includes APC as well as HIC, were discussed, hydrogen production and embrittlement, as discussed in my review at

Finally, the issues to be resolved were presented from the this conference.
viewpoints of basic research, using for example the role of a thin While one is semantically safe in arguing for continued-but
water layer present at the reacting steel surface, and applied resolvable-crack propagation, I believe that it is more rational to
research such as the design criteria for attaining reliability of examine the stages of initiation and small to long crack growth as
structures. separate processes, Eventually, a coupled model will emerge to

properly connect each stage of failure, Pitting is a complication that
Discussion can be viewed within this framework.

F.P. Ford (General Electric R&D Center, USA): I would like to R.C. Newman (University of Manchester Institute of Sci-
hypothesize that the instant the surface film is ruptured (I e , strain - ence and Technology, UK): Your slides seemed to show data (or
10-3), crack propagation starts (at least in ductile alloyfaqueois was this a predictionextrapolation) indicating SC of cabon steel in
environment systems). After all, most cracking mechanisms involve 50C water. Is this not intergranular cracking of an alloy steel?
metal and water alone; aggressive anions are not required F.P, Ford: I would like to help answer Newman's question,

The time it takes for the crack to reach an observable depth is since I think the data referred to are mine. These were obtained using
arbitrarily called the "initiation" time. Thus the effect of pits, for slow-strain-rate testing in high-purity water on SA333 grade carbon
instance, is merely to create a localized environment that increases steel (Ford, EPRI Report HD 2406, "Base Environmental Cracking
the propagation rate in this "initiation" period. Such an hypothesis, if Margins for Carbon Steel Piping," May 1982, p. 2-1), Transgranular
correct, puts the semantic division between initiation and propagation cracking was observed in the higher-temperature regions (greater
Into proper perspective and may reduce the amount of divisive effort than 2009C). In the lower-temperatu,t regime, this cracking was
applied to these two areas. Can you comment on this idea9  counteracted by pitting-especially with oxygen contents in waters of

T. Murata: During field exposure tests of low-carbon structural ore than 1 ppm-that essentially prevented crack propagation at
steel to coke over gas-liquid for 24 months, the nucleation of localized S0"C. This general trend of transgranular cracking susceptibility with
cprrosion and the initiation of cracks in relation to the localized ,'gentemperaure combinations has been supported by other data
corrosion have been studied with time, The results clearly 'ndicate of Indig (Indig, ibid., p. 1-1) and Mizuno and Pedneker (EPRI
that no crack initiated before the size of localized corrosion (e.g., pits) Progress Report on Project TI 15-5, December, 1980), for example.
met certain geometric conditions, suggesting not only the local T. Murata: The precise environmental conditions, such as the

content of dissolved oxygen, are critical in addressing this type of(AiThe written version of this presentation was not available for question. So far, SCC in water has only been postulated under slow-
inclusion in the proceedings, The abstract has therefore been strain-rate test conditions at high temperatures. I would expect
included, along with the discussion that followed the presentation, shallow localized corrosion at 501C rather than SCC

'Nippon Steel Corporation, 6-3, Otemachi 2-chome, Chiyoda-ku, B. Cox (Atomic Energy of Canada, Ltd., Canada): In re-
Tokyo, 100-71 Japan. sponse to Ford's comment on pits nucleating cracks, I can offer an
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example of the reverse. In the iodine-induced SCC of the Zircaloyst nitrate tests were conducted at t 750 mV-well above the hydrogen
we deluded ourselves for a long time into the belief that cracks line) is needed to explain those results. A localized corrosion-
initiated at pits, because we commonly saw them in association, produced sharp crack geometry may be a factor, but the conditions
When we eventually sorted out the chemistry of crack Initiation, we must be more severe than those produced by cathodic polarization.
found that the transgranular cracks initiated immediately the stress R.A. Oriani (University of Minnesota, USA): Could you
was applied (no incubation time), and the crack in the protective please describe in more detail the experiments with the Devanathan-
oxide provided an ideal site for small pits to develop. Thus, in this Stachurskt cell [Proc. Roy. Soc. A 270(1962): p. 90; J. Electrochem.
system the crack initiates first and the pits form subsequently at the Soc. 111(1964). p. 619] using thin electrolyte layers at the input side?
crack site, thus guaranteeing the observed association between pits Specificaly, was the pH measured or only inferred from the perme-
and cracks. ation measurements? Was the chemistry of the corrosion products

R.W. Stachle (University of Minnesota, USA): It seems that different in the thin-layer experiments, from that in ordinary deep-
there are four cases related to pitting and SCC: (1) pits, (2) cracks, layer experiments? Did solid corrosion product prevent hydrogen
(3) pits and cracks, and (4) pits initiate cracks. All four cases have input into the steel?
been demonstrated. Next, there are two cases for stress/strain T. Murata: The local pH at corroding surfaces can be estimated
interaction to change the morphology One is Murata's demonstration from the steady-state hydrogen permeation rate and the relationship
of elongated pits influenced by strain, The second is Speidel's between pH and AJ, since the initial pH change is limited to
observation (private communication) that the stress causes pits to electrolyte next to the iron surface. Corrosion products in a thin
elongate and sharpen. electrolyte film are much different from those formed in bulk

T. Murata: It may be important to observe the correlation electrolyte; they have a very fine morphology. The pH at the interface
between pitting and SCC in terms of the time scale, to clarify the in a thin electrolyte deviates slightly from one place to another
mechanistic aspects. In dealing with multiple issues in localized throughout the corroding surfaces, due primarily to the local hy-
corrosion within a given metal-environment system, we need to use drolysis of ferrous ions and the reduction reaction of dissolved
a stochastic approach to connect micro-phenomena with macro- oxygen. [See, for example, Sato and Murata, CORROSION/88,
phenomena. paper no. 192 (Houston, TX: NACE, 1988).]

R.H. Jones (Pacific Northwest Laboratories, USA): Early The points to be made here are (1) acceleration of localized
work on intergranular SCC of iron in calcium nitrite indicated that corrosion and, thereby, (2) acidification in the presence of a thin
carbides were necessary for crack growth. In recent work at our electrolyte or water layer.
laboratories, we have observed rapid crack growth (10- 2 mm/s) A. Atrens (University of Queensland, Australia): You mea-
without carbides, but with both high sulfur and phosphorus segrega- sured low pH values at the surface for iron corrosion in the water
tion. I would appreciate your comment regarding the role of carbon in layers Would you tell us the implication of this observation for iron
intergranular SCC of iron and your understanding of those processes immersed in bulk water?
that may account for such rap;d crack velocities. T. Murata: Quite often in engineering service conditions, thin

T. Murata: What we have observed is the preferential dissolu- water layers under deposits or equivalent stagnant environments
tion at high angle boundaries, including the interface between the exist where the distribution of solution chemistry different from the
matrix and pearlitic phase, where the segregation of interstitial bulk prevails, and the propensity for ocalized corrosion is high. Our

elements (C,N) and solutes of low solubility are expected. However,
the reason for preferential anodic dissolution due to those elements experiments also su ,gest that cyclic wet and dry conditions accel-erate the local acidification, thereby indicating that the stimulation in
has not been clarified, except for the acceleration of proton discharge the thin water layer accelerates localized corrosion.

reactions by segregated phosphorus in acidified solutions. The very
high propagation rate of cracks cannot simply be explained by anodic B.G. Pound (SRI International, USA): Your hydrogen perme-
dissolution. I wonder if the steel had been heated by chance into the ation experiments with the cotton cloth showed some delay time aftei
temperature zone where phosphorus can segregate to grain bound- wetting You attributed this delay to be associated with a decrease in
aries, weakening their cohesive strength, When the carbon steel has pH on the side of the cotton cloth How do you distinguish this effect
the propensity to temper embrittlement, cracks readily proceed in the from the "normal' lag time required for hydrogen to appear on the
presence of hydrogen, particularly in high-strength steels. In discuss- oxidation side of the membrane?
ing intergranular SCC, deformation properties of grain and grain- T. Murata: We have conducted the hydrogen-permeation
boundary areas have to be considered, in addition to grain-boundary experiments using solutions with different pHs, identifying the lead
chemistry. time for permeation to be measured, Since we used a neutral

R.N. Parkins (University of Newcastle upon Tyne, UK): solution, some time period was required in addition for acidification.
99.999% iron, from which the carbon and nitrogen have been Your point is well taken.
removed, will not fail by intergranular SCC in the slow-strain-rate test Y.-C. Chen (Materials Research Laboratories, ITRI, Repub-
in carbonate/bicarbonate solution. However, the addition of carbon, tic of China): What was the temperature range of your coke oven gas
nitrogen, or phosphorus, separately, to such iron all cause intergran- (COG) runner system? To my knowledge, Prussian Blue is a very
ular SCC to be displayed. So carbon is not necessary, and of those important corrosion product in the COG distribution line. I do not
elements mentioned, nitrogen has the most deleterious effect for know why it is not listed in your test. Can you explain it? When taking
equivalent concentrations. I have difficulty in imagining that the a COG correlated test, I found hydrogen sulfide can ruin the passivity
effects of those three elements are all related simply to electrochem- of the Prussian Blue film by the formation of SCN . Maybe this is the
ical effects and segregation to grain boundaries. Perhaps they reason for pitting formation. What is your comment?
influence grain-boundary deformation. T. Murata: The temperature of our system was typically from 40

I also have a comment on the effect of phosphorus in promoting to 80'C. As to the corrosion products in this particular environment,
intergranular SCC in a nitrate solution at a crack velocity of about we found a mixture of several compounds, including a variety of
10-2 mmis, well beyond any crack velocity that could be explained by hydroxides and oxides of ircn, with magnetite being dominant. At the
a dissolution-controlled mechanism. Assuming that phosphorus does later stages of COG treatment, where desulfurization is carried out,
not enhance the local dissolution rate beyond that measured for iron SCN becomes prominent. Generally speaking, the coexistence of
in that solution, I suggest that the dissolution-related crack growth is hydrogen sulfide and chloride, or hydrogen sulfide and SON
enhanced by some mechanical contribution. depassivates the resistant steels, such as stainless steels, leading to

R.H. Jones: I agree that mechanical fracture is a viable pitting. However, Prussian Blue is negligible in our system, and pitting
explanation for the fast crack growth observed in iron with impurity of low alloys is accelerated by chloride in this case. At temperatures
segregation to grain boundaries. However, for the iron with 0.3 higher than 60°C, sulfide formation becomes stifled.
mono!ayers (0.6 at grain boundaries) of phosphorus, intergranular It is important for us now to see the environmental variation from
crack growth could not be promoted at cathodic potentials in 1 N one site to another, depending on the kind of coal and process
sulfuric acid. Therefore, some explanation other than impurity- conditions, e.g., content of sulfur in coal and the desulurization
induced decohesion or hydrogen-induced crack growth (the calcium process. Please bear in mind that the pits discussed here are quite

different from those observed in stainless steels, for example, in that
'Trade name. the depth/opening ratio is rather small.
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Hydrogen Effects in High-Strength Steels
R.A. Oriani*

Abstract
The full understanding of the embrittlement of high.strength steels by hydrogen, and indeed of any
metallic alloy, may be subdivided into two parts: (1) understanding the basic mechanism(s) of the
intrinsic embrittling action of hydrogen and how various microstructural features modulate that
mechanism, and (2) formulating the kinetics of cracking to consider microstructure and alloy
composition, stress state, temperature, and source of the hydrogen. This goal is still very distant. After
distinguishing between thermodynamic arguments about the reduction of the driving force by adsorption
and mechanisms that describe the path of the reaction, the decohesion and the localized plasticity
models are described and the literature is examined for experimental and theoretical work in support
of each. It is concluded that the two mechanisms are not competitive but complementary, both being
manifestations of metal-metal bond weakening by hydrogen. The principal future task is to understand
what circumstances control which manifestation will predominate in any one specific case. Recent
kinetic models are examined to display their underlying assumptions. The majority of these models deal
only with Stage II cracking and emulate the experimental dome-shaped curve of crack velocity vs
reciprocal temperature by functions that represent a variety of temperature-dependent physical
processes, but that do not incorporate any specific embrittling mechanism. The difficulties impeding a
complete kinetic treatment are immense, not the least of which is posed by the bimodality of crack
propagation.

Introduction The Intrinsic Embrittling Action
This review is concerned with the relatively small number of of Hydrogen in Steels
published investigations the aim of which is to shed light on the It should be abundantly clear that using hrgh-fugacity hydrogen,
intrinsic action of hydrogen that embrittles a high-strength steel or on such as is produced by cathodic charging from acid solutions, or by
the mechanisms controlling the rate of crack propagation. It endeav- gaseous ionized or atomic hydrogen, is not the appropriate way to
ors to bring up to date the earlier reviews of the author 12 It does not develop experimental information whereby to develop an understand-
deal with stress corrosion cracking or with cyclic stress applied in ing of the intrinsic or basic embrittling action of hydrogen, One reason
hydrogenating environments, because the additional complexities of is that such hydrogen precipitates within pre.existing microvoids and
these phenomena render it extremely difficult to 6,tract any insight microcracks in the steel to produce molecu!ar hydrogen at v6ry high
from the measurements as to the basic embrittling mechanisms of pressures, which generates not only internal stresses in addition to
hydrogen. The kinds of insight for which the literature Is scrutinized the externally applied and measured stress, but also much plastic
are those that would allow one to calculate the rate of crack deformation. This phenomenon is addressed by the Zapffe.Sims
propagation (not curve fit) as a function of hydrogen fugacity in the idea 4 for the mechanism of hydrogen embrittlement. Another reason
environment or of precharged hydrogen content, and as a function of is that the input diffusion flux itself generates much plastic deforma-
steel composition, microstucture. yield strength, and temperature. tion and even cracking, 6 thereby changing the response of the steel.
One would also like '- understand the choice of crack path, as well For the purpose of developing understanding, hydrogen should be
as why hydrogen q.,, and chlorine gas3 embrittle steel but oxygen applied that has a fugacity corresponding only to a pressure equal to
gas does not, It is clear that these goals are far from being achieved, a small fraction of the yield strength of the steel.

In this paper, a brief review is presented of the current thought Two other points have been made in previous reviews' .2 but
on the mechanisms by which hydrogen embrittles steels, as well as appear lobe worth repealing. The first point is that measurements of
of the works that tend to support one or another point of view. A the time of delayed fracture or of the rates of crack propagation
synthesis of mechanisms is presented. Various models for the cannot by themselves provide information on the basic embrittling
kinetics of crack propagation for static or monotonic loading are then mechanism of hydrogen. In support of this statement, it should suffice
discussed, Finally. some remarks directing attention to fruitful ap- to point out that kinetic measurements can at best give quantitative
proaches are olfered. Information relative only to the kinetically controlling step in the

sequence of processes from the source of the hydrogen to the
location of the critical embrittling action.

The second point has to do with the distinction between a
thermodynamic argument and a mechanistic one. It is customary to
use the rate of reduction of free energy of a system with unit advance

*Corrosion Research Center, Department of Chemical Engineering of a process as a measure of the driving force for that process. The
and Materials Science, University of Minnesota. Minneapolis. MN reduction of the surface free energy ('y) of a crack surface by
55455. adsorbed hydrogen is an example of the modification of the driving
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force for a process, in this case for crack propagation. As such, this high activities. Hydrogen can also combine with many metals to form
effect of hydrogen does not constitute a mechanism for crack hydrides, especially in the tensile stress field ahead of a stressed
propagation, because there is no specification of the path by which crack.2 1,2 2 The hydrides have metallic characteristics and are often
a region of a body becomes surface, nor of the role of hydrogen in brittle, which may be a manifestation of decohesion, so that the crack
that path. Couching7 the reduction of - in terms of the Griffith criterion easily propagates by cleavage through the hydride. Wheteas this
(itself a thermodynamic argument) for the fully elastic body renders occurs with metals such as niobium, vanadium, and zirconium,
it somewhat more mechanistic because what is implied is the colinear high-strength steels do not show hydride formation.
separation of atoms, thereby excluding any other means for gener- Unstable austenitic stainless steels can partially transform to
ating a surface. Nevertheless, it is still far short of a full-fledged brittle phases such as martensite and ,-phase. 2 3.24 Charging in of
mechanism because, by only comparing the postpropagation to the high-fugacity hydrogen causes lattice strains that induce such phase
initial state, the Petch-Stables formulation does not attempt to generation. Again, this is not a phenomenon that is found in
describe the detailed role of hydrogen in facilitating the advance of high-strength steels.
tile crack. Thus, it is incapable of addressing the question of why Hydrogen can also react with other solutes in metals to produce
gaseous oxygen does not embrittle steel, whereas gaseous hydro- mechanically deleterious results. Dissolved oxygen in copper can be
gen and chlorine' do, recognizing that both oxygen and chlorine reduced to water vapor at moderately high temperatures. Dissolved
decrease -y of iron more than hydrogen does. carbon and the carbon in carbides in steels can be converted by

hydrogen to methane within pre-existing microvoids. The microvoids

The decohesion model grow by grain-boundary diffusion of the iron atoms and weaken the
The decohesion model 8" ' for hydrogen embrittlement of steels steel 25 Because this "hydrogen attack" occurs only at moderately

is consistent with the Petch-Stables formulation but is more mecha- high temperatures (200 to 400'C), it is not considered hydrogen
nistic in that it specifies the role of hydrogen in reducing the stress embrittlement in the sense used in this paper, and will not be
necessary to drive a crack. It supposes that atomically dissolved discussed further.
hydrogen at high local concentrations, whether in normal lattice,
grain boundaries, or interphase boundaries, lowers the local, maxi-
mum cohesive force (Fm) against the colinear separation of the metal Literature support for the decohesion mechanism
atoms. In addition to the concentrating effect of energy-rich sites such An immediate prediction of the decohesion model was 12 that
as internal interfaces, the externally applied tensile force locally there should exist, for a given high-strength steel, a threshold stress-
magnified by the intensification factor represented by the crack-tip intensity parameter (K) for any one hydrogen gas pressure, and also
geometry enhances the local dissolved hydrogen concentration via a threshold hydrogen pressure for any one value of K, below which
the dependence of the thermodynamic chemical potentialon stress, 4  a crack will not propagate. This prediction was contirmed for two
The crack-tip radius of curvature is controlled by the plasticity, itself kinds of high-strength steels,26.19 and the curve of threshold pH2-K
modified by hydrogen,12 of the region of the body near the crack tip. was very well fitted (Figure 1) by the quantitative development of the
This is the point of view of the decohesion model for high-strength model. The main concepts that entered the model were the depen-
steels It was extended'' to lower-strength steels by recognizing dence of the concentration of hydrogen at constant thermodynamic
that very large stresses can be generated by the operation of activity upon the state of stress,14 that an internal interface has a
inhomogeneous plastic deformation, The decohesive action of hy- larger Sieverts law parameter (because of the binding energy) for
drogen will take place wherever sufficiently high tensile stresses hydrogen than does the normal lattice, that the crack is stressed in
occur, consistent with the local hydrogen concentration, such that the Mode I, that its tip, radius is controlled by plasticity and affects the
local tensile stresses rise to equal the hydrogen-decreased, maxi- local stress through Gilman's 27 modifiration of the Inglis formulation,
mum local cohesive force The decohesion model postulated that F, and that, consequently, the maximum stress state and hence the
is lowered by hydrogen but did not attempt to provide an explanation decohesive action of hydrogen occurs within a few angstrom units
for that effect. below the surface at the crack tip. From the fitting of the theoretical

equation to the experimental data, the parameters of the model were
evaluated and were found to be in reasonable agreement with theThe localized-slip model premises of the model. For example, the magnitude of the hydrostatic

The localized-slip model is consistent with the lowering of -y by component of stress was calculated to increase from 1/30 to 1/12 of
hydrogen, but not with the Petch-Stables-Griffith formulation, the Young's modulus with increasing K, the ratio of stress-induced to
Beachem' 6 first suggestei. on the basis of metallographic observa- stress-free concentration attained values as large as 104, and the
lions, that hydrogen enhances localized plasticity and thereby lowers hydrogen-reduced F,, divided by the hydrogen-free maximum cohe-
the energy required for crack propagation by slip. Lynch' 7-'8 later sive force turned out to be between 0.2 and 0.4 and increased with
reinforced Beachem's Idea, also on the basis of metallographic increasing K, as was to be expected.
observations. He demonstrated the great similarity between the Later work20 modified the model to include the physically
fractography of hydrogen embrittlement and that of liquid metal necessary increase of tip radius with increase of K. This enabled the
embrittlement (LME), from which, believing in the inability of the liquid model to describe a hysteresis found2' experimentally. After a
metal to penetrate in the times involved beyond the surface at the decrease of K that caused the crack to arrest under a specific
crack tip, he argued that the deleterious action of hydrogen is also hydrogen gas pressure, to restart the crack it was necessary to apply
immediately at the crack tip. In this, the localized-slip model is similar a larger hydrogen pressure than would have been required at the
to the decohesion model applied to high-strength steels subjected to same K attained by monotonically increased loading. Furthermore,
external hydrogen supplied to the crack tip. The enhanced-slip model deductions from the model agreed with preliminary measurements of
has not been made semiquantitative, so it is not possible to use it to the temperature dependence of the threshold pressure-stress inten-
describe an experimental curve of threshold stress-intensity param- sity curve. 2
eter (K) vs hydrogen gas pressure, as has been done with the
decohesion model.' 9-2 Following this initial semiquantitative succes., .. )any investiga-

tors have couched their thinking and interpreted their findings in
terms of the decohesion model. Chief among these have been

Phase transformation mechanisms Gerberich 28" and MacMahon? . 3 ' The former established threshold
Hydrogen can take part in, or can cause to occur, various phase K values and based kinetic formulations on kinetic concepts for both

transformations in metals. Reference has already been made to the static and cyclic loadings. The latter investigated the synsrgism
precipitation of molecular hydrogen gas of very high pressures within between hydrogen and impurities segregated at grain boundaries
microcavities in steels from atomically dissolved hydrogen at very and interpreted the results as additive decohesive phenomena.
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104 by Vehoff, et al. (which will not be discussed in detail here),34 on
fatigue crack nucleation at grain boundaries in nickel bicrystals led
the investigators to support the decohesion model, as extended by

10 MacMahon, to segregated grain boundaries.3'
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FIGURE 1-Experimental data (circles) and best fit (solid line) of 0 / / A
decohesion theory20 of threshold values of hydrogen gas 5 -/ 11 . /
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Critical investigations that can be used to test the validity of the 10-1 100  101 102 103 104 105

decohesion model for high-strength steels, and indeed for any alloy, PH [Pa]
are scarce. The most unambiguous work of which the author is aware 2

is that of Vehoff and Rothe2 using Fe-2.6%Si alloy and also nickel.
Withsinglecrystalsorientedwith respest to the applied stress, sothat FIGURE 2-Crack-tip angle, ,a, right ordinate, and an (= cotan
a crack can propagate under monotonic loading by alternate activa- u/2), left ordinate, vs hydrogen gas pressure, PH2, for a crack
tion of two slip systems intersecting along the crack front, the advancing in a single crystal of Fe-2.6%SI alloy (Vehoff and
minimum crack angle is equal to the angle between the two sets of Rothe 32).
active slip planes when the crack propagates in a completely ductile
fashion. Vehoff and Rothe found that the crack angle decreased It is extremely difficult to test experimentally the basic postulate
below that minimum when the crack was propagated in a hydrogen of the decohesion model, that Fm is decreased by large concentra-
gas. In a vacuum, the crack angle for the oriented Fe-Si single crystal tions of hydrogen In this connection, it is important to realize that
was 71.4 , the minimum value for (tie orientation used for propagation electronic interactions among metal atoms are functions of interato-
by pure alternating slip. For propagation in 1 atm H2 gas, the crack mic spacing For example, the cohesive force-interatomic distance
angle was only 9' tFigure 2). This considerable sharpening was relationship is known to be nonlinear. It should not be expected,
accompanied by more rapid craKk propagation, with the cracking rate therefore, that one can predict the effect of hydrogen in solid solution
increasing with increasing hydrogen pressure. on the cohesive force at interatomic separations comparable to those

There are only two conceivable physical reasons why the crack related to Fm from experiments where the interatomic excursions

can sharpen below the angle given by the intersecting slip systems. from the normal lattice parameter are very small, such as by

The additional fracture mechanism could be hydrogen-aided micro- measurements of the effect of dissolved hydrogen on elastic mod-

void formation ahead of the crack tip or hydrogen-aided cleavage Uli 35, 7 or on phonon frequencies. 39 No one has yet been able to

tdecohesion) at the cra,A tip. Veholf and Rothe,3 " and also Lyncl, -3 devise an unambiguous experiment to measure the cohesive force

carefully examined the fracture surfaces by scanning electron between iron atoms with which a very large hydrogen concentration

microscopy with and without replica techniques; evidence for micro- (on the order of H/Fe -1 '10) is dissolved. For this reason, we turn

voids was not found. In addition, with Fe-Si single crystals, the now to a consideration ol theoretical work on this problem.

fracture surfaces always coincided locally with the k1001 cleavage Markworth and Holbrook 4
0 used two-body potentials in com-

plane, even for cases when that plane was inclined up to 90 degrees puter simulations of hydrogen enhanced fracture from which they
from the tensile axis. Because there is no phy ,ial mechanism for concluded that hydrogen facilitates the cieavage cracking at iron, i.e.,
microvoid formation ,n 10C; planes, the microvuid mechanism for the ,olinear separation of the irun atoms. An approach that avoid. the
sharpening the crack angle was rejected. This leaves hydrogen use of unphysical two body forceb is that of Messmer and Briant.",
aided decohosion as the only possible additional mechanism. They have discussed theirs and others calculations with the quan-

Thus, the general picture from this work is that in Fe-Si single tum mechanical cluster method. This approach has demonstrated
crystals, both decohesiun and alternating slip are responsible lor the that the metal metal bonds are weakened by the hydrogen caused

crack propagation in hydrogen, and that with increasing hydrogen distortion of the interstitial site that is occupied. This quantum
pressure, the decohesion mechanism makes an increasing contri- mechanical technique has so far been applied only to small clusters
bution. Furthermore, the results of suddenly introducing oxygen gas (14 or fewer) of atoms because of calculational difficulties.
into the environing hydrogen gas enabled Vehoff and Rothe"2 to infer A more generally applicable theoretical technique is the em-
that the decohesive action of hydrogen occurs just below the crack tip bedded-atom method. 4

1 This is a semiempirical, quantum mechan-
at the highly elastically strained atomic bonds, and led them to doubt ical approach, in the snse that experimental information is used to
the mechanistic completeness of the Petch Stables adsorption idea' evaluate the parameters. It has been validated by its successes in
for understanding hydrogen embrittlement. They concluded that calculating surface structure, Uiain-boundary configurations and
oxygen does not embrittle. although it adsorbs strongly, because its energies. drind disiu.atiun dynamics. Calculations" have been con-
atoms are too large to enter into the highly strained region just below ducted on a lattice ut nit. el containing a crack bounded by k I 11)
the crack tip surface. These Investigations have reached conclusions planes, with and without dissolved hydrogen in its immediate
identical with the postulates of the decohesion theory." "' Later work neighborhood. By considerinq stress to be applied normal to the slip
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directions on the (111) planes, the simulated fracture is constrained constant. It should be clear that the restriction of McMullen, et al.,
to be brittle, I e , to propagate by the colinear rupture of atomic bonds, necessarily reduces the calculated decohesioning effect of hydrogen.
The embedded-atom method clearly shows that hydrogen lowers the Masuda-Jindo has calculated the cleavage strength of vana-
fracture stress of nickel (Figure 3). Although iron has not yet been dium and of body-centered cubic (bcc) iron with and without
explicitly investigated by these workers, there is no reason to expect hydrogen. " He has applied the tight-binding quantum mechanical
a qualitatively different result for iron. method to the force of separating the metal crystal to create two (001)

crystal-plane surfaces without surface relaxation or reconstruction. IfH only on crock plane cleavage is forced to occur at a (001) plane immediately adjacent to
hydride at crc% tip a plane of hydrogen atoms in interstitial positions, it is found that the

0.20- wi crack presence of hydrogen decreases the maximum force for the colinear
separation of the vanadium or of the iron atoms.

I conclude that the basic concept of the decohesion model-that
0.15 hydrogen decreases the cohesive force that resists the colinear

Z (cleavage) separation of tansition metal atoms-is amply supported
<by modern theoretical investigations.
0 0.10
UI) Literature support for the localized-slip model

0.05 Both Beachem 16 and Lynch'7-'8 were motivated toward the idea
of highly localized (at the crack tip) slip by their fractographic

perfect material observations, the former with steels and the latter with a variety of
0 i metallic alloys as well as with steels. Lynch was additionally0 0.1 0.2 . 1.0 1.1 motivated by the great similarity between the fractographic features

caused by hydrogen and those caused by LME, coupled with the
STRESS (eV/A-atom) alleged inability of atoms in LME to penetrate intio the subsurface

region of the embrittled metal. In seeking accounts of critical
FIGURE 3-Stress-strain curves calculated by the quantum- experiments in support of the localized-slip mechanism of hydrogen
mechanical embedded-atom method.42 The curve labeled embrittlement, one immediately encounters two serious difficulties in
"perfect material" Is crack free and without hydrogen. That the case of steels. The first is that the majority of the information on
labeled with "crack" Is without hydrogen, whereas the adjacent the effect of hydrogen on the plastic behavior of iron alloys and steels
curve Is for material with a similar crack with dissolved hydro- has to do with the overall plasticity, not localized at a crack tip, and
gen on the crack plane. Note that hydrogen lowers the applied the effects are complex. Whether increased or decreased plasticity
stress to propagate the crack. Hydrogen as a hydride lowers the results from exposure to hydrogen depends on impurity level and
stress even more. temperature,' whereas the localized-slip model is presumed to be

generally relevant to all ferrous alloys. The second difficulty is that in
many of the literature experiments, hydrogen of high fugacity was

In contrast to Daw and Baskes, 42 who considered the effect at unwittingly used, and it has been abundantly demonstrated that its
hydrogen on an already existing internal crack, McMullen and introduction of itself, or its precipitation as H2 molecules in micro-
collaborators4" consider the separation of a crystal into two halves by voids, can cause much plastic deformation. These considerations
allowing interatomic spacing to vary at only one crystallographic seri^osly reduce the literature data relevant to the question of support
plane. This is the same as the conceptual experiment by which the for the localized-slip model.
surface free energy is defined." The calculation is conducted with Nakasato and Bernstein 4' observed that hydrogen charging of
and without a specified number of hydrogen atoms on the plane ot pure iron causes cracking along the i 110j sup planes rather than
separation. The metal atoms are not alluwed to undergo surface along the usually preferred '100; cleavage planes. This observation
relaxation (i.e., surtdie restructuring is not permitted), but the may serve to support the Beachem-Lynch idea. The work of Inoue,
hydrogen atoms are permitted to seek pusibons of minimum energy et al ,' ' who examined the characteristics of cracks propagated in
as the interplanar separation is increased, impure iron by transmission electron microscopy (TEM), does not

support the localized-slip idea. In hydrogen-free metal, the crack was
McMullen, et al., use the nonpairwise furce mudel ot Daw and of zig zag configuration, with the straight segments along the traces

Baskes for calculations on nickel, and that of Finnis and Sinclair for of A10' . 112, and 123; planes, which are slip planes in bcc iron.
iron that comes from tight-binding theory. They find that hydrogen However, after ..athudic charging, the cracK lay along traces ofl t 121
reduces the maximum cohesive force between the metal atoms at planes and vas flee of zig zag steps. These observations deviate
Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, and Cu, but not of potassium, from the requirements of Lynch's hypothesis that the crack plane
Specifically, a local hydrogen-to-metal ratio of 118 for nickel reduces bisect the angle subtended by two slip planes.
the fracture stress by 12% from that of the pure nickel. For iron, the Birnbaum and collaborators,4 "" using TEM with an environ-
fracture [i.e., the maximum (F,) of the cohesive force as modified by mental cell, have directly observed the effect of low-pressure
hydrogen] occurs at an Increase of the interatomic separation of 0.05 gaseous hydrogen ut, dislocation activity in many metals, including
nm. which Is a strain at failure of about 25%. For this reason, iron. When gaseous hydrogen is admitted into the TEM, the velocity
McMullen, et al.. remark, "It is not correct to interpret even completely and the numbei of active dislocations suddenly increase in thin-toil
brittle fracture using the simple (Griffith-like) criterion .. . ."4 of specimens held under tension, with failure occurring by localiz~u
reduction of the surface free energy. The present author notes that ductility in Mude II. These striking and beautiful results support the
the manner of these calculations is very similar to the "gedanken localized slip model of hydrogen embrittlement. What is open to
experiment"used' 2 toconceptualizethedecohesionmodel.Theonly question, howeves, ,s the general relevance u these results to
difference is that the calculations of McMullen, ut di., use the hydrogen embrittlement in the multifarious conditions in which it
unphysical restriction of a constant number of hydrogen atoms at the arises.
separating plane, whereas the decohesion concept is that, as the Zhang, et aL,"' investigated hydrogen-induced delayed Iracture
interatomic separation (and hence the cohesive force) Increases, the under sustained Mode II loading at a Cr-Ni-Mo steel at 1700 MPa
number of dissolved hydrogen atoms at the separating plane tensile strength. By finite-element calculations, they established
increases by accepting hydrogen from the rest of the lattice or from where at the nutch surface the maximum principal stress, the
a gas phase in order to maintain the chemical potential of hydrogen maximum hydrustatit component of stress, and the maximum shear
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stress are developed, as well as the directions of the maximum The above experimental scenarios involve the development of
principal stress and maximum shear stress at these positions. When the crack process-zone geometry and the dislocation distribution
a Mode If specimen was strained in air, the first crack nucleated at the within the latter, greatly complicating the modeling of the kinetics of
site of maximum shear stress However, with specimens that were the hydrogen embrittlement. An easier but still formidable task is the
hydrogen charged during testing, crack propagation began in the quantitative description of the rate of subcritical crack propagation at
direction of the maximum shear stress from the site of maximum constant applied stress-intensity parameter, because one may
hydros tatic component of stress (which coincides with the site of consider the crack process-zone complex to have a steady-state
maximum principal stress) Aside from the complications caused by configuration with respect to a coordinate system moving with the
the very high-fugacity hydrogen that was used by these investigators, crack. If one considers a steel initially free of hydrogen in which the
the results indicate, but do not prove, that hydrogen facilitated crack advancing crack is in contact with a time-independent source of
propagation by slip The results also seem to indicate that the crack hydrogen, another element of simplification is introduced. More
initiation was aided by the decohesive action of hydrogen. difficult is the consideration of the crack propagation in precharged

It is to be expected that in metallic systems an electronic steel, since in this case, the critical action of hydrogen may not occur
perturbation caused by dissolved hydrogen that reduces the force at the advancing crack tip but rather at some highly stressed
necessary to separate metal atoms colinearly should also weaken microstructural feature that is ahead of the tip and that intercepts
the shear-resisting forces of the lattice. This is indeed the result of the hydrogen diffusing toward the process zone from the rest of the
embedded-atom quantum mechanical calculations of Daw and specimen. In all of the cases described above, complete kinetic
Baskes 42 applied to nickel, qualitatively similar results are expected modeling needs complete knowledge of the mechanism of the
for iron Lynch1" has pointed out that the localized-slip model of embrittling action of hydrogei,. Since this is not yet available, most
hydrogen embrittlement deviates widely from the usual concept 2 3  ambitious kinetic modeling so far attempted avoids this problem by
of competition between crack blunting by dislocation generation, and making an assumption, such as the necessity of attaining a critical
emission and crack propagation by cleavage. This is so because the hydrogen concentration at some location or over some linear
postulated enhancement of slip by hydrogen is taken by Lynch to dimension, which may have been inspired by a model of embrittle-
enhance propagation if it is alternating slip bocalized at the crack tip. ment but may not be uniquely related to that model. Following is a

discussion of some recent approaches that are representative of the

Conclusion best work available.

It is very obvious that the amount of critically developed
experimental data relevant to the intrinsic embrittling effect of Analysis of Simmons, et al
hydrogen on steels or iron alloys is pitifully small. The existing It is clear that in the process of crack propagation, hydrogen
empirical information and theoretical considerations allow one to must proceed from its point of origin, as H2S molecules in the
accept with confidence that dissolved hydrogen does decrease both gaseous state, for example, to the adsorbed state on the crack
the resistive force against the colinear separation of iron atoms and surface (after crack propagation). Hence there are several sequential
also that for the shear displacement. Which of these is the operative processes, any one of which can be kinetically controlling, and it is
mode in any one particular experiment probably depends on the important to identify the controlling process. Simmons, et al.,55

proportions" of Mode II loading, among other factors, and the followed the kinetics of the reaction of water vapor with type 4340
examination of which mechanism is the important one in a specific (UNS G43400) steel surfaces by measuring the increase of the Auger
instance remains one of the critical tasks for future investigations, electron peak intensity due to oxygen as a function of exposure (the

Because both the decohesion and the localized-slip models gas pressure multiplied by the duration). The data of Auger peak
depend fundamentally on the bond weakening action of hydrogen, it intensity vs exposure at each of three temperaturs were fitted with
is reasonable to regard the models as complementary. Both are sigmoid-shaped curves (although monotonic curves fit just as well
really decohesion models, with one emphasizing the colinear and the within the scatter of the data,) and it was inferred that the oxide
other the shear mode of atomic separation. Although the localized- formed by nucleation and growth with an activation energy of 36 ; 14
slip model has not yet been formulated semiquantitatively, it seems kJg mel. This means that the generation of hydrogen via the reaction
clear that its development must include the concept of a critical H20 t Fe - FeO t- H2 proceeds with that activation energy. These
hydrogen concentration, which is itself a function of the local state of investigators then measured, at various temperatures, the rate of
stress and that the action of hydrogen prior to the generation of the crack propagation tv) in type 4340 steel of 1340 MPa yield strength.
crack surface must be considered. They found that v, in the stress-intensity-independent region of the

v-K curve (where K is the stress-intensity parameter), exhibits an

Kinetic Mechanisms of Hydrogen Embrittlement activation energy of 33 5 ;t 5.0 kJfg mel. The similarity of the two
activation energies led the authors to conclude-that the rate-limitingQuesion coceringthe ineicsof ydrgen mbrttlmen of stop in the hydrogen-induced cracking was the geileration of the

high-strength steels under sustained or monotonically increasing hydrogen at the input surface.

loading can take various forms. One may inquire how much time is

required for the complete failure of an initially hydrogen-free, smooth
steel specimen held under conotant load under a constant hydrogen Analysis of Lu, et al.
gas pressure and temperature, or under constant cathodic charging Another investigation" from the same school follow6d the same
:onditions This "delayed failure" mode will depend on the nature of coordinated approach, that of measuring both the surface reaqtion
the Initial oxide on the specimen surface, on the plastic response of kinetics of gaseous H2 S with type 4340 steel and the crack
the steel (itself modified by the entering hydrogen), and on the propagation velocity as a function of temperature wih the steel under
transport of hydrogen from its source to the location of the ,ntnins,6 various hydrogen sulfide pressureb. The formation of metal sulfide at
embrittling action of hydrogen. One may be interested in the the surface was found to be rapid. At 1 Pa pressure, essentially
"incubation time" for the initiation of observable :rack propagation of complete reaction takes place in I ms, and the surface kinetics are
a prenotched specimen in air and at a constant applied load, pruvided virtually independent of temperature. On the other hand, in the
with an initially uniform. Internal hydrogen concentration. The incu temperature domain investigated, log vl vs reciprocal temperature
bation time will depend on the manner in which the prior charging was (where v, is the rate uf crack pwupagation in the K-insensitive region
done, the level of hydrogen attained, the nature of the initial notch pu. of the v-K curve) exhibits only . positive slope with H2S pressure of
in, and the kinetics of the hydrogen transport within the steel. In both 133 Pa, whereas the vil 1,"T) curve exhibits a weak maximum with
cases, the composition, microstructure, and strength level of the H2S at 2.66 kPa. Furthermore, under 133 Pa pressure, vii is
steel, the magnitude and character of the loading, and the temper proportionaltopT ', where pbthegas pressure, which is the same
ature would be important determinative factors. functionality as that for crack propagation controlled by the rate of
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suppiy by Knudsen diffusion of gas molecules to the crack surface. I I I I I
For this reason, Knudsen diffusion of the gas was identified as the u 18 NI (250)m - 18 Ni (200)
rate-limiting process for crack propagation under low-pressure H2S
gas. Under higher pressures, at the lower-temperature side of the 2
weak maximum, the log vj (1/T) curve is characterized by an 133
activation energy of 4.6 t 3.6 or 6.7 t 6.7 kJ/g mol, depending on 57
which segment of the curve is considered. Because these numbers b 28
lie within the range (4 to 10 kJ/g mol) of the activation energy for W 10-5  28

hydrogen in bcc iron reported in the literature, Lu, et al.,- s concluded /2 /6"6,,
that in the higher-pressure region, crack propagation is kinetically N

controlled by the diffusion of hydrogen in the steel. It must be l-*
remarked that this conclusion is on weak ground because a better 0
value for the apparent activation energy for diffusion of hydrogen in X
a high-strength steel is about 32 kJ/g Ml.57  I 12kPd

0- 1133kPa

(u I
N I

Model of Pasco, et a.
Neither of the foregoing investigations concerned itself with the

intrinsic mechanism of embrittlement, nor with the existence of a U)
maximum in the plot of log vi vs 1/T (see Figure 4), which has been 3.0 3.4 3.8 4.2 4.6 5.0
observed by many investigators. One way of qualitatively understand- 103/T(K-')
ing such a dome-shaped curve is that the kinetically controlling
process at low temperature differs from the controlling process at FIGURE 4-K-Insensitive crack propagation rate vs reciprocal
higher temperatures. Another way depends on writing the rate of the temperature for two-strength levels of maraging steel under
kinetically controlling step as the difference between two exponential various hydrogen gas pressures (Hudak and WeI).

terms. The latter was done by Pasco, et al., 58"6° who considered that Model of Wei, et a.
v,, is proportional to the rate of adsorption at some critical value (Oc) Wei and collaborators67 

69 considered three possibilities for the
of surface coverage by negatively charged hydrogen species (H-). kinetic control of the supply of hydrogen to the microstructural feature
The rate of adsorption is written as follows: involved in cracking. These are as follows: (1) Knudsen flow of

molecular gas in the narrow space between the walls of the crack (as
discussed in a previous section), in which case the dependence of

(dn, fdt) = k~p1'2 exp (- E/RT) -k 2 exp(- Eo/RT) the flow upon gas pressure and temperature is as pT -2. (2) Surface
reaction control, expressed as pm exp (-Es/RT) where E. is an

and activation energy. Unlike the Pasco, et al., formulation, this control
can only permit the hydrogen supply to increase with increasing

= 1 temperature. (3) Diffusion control, expressed as p'2 exp (-Ed/RT),
vi =, [kp 1 exp (-EdRT) -k 2 exp (-Ed/RT)] in which Ed is an activation energy for diffusion of atomic hydrogen

through the steel; again this term can only increase with increasing
where 11C* serves as the coefficient of proportionality and C* is temperature.
defined as a critical volume concentration of hydrogen in the metal Representing the three possible supply-control terms by S,(p,t),
through which the crack advances once this concentrdtion is 1Rpentg the treesi on tol m by prta
attained. In the above expressions, p is the hydrogen gas pressure, (j 1,23), the central equations of Wei, et al, may be expressed as
E. is an effective activation energy = (2 E, + Em+ AH,)/2, where
E, is the activation energy for dissociative adsorption, Em is the vil = I , (x f k,) ] S1(pT), (j = 1, 2, or 3) (1)
activation energy for surface diffusion, and AH, is the enthalpy of i
adsorption. Ed is the activation energy for desorption. The parameter
k, is the rate of physisorplion of H.. molecules, and K2 is the specific in which the term in square brackets is the sum over the types of

rate constant for desorption at covcrage o. Thus, the authors have microstructure (grain boundaries, lattice, phase interfaces, etc.), the

divided a net rate of increase uf coverage of an existing surface by fracture of which contributes to crack propagation, and the argument
a volume concentration to obtain a dimensionally correct rate of of the summation sign is effectively the density of the hydrogen

surface increase kcrack piupagationl, but the operation is devoid of trapped at the i'  feature times the volume fraction (f) of that feature,

physical significance -or if there is one, it has yet to be elucidated by times the "crackability" of that feature (,%,), i.e., its relative contribution

the authors. What is interesting is that this form of equation to the rate of overall crack propagation (v,,) in the K-insensitive

represcn's the eAperlmentai data of Wei and collaborators6 ' 1' for v,, domain In actual use, the summation is conducted only over Iwo loci

(1.7) very well, and also vIkp) at the temperatures of the maxima ot of cracking, grain bourdaries (I b) and lattice (i - I), so that the

the log vil (1/1) curves. The basic idea of Pasco, at al., is similar to term in square brackets is written as follows.
that In the earlier work of Williams and Nelson,63 who also considered
that the rate-controlling step is at the gas-metal Interface and (k fb'8(a3/n) Nx exp (Ha/RT)
developed an equation that successfully represented the dome- E 0, K
shaped log v,, (1f) curve at constant stress Intensity that they 1 1 + '7(a3 n) N,exp (Ha/AT)

measured for a fully hardened type 4130 (UNS G41300) steel. Q (-fb)
Although their specific model has been criticized,. ,6 the probability 4 1 + "8(a3n) Nx exp (H/AT) (2)
that the adsorption step Is rate-limiting was strengthened by the

finding by Nelson, et al 66 that the use of dissociated hydrogen gas in which a is the lattice parameter and n is the number of atoms per
produces a straight-line plot in place of the dome-shaped curve unit cell. In this relation, one need only note that He is the binding
obtained with the use of molecular hydrogen gas. It would therefore enthalpy of hydrogen to grain boundaries having a density N. of
appear that the dissociation of the H, molecule must be one of the trapping sites, and that i deviates from unity it the trapped hydrogen
kinetically controlling steps at the higher temperatures. is not in equitibrium with the lattice hydrogen.
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It is clear that this formulation is not concerned with any specific
embrittlement model, nor is there a critical hydrogen-concentration or
stress necessary for the cracking at a microstructural feature.
Instead, the parameters (a,) that should embody such concepts are :
evaluated, along with -,N, by effectively curve fitting to experimental 2
data of v,,(T). In addition, a nonunity value of the parameter - L 107
represents kinetic control other than that given oy S, since the only
way that lack of equilibrium among various populations of hydrogen a:

can occur is through kinetic impediments. It is also clear that for S, 2.66kP
representing either surface or diffusion control, Equation (1) can
represent a dome-shaped curve of v,, (l/T) because S, increases with 0(a:
increasing temperature and

10-3

decreases with increasing temperature. I=1
For cracking under either of three pressures of hydrogen gas, w

the authors selected surface reaction control for S, (p,T), for reasons <
that are not clear. They are therefore able to reproduce with Equation U/
(1) their experimental v,, (1IT) data (see Figure 5). For cracking under 1- 4

H2S gas (Figure 6), the authors selected Knudsen flow of gas as the
controlling step at 0.133 kPa and in the higher-temperature domain I I 1 I
at 2.66 kPa. At the latter pressure and at lower temperatures, 2.5 3.0 3.5 4.0 4.5
hydrogen diffusion is taken to be the controlling step. 103/T (K)

FIGURE 6-K-Insensitive crack growth rate vs reciprocal tem-
E perature for type 4340 (UNS G43400) steel under each of two
W 10-3  pressures of hydrogen sulfide gas.68 The points represent

experimental data. The solid lines are best fit to the data of the
X: analysis, assuming Knudsen flow control at the higher pressure

and higher temperatures, and also at the lower pressure.
133kPo Hydrogen diffusion Is taken as the controlling step at 2.66 kPa

0 10-4 In the lower-temperature region.

57kPa

U 13.3kPo Unlike Wei, et al., however, the approach of Gerberich is based
W o- explicitly on the decohesion model operating at one or the other of the
Q microstructural features, depending on the temper of the steel, that
(o , are mentioned above. The concept is that the oxysulfide particle

2.5 3.0 3.5 4.0 4.5 interfaces, for example, acquire a large population of adsorbed
1000/T (°00)  hydrogen that is enhanced by the tensile stress, and that the fracturestress (i.e., the interfacial cohesion) is reduced linearly by the

thus-accumulated hydrogen. Cracking occurs locally when the max-
imum constrained flow stress, estimated via continuum mechanics,FIGURE 5-K-InsensitIve crack growth rate vs reciprocal tem- eul h yrgnrdcdcbso.Tecaksrae xii

perature for type 4340 (UNS G43400) steel under hydrogen gas equals the hydrogen-reduced cohesion. The crack surfaces exhibit
at each of three pressures. Points are experimental data, and the striations normal to the cracking direction that are convincingly
solid lines are best fit to the data of the analysis, assuming deduced to be crack arrest markings; they have a fairly uniform
surface reaction control." spacing that is larger (- 138 glm) for the lower-strength steel than for

the higher-strength steel (- 1 gim). This permits the development of
an explicit relation for v,, by considering that the crack jumps a

Model of Gerberich, et a/. distance (X) equal to the striation spacing, beyond the hydrogen.
Gerberich and collaborators70 .7 ' have a similar approach for enriched location, and that a time (,) is necessary for hydrogen to

undeistanding the inverted-U shape of the log v,1 (1iT) curve that they accumulate at the new crack front by diffusion with trapping, which is
found for precharged type 4340 steel at two strength levels. Because motivated both by concentration and by stress gradients, The crack
their steels were cathodically precharged with hydrogen, followed by is deemed to advance by this kind of intermittent decohesion at many
a baking treatment to distribute the hydrogen macroscopically localities at the crack front, leaving behind regions, or ligaments, that
uniformly, the controlling hydrogen supply kinetics was taken to be subsequently fail by ductile mechanisms,

diffusion of atomically dissolved hydrogen in the steel. This yields a There are difficulties in the details of the formulation and in the
term that contributes to the increase of vil with increasing tempera- concepts. For example, the diffusion equation used is that of Doig
ture. The second term that contributes to the decrease of vii with and Jones," which was developed for a point source and is therefore
increasing temperature is, as with Wei, et al., that expressing the inappropriate for an initially homogeneous field of hydrogen The
distribution between the microstructural features that serve as stress field contributing to the diffusion is that of the rontinuum
cracKing locations toxysulfide interfaces, martensite lath interbeL. mechanical elastic plastic solution, which cannot yield stresses large
tions with prior austenite grain boundaries) and the latti(.e. Be.ause enough to cause decohesion The expression used for the effective
vil is expressed as the product of these two contributions, Gerberich, ktrapped) diffusivity is that of Ellerbrock, et al .'3 which contemplates
et al,, are able to reproduce their experimental dome-shaped log vi1  molecular hydrogen within microvoids Nevertheless, it is satisfying
(11Tj curves after evaluating the parameters of their equation by that this kinetic model was couched in terms of the decohesion model
comparison with experiments. and successfully represents the experimental results.
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The most serious conceptual deficiency has to do with the stress (or with crack length at constant load), then plateaus are
intermittent nature of the crack advance. Within the framework of the obtained. It is clear that dome-shaped logs v,, (lfr) are not generated
decohesion model, there is no way that the crack front can get ahead by inclusion of this unphysical assumption.
of the hydrogen-enriched region; 12 .19 the crack can advance at a
given position only as fast as the critical concentration of hydrogen, Conclusion
consistent with the local stress, can accumulate there. Any intermit- It is clear that despite the valiant efforts that have been exerted,
tency in crack advance necessarily implies the intervention of much remains to be done in kinetic modeling. None of the models is
another mechanism. One possibility is that the ligaments left behind complete in the sense-of having incorporated all of the factors and
between decohered regions, subsequently failing by plastic collapse, phenomena that are known to be present in hydrogen-aided crack
cause the local stress intensity to increase at the crack tront so that, propagation All of th e kown at best descriptive, not predictive,

atrthe interval required for that failure, once again the decohesion poaainAlo h oesaea etdsrpie o rdcie
afrter eraired that fron a decohesn since they must use empirical information to evaluate parameters.
criterion is satisfied at the crack front and decohesie advance can Only one model, that of Gerberich, et al.,70 7 ' is based solidly on an
resume. Another possbility is that crack inertia causes the embrittlement mechanism One of the most difficult yet essential
decohered crack propagating in a hydrogen-rch region to continue aspects to be incorporated in future modeling is the existence of more
into a hydrogen-poor region until arrested .y energy loss mecha- than one cracking mode during the overall advance of the crack,
nisms, as hypothesized by Seradzk and ift ewman 4 for the stress cleavage and plastic tearing, for example, both occur with the ratio of
corrosion cracking of copper. After the arrest, the crack must await plastic failure to cleavage increasing with increasing stress
the accumulation of enough hydrogen to satisfy the decohesion intensity. .19 .7 7 The fact of the sporadic advance of the crack is
criterion. probably intimately involved with the mode not directly related to

Kameda's model hydrogen-aided decohesion or to hydrogen-enhanced localized slip.

A purely thermodynamic analysis along the lines of the Petch- Future progress in elucidating hydrogen-aided cracking de-

Stables idea is conducted by Kameda.' He calculates the work pends on further advancement in understanding fracture processes
required to advance a crack along a grain boundary by considering in the absence of hydrogen. For example, the magnitude of stresses
the modification by hydrogen of the grain-boundary energy and of the built up at interfaces because of plastic incompatibility across the
crack surface energy He assumes that the crack-tip contour is that interface, stress gradients about the crack, dislocation dynamics and
of two circular arcs intersecting at an angle controlled by the configuration, interfacial cohesion as a function of impurities, and the
hydrogen-affected grain boundary and crack-surface energies, but problem of crack inertia must be better understood. Following this,
does not permit plastic deformation that would be needed to achieve one must elucidate the effects of hydrogen on each of these
such a configuration The crack tip is shielded by a dislocation array phenomena sepaiately. Finally, the synergistic interaction among the
ahead of the crack, which is carried along by the advancing crack, cracking modes must be understood and incorporated into a kinetic
The energy balance includes elastic energy, which is a function of the model of crack propagation.
crack-tip geometry, itself controlled by the hydrogen adsorption.
Kameda considers two extremes, slow crack advance, so equilibrium
partitioning of hydrogen to the interfaces is achieved, and rapid
fracture, such that hydrogen is not partitioned but remains distributed "4 80K
as it was before the crack advanced. 377 0K 3480K

The dependence of crack velocity (v) upon stress intensity (K)
is formulated in terms of one-dimensional diffusion of hydrogen only 1033
along the grain boundary, neglecting volume diffusion, and pre-
charged specimens are considered. For the kinetic analysis, Kameda
restricts himself to steady-state, slow crack advance, considering
stresses to be constant within any one region around the crack but
different in different regions. The resulting log v(K) curves show 950 K
approach to a threshold value and a domain of smaller positive slope: < 105
there is not a K-independent region. The dependence on tempera- F_1

lure was not explored. Comparison with experimental data was not E
conducted.

o 2700K

Model of Lee and Unger
This analysis ' is based upon the decohesion concept and 166

attempts to deal with the entire v(K) curve as a function of 0 0
temperature also. Unfortunately, it assumes that the cohesive force ,.
is independent of the interatomic separation; however, it is lowered "

by a hydrogen concentration In linear fashion, Hydrogen diffuses in o
response to concentration gradients; stress-graJient-induced diffu- L)

sion is neglected A nonphysical criterion for -rack propagation, a .
critical crack-opening displacement (6) is introduced. Crack propa- 10
gatlon is said to be accompanied by a di'ninution of the crack-
opening displacement, but inconsistently the crack continues, even
though 8 < 6,, until an arbitrarily introduced value (6A) is reached. In
this way, the Intermittent nature of crack propagation is unphysically
built into the model, since diffusion must now occur to the new crack
position. 10"8 - I I I

The v(K) curves thus developed are shown in Figure 7. A Stage 30 34 38 42 46
It of K-independent behavior is not generated. However, if the
activation energy for diffusion is allowed to increase with increasing Stress Intensity Factor, MPa,/'m

("The idea of this possibility was mutually generated during an FIGURE 7-Crack velocity vs stress:,tensity parameter. Model-
extended discussion with W.W. Gerberich. Islc calculations of Lee and Unger.76
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Discussion R.P. Gangloff: On another point, I suggest that the K-based
K. Sleradzki (The Johns Hopkins University, USA): In your decohesion derivation should be reformulated to reflect the three-di-

talk you mentioned that fracture mechanics may not be useful with mensional character of hydrogen effects on microstructural weak
regard to defining mechanical parameters important to the hydrogen links (high local hydrogen, strain incompatibility) throughout the
embrittlement problem, owing to nonlinear crack-tip processes. Our process zone. The statistics for this analysis have been largely
recent molecular dynamic results [Sieradzki, Dienes, Paskin, and worked out by Lin, Evans, and Ritchie- [J. Mech. Phys. Solids
Massoumzadeh, Acta Metall 36(1988). p. 651] do not support your 34(1986). p. 477] and support the idea of hydrostatic and opening
statement The results for our nonlinear elastic material indicate that stresses over a critical microstructural distance.
linear elastic fracture mechanics (LEFM) solutions are approached R.A. Orianl: I would welcome a reformation of the decohesion
within several atomic units from the crack tip. Additionally, LEFM model to incorporate the effects of microstructural features that are
descriptions of the energy balance during fracture are in excellent not only mechanically weak, but also are the loci of high hydrogen
agreement with our molecular dynamic results. concentrations.

R.A. Orlani: My understanding of fracture mechanics is that T. Murata (Nippon Steel Corporation, Japan): In practical
details such as the stress at the tip of a dislocation pile-up or the high-strength steels, it is typical to have intergranular hydrogen
stress existing within a few angstroms of an atomically sharp crack embrittlement in proportion to the steel's strength level. How can we
are not calculable by that approach However, if recent developments explain the competitive cracking between quasicleavage-type crack-
of which I am not aware have enabled fracture mechanics to quantify ing and intergranular cracking?
such situations, I stand hinnily corrected. R.A. Oriani: I am sorry to say that I have not thought about the

K. Sleradzki: I believe that the effects you discuss can only be correlation to which you allude, and that I cannot make any useful

important if the hydrogen embrittlement mechanism operates within comments at this time.

this nonlinear "core" reion. R.E. Ricker (National Institute of Standards and Technol-
ogy, USA): In the discussion section of his 1972 paper, Beachem

R.P. Gangloff (University of Virginia, USA): Given the limited [Metall. Trans. 3(1972): p. 437] pointed out that both his model and
experimental confirmations of decohesion, I suggest two areas for the decohesion model depend on the weakening of the interatomic
future research. We have previously discussed the importance of bonding forces by hydrogen. The key difference between the models
obtaining threshold local stress (or stress intensity) as a function of is in how this effect is manifested. That is, whether or not fracture
embrittler activity for solid or liquid metal systems. Here, the surface results from alternate slip or cleavage. Can we make this distinction
location of crack formation is reasonable and in contrast to the unambiguously and, if so, how?
uncertain location of hydrogen-induced decohesion within a crack-tip R.A. Orlani: Your question echoes one of the points of my
process zone. I presume from your comments that such data have presentation, that a most important task for the future is to determine
not been reported to date. in specific cases the degree to which the two manifestations of bond

R.A. Orlanl: I agree with the idea that curves of embrittler weakening, alternate slip, and cleavage contribute to cracking. I have
thermodynamic activity vs threshold stress intensity for liquid metal mentioned the work of Vehoff and Rothe as an example that was
embrittlement (LME) should be experimentally determined. This is in successful in demonstrating hydrogen-induced cleavage. I suspect
fact the suggestion I made at the Firminy Conference and that I that a fruitful approach may be through a controlled mixing of
repeated earlier this week in a comment following Stoloff's paper. To crack.opening modes.
my knowledge, such data for LME are nonexistent.

I
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Stress Corrosion Cracking and Corrosion Fatigue
of Martensitic, Ferritic, and Ferritic-Austenitic (Duplex)

Stainless Steels
H. Spaehn*

Abstract
The stress corrosion cracking (SCC) and the corrosion fatigue (CF) of martensitic, ferritic, and
ferritic-austenitic (duplex) stainless steels (SSs) are reviewed with emphasis on the influence of
technologically important parameters such as alloy chemistry, heat treatment, strength level, and
passivating properties of the environment.
The SCC susceptibility of martensitic SSs is related to a continuous chromium-depleted concentration
profile around the prior austenite grain boundaries, full SCC resistance is regained by the industrially
applied tempering temperatures that will level this gradient by overlapping diffusion fields from the
coarsening effects of Mo23C6 precipitates in the prior austenite and martensitic interlath grain
boundaries. The modern nickel martensitic SSs appear to follow a slip-step emergencelrepassivation
mechanism in anodic SCC. The cathodic mechanism seems to be complicated in sour gas
environments where a pile-up of hydrogen at the martensite/retained austenite interphases and an
interaction of hydrogen atoms with dislocations generated by the incompatible deformation of the two
phases will lead to transgranular SCC at elevated strains in the double-tempered heat-treatment
condition. These steels are more susceptible in the single-tempered condition; they fail in an
intergranular mode that requires a shorter path and smaller fracture .iergy per unit crack extension.
Straight Fe-Cr low interstitial ferritic SSs are immune to anodic chloride SCC if properly annealed. SCC
initiation results from slip-step evolution by which film rupture and the formation of trenches is induced,
thus starting an occluded cell mechanism.
Ferritic-austenitic SSs have found considerable application since 1973. Their SCC mechanism is
closely coupled to an interplay of mechanical and electrochemical phenomena. Ferrite depassivation is
determined by mechanical twinning at high strains and by glide processes in the austenite, the latter
being calhodically protected by the ferrite. Therefore, in anodic SCC, crack propagation takes place in
the ferritic phase at much higher threshold stresses than in austenitic SSs. Cathodic SCC of these steels
appears to follow a chloride-induced mechanism in H2S.containing solutions.
In CF, these SSs show essentially the same characteristic features. It can be classified in four modes.
Mode I. CF in the active state,
Mode 11 CF in the stable passive state,
Mode Ill. CF under metastable passivity and endogenous activation, and
Mode IV. CF under metastable passivity and exogenous activation.

CF cannot occur under passive conditions if, under external cyclic loading, the plastic work becomes
zero per cycle and per volume element as the most stringent condition, or if, in the course of cyclic
deformation, any manifestation of plastic deformation at the surface (slip lines or bands, extrusions,
intrusions) will be unable to penetrate the passive layer. Achieving the highest strength in Mode II CF
requires a minimum passivation current density and the smallest difference between the air fatigue limit
and the limiting stress at which critical dislocation-induced surface plasticity accrues.
Three steps can be discerned by an electrochemical transient measuring technique in Mode II CF of all
SSs under potentiostatic conditions in rotating bending:
(1) Small stochastic current transients caused by the response of the passive layer to the alternating

stress in an incubation period-
(2) Small sinusoidal current signals with a constant phase angle with respect to the spatially fixed plane

of maximum bending moment; they determine the future position of a CF crack and are caused by
emerging slip steps (initiation period); and

'BASF Aktlengesellschaft, Technische EntwicklungfWerkstofftechnik,
D-6700 Ludwigshafen, Federal Republic of Germany.
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(3) Steadily growing signals resulting from continuous repassivation processes at the crack tip (crack
growth period).

By means of this technique, under potentiostatic conditions, the first interactions between cyclic slip
processes and environment can be detected that establish crack initiation on a submicroscopic scale,
determine the position of future cracks, and allow a differentiation between growing and dormant
incipient cracks.

Introduction compressive stresses will not produce CF cracks. In contrast to SCC,
Because of their corrosion resistance, steels of this kind are widely there are no other specific prerequisites. Thus, CF may occur under
used in different process industries such as chemical and petrochem- extremely low-cycle fatigue conditions on the one hand, and in the
ical industries, food processing, pulp and paper, gas and oil ultrasonic frequency range on the other. The load may be sinusoidal
industries, steam generation, fossile, hydroelectric and nuclear or stochastic and the corrosion system active or passive.'
power generation, etc. SCC is of concern to these industries and can
be considered from different points of view. It is a process of highly
localized (electrochemical) events that may produce losses in Scope of Review
production, products, and equipment. The same holds true for The following text will deal with the SCC behavior of martensitic
corrosion fatigue (CF) Both of these types of environment-induced steels, including precipitation hardening and maraging SSs and also
cracking also may pose certain hazards. For this reason, much work ferritic and ferritic-austenitic SSs ("duplex steels"), with some para-
has been done in this area both for this class of SSs and the graphs on the newer nickel martensitic SSs ("soft" martensitic SSs).
austenitic SSs to be dealt with in the subsequent contribution. SCC Since the metallurgical and other features of these classes of steels
and CF can bn regarded as electrochemically governed processes have been comprehensively covered elsewhere, 2.3 they will not be
leading to an evtremely localized form of corrosion. In fact, the finest dealt with in this context. The CF behavior in these alloy environment
cracks ever observed are those caused by CF in environments that systems can be unambiguously classified in four modes," allowing
put the steels in question into a state of stable passivity. Many factors each to be reviewed in the same format. The alloys in question differ
exert an influence on both initiation and crack propagation under somewhat in their SCC behavior, and they will therefore be treated
SCC and CF conditions, among them microstructure, alloy chemistry, one after the other, distinguishing between anodic and cathodic SCC
nonmetallic inclusions, electrochemical conditions (like thickness where it is pertinent or has been investigated.
and stability of passive films), sensitization, and, of course, mechan- Emphasis will be put on experimental findings and those
ical loading conditions. From the fracture mechanics point of view, mechanistic aspects that are of relevance to engineering applica-
SCC and CF are specific sorts of subcritical crack growth leading to tions.
growth rates between 10-10 and 10-4 m/s in the former case, and a
wide range of crack extension rates per cycle in the latter. SCC may
be transgranular or intergranular, whereas in CF the transgranular SCC of Martensitic SSs
mode prevails. The decisive electrochemical partial reaction in the Because of their high yield strengths (YSs), this class of SSs
corrosion process of CF is in most cases anodic. Many SCC systems finds wide application for highly stressed components. It comprises
are also anodic in nature ("active path mechanism"). However, there the straight 12% Cr steels from which the so-called Super 12% Cr
are many instances where the cathodic partial reaction in SCC is steels evolved, and a second group based on 17% Cr that has found
responsible for cracking; hardenable SSs, like martensitic SSs, are application in the machine-building industry for shafts, axles, pump
especially prone to cracking. This species of SCC may be termed parts, and valves. A specific domain of the 13Cr SSs are turbine
"cathodic SCC" because of the decisive role played by the cathodic running blades. Their spectrum of properties comprises the ability to
partial reaction. Synonyms are "hydrogen embrittlement," "sulfide be heat treated in large sections (which may be even larger for the
stress cracking," "sulfide SCC," and "hydrogen-induced cracking," Super 12Cr SSs), a high damping capacity (essential for turbine
among others. blades), good resistance against ihermal shock, fatigue, and hot,

For both anodic and cathodic SCC, three conditions must be pressurized molecular hydrogen.
fulfilled in a SS/environment system to produce SCC:

(1) The steel must be susceptible to SCC, which can be, among
other things, a question of its microstructure, hardness, or alloy Anodic SCC of martensitic SSs
chemistry Favoring anodic SCC are, for instance, an austenitic Their SCC resistance is, in certain media, limited. For a type 410
microstructure, nickel contents (though small) in ferritic SSs, or, in (UNS S41000) SS in boiling 70% NaOH solution, it has been shown s

chloride-induced SCC, segregations of Cr or Mo that lower the pitting that intergranular SCC will be produced in all heat-treatment states
resistance locally Cathodic SCC is. among other factors, favored by (as-received, annealed, quenched, tempered) and the YSs involved,
high second-order residual stresses, produced in hardenable SSs in Cracking occurred at stress levels from 10 to 100% of the yield stress,
the heat-affected zone (HAZ) of weld seams when certain precau- and time-to-failure increased under both cathodic and anodic polar-
tions are not taken. ization except for thq quenched and tempered condition, where there

(2) The environment must lead to some sort of corrosion was no increase under anodic polarization. The shortest time-to-
causing anodic dissolution to induce an active path mechanism or failure was observed for quenched and tempered material. Since
hydrogen-ion discharge causing cathodic SCC especially in the SCC occurred at -300 mV with respect to the corrosion potential, a
presence of substances suppressing the recombination of H to value that lies in the immunity region of the Pourbaix diagram,
molecular 112 The anodic dissolution process must be localized. For hydrogen embrittlement evidently contributes to the cracking pro-
this reason, a local breakdown of passivity is a specific feature of cess.
anodic SCC systems. By the same token, halides (except fluorides) This class of steels is susceptible to SCC in aqueous chloride
play a major role in such systems because they are able to produce solutions, too.8 It has been shown7 that, when heat treated to a
point defects in the passive layer. strength level of 1380 MPa, these steels are susceptible in marine

(3) There must be sufficiently high tensile stresses resulting and semi-industrial atmospheres, the minimum stress for SCC being
from external loading and/or internal tensile stresses. about 1200 MPa. In NaCI and NH4CI, the latter being more

CF differs in several respects from SCC. It is, of course, bound aggressive, these steels have been found to undergo SCC at YS
to the presence of tensile stresses in the load spectrum; purely levels between 175 and 600 MPa. Cathodic polarization decelerates

SCC in NaCI solutions and accelerates it in NH4CI solutions, whereas
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anodic polarization accelerates it in all chloride solutions. Cathodic An important result"6 is presented in Figure 2. Quenched,
polarization inhibits SCC in NaCl (pH 5.1), in which it is completely untempered martensite exhibits much faster crack growth rates and
prevented at pH 6.2. a definitely lower Kiscc than the tempered material in a concentrated

An influence of cations on SCC has been reported in other NaCl solution (22%). It can be expected that the industrially preferred
systems, for instance, in nitrate solutions, where NH4 is more tempering range between 700 and 750'C will improve the SCC
aggressive than Ca(NO) 2 or Na(NO3).8-" Figure 1 represents resistance even more. This becomes evident " from long-time
schematically the effect of anodic and cathodic polarizations 6 on the constant-load tests (Figure 3) wth industrially heat-treated 13Cr- and
time-to-failure in chloride solutions, from top to bottom. NaC, pH 6.2, 17Cr-2Ni martensitic SSs, Figure 3 points out a factual situation that
NaCl, pH 5 1, NH4CI, pH 5.1. The active path mechanism for NaCl will be dealt with later, i.e., the SCC immunity of low, interstitial ferritic
had been noticed earlier.'2 The NH4CI results are in agreement with steels in concentrated chloride solutions. It clearly exhibits a pro-
older work, too, where hydrogen embrittlement had been demon- nounced threshold stress for the 13Cr SS in 35% MgCI2 (125.5 C).
strated as the underlying mechanism for SCC.' 3 Figure 1 demon- At the same time, the negative influence of nickel additions is
strates that anodic polarization accelerates SCC in all chloride displayed in Figure 3 showing the lowering of the SCC threshold
solutions, a change in pH having only a moderate effect, stress.

SCC-Curves for 13 Cr-Steel (0 & T) SCC Growth Rate of Martensitic SS
42 10- 1 1 1
E sccotsta s~o stW4310ovw

.5 WS%C It 166% N%0o20%CNaCl, pH6.2 (boiling) < 1o-
aerated 22% Naso,105*CActive Path . 6 qwdfxI0Woo

Mechanism to.  qced.IooDT/od

cc aWWW3h650-C

-~10-'

0 Anodic

NaCl, pH5.1 (boiling) T 10
0

Active Path c
Mechanism .2 10-

0

0 10"10
0)

10-11,10"
NH4Cl, pH 5.1 (boiling) 0 0 2
Active Path and 0 10 20 3 40 50 60
Hydrogen Embrittlement Stress Intensity K in MN m-'/#
Mechanism FIGURE 2-Influence of heat-treatment conditions on the sub-

critical stress corrosion growth rate of a nickel-bearing SS as a
Cathodic 0 function of stress Intensity. In the as-quenched condition, the

steel shows much faster crack growth rates. (Reprinted withFIGURE 1-Active path and hydrogen embrittlement mecha- permission.1)
nisms In SCC systems (quenched and tempered 13Cr SS).
Response of time-to-failure (t) to anodic and cathodic polariza- SCC Resistance of Martensitic SS
tion, respectively. (Reprinted with permission.6) 3-%M- 2s5-Cl10000

In more recent work, 4 SCC of such steels at high YS levels has
been explained by a hydrogen embrittlement process at potentials
more noble than the open-circuit potential: By hydrolysis of anodic A Ih, I
dissolution products, the necessary conditions for hydrogen uptake
by the alloy may be fulfilled. 1000

The SCC behavior of quenched and tempered 12Cr SS has -
been investigated in other solutions, too. To recognize the effect of -
substituting Na by NH. , boiling solutions of 10% NaaS4, 10% "t . SS -2SO41 10 100 -A" 1 t-.martemrtcSS
(NH,) 2S04, 3% NaCI, 3% NH,Cl, 70 % NaOH, and 60% Na2S were - - _ -

used, respectively. A 410 SS, after solution heat treatment and air
cooling, was tempered at about 6000C. Under such conditions, this \
steel is extremely sensitive to SCC in the above solutions and will fail -_

at all stress levels between 10 and 100% of its yield stress. Again, £ 10 --

with the exception of NHAICl, SCC is accelerated under anodic and E-
decelerated under cathodic polarization.'s In NH4CI, an active path --.

and hydrogen embrittlement mechanism is operative as shown in
Figure 1. 1

Early work indicated13 that an optimum corrosion resistance will
be obtained by simply quenching such steels from the austenite
region, a heat treatment that is not applicable in practice because of
the low toughness values obtained. Tempering leads to carbide 0.1 - -

precipitations at grain boundaries in martensitic SSs producing an 0 200 400 600 800 1000
almost continuing network of grain-boundary precipitations just Tensile Stress in MPa
above 500°C and a susceptibility to intergranular corrosion. In fact, FIGURE 3-Long-time constant-load tests demonstrating a
SCC under the conditions described has been shown to be distinct SCC threshold stress In the case of a straight 13Cr
intergranu lar.' 5  

martensitic SS as opposed to a nickel-bearing SS.17
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The maximum effect of tempering on the growth rate of stress revealec that the crack path followed the HAZ, which showed high
corrosion cracks is associated with the 4750C embrittlement. At hardness values above 310 HV. Cracking was clearly hydrogen
higher tempering temperatures, up to 5500C, the crack growth rate is induced and resulted from condensing moisture on the outer tube
progressively reduced. It is interesting that, in fracture mechanics surface during the time the start-up heater was not operated
double-cantilever beam specimens, SCC occurs18 with a velocity of (practically none of the time). The coil was thus mostly below the dew
> 10-

4 mis in distilled water at 4751C tempering temperature (K point, so condensation of water (on the outer wall) and ammonia (on
about 50 MPa \/m). the inner wall, but of no importance to the failure) could not be

The striking fact that tempered martensitic Cr SSs can undergo prevented. The mechanism of such failures is straightforward and
intergranular SCC in sulfate solutions has been investigated for a well known from hydrogen-induced cracking phenomena in !ow-alloy
tempered type 403 (UNS 340300) SS in 0.01 M Na 2SO 4 solution, steels.
Above some critical anodic potential at temperatures of 75 and
100C, but not at 50 and 250C, the steel suffers from SCC. Whereas SCC Boundaries for a 12% CrMoV
the sulfur in the passive film increases with decreasing solution pH Martensitic SS
and is only weakly dependent upon temperature, the SCC suscep- Austen*tzabon:1373K(II00*C
tibility trend is in the opposite direction. Sulfur contaminations from \ Medium.01 M NaOH + 0.1 M NaC1
the solution thus cannot be the prime cause of localized attack. It 4 point bending
could be demonstrated19 that a corrosion attack starts at the 35irn Stress:09 xRoo

boundaries between nonmetallic inclusions of MnS and Cr carbide, 0 400. 7onm Sst
respectively, and the passivated metal that leads to the formation of Suscept-.Ie
pits acting as sites for crack nucleation. X

The foregoing findings and many others20 24 have revealed a lllV
clearly that martensitic SSs may be susceptible to intergranular SCC
depending on environment and temperirg temperatures. This sus- Non.susceptible
ceptibility must be related to the development of nonequilibrium
solute concentration profiles at the grain boundaries. They result
from heterogeneous, intergranular precipitation reactions.2 529

Solute concentration profiles, usually much less than 1 Rm in 700 600 900 100
extent, have been investigated by means of scanning transmission Tempering Temperature in K
electron microscopy iTEM) in combination with energy dispersive FIGURE 4-SOC boundaries as determined from different Cr
x-ray analysis."' Figure 4 shows instructive plots of hardness levels concentration profile widths. (Reprinted with permission 30)

defining the boundary for intergranular SCC as a function of
tempering temperature. The different curves correspond to different
assumed values for critical diffusion-controlled chromium concentra-
tion profile widths of 35, 70, and 100 nm, respectively. These results
refer to a Super 12% Cr-Mo-V martensitic SS and 0.01 M NaOH 4

0.1 M NaCl solution (boiling). It has been demonstrated by the
aforementioned technique that susceptibility is related to the exist-
ence of a continuous chromium-depleted concentration profile around
the prior austenite grain boundaries Destroying this profile by
overlapping diffusion fields from the coarsening effects of M 3C Sf'Al

precipitates in the prior austenite and martensitic interlath grain pump with 12 impeller sows
boundaries removes the susceptibility 3 to intergranular SCC This is gAbL 13C r stainess steel
equivalent, fo. this SCC system, to lowering its hardness by AISi type 10' tXISCr3 1t.02,.1
tempering at 1000 K to a level of less than 280 HV 10 for all three M Soot woter, saturated with HS, Containing - -solid pa)rticles bf soat-
concentration widths. It should be emphasized, however, that the Tempetsoiu 1 o c s.1o
same criterion may not be applied to other systems The permissible - 2

maximum hardness depends on the type of martensitic SS and, CthodicHydrogen Embrittlement of a Pump ShaftJ'1 w

above all, the environment, In boiler feedwater, condensing steam, or
boiler water, hardness levels up to 350 HV are deemed safe. In other FIGURE 5-Cathodic hydrogen embrittlement of a pump shaft.
environments, the maximum allowable hardness level may be
different.

3'

Cathodic (sulfide) SCC of martensitic SSs .,"
Cathodic SCC of martensitic SSs is a problem of technical

importance. Figure 5 shows an example taken from an H2S-
containing soot water circuit. This failure resulted from the vendor
using a type 410 SS tempered at too low a temperature, resulting in
a hardness above 350 HV 10. A second example is illustrated in
Figure 6; this figure shows a failed tube segment of a start-up heater
coil with a fracture at the weld seam (left) and the fracture surface.3 m

The material is a Super 12% Cr SS [German designation X 20 CrMoV
12 1. comparable to type 422 (UNS S42200), without tungsten]. In tube segments with fracture at the fracture surlace, part I

normal operation of the plant, the start-up heater was not fired but weld seam
had the same pressure as the synthesis loop because there was only
a gate valve upstream. This gate valve was slightly opened to avoid
ammonia condensation in the coil from the downstream side. During Stort-Up Heater Coil of Q&T X 20CrMoV 12 I-Steel
the first year of operating the plant, the start-up heater had been fired FIGURE 6-Cathodic SOC of a start-up ammonia heater coil.
for lust about 1000 h in total when the failure occurred. A metallo- (Reprinted with permission.3 1 ) 12Cr SS similar to type 422 (UNS
graphic cross section through the crack initiation point (Figure 7) S42200) (X 20 CrMoV 12 1).
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can, however, be controlled in such a way, that there is practically no
ferrite present. The carbides to be expected at low temperatures are
of type M23C6. These steels are usually air hardened and tempered
or solution annealed.

The development of this modern type of steels, their production,

mechanical properties, corrosion resistance, and application have

been described in great detail elsewhere

-Ternary Diagram FeCrC for 17% Cr

motc:logrophic crossosection !ment Cr =17

through crack initiation point 2 -.

crack path in the HAZ Intergranuiar fracture
1400?--

Start-uip Heater Cail of Q&T X 20crMovl12I-Steel EWJIO3 o+S- I -EIW-FIGURE 7-Metallographic cross section of coil (Figure 6).3 1

1200

It is of paramount importance to avoid undue hardening by Y + a+1
inappropriate welding procedures, Three working techniques avoid-
ing this have been developed for the martensitic SSs in question: E l,,/

(1) Austenitic welding by applying a preheat that keeps the temper-
ature during welding at about 400°C; 800

(2) Martensitic welding with a preheat between 100 and 250C;
(3) Partial martensitic welding keeping the temperature between

250 and 4000C. 600
0 0 2 0.4 0.6 0.8 1.0

In any case, the temperature of a welded component must be Carbon Content in Weight-%

lowered to 80 to 1000C after welding to ensure the formation of

martenste, wh0 16 mandatory foi gain ng the necessary toughnebs FIGURE 8-Phase diagram helping to illustrate the solidification
by a tempering treatment at about 750C. Lowering the temperature of low-carbon nickel martensitic SSs. 35

to ambient will inevitably cause cathodic SCC as soon as conden-
sation has set in, because the martensitic microstructure of such SSs Anodic SCC of nickel martensitic SSs
is extremely sensitive to it, so tempering should immediately follow The anodic SCC behavior of the 160i-5Ni-1Mo martensitic SSs
after cooling down to 80 to 100C. in boiling 35% MgCl 2 solution is compared to a 13Cr and 17Cr-2Ni

martensitic SS and a standard 8Cr-O0Ni austenitic SS in Figure 9.
The constant extension rate tests'7 reveal that the normal heat

Low-Carbon Nickel Martensitic SSs treatment for this steel is yielding better results than a heat treatment,

Martensitic steels with about 0.05% C, 12 to 17% Cr, and 3 to increasing its tensile strength, The 13Cr martensitic SS is remarkably

6% Ni have several interesting properties: resistant to anodic SCC. By way of comparison, the SCC resistance
of the standard austenitic SS is very low and, according to this test,

(1) High YSs (Rp 0 = 450 - 1200 N/mm2); so Is that of the 18Cr-ONi (austenitic) SS. The negative effect of a
(2) Hardenability in heavy sections up to 250 mm; deviation from the standardized heat treatment of 16Cr-5Ni-iMo
(3) High toughness even in very high sections; martensitic SSs aiming at higher strength levels also comes out
(4) Weldability; clearly in constant-load tests, evidencing"7 a difference in threshold
(5) High resistance against cavitation, erosion; and stresses of about 80 MPa (Figure 10).
(6) Corrosion resistance under passive conditions, low corrosion

rate in the active state. CERT: Ni-Martensitic vs Martensitic SS
They have been developed during the last 20 years based on 6 Cc-$.5 M4 Mo-f.sj.arenstc SS

the 13Cr steels, the main targets being lloe ,e e srerj2 C

(1) To lower the carbon content to Increase ductility and weldability; 1000 t '-,
(2) To compensate the lower carbon contents by higher Ni contents A, 17.2 v., $ -C1.2- - -

to avoid 6-ferrite; 800 A -mC.Manetnc SS .-
(3) To choose Cr and Me contents depending on the desired a iCo.A,.ecSS

corrosion resistance; steels with 13Cr are close to the border of -
passivity. The 16Cr types with 1 Me offer higher corrosion 600 --0
resistance (pitting and crevice corrosion resistance); and I--

(4) To add Cu for precipitation hardening and Nb to obtain line-
grained microstructures showing high YS.

7
Their metallurgical principles have been described in several review -
articles.3 -34 200

The section through the ternary diagram Fe-Cr-C for 1706 Cr05

shows (Figure 8) that most of the alloys of this type solidify in the form 0

of 8-ferrite. Upon further cooling, ferrite is more or less completely 1011 10 .8 10-  t0"  10"- 10"1
transformed in solid solution into austenite. In practice, the unwanted Extension Rate in s-
-onstituent L ferrite may be present in 13Cr 4N;. 16Cr 6N, and FIGURE 9-Constant extension rate tests comparing low-carbon
17Cr 4N alluys. It will, amung the effle.ts, uwei Ih. fatigue bitergth nickel martensltic SS, martensitlc SS, and austenltlc SS in
and the corrosion resistance. The composition of type I6Cr-5Ni-1 Me concentrated chloride solution.'
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SCC Resistance of 16 Cr-5 Ni-1 Mo-("soff') may thus be triggering anodic SCC. This becomes more critical the
higher the H2S concentration. Figure 12 shows a pertinent failure.Martensilic SS This bolt had been given a hardness of 42 HRC (410 HV) by

35%MgCi(1255'C) precipitation hardening, so that cathodic (sulfide) SCC was initiated
10000C- _______________ in an aggressive chloride-containing sour gas environment (52%

.... I HaS, 6.5% C02, 700C) in which crack propagation proceeded
* 16 C1-5 Ni- Mo.soltae+ f SS intergranularly.

fh hiesie stro)
o 16 Cr-5 Ni- bsot})-Martems~tc SS

-00o 1 .,-, __ SCC, Hardness and Yield Strength

a. *410 R// 2/ R,
..c o13-1 / /

c 500 013-4 /0 0 // '/RDp._-1-- -- --

100 u13-
C)~'V Do -- 0 15-5 PH o

400 - ' 17-4 PH
ILL 0 A // M A R

e------------ -. c - 0/ ,o "a

< 0 "t0

to 100 0 0E rk U)

10010 20 30 40 500 700 900

0.1 --- -- - - Hardness HRC 0.2%-Offset Yield Strength R+,
10 200 430 640 80 700 90

0 2 FIGURE 11-Cathodic SCC (sulfide stress cracking); comparl-
Tensile Stress in MPa son of martensitic, nickel martensitlc, and precipitation-hard-

FIGURE 10-Influence of heat treatment (strength level) on the enlng steels, according to NACE Standard TM0177-86. 38 (Re-
SCC resistance of a nickel martensitic SS.17 printed with permission.37)

Cathodic SCC of nickel martensitic SSs BASF
As low nickel martensitic Cr-Ni(Mo) SSs find application in

various industries because of their excellent mechanical properties, Hydrogen Induced Stress Corrosion Cracking
e,g., in petrochemistry and in the oil and gas industries, H2S in
chloride-containing environments may trigger cathodic SCC (sulfide
stress cracking, hydrogen embrittlement). NACE has therefore
established a standard for testing steels under aggravated Setbold of a blower

conditions 3 Figure 11, left-hand side, :epresents37 the stresses of Tea"tah 7KH,5SCO
various low-carbon nickel martensitic SSs as a function of their 6,"/4.3%1V

hardness and in comparison to a straight type 410 steel under 3d541f,42RC
NACE's test conditions. Results show that under such stringent 1O 2
testing conditions, no correlation between alloy chemistry, hardness
level, and sustained stresses can be recognized. The chart on the
right side gives the results on the basis of the 0.2% yield stresses,
again, with no appreciable correlation except for the fact that, under
cathodic SCC conditions, fracture at small fractions of R is possible.
Many influencing factors like hardening temperature, cooling rate,
and tempering conditions remain to be studied in detail. On the other
hand, there is some information on the influence of strength, .7
hardness and YS on the resistance against cathodic SCC of many J
nickel martensitic grades " The general rule derived from field . .. . -

experience with low-alloy martensitic steels seems to hold true for the
stainless grades, too: The lowest possible hardness will, in general, FIGURE 12-Case history: sulfide stress cracking of a setbolt of
yield a relatively good performance. a blower In an aggressive sour gas environment.

Since the use of 13Cr-4Ni(Mo) SS at times involves applications Another example of the complicated interplay of parameters is
where exposure to hot chlorides is required, the possible occurrence that of double-temper treatment. It will increase the resistance to
of anodic SCC must be considered. It has been shown"8 that cathodic sulfide stress cracking via a change in the fracture mode
tempered 13Cr martensiltic alloys of CA.6NM composition are subject from intergranular to transgranular quasicleavage cracking. How-
to SCC in mildly acidic or near-neutral solutions of boiling 25% NaCI ever, double tempering impairs the resistance to pitting and thus to
after prolonged exposure. The effect of variation in tempering chloride SCC.49 The improvement in cathodic bCC resistance by
temperature appeared to have little effect on the resistance to double temper Is caused by a reduction in hardness of the martensite
cracking. Increasing the molybdenum content to 1.5% produced a and an increase in the volume of retained austenite plus a change in
substantial increase in resistance to anodic SCO. In fact, Figure 9 fracture mode. Because of its face-centered lattice, the solubility of
demonstrated a high resistance of 16Cr-5Ni-1 Mo martensitic SS, and hydrogen in retained austenite is greater than in the matrix, whereas
Figure 10 manifested the existence of a threshold stress under the diffusion coefficient is much smaller. This will lead to a pile-up of
extreme conditions of chloride-induced anodic SCC, 7 In applying hydrogen at the martensitelretained austenite interfaces and an
these laboratory results, it must not be overlooked that comparatively interaction of hydrogen atoms with dislocations generated in them on
small partial pressures of H2S will reduce40 the pitting resistance and account of the incompatible deformation of the two phases, thereby
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leading to transgranular cracking of double-tempered SSs at ele- Anodic SCC
vated strains. As opposed to this, single-tempered SSs failed by an Low-interstitial ferritic Cr-Mo or Cr-Ni-Mo SSs have been
intergranular cracking mode requiring a shorter path and perhaps engineered to resist anodic (chloride) SCC. Because of their afore-
smaller fracture energy per unit crack extension., 0 This appears to mentioned thickness limitation (at present, up to a maximum of 12
explain the inferior resistance of 13Cr-4Ni-Mo SSs in the single- mm), no application in sour gas or other environments producing
temper heat treatment as opposed to the double temper, where the cathodic SCC seems to have been taken into consideration.
intergranular mode changes to transgranular quasicleavage crack- The resistance of such steels against chloride-induced SCC is
ing, resulting in a significant increase in the total fracture energy.5'  remarkable, so they are used in heat exchangers. Even the straight

18Cr-2Mo ferritic SSs behave excellently in river water adjusted to an
artificially high chloride content of 400 ppm (Table 1).64

Maraging Steels Crack initiation In chloride environments. Higher-alloyed,
The stress corrosion and hydrogen embrittlement behavior of high-purity, low interstitial Cr-Mo SSs are, if in the proper mill-

maraging steels has been extensively treated in a previous publica- annealed condition, immune to chloride SCC even in high chloride
tion 5' For this reason and because corrosion-resistant steels of this concentrations and at high temperatures under open-circuit
class are of limited use, this topic will not be dealt with in this review, conditions.55 They may, however, become susceptible when their

open-circuit potential is displaced in the active direction, which may
Low Interstitial Ferritic SSs happen under the following conditions:55 (1) high-temperature an-

The development of modern metallurgical processes has made nealing, and (2) high applied stress (in ,oiiing 42% LiCI + thiourea,
it possible to economically produce SSs with extra-low carbon e.g., at stress values of 90% YS).
contents of about 0.07% on a large scale. Figure 13 represents this Ferritic SSs are very resistant to pitting corrosion. Initiation of
development and shows the impact of secondary metallurgical SCC, therefore, depends on the evolution of slip steps that induce
processes like argon-oxygen decarburization (AOD) or vacuum- film rupture that will provide for the corrosion sites initiating cracking
oxygen decarburization. It is further possible to obtain low-nitrogen as soon as they have attained a critical size and geometry for starting
concentrations because of the intensive refining reaction and to an occluded cell mechanism. This induction period is characterized
adjust them by modern rapid analytical methods via the gas phase.5 2  by transient creep processes (slip-step production), their rate de-
One can make use of this by alloying steels with nitrogen or, for creasing towards the end of the induction period and by the current
ferritic steels, by guaranteeing extremely low nitrogen contents. The measured under potentiostatic control. The causes of this anodic
latter is important to overcome cold brittleness (high-impact transition current have been identified; transient creep produces an environ-
temperature) by either a very low concentration of carbon and mental attack where slip steps emerge, thereby forming distinct
nitrogen (C + N < 100 ppm) or by a sufficiently low concentration of corrosion trenches.55 Figure 14 shows the open-circuit potential
these elements (C + N < 400 ppm) in the presence of stabilizing response for the ferritic low interstitial 26Cr-iMo SS, that is, in the
elements (Nb, Ti). These conditions must also be met to guarantee as-received (mill-annealed) conditions, insensitive to SCC but un-
resistance to intergranular corrosion. The wall thickness of steels in dergoes SCC when heat treated (grain coarsened at 1050'C/30 min
the 400 ppm interstitial range nevertheless must not exceed certain in air, followed by a water quench), or 5% prestrained. The total
limits. For one of the most important applications, heat-exchanger repassivation rates for the latter two conditions are slower than for the
tubes, a wall thickness of 3 mm (0.12 in.) will seldom be exceeded immune mill-annealed state. It could be demonstrated that both the
anyway, and for this thickness (and up to about 12 mm), the logarithmic creep rates and the slip-step heights of low interstitial and
(stabilized) 400 ppm level is adequate. Because of the extremely low higher interstitial 26Cr-1Mo SS are the same (Table 2). From this, it
solubility of the ferritic lattice for carbon and nitrogen at temperatures follows that the decisive difference is in the inherent corrosion and
below 1000'C (18301F) and the high diffusion rates of these repassivation rates. The 26Cr-i Mo steel of lesser purity is bound to
elements, chromium-rich M23C6 carbides and nitrides can be formed develop critical localized occlusion, thereby initiating cracks.
on grain boundaries. The adjacent regions may thus become
chromium depleted, causing a sensitization against intergranular Ferritic SS: Potential Response During SCC
corrosion This demands the same metallurgical measures as before, Steel: 26 Cr-1 Mo SS
i.e., lowering the concentration of interstitials andlor stabilization by Medium: 42% LiCI + Thiourea
Ti (e.g., Ti > 0.20 + 4 IC + N]) or Nb.53 Applied Stress: 0.9 x YS

Stress Applied A. Mill-annealed
S-250

Technologically Adjustable Carbon Contents of __ B, Heat Treated
High Alloy Chromium- and Chromium-Nickel- .290

Stainless Steels - C. 5% Prestrained
__________________________________ .- 330 -

I Elec*cFumace + iE ;mtnFurace+ -
Electic Fuinace ISeconday Motalturgy o -370

.0Oxygen Lane AODNOD -
..07F F

C ------
'Z .03- 0 10 20 30 40

4 II Time in min- I FIGURE 14-Open-circuit potential response of a low Interstitial0 % I ferritlc SS to different pretreatments.5s

,007 II"

.003 -- - -- I - '".">'> Effect of some alloying elements. The effect of various
Vacuu Meltinri' alloying elements has been studied but is not as well understood. In

ot , , , i.... <Y/ .............. concentrated MgCI2 solution, nickel' " and copper have adverse
1910 1920 1930 1940 1950 1960 1970 1980 1990 effects on SCC resistance. Although it withstood the NaCl wick test,

Year 28.5Cr-4.2Mo territic SS cracked in the MgCI2 test. On the other
hand, a combination of small amounts of Ni and Cu will not impair the

FIGURE 13-Technological development of steel-making immunity of low interstitial ferritic SSs in concentrated boiling MgCI2
processes.52  solutions (Figure 15).59 Figure 15 also illustrates the complete
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immunity of purely ferritic steels containing Ni and Cu in a wider range alloy.' For practical purposes, e.g., ior heat-exchanger tubing in the
of concentrations 60 Nickel additions (0, 0.5, 1.75, 4Ni) exert an chemical process industries, the observation that a solution passi-
influence upon the nominal tensile stress at fracture above one vation treatment leads to Cr enri,. nt is of immediate interest and
percent and at strain rates of the order of 10-6 s- 1 in the ranges of so is the result that passive films formed at 260'C are much thicker,
total strains beyond 1% Under these conditions, a decrease of the exhibit Cr enrichment, and increased pitting resistance. In accor-
fracture stress can be noticed 60 A straight 18Cr ferritic SS containing dance with findings for a ferritic, ferritic-austenitic, and austenitic SS
1 5% nickel responds to potentiostatically applied potentials in a in chloride-free sulfuric acid environments (see Figure 51), 1ee -mo-
way6 other than the high-purity, low interstitial, ferritic alloys of type lybdenum does not change the macrocharacteristics of the film
26Cr-IMo or 28Cr-2Mo In contrast to those steels (and in 42% much. Also, chloride is generally not incorporated into the film under
MgC 2 solution containing no thiourea), SCC occurs at the open- pitting conditions and has no effect on passive film characteristics.6 1

circuit potentials and at more noble potentials (Figure 16).61 In the practical p:licak,,n of these steels, Figure 18 should be
kept in mind.64 On-- warning of this constitution diagram pertains to

SCC Resistance of Ferritic Steels thermal treatments during fabrication like welding and forming, which
bear, at longer times in the critical temperature range, the risk of
cr-phase formation accompanied by embrittlement. Another deterio-

Steels immune to SCC in wick test ration of ductility may occur in long-time service of components at

0.8 ED Steels immune i) SCC in boiling MgCl2  temperatures higher than 280'C because of the 475C embrittlement,
which is caused by the miscibility gap leading to the decomposition

C. of the Fe-Cr solid solution into the two phases indicated in Figure 18.
S0.6 18%Cr-2 Me Provided that such conditioning factors are taken into account, the

26% Cr-2 Me immunity of low interstitial Cr-Mo steels to hot chloride and caustic
0,- solutions has been proven and also that of nickel-bearing "superfer-

0.4 ritic" steels in industrially important, concentrated chloride solutions 65

0 Ferritic SS: Cr-enrichment Ratios

0 Ratio of Film Cr/Fe to/ LAlloy Cr/Fe 800C
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Ni in Weight-percent 4.0 -

FIGURE 15-SCC resistance of low-Interstitial ferritic SSs as
Influenced by copper and nickel contents.59

Ferritic SS: Potential Dependence of
SCC Resistance 3.0-

Fe - 18% Cr- 1.5% Ni .

42% MgCI2 Solution, 143*C
.5 1000- -'E

"0 2.04 .. . .. 1-

=Pure 0.2% 5.5% Pure 0.2% 5.5%
U. H2O NaCl NaCl H20 NaCl NaCl

FIGURE 17-Auger electron spectroscopy results showing the
T. 1-" ratio of Cr cations to Iron cations depending on environment

and alloy composition,.3

,--4--

-750-650 -250 Uco,,, -150 Ferritic-Austenitic SSs
Potentiostatically Applied Potential in mV (SHE) As in the previous cases, ferritic-austenitic SSs are used in

FIGURE 16-Potential response of a nickel-bearing ferrltlc SS environments that may produce anodic or cathodic isullide) SOC.
showing a range of potentials below the open-circutt potential The Jevelopment of this class of steels wvas initiated by the chemrLnal
(U,,,,), which provides cathodic protection. (Reprinted with industry's demands for good .orrosion resi,ane anO higher strength
permission. 61) than austenitic SSs. They have, however, found wide application in

other areas, primarily in the oil and gas industry.
Research is still in progress to improve our understanding of the

reactions of these steels exposed to environments and strains. In this Anodic SCC
context, the film-induced cleavage model should be mentioned,&' Duplex SSs have found many successful chemical engineering
and also the Investigations into the properties of the passive films applications. This is in addition to their advantageous mechanical
formed on ferrific SSs in Cl- solutions.6 It could be shown by Auger properties (see Reference 75), wtich result from two facts. (1) their
electron spectroscopy that the increased resistance of the passive pitting resistance (supenor to austenitic standard grades) and (2)
films resulting from increased Cr concentrations in Fe-Cr and their high SCC threshold stresses. Figure 19 exemplifies this for three
Fe-Cr-Mo ferritic SSs can be attributed to Cr enrichment, which, in ferritic-austenitic SSs and an austenitic SS, in that the threshold
turn resulted in this case in thinner films Figure 17 elucidates this for stress of the latter is only about one-third that of the duplexes (boiling
the ratio of Cr cations to iron cations in the passive film to that in the 35% MgCI2 solution, 1250C).c
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TABLE 1
Stress Corrosion, Cracking in Rhine River Water53 54

Rhine River Water Adjusted to a Chloride
Content of 400 ppm

Material Combinations: 806C (176 0F) 100-C (210-F) 130-C (265-F)
Air (1 Bar) 02 (2 Bar) 02 (2 Bar)

Testing Time: 5 Weeks 8 Weeks 8 Weeks

1 8Cr-2Mo/1 8Cr-2Mo NC(A)/NC NC/NC NC/NC

18Cr-2Mo/type 321 NC/NC NC/SCC(B) NC/SCC

18Cr-2Mo/ NC/NC NC/NC NC/SC
1 8Cr-1ONi-2.5Mo

l8Cr-2Mo (old)/ NC/NC NC/NC NC/NC
18Cr-2Mo (old)

25Cr-25Ni-2.5Mo/ NC/NC NC/NC NC/SCC
18CriOi-2.5Mio

Type 321/type 321 NC/NC SCC/SCC SCC/SCC

WANC = no cracking.
(B)SCC =stress corrosion cracking (transgranular).

TABLE 2
Slip-Step Height Measurements (Slip-Step Height in nm)55

Low Interstitial 26Cr-I Mo Alloy High Interstitial Alloy 26-1 SAlloy (ASTMI XM-27)(A) (ASIM XM-33)(A)

Condition Mill annealed 5% Pretreatment Grain coarsened 5% Prestraifld Mill annealed 50% prestrained Grain coarsened350'C-1 h-AC

Slip-Step Height AO 2.5 210 =21 117 =12 60 = 6 44 t 5 220 t 15 124 = 12

(*)Samples were stressed at 90% of the yield strength for 1 h in silicone oil at 140'C.

Binary Fe-Cr Alloysa -,nie- and a-Phase Domains SCC Resistance of Ferritic-Austenilic Steels
900 1

magnetic 40000 1 1

800 trnsfrmaion n aAustenftSS18CO-ON
800Irasfomaton0000 a FeimeAusltic SS 18 Cr-S Ni (S)

1 -*Austensbic-FencSS2lC-SNi425Mo-l5Cu
700 - 1i\-AFiri-utnt S2- a3M N

~600 I

0i 100 A-
Q. 500- a)- 2~z

400 1 0 z'ci

Ii0 200 400 600
200 Applied Tensile Stress in MPa

Fe 20 40 60 80 Cr
Chromium in Weight-percent FIGURE 19-Constant-load SCC tests (ferritic-austenitic SSs vs

FIGURE 18-Binary constitution diagram Fe-Cr.64 austenitic SS).6
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This high resistance can be explained by the fact that the resistance, resistance against pitting, SCC, and CF. YSs between
formation of partial dislocations is necessary for twin nucleation.67 It 550 to 1100 MPa are needed for downhole tubular products,
requires conditions of low thermal activation. At the temperature wellhead components, and other designs. The lower YS level can be
indicated, twinning and SCC susceptibility, decrease, covered by some annealed duplex alloys, whereas the higher

Figure 20 reveals the existence of a cathodic protection strength range must be attained by cold working.
potential.66 It is interesting to note that the protection potentials for It has been shown that at elevated temperatures, a critical H2S
the duplex SSs and the austenitic SSs are close together despite the content exists above which cracking occurs.71 The critical partial
fact that the steels were stressed at a level corresponding to their pressure of H2S is in the 0.62 MPa (5 psi) range for stresses near the
widely differing room temperature YSs. YS as shown in Table 3.71

It is assumed, for copper-alloyed, ferritic-austenitic SS, that low The threshold stresses of newly annealed 25Cr-5Ni duplex steel
strain rates will yield a particularly good resistance to SCC in MgCl2  are typically greater than 90% of the YS in the NACE Standard
solutions.68 For copper-free 22Cr-5Ni-3Mo SS, this result could not TM0177-86.8 However, a-phase embrittlement in the 800°C range
be confirmed in constant extension rate tests (Figure 21).17.66 On the causes short times-to-failure, even at stresses below 0.8 YS. Normal
other hand, Figure 19 showed that the copper-bearing duplex steel heat-treatment conditions like annealed, as-hot-worked, etc., seem
has no higher threshold stress than the 22Cr-5Ni-3Mo(N) duplex to cause no major changes in susceptibility. These operations will not
steel. The question remains whether the reason for this is electro- lead to such drastic changes in microstructure as may occur by
chemical or mechanical in nature, welding.

Again, anodic SCC, like cathodic SCC in H2S-containing CERT: Fracture Stress of a Ferritic-Austenitic SS
chloride solutions, depends on the microstructure and is therefore
influenced by thermal treatments. The formation of a-phase will be 1000 22Cr-5Ni-3Mo SS
detrimental, as in the case of sulfide SCC. Figure 22 indicates that
exposing a duplex steel to 800°C for 1 h will lead to a reduction of .
threshold stress. Of much greater effect are inadequate welding 800 - -

procedures.69 They may cause high-temperature ferritizaton (see co
CLFigure 29). Figure 23 shows the considerable loss in threshold stress ,

by tungsten inert gas (TIG) welding, caused by high (tensile) welding . 600
stresses in the weld metal and the immediately adjacent HAZ. It is . * i
likely that the microstructural changes in the HAZ (see Figure 29) add ( 1 .1 . 1 1 1

to this dramatic loss in SCC resistance, which is less pronounced in 4

the case of manual arc welding because it provides for a higher heat -
input, a longer characteristic cooling time t1m, and a sufficient -

retransformation of high-temperature 8-ferrite into austenite, respec- 200 -

tively.
Figure 24 shows the influence of residual stresses on the SOC - -

resistance. The circles refer to ground specimens, the triangles to 0 _ __! _

those ground in the same way but thereafter pickled to remove a 10. 1. -0 10. 10s 10
surface layer of 200 tIm in depth. It had been proven by the Extension Rate in s "1

sin2qj-x-ray method that the internal tensile stresses resulting from Erfe Raten cn e
FIGURE 21 -Copper-free, ferrltic-austenltlc SS: constant exten-

grinding will be removed completely by pickling.6" The two curves of spon rate tests showing no rate Influence 7,66

Figure 24 differ by about 70 MPa, which is in good agreement with the
internal stresses produced by the grinding procedure in question and SCC Resistance and Sigma-Phase
measured by the sin2ig method.69  Formation in a Ferritic-Austenitic SS

SCC: Threshold Stress and Electrode Potential 0t is ,N. 7VC
____________1000 - --- I IV lhr.SC

10000 1 ' 'I a.-a 24hNs.8c
10000 -~ uAusoeWSS18 C-9 Ni-k

- (ap l ienst stess 270 MPa)
. . . .- -- L ~AFc.AmnU SS 22 Q.5 Ni-3 Mo.

1000- (ap:teps es. 525 MPa) 22 .5 N3M SS

P., =ooL. 100----

01-.200 -. 160 -120 -080 -. 040 0

ILL

Electrode Potential (potentiostatic) in rV (SHE) -'- -

a) 10

FIGURE 20-Threshold stress and electrode potential 68  1 .- -,,-.,

200 250 300 350 400 450

Cathodic SCC in H2S/chloride environments Tensile Stress in MPa
The duplex (austenitic-ferritic) SSs are prime candidates for FIGURE 22-u-phase formation and SCC resistance In a ferrltlc-

sour gas well applications in moderately aggressive environ- austenltlc SS.r9 u-phase domains (Figure 18). Boiling 35%
ments 1"74 They combine high strength with good general corrosion MgCI2 solution (125.50C).
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Welding Procedures and SCC rates, the desired 8/'y ratio (50:50) will be acquired.7
1 On the other

hand, during welding, the formation of 8-ferrite is a speedy process,

Resistance of 22 Cr-5 Ni-3 Mo SS as Figure 26 demonstrates by the fact that there is no difference in
500 8-content between a 30-s flash annealing and long-time annealing.

'22 .s S Slow cooling rates between 1200 and 800C are necessary to allow
S- - - __ 1105__'r cO sufficient time for the reaustenitization process. It has been shown

that the minimum cooling rate requires a characteristic cooling time
100 - t,2/8 of at least 10 s for cooling from 1200 to 8000C.77 The

-. _ - - microstructure in the weld metal given (and certain prerequisites like
0 0 minimum Ni content in the parent metal) will then contain at least 25%

- - -- austenite (Figure 27). This demands, for different designs, a certain
1 0. heat input and/or a preheat. Figure 28 displays examples demon-

E10 -.- - - - - strating the criticality of spot-welding or arc strikes, built-up weldE
iP -- T, o... seams or repair welds that may be, because of too low an austenite

0---a M Ikt vA WW coin* content, extremely susceptible to SC. 77 The welding process
o-o mialArcc n eo Vi"Me V e=r(Ws -v = \ parameters are safeguarding proper microstructure, 78 and, by that,

I I ICF and SCC resistances as summarized in Figure 29.77

0 100 200 30 400 Ternary System Fe-Cr-Ni
Tensile Stress in MPa (Section at 70% Fe)

FIGURE 23-Welding procedures and SCC resistance of 22Cr-
5Ni-3Mo ferritic-austenitic SS. Influence of welding procedures Chromium Content in %
on time-to-failure.69  31 26 21 16 11

SCC Resistance and Surface Treatment 1500 -e _
(Ferritic-Austenitic SS) M1+4 - m- -,-

valsurfaces pkked
o sidesurfacesgroud 1300

Fe,'.-Aust 22 Cr-5 N1-3 Me SS 8 y100 35% aqueous MA-sot~o, -120

v EN(1255*C) E

")- 1100---- ~ pi . ......~a F

100--

10000

E- - 0 5 10 15 20
i.10 - Nickel Content in %

1- - - - - FIGURE 25-Constituton diagram Fe-Cr-NI (section at 70%
0 Fe).76

Ferritic-Austenitic SS:
300 400 500 600 High-Temperature Ferritization

Tensile Stress in MPa 22Cr-S Ni-3Mo Duplex SS
60 01 100 2C5 30M DuplexS'0o o 1o I I I Io o,

Tensile Stress in % o Long-time annealing 05, s
of 0.2 %-Offset-Yield Strength at 125.50C 0 o Flash annealing -.-..

FIGURE 24-Influence of residual stresses on the anodic SCC Cs
resistance of a duplex steel. Internal stresses caused by 80- -

grinding were removed by pickling, which resulted In a shift of
the time-to-failure curve toward higher sustainable tensile 0
loads.69  0

Changes in microstructure by welding 75his.
Constant-load tests at room temperature showed that TIG. 60 125hrs., _;;A

metal inert gas (MIG), or electron-beam welding is not detrimental for -

the cracking resistance of duplex SSs in sections that are not too ---

thick. Shielded metal arc (SMA) welding causes a slight decrease of
the sulfide SCC resistance related to the particular pitting and crevice 0i -sensitivity of the weld. However, welding conditions must be carefully 0
selected. Figure 25 exposes a section through the ternary system75  0 800 1000 1200 1400
Fe-Cr-Ni indicating that at usual Ni contents of, for example, 5.5% Temperature in 0C
(dotted line), the 8-ferrite formed upon solidification will be partly FIGURE 26-High-temperature ferritizatlon of a ferritic-auste-
transformed Into austente below around 1250'C. At slow cooling nitic SSI7 by flash and long-time annealing.
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TABLE 3
The Effect of H2S Content and Temperature

on Environmental Embrittlement 25% Cr Duplex SS CRingl ,(A)

Temperature ['C (*F)] % HS
0.04 1 10

25 (78) NC(B) C(c)
90 (195) NC NO NC

121 (250) NO NC C
149 (300) NC C
177 (350) NC NC C
204 (400) NO NO C
232 (450) NO NC
260 (500) C NC

(A)0 .9 to 0.95 ay, like bolts C0 2 H2S/Cl - environments, 1000-h exposure; initial
pressure = 0.62 MPa (90 psia) at room temperature. 7'

(W)NC = no cracking.
c)C = cracking.

Werkstofftecl nk BASF The resistance of duplex steels against sulfide SOC is, in
addition to these microstructural changes, remarkably lowered by

Ferritic-Austenitic SS: Microstructure precipitations and hardening processes, respectively, in the ferrite,
of TIG Butt-Seam Weld and also by precipitations at ferrite-austenite grain boundaries, e.g.,

1:I .chromium carbides or nitrides and, below 1000°C, a-phase (700 to
4 : r' 8 5 0 oC ).

The alloying element nitrogen plays a beneficial role in the
", - "process of the reformation of austenite during cooling from welding

temperatures. It has been shown that, depending on the cooling rate,
,- precipitations of chromium nitrides (Cr2N) or chromium carbonitrides

\ , .% " "will start to precipitate at grain boundaries and within the ferritic
- , - .- grains below around 11500C. Depleting thereby their surroundings of

,. .., " ,- . - Cr, austenite will start to form around such initiation points."' For a
,, 22Cr55Ni-3Mo duplex steel with about 0.15% N t,, values

0 > 10 s (Figure 28) will safeguard a sufficient amount of reconverted
wedingParametesWeldingCurrenl120A austenite and a normally sufficient time for replenishing the Cr-

Arc Burning Voltage i35 V depleted areas around precipitated nitrides. Low-nitrogen, duplexWelding SpeedHeat lInput SSs behave in a different fashion.7 9 In contrast to high-nitrogen
Pre-heat alloys, they retain their a/y structure upon annealing to temperatures

Cooing Rate t, l 28s up to 1260°C, whereas the high-nitrogen steels, upon cooling from
1350°C, for example, begin to precipitate Cr2N well below this

,j 4U temperature.
FIGURE 27-Microstructure of a TIG butt-seam weld of a There are other actions of nitrogen, too. It has recently been
ferritic-austenlitc SS. shown that the resistance against SCC in 20% NaCl solulion with 1

Ferritic-Austenitic SS: Weld Geometry bar H2S drastically increases when the nitrogen content is increased

and Critical Cooling Rate from 0.04 to 0.14% N. From then on, in the investigated range up to
0.24% N, the alloys sustained 90% of the 0.2% YS (i.e., 441 MPa) in

TG this test. This improvement appears to result from an increased
20j resistance of the austenite phase by ihe dissolved nitrogen itself8°

to Mechanistic aspects
3-5 /EMIG The Influence of temperature and H2S pressure on the threshold
/ t 6-8 stress that does not cause rupture after a 720-h period were studied

S?/ E "" oG.rootPasd -n,,) -- by means of constant-load tests and constant extension rate tests,
FiUer- ot F P -Resu;ts show that duplex grades withstand cathodic SCC up to 80 to

05 t- 90% of the YS at room temi.ature. Increasing the temperature to
35the range from 60 to 900 is detrimental, but at higher temperatures,

oup to 1501C, the threshold stress again becomes as high as at room
temperature. This particular behavior is in contrast to that of 316L

Src-wOW- s=2-3. (UNS S31603) SSs. It seems to be related to the specific feature ofp-c Ste the cracking process in duplex SSs consisting of local depassivation

ut-p Weld 0 7 of the ferrite phase caused by a mechanical twinning in this phase.

epr Wel As twinning decreases with increasing temperature, duplex SSs
0 5 10 exhibit a superior resistance in solutions that are hot according to

Heat Input in kJ/cm NACE Standard TM0177-86.'- 82 The cracking process can be
FIGURE 28-Influence of weld geometry and characteristic explained by the localized rupture of the passive film under the effect

cooling time t,,, (indicative of the critical cooling rate) on the of both the chemical aggressiveness of the test solution and
austenite content In weld metal and heat-affected zone. The mechanical stresses. Table 4 shows the corrosion rates ol 316L and
geometries In the lower part (t,,, 10 s) are, without preheat- a 22Cr.6Ni-3Mo 1.5Cu duplex SS to be increased by roughly 50%
Ing, critical with respect to the minimum required austenite when a stress corresponding to 40% of the YS is applied. This anodic
content and toughness.78  dissolution process is strongly accelerated when temperature In-
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creases. The NACE Standard TM0177-86 solution at 60'C and 1 bar cracks combined with preferential attack of the ferritic phase.
H2S, for example, is so aggressive that austenitic 316L SS cannot Decreasing the potential potentiostatically by just 0.1 V relative to the
repassivate. Duplex SSs are by far more resistant, having corrosion free-corrosion potential increases the SCC resistance drastically.
rates of 0.05 to 0.1 mm/year depending on their chromium content. Increasing it by ihe same amount in the other (more noble) direction
This is another factor that accounts for their better SCC resistance. decreases it. In the latter case, cracks form in the initial stages of the

The mechanism of SCC is closely coupled to mechanical and corrosion process, whereas in the later stages their propagation rate
electrochemical phenomena:83  seems to be exceeded by the growth rate of simultaneously formed

(1) In the ferrite, depassivation is essentially determined by pits. Again, the ferritic phase is preferentially attacked. Final failure is
mechanical twinning, whereas in the austenite, cracks initiate at glide caused by cross-section reduction resulting from pitting.86

steps. Gliding on the ferrite surfaces is, however, insufficient to cause The preferential attack of the ferritic phase indicates a potential
localized depassivation occurring even for elevated temperatures drop resulting from resistance polarization within the cracks, because
(100 to 200°C) because of the more violent effects of mechanical in 1 M H2SO, saturated with H2S, this type of attack occurred only
twinning. This sensitivity to twinning disappears as soon as the ferrite under complete active conditions The potential drop within pits is
contains no nickel, which is not the case in duplex steels (but is the obviously lower than within the cracks, since within pits not only
case in straight 18Cr-2Mo, 26Cr-iMo, or 28Cr-2Mo ferritic SSs) (see ferrite but also austenite can be attacked preferentially, the latter
preceding paragraph). being possible only within the active-to-passive transition range in the

(2) Cracking thus seems to be determined, in the lower stress corrosion rate vs potential curve.
region, by the localized depassivation of austenite caused by glide The experimental findings that the time-to-failure increases
processes or, at higher stresses, by that of ferrite, twinning being when potentials become more negative, decreases when potentials
responsible for crack initiation and propagation in most practical become more positive, and decreases with increasing temperature
cases. Ferrite is anodic to austenite. At low stresses, ferrite, which is can be explained in terms of a chloride-induced SCC mechanism.
not yet plastically deformed, cathodically protects austenite, which is Hydrogen-induced cracking would result in a complete inverse
already plastically deformed. When the stress reaches the critical dependence of time-to-failure on both potential and temperature."6

value for twinning, depassivation becomes possible in ferrite, initial- Cracking of the ferrite induced by hydrogen entry cannot be
ing localized corrosion and cracking. This explains why kaj duplex excluded, especially in cases where the potential is rather negative,
steels are more resistant than austenlic steels and (b) why crack the pH is low, and the temperature is not too far above ambient.
initiation takes place in ferrite containing Ni and at the a. inter- Figure 30 offers an example in which these factors came into play,9"
phases. It could be demonstrated that the stress at which twinning together with the formation of coarse grains because of the afore
appears is lower than the yield stress in ferrite.83 Damage from twins mentioned unfavorable welding parameters (Figures 26 and 28).
appears well before damage from slip. The SCC threshold stresses Measures for preventing SCC under the combined influence of
in duplex steels are drectly related to the occurrence of twinning chloride ions and HS in aqueous environments can be aimed at the
representing the critical strains at which twinning starts and promotes following:
cracking at a certain fraction of YS. Twins constitute shared regions (1) Lowering the H2 S concentration. Table 7 shows that a decrease
with a higher surface roughness as compared to slip. Consequently, of the HS concentration from 1.8 to 1.0 g'L at ambient
the rapid rupture of the passive film upon the formation of twins will temperature and 1.1 to 1.0 gL at 60'C have little influence on
yield a stronger damaging depassivation effect compared to damage time-to failure. A further decrease to 0.1 gL H2S results in a
by slip steps.84  pronounced rise in lifetime;

The observation that crack initiation seems to start frequently in (2) Decreasing the stress level below the threshold stress: and

the ferrite or the interphase fernte-austenite underlines the close (3) Carefully selecting the welding parameters as mentioned above.

coupling of mechanical and electrochemical processes and the It should be noted that, at a high degree of high-temperature

interrelationship between the two phases.85 If the ferrite content is too ferritization in the weld metal and HAZ, intergranular corrosion
high or too low, the cracking resistance may diminish. In the first resulting from the well-known sensitization of ferrite after rapid

case, cracks initiate and propagate in the ferrite or at the ferrite- cooling may occur.88 The carbon not dissolved in the ferrite precip-

austenite interphases. In the second case, the alloy behaves like an itates in the form of chromium carbides along the grain boundaries,

austenitic SS. The ferrite content therefore should be kept between these zones being attacked by acidified solutions in pits or, as

certain limits, for example, 30 and 70%, observed earlier, in crevices.8 9

Regarding the cathodic (sulfide) stress corrosion in detail, there Corrosion Fatigue
is still an open question: Is a chloride or hydrogen-induced cracking All SSs show essentially the same characteristic features of CF.
mechanism5 prevailing? Table 5 does not clearly answer that For this reason, it seems appropriate to mention the underlying
question: common principles of this mechano-electrochemical type of loading,

1) If the chluride induced formation of pits would be the int idl step which is haracterized by an unusuliy large number of parameters
of the cracking process, one cannot expect a marked increase (see References 148-151).
in time-to-failure until a pH value nears the neutral point because Mechanical and electrochemical influencing factors
the pitting potential depends little on pH in this range. A Figure 31 show some mechanical and electrochemical entities
noticeable Increase in time-to-failure would not be expected taking effect on the CF behavior of metals and alloys. CF comprises
before weakly alkaline conditions are established, all the elements of latigue from the engineering point of view (left part

(2) In the case of a hydrogen-induced cracking mechanism, the of Figure 31) beside those on the side of the corrosive medium. A
time-to-failure should markedly decrease with decreasing pH, mechanistic consideration ought to take into account an even greater
and no cracks ought to be expected at pH > 6. number of fatigue parameters and their interplay with many charac-

Table 5 hints more to a chloride-induced mechanism. teristic materials properties (Figure 32).9'
A definitive distinction between these two mechanisms can be Of special importance for the CF of SSs is the initial stage in

made on the basis of the dependency of time to failure on both test Figure 32 comprising a large ui small number of cycles in the case
temperature and potential (Table 6). In this table, "free corrosion of high- and low-cycle CF, respectively. In this stage, cyclic harden-
potential" means values at test start, "potential" refers to the ing, cyclic softening, or a combinaiui, ot both will occur provided the
potentiostatically impressed potentials relative to the free corrosion stresses exceed the i.yclic elastit. limit. At the end ut this stage, the
potential, formation of microscopic fatigue cracks can be observed, and along

Under free corrosion conditions, the time to failure decreases with that, the fatigue processes dre moving inure and mure tu the
marke "y with an increase in temperature from ambient to 60'C. a spewimen -it tumpunent -urfwe where .orusion begins to come intu
metallographic examination reveals the formation of mostly branched play.
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Feu-rritic-Austen Hic SCCICF: Welding and Microstructure
1) Heat Input 2) Weld

Section a - b

HAZ HAZ

Heat input E (J/cm) Position x

3) Local and Time-dependent Course of Time 4) Characteristic Cooling Time t,2/,

disribution T =f(t rrr-diagram
of temperature ~,at posit HAZ start of

T., 6 start ofo

2+y end of
2 wl 0 E -rcptto
a. 1 1 EM 0

toLHAZ. 0 cooling time ff218

coordinate
center t12/8  timeN

coating time 112 /8 from 12000C to 8000CN

cooling time I i218 Cooling time liv18 cooling time 11218

5) Effect of Heat Input
phys.- and geom phs and

welding process Iconditions heat geom. condit.
parametersinu

corrosion-, SCC and CF resistance

FIGURE 29-Influence of welding parameters (heat Input), local and time-dependent course of
time on microstructure In ferritIc-austeniltic weld metal and heat-affected zone, SCC, and
corrosion fatigue resistance (schematic)."7

TABLE 4
Influence of Stress on the Corrosion Rate of Austenitic and

Ferritic-Austenitic SS in NACE TMO1 77-863" Solution at 60 *C92Z(A)

GaeStress Corrosion rate
Grde(%y!eld strength) (mdd)

0 171
Austenitic type 316L SS

40 241

0 25
Ferritic-Austonitic UR 45 N SS

40 38

(A lest duration 200 h
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TABLE 5
Effect of pH on Time-to-Failure of Tensile Specimens (S = 0.9 Yield Strength) in

H2 S-Saturated NaCI Solution (4.3 M) Under Free-Corrosion Conditions86

Specimen pH Time-to-Failure
Position (h)

longitudinal 3 62
longitudinal 4 38
longitudinal 5 55
longitudinal 6 147
longitudinal 7 166
longitudinal 8 519

transverse 3 48
transverse 4 31
transverse 5 29
transverse 6 55
transverse 7 155
transverse 8 720

TABLE 6
Effect of Temperature on Time-to-Failure of Stressed Tensile

Specimens in H2S-Saturated 4.3 M NaCI (pH 4)86

Free-Corrosion Time-to-Failure
Temperature Potential Potential or Testing Time

(OC) (VsHE) (VsHE) (h)

Ambient not measured free corrosion (ER) 38
40 not measured free corrosion (ER) 48
60 not measured free corrosion (ER) 4

Ambient -0.16 E, + 0.10 12
Ambient -0.17 En - 0.10 1195, not cracked
Ambient -0.23 Es - 0,30 1030, not cracked

60 -0.23 Es + 0.05 9
60 -0.23 Eq + 0.10 4
60 -0.23 E, + 0.20 2
60 -0.18 ER - 0.10 1097, not cracked

FIGURE 30-Cathodic SCC of a TIG-welded 18Cr-5N1-3Mo SS In saturated, acidified H2S

solution6 7
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TABLE 7
Effect of H2S Concentration on Time-to-Failure of Tensile Specimens

(u = 0.9 Yield Strength) in 4.3 M NaCI (pH 4) Under Free-Corrosion Conditions86

Temperature H2S Concentration Time-to-Fallure
(0c) (g/L) (h)

Ambient saturated (- 1.8) 38
Ambient 1.0 58
Ambient 0.1 471

60 saturated (0 1.1) 4
60 1.0 58
60 0.1 1007, not cracked

Mode I corrosion fatigue
Using martensitic Cr steels (as well as the other steels in this

contribution) in media in which they are active is confined to special
boundary conditions under which it can, however, be very advanta-
geous.

A martensitic Cr steel (0.2% C, 13% Cr) will, in contrast to an
austenitic SS, become active at pH = 3 (200C) and endure, for
example, at pH = 2 (Figure 34), at the high nominal bending stress
amplitude of t S, = 0.9 Sj, about 105 cycles (f = 50 Hz). Under
practical circumstances, the amplitudes are much smaller, so that the

" sustainable number of cycles to fracture may become sufficiently
high to make a component fit for application. Working under Mode I
CF conditions in cases where the pH value is not much lower than the
passivation pH obviously has the following advantages: (1) Mode IV
CF, with its drastic reduction of CF strengths, can be excluded and
(2) Mode III CF situations, with their wide scatter of endurance values
because of fortuitous activation, are conservatively handled by the
Mode I approach.

Based on mechanistic reasoning,94 a model was developed9s

that aims at describing the influence of active corrosion on the
cycle-dependent fatigue strength and crack propagation rate.

The premises are that active corrosion is occurring on locally
limited surface sites, the stresses or strains resulting from external
cyclic loading are constant in elements of length A1 (Figure 35), and,
finally, there are no cyclic hardening or softening effects in those

BASF elements (i.e., cyclic plastic strains will only depend on external load
and notch effects). One then has to consider two cases.

FIGURE 31 -Some mechanical and electrochemical parameters Case I. There are no external cyclic stresses or strains except
In corrosion fatigue processes. those that, over an unlimited period of time, are so small that

stresses/strains remain below the cyclic elastic limit. Under these
Another characteristic mechanical feature of CF is the nitiatigon premises, the linear corrosion rate Al~,./3t will depend solely upon

and Ipropagation of cracks at stresses below the cyclic fatigue the metal Me, the nature of th9 corrosive medium M, and local
strength In an inert environment. Nevertheless, the CF strength of a structural conditions S (primarily the actual corrosion depth), Accord.
SS at a given cycle number responds to many engineering param- Ingly, the partial linear corrosion depth ,1,,,. in a time interval At will
eters of Figure 31 and to many of those in Figure 32. be:

Electrochemical classification
of corrosion fatigue-modes Al,,, = k,(Me, M, S) X At (1)

Concerning corrosion on mechanical fatigue, the factual situa-
tion seems to be even more complex, and now the superposition of Alc,,j can also be expressed as a function of the cycle number N
,ce-tain classification is desirable.92 .93 To this end, four electrochem- when introducing the frequency w - ANIt:
ical CF modes (Figure 33) have been identified:92.93

Mode I: CF in the active state; xeoort =  x ki(Me, M, S) x AN (2)
Mode I: CF In the state of stable passivity.
Mode II: CF In the state of meta- or unstable passivity, endogenous Case I1. An element of width Al is stressed above the cyclic

activation being caused by mechanical (fatigue) processes, elastic limit Ae, by a sufficiently high external cyclic amplitude or by
e.g., by the formation of active surface domains (persistent a low nominal amplitude, if A, is exceeded at a geometric
slip bands, slip lines, etc.) that exceed a critical area and discontinuity (e.g., a corrosion pit).
thus cause, after a certain number of cycles, abrupt The plastic part a,, = Acto10 l - AE,, will then increase the
electrochemical activation; and corrosion rate in the considered element.94 It seems reasonable to

Mode IV: CF in the state of unstable passivity, exogenous activation regard the plastic energy or work A,, as a measure of the corrosion
being caused by processes like pitting, crevice corrosion, rate increment Atcr,2:
cavitation, etc.

These modes are detailed in the following sections. A.= 2 k2(Me, M, S, w, AV),N (3)
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with a limiting case: Case A. There is no corrosion. Then the first two terms of
Equations (10) and (12) drop out and Equation (12) gives the

k2(Me, M, S, w, Apt = 0) = k.,(Me, M, S) (4) Woehler Curve with the air (inert -environment) fatigue strength St
(Figure 36), with the conditions AE., = 0 and I = 1, dlI/dN = 0:

We assume, as a first approximation,O') a linear relationship between AS,

corrosion rate and plastic energy Aps: ASI = (1 - c x K) K -(Ia. r') (12)

Alcr [1 k,(Me, M, S) + k3(Me, M, S, w)Ap, I AN (5) Case B. AS is below AS, and cyclic loading takes place under
Mode I CF conditions. Then the last two terms of Equation (11) drop

The plastic work A,, can be expressed by the cyclic plastic strain out as per preposition no cyclic hardening or softening effects are to

(A~f): occur. For k; = constant (i.e., no changes in the corrosive medium
during CF as well as in the metal), notch depth or crack length, as the

Apt = C X At (6) case may be, increase proportionally to the cycle number N:

so that in a shortened form I - =k x N (13)

Al., = [k x k x A , ] AN (7) The notch factor increases, also. For surface notches that are not too

3 P1 deep, the Neuber-Notch factor is

Under the action of cyclic plastic strain AE,,, in the presence of
medium M, the material will be corroded by Al after AN cycles K, = 1 + rl (14)
(Element 1 in Figure 35).

After the same cycle number, the remaining part of volume The notch factor will, in this case, grow with N according tu ,..,,uations
Element 1 (not yet reached by the medium) has undergone fatigue, (14) and (15):

the mechanical crack growth being assumed to follow the Manson- A/Nk;
Coffin Law: + 5_ 0(15)Kt = 1 + r'

Am~h = c2 x Ap1 x AN (8) This increase ends when the limit of elasticity is reached at the

Volume Element 1 having failed means the formation of a notch notch root, and cyclic plastic straining begins that marks the transition

whose notch factor K, will increase the cyclic plastic strain in the from static corrosion to true CF. in which the anodic dissolution is

neighboring Element 2, which, in turn, will accelerate the corrosion accelerated by increasing cycling plastic straining:9 '

and crack propagation rate, etc. For the i-th volume element this
means ASel

AS Ae

(1K) 1+ V 10

Al1 = Al="r.i + Al,,,hri ( ) (16)

= + k; Xc, X A × + 2 X Aeq'i AN, (9)

or All three terms in Equation (11) are now operative, the second
term being determinative for the increase in Ac,,. The third term in

dl 1 + dl Equation (11), crucial for a mechanically controlled crack propaga-
dN dN dN tion, is still small in this sequence of mechanisms. However, as the

k; + k x c, x Ac" + C2 X A q  (10) final fracture is drawing near and notch (crack) depth is advancing,
" k this term finally contributes the largest share to crack propagation

[c, and c2: constant, Equations (6) and (8), respectively], until fracture occurs.The described regrouping is essentially governed 95 by the
The above considerations have so far clearly resulted in a

simple superposition model of mechanical and corrosion cracking.85  exponents -y and q in Equation (11).

By a notch analysis, it is now possible to bring the geometric
factor into play. The total strain range Actoa. AE=  + AE,, in the Corrosion fatigue under stable conditions
notch root depends on (1) the strain-concentration factor Kit, which
is a function of notch depth I and notch radius r .and (2) the externally of passivity (Mode // corrosion fatigue)
applied cyclic stress AS, (3) the elastic cyclic strain At,, AS.W Using high-alloy SSs in the active state undoubtedly offers

Introducing Atp, in Equation (10) yields (with K . " "l) advantages under specilic circumstances, such as no risk of pitting,
crevice corrosion, or SCC in chloride-containing environments, but it
is an exception. These steels have been developed to offer corrosion

dl k k x c ~) AS.,, resistance that they owe to passivty. For them, therefore, CF under

dN + E(stable passivity is the most important mode.

+ c3 As in all cases of environment-induced cracking, a good insight
+ 2' x AS(1 - c x K) Kt (1, r') - AS., ]q (11) into the mechanisms of Mode II is of great advantage for a successful

application of SSs. As they are industrially subject, in practically all
Without integrating Equation (12), one can now discuss the two instances, to high-cycle fatigue regimes (N - 105), the following
important cases (Figure 35). refers exclusively to this type of loading.

The potentiostatic results of Figure 37 indicate, from left to right,
four ranges of CF resistance (at S = 0.9 Sl. ai): high resistance under
cathodic protection, low resistance in the active state, high resi,.tnce

"'Under cycli plastic straining, this relatiu.ibhip will be much more by passivity ianodic protection), and low resistance in the transpas-

complicated. sive range.
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Some Fatigue Parameters
Size

Form
Configuration
Sub-grain Structure of Crystallites
Lattice Structure (grains)
Distribution of orientation

Staple Fault Energy
Initial ~~Structure of Grains ofhDscton

jTwins
Volume Share
Size of Precipitations.
Form Dispersions
Distribution and
Lattice Structure Second Phases
Interface Energy Macroscopic
Residuall Stresses -microscopic

ISub-microscopc

T. IS, const. (DA

Chanic s during Fatigue occur

within entire restricted to
Specimen Volume Plastic Zone

FIGURE 32-Schematic representation of fatigue processes and their parameters."'

CF ode Electrochemnical Cahetto rop in Fatigue Modeling Mode I-Corrosion Fatigue
CI oe Condition I Mnfsain Strength _AS

I Active 1.1 Material does not ...CF per se"- high (Corrosion ttttttttltt
Stae sow henmenn Corroded surface, Role t, Notch

of passivity many cracks titled Sensitivity I,
1.2 Material does show 1Withf corrosion pro- Cycle Number Volume Eliement

phenomenon but ~duCs t.)Surface 0~ (2)
,em(p CoAou A- A

I1 Stable Material must show Corrosion not delec- fair -Alco,

Passivity Phenomenon of Passi- table, few cracksCotu
vity, i, > it at Eu zt E P

fII Unstable Materia, must show similar to Mode I fair to high Corroding Det ofCrrso

Passivity Phenomenon of Passi- Surface of-.--Noch or
ecoeosvtFbnsdsryVolume Element CF Crack

Activation Passivity, i < i;, atndgou viy -ad ery
IV Unstable local Destruction of SuperPosition of CF very high

Passivity Passivity by Pitting and localized corro-
esog. Actiy. intergranular Comr. 9CC sion A.c

FIGURE 33-Corroslon fatigue modeS.92 93

FIGURE 35-ModelI corrosion fatigue model based on focalized
X7CrNt W89 Iheot treatment straining and fracturing processes. 4 9

4- - Mode I CF

(hent nceatsent
~,e0t

O,. _______ \.'.. C ~ .-. corrosion rate

40 CF ...........

5 4 3 21
pH Number of cycles N

FIGURE 34-Influence of pH on the number of cycles endured
for a stress range of 90% of AF limit comparing a martensitic FIGURE 36-Stress range [± ora, ± S/cycle number (N)] relation-
131Cr SS [type 420 (UNS S42000)] and an austenitic l8Cr-9NI SS. ship In air fatigue and corrosion fatigue (Mode I).

466 EICM Proceedings



cracked. Instead, after a certain number of cycles, slip steps of
20 " - -

LEi.trodepot i ' pp p oetsntiostaticl . - - sufficient height will emerge and pierce the passive film, whereupon
15 -- n treatmont: 9S06C(3Omin)/HzO-650 0 C 2h repassivation will set in.IS- 1 .. .. Rotating bendin9 stresas amplitude - 90/,oftgu 'T +- rp s va on w lse i.

IRotatin r"bending 0.9' s O a =
n . -29 , oP,'f fatiguThe first mechanism seems to be less likely for several reasons.

10 limitin air (5, z .9.6 (o 294 MFa
to m-- Ete,,oly,. m/2 Na2so5 .,,.Wr.s saouoe "C,

, ts pH.i.6 :*t(1) Cracking of the passive layer should occur at the same strain

s-- . -1I amplitude independent of the base material's fatigue properties.Z- E + 5--! ; . (2) Sets of conditions should exist where a steep current increase
- 612plus crack formation should occur early in life, and, again, thisshould happen independently, for instance, of a martensitic
S steel's tempering temperature (i.e., strength).
1200 800 400 - 0 + 400 800 1200 1600 (3) For binary Cr-Fe alloys in particular but for other SSs, too, theI

potential in mV against saturated calomel electrode passive films are so thin (0.5 to 10 nm) that the macroscopic
E !concept of a fatigue limit no longer seems applicable to them.

" - < Duplex Steel: CF
o 7  Comparison Active/Passive

10-.
-0 400.

,:"a0 ::active
E . ... . . . ... 9 300 . 2M HI SO,E t% 0 r '

1200 800 400 -0+ 400 800 1200 1600
potential in m against saturated calome electrode

FIGURE 37-Potentlostatlc corrosion fatigue tests in the active, 200-

passive, and transpassIve range.

From both the practical and mechanistic point of view, the 100
following findings should be kept in mind.94

(1) Passivity does not provide unlimited fatigue life except for
amplitudes appreciably lower than S 2 5 10 .2 5 1

(2) The CF limit will be higher the less aggressive the corrosion Num2 5' of Cycles N

conditions and, of course, the higher St.,.o

(3) In environments for which the steels are engineered, the CF FIGURE 38-TypIcal Woehler Curve" In air, In 2 M H2SO 4 at
limit is lower (Figure 38) than S.0,,, ever, under the best cunditions t open-circuit potential (Mode I corrosion fatigue) and under
passivit, viz., potentiostati. pasivatiuri di Uptimum puteniais. in potentlostatlc control (Mode II corrosion fatigue). Ferrltic-aus-
cases where the CF limit seems to be higher " than the air fatigue tenltIc SS (22Cr-5.5NI-3Mo-0.2 N).96 Ambient temperature.
(AF) limit (Figure 39), this results from experimental conditions, viz.,
evolution of heat during AF resulting in too low an endurance limit. Air and CF Curves for 13 Cr-Steel
Typical examples are austenitic SSs, with their high internal damping
capacity that must be cooled by Inert liquids In AF experiments. 50 _ n1

(4) The physical appearance of passive CF differs widely from Medium: 10pct NHNO3,
Mode I CF. Figure 40 Illustrates the difference: one crack under ideal pH 4.0 to 6,5
(i.e., potentiostatic) conditions or a few cracks under industrial 490-
circumstances (open-circuit potential, large surface areas); no rec- Anodically
ognizable surface nor crack-wall corrosion; smooth fracture surfaces
in Mode II, as compared to many cracks starting from the bottom of 440
shallow corrosion pits; heavy surface and crack-wall corrosion; and C
distinctly cleft fracture surfaces caused by cracks jumping to neigh-
boring crack propagation planes in Mode I. M A90.S- 390 A

(ft

Mechanistic aspects 05
Early observations in potentiostatically controlled CF94 brought 340 Unprotected

insight Into the mechano-electrochemlcal mechanisms by the striking
fact that the anodic current necessary to maintain passivity remained
low over nearly all the CF life of specimens cyclically loaded below 290-
the AF limit (Figure 41). It was only during the last 10% of life that it
began to rise with Increasing tendency. Incipient cracks could be
detected under the optical microscope only In this final region of 240L _ I. . ..__

ascending current. 10, 1o 10 to? 108

To explain this, two hypotheses seem possible: (1) The passive Number of Cycles of Stress
layer possesses an Intrinsic fatigue strength and will be cracked In
the course of cycling as other surface layers will be cracked, for FIGURE 39-Increase of corrosion fatigue strength In Mode II
instance. anodic conversion coatings on metals. At the bottom of above air fatigue strength resulting from the cooling action of
such cracks repassivation will occur. (2) The passive layer will not be the electrolyte.
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time until the process of repassivation is finished and passivity
restored. During this time, a certain electrical charge (f I x d) will

PS flow. How much metal is dissolved in one elementary process, i.e.,
how deep the primary micronotch at the site will become where

oct"e stale passive state: piercing of the passive layer has first occurred, depends on this
heaY com oc no = cwo. c ono quantity.

eIraci. t o, ,(M-ure It has been shown that the charge necessary for repassivation

jyrni, * 0, ocm. is higher the higher the minimum CD for repassvation.98 In other
words, the higher this critical CD is, the more metal will be dissolved

j. . ;,until passivity has been restored. Transferred to the case of CF, this
-. 7 means the primary micronotch becomes deeper and the stress

m, " . . concentration greater [Equation (15)] the higher the minimum CD for
passivation. Steel/environment systems of this kind should have low

,-. , .,, CF strengths We shall now exemplify the influence of acid concen-
i YIN.- tration, alloy composition, and mechanical strength on this critical CD

MM Corrosion fatigue in the active and passive state i .V IU10 and CF strength or life, respectively.
of stainless steet .A15Tryp3 71XIOCA gt9/,455 o I

FIGURE 40-Phenomenologcal differences between Mode land Influence of acid concentration
Mode II corrosion fatigue for an 18Cr-9Ni SS [type 347 (S34700)] The critical CD for passivation increases with acid concentra-
In 6 M H2SO4 (rotating bending, stress range S = 0.8 = Sir tion. To passivate a martensitic 13Cr steel [type 420 (UNS S42000),
243 MPa), ambient temperature. quenched and tempered at 650°C/2 h] requires about 6000 mAlcm2

in sulfuric acid of pH 1, some 3 mA/cm2 at pH 4.6. In the f; ;, case,
this steel endures about 107 cycles to fracture, in the second, 5 / 107

Ira tur a - -I cycles without fracture (rotating-bending stress S = 0.9 St,,AH2SO4,
fracture at 200 ).
33.9 x10 133.9 -It -Another example is martensitic 17Cr-Ni steel [type 431 (UNS

S43100), quenched and tempered at 675°C/2 h], rotating bending as
above (50 Hz). The 5 x 107 CF strength values/minimum passivation

0 0 CDs are, respectively,

(1) For pH 1: (H2SO 4) 470 MPa1800 mA/cm2 ; and
ini I T _ (2) For pH 4.6: 650 MPa/ < I mA/cm .

o-. Material: X 22 CrNi 17/WNr. 1.4057 Influence of alloy composition
U I I (AISI 431, BS En 57) Alloying elements lowering the CD of passivation will increase

SHeat treatment, the CF strength, keeping other factors constant. Among the alloying
SI quenched from elements, chromium lowers that CD considerably and thus has a.. 1020 OC in oil, beneficial effect on CF life and strength, as shown in the above

tempered at comparison between 13% and 17% Cr steels. However, any such
-- I -..... I 850 0C, 2 hours comparison may be not unambiguous because of possible differ-! Electrolyte: H2SO. (pH=i, ences in AF strength." j'-THz, 20C3 ne nA tegh

+ H2, Appld potentiostatic potential: Influence of mechanical strength
0iI Ch. S0mV CF cannot occur under passive conditions if, under external

, . cyclic loading, Ap = 1 c w ep [Equation (6)] becomes zero per cycle
0 20 40 60 8o io and per volume element as the most stringent condition, or if, in the

passive current density in pA/cm 2  course of cyclic deformation, any manifestation of plastic deformation
at the surface (slip lines or slip bands, extrusions, intrusions) will beFIGURE 41-Current response of cyclically loaded specimens unable to penetrate the passive layer. Conditions for repassivation

(rotating bending) under potentlostatlc control In the passive unbetpntrethpasvlyr.Cdiosfr psiain
range (Mode ud corrosion fatigue) being the same, the CF strength should, therefore, be higher the

higher the AF limit. Figure 42 confirms this for the aforementioned

martensitic 17% Cr steel whose AF strength was varied by tempering
The second mechanism was assumed to describe events as at different temperatures. The AF and CF curve take the same

follows:-' After a slip step of appropriate height pierces the passive course.
film, a repassivation process will commence in which a certain charge Combining the findings of this and the preceding paragraph, the
will flow until passivity has been restored According to Faraday's ideal combination of properties for achieving the highest CF strength
law a certain amount of metal will necessarily be dissolved before in Mode Ii would be an alloy that has the lowest possible passivation
passivity has been restored and as a consequence, a small CD in a given environment, the highest AF limit, and the smallest
microscopic groove has been produced, This makes further plastic difference between the AF limit and the limiting stress range at which
deformation at such a site likely [Equation (14)] because the stress critical disiocation-induced surface plasticity accrues.
has been locally increased. Slip steps will again protrude through the
passive film and the Interplay between repassivation, metal dissolu- Crack initiation and propagation
tion connected with it, strain concentration [Equation (15)], and .taintaning passivity potentiostatically will yield a typical re-
triggering of further slip events continues. This process bears sp,.. - of the cell current to fatigue loading as shown in Figure 43 for
autocataytic features and manifests itself, .ndei potentiosati. rotating-bending loading.' The first feature is an induction Stage a,
conditions. in a gradual but finally steep increase of .urrent kFogure which is related tu cycliu hardening. The DC signal information could
410 Current cycle characteristics of this type have been observed yield only one event in these early investigations.04 viz., crack growth
with all kinds of SS so far Investigated. It seems likely that this being indicated by a steep rise of current. It could be shown by
mechanism of multi repassivation, caused by whatever type of melallugraphit examinatliun of specimens taken out tow.rd the end
dislocation induced microplastic deformation pruces. is iebpunsible of Stage b that ,racks had initiated there. However, crack initiation
for CF in the passive state. One should recall that it takes a certain was not recognizable in the DC signals.

468 EICM Proceedings



hardening processes, approaches its end. This induction Stage a is
240. -. Material: X22CrNit7 (MCt, Wt fNfiMf 40_7 characterized by an initial high local slip activity that ceases because

Heat treatment : quenched from t020OCloil of cyclic hardening. It lasts only a small fraction of CF life and leads
Potential atplied Dotentiostaticly.: over to the Stage A in question (Figure 46).

E Stage B. Stationary conditions with constant DC cell current
Electrolyte: H2S0 (pH=I, 200C) and the appearance of small sinusoidal current signals that have a

.S 160 -'constant phase angle with respect to the light barrier signal (i.e.,
tenle~ sspecimen reference line). These signals, with their phase angle, fix

10 , the future position of the CF crack. They are caused by emerging slip
tO. steps or, in the later stage, by persistent slip bands, their repassiva-

Sf etion, renewed cyclic slip, repassivation, and so forth.
8 0 fatigue strength Gbw.

to - corrosion fatigue
, -o streng bs -. Device for Measuring Transient Currents

e  1 5 Iunder CF
0 200 400 600 800 Spatially Fixed Stress Gradient Optical Position

tempering temperature in 0C Bending Moment Finding Device
(Rotating Bending) S Trigger

FIGURE 42-Tensile strength, fatigue strength, and corrosion Crack
fatigue strength (rotating bending) for a 17Cr2N1 SS. K - 4- Initiation

(-, Site
CF: Current Response of - Light Barrier (Beam/Perforated Disc)

Passive Specimens (Potentiostatic Control) - Light Barrier Triggers Current Registration

S InductionCrack 1
Induction Propagation

' Stage I Crack Initiation Stage Istage /I Y J"\,
00 90° 1800 2700 3600

FIGURE 44- Device for measuring transient currents In rotating-

Number of Cycles N bending corrosion fatigue experiments. 00

FIGURE 43-Current response during Mode II corrosion fatigue
under potentlostatic control. Instrumentation for Measuring I-Transients

Further insight into the events during initiation and propagation n der F
has been gained by a special mechano-electrochemical measuring under CF
technique.'0 °

Figure 44 shows the stress distribution over the specimen cross
section under rotating bending and the direction of rotation. The
specimen has a fixed marker triggering the transient recorder exactly
in the spatially fixed plane of maximum bending moment. The
distance between two subsequent trigger signals corresponds to one
rotation of the specimen (0 to 360"), so the distance between trigger
signal and maximum anodic current can be transformed Into a phase
angle. This angle indicates how many degrees the specimen 'N s
turned, after triggering the signal, until a specific feature of the cell
current appears, e.g., when a sinusoidal cell current has reached Its
maximum.

In detail, this has been accomplished by a light barrier/ F
perforated disk installation. Under potentiostatic conditions, current
signals could be recorded during each rotation and their origin
located with respect to the reference line by means of a two-channel
transient recorder. By careful electrical and magnetic shielding Trigger R C%
currents of some 10-9 A could be recorded together with the light it
barrier signal allowing to coordinate current transients and the Continuous-Une- Transient
sinusoIdal mechanical stress. At the same time, the direct cell current Recorder Recorder Potentiostat
was recorded (Figure 45).

Figure 46 shows three typical stages that can be discerned
during the CF life of SS specimens under rotating-bending stresses.

Stage A. Stationary conditions with constant (DC) cell current
and small tuchastic current transients. Stage A begins when the FIGURE 45-Instrumentation for measuring current transients
induction Stage a of Figure 43, characterized by cyclic strain under rotating-bending corrosion fatigue conditions.'00
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Transient and Mean Current during by a typical deforming of the transient current signal, i.e., by a phase
shift and increasing amplitudes. This indicated the state of starting

Rotating-Bending CF cracks much earlier than any other signal and is thus an excellent
help in studying CF initiation under this type of loading.99

Stage A Stage B Stage C
I,, =Mean Current I.,=Mean Current I,,= Increasing
I,_ =Small Stochastic I,_=Sinusodal luan=Snusoidal •

Fluctuations (Increasing) _ _ .... _ _ _ _ _ -

1.I in mA_
+003-

jlIas in pA -%, ,__

t Load Applied 85% 95%
Percentage Share of CF-Life

FIGURE 46-Transient and direct current during rotating-bending ,_,_ ,
corrosion fatigue In three typical stages during the life of
specimens (potential held potentlostatlcally In the passive
region.)100  ..... _ _

Stage C. Characteristics here are increasing cell current and
steadily growing, sinusoidal current signals again showing a constant
phase angle with resoect to the trigger signal stemming from the now
very pronounced repassivation processes at the crack tip. Under
potentiostatic passivation, as a ru, e, only one crack leading to
fracture will develop (Figure 40). 1 M

Specimens taken out during Stage A and carefully inspected
metallographically show no CF-induced surface defects whatsoever
and may, therefore, be termed "incubation stage." The passive layer
nevertheless responds to the alternating stress, shown by the drastic
reduction of the transient current peaks immediately upon taking
away the load. The remaining stochastic fluctuations were charac-
teristic of the normal heal-up events in the passive film.

Applying the same procedure in Stage B reveals incipient -
cracks ("crack initiation stage"), which will start to grow in Stage C ...... _ -
("crack propagation stage"). It could be forecast from the phase _--..--
angle between the trigger signal and the anodic maximum of the ___

sinus half-wave on which surface line cracking initiated. - ANRISS
Figure 47 shows an example. A specimen removed from the _ _ _"_'__ _ .

rotating-bending machine during Stage B was tested in a rotary ,,_ "
manipulator of an eddy current device. It was fixed in its zero position ._ _-_.

to the position of the trigger signal, its sense of rotation being the _ _._--_ -
same as that of the rotating-bending machine. The phase angles of -
the cracks initiated on the specimen circumference are shown: they FIGURE 47-Scanning-type, computer-aided eddy current non-
complied with the pertinent metallographic findings. The length of the destructive test result. Specimen was removed from the ma-
cracks that were initiated correlated with the half-amplitude of the cell chine during Stage B.100 Anriss = Incipient crack.
current signals. In addition, in systems where two cracks were
initiated, it was possible to discern this by the appearance of two
sinusoldal signals. The leading crack causing final fracture was Crack initiation and alloy chemistry, a comparison of
identified by its fast-growing amplitude. Figure 48 shows the results
for a two-crack specimen that had been taken out during the ferritic, austsnitic, and ferritic-austenitic steels" °°

transition from Stage B to C and tested in the eddy ',urent set-up As mentioned, crack initiation starts at the transition from Stage
mentioned The crack that was longer and had a fast-growing A to Stage B, which is marked by a transition from stochastic current
amplitude, measured electrochemially jFigure 45,, appeared at 95 fluctuations to sinusoidal current signals. For practical purposes, it is
to the reference line, the other appeared at 277. useful to know at what percentage of cycles to failure this transition

Similar investigations for other types of loading have su lar out takes place. Crack initiation immediately before fracture is, for
been ,onducted. However. the transiunt wurrosiun .urreni beriavior example, an unfavorable condition from the industrial safety point of
ander pulsating tensile stresses of varying streb iangos was studied view. It is. therefoie, of interest to know more about the influence of
with the 22Cr 5.5Ni-3Mo duplex steel and in cmparison to an alloy chemistry, protective value of passive layers, etc., on crack
austenitic SS (type 316). In sulfuric acid solutions at temperatures up initiation.
to 70'C. it was found that the transient current is set by the alternating Figure 49 compares the relative crack initiation ratio N/N of a
strain rate and is no function of the absolute value of stress. For ferritic 12% Cr steel with a ferritic-austenitic 22Cr-5Ni-3Mo steel and
unfractured specimen surfaces, the transient corrosion current an austenitic SS (17Cr-12Ni-2Mo, Ti-stabilized) under constant
describes the passive layer as a "mechanical impedance" and is relative alternating stresses (90% of the respective AF strength). The
therefore no function of experimenta! time. Crack initiation is marked results indicate the following:
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(1) The 12% Cr steel with the least protective passive layer ................ .... Oundergoes crack initiation at NN, of about 0.38. -1 .. . ............ . ..... ...... .............. . .............. 0............................... .... .................. ........... .. ....................

(2) The ferritic-austenitic steel with the most protective passive layer .................................. ................... ......................
(because of increased Cr and Mo contents) undergoes initiation -----------... ..... . .
at NMI values between 0.8 and 0.85.......................... .........................,... ........

(3) Included for reasons of comparison, the austenitic SS has the
same AF strength as the 12% Cr steel but higher N,/N values,
between 50 and 55%, because the higher Cr and Mo contents
increase the protective value of the passive layer. The delay of
crack initiation by improved passivity can also be seen in Figure
49 (dashed bars) when increasing the potential from U. = 365
mV to 700 mV. This clearly leads to both higher fracture cycles _

and to an increase in N/NI from 0.8 to 0.96. - _ . ...
The general term "protective value of the passive layer" _

comprises two factors: chromium content in the layer and its _,-_.-_.

thickness. These factors were analyzed by ESCA on specimens of ., _

the aforementioned ferritic, ferritic-austenitic, and austenitic SSs that
were potentiostatically held at U H 

= 365 and 715 mV in 0.05 and 2 _
M H2SO4 showing an enrichment of the Cr-cation content in the 0
passive film by a factor of 3 to 8. The highest contents were found in U7)

the ferritic-austenitic SS followed by the austenitic SS and the ferritic . .......-.- '.

SS. Ni and Mo could also be detected in the film of the first two steels.......... ... . ......
Their concentration was much smaller than in the matrix. With __.......... . . ............

increasing acid concentration, the Cr/Fe ratio decreases.
Figures 50 and 51 show the thickness of the passive layer in .

0.05 M and 2 M H2S04, respectively. The highest thickness (2.8 nm) __--"__-_...._-_._...

is observed for the passive film of the ferritic-austenitic SS. The .. J_______.....
thickness is lowest for each steel at the lower potential and higher ........
acid concentration. For the 12Cr steel in 0.05 M H2SO4/UH = 0 mV, .. . " ...

the monolayer thickness of 0.3 to 0.5 nm is reached.
The relations between these findings and those from rotating- ...........

bending CF tests can be summarized as follows:
(1) Increasing Cr contents in the steels lead to higher Cr-cation . ..... ...........

concentrations in the passive film and higher thickness and, on
the other hand, to both higher N/N values and higher cycles to
fracture under normalized alternating stresses (in the present
case, for example, S, = 0.9 Sj.,j, and a fixed passive potential).

(2) Film thickness and chromium enrichment decrease as the
potential in the passive region is decreased and so does the
number of cycles to fracture under normalized stress amplitudes
and the N,/N values._ _ __ _' ___ o

0
Influence of other system parameters _ _. ....

on crack initiation"°°  ___
Figure 52 demonstrates the influence of stress range on

(nondimensional) crack initiation N/N for a ferritic-austenitic SS. _

(1) The number of cycles-to-fracture decreases with increasing
stress range.

(2) The (nondimensional) crack initiation starts sooner the
higher the stress range,

(3) The stochastic cell current signals in Stage A change to
sinusoidal amplitudes with a constant phase angle related to the light 0
barrier signal (i.e., the specimen reference line) 5 to 7% before the 0
direct cell current starts to increase. In other words, the crack to
initiation period constitutes, for this SS, about 6% of the total life. The M
dashed lines represent the relative percentage of life at which the cell FIGURE 48-Same procedure as In Figure 47; however, speci-
current starts to Increase: in other words, subcritical crack propaga- men taken out during transition from Stage B (crack Initiation) to
tion begins. Stage C (crack propagation).' °0 Two cracks starting at 95 and

(4) Below a stress range of S, = 1.2 S(,,), Just one crack 2770, respectively. Crack length at 2770: 2.7 mm.
initiates and leads to fracture; at S, = 1.2 Sj(,) several cracks can
be found. 1 The significance of stochastic cell current signals

(5) Increasing acidity leads to earlier crack initiation, Examples in Stage A00°

for a ferritic-austenitic 220r-SMo-3Ni SS at S, = 0.7 St(..); 0.05 M Coming back to Phase A, in which no surface damage
H2SO4: 910/oI 2 M H2SO4: 75%. whatsoever could be detected, seems to be of little value. However,

(6) The influence of the potentiostatically applied potential in the there are distinct processes that manfest themselves in stochastic
passive region Is similarly pronounced- Increasing the potential within peaks responding clearly to system parameters. Figure 53 manifests,
the useful range of passive potentials causes a significant retardation for a type 316 austenitic SS, the peak heights of the transient current
in crack initiation Example for a type 316 SS at S, = 0.9 Sit,,)) Uk, signals of potentiostatically controlled fatigue tests for three selected
= + 365 mV" 53%, UH = + 715 mV: 96% (even under the higher passive potentials clearly indicating lower values in the optimum
stress range of S, = Sitk)). passive range. Figure 54 demonstrates the difference when poladz-
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ing slowly, under fatigue loading, from lower to higher potentials and Thickness of Passive Layer and Alloy
vice versa. The upper curve should be compared with Figure 54 and
demonstrates the higher peak heights of this 12 Cr steel, whose Chemistry (ESCA)
passive film is inferior to that of higher-alloyed SSs. This holds true 2M H2SO4 (30C)
for the lower ("reduction") curve, too. 15 14 14 14

Regarding the mechanical influence, Figure 55 evidences the p "- U,=OrnV(SHE}
fact that the transient currents in Stage A increase with increasing *S r U =+365mV(SHE) 12

stress amplitude. Improved conditions of passivity (curve on the right-
hand side) cause lower currents at higher stress ranges. OM 10

Figure 56 demonstrates the influence of alloy chemistry on the <1
average peak height, again proving that steels forming "better" . 8
passive films respond to CF by lower transients in Stage A. Finally, "
Figure 57 shows the influence of acidity yielding the now expected f.. 6

result, viz., lower transients at lower acidity. 0 5.
U) <4
0) <3 .

Crack Initiation in Mode I! CF <3

Medium: 0.05 M H2SO4 (300C)
Potential (potentiostatically controlled): 0 - 1 1
UH=+ 3 65 and +700 mV, resp. 12 Cr-Ferrk SS 18 Cr-tONI.25 Mo-il) 22 Cr-5 5 Ni3Mo-IN)
Bending Stress S, = + 0.9 Sf. iai, Austenc SS Ferrtc-AustenOc SS

• 100" FIGURE 51 -Thickness of passive layer (Auger analysis) for
0 Smooth Specimens r- i three SSs at three potentials (potentiostatcally) in 2 M H2S0 4

S 90". (300C).100

o 80-- i CF Crack Initiation vs. Bending
/7 0Stress Amplitude

- I I

*' 60" I I 0- Ferritic-Austenitic SS
CI r C100.52% I o I -r-5i-o -- --0 "-- 0"--

Z.- 40- 38% Z Z + ZF1-- - I - i , C
rn W ~ U .0

-- N-..I I '-'---'_QO 0O <0

1? 10- 68 '.1 61 7a7.e0a
6i I , --

0-0

CF-Fatigue Life N, C

FIGURE 49-Crack Initiation in a Mode II corrosion fatigue. Ratio E - A A ,
of Initiation cycles to fracture cycles for three SSs and depen- (n W)
dence of NN, on stress range for an austenitIc SS.' °  0 4 n" .

2.105 8.105 9.105 2.10 4.106 7.106 8.10

Thickness of Passive Layer and Alloy Cycles to Fracture N,
FIGURE 52-Dependence of nondimensional crack Initiation

Chemistry (ESCA) N/N, on rotating-bending stress range.1°° Potential (poten-
tIlostatlc): +365 mVSHE. Medium: 0.05 M H2SO4 (300C). Dashed

30 0.05M HSO (300C) lines represent beginning of subcritical crack propagation.

< Uw =OmV(SHEI 28 Initial period of cyclic hardening
. r-'- Uax+365mVISHEj 24 It was mentioned before that, after applying the fatigue load,

M1 U a =+715mV(SHE) there is a steep anodic increase of current under potentiostatic
conditions, As cyclic hardening in this first fatigue period sets in, the... 20
current decays and reaches a low stationary value (Figure 43). As

Z -this is Mode II CF under stable passivity, such a current response is
possible in no other way but by an initial, extremely localized damage

0. V2 of the passive film. This must be induced by some sort of near-
10 t o1 surface bulk dislocation mechanism. As the current signals in the

U) 1 period indicate, there is some localized anodic dissolution that is
0 wC weakening as cyclic hardening progresses. These signals seem to
C) be caused by healing-up processes of the passive layer at sites

4 where there is surface slip in the course of cyclic hardening. In fact,
sinusoidal signals appear occasionally in the initial period of cyclic

12Cr-FerrtcSS 18Cr-0hi.25MO-fli) 22 C- 5.5 NI-3 ".NJ hardening in the same way as later on during the crack initiation
Aute~m SS Feffbc-AusA44 SS Stage B. Thus, it is likely that sliplenvironment interaction during this

FIGURE 50-Thickness of passive layer (Auger analysis) for period fo!lcws the mechanism of Stage B (slip-step emergencei
three SSs at three potentials (potentiostatically) In 0.05 M H2SO passive film piercingrepassivation model'). Experimental observa-
(30'C). 1' °  tions support this view:

472 EICM Proceedings



(1) The sinusoidal signals mentioned will decay as cycling harden- Transient Current and Stress
ing progresses in this period;

(2) All system parameters exert the same influence on the current Amplitude in Stage A
transients in this period as on the sinusoidal signals in the crack 0.8-
initiation, Stage B, such as lower signals, U= +365mV (SHE)
(a) At potentials favoring improved passivity (signal amplitude at

900 mV 715 mV < 365 mV < 0 mV, Figures 53 and 55);
(b) At lower stress amplitudes (Figure 55); .-0.6 U +71m (SHE)
(c) With alloys high in Cr and Mo (22Cr-5Ni-3Mo SS < 316 SS

< 12Cr SS);
(d) In less aggressive media (0.05 M H2SO4 vs 2 M H2SO4,

Figure 57). 1~0.4-
Q

Passive Potential (potentiostatic) _

and Transient Current in Stage A (0 0.2 M. o/ Medium:

0.8 / 0.05 M H2SO4 (30-C)
Medium: 0.05 M H2SO 4 (300C) Material:

- Material: Austenitic SS: 17Cr-12 Ni-2 Mo 0 Ferritic SS (12Cr) 240

=L0.6 S, 0.9Sf. ai,) 0 100 150 200 2.50 300
.-Stress Amplitude in MPd

FIGURE 55-Dependence of transient cell current in Stage A on
stress range.

0.4 Alloy Chemistry and Transient

. 0.8 Current in Stage A
CO 0.2-I 0.8.

Medium: 0.05 M H2SO 4 (300C)
I I I Material: Ferritic SS (12 Cr)

I < Potential: U = +365mV (SHE)
365 715 915 ".0 ~~ ~ ~ ~ C ,,,, , , .:0.6-

0 200 400 600 800 1000 1200 C
Electrode Potential U in mV vs. SHE

FIGURE 53-Dependence of transient cell current in Stage A on 0.4
(potentlostaftc) passive potential'00 in the Incubation Stage A. 0

C

C) 0 0
C0.2 2

Cell Current Peak Heightvs Potential CM in ,

1.0 "1 1 U. <<.

< 12 Cr-Ferritic Steel S, = --0.9 Sa, S, = 0.8 Sf. a.1
Bending Stress Amplitude FIGURE 56-Dependence of transient cell current in Stage A on

. 0.8 - = 0.9 Si ,&,,, . alloy chemistry.
. i It appears that, during the initial hardening period, local plastic

X strain events, limited both in time (cycle numbers) and extent, leave
0.6 -- sites where microplastic processes are preferentially set in motion

)during the subsequent Stage A, where they manifest themselves ino- jthe aforementioned stochastic current transients. Those involving the
A 0.4c -highest charge transfer will be prime candidates for continued

,- \mechano-electruchemical reactions in Stage A until, at the transition

I .from Stage A to Stage B, irreversible near-surface glide processes
-are induced at one or a few sites as manifested by the sinusoidal

signals in Figure 46. They may be indicative of the appearance of
persistent slip bands (PSBs). It has been demonstrated at PSBs that
several processes can occur that all act toward depassivation:101 the

.1 1 - -basic process of local rupture of a passive film by sufficiently
0 200 400 600 800 1000 1200 extruded PSBs, surface roughening on PSBs, and stress raising at

Applied Potential Up,. in mV (SHE) the matrix/PSB interface.
The answer to the question of whether one or a few cracks will

initiate seems to be given already during the initial cyclic strain-
FIGURE 54-Dependence of cell current peak height on (poten- hardening period. If sufficient strain localization and, as a conse-
tlostatlc) passive potential,.' quence, preferential passivationldepassivation are possible there, it
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is highly likely that only one crack will be initiated that will lead to time-to-fracture and consequently the time available for self-passi-
fracture. Therefore, in favor of this are anodic protection, low acidity, vation. Self-passivation occurs at S, = ± 0, too, indicating that the
high contents of passivating alloying elements in SSs, and low stress mechanism is purely electrochemical in nature. In fact, a microscopic
range. Figure 58 illustrates an example where all four parameters are and scanning electron microscope (SEM) investigation revealed a
in the adverse direction. preferential corrosion attack on the austenitic phase, which is lower

The limiting case where no cracks will initiate requires that PSBs in Cr and Mo than the ferrite. This preferential attack produces
be unable to form at all or, if they can form, that they have dimensions trenches. In the plate-manufacturing process, the austenitic islands
that are small compared to the thickness of the respective passive are stretched in the milling direction. Figure 60 shows the different
film. configuration of the austenitic phase in the LT and TL directions,t2)

respectively TL specimens, therefore, exhibit deeper trenches than
It is for this reason that practical measures to counter Mode II LT specimens. By the selective dissolution of the austenitic phase

CF aim at suppressing slip processes up to stress ranges as high as during self-passivation, the surface will be steadily enriched in Cr and
possible, e.g., by shot peening, hammering, autofrettage; using Mo until passivation becomes possible.
alloying elements that lower the electrical charge required for
repassivation and, at the same time, assist in forming thick passive Weustohn..
layers (Figures 50 and 51), applying redox systems, where feasible,
that hold a favorable potential within the passive range (Figures 53
and 55), and designing for low stress ranges by eliminating geomet- Crtat * P ndk~ pcI ,

rical and other stress raisers. I:
Rdsum6 of the potential of the current transient measuring ,

technique.100 The signals that can be recorded during the CF life of ,,
specimens describe the corrosion system "stainless steels under ',
fatigue loading and stable passivity.''1 They allow detection of the ;,4
first interactions between cyclic slip processes and environment, s,,N,,
discovery of crack initiation on a microscopic scale, determination of ... "
the position of growing cracks, at present for rotating bending, by , 7s',
measuring the phase angle between sinusoidal current signals and a " =s,.,
reference line on the circumference of a specimen, and discrimina-
tion of whether one or more cracks develop and differentiation .
between growing and dormant cracks. .

Peak Height of Cell Current Transients vs
Stress Amplitude

08 Ferritlic-Austenitic SS (22 Cr-5 N3 Mo) u

I U.t=+365mV(SHE) FIGURE 58-Crack Initiation and propagation in a notched
-. o 0.05M HSO, (300C) rotating-bending speclmen undercondltlons favoring two cracks

C 2M HzSO, (300C) (and crack branching). Open-circuIt potential, H2SO4 (pH = 3.3,

0.6 300C, S, = 0.9 S,(alr).

X
CO0 Duplex Steel: Self-Passivation under CF-- 0.4.... - ,'"-

CO S,=±100MPa
E_0.2 S, ± -- 70MPa J,.

- -150

0 10 100 200 300 D

Stress Amplitude in MPa 2MHSO4
c:. |II ] I II300C

FIGURE 57-Dependence of cell current peak height on stress 2 -200. 1+ 1+ 1+
range and acid concentration In Stage A. ".

Peculiarities of ferritic-austenitic SSs96

These steels show all the salient mechanistic features dealt with -250. , ... , , -"
in the previous paragraph. However, the duplex character of these 2 5 10 20 50
steels causes some effects that result from the different chemical Time in hours
composition and lattice of the a- and -y-phase that are not observed
in the aforementioned classes of monophase SSs. Figure 59 displays FIGURE 59-Self-passvatlon of a 22Cr-5.5NI-3Mo ferrltlc-auste-
one of them. They may become passive after an appreciable lapse nltlc SS at open-circuit potential. Influence of stress range and
of time and high cycle numbers, e.g., 5 x IV0, even under CF time (number of cycles), respectively."
loading, if the system is not too far away from the active/passive
borderline, as in the case of 2 M H2SO4 at ambient temperature.9 (2)The first letter indicates the direction of principal stress; the second
The stress range is influential only Insofar as it will limit the letter indicates direction of crack propagation direction.
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Duplex Sin Because of the formation of a plastic zone ahead of the nctchSteel: Austenitic Phase iFerrite Matrix tip, this increase is lower and determined by an "effective" stress

concentration factor (termed fatigue notch factor K,), which is the ratio
Austenite of plane fatigue strength (S,) to the notched fatigue strength (Sn):

Fertritje B K = Si

WA-' (18)

The real stress increase is therefore (Figure 63)

Rolling Direction K, x S,, - S. = S. (K, - 1) (19)

Introducing the notch sensitivity factor q will yield a measure of the
LT-Specimen Sdegree of agreement between K, and Ki:

q x S.(K, - 1) = Sn (Kg - 1) (20)
Ferrite Austenite

Ki- 1
section A-B q - K, - 1 (21)

TL-Specimen . I N) sr When K, = K1, i.e.,q= 1, a material is said to be fully notch sensitive;

Ferrite Austenite if q = 0 (K = 1), it is notch insensitive.

FIGURE 60-Milling texture of a ferritic-austenitic SS with the Duplex Steel: Seif-Passivation under CF
austenitic phase In the ferrite matrix. 96

S, =+100 MPa

The process of self-passivation in these duplex SSs should be
frequency independent in a range where the hydrodynamic condi-
tions in the boundary layer are identical. This is brought out by >-150
comparing Figures 59 and 61 for stress ranges low enough to yield C .."-" ......... ""*
fracture times longer than the time for self-passivation (±S, < 100 D
MPa). 2M I--SO, II II

The preferential dissolution of the austenitic phase should -0. 300C H
influence the fatigue life because of the surface notches formed. To 0 f = 6.5 s"1

demonstrate this,06 specimens were self-passivated under the con- -u
ditions of Figure 59 at S, = ±0. In the first case, after passivity had
been reached, the fatigue load (S, = ±200 MPa) was applied (Figure
62). In the second case, again after identical self-passivation, the -250 . .. 1
specimen was cathodicatly activated, and the load was applied. 2 5 10 20 50
Despite the fact that trenches had been formed in the process of Time in hours
self-passivation in the first stage of the experiment (S = = 0),
deepening of these notches and early crack initiation in the second FIGURE 61 -Self-passivatlon of a 22Cr-5,5NI-3Mo ferritic-auste-
case was responsible for a much lower fatigue life, compared to the nitic SS at open-circuit potential. Influence of stress range and

first case where (stable passivity) Mode iI CF conditions were time (number of cycles), respectively" (frequency 6.5 s

maintained from the moment the load was applied, Instead of 50 s- In Figure 59).

Besides differences in the corrosion resistance of the two
phases, an influence of rolling texture is noticeable even under Duplex Steel: Life vs Self-Passivation/Activation
optimum (potentiostatic) Mode II CF conditions, It becomes more so
the longer the fatigue life. In an Inert environment, the difference in
fatigue strength between LT and TL specimens must remain constant
because no electrochemical component Is involved. 400. S.Piabn /Loa A ied

300.

Maraging steels 3 
\C

The CF behavior of an 18N1-7Co-5Mo maraging steel (R, 200 2 M H. O306C S,=200MPa

1780 MPa, R 0 2 = 1700 MPa) has been studied in Mode It CF (pH D
4.62, M10 acetate buffer, 20'C). The AF and CF results will be

evaluated with respect to the notch sensitivity of this 18% Ni -) 0. Se.-Passi/a |bei
maraging steel after a few general remarks. a. Ct Actab:rlLoad Appled

The reduction of fatigue strength is usually less than the -100.1fracb,, e
theoretical stress concentration factor K indicates, which is the ratio
of the greatest stress in the region of a mechanical notch or other -200.
stress concentrator, as determined by the theory of elasticity, to the 264 66 68

corresponding nominal stress (S,) (Figure 63). Theoretically, the 0 Load Apied in hous

stress at the tip of a notch should be increased by FIGURE 62-Corrosion fatigue life of a ferrltic-austenitic SS

(22Cr-5.5 NI-3Mo) as Influenced by self-passlvation and ca-
S,. - Sn - KS, - Sn =, (K, - 1) (17) thodlc activation, respectively. Open-circuit potential.
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The relationship between K, and q is illustrated in Figure 63, Condensing reheat turbine blade failures. Such blade fail-
which shows the stress distribution in a notched bar. 10 2 The left part ures in condensing reheat turbines have, in the meantime, become
illustrates the geometric influence on the notch effect [Equation (17)], a subject of wide interest. They usually occur after a long operating
whereas the right part of this figure expresses the influence from the period (in Figures 68 and 69 after about 55,000 operating h).
side of the material [Equation (18)]. It should be noted, however, that Moving blades and guide vanes represent the highest number
the original assumption does not hold true: The notch sensitivity of single components in a turboset (e.g., 15,000 moving blades in a
factor q is no material constant for a given material. Calculating q 1300 MW turbo set); two-thirds of all running blade failures" .10 7

from Equation (21) is permissible provided q is determined under occur in the transition and condensating stages. As a high percent-
equal or at least similar conditions to which a component will be age of them is caused by Mode IV CF, it is understandable that great
subjected. In addition, it has undoubtedly the advantage to be efforts have been untertaken to find ways to mitigate it, e.g., by
illustrative in the aforementioned sense: q = 1: extreme fatigue notch EPR,1 (3 ) BMFT/DECHEMA, (4) and others.
sensitivity; q = 0: no notch sensitivity. Figure 68 shows a running blade and its base after fracture.

Table 8 represents the results for the 18Ni-7Co-5Mo maraging Many small, dark spots with a somewhat brighter ring can be
steel in two heat-treatment conditions. For sharp notches (K, = 4.80), recognized on both sides of the blade. The brighter rings surround
the notch sensitivity factor in air is not too much different for push-pull the pits covered by tiny heaps of corrosion products. In the area of the
or pulsating tension stresses, whereas q (on the basis of plane bright rings, the cathodic partial reaction of pitting takes place. As is
fatigue strength in air/notched CF strengh) is falling, under such mild typical for Mode IV, several cracks (close to the blade base) combine
corrosive conditions, below the lowest q value in air in the age- in the final phase of fracture. This caused the fissured appearance of
hardened condition. On a CF basis (plane CF strength/notched CF the fracture surface shown in Figure 69, which demonstrates that
strength), q is decreased to a very low value (0.19), demonstrating cracking started from the bottom of pits.
once more that mechanical notches, in their negative effect on fatigue In this context, the origin of corrosive agents in condensing
strength, will be far surpassed by mechano-electrochemical notch reheat turbines has been discussed,92 because, after applying 100%
effects, condensate polishing, both the feedwater and the boiler water are

very pure. However, traces of salts including chlorides may slip
through the ion exchangers being carried along with the high-pres-

Corrosion fatigue in the state of unstable passivity with sure steam in which they are soluble. It is a striking fact that CF
endogenous activation (Mode Ill corrosion fatigue) failures in these turbines are restricted sometimes to only one or a

Among all SSs, martensitic 13Cr steels are especially prone to few stages of running btades at which x = 1 ("Wilson Zone"). No CF
this type of CF9  in little aggressive media because of their borderline failures occur in the first stages, where there is no condensation, and
composition for passivity. When passivated, for example, in a also in those where there is full condensation. It is in the range where
medium such as c2 in Figure 64, an unstable passive potential (2,ass) condensation starts that one can observe CF cracks. This results
will develop. In the course of fatigue loading, the aforementioned from the fact that the front of condensation is not stable, thus causing
sequence of events will cause polarization as soon as a slip step alternate condensing and drying up in the Wilson Zone. This process
(PSB) of critical height has penetrated the passive film. The leads to an accumulation of salts, among them chlorides that can
open.circuit potential will become more and more negative until it falls induce pitting of 13% Cr turbine steels.
below the passivation potential (t.) and total activation occurs. Heavy salt deposits do not represent the state of the art in
Corrosion proceeds in Mode I at the active open-circuit potential modern power plants using 100% condensate polishing. Neverthe-
(2 ,cl) less, the problem remains that the first droplets of condensate may

Failures resulting from this mode can occur when potential be enriched in ions, among them chlorides, because of the widely
measurements in a medium show passive behavior and no poten- differing partition coefficients of substances in the steam/water
ial-time curves after complete activation of test coupons (e.g.. by system.
touching them with Zn) were taken to prove stable passivity by
repassivation. Mechanical and corrosive stressing of turbine blades. On

the mechanical side, there are different and complicated loads that
act on blades, for Instance, centrifugal, steam bending, initial preload

Corrosion fatigue in the state of metastable passivity overspeed, and reactive loads resulting from thermal expansion.
with exogenous activation (Mode IV corrosion fatigue) Stress calculation and design put enough safety into the

The important case is that of a superposition of CF and pitting, operational behavior of blades to avoid low-pressure steam turbine
Others concern CF with superposition of crevice corrosion, intergran- blade failures but could not take into account the loss of fatigue
ular, and stress corrosion, respectively, strength because of Mode IV CF. The significant reduction in fatigue

Superposition of pitting and corrosion fatigue. This mode strength of a typical 13Cr martensitic blade steel is plotted in Figure
has been studied first for austenitic SSs.1'3 After an Induction period, 70 and clearly reveals the following points:105

pitting Is stabilized and cracks start from the anodic bottom of pits. (1) The structural AF strength of a blade profile is lower than the
Usually, cracking occurs in a number of pits so that a fracture surface plane-specimen AF strength;
lull ol fissures is formed that can be distinguished easily macrofrac- (2) It Is, however, conservative (in air) to take the notch fatigue
tographically from Mode II but looks very much like Mode I fractures, strength as a balis for calculation if not for the environmental
However, all the surface except for the pits remains passive, acting influence;
as the cathodic area, With numbers of cycles Increasing, the pitting (3) The lowest strength Is observed under CF conditions with
area Increases and the corrosion potential shifts toward less noble notched specimens and blades coming down to the same level;
values Figure 65 shows a SEM picture of the surface of a (4) It must not be overlooked that heavy pitting alone, e.g., provoked
rotating-beam specimen. It gives an Impression of the sequence of in stand-still periods, will lower CF strength considerably be-
events underlining the fact that, because of the stress concentration cause of the notch effect alone, as the second lowest level of
in the ligaments between closely adjacent pits, the cracks (end to Fgure 70 illustrates.
follow such paths. This figure also brings out the detrimental effect of
pitting on CF strength. The low number of cycles (40 x 10QO) was It thus becomes evident how important it Is to test a steel under

endured at a stress amplitude of only = 80 MPa. conditions sufficiently similar to reality.
An early practical example of the superposition of CF and pitting

is given in Figure 66. illustrating the CF failure of a low-pressure
turbine blade. Figure 671' shows a typical low-pressure turbine )Electric Power Research Institute, Palo Alto, CA.
configuration. t'4)Bonn/Frankfurt, FRG.
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TABLE 8
Fatigue Notch Factor K, and

Notch Sensitivity Factor q (Kt = 4.80)(A)

Solution Annealed, Age Hardened

Fatigue HV 30 = 330 (850'C, 30 min/475°C, 6 h)
Mode Kt - 1 Kf - 1

(N=10) K, q =- K,Kt -1 K-1

Alternating stress
(push.pull) (air) 3.31 0.61 3.60 0.68
R = - 1

SMax

Pulsating tension
(air) 2.91 0.77 3.21 0.58
R = - 0S".x

Pulsating tension 10.0(8) 0.42(B)

not tested
0.1 M acetate buffer,
pH 4.62 1.71(c) 0.19 (o)

R=0

(A)18 % Ni.maraging steel (7.5 Co, 4.8 Mo, 0.4 Ti).
(O)Basis = plain fatigue strength (air)Inotched CF strength.
(C)Basis = plain CF strengthlnotched CF strength.

Fatigue Notch Sensitivity fatigue data from high-frequency tests to model the reduction in
fatigue strength that may occur when low cyclic loading is experi-
enced in relatively innocuous environments. The low cycle CF side of

F the problem has thus been brought into focus and, with it, the events
and effects under those 104 start-up conditions in the typical life of a
turboset. On the other hand, Figure 71 shows that the pitting and
cracking borderline under such conditions seems to be located at

' comfortably high stress levels. Those data were obtained under
continuous loading. Further research must demonstrate if and how
far low-frequency load cycles intermittent with rest periods will yield
results that differ from the continuous loading mode of Figure 71.

This picture changes dramatically when high chloride contents
CA come into play as in blade stages near x - 1, iLe., at the (unstable)
X front of condensation, causing condensation and drying up. It is

assumed, at least in Germany. that an aqueous solution of 26% NaCI
05 by weight and 801C will conservatively represent the real conditions,

Figure 72 presents the results of the aforementioned BMFT research
project In a complete Smith diagram." e The frequency chosen (50
Hz) was the rotary frequency, the cycles being limited to 3 x 107 or
5 x 107 for practical reasons. It displays the Influence of oxygen in
both deionized water and its extremely detrimental effect in the
concentrated chloride solution. In delonized water, the decay of
fatigue strength Is nearly independent of pH between 5 and 9,
whereas In concentrated NaCI solutions saturated with 02, the CF

F strength between pH 7 and 9 is only a fraction of the AF limit, This
dramatic drop is a result of Mode IV CF because, under such

FIGURE 63-Illustrating fatigue notch factor (KI), theoretical condition4, the upen-cir.uit potential will be driven beyond the pitting
stress concentration factor (K), and notch sensitivity factor potential.
(q).' 02  Clearly, under such conditions, life will be limited. Aside from

efforts to safeguard operational conditions that exclude events like an
inrush of untreated water, faulty operation of condensate polishing

As Figure 70 showed, condensate suffices to lower the fatigue units, etc., design measures to keep the fatigue load of running
strength. Fatigue data for 13% Cr steel tested at low frequencies in blades in the transition stages as low as possible and to damp
condensing steam have made this clear (Figure 71) in a more vibrations, an intensive search for better blade materials and causes
quantitative way.'0 The dashed line separates the pitted specimens of failures was conducted.trl° ' 2
from those In which the surface condition had remained unchanged, In addition to martensitic and ferritic-austenitic SSs, ferritic SSs
the full line encloses those with cracks. Data were obtained by were included In this search. In a classification,'2 ferritic-austenitic
repeated examination of the specimens by SEM at the intervals and high-chromium ferritic steels fall in one group with CF strengths
Indicated by the data in Figure 71. After comparing them with of around 300 MPa, austenitic and martensitic SS In a second group
published high-frequency data, it may be necessary to use notched with CF strengths around 100 MPa.
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Material: Steel X 10CrNjNb 189 .

(AISI 347j BS En S8 F)
Surface Treatment: Grinding and
electrol polishing (.C00pm ) Bearng

Medium: Aqueous solution of
45 9/1 NoCIh 22 91 FeCI3.
i H20i It g1l FeSO4-7H20

pH I,? FIGURE 67-Typical low-pressure turbine configuration. (Copy-
Stress Amplitude 80 MPa right 1980 EPRI. EPRI WS-78-114. Reprinted with permission. 04

)

,...m _.,Number of : 4,08,0(3) The damage ratio (CF limit divided by endurance limit in air)

depends'19 strongly on the tempering temperature of martensitic 13
Cr steels (at 6000C the damage ratio was as low as 0,04 in 3% NaCI

Corrosion Fatigue and Pitting Corrosion as compared to about 0.25 to 0.30 at 430 and 750'C). Especially
FIGURE 65-Superposition of corrosion fatigue and pitting large pits Initiating CF were observed in specimen b tempered at the
corrosion [Mode IV corrosion fatigue; material, steel X 10 critical temperature of 600'C. This is explained by precipitation o1
CrNiNb 189; W.-No. 1.4550 [typo 347 (UNS S34700); BS En 58 F)]. carbides M7C. + M Co t M2(C, N) where martensito laths had
Original surface ground and electrolytically polished. Medium: been located. 3' Pitting seems to be favored under such heat-
aqueous solution of 25 g/L NaCI, 22 g/L FoCI3 x 6 1120, 11 gIL treatment conditions (quenching from 970'C In oil tempering at
FeSO 4 x 7 H20, pH 1.7. Stress range In rotating bending: -t 80 4501C, 3 h/air cool). This Is, once more, a hint not to deviate from
MPa. Number of cycles at fracture: 4.08 x 101). long-establlshed, heat-treatment procedures calling for a tempering

temperature of at least 680"C. In contrast to the tempering temper-
From a practical point of view the following results shall be ature, the austenitizing temperature was found to have little influ-

mentioned: ence.
(1) Class3Super 12% Crsteels' 3"wero found to have rotating- (4) Choosing the proper heat treatment. The effect of heat

bending CF strengths of around 350 MPa (artificial seawater, room treatments on the CF properties of 13Cr SSs in aqueous NaCI
temperature) as compared"I to 335 MPa of a duplex 2lCr-6Ni-Mo solutions has been studied in detail." 90 Whereas the austenitizing
SS. temperature (between 930 and 1100°C) has little influence, the

(2)Adding 1% Me to Class 1 13% Cr steels Increases the tempering temperature is critical. The CF strength goes toa minimum
uniaxial tension CF strength by about 80 MPa (Sm = 350 MPa, 10 at 600°C (as similarly shown in Figure 74). It is much smaller there
Hz, 27% NaCI. pH = 7). This Is caused by two effects: (a) shifting the than at 450 and 750"C. The former tempering temperature cannot be
pit initiation potential to more noble values; (b) formation of thicker made use of as the mechanical properties, above all, the fracture
passive layers. toughness, are too small for practical purposes. The minimum at
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600°C is explained by the fact that carbides of the type M7C3, M23C6, inclusion, the latter themselves not being cracked. Sulfide inclusions
M2(C,N) are precipitated where martensite laths had been located. '  are less noble than the passive film' and have been identified as

(5) An accelerated test procedure to determine quantitatively the preferential site of pit initiatiuon.' , Once attacked, they lead to
the propensity to CF could not be found. 1 ' 120 an enhancement of local anodic dissolution not only on account of the

(6) The inhibiting effect of silicates and phosphates on the galvanic effect but also by stimula..ag anodic dissolution in the
fatigue crack growth rates in type 403 SS is nil in 10 M NaOH (1 Hz, presence of S2 and SH -. This stimulation is most effective, of
100°C) They showed inhibiting effects, however, in 6 M NaCI at a course, in a crevice. Crevices between matrix and sulfide inclusions
concentration of 0.5 M Na3PO4 or NaSi0 3, respectively. At a are likely because of the difference in the coefficient of thermal
concentration of 0.1 M, an accelerating effect was found enhancing expansion leading to a stronger contraction for sulfide inclusions.
the fatigue crack growth rates.132  This is one of the reasons for the close similarity between pitting and

(7) Of many types of coatings, only the anodic metallic deposits crevice corrosion.
gave an improvement of type 403 SS CIF strength.' 13

(8) The high-frequency CF strength (Figure 73) of type 403
steam turbine blade material (109 cycles) in 18 different environ-
ments is lower than that of the 17-4 pH and Ti-6AI-4V alloys.' 33 13Cr
SS was tested over the broad range from 10 - 3 to 104 Hz by fracture
mechanics fatigue crack growth methods showing that environmental
crack growth rates decrease strongly at higher frequencies, demon-
strating the possibility that ultrasonic tests allow the measurement of
fatigue threshold stress-intensity AKo in short times. 134

Materiat:
Xt5Cr13

(WNr.t.40241
AISI 420

BSEn56B

Deformed Blade

BoseFIGURE 69-Fracture surface of blade, blade base, and cross

Bh4de Bose i'Co section of blade with pit and corrosion fatigue cracks, respec-

inner side outer side

corsoatigue Fe I TWUsnS

Marerian ilure/Wr 62

a T-ourbine Blede b
FIGURE 68-Superpostlon of corrosion fatigue and pitting Fatigue and CF: Influence of Medium
corrosion (Mode IV corrosion fatigue: view of failed blade).rack

in a somewhat related field, type 410 SS compressor blades

have been shown to gain considerably in their CF strength by
residual magnetism. This improvement is attributed to a reduction in
the rate at which dislocations cross slip to broaden slip planes, which T = 20oC atr, smooth specimens
are preferentially attacked by a synthetic seawater atmosphere.' 2

3 It 13 CrMatensitac S (fatigue strenth)
is interesting to note that the magneto-mechanical contributions to =ir.Hz a/r tura. Wtrades

I ~ (structural strength)
Internal friction not only have a beneficial effect on fatigue by - condensate. smooth specmens
increasing the damping capacity of type 410 SS blades, they /(CF.strenth.N=St.0
evidently act in a positive sense under CF conditions, too. ,_..., au, notched specimens

In an extensive study, the influence of microstructure on fatigue (stress cocc lactof K, = 24 10 43)

crack initiation in hot-neutral sodium chloride solution has been -26 4. NaCL. smooth specimens
investigated."' Results showed that 3% sodium chloride solution
(800C) has a marked Influence on the fatigue strength of tempered 264 4 MaCI, Mime blades

martensitic 12Cr and 170r-2NI steels: Pitting corrosion started at - CFstrength (264%NaCO. notched specimens and turbine blades
sulfide inclusions at all stress ranges below the AF limit above which 10
oxide-sulfide inclusions in the 12Cr steel and mixed-oxide inclusions 0 100 200 300 400 500 600
in the 17Cr-2Ni steel become operative. It is interesting to note' 15 that Rotating Beam Fatigue/CF Strength in MPa (N = 5.101)
crack Initiation In pure, extra-low carbon and low interstitial ferritic
steels (18Cr and 28Cr-4Ni-2Mo) did not follow the Mode IV CF
mechanism. Initiation was caused by the slip step emergence (Mode FIGURE 70-Fatigue and corrosion fatigue in connection with
II mechanism94) because, in this environment, pitting will not be steam turbine running blades; Influence of medium and
induced. CF cracks always pass along the interphase matrix/ structure10°
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Fatigue Data for Martensitic 13Cr SS molybdenum-bearing qualities are used in seawater service and
interest can be noted for using them as low-pressure turbine blade
material.

I = 0.016 Hz R-=0.1
Medium: Condensing Pure Steam

Ca A Aqueous solutions. Nickel martensitic steels meet the require-
a, 600 - ments of hydro-turbine service, viz., strength, hardenability, welda-

A A "bility, and cavitation and CF resistance.
" " -. * * Water wheels for Pelton turbines and Kaplan runners are

400 + - --... .e - 0 predominantly made of type 13Cr-4Ni currently. The reason for

o + turning to these high-alloy materials was cracks in cast bucket wheels
E * pitting of Kaplan turbines that have been identified as caused by CF. As in

200 pitting and cracking + the case of steam turbine CF blade failures (Figure 70), it is difficult
- +no change and requires costly technical resources to obtain CF strength values

____IIIIIIIII_ representing the factual behavior of a steel in such components
0 5.10' 10 5.105 under service conditions. How problematic it is to determine a

Number of Cycles to Failure characteristic value meeting this requirement became evident. 4 0 ' '14

As emphasized in Reference 37, the S, values of laboratory

FIGURE 71-Tension-tension fatigue data for a 13Cr martensitic specimens can be much higher than the stress range endured by
turbine blade steel.'0 6  thick wall castings of type 13Cr-4Ni material applying test parameters

closely related to practice.
The problem of how far the water quality influences the life of the

- -- tow - 0 -saturated components in question has so far not been resolved. In laboratory
0 ------- . . tests using different water qualities, no pitting was observed. It is not

W Air clear, however, whether or not the chloride concentrations in
hydro-turbine service will induce Mode IV CF. On the other hand, the

-Ii -following parameters have been clearly identified: 7

200 (1) The type of alloy and the chemical analysis have, except for
02-saturated impurities, little influence on CF;140 .14 1

-. (2) Forgings have a higher fatigue and CF strength than castings,
200 '00 60o0 c o provided they are loaded in a favorable direction to the forging

- /fibers. Weld metal has CF strengths at least as good as cast
200 material;.3 [] Pure water, 80 °C

<Air ,ot,26 wt. pct, 80-C (3) Heat-treatment conditions and strength, respectively, have,
- .r..... .... 8 . within wide limits, no intluence on the CF strength. Even in small

laboratory fatigue specimens, the fatigue strength increases
Mean Tensile Stress 6nin MPa only slightly with tensile strength.37

FIGURE 72-Smith diagram for air and corrosion fatigue show-
ing the Influence of oxygen, Seawater. For this service, grades on the basis 16Cr-5Ni-lMo

offer a good choice. As Figure 74152 shows, the addition of about 1l%
High Frequency CF Strength (20 kHz) Mo increases the CF strength in seawater considerably. Castings of

16Cr-6Ni (CA-6 NM) show a CF strength clearly below ±100 MPa,
600 these values being considerably lowered at higher cycle numbers. In

_contrast to this, the curve drop of the 16Cr-5Ni-1 Mo steel in seawater
almost ceases, which is in agreement with results reported on
wrought alloys of similar composition. Figure 74 also indicates that

[70 17-4 PH40174rHa fatigue strength of at least ±t200 MPa may be expected with respect
5 400 -0 Ti-6 At.4 V to a tempering temperature of not less than 600°C under laboratory

CO
C. conditions.

E-300 -
C

9) 200 - D2005 . 30( - t6Cr-SN -Mo (Air)

E4104141 300 I

o 1'_
PuiM 100% LT4 25% HaSO, < 20PPS 0, Aira s it X& ilIMi., .200

Wat,, - <20Pp'O, 22% C NoSO, (26%)+ $

FIGURE 73-High-frequency corrosion fatigue strength of dif- C 100
ferent materials. Influence of Inhibitors.

0
Nickel martensitic and maraging steels O 10 of

Because of their high tensile strength, this class of steels has Nurber Of CYCle3 to Failure

higher fatigue strengths in air than austenitic SS. It is for this reason
that they aroused interest and found application for Kaplan turbines FIGURE 74-Rotating-bending fatigue strength of steel X 5 CrNI
in the form of heavy castings for runners, and as forgings for gliding 13 4 (unpublished results by KSB Frankenthal, Federal Republic
planes. In the meantime, they are used in pumps for casings, of Germany'52), X 5 CrNIMo 13 6 and X 5 CrNIMo 16 5 1. Smooth
runners, and shafts, and in compressors for similar components. The specimens." (Reprinted with permission.' 42 )
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Chloride solutions at elevated temperatures. In connection cracks initiated in the concentrated 4 M solution by cracking of Nb
with the aforementioned problem of low-pressure turbine blade carbonitrides, which were leading to a local corrosion attack, and
failures by CF, extensive investigations were undertaken to compare from there CF cracking started.
the strength of nickel martensitic steels with those of standard In assessing these findings,125 a fatigue limit for the martensitic
martensitic grades in chloride solutions in a temperature range SS cannot exist because of the fact that its open-circuit potential is,
characteristic for low-pressure steam turbine stages in the critical in both NaCI solutions, more positive than the pitting potential, so
condensation range. Results showed the CF limit decreases consid- pitting must occur. The crack initiation life is therefore reduced by all
erably with increasing temperature, whereas the chloride ion con- factors accelerating pitting.
centration is of minor importance. In the temperature range up to In contrast, no pitting can occur in the case of the ferritic steel,
80'C. Mode II CF was observed that was characterized by a plane because the corrosion potential is less noble than the potential for
crack path and no corrosion attack to the specimen surface. At a repassivating pitting in 0.5 M NaCI. Therefore, OF crack initiation
temperature of 150DO, Mode IV CF occurred.1'4 CF fractures always under corrosion conditions follows the Mode II CF mechanism, i.e.,
pass along the interphase matrix/inclusion, the inclusions themselves slip steps, produced by cyclic plastic deformation of the bulk material
not being cracked. rupturing the passive film on the metal surface followed by repassi-

Compared to type 410 standard Cr steels, the CF strength of vation, etc. 148
,'

5
1 This allows a prediction of the minimum value for

16Cr-5Ni-2Mo nickel martensitic SSs was found to be appreciably the CF strength,125 Below the cyclic YS, there is no plastic deforma-
higher under all conditions. Further improvements can be obtained tion and therefore no film rupturing. Several ferritic steels have a
by secondary metallurgical processing. An electroslag rei,,dlted cyclic YS of about 70% of the static YS. 147 The 18Cr SS then is
16Cr-5Ni-1Mo steel reached at N = 3 x 107 in 22% NaCI at 800C: expected to have a cyclic YS of 230 MPa, a value that is about 30%
S, = t 160 MPa (mean stress Smn 350 MPa) and at 15C°C S, = lower than the fatigue limit observed in 0.5 N NaCI solution at 80C.
± 60 MPa (mean stress Sm = 250 MPa). If, for the ferritic steel in question, the above relationship holds true,

However, this positive effect on CF strength is not pronounced; this difference may be explained by the presence of the passive film,
if several melts are tested, the standard metallurgical grade and the which cannot be penetrated as long as the slip-step height under
electroslag remelting grade probably will fall within the same scatter cyclic load remains lower than the passive film thickness and vice
band. versa.

The highest CF strength under the aforementioned conditions The mechanism in 4 M NaCI solution is straightforward. The
were shown by the maraging 17-4 pH SS (e.g., S, = t 200 MPa at steel is fully passive at stresses below the critical strain for cracking
Sm = 350 MPa in 22% NaCI of 800C). However, there is a inclusions As soon as the latter occurs, crevices are formed at
pronounced scatter of results, low values being obtained whenever nonmetallic inclusions and pitting or crevice corrosion on account of
copper-containing metallic inclusions (which quickly corrode away) this can be initiated following the Modo IV CF mechanism as
are present in the surface or oxide inclusions containing Si, Mg Mn, explained above.93

and Ca. 146 The effect of microstructure on pitting and CF of 17-4 pH
turbine blade steel in chloride environments was investigated in an Superposition of crevice corrosion
EPRI !esearch project,145 Shot peening can cause changes in the and corrosion fatigue
microstructure of the surface layers by transforming the austenite to Fittings 3nd gasket elements of all kinds may provide the
untempered martensite. As large amplitude cyclic voltammetry and necessary electrolytic conditions for triggering crevice corrosion that
pit propagation rate tests indicated, tempering temperature and shot will, when cuperimposed on fatigue, cause CF Mode IV failures.
peeing have only minor effects on resistance to pit initiation and Microstructural changes produced by tempering have been shown to
propagation in aqueous chloride environments. However, the sus- exert a characteristic influence 124 on the CF strength of martensitic
ceptibility to CF in 6 wt% FeCI3 was reduced by increasing the -3Cr steels Figure 75 exhiibits the results of flat-bending CF tests in
tempering timperature from 540 to 6500, evidently by lowering the a o'uffer solution of pH 4.62 in which the steel is, under crevice-free
crack growth rates at lower strength levels, i.e., tempered at 6501C, conditions, in a state of stable passivity at all tempering tempera-
At low stress levels, shot peening appears to have a slightly adverse tures The insert of this figure illustrates the experimental set-up in
effect on the CF behavior of specimens tempered at 650vC but has which the seals of the corrosion chcrber act as crevices, Under such
no effect on specimens tempered at 5400C. conditions, there is a temperature range (500 to 5501C) of high

susceptibility to crevice-corrosion-induced Mode IV CF, the reason
for which appears to be chromium depletion. In the as-quenched

Low interstitial ferritic SSs'25  condition, these steels contain untempered martensite. which may
The dependence of CF crack Initiation mechanisms on the have minor precipilations of Fe3C stemming from autotempering

corrosion behavior of a low interstitial fernlic 28Cr-4Ni-2Mo SS after cooling from the high martensito transition temperature of
compared to a straight martensitic 12Cr SS (0,9M, 0.N, R 0 2 730 270'C The amount of Fe3C increases after tempering to about 3000C
MPa, Rm 890 MPa) has been studied in detail.12 5 The microstruc- and diminishes until about 450 to 5000C, the Fe3C has dissolved and
tures to be compared were purely ferntic vs tempered martensite. Cr7C3 precipitates, mostly by formation of nuclei or, to a lesser extent,
Sulfide-oxide-type Inclusions were found in both steels, the sulfide immediately from FoC at 500 to 5500C. 'CrFe)2C 6 is finally formed
phase containing Mn and little Ca. The low interstitial ferritic steel containing up to 75% Cr in the equilibium state. These precipitations
contained Nb carbonitrides but no sulfide inclusions, cause a depletion of Cr in regions adjacent to grain boundaries,

Crack Initiation In air always started, In the case of the Besides the crevice effect, intergranular attack will thus be induced,
martensitic SS, at nonmetallic Inclusions, mainly by a precracking too, which can be found in this critical temperature region on fracture
process rupturing phase boundaries, or in some cases, decohesion surfaces by microfractography,
of the boundary sulfide/metallic matrix. In the low interstitial ferritic Much more aggressive conditions In crevices exist in the
SS, slip lines became visible and crack Initiation In air thereafter presence of chloride ions. Therefore, in contrast to the foregoing
commenced along the lines. Small (3 to 4 lIm) Nb carbonitride case, Mode IV CF is now possible In steels that haeq been quenched
inclusions were not involved in the initiation process. and tempered as usual. Figure 76 illustrates"" the drastic reduction

Under CF conditions, the martensitlc SS crack initiation was in CF strength for a type 403 13Cr martensitic SS under chloride
triggered by pitting at nonmetallic oxide-sulfide Inclusions both in 0.5 crevice corrosion conditions that should be compared to the results
and 4 M NaCI solutions. In contrast to this, the ferritic steel was fully of Figure 75. The fatigue strength under crevice corrosion conditions
passive, showing a kind of "fatigue limit" (in the technological sense) with methacryfic resin and copper fittings decreased to a level of 30
below which no more crack Initiation occurred because the carboni- to 50 MPa (15% of the AF limit). In contrast, aluminum fittings
tride inclusions io ,not crack below this fatigue limit. Above this limit, provided, by galvanic coupling, cathodic protection, and therefore
in 0.5 M NaCI, CF dlways initiated at slip lines. In spite of passivity, higher CF strength.
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Typical components for which crevice-induced Mode IV CF is of in distilled water. The SOC susceptibility is related to a chromium-
importance are pump shafts where sleeves, nuts, keys, and impellers depleted concentration profile around the prior austenite grain
form fittings with narrow gaps. boundaries. At the industrially applied tempering temperatures (700

to 750°C), this Cr-concentration gradient will be destroyed by
Wverksiofftect.n< BASF overlapping diffusion fields from coarsening Mo23C 6 precipitates in

the prior austenite and martensitic interlaih grain boundaries thus

CF.strength vs. Tempering Teme.ture removing the intergranular SOC susceptibility.
(Flit Bending) In the as-quenched state, such steels are insensitive to inter-

granular SCC because there is no such chromium-depleted zone
around prior austenite grain boundaries, but this is of academic

.o...o ... . interest because of (a) the brittleness and (b) the extreme suscep-
S. .,,,2rC, tibility to cathodic (hydrogen-induced) SCC of these steels in such a

heat-treatment condition.
G .a Nickel martensitic SSs. (1) The anodic SCC process appears

& . "to follow a slip-step emergence/repassivation mechanism.
1. 3W (2) The cathodic SCC mechanism seems to be very compli-
;i,# cated in sour gas environments. This clearly comes out in the

influence of heat treatment. By double tempering, the resistance to
120 Z f.cathodic SCC is increased by (a) a reduction of hardness and (b) a

fracture mode change from intergranular to transgranular quasicleav-

160 260 3 O 460 5 0 i560age. The latter is brought about by an increase in the volume of
Tigr" 'ref a inC retained austenite in which the solubility of hydrogen is greater than

in the matrix, whereas the diffusion coefficient is smaller. This will
cause a pile-up of hydrogen at the martensite/retained austenite
interfaces and an interaction of hydrogen atoms with dislocations

,&M generated in them on account of the incompatible deformation of the
two phases, thereby, at elevated strains, leading to transgranular

FIGURE 75-Bending corrosion fatigue strength (Mode IV, SCC. As opposed to this, single-tempered SSs failed by the
superposition of crevice corrosion) as Influenced by temperingtemperature c )e m aforementioned intergranular cracking mode requiring a shorter path

and perhaps smaller fracture energy per unit crack extension, thus

explaining the inferior resistance of 13Cr-Ni-Mo SSs in the single-
Summary temper, heat-treatment condition.

Since the Unieux-Firminy Conference2 held in France in 1973, Low Interstitial ferritic SSs. These steels have been engi-
considerable metallurgical progress has been made by secondary neered to resist anodic (chloride) SCC. They are, in the proper
metallurgy (argon-oxygen decarburization, vacuum decarburization, mill-annealed condition, immune to chloride SCC even in high-
etc ) or vacuum melting so that extremely low carbon and nitrogen chloride concentrations and at high temperatures under open-circuit
contents have become technologically adjustable in high-alloy SSs. conditions. They may, however, become susceptible when their
This development led to commercially available low interstitial ferritic open-circuit potential is displaced in the active direction, which can be
steels of high iesistarice against anodic, halide-induced stress caused by high-temperature annealing or in specific solutions (e.g.,
corrosion resistance Concurrently, the demand for SSs of improved boiling 43% LiCI + thiourea) at high-applied stresses. As these
tensile and fatigue strength has been the incentive for the develop- steels are very resistant to pitting corrosion, SCC initiation depends
ment and production of low-carbon nickel martensitic Cr-Ni/Cr-Ni-Mo on the evolution of slip steps inducing film rupture, which, in turn, will
SSs The years after 1973 also brought the breakthrough for the provide for the corrosion sites. As soon as they have attained a
ferritic-austenitic SSs, which own their increasing application in many critical size and geometry, they will start an occluded cell mechanism.
branches of industry to their anodic and cathodic stress corrosion Transient creep thus produces distinct corrosion trenches. SCC then
resistance aid their CF strength Finally, martensitic SSs have been depends on the inherent corrosion and repassivation rates. Steels of
given special attention after 1973 because of their extensive appli- lesser purity or low interstitial ferritic SS improperly heat treated or
cation as the preferred material for running turbine blades where CF heavily prestrained are thus bound to develop critical localized
resistance in condensing reheat turbines is of special concern, corrosion, thereby initiating cracks.

To establish the technologically required data for the stress
corrosion and CF behavior of these four groups of SSs, it was
necessary In determine the influence of alloy chemistry, heat Effective of Crevice Corrosion on CF
treatment, strength level, and microstructure on the one hand, and
chemical composition as related to passivating properties of the Matentitic SS
environment on the other. This led to a wealth of information in the 500(0.1 3.Cr Spcien
literature, some of which has been reviewed in-this articte. C . - in aiir F"--

Such data are Indispensable, it is true. On the other hand, for the
assessment of the ,ffect of system parameters deviating from S i.r .. NaCIsculio,LII -L.I I
standard (test) con"eions on stress corrosion and CF, an insight Into - --

the mecha-nisms Involved Is of great value. Some progress has been %made in this respect since then, too. 0Corosn p

0 opperStress corrosion cracking A 13 C-MansiC SS
Martensitic SSs. (1) Cations in chloride solutions exert an

influence NH,', e.g., causing an active path (anodic) and hydrogen 301 1 DFract fac
embrittlement (cathodic) mechanism, depending on the potential, as 10' 10$ 10' 107
opposed to Na, which establishes an active path mechanism Number of Cycles to Failure
throughout.

(2) Heat treatment is of great Influence. Tempering tempera- FIGURE 76-Effect of crevices on the endurable stress range
,ures around 475°C are critical and will cause intergranular SCC even (Mode IV corrosion fatigue). (Reprinted with permisslon.1'1)
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Ferritic-austenitic SSs few [under industrial circumstances (e.g., open-circuit potentials,
These steels have found considerable application in various large surface areas)] will originate. There will be no recognizable

industries They combine high strength, good corrosion resistance, surface nor crack-wall corrosion and the fracture surfaces will be
and high fatigue/CF strength with good SCC resistance.,As in the smooth in contrast to distinctly cleft fracture surfaces caused by
case of austenitic SSs, there is a cathodic protection potential. In cracks jumping to neighboring crack propagation planes in Mode I.
concentrated chloride solution, the protection potentials for these From the mechanistic point of view, it appears to be less likely
steels and the austenitic SSs are close together. a-phase formation that passive films on SSs possess an intrinsic fatigue strength and
lowers the resistance against anodic SCC. Welding may impair the will be cracked in the course of cycling. Instead, it must be assumed
SCC resistance when the cooling rate between 1200 and 800'C is that the first slip step of sufficient height will pierce the passive film.
too high As a rule of thumb, welding parameters should be chosen A repassivation process will then commence in which a certain
just in the opposite direction as with austenitic SSs, i.e., preheating, electrical charge will flow until passivity has been restored. Neces-
safeguarding a high heat input and, in critical instances, solution sarily, a certain amount of metal has to be dissolved before passivity
annealing followed by rapid cooling. Because of the high cooling rate, can be restored, by which process a microscopic groove will be
spot-welding or arc strikes, built-up weld seams or repair welds may produced Acting as a stress raiser, this makes further plastic
be susceptible to SCC because of the high cooling rate involved that deformation at such a site likely. Ongoing slip processes will again
suppresses the reformation of austenite from high-temperature pierce the passive film and the interplay between repassivation,
6-ferrite. metal dissolution connected with it, and strain concentration, and

The SCC mechanism is closely coupled to mechanical and triggering of further slip events will continue. This process manifests
electrochemical phenomena. In the ferrite, depassivation is essen- ;tself, under potentiostatic conditions and toward the end of CF life,
tially determined by mechanical twinning, whereas slip on the ferrite in a gradual but finally steep increase of current. Current cycle
surfaces is insufficient to cause localized depassivation. This sensi- characteristics of this type have been observed with all kinds of SSs
tivity to twinning disappears as soon as the ferrite contains no nickel so far investigated. It seems likely that this mechanism of multi-
(e g in low interstitial ferritic SSs). SCC of ferritic-austenitic SSs repassivation caused by whatever type of dislocation-induced micro-
seems to be, in the lower stress region, determined by localized plastic deformation process is responsible for CF in the passive state.
depassivation of austenite, caused by glide processes, or, at higher It has been shown that the charge necessary for repassivation is
stresses, by that of ferrite twinning being responsible for crack higher the higher the minimum CD for repassivation. The higher this
initiation and propagation in most practical cases. Ferrite is anodic to critical CD is, the more metal will dissolve until passivity has been

At low stresses, ferrite, which is not deformed, may restored. This means that the primary micronotch becomes deepercathodically protect austenite that, in turn, is plastically deformed. and the stress concentration greater, the higher the minimum CD for

When the stress reaches the critical value for twinning, depassivation passivation. Steel/environment systems of this kind show low CF
becomes possible in ferrite, initiating localized corrosion and crack- strengths. Alloying elements lowering the CD of passivation will
ing This explains why such steels are more resistant than austenitic increase the CF strength, among them predominantly chromium.
ones and crack initiating takes place in the ferritic phase containing CF cannot occur under passive conditions if, under external
Ni. cyclic loading, the plastic work becomes zero per cycle and per

Cathodic SCC of ferritic-austenitic SSs appears to follow, in volIme element as the most stringent condition or if, in the course of
chloride-containing HaS solutions, a chloride-induced mechanism, cyclic deformation, any manifestation of plastic deformation at the
This results from the finding that time-to-failure increases when surface (slip lines or bands, extrusions, intrusions) will be unable to
potentials become more negative and increases with increasing penetrate the passive layer. Therefore, repassivaion conditions
temperature Cracking induced by hydrogen entry cannot be ex- being the same, CF strength will be higher the higher the AF limit. The
cluded in cases where the potential is rather negative, the pH low, optimum combination of properties for achieving highest Mode II CF
and the temperature not too far above ambient, a combination strength requires a minimum passivation CD and a maximum AF limit
sometimes encountered in practice, and, at the same time, the smallest difference between the AF limit

and the limiting stress at which critical dislocation-induced surface
plasticity accrues. Based on DC signal information, only one event,

Corrosion fatigue crack growth, is indicated by a steep rise of current under poten-
All SSs show essentially the same characteristic features of CF tiostatic conditions as mentioned above. Further Insight into the

that can be classified electrochemically into four modes: events during initiation and propagation has been gained by a special
Mode I: CF in the active state. mechano-electrochemical measuring technique using a light barrier/
Mode I: CF in the state of stable passivity. perforated disc installation by which current signals, under rotating-
Mode IIl- CF In the state of meta- or unstable passivity, ondogo- beam fatigue loading, can be recorded and theirorigin located. Three

nous activation being caused by mechanical (fatigue) stages can be discerned:
processes, e.g., by the formation of active surface (1) Stage A (Incubation period): Small stochastic current transients
domains (persistent slip bands, slip lines, etc.) surpass- are caused by the response of the passive layer to the
ing a critical area share and leading, after a certain alternating stress.
number of cycles, to activation. (2) Stage B (crack initiation period): Small sinusoidal current signals

Mode IV. CF in the state of unstable passivity, exogenous activa- appear that have a constant phase angle with respect to a
tion being caused by processes like pitting, crevice specimen reference line. These signals fix ths future position of
corrosion, cavitation, etc. the CF crack. They are caused by emerging slip steps producing

Mode I corrosion fatigue. Based on mechanistic reasoning, a the mechanistic events described above.
model has been developed that aims at describing the Influence of (3) Stage C (crack growth period). Characterized by an increasnig
active corrosion on the cycle-dependent fatigue strength and crack cell current and steadily growing sinusoidal current signals
propagation rate under the premise that active corrosion is taking caused by the repassivation processes at the crack tip.
place on locally limited surface sites, the stresses result from external
cyclic loading are constant, and there are no cyclic hardening or This transient measuring technique allows the detection of the
softening effects. Mode I CF inevitably leads to a detrimental loss in first interactions between cyclic slip processes and environment,
fatigue strength. establishing crack initiation on a submicroscopic scale, determining

Mode II corrosion fatigue. CF under stable conditions of the position of growing cracks, discriminating whether one or more
passivity differs phenomenologically from Mode I CF in that, under than one crack develops and differentiating between growing and
potentiostatic conditions, only one crack (under ideal conditions) or a dormant cracks.
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Mode III corrosion fatigue. Under an unstable passive regime, 17. K. Bieh! (Ph.D. diss., Technische Hochschule Darmstadt,
polarization will take place as soon as a slip step of critical height and 1988).
surface area has penetrated the passive film. The open-circuit 18. M.O. Speidel, Corrosion Problems in Energy Conversion and
potential will finally become so negative that it falls below the Generation (Pennington, NJ: The Electrochemical Society,
passivation potential and total activation occurs. Corrosion then Inc., 1974), p. 359.
proceeds in Mode I at the active open-circuit potential. 19 B Bavarian, Z. Szklarska-Smialowska, D.D. MacDonald, Cor-

Mode IV corrosion fatigue. The most important case of CF in rosion 38, 12(1982): p. 604.
the state of metastable passivity with exogenous activation is that of 20 J E Trumann, R. Perry, G.N. Chapman, J. Iron and Steel Inst.
a superposition of CF and pitting. Condensing reheat turbine blade 202(1964): p. 745.
failures have been identified as being caused by this conjoint action 21. B.E. Wilde, Corrosion 27, 8(1971): p. 326.
that may occur in one or a few stages of running blades in the Wilson 22. E.H Phelps, Metals Engng. Q. 5(1917): p. 44.
Zone. Because of its practical importance, many investigations have 23 P Hewitt, B.S. Hockenhull, Corros. Sci. 16(1971) p. 47.
been conducted including the standard 12% Cr steels, ferritic- 24. A.E. Durkin, Metal Progr. 64(1971): p. 72.
austenitic SSs, and ferritic SSs in chloride solutions at temperatures 25. R.N. Parkins, Brit. Corr. J. 7(1972): p. 15.
from 80 to 1500C. In tempered martensitic 12Cr and 17Cr-2Ni steels, 26 P Doig, J W Edington, Proc. Roy. Soc. Lond. A339(1974). p.
pitting started at sulfide inclusions at all stress ranges below the AF
limit, whereas low interstitial ferritic steels of type 18Cr and 28Cr- 27 R P Frankenthal, H.W. Pickering, J. Electrochem. Soc. 120
4Ni-2Mo CF did not follow the Mode IV mechanism. Instead, initiation (1973): p. 23.
was caused by the slip-step emergence (Mode II mechanism) as long 28 C S Pande, M Suenage, B. Vyas, H.S. Isaacs, Scripta Metall.
as these steels are pitting resistant under the conditions given. CF 11 (1977): p. 681.
cracks will pass along the interface matrix/inclusions, the latter not 29. B. Poulson, Corros. Sc. 18(1978): p. 371.
being cracked. Sulfide inclusions have been shown to be less noble 30 P Doig, D.J. Chastell, P.E.J. Flewitt, Metall. Trans. A 13A
than the passive film and have been identified as the preferential site (1982): p. 913.
of pit initiation. 31 W Rall, H. Spaehn, Ammonia Plant Safety Symposium (New

Once attacked, they lead to an enhancement of local anodic York, NY: AIChE, 1985), p. 17.
dissolution not only because of the galvanic effect but also by the 32. E. Zink, Th. Geiger, Schweizer Arch. 3, 4(1957): p. 3,
stimulated anodic dissolution in the piesence of S2 - and SH-. 33 K Irvine, D.J, Crowe, F.B. Pickering, J. Iron and Steel Inst. 195,
Crevices between matrix and sulfide inclusions are likely because of 4(1S30): p. 386.
the difference in the coefficient of thermal expansion leading to a
stronger contraction for sulfide inclusions. This is one of the reasons 34. K. Irvine, D. Llewellyn, F.B. Pickering, J. Iron and Steel Inst.
for the close similarity between the fatigue strength reducing action 192, 3(1959): p. 218.
of pitting and crevice corrosion. Like pitting, the superposition of 35. K. Bungardt, E. Kunze, E. Horn, Arch. Eisenhutten. 29(1958):
crevice corrosion and CF causes drastic reductions in CF strength, p. 193.
resulting in sustainable fatigue loads as low as 15% of the AF limit for 36. P. Brizina, Harterei-Techn. Mittel. 38, 5(1983): p. 197.
a type 403 martensitic SS. Typical components for which crevice- 37. P. Brizina, Harterei-Techn. Mittei. 38, 6(1983): p. 251.
induced Mode IV CF is important are pump shafts where sleeves, 38. NACE Standard TM0177-86, "Testing of Metals for Resistance
nuts, and impellers form fittings with narrow gaps. to Sulfide Stress Cracking at Ambient Temperatures" (Houston,

TX: NACE, 1986).
39. H. J. Niederau, Stahl u. Eisen 98, 8(1978): p. 385.
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146. K.G. Schmidt-Thomas, T. Happle. R. Wunderlich, "Corrosion Faingold and Shatowa, Zashchita metallov. 17(1981). p. 372.] In the

and Corrosion Protection, BMMFT-Research Program, Project passive range, no preferential attack on aither one of the phases has

B 2.5/9, Final Report, 1988. so far been observed. Nevertheless, In Mode II CF, the orientation of
the rolling direction to the tensile stress influences CF strength (see

147. S. Usami, S. Shida, Fat. Eng. Mat. Struct. 1(1979): p. 471. Figure 60 of the paper) simply for mechanical reasons. Transverse
148. H. Spaehn, Metallobertl. 16. 9(1962): p. 267. specimens show both lower fatigue and Mode II CF values in sulfuric
149. H. Spaehn, Metalloberdl. 16, 11(1962): p. 335. acid.
150. H. Spaehn, Metalloberfl. 16, 12(1962): p. 369, As for the consequences of ferrite-austenite coupling for SCC
151. H. Spaehn, Z. Phys. Chemie 234, 1(1967): pp. 1.234, resistance of duplex steels, mechanisms that have been proposed by
152, H.J, Niederau, Stahl u. Eisen 8(1978): p. 385. Desestret and colleagues (see References 81 to 85 of the paper) and

in your own poster paper at this conference (Oltra and Desestret,
"Anodic Dissolution and Hydrogen Embrittlement During Mechanical

Discussion Depassivation of the Ferritic Phase of a Duplex Stainless Steel in
F.P. Ford (General Electric R&D Center, USA): You show a Chloride Solution Containing H2S," this proceedings) are, in my

relationship between the thickness of oxide and the "initiation" time opinion, viable and can immediately be applied in practice. Your
during corrosion fatign'e (CF) If this Is physically related to rupture of observation that ciack initiation in chloride solutions starts in ferrite or
the oxide, then, if the fracture strain is Independent of oxide at the ferrite-austonite interface underlines the close coupling of
thickness, your observed relationship must be due to changes In the mechanical and electrochemical processes in stress corrosion phe-
angle between the sl;p plane and the tensile axis and how this affects nomena.
exposure of bare suilce to the environment. Do you know of any R.A. Orlant (University of Minnesota, USA): Within the
such relationship and can it be applied to your data? picture of slip rupture of a passivating film for the initiation of CF, there

H. Spaehn" This kind of damaging mechanism might well be is another characteristic besides the thickness that should be
opeative It the manner you envisage, assuming experimental considered. This is the mechanical stress already existing within the
verification could be provided by single-crystal CF tests. However. I passive film as a result of the growth mechanism and other factors
am not aware of any experimental work done in this respect. It seems about which we are still learning. We nuw know that extremely large
to me that such a sequence of destructive events would most stresses exist within passive films. If the stress is tensile, less strain
probably apply to relatively thick oxide films. There are limits, of will be needed to rupture the film.
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H. Spaehn: A good example of films for which we know the A. Atrens (University of Queensland, Australia): Could you
internal stresses very well are thin electroplated films (e.g., chromium discuss the industrial relevance of anodic protection against CF ? I
on steels) Here, extremely high tensile stresses have indeed been would imagine that very careful process control would be required
measured At a thickness of, for instance, 0.5 tm, they become so whenever there is the possibility of the presence of chlorides.
high that the coatings will crack At lower thicknesses the films will not H. Spaehn: You are absolutely right. In the presence of
crack Instead, the full magnitude of the first order internal stresses chlorides of a critical concentration, anodic protection would shift the
will be maintained They must be regarded, under fatigue loading, as potential in regions above the critical pitting potential, inevitably
positive mean stresses As can be understood from (macroscopic) leading to a massive loss of fatigue strength due to Mode III CF. The
fatigue strength diagrams, high positive (tensile) mean stresses paper deals extensively with this failu-e mode, which has turned out
reduce the sustainable stress amplitudes considerably. Therefore, to be of concern to running turb;ne blades, impellers, and stirrers, for
your line of reasoning is appropriate for passive films, provided they example. To sustain sufficiently high cyclic stresses in Mode IV CF of
are under positive internal stresses. stainless steels requires an appropriately high pitting index (P = %Cr

+ 3.3% Me).
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Stress Corrosion Cracking of Austenitic Steels
R.C. Newman and A. Mehta*

Abstract
The stress corrosion cracking (SCC) of austenitic steels is reviewed with emphasis on the fundamental
processes occurring within cracks. Crack-tip interactions are discussed in the context of the altered local
environment. It is concluded that neither the slip-dissolution nor the hydrogen embrittlement models can
be satisfactorily applied to chloride-induced SCC, but the film-induced cleavage modal (where the film
is a dealloyed, metallic layer) has considerable promise. Such a model is also attractive for caustic SCC
of nonsensitized steels. Sensitized steels appear to crack by a slip-dissolution mechanism. The SCC
of nickel-base alloys is briefly reviewed. In an appendix, recent surface analytical data are presented
that support the view that metallic, nickel-rich, dealloyed layers are formed on susceptible steels in SCC
environments.

Introduction (1) Nickel enrichment would be expected on an actively dissolving
The stress corrosion cracking (SCC) of austenitic stainless steels SS surface.

1SSs) has produced an immense literature that at times has grown by k2) Copper or nickel at less than 1% can promote SCC of ferritic SS
more than 50 publications annually. To review this subject, it is in boiling MgCI solution, i.e., the austenitic structure is not
necessary to extract significant scientific advances from this mass of necessary.
material, including raw data that may be revealing but uninterpreted t3) The disappearance of SCC with increasing noble metal (Ni)

Most of this review will deal with tne chloride-induced SCC of content parallels observations of Graf 2 on alloys such as
austenitic SSs, but other related phenomena will be introduced as Cu-Au. The Ni or Au content required to prevent SCC is about
appropriate. These include gaseous or cathodic hydrogen embrittle- 40%, as shown in Figure 1.
ment (HE), caustic SCC, high-temperature water SCC, and SCC of
sensitized alloys, which will be mentioned only briefly, because there In reading Latanision and Staehle's paper, one is struck by the

is little controversy regarding the mechanism (slip dissolution) of number of 6bservations that could be interpreted using modern

crack growth in these materials.' knowledge of crack chemistry;13 e.g., the evolution of hydrogen from

Earlier reviews have dealt with the literature prior to about 1979. cracks in boiling MgCI, solution, as observed by Barnartt and van

Latanision and Staehle,2 Theus and Staehle, " and Staehle ' favored Rooyen, '4 is cited as evidence for deviation from ideal thermody-

variants of the slip-dissolution model kSDM) to explain chloride SCC, namic behavior but is easily interpreted using the knowledge that the

while Hanninen summarized the evidence for HE.' We shall conclude crack pH is less than 2 's As in the work of Hines and Hoar, ' there

that the information on this subject can be rationalized by a is uncertainty regarding the relative importance of repassivation and

film-induced cleavage model.6 8 The film responsible for the cleav- nickel enrichment, which is resolved if one recognizes that a passive

age is believed to be a nanoporous, metallic dealloyed layer, as in the film on the external alloy surface does not require one near the tip of

ammonia SCC of copper alloys.9 Evidence for the existence of such an acid crack. 7

layers is presented in Appendix A. Latanision and Staehle2 referred several times to the cracking
Latanision and Staehle2 analyzed the ability of various models that occurs in bulk solutions of low pH, at both low and high

to explain the alloying dependence of chloride SCC. They showed temperatures. Although they were not explicit, it appears that they
that the effect of iickel or other relatively noble metals (e.g.. Cu) was recognized this as being the same phenomenon as normal high-
consistent with protection of the crack walls by a noble metal layer, temperature, neutral-pH cracking, emphasizing the unimportance of
while active dissolution was maintained by slip-step emergence at conventional passivity in the crack propagation process.
the crack tip. This had been suggested earlier by Hines and Hoar' °

and could have formed the oabi, for a research program on chloride The mechanistic importance of caustic SCC in austenitic SSs
SCC using new surface analysis techniques in the 1970s. Unfortu- wvas also recognized by Latanision and Staehle.2 They pointed out
nately, the ni.Lel-eirichment .onept was abandoned in favor of a that water reduction was much less likely within caustic cracks than
passive film-rupturu mudel in whit.h ,.ant attention was paid to the within chloride cracks and that this might provide some discrimination
audity of the sulutiun tand absenie of a 6vunventsunal passive state) between possible models of the cracking process. This point will be
inside a crack, As late as 1986, one can find studies of transient discussed later.
electrochemistry using neutral solutions, with no indication that this
might not simulate the situation inside a crack." Latanision and The period between the Latanision/Staehle 2 and TheusiStaehle 3

Staehle made the following points in support of their nickel-enrich- reviews coincided with the proliferation of important practical prob-
ment model:2  lems in nuclear power plants, and hence an increased interest in the

properties of sensitized steels and nickel-base alloys, but there was
also extensive activity in chloride SCC. Important advances during

'Coriosiun and Protection Centre, University of Manchester Institute this period included the usb of electrochemically controlled SCC
of Science and Technology, P.O. Box 88, Manchester, M60 1 = testing and crack simulation pr,:.edures, aru the use of the SEM to
UK. study fracture surfaces. Staehle4 favced a slip-dissolution concept
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for chloride SCC in which a passive film is periodically ruptured at the Crack Chemistry
crack tip. Transient straining experiments in boiling MgCI2 solutions Crack chemistry is part of the science of chemistry and
were backed up by extensive room-temperature studies in various electrochemistry of metals within cavities, as reviewed by Turnbull."3

solutions including simple buffers. Despite the impressive variety of In particular, SCC of austenitic SSs in chloride solutions involves an
insights provided by Staehle's work, he would have benefited from active (or at least not conventionally passive) state within the crack,
attention to the crack acidification arguments of Baker, et al.,15 and where the pH is between 1 and'2.)' 8

Marek and Hochman. 8  Baker, et al.,1 s showed that SCC in hot MgCI2 solutions gave
One clear change from the Latanision and Staehle review was rise to crack pH values between 1.2 and 2.5, and that the charac-

the abandonment of the nickel-enrichment concept, which has only teristic pH of a crevice in this system, freely corroding, is about 1.5 for
occasionally resurfaced 1'7 despite its possible profound importance; concentrated MgCI2 at 125°C. A dark or straw-colored film, much
according to Latanision,O') attempts were made using Auger electron thicker than any passive film, was formed in acidified solutions and
spectroscopy (AES) to analyze fracture surfaces, but no evidence for was found to be of low electrical conductivity (this could be a result
nickel enrichment was found. Appendix A summarizes our efforts in of chromium hydroxide precipitation). Analysis of the solution indi-
this area. cated that the film was strongly Cr enriched; this does not necessarily

address the question of dealloying (Ni enrichment), but it does show
1000 that any dealloying must be subtle in nature. The authors conducted

CRACKING
an experiment designed to dissolve the dark film, predicting that this
would lead to blunting of incipient cracks and hence no SCC. They
added a large concentration of glycerol to an acidified MgCI 2 solution
in which rapid film formation and SCC would normally occur and
showed that SCC no longer occurred. They attributed this to

1o0 NO CRACKING dissolution of the film, especially complexing of chromium ions by the
o2 glycerol, leading to a corrosion rate too high to permit crack initiation.

:o This result offers something of a challenge to a dealloying model of
z

SCC in this system and needs further investigation; e.g., it is possible
Fthat the porous Cr-rich oxide both conceals and protects a dealloyed

Z layer.
Y 10 The pseudo-passive films found by Vaccaro, et al.,19 and the
< corrosion sponges studied by Scamans and Swann2° .21 and Silcock22

are the same as the films of Baker, et al.' s In neutral solutions, the
films form preferentially along slip bands (Figure 2) and are mostly
compcsed of porous chromium hydroxide. We contend that this may
conceal a dealloyed metallic layer, as hinted by Scamans and Swann
(see Appendix A). Honkasalo23 and many others have shown that

__ __ __ _similar films form in already acidified solutions at room temperature,
0 20 40 Go 80 one more piece of evidence that the low- and high-temperature

a nickel content, cracking are the same as regards crack-tip interactions. An interest-
ing observation was made by Jones,24 who described the initiation of
cracking as pitting leading to filiform corrosion; this, in slightly

0 - . different words, resembles the tunneling nomenclature of Scamans
/ and Swann.20.2'

0 )

10 1 00% ood

10 0
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Cu 20 40 60 60 Au
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FIGURE 1-ComposItional dependence of SCC In (a) Fe-Cr-NI FIGURE 2-Transmission electron micrograph of corrosion
alloysGUR Inrnmo boecling micrgrap souton theoCpsrouresiond(balloys In boalqngMgClz solution, the "Copson crve"; and (b) sponge formation along slip traces, leading to stress corrosion

Cu-Au alloys In aqua regla Note: (1) Behavior at low N crack nucleation In miniature specimens of type 304 (UNScontents Is complicated by the appearance of the ferrite phase, S30400) SS exposed to concentrated LICI solution at 150°C andand (2) finite failure time of high Au alloys is a result of general pH 2.5. (Reprinted with permission from Pergamon Press.21)corrosion.

The difficulty of accepting ideas about crack chemistry that are
now taken for granted is illustrated by Hoar.25 The likelihood of crack
acidification was clear in the original paper of Hoar and Hines'8 and

("Private communication. is implicit in Figure 3, but in 1977, one had to read between the lines
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to detect any reference to it. Hoar makes a careful argument about
the existence of a passivating film in boiling MgCI2 solution, within an Fe
"extremely limited" potential range, then states that this film is

CCresponsible for the protection of the crack sides near the apex and, 2 20 Cr
by implication, removes the necessity for a nickel-enrichment model 5 a .... Ni
of the protection of the crack walls. Similar arguments were made by
Wilde.26 Presently, one would say that a passive film of such limited
stability would be destroyed completely in a crack, and indeed this is 10
easily seen by simulating the acid crack solution found by Baker, et -
al.' s Passivity is only relevant in the initial stage of SCC in neutral
solutions; propagation in neutral solutions, or initiation in already c-
acidified solutions, is associated with the dark film.

lcti ro / lyte Sr itt
| Icci e I oImetal surfoce b

0

Anodic corrosion n

I dici,dissolviti 0fWrO"0i0 "'---... . . . . .--_ _--_ _..-=

02 3 4 5
'"K Surface undergoing Time h

rapid aodic dissolutio FIGURE 4-Dissolution rates and corresponding (calculated)
FIGURE 3-Schematic view of crack propagation for austenitic partial anodic CDs for Fe, Cr, and NI during immersion of type
stainless steel In hot MgCI2 solution, according to Hoar and 304 (UNS S30400) SS In 5 N H2SO4 + 0.5 N NaCl solution at
Hines.' 6  -0.16 VH and 250C.2 Note the evidence for selective retention of

nickel from 0 to 2 h.
Much of the confusion about the role of oxygen and the

existence of a passive state in chloride SCC can be traced to the use ISO
of boiling MgCI 2 solutions. When freshly prepared, these solutions
are somewhat acidic, and the steel is transiently in an active state in 0 ON HCI 20C
which intergranular (IG) SCC predominates.2 7 When well-aged, there *IN HCt 20C
is a passive state, but the chloride activity is so high that the "pitting × 3N HCI 20C
potential" (in this case, virtually a general breakdown potential) is o 5N H1 SO. O.sN Ndct 20oc
nearly coincident with the corrosion potential in deaerated solution, oo0
as shown by Hines and Hoar. 0 However, if one uses a milder
solution, such as 9 molar LiCI below the boiling point, then the
cathodic action of oxygen and the passive state of the steel are both
obvious 2 Less obvious is the state of the metal inside the crack, and
this is the hc:,nt pobl m to be addos d.

In a series of papers using various acidified solutions, Galvele 50-
and others27,3° showed that there was a film-formation process within
the range of active potentials where cracking occurs (Figure 4) and
applied and tested a conventional SDM to account for the cr.Ick
velocities. This superceded the simplistic picture of a film-free active
state given by Bianchi, Mazza, and Torchio.31 The dark film, also
discussed by Vaccaio, et al., 9 and by Smialowska and Lukomskl 3 10, o tmin 30
(Figure 5), almost certainly conceals a dealloyed metallic layer, 3 and
we bulhevo that this has an important rule in the cracking, in fact, these FIGURE 5- EllIpsometrically measured film thicknesses during
is some evidence foi dealloying in Figure 4. However, the Galvele Immersion of austenitic stainless steel In various acid chloride
data show a close correlation between predicted and actual crack solutions.3

velocities that must be taken seriously. Apparently, Galvele'- 3s has
abandoned this approach, implying that he regards the kinetic The problem of acid vs neutral, low vs high temperature has
,orrelations as accidental, we find this extraordinary and propose been elegantly addressed by Tsujikawa and others."" " They
anuther interpretation. The crack growth occurs by film induked showed that crevices on austenitic SSs would initiate cracks readily
Jeavage, and the crack tip dissolution rate (though inhibited by the at 80'C in very dilute, neutral chloride solutions such as 0.03 wt%
,ss tianspurt and uhmIL restrictions) followt, the trend with putential k0.005 M) NaCi. The cracking resembled corventional chlonde SCC
bhun by the free surface electrochemistry of the system. A related and was .learly initiated in an acidified crevice solution. From the
argument has been developed in detail for brass in nitrite solution.' piacti.al point uf view, this work is important as failures at less than
Recent data on intergranular coerosion and SCC of Al Cu alloys 1000C generally occur in creviced regions. The interpretation is
buggebt that Galvele may have overestimated the diffusional limita simple. The .revice environment of about pH I to 2 generates the
tions within a crack, sincb anodic current densities of 0.5 A,'cm' were same active or semiactive state as occurs in already acidified
readily achieved.37  solutions or within slip-step grooves or pits in high-temperature,
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high-chloride solutions. These authors also give a simple interpreta- X 80 T

tion of the critical potential for SCC in terms of crack chemistry 102 * 0.3

(Figure 6): The critical potential is the repassivation potential 0 3

(minimum potential for the maintenance of acidity) of the steel in the
acidified crack environment. For deep cracks and concentrated 0 / xZ

solutions, the repassivation potential approaches the corrosion / /
potential in the crack environment; i.e., localized acidification cannot /
be maintained if there is a net cathodic current in the crack.40 Crack 0 0"
chemistry arguments also provide a transparent explanation of the
effects of many inhibitors in altering the critical potential, replacing the
adsorption argument of Uhlig.41 o

Similar arguments regarding the critical potential can be found
in other work, e.g., by Torchio,42 Salvago, et al.,4 Shamakian, et .
al.,44 and Mancia and Tamba.45

The role of pitting in crack initiation has often been considered
obscure, but in fact the literature permits a fairly easy rationalization
of this point. Conventional pitting (and eventually crevice corrosion) -0 oA f . .A -i9uA

becomes necessary as the chloride concentration and/or tempera- -Lj , I
ture are reduced, as shown by Smialowska and Gust.46 In extreme -025 -020 -0.15 -010 -005
conditions, such as boiling MgCI 2 solution, the passive state is so a External potentiil (V.SCE)
fragile that a trenching type of corrosion at slip steps can occur; the
high chloride activity lowers the amount of local hydrolysis of
chromium ions required to give a passive-to-active transition. In lower ER .00w. 60C
CI- concentrations, conventional pitting becomes necessary to 0 3',1ICi 16,
generate the acidity, and eventually the Tsujikawa type of crevice x 003
corrosion is the only way of holding the right pH with a low enough ox-ox-
dissolution rate to trigger the cycle of dealloying and cleavage that we / o
believed to be necessary for cracking. 10 0

This subtle interplay of temperature and chloride concentration
has been explored by Shamakian, et al.44 They showed that the 10
corrosion potential of type 304 (UNS S30400) SS in neutral, aerated x
LiCI solutions was independent of LiCI concentration at a given
temperature, but the critical cracking potential (which is just below a 2 o0
pitting potential) increased with decreasing LICI concentration. Thus,
at some LiCI concentration, cracking no longer occurs at the free- 0 -1

corrosion potential but may occur with artificial anodic polarization. U

There must eventually come a point where cracking cannot be o x
00achieved by anodic polarization of a smooth specimen (even though 10 . . I

pitting readily occurs) but requires the more restricted geometry of a 10 20 30
crevice; the nature of this transition has not yet been carefully defined b stress ntensity (i1/mM'2)
but presumably relates to the anodic current density (CD) in the pit or
crevice, which (according to a dealloying model) must fall low enough (Ki=28gf 1mm 3t

2 . 80-C)

for dissoution to become selective, triggering ScO. For a given pit E(vscr) -0.3 -o -01 0 .o .02
geometry, lowering the chloride activity or temperature means that . . I , I I I I . I .
the critical pit chemistry eventually becomes so concentrated that it 3% 0
cannot be retained without passing local CDs that are too high to NoCt C-..ri r
permit the transition from blunt pit (nonselective dissolution) to sharp crevice orrosion
crack (selective dissolution). 03% S .c

NoCl 0 crevice corrosion "',
no tocalized

003% corrosion -
0 0 X X X 0

NoCd

Kinetics of Chloride SCC in the Context C
of a Slip-Dissolution Model FIGURE 6-Crevice corrosion and SCC of type 316 (UNS

S31600) SS In dilLte NaCl solutions at 80oC: 38'39 (a) determina-Attempts to relate anodic kinetics to chloride SCC date to the tlion of crevice repassivatlon potentials (ER); (b) v-K curves for
pioneering work of Hoar and West.47 West used a galvanostatic creviced, tapered, double-cantilaver-beam specimens showing
rapid straining method in conjunction with rapid solution flow to show superimposition of results for two NaCl concentrations by
that sufficient anodic CDs existed to explain (via Faraday's secund holding potentials at just above ER, and (c) summary of results.
law) the crack velocity at the corrosion potential (Figure 7). Hoar and
Scully repeated the work using a pelentiostatic method and obtained
broadly similar results,48 although Hoar states that Slater could not Once it was realized that SSs were passive in hot MgCI,
reproduce West's results.? Both West and Sicully used the whole sulutiuns and filmed in Auld. ai..idified solutiuns, it became apprupriate
specimen area to calculate CDs, as the metal was not regarded as to use the .,-i-itton of Buba and Vermityea') to ,alculate the fraction
passive, thus, West's CDs were generally several times higher than uf bar- suiace area created during a rapid straining test. This
ScUlly's, as his galvanostatic polanzation gave him a mure ;omplete ,mmediately ina.eased the anod(. CD. that could be deduced from
breakdown of passivity pnor to determining the anudit. CD. Iri view vt su.,h tests, and guud agieement between these CDs and tiansgran
this, one can see that small variations in experimental procedure, ulai SCC velucities was obtained for acidified solutions at room
particularly with regard to cell geometry, could lead tdifferent iesults temperature tFigure 8j') "' and fur hot, ,oncentrated chloride
and explain Slater's problems. solutions (Figure 9).275.° Nakayama and Takano" (Figure 10)
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showed that rapid-straining experiments on type 304 SS in unstirred on this matter until systems such as steel in hot nitrate solution have
42% MgCl2 at 143 'C gave sustained anodic CDs sufficient to account been re-examined. Most authorities agree that an anodic process is
for the Region 1i velocity of transgranular SCC, e.g., 400 mA/cm 2  responsible for IGSCC in this system, yet the crack velocity is very
(160 nm,s) at the corrosion potential of 0.34 VscE. (Apparently they high (up to 1 jim/s) and diffusionally impossible on a slip-dissolution
were unaware of the prior work of Hoar and West.) Doubts arise basis, according to Galvele. Again, we draw attention to recent data
because their anodic current transients are very prolonged (e.g., showing very high anodic CDs during stress-assisted intergranular
about 12 jm dissolved in 100 sat -0.34 V), so the equation of Bubar corrosion of Al-Cu alloys, where crack opening under stress was
and Vermilyea49 cannot remain valid as dissolution at slip steps shown to exert a simple geometrical influence on the ohmic
proceeds; there must be a large magnification of the corroding area resistance within the crack.37

and hence a reduction in the true CD. 51 Also, it is obvious that such
depths of corrosion do not occur within cracks; it is not obvious how
such results can be harmonized with the depth of chemical attack

observed on fracture surfaces, generally around 0.1 t~m, which is
less than the corrosion during the first second in the straining
experiment. -. °09 / 103

Whatever arguments one advances against the anodic kinetics 1,

shown by Nakayama and Takano," the trend of SCC velocity with F A

initial CD (over a few seconds) remains strikingly in accord with the
slip.dissolution concept despite the use of a neutral solution. (This is
not necessarily bad, because with the CDs quoted, the bare surface 1 o-10  io2

exposed must be quite acid and is presumably undergoing a
trenching type of pitting corrosion.) P

04i

SCC SCC

01- 1 --- -

-020 -010 0 010 020

e Potentiot (V (NHE))

" o t FIGURE 8-Correlation of SCC velocities with rapid-straining
tests for type 304 (UNS S30400) SS in 0.5 M HCi + 0.5 M NaCi

.0 solution at room temperature. The upper solid line represents
S the predicted SCC velocity from the rapid-straining tests, and

* , the lower line Is the ratio of bare-to-filmed metal CDs (i A.). The
iQ" 1o" i0' io 0 o triangles are the SCC velocities; the circles represent detection

anode cufrent denaity (ANe) limits where no cracks were found. Cracking occurs near the
corrosion potential and the pitting potential. (Reprinted with

FIGURE 7-Reduction In anodic polarization by straining and permission from Pergamon Press e)
solution flow for 18-8 SS In 42% MgCI 2 solution at 154*C: 0 =
static metal in statlonary solution; 0 = static metal In flowing
solution; 0 = straining metal In stationary solution; G = \ I
calculated result for straining metal In flowing solution, assum-
ing 0 and 0 are additive; 0 .- experimental result for straining
metal in flowing solution. (Reprinted with permlssion.47) tO" ;

Nakayama and Takano understood the time scale of events
(seconds) relevant to a repetitive film-rupture process at the crack
tip."' In contrast, Rimbert and Pagetti52 used peak anodic CDs or 1oe - -1o
very short (10 ms) measurement times to interpret the SCC behavior .0
in neutral MgCI 2 solutions. Such very short time scales are no longer 0 % 'b/Is
believed to be relevant to SCC growth, because they imply impos- Li0

sible crack-tip strain rates of up to 1000%/s. The best that can be o/o
achieved in such an experiment is an indication of a pitting or ,
breakdown potential that may correlate with SCC, Rimbert and
Pagetti actually achieved lower CDs on their scratches than Maier, et
al.,5 achieved on strained electrodes, probably because the hydro- 610. /
dynamic disturbance of the scratching process does not permit X
establishment of the acid environment as readily as the compar- \ \
atively tranquil straining method. If a scratching method is to be used,
a simulated crack solution is necessary. o., Ec p

The diffusional and/or ohmic difficulties associated with the -030 -020 -010 000
SDM, cited by Galve!e,34 were anticipated by Tromans and V (N.IE.)
Swiniarski,s who prepared artificial active-passive cracks by sand- FIGURE 9-Similar plot to Figure 8, for fransgranular SCC in
wiching iron sheet between SS plates in hot MgCI, solution. They 40% MgCI2 solution at 1001C. Intergranular SCC did not correlate
achieved penetration rates between I and 10 nmis, which were too with the kinetics on strained electrodes (Figure 20), and the
low by a factor of 5 to 50 to account for SCC rates. Various comments authors consequently proposed that crack growth did not result
come to mind, e.g., real cracks are wedge shaped, some dissolved from anodic dissolution. (Reprinted with permission from Per-
metal may be re-precipitated, etc., and judgment must be reserved gamon Press.27)
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05 - oFracture Mechanics Studies
-20V --. The first study of chloride SCC using fracture mechanics

=63d0
4  
eJ~o.52't)k 

" methods and thick specimens was that of Speidel,63 who demon-

strated the low Kiscc value in hot MgCI2 solutiun [Figure 11 (a)]. He
-0oV V LO

4  
0OX10" "t

10----- - also studied sensitized steel in 2880C solutions [Figure 11 (b)]. Later,
0 he showed that the "Copson curve" of SCC life vs nickel content

-0-% 10 b could be recast in terms of Kiscc (Figure 12).64Outstandingworkwas
6 3. reported by Russell and Tromans,65 6 who demonstrated that the

-A ,Region II crack velocity in hot MgC 2 solution varied with alloy

A composition but not with potential above the critical potential (Figures
* 13 and 14). Cold rolling to form strain-induced martensite could have

c *Jfrj 3  f a kinetic effect but was not fundamental to the cracking process.
i.L4V2. 'II?&O01t) , Depending on the method used, a weak dependence of Kiscc on

- ; *-- ,--potential above the critical potential may be detectable (Figure 15),67
"1 but this is of little practical importance.

A detailed electrochemical rationalization of the variation of
i i Region 11 velocity across types 304, 316 (UNS S31600), and 310

_____ (UNS S31 000) is not available. Probably a reasonable result could be
obtained by using rapid straining in neutral MgCI2 solutions, but a

o 0 0 0 more interesting prospect is to study the kinetics in acidified solutions
Time, t (sec) despite the difficulties of being near the free-corrosion potential.

FIGURE 10-Anodlc CD decays deduced from interrupted rapid- Whatever model of SCC one favors, the independence of SCC
straining tests on type 304 (UNS S30400) SS in 42% MgCI 2  velocity on potential above the critical potential and the very sharp
solution at 1430C.11 Potentials are on the SCE scale; surface cutoff below it can be interpreted on the basis of crack chemistry and
areas were calculated assuming the Bubar and Vermllyea IR considerations; i.e., the acid crack can only be maintained above
equation 49 was applicable. the critical potential, which is the repassivation potential in the crack

Inhibition of Chloride SCC environment, but further anodic polarization rapidly generates an
active state that severely restricts the polarization that can be

Buffers, such as acetate or silicate, and electroactive anions, achieved at the crack tip.
such as nitrate, alter the potential dependence of SCC as reviewed
by Uhlig.4' This is partly an effect on the local electrochemistry within
the crack or crack nucleus. Uhlig argued in discussion that he was SCC in Dilute Chloride Solutions
studying crack initiation, and crack acidification was therefore irrel- at Elevated Temperatures
evant (probably an untenable argument, as all these inhibitors affect At temperatures above 200'C, transgranular SCC of annealed
crack growth, and all cracks develop from acid nuclei). Inhibitors may austenitic SSs occurs with very low chloride concentrations and
be effective, even in boiling MgCI 2, as long as the crack is unable to above a critical potential (Figure 16). '24.6871 This has sometimes
acidify, i.e., if the corrosion potential on the external surface is lower been considered different from cracking in boiling MgCI2 and similar
than the crevice repassivation potential in the (now altered) crack solutions but only because crack chemistry has not been considered.
solution.39 Cracking resumes if the potential is raised above this There is a close correlation between the cracking and the onset of
critical potential, which may vary with crack length. If the temperature pitting corrosion, and since the latter is known to require a high
is made extremely high in the presence of nitrate, the inhibiting effect chloride concentration within the pit and a low pH because of Cr3

of this ion is not apparent as it begins to act as an oxidant and hydrolysis, the crack environment is clearly analogous to that
promotes SCC under free-corrosion conditions."4 achieved at lower temperatures and higher chloride concentrations.

High concentrations of Nal inhibit SCC in hot MgCl solution, The reduction with increasing temperature of the chloride concen-
and this has been proposed to be a cathodic inhibition effect.55  tration required for SCC reflects a less acidic crack environment
Various organic inhibitors hnven h c,.,n to ;hib. ,.k ;-:-,'- -.,quireu to achieve an active state and probably also the faster
in hot MgCI2 solutions using either static or slow-strain-rate tests. 0 57  kinetics of the anodic reactions. Spongy corrosion products have
These effects deserve more study, especially with regard to the local been reported for high-temperature, low-chloride SCC that are very
environment of a crack nucleus, and the ability of such inhibitors to similar to those reported for hot MgCI, solutions.2 4

arrest crack growth. It would also be of interest to study milder The usual finding with regard to sensitization is that the critical
conditions of chloride concentration and temperature, where most cracking potential drops abruptly at a particular level of sensitization,
practical instances of SCC occur, whereupon the cracking becomes intergranular (Figure 17). This

Analysis of Surface Films cracking is less sensitive to the presence of chloride ions, occurring

We have already seen that the work of Baker, et al.,' 5 decisively almost as readily in sulfate solutions.7275

laid emphasis on the dark films formed in the acid crack environment Recently, a complicating observation was made by Congleton,
in order to understand chloride SCC. Thus, it is unlikely that thore is et al, 7 who found two zones of SOC for annealed type 316 SS in

more than a fortuitous correlation between SCC aid the composi- dilute chloride solutions with oxygen at 265'C (Figure 18). One zone
tions of films on external, passive surfaces, as studied by da Cunha was as found by Andresen and Duquette (Figure 16),68-10 white the
Belo, et al ," and Gluszek and Nitsch.59 If the work of Baker, et al., other lay at very low oxygen contents (potentials). Congleton, et al.,
had been heeded, great advances could have been made with UHV implied that the low-potential cracking was relatively severe, not a
surface analytical techniques; we have tried to remedy this situation minor surface effect as found by Andresen and Duquette in type 304
recently, (See Appendix A.) SS; possibly, this has to do with the alloy composition or the degree

of cold work. The crack chemistry aspects of the low-potential
Unusual Austenitic Alloys cracking are unexplored, but it appears improbable that there can be

Useful mechanistic insights can be obtained by examining data significant acidification. Congleton, et al., suggested a film-induced
on austenitic cast irons, where there is no Cr,6 or Fe-Mn-AI alioys, cleavage interpretation in which the film was a dealloyed layer at low
where there is neither Cr nor Ni.61

-
62 It is difficult to assess the role potentials and a passive film at high potentials; in fact, it is the

of hydrogen in SCC of Fe-Mn-Al alloys, where the potential is very high-potential cracking that is unambiguously associated with an acid
low, but for cast irons the similarity to austenitic SSs is striking. More crack and therefore likely to involve dealloying. More work is required
basic work in this area would be very useful, on the crack chemistry in this system,
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When cracking occurs near the pitting potential and the latter isbWegt-prntN
much higher than the normal corrosion potential, an IR drop ensures FIGURE 1 2-Speldel's reproduction of the Copson curve (FIgure
that the potential at the root of the crack is depressed to an active 1) using fracture mechanics: (a) In terms of "plateau" (Region 11)
value, whirh is necessarily near the corrosion potential in the crack~ velocity and (b) In terms of Kiscc. (Reprinted with permission. 64

environment. In certain combinations of HCl and NaCl at room
temperature, this shows up particularly well because there are two
zones of cracking: one near the corrosion potential and the other near
the pitting potential.3 (See Figure 8.) The crack conditions will differ Effect of Alloyed Phosphorus or Nitrogen
only stightly with respect to potential and pH between these two Nitrogen and phosphorus in solid solution are both detrimental
free-surface conditions. to the chloride SOC resistance of austenitic SSs. Mozhi, et al.,'79

Under extreme conditions (NaSO,'H,1S04, pH 2.5, 290tC~v reviewed information related to the effect of sotid-solution nitrogen
rapid tiansgranulat SOC of type 304 SS can be obtained without and presented new data on sensitized material where nitrogen
...hluride ions.""' More research on this would be useful, as most affects the sensitization process. Many authors agree that N and P
wurk related to riudea power plants avoids these unrealistically affect the electrochemistry of SCC but disagree on the sign of tne
aggiubbive .uriditiurn, that may yield mnuie useful mnechanistii. effect, Staehle' suggested that nitrogen slows down repassivation,
information. while Hoar25 and Bednar80 suggested that pure alloys were not
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passive enough to show SCC. Silcock81 suggested that phosphorus 16 1 1 1 " 1
changed the morphology of slip-step corrosion but not necessarily its
rate; if slip-step corrosion is a dealloying process, this could be a very .-sgiiatobservation. Cihal has clearly shown the effects of P andooj" '

N using high-nickel alloys (25 to 40%) on the borderline of suscep-
tibility to SCC in boiling MgCi 2;8 these alloys are quite corrosion 0 1 7

"

resistant, which tends to argue against Hoar's and Bednar's sugges- 2,-. - Eco7
tions. N and P are particularly influential at relatively low tempera- 0

tures and chloride concentrations, e.g., in crevice tests of the type .1 0
used by Tamaki, et al., where it is again difficult to argue that the alloy
is too corrodible. J 4 25

We suggest a speculative interpretation of the effects of N and >

P. We have observed that ammonia actively inhibits aging (thought
to be coarsening of porosity by surface diffusion) of thin dealloyed
layers on brass,8 so that a layer is only able to nucleate cleavage if
it is still in contact with the ammonia solution or if the latter is quick
frozen in contact with the alloy surface (by immersion of a thin foil in 1 9 I 6 8 . 00

liquid nitrogen without rinsing). We have proposed that alloyed a STRESS iNTENSITY.K.(MNm6 0

arsenic acts the same way in chloride environments, pinning the

surface diffusion process that normally leads to a coarse porosity!" 1o'
It is therefore possible that the role of P or N (or other Group VB
elements2 ) is to maintain the dealloyed layer in the extremely fine - °
(nanoporous) state required for cleavage nucleation, by enriching at
critical surface sites in the elemental or partially oxidized state. Such
a suggestion is not easy to test, but one possibility is to use AC o -

impedance methods to follow the development of the porosity as
attempted by Newman and Mehta.33

Further comments will be found in the section on hydrogen
effects. o6...

_ji

% - --- o 0o o i,.i5,,i i _ _o
0 - - 6 I- 0 20 30 4 50 60 7

IO-1 0r A ly -') 25

310 1i5450
47%-C 4 4 7% Mgat1 0 ( ta fo

10.8 3 3S6 t,, 4 4 7"% 'M g cI2 0 ,o 20 30 40 50 70

effect.cw o lwok8 (b RegoIdaasoigrltv

resitanc o% t STRESS INTENSITY K ,(MNtw
)

154" C

1rN30< K < 3M5 MN • m13/
d2W FIGURE 14-The effect of alloy composition, cold work, and

ntemperature on v-K curves for austentic stainless steels In
2 44.7% MgC 2 solution at 154: (a) data for type 316 (UNS

U 13ee S31600) SS showing a large effect of temperature but small
v eor tp c316 (S30 S 6i
at (b) Region ( i data showing relative
om resistance of three stees (Metal A = metastable steel with

11Cr, 9NI, 3.7Mo, cli, 0.2C, 1SI). (See Figures 19 and 27 for
t co ione. more details on the effect of cold work and Incidence oftionVE isBaintergranular cracking.) (Reprinted with permasston. 6 5nw

)

I0.91 1 , . , , 1
-O035 -030 -0 25

FIGURE 13-The effect of potential on the Region an crack e-
velocity for type 316 (UNS t31600) SS In 44.7% MgC solutionat 154C. (Reprinted with permission.6-s )

Intergranular Cracking of Annealed Alloys

Some IGSCC is invariably seen when austeniic steels are e
tested in hot chloride solutions over a range of potentials or Ct
mechanical parameters, and contradictory conclusions have been n)
drawn depending on the exact condiions used. One clear observa- 5s
tion is that tranaular SCC predominates at high potentials where
there is a strong acidification; possibly corrosion can only be localized
to grain boundaries when the potential is low and there is less ,
acidification The effect of raising the stress intensity or strain rate -10 -5 0 5 1 1
(Figure 19) is to promote intergranular cracking,' 1-65 .0 a result at "1 /1 2 (mV) vs bulk corrosion potential
variance with experience from ct.brass.8-5 It is not clear whether this
is related to hydrogen or to austenite stability, but in either case one
could rationalize the difference. Muraleedharan, et al.,.86 showed that FIGURE 15-The effect of displacement of the potential from Its
prior cold work enhanced IGSCC in unstable steels and suggested natural value (in hot LlCl solution) on the K~scc value for
that this was mechanistically analogous to the effect of, stress 18-10-0.5"1" steel. (Reprinted with permission from Pergamon
intensity on annealed material. Press.67)
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FIGURE 16-Results of slow-strain-rate tests (10-6/s) on non- I I I I 1
sensitized type 304 (UNS S30400) SS in 100 ppm CI- solution at 0 10 20 30 40
2890C, showing the critical potential.6 KI, (MN'm-3/ 2 )

FIGURE 19-Incidence of IGSCC for the tests on type 316 (UNS
S31600) steel shown in Figure 14, showing that high K values

EFFECT OF SENSITIZATION TIME O T,,E promote intergranular cracking. (Reprinted with permission.65, 66)
CRITICAL CRACKING POTENTIAL

SOUT*OW, Manfredi, et al.,27 showed that fresh MgCl2 solutions (where

. TEMPERATURE 290'C type 304 SS is close to an active state because of the low pH of 3 to
Z; 6 4) tend to cause IGSCC at very low potentials (Figure 20), below the

200. conventional critical potential determined in aged solutions (where
TRNS A-.--CCtransgranular SCC predominates). The results for fresh MgCIl

0 'solution resemble those obtained in room-temperature NaCI/HCI

a -ZOO solutions,"0 where cracking occurred both in the active state and near

t -400 -
the pitting potential. According to Manfredi, et al.,27 the intergranular

SINTER.RAULAR SCC cracking cannot result from a slip-dissolution mechanism because
there is insufficient anodic activity to sustain cracking at the rate
observed, but on a dealloying perspective this observation is readily

2N TI 6 8 TION TIM E 22 interpretable: A rate of dealloying that codld sustain cracking by
SENSITIZATION TIME lihouSi

film-induced cleavage or brittle intergranular separation would not be
sufficient to grow a crack by itself. Dealloying at low potentials would

FIGURE 17-Variation of the critical SCC potential with sensiti- require an acid solution to maintain an active state. Manfredi, et al., 27

zation time at 620'C for type 304 (UNS S30400) SS with 0.058% consider that the results argue for the surface-mobility model of
carbon, tested under slow-strain rate (1.1 x 10 5/s) In 100 ppmcr- + 100 PPM S42- solution at 2890C.75 Galvele,'34 35 but this model is probably untestable in this system.

When the film-induced cleavage model was elaborated, it was

felt that intergranular and transgranular SCC differed in that only the

Annealed 316 latter involved brittle fracture of unattacked material. This view was
influenced by the observations of Beggs, Hahn, and Pugh87 on

Vm a-brass, where microscopic observation showed discontinuous trans-
granular but continuous intergranular cracking. However, recent

/ -7 observations on pre-exposed brass foils show abundant brittle
intergranular cracking,8 and we now believe that both forms of

/6X 16 cracking are brittle in systems where both forms occur in the same
conditions of environment, potential, etc. In systems showing only
IGSCC, the SDM or HE models normally apply.

4I1 Using hydrogenated high-temperature water and a special
tensile specimen with a cold-pressed hump, Totsuka, et al.,8 have

- 2 x15 shown that intergranular hydrogen-induced SCG is possible in
nonsensitized SSs. No cleavage-like cracking was reported. It is not

0 clear whether this is the same phenomenon observed by Congleton,
10 et al.,76 or by Kuniya, et al 9 (See Figures 18 and 21.)

1 01 00 We/ Fractography, Discontinuous Cracking, and
4 O 001 Crystallography

0002 Throughout the Firminy conference proceedings (1977), there
are references to the feathery, brittle appearance of SCC fracture
surfaces in austenitic SS (e.g., Uhlig, p. 206, and Pugh, p. 1019).

FIGURE 18-Variation of cracking tendency with oxygen and Proponents of SDMs still argue that this is the result of an extremely

chloride concentration for slow-strain-rate testing (2 x 10-0/s) of narrow dissolution front.

annealed type 316 (UNS S31600) SS at 2650C. Note the zone of The basic fractography of chloride SCC was well established
cracking at low oxygen contents. (Reprinted with permission around 1970 by scanning electron microscopy (SEM) studies.
from Pergamon Press. 7 ) Despite the brittle appearance of the transgranular fracture, the SDM
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survived the 1970s more or less intact and is still widely accepted.'1

However, around 1977, Pugh and others began to question the view /d)
that such surfaces could be produced by dissolution processes. This (a)
was not a new departure (Edeleanu and Nielsen in the 1950s had
proposed that cracking was discontinuous), but the combination of
techniques and insights was new. Pugh's work ranged over a variety Brittle
of face-centered cubic (fcc) systems, including brass and aluminum I Crack --. -- (e)

alloys as well as SSs, and this program enabled similarities and
differences to be identified. The basic features of transgranular SCC (b)

are shown in Figure 22. I ,

IG+ -' ,- IG ' - -TG+G c)A

I I 0
I f " Crack-

I Arrest
0 0 Marking

10
108o FIGURE 22-Schematic side view of a growing transgranular

stress corrosion crack [(a) through (c)] and appearance of a
fracture facet [(d) through (f)], according to Pugh. 2

I A key development in the understanding of SCC fracture
.1- osurfaces was the use of load pulsing to identify the position of the

crack front.8 7.89 .92 This front proved to be surprisingly smooth,
crossing many steps (river lines) of varying height. By applying small
load pulses at various frequencies, it was shown that there was

, I evidence for a loss of correspondence between markings and pulses
I I at high frequencies, and this was interpreted as evidence for

I I discontinuous crack advance in units of about 0.5 tIm (in type 310
Ep SS). HE was suggested as the microscopic mechanism of crack

- -- I f advance, and approximate correspondence with hydrogen diffusivity
-040 .o30 -020 -010 was suggested. These results are shown in Figure 23.

v (. RE) The fracture surfaces in type 310 SS are of (100} orientation.93•94

FIGURE 20-SCC velocities for slow-strain-rate tests (1.5 .10 5 There is good agreement on this crystallography in type 310 SS but
or 1.5 - 106/s) of type 304 (UNS S30400) SS in 40% MgCl2  disagreement in type 304 SS where k100,, k111;, and k110 planes
solution at 1000C. Open triangles denote the results for a have all been reported, as reviewed by Meletis and Hochman." tSee
preboiled (near-neutral) solution, showing no cracking at low Figure 24.) Pobsibly this reflects the formation of strain-induced
potentials. Other symbols denote results for fresh, or boiled and martensite in the 304 steel and consequent disruption of the crack
reacIdIfied, solutions, showing extensive cracking at low poten- crystallography. A particularly thorough study of SCC fractography
tials. This cracking was mainly Intergranular. (Reprinted with was done by Dickson, et al.,96 on type 310 steel; they showed that the
permission from Pergamon Press.27 ) cracking on {100) had a preferred <110> direction, using an

etch-pitting technique to measure the fracture-surface orientation.

1 4001 Dickson, et al., detected striations parallel to the crack front and
favored a discontinuous mode of cracking, but in other work on
corrosion fatigue of type 316 SS, 7 it has been proposed that

E 1200 - cleavage-like fractures can be produced by purely plastic processes.
This remains an area of controversy, but most likely both of
Trornans's statements are correct; i.e., slip can produce seductively

, 1000 cleavage-like surfaces, but most cases of transgranular environmen-
tal cracking also involve genuine cleavage. Particularly convincing

800 icrack-arrest striations were displayed by Andresen and Duquette.70

800

Electrochemical Studies
M 60 to Test the Dealloying/Cleavage Concept

O There aro a rumber of apparent difficulties in applying the
400 film-induced cleavage model to chloride SCC. The presence of a

dealloyed layer has not been demonstrated, but good progress is
being made in that direction;98 see Appendix A. One difficulty is the

> 230 low percentage of nickel required to promote SCC; if the dealloyed
layer is pure nickel, it is hard to see how it could be space filling.

0__ __ __ _ However, surface analyses show that thin dealloyed layers are
0 20 40 60 80 normally porous alloys of continuously varying composition,9 which

Degree of Cold Work I) solves this problem.
Experiments on binary Fe-Ni alloys in chloride and sulfate

solutions at 800C and pH 1 provided an opportunity to test a
FIGURE 21 -The effect of prior cold work on the occurrence of speculation regarding the role of the chloride ion in SCC." Remark-
IGSCC In 500-h tests of creviced bent-beam specimens of able inhibiting effects of chloride on dissolution of Fe-Ni alloys were
nonsensitized type 304 (UNS S30400) SS In oxygenated pure observed as shown in Figure 25, Dark tarnishes were formed near
water (8 ppm 02) at 288°C.9 the corrosion potential in the presence of chloride ions; these are
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clearly dealloyed layers, since Cr is not present to form an oxide and 304 304L
neither Fe nor Ni oxides could possibly form at pH 1 and -400 PHOTOGRAMMETRY / LAUE 0

mVSCE. AC impedance spectra of these surfaces showed evidence PHOTOGRAMMETRY /CHANNELING U

for porous conducting film formation, as shown in Figure 26. We OPTICAL /CHANNELING 41 A

believe that these observations are close to the heart of the SCC
problem in this system: Chloride affects the relative dissolution rates
bI Fe and Ni, and/or sul';-. e diffusioi'of the latter, such that
dealloying is promoted. It coincidentally favors the development of
acidified crack solutions and the initial breakdown of passivity in
neutral solutions, but these are essentially details from the funda-
mental viewpoint; the fundamental action is seen in Cr-free alloys and -
acid solutions, where these complications are eliminated. A

225 •
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FIGURE 23-The results of load-pulsing experiments on polycry-
stalline type 310 (UNS S31000) SS In boiling MgCI solution at
1541C.9 ,90 At Is the Interval between overloads and Ax is the
spacing of the corresponding markings on the fracture surface.
Below a At value of 15 s, there Is a loss of correspondence
between markings and load pulses, Indicating discontinuous O0
crack growth. 001 "Oil

b
Deformation-Induced Transformations and

the Hydrogen Problem o A
The role of austenite stability in chloride SCC has been debated V C

for 30 years. It is important to distinguish arguments related to cold x E Specimen 11
rolling, where ' martensite is produced and is not removed by y F
heating at SCC test temperatures,09 from arguments related to the = G
formation of a'. c, etc., during SCC. The work of Vaccaro, Hehemann
and Troiano;' °° Russell and Tromans;6 '6 and Dickson, et al.,1°°  304L Aust. st.steel 112
shows that the effect of preformed ' phase is a kinetic one and is not 122

required for SCC; e.g., cold rolling of type 316L (UNS S31603) steel 113
caused a marked increase in Region II SCC velocity, from 50 to 500 133
nmls, while type 310 SS showed no noticeable increase 01 (See
Figures 14 and 27.) The normal interpretation of the velocity increase
in type 316 SS would be that hydrogen is assisting crack advance,
but film-induced cleavage also copes with this readily by suggesting 001 0 - -011
that a cleavage crack (or brittle intergranular crack) nucleated in a 013 012 023

dealloyed layer propagates further in a' than in -y before arresting. If C
this is correct, the distance between crack-arrest marks should be FIGURE 24-Stereographlo triangles showing the poles of
greater in rolled than in annealed material. It is also possible that the stress corrosion facets for austenltic stainless steels cracked In
dealloying is different in the two phases, in which case electrochem- hot chloride solutions: (a) and (b) from Liu, et at., showing {1001
ical measurements should be able to detect differences in dealloying orientation for type 310 (UNS 631000) SS but varying orientation
response of a' and -y. Certainly there is a selective spongy attack of for types 304 and 304L (UNS S30400 and S30403). (Reprinted
martensite in cold-worked austenite exposed tolow-temperature acid with permission.93); (c) from Meletis and Hochman showing
chloride solutions, as shown by Honkasalo.2 Another complicating (100) orientation for type 304L (UNS S30403) monocrystals.
factor is that cold work tends to promote intergranular cracking.Y (Reprinted with permission from Pergamon Press. 5)
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H1-0Fe- (Ci) ature, e.g., by Tahtinen, et al.,"1 3."14 who point out that martensite
S1-0 F-phases are found on some SCC fracture surfaces, but they have not

E 800C demonstrated that these can form at temperatures relevant to
- 0-5 mV/s chloride SCC even in type 304 SS, let alone in "stable" steels suchFe-1011 (SO= ) Fe-3Ni (Ci -) as type 310 SS. In fact, Eliezer, et al.,"' reported that type 304 SS
E Fe (SOZ) did not undergo gaseous HE above its MD temperature of about

Fe-3Ni (SOc) 110C, while Liu, et al.,93 showed that martensite phases were not
detectable at the fracture surface of type 304, which had failed by

Fe (CI-) transgranular SCC at 289°C; this bodes ill for a hydrogen model in
Z unstable, not to mention stable, steels. Mehta and Burke' 15 reported
W some hydrogen effects at 1500C in types 304L (UNS S30403) and

5- 310 steels, but they did not obtain cleavage-like fractography. Finally,
Wilde and Kim showed that more hydrogen was absorbed by SS

" under cathodic polarization, where no cracking occurred, than under

SCC conditions '
6 (but since neutral solutions were used, this does

not necessarily address crack-tip hydrogen entry).
) -s -e -.50 -400 -35 We expect HE to be abandoned as a model for chloride SCC

POTENTIAL, mV (SCE) within the'next few years.

FIGURE 25-Anodic portions of cyclic potentiodynamic scans 10-1
for Fe, Fe-3Ni, and Fe-1 ONi alloys in Na2SO4/H2SO4 and NaCI/HCI
solutions at pH 1.0 and 800C. (Reprinted with permission from 316'25%)
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FIGURE 26-Nyqulst Impedance spectra for Fe-10Ni in NaCI/HCI a 0 3L c
solution at pH 1.0 and 800C, showing a highly flattened response 0 316 25

near the corrosion potential that correlated with the appearance A , 316 50
of a tarnish (dealloyed layer) on the alloy surface. Such a < 10 310 0

response Is Indicative of a porous conducting film, equivalent to 7 .30 50
an electrical transmission line. (Reprinted with permission from
Pergamon Press. 33 ) 0-1 0.

0 20 40 60 80 100
Hydrogen can affect the stability of austenite, even in the STRESS INTENSITY, K1 ,(MN-m "3 /2 )

absence of stress and around pits in neutral solutions, where small
amounts of hydrogen are absorbed from corrosion in the acid pit FIGURE 27-The effect of cold work on v-K curves for types 316
solution 102 Several authors have followed Asaro, et al.,'0 in and 310 (UNS S31600 and S31000) SSs In 44.7% MgCl 2 solution
proposing that hydrogen induced phase transformations (to &x' and F at 154°C. This Is an extension of Figure 14. (Reprinted with
martensite) are associated with chloride SCC. According to these permission from Pergamon Press."0 ")

authors, the effect of prior cold rolling does not give information on the
role of phase transformations or hydrogen in crack growth. Caustic SCC of Stainless Steels

Cleavage-like transgranular fractures can be readily obtained in Caustic cracking of SSs and nickel-base alloys has been an
unstable austenitic steels using gaseous hydrogen or cathodic important practical problem in the nuclear power industry and is also
charging These surfaces resemble SCC fractures (Figure 28), as of considerable scientific interest. In particular, Crowe and Tromans
argued by Hanninen and others, .'° 4107 but detailed differences have argued that fractographic comparisons between caustic and
have been ieported by Nakayama and Takano,1° Chu, et al., 1o and chloride-induced SCC can give information on the probable role of
Qiao, 10 who studied the effect of loading mode. These differences hydrogen in the latter.'" "'I Since the caustic cracking can occur at
do not necessarily invalidate the hydrogen argument, but there are somewhat oxidizing potentials and does not involve crack acidifica-
other problems with it One is that stable austenitic steels exhibit SCC tion, one can be fairly confident that water reduction does not occur
but show only superficial, cleavage-like cracking in gaseous hydro- within the cracks, however, the fractography of transgranutar SCC in
gen or under cathodic polarization, even at room temperature.' chloride and caustic is very similar. Crowe and Tromans argued that
Another problem is that the trends of SCC with alloy composition and this supported a dissolution mechanism of crack advance with
temperature are inconsistent with a hydrogen model; e.g., cleavage- preferential (transpassive) dissolution of chromium. Obviously, one
like SCC occurs vigorously at very high temperatures such as 3500C, could also propose a film-induced cleavage concept, though this
and nitrogen or phosphorus alloying enhances SCC while decreasing would be difficult to test in this system.
HE in line with the increase in austenite stability (Figure 29). " 2 Most The transpassive potentials used by Crowe and Tromans are
of the observations of hydrogen-induced phase transformations in not often encountered in practice, practical instances of caustic SCC
otherwise stable austenitic steels have been made at room temper- occur in the active or just-passive condition..3. 9 

123 Depending on
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the alloy composition, temperature, and potential, both intergranular
and [ransgranular cracking can be obtained, but for our purposes it 90 Sotution anneated - 350"r
is sufficient to note that cleavage-like transgranular SCC occurs both _
in the active/active-passive and transpassive conditions. In the active -250'
state, a film-induced cleavage model based on dealloying is very 70 
attractive, and massive dealloying has been reported by Santarini A a
and Boos124 in type 304 SS at 150C. The response of the cracking 50 - 150
to nickel content has been stated to be different from that of chloride .

SCC,3 but this may reflect the very high temperatures used for work
related to nuclear power systems, so that IGSCC becomes a problem 30 A 50
at the Ni-rich end. Transgranular caustic SCC seems to have a nickel
dependence very similar to that of chloride SCC; i.e., it occurs up to A

around 40% Ni." 9-12 This supports a dealloying model, with or __I_-_I _'_I___ I____
without cleavage, for the transgranular form of SCC, but after our -50 -100 -150 -200 -250 -300
earlier experience with SCC of brass,83 we are reluctant to propose S -TEMPERATURE (°C)
different mechanisms for inter- and transgranular cracking. Both are
possibly a result of dealloying.

With regard to dealloying, it is interesting to note that Isaacs, et FIGURE 29-The effect of austenite stability, expressed as the

al., 126 (Table 1) and Lumsden and Stocker127 (Figure 30) report M. temperature, on cathodic hydrogen embrittlement of type
304 (UNS S30400) steels with various nitrogen additions up tometallic nickel layers on alloy 600 (UNS N06600) (75% Ni) after 0.21%. Shows a trend opposite to that of SCC in hot chloride

exposure to caustic solutions at > 3000C. At these high tempera- solution. (Reprinted with permission." 12 )
tures, dealloying seems to be a much easier process than at the
normal temperatures used for chloride SCC studies (but transgranu-
lar SCC is rarely, if ever, seen in Ni-rich alloys, so possibly the layer
is formed in a different way, or else its porosity may coarsen too
readily to enable it to nucleate transgranular cleavage).

TABLE 1
Surface Analyses by Rutherford Backscattering(A)

AE -90 mV 0 mV 70 mV(e ) 170 mV(B) 225 mV(B)

Cr 14 0 0 15 15 14.5
3 Fe 10 4 0 17 14 6.5

Ni 76 96 87 68 73 77.4

I(A)n mol%, for alloy 600 (UNS N06600) (Ni-15Cr-9Fe) specimens

exposed to 1% NaOH + 1% Na2CO3 solution at 315'C with H2/N2
\. overpressure for 10 days. Potentials are relative to a nickelAt. ,, reference electrode. The results show almost complete dealloying

of Cr and Fe at potentials of 0 and -90 mV. Thicknesses of the
dealloyed layers were given as 100 nm (-90 mV) and 50 nm (0
mV).

126

(e)Observable surface oxide present.

FIGURE 28-TypIcal cleavage-like fractography of cathodic
hydrogen embrittlement In unstable austenitlc stainless steels
at room temperature. (Reprinted with permission.")-)  100 .

/ AILOV 600" , -
s0 / 50%N.ON" '%N4 2 C03Sensitized Alloys 320'C, 120 h

One of the more ambitious projects in modern corrosion science INERAC

has been the attempt, initiated by Ford, to produce a predictive model 0 F

for environmental cracking of nuclear alloys based on slip dissolution 0 / OEALOVED REGION
(Figure 31).1.18.129 This approach has had fair success in accounting
for the IGSCC of sensitized type 304 SS in pure water or dilute sulfate 20 ,  

F...

solutions, and few authors have questioned the applicability of the C,
slip-dissolution concept for this type of system, despite the strong 0 "

0125 0250 0375 0500 1o 20 30 40 so FOsensitivity of sensitized steels to hydrogen cracking at room SPUTRo DEP,,,.
temperature." ° The main area of discussion is now the environment
and potential inside a crack, and how this depends on the bulk
environment, a situation familiar from other, more easily studied, FIGURE 30-Auger depth profile analysis of the dealloyed
forms of SCC Our discussion will focus on recent work, research up surface of alloy 600 (UNS N06600) (NI-15Cr-9Fe) after exposure
to 1979 to 1981 is reviewed by Szklarska-Smialowska and to 50% NaOH + 1% Na2CO3 with H2 Aroverpressure at 3200C for
Cragnolinot 31 and Cragnolino and MacDonald.132  120 H.127 Shows several microns of dealloylng.
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CRACK TIP STRAIN RATE, s"-
FIGURE 31-illustration of the complex predictions made by
Ford and Andresen' from transient straining tests on bulk alloys
or simulated grain-boundary alloys in (partly) simulated crack
environments for sensitized type 304 (UNS S30400) SS in
oxygenated high-temperature water.

Recently, crack chemistry has become a concern in high- dissolution process at the grain boundaries. 4' Zucchi, et al., '4 2

temperature SCC, especially tf ability of cracks to acidify when showed that concentrations of tetrathionate as low as 3 .10 molar
oxygen and sulfate or chloride ions are present '3 The role of would cause SCC. Around 1979, it was recognized that some nuclear
crevices in crack initiation has also been studied." '14 In pure water, power plants were experiencing low-temperature SCC ot sensitized
soluble sulfur species may be produced by the dissolution of components, and this was ascribed uy Isaacs, et al.,' 41 to thiosulfate
manganese sulfide inclusions, early work assumed that the product from emergency building spray systems. In the laboratory, concen-
would be sulfate, but with the recognition of large IR potential drops trations as low as 6 . 10 ' molar were shown to cause SCC.
down cracks,'15 it seems more probable that sulfide is the product. Cragnolino and MacDonald reviewed the available information on
Some authors have argued that sulfate in the bulk solution can be low-temperature SCC and emphasized the catalysis of anodic
reduced to sulfide within a crack and hence catalyze anodic dissolution by elemental (adsorbed) sulfur from decomposition of
reactions;13 no definite evidence exists for this interpretation, but it thiosulfate. 1 32

is consistent with the observation that sulfate is more aggressive, Electrochemical kinetic studies by Newman, et al.,"' and
mole for mole, than chloride. Even at quite high sulfate concentra- Newman and Sieradzki' 4  showed that thiosulfate SCC could be
tions, it is improbable that the crack-tip potential can be as well closely related to the transient electrochemistry of simulated grain-
controlled from the external surface as assumed by Ford in his early boundary material in a simulated iauidified) crack environment
work This leads to a siluation in which the potential primarily affects (Figure 33). Simulation of the crack solution was assisted by the
the crack chemistry rather than the kinetics of reactions at the cracK buffering action of the thiosulfate decomposition disproportionatiuon)
tip. 40 Some of the most experimentally difficult work ever conducted products, which holds the pH near 3. The actual crack velocities in a
on stress corrosion crack growth has been done in this system by furnace sensitized, 0.07% carbon type 304 steel were up to 50 times
Andresen,'" who followed transients in crack growth rate resulting higher than predicted using reasonable CDs from the scratching
from changes in external environment, load, or potential. His latest electrode exper;ments [Figure 33(b)]. This finding was believed to
thinking seems similar to that of Edwards,4n with emphasis on crack result from intermittent brittle grain boundary fracture, confirmed by
chemistry and diffusional or ohmic control of dissolution reactions, the much lower crack velocities seen in less extremely sensitizud
Similarly, Weeks, et al.,138 have tried to relate the temperature material. No evidence for HE was observed.
dependence of SCC to solubility data for magnetite. Sensitized nickel-base alloys are, if anything, more sensitive to

Critical potentials for SCC in dilute chloride or sulfate solutions thiosulfate than SSs. Following a major failure of steam-generator
at high temperatures drop abruptly when type 304 SS is sensitized tubing, work on sensitized type 600 showed that cracking occurred at
and become less sensitive to the nature of the anion.'2  5 (Compare concentrations of thiosulfate as low as 10" ' molar (Figure 34). , " ,"
Figure 32 to Figures 16 and 17.) This demonstrates that the Crack velocities in concentrated thiosulfate solutions were again very
intergranular cracking of sensitized alloys is a different process from high (up to 0.4 im/s), and, again, it is thought that there may be a
normal chloride SCC in annealed alloys and is consistent with the contribution of mechanical failure.
view that the latter is a brittle process specific to chloride. The polythionic acid cracking phenomenon was clarified in an

Research on SCC in flowing high-temperature water is excep- important cuntribution by Ahmad, et al.,' " who showed that of all the
tionally difficult, and mechanistic insights have flowed more easily polythionic acids, only tetrathionic acid tH2S40 6/ was a potent SCC
from studies of sensitized alloys at ambient temperatures. "Poly- environment. This is presumably because it is kinetically more readily
thionic acid" SCC of sensitized SSs was known in the 1950s ' "1 and reduced to adsorbed sulfur on the metal surface, a suggestion that
correlated with sensitization tests in the 1960s.1 40 Electrochemical could be tested by examining dissolution ot model alloys in acid
studies by Matsushima established that cracking occurred over a solutions with inoculation of various polythionates. The later work of
range of potentials and was most likely associated with a localized Ahmad, et al.,' 49 was curious in that thiosulfate SCC was not referred
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to, as though it were a totally different phenomenon from "polythionic
acid" SCC. The only difference we have been able to detect is that ype 0 Stainless Steel- OOIM NoCI
tetrathionate is much more stable in acid solutions than thiosulfate; T =2500 C
otherwise, their action is transparently similar.

Thiosulfate solutions have been used in recent work related to
a percolation model of IGSCC in sensitized alloys.150 Essentially, this
model state. that a continuous path of susceptible grain boundaries
must be present for a crack to propagate macroscopic distances, and W E

the percentage of sensitized grain-boundary facets required to 0 210

achieve this can be derived from a percolation model. A percolation
threshold (Pc) of about 24% was derived for a model lattice of 08

boundaries, and approximate correspondence to this was achieved Z
in slow-strain-rate tests of material heat treated for various lengths of W o06,,
time. Below PC, small cracks initiated but ran out of susceptible grain ,I
boundaries. Such a percolation concept is likely to form part of a new ZL,

test methodology for SCC resistance in sensitized material, A cc 04

percolation model may explain the extremely abrupt onset of SCC
with increasing sensitization time seen by Poznansky and Duquette 02
(Figure 17),75 whose micrographs suggested the alternative (improb- I V '_
able) explanation of a sudden carbide precipitation on most of the 18T T -aT 0-

grain boundaries. 
0 son 650c. 12 hr,

0 Sen 650:C. Ihr.(HoA)

L E 7 Ournch-anneoied

Nickel-Base Alloys -08 -06 -0.4 -02 0 02 04
We have already briefly mentioned the IGSCC of nickel-base POTENTIAL, VH

alloys in hot caustic solutions. Most practical instances of SCC have
occurred in type 600 (Ni-16Cr-10Fe) in the primary water of a
pressurized water reactors (PWRs) (a deoxygenated, dilute boric
acid/lithium borate buffer) or in boiling water reactors where the
environment is oxygenated pure water. The cracking in PWR steam Sen Type 304 Stainless Steel
generator tubes is almost certainly the same phenomenon as the 01 M No2 S0 4
low-potential (active state) cracking seen in caustic solutions. Re- Tz250*C

views by van Rooyen15' and Bandy and van Rooyen' 52 show that the
cracking severity in PWR primary water increases with increasing 16 10
temperature (up to 365°C) and with hydrogen additions to the water. N E 9 -

Carbide precipitation on the grain boundaries, with or without 0e

chromium depletion, seems to prevent the cracking for practical Z0

purposes, and "thermally treated" (carbide-precipitated) material is >:
now to be used in some new PWR steam generators. -, 06

Until recently, it was widely assumed that some form of anodic LI
SCC mechanism was operating in the type 600 failures, but the effect 04 _

of potential (as influenced by hydrogen overpressure) has forced a Z
re-evaluation of the problem. Totsuka, et al.,153" 55 have shown that 0 oi N0a:. 0 of M Not SO4J At applied potential 02

:

tensile specimens with a cold-pressed hump (and not conventional Me A,, Soturoed
slow-strain-rate specimens) crack below a critical potential in simu- 1d OOiM NoZS0 4 )At open CcutI penilal 0I( * 0 Oereote'd HzO0 A 1o =Cl oelo

lated PWR primary water (Figure 35). The evident continuity of the * A,, Sa,oted "zo
behavior between anodic and cathodic potentials seems to show .
conclusively that the cracking results from hydrogen, and extraction
of hydrogen from the cold-pressed regions showed that significant -0 .06 .04 02 0 02 0.4

concntrations could be absorbed in cold-worked, strained material, b POTENTIAL. VH

Obviously, there was a significant IR potential drop in the tests
performed at very negative potentials, so it is conceivable that some FIGURE 32-Results of slow-strain-rate tests (10 6/s) on type

residual anodic reaction was occurring, but this is probably insignif- 304 (UNS S30400) SS at 250'C: (a) potentlostatic tests In 0.01 M
cadSocker2 on dealloying NaCI solution showing the fall In critical potential with sensiti-

icant The observations of Lumsden and zatlon [I =lntergranular; T = transgranular; D = ductile]; and
(nickel enrichment) in reducing caustic solutions no longer seems to (b) potentlostatic or free-corrosion tests in 0.01 M Na2SO4
have much bearing on the cracking mechanism in the PWR primary solution and pure water, showing the behavior of the sensitized
water, though they are of importance in the intergranular corrosion steel (annealed steel does not crack in these environments
and SCC that sometimes occurs in the tube-tubesheot crevices of unless cold worked). Potentiodynamic anodlc polarization curves
PWR steam generators, are also shown. 3 (See also Figures 16 and 17.)

The embrittlement of type 600 persists in hydrogenated steam
(Figure 36).1s Thermal treatment to give grain-boundary carbides
continues to be effective in this environment, and there is no reason Type 600 and related alloys, such as alloy 690 (Ni-28Cr-9Fe),
to believe that the mechanism of cracking is different from that in are susceptible to IGSCC at relatively oxidizing potentials such as
water (see Figure 35). those obtained in oxygenated pure waterordilute sulfate solutions.157

Normally, intergranular HE is strongly influenced by grain- The alloy 690 is distinctly superior and requires sulfate to show any
boundary segregation, but there does not seem to be a solution to the evidence of SCC. It is conceivable that this cracking occurs by a
type 600 problem based on impurity control or heat treatment (other different mechanism from the low-potential cracking seen in water
than heat treatment to produce carbides). The embrittlement seems with hydrogen overpressure; e.g., sensitization of type 600 now
to be intrinsic to grain boundaries in this material, accelerates cracking.
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FIGURE 33-Results of scratching electrode experiments and 0 0mVIEC,,) (91~V4

coprsnwith SCC velocities for furnace-sensitized type 304 C OrV(8~~~comarso 40 -,, 300mv (Stmvs E)
(UNS S30400) SS (0.07% C) In 0.5 M Na2S,.3 solution at room
temperature: (a) scratch tests on Fe-9Cr-lONI (0) and Fe-l9Cr- -

9INi (X) alloys In neutral solution, showilng the range of potential 30
where transient activation of simulated grain-boundary material -A
occurs; and (b) predicted SCC velocltes from similar tests In pH20
3 solution (X) compared to actual SCC velocities (0) showing 2
evidence for brittle fracture as well as slip dissolution. (Re-
printed with permission. 44) 10 o .

(s2o0,1M C 4 3 2 1
10 1- 0 o3 IT? C Part of the Specimen

- FIGURE 35-Hydrogen-induced SOC of mill-annealed, cold-
NO85. p Li worked alloy 600 (UNS N06600) In boric acid/lithium borate

5.6 PM U DDEDbuffer solution at 350'C with hydrogen overpressure: (a) spec-
imen design with cold-pressed hump; (b) evaluation of slow-

814- strain-rate tests at two Hi2 pressures for various potentials; and
- (c) extraction of hydrogen from the specimens. 5

L) - lntergranular SOC and traces of transgranular SOC can be
obtained in precipitation-hardened (-y') nickel alloys such as Inconelt

z X-750 (UNS N07750).168 Generally, the cracking is related to
W sensitization or other grain-boundary precipitation processes and is

.1 enhanced by oxygen in the water; thus, it probably belongs with the
03 10 10 100cracking of sensitized SSs in the category of SOMs, In contrast,

(si. ppm iron-rich alloys containing -y'crack in boiling MgCl2 Solution, provided
that the matrix Ni level is low enough. 159

FIGURE 34-SCC velocities for slow-strain-rate tests (3 x The SOC of alloys used in nuclear power plants has been
10'6/s) of furnace-sensitized alloy 600 (UNS N06600) (0.04% C) comprehensively reviewed by Scott16
In naturally aerated boric acid solution with sodium thiosulfate ________

and lithium hydroxide additions at 40eC.146,147 tTrade name.
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147 R C Newman, R. Roberge, R. Bandy, Environmental Degra- from digitally differentiated spectra. All the experiments were re-

dation of Materials in Nuclear Power Systems-Water Reac- peated several times on different specimens and gave reproducible
tors, p, 636. results.
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6(1982): p. 347. first 30 s of sputtering, only Ag and Au were detected. At first, it was

149 S Ahmad, M.L Mehta, S.K. Saraf, I.P. Saraswat, Corrosion 41, thought that the surface mibht be a mixture of dealloyed and
6(1985): p. 363. unattacked material, since the gold enrichment was so subtle, but

150 J. Stewart, P.M. Scott, D.B. Wells, A.W. Herbert, repeated analyses using various sizes of electron beam always
CORROSIONI88, paper no 289 (Houston, TX: NACE, 1988). produced essentially the same result. The maximum gold concen-

151 D. van Rooyen, Corrosion 31, 9(1975): p. 327. tration is no more than two or three times its bulk level of 10%, and
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153 N Totsuka, E Lunarska, G. Cragnolino, Z. Szklarska- at the surface. This layer is probably about 250 nm thick rather than

Sm'ialowska, Scripta Metall. 20(1986). p. 1035. the 150 nm that would be deduced from the anodic charge density.
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Smialowska, Corrosion 43, 8(1987): p. 505. are far from pure noble metals.
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p. 734. LiCI solution, while Figure A2(b) omits carbon and enhances the
156 G Economy, R J Jacko, W Pement, Corrosion 43, 12(1987): nickel profile to display the similarity to Figure Al. Such a result does

p. 727. not conclusively demonstrate the presence of a metallic dealloyed
157 A McMinn, R.A. Page, Corrosion 44, 4(1988): p. 239. layer; however, one can infer this with some confidence, as the
158 M Tsubota, K Hattori, T Kaneto, Corrosion 44, 2(1988): p. 73. oxygen level was much lower than in films produced by passivation
159 J.M. Silcock, Br. Corros. J. 18(1983): p. 132. or high-temperature oxidation.98 With identical sputtering conditions,
160, P.M. Scott, Corros. Sci. 25(1985): p. 583. an air-formed oxide film was removed in less than 30 s, demonstrat-
161 J Laurent, D. Landoll, Electrochemical Methods in Corrosion ing the considerable thickness of the layer. X-ray photo-electron

Research III, ed B Elsener (Zurich, Switzerland: Trans. Tech. analyses are expected to show that the enriched nickel is predomi-
Pubs., in press 1989). nantly metallic.

APrENDIX A These data are a promising preliminary confirmation of the
dealloying/cleavage model and are supported by electrochemical

Auger Electron Spectroscopy studies showing that chloride causes dealloying of binary Fe-Ni
of Austenitic Stainless Steels Exposed alloys, which would not occur in a sulfate solution at the same

to Hot, Acidified Chloride Solutions; temperaturi and pH. 3 (See Figures 25 and 26.) It is increasingly
plausib;e to propose that chloride causes SCC because it causes

Comparison with Dealloyed Layers dealloying, and combining this with evidence for discontinuous brittle
on Au-Ag Alloys cracking 9 gives us a typical film-induced cleavage phenomenon.

This work98 was undertaken to test the idea that chloride SCC
of austenitic SSs proceeds by the same mechanism as ammonia
SCC of ai-brass monocrystals,9 i.e., periodic cleavage events of -1
gim, each nucleated by a dealloyed layer some tens of nm in
thickness. In this case, the dealloyed layer is expected to be nickel
enriched,2.10,17 but the surface is also expected to have a spongy,
chromium-rich corrosion product, 1 .20 -2 2 which may obscure any -
dealloyed layer that might be present.

The environment used for this work was a 15 M LiCI solution at Ag900C acidified to pH 1.0 with HCI to simulate a crack-tip Ag - 10 alo Au

environment.' 5"8 Three commercial austenitic steels (types 304, 0 4M HC104
316, 310) were used in the complete study;98 here, we report only the 3OmAlCm

2

result for the type 304 steel surface and compare it with a 90Ag-1 OAu Ss

(atom percent) alloy dealloyed at 30 mNcm2 for 5 s in 0.4 M HCIO4
solution at room temperature. After some experimentation, the
followiiig procedure was used to prepare surface films on SS.
specimens for Auger electron spectroscopy: 0

(1) Immerse specimens, alumina-polished to a 1-Jim finish, in 15 M A

LiCI solution at 901C, acidified to pH 1.0 with HCI.
(2) Polarize for 30 s at -1000 mV vs SCE immersed directly in the

solution. The counterelectrode was a graphite rod. 100 2o 3io

(3) Remove the polarizing potential and tap the specimen to remove SPUTTER TIME. minutes

hydrogen bubbles and permit dispersion of the alkaline solution
near the surface (about 5 s). FIGURE Al -Auger depth profile of the dealloyed surface of a

(4) Step the potential to -400 mVscE for 60 s. sllver-10at%gold alloy after passing an anodic ch-rge density
(5) Remove the specimen and rinse with warm distilled water for at of 150 ic/cm2 In 0.4 M Hclo4 solution at room temperature. The

least 30 s (to remove soluble ions from the porous surface film), peak-to-peak heights displayed are those of Ag (351 eV) [1 X] and
(6) Dry with an air jet and place in the spectrometer. Au (2024 eV) [10X].
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S.C. Jani (Georgia Institute of Technology, USA): I would
Flike to list some "againsts" for the film-induced cleavage model for

Fe transgranular stress corrosion cracking (SCC) of austenitic stainless
0 steels: (1) crack branching, (2) specific cracking planes, (3) low-

304S s nickel alloy behavior, and (4) sponge (dealloyed layer) not observed
900C on fracture surface. When these are addressed, I am willing to accept

S-40mv the idea.

R.C. Newman: (1) Cracks may nucleate anywhere where there
"' r is a (not very high) tensile stress. I do not understand this part of your

question. (2) Cleavage of macroscopically brittle metals occurs on
specific planes. Why should this not be the case for microscopic

a. Ccleavage? (3) Low-nickel alloys will have difficulty forming a strong,
connected dealloyed layer. Obviously the phase transformations
complicate the issue, although, as I pointed out, similar behavior is

< N seen in gold-copper, where there is complete solid solubility. (4) Not
___true Scamans and Swann [Corros. Sci. 18(1978): p. 983, and later

10 20 Silcock [Corrosion 38(1982): p. 122], and more recently ourselves,
a SPUTTER TIME. minutes have found plenty of sponge formation. In a-brass, the dealloying is

much more superficial, and we do need to do more work on that
304S system. We are currently doing cross-sectional transmission electron
900c microscope studies.

•x1 -,0OmV S.M. Bruemmer (Pacific Northwest Laboratories, USA):
Would you comment on the dealloyed-layer-induced cleavage con-
cept as it applies to intergranular SCC of austenitic alloys? In
particular, since dealloying may occur preferentially along grain
boundaries, can this region induce brittle intergranular cracking?

TR.C. Newman: We have recent data on gold-silver alloys,
anodically polarized in perchloric acid, showing brittle intergranular
events (beyond the dealloyed layer) generated by impact bending.
We do not draw much distinct;on between transgranular and inter-

,, _granular SCC in deailoying systems, but obviously more needs to be
done in this area in view of Pugh's observations of low acoustic

<" emission rates in intergranular SCC. I suppose you are particularly
thinking of the alloy 600 (UNS N06600) system-I am not sure we
have brittleness there, because the layer seems to be qualitatively
different.

. R.P. Gangloff (University of Virginia, USA): Would you
please clarify the explanation for the critical (SCC) potential within the

b0 ,context of your dealloying and cleavage-jump model, Is this potential
b SPUTTER TIME, minutes simply related to the attainment of a necessary level of crack

acidification?
FIGURE A2-Auger depth profile of the surface of type 304 (UNS R.C. Newman: Yes, There has to be a net anodic reaction in the
S30400) SS after a 60-s exposure to 15 M LICI solution, pH 1.0, crack/crevice to maintain the acidity, The limiting crevice repassiva-
at 9O°C and -400 mVscE:9 (a) all peak-to-peak heights 1X and tion potential for an infinitely deep/tight crevice would be essentially
(b) with carbon omitted and NI 1OX to display the similarity to the corrosion potential in the crevice environment.
Figure Al. R.P. Gangloff: Is the crevice repassivation potential, reported

by the Japanese workers (Tanaka, et al., Advances in Localized
Corrosion, ed. Isaacs and Bertocci (Houston, TX: NACE, in press)],

Discussion sufficiently independent of crevice geometry and scan rate/time to be
mechanistically useful, as youi implied in your talk?

H.-J. Engell (Max Planck Instiltut fur Elseniorschung, Fed- RC. Newman: The crevices were not particularly light or deep.
eral Republic of Germany): I wonder whether the dealloyed layer is The main point was that they were the same in the cracking
the reason for cracking or only a product of crack formation resulting experiment as the crevice-only experiment. However, the repassiva-
from active path anodic dissolution, tion potentials were determined under ultra-low scan rate conditions,

R.C Newman: In the austenitic stainless steel case, we do not so they are limiting values for the particular crevices used. I would not
have the very strong evidence for the dealloying/cleavage meca- expect more than a few mV change on going to tighter crevices.
nism that exists In vbrass [Sieradzki, Kim, Cole, and Newman, J. T. Murata (Nippon Steel Corporation, Japan): As shown
Electrochem Soc. 134(1987)' p. 1635; Sieradzkl and Newman, J. recently by Mueda and Yamamoto (J. Surf, Sc. Soc. Japan 9(1988).
Phys. Chem. Solids 48(1987), p. 1101; Newman, Shahrabi, and p. 218, you can make an instantaneous dealloyed layer in type 304
Sieradzki, Scripta Metal, 23(1989): p. 71] or gold-copper alloys. (UNS S30400) stainless steel, to a depth of 10 nm, by irradiating in
However, the more we learn about the crack-tip reaction, the more it nitrate solution, using a pulsed YAG laser.
resembles these cases. The slip-dissolution model seems to fail on RC. Newman: I suppose this is a solid-state vacancy diffusion
account of the demonstrable discontinuities in cracking (as shown, process, so it is not quite the same thing as dealloying; nevertheless,
for example in the work of Desal, et al., "Study of Transgranular I would be interested in seeing the work.
Stress Corrosion Crack Propagation in Austenitic Steels by Load- T. Murata: More than ten years ago, the use of 42% magnesium
Pulsing Method," this proceedings). The hydrogen model still has life chloride for duplicating chloride SCC of type 304 stainless steel was
in it, but I personally believe that the transgranular cracking at high found to be misleading, because it did not simulate chloride cracking
temperatures is unassisted by hydrogen, for the reasons we give in in service conditions at all. Kowaka and Kudo (Tetsu-toHagane
the paper. 62(1976): p. 390; and ibid. 63(1977): p. 328] clarified the dependence
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of SCC behavior on the concentration of magnesium chloride, either because it is electro-reduced sulfide (see for example, Ljungberg, et
in intergranular or transgranular modes, with or without pitting. This al., Corrosion 44(1988): p. 66]. I think Ford's paper at this conference
turned out to be most interesting work, indicating where future work addresses these issues in detail.
should be done. Following that report, a joint program of chloride F.P. Ford (General Electric R&D, USA): What is your working
SCC was conducted between university and industry in Japan. One hypothesis to assert that the effect of cold work in increasing the
of the major accomplishments was the recommendation that 20% intergranular SCC susceptibility of unsensitized stainless steel in
sodium chloride solution (either boiling or at lower temperatures) be high-temperature water is due to hydrogen embrittlement?
used to replicate SCC initiated from pitting or crevice corrosion. This R.C. Newman: I was especially impressed by Totsuka and
is the reason why Tsujikawa used this particular solution [see Smialowska's work [Corrosion 44(1988): p. 124] in borate solutions
Tsujikawa, et al., Tetsu-to-Hagane 66(1980): p. 2067 and Advances with hydrogen overpressure, including the cathodic polarization
in Localized Corrosion, ed Isaacs (Houston, TX: NACE, in press)]. studies they made earlier on alloy 600 [Corrosion 43(1987): p. 734].

R.C. Newman: Thank you for this interesting history, which I I find strong similarities between that and the Kuniya work [Corrosion
think is an outstanding application of corrosion science to engineer- 44(1988): p. 21] in oxygenated water. More speculatively, I could
ing practice, taken with the exceptionally elegant work of Tsujikawa suggest that the increase in intergranular SCC with cold work in hot
and colleagues. chlorides may involve hydrogen, but I am not too happy with the

M. Marek (Georgia Institute of Technology, USA): Why do implications in terms of multiple mechanisms. Certainly the cold work
you find the film-induced cleavage model so attractive for this system, effect in hot chlorides is limited to unstable steels.
when the experimental evidence is limited to the presence of the
dealloyed layer, which may or may not be involved in the mechanism? E.N. Pugh (National Institute of Standards and Technology,

USA): I certainly agree with you that transgranular SCC of stable
R.C. Newman: I admit that we are not doing as well in this austenitic stainless steels, such as type 310 in aqueous chloride, is

system as a-brass. However, I think you may be underrating the unlikely to involve hydrogen. However, unstable steels such as type
breadth of our approach to this problem. Perhaps my presentation 304 may be different. Thus, it might be argued that cracking is due to
was at fault in this respect. For example, the dealloying vanishes in hydrogen embrittlement at temperatures below MD, changing to the
type 310 (UNS S31000) stainless steel as you lower the temperature stress corrosion process at temperatures higher than Mo. Have you
through the value where SCC becomes very difficult to achieve. I come across any evidence for such a transition in your review of the
hope we are keeping an open mind on this topic, but since the literature?
cracking is demonstrably discontinuous and the hydrogen model
seems to fail, I think it is very significant to demonstrate a similar R.C. Newman: I have not found any data that look like this, but
dealloying reaction to that seen in brass where the film-induced I do wonder if the switch from trans- to intergranular cracking at high
cleavage model is so convincing. K values [Russell and Tromans, Metall. Trans. 1OA(1979): p. 1229]

R.L. Sindelar (Savannah River Laboratory, USA): What is the is a hydrogen effect confined to unstable steels. Certainly, the effect
role of bulk aqueous impurities on intergranular SCC propagation? In of prior cold work (which also promotes intergranular cracking) is
addition to chloride, do other aqueous impurities such as nitrite or confined to unstable steels. I think monocrystal studies would be
sulfate lower crevice potentials or act in some synergistic manner to useful here, to isolate the transgranular cracking. One observation
effect propagation? that tends to counter your suggestion is the rapid SCC seen in type

R.C. Newman: At relatively oxidizing potentials, these ions will 304 stainless steel at temperatures greater than 300°C, which is
concentrate in cracks Some authors think that sulfate is special fractographically indistinguishable from that seen at 100°C to 150'C.
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SECTION VIII

Environment-Induced Cracking
in Ferrous Alloys

Rapporteurs' Report on Poster Presentations

C.L. Briant
General Electric Company

Schenectady, New York, USA

R.P.M. Procter
University of Manchester Institute of Science and Technology

Manchester, UK

The papers given in this poster session, the written versions of which follow this
rapporteurs' report, can be divided by topic into three general areas. (1) mechanisms of
intergranular corrosion and stress corrosion cracking (also included here is the single paper
on liquid metal embrittlement), (2) hydrogen embrittlement, and (3) mechanisms of
transgranular stress corrosion cracking.

Let us first consider intergranular stress corrosion cracking of iron-base alloys. The
paper by Atrens, et at, sought to provide a model for intergranular stress corrosion cracking
in low-alloy steels in high-purity water. They proposed that at low temperatures the cracking
might be a result of hydrogen embrittlement, while at high temperatures the cracking might
occur as a result of anodic dissolution. They further suggested that, at least in the anodic
dissolution regime, crack-tip strain rate would play an important role in determining the rate
of cracking. This idea led to considerable discussion after the posters were presented. Most
of the discussion focused on whether or not this strain rate could be measured experimentally
and whether it could be incorporated into the analytical models, No strong consensus was
reached on these points.

The other paper that came under the heading of intergranular corrosion was that of
Stewart, et al, on crack initiation of sensitized austenitic stainless steels. They presented
results showing that at the beginning of a slow-strain-rate tensile test, many cracks are
initiated in a sensitized sample. There is then a period in which these cracks are rather
dormant as the strain increases, and then one or two cracks begin to propagate through the
sample. There was some discussion as to why the cracks go through this dormancy at
intermediate strains. No complete explanation was found, Both Stewart and Atrens
expressed the feeling that, although their respective papers did not directly address this issue,
the grain-boundary composition was also very important in the problems they were
investigating and must be included in complete models of intergranular corrosion and stress
corrosion cracking.

The next topic that we wish to consider is hydrogen embrittlement. Three papers
considered trapping of hydrogen in some way. Turnbull and Saenz de Santa Maria measured
permeation transients in a martensitic stainless steel. They found that in the initial transient
many traps were filled, and with additional runs the hydrogen passed through the sample
more rapidly. They also found that in hydrogen sulfide solutions, the time-to-failure could be
directly correlated with the internal hydrogen concentration as measured from the permeation
transients. tyer and Hehemann found that the time-to-failure during hydrogen charging was
dependent on the amount of load relaxation the sample was allowed to have prior to charging,
If the load was relaxed tor a long time, the time-to-failure in hydrogen charging was also
increased, A complete mechanism was not discussed, but it would appear that as dislocation
activity subsides with longer relaxation times, hydrogen moves more slowly into the sample,
Coudreuse, et al., showed that vanadium additions appear to enhance trapping in both
2.25Cr-iMo steels and ferritic stainless steels. This trapping is thought to occur because of
vanadium carbide precipitation in these steels, This trapping is reflected in somewhat
improved resistance to hydrogen embrittlement.

In the discussion of these papers, it was pointed out that there are many measurements
of hydrogen trap strengths in the literature, and that it would be instructive to interpret some
of the results found in these papers in terms of these measured strengths. It was also pointed
out that there are now a variety of models for hydrogen embrittlement that involve hydrogen
transport by dislocations, enhanced dislocation mobility as a result of the presence of I iI:
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hydrogen, crack-tip blunting by mobile dislocations, crack initiation by Finally, in a particularly elegant and painstaking piece of
dislocation pile-ups, etc. It is not obvious how all of these observa- research, Desai, Friedersdorf, and Shaw have used load-pulsing
tions and models fit together, and it was felt that some effort should techniques to study stress corrosion crack propagation in type 316
be directed at trying to incorporate all of the experimental observation (UNS S31600) stainless steel in boiling magnesium chloride and
into a general coherent model. lithium chloride solution. They have very clearly d6monstrated the

The paper on liquid metal embrittlement by Nakasa and Suzawa discontinuous nature of environmentally induced cracking in this

concerned liquid zinc cracking of a high-strength steel. The authors alloyenvironment system and have produced accurate values for the
showed that cracking occurred extremely rapidly in this steel, crack arrest time and the crack advance distance. Their results are
although there was some dependence on temperature. They also of particular importance and significance, since they appear to be
pointed out that crack branching occurred quite frequently and must
be considered in reporting velocities, fully consistent with the film-induced cleavage model of environmen-

The paper by Meletis, et al., forms a convenient link between tal cracking.
those papers that deal explicitly with hydrogen embrittlement and In the general discussion following the poster viewing period, a
those that consider other mechanisms. These authors have con- number of delegates made what they felt were convincing arguments
firmed that cracking of type 304L (UNS S30403) stainless steel single in favor of film-induced cleavage and against hydrogen embrittlement
crystals in boiling 45% magnesium chloride solution is crystallo- as the mechanism of stress corrosion cracking of austenitic stainless
graphic and occurs by microcleavage, primarily along {100} planes. steels in a chloride-containing environment. In response to this, a
However, their new observation is that the deformation mode is more or less equal number of different speakers presented what they
inhomogeneous and coplanar close to the stress corrosion fracture felt were equally convincing arguments in favor of hydrogen embritt-
surfaces but homogeneous elsewhere. They attribute this difference lement and against film-induced cleavage. To say that no consensus
to hydrogen trom the cathodic reaction entering the steel and was achieved considerably understates the passions that these
reducing the stacking fault energy of the austenite in the region of discussions aroused!
high triaxiality ahead of the crack tip.

Their suggestion that this results in the formation of Cottrell- Indeed, it is difficult to portray in this written report the flavor of
Lomer locks, which in turn result in cleavage, provoked some the active discussions that took place in this session. Quoting various
discussion In a somewhat related paper, lyer showed that the effects comments out of the full context of what was said trivializes them.
of various thermomechanical trcatments on the stress corrosion However, it seems fair to say that in discussions on mechanisms,
susceptibility of 26Cr-1Mo ferritic stainless steel in boiling 42% there is still a great deal of confusion. Most of this confusion stems
lithium chloride solution also correlate well with changes in the from the fact that many of the mechanisms have not been verified
deformation mode. In particular, r hen coplanar slip occurs, greater experimentally. In some cases, it may not even be possible to verify
slip-step heights and densities result in increased stress corrosion the models with experiments, and this situation makes arguments
susceptibility. The austhor concluded from these results that slip even more tenuous and fuzzy It is very difficult to take stress
dissolution is the mechatism ot stress corrosion crack initiation in this corrosion data in the variety of ways that is normally obtained and
alloylenvironment system. The paper by Kido, et al., also presented
results that are relevant to the slip dissolution model of cracking. jump to an atomistic model of cracking, and because adequate
Specifically, they have used alternating current impedance tech- information is not present, the same data can be used to support a
niques to study the effects of static tensile stresses on the dissolution variet of models. It therefore deems important for researchers to
and repassivation of type 304 (UNS S30400) stainless steel in pH 1.2 evaluate carefully what they can learn from an experiment, and if
sulfuric acid They concluded from changes in the relevant time other techniques could provide more information that would help
constants that elastic stresses suppress dissolution and promote film establish a particular model over another one, to redirect their work
formation. On the other hand, plastic stresses have the reverse effect accordingly, The written versions of the individual papers follow, with
and promote dissolution during rather slow repassivation. specific discussion comments following the appropriate paper.
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Conceptual Model of Stress Corrosion Cracking
of Low-Alloy Steels in High-Temperature Water

R.M. Rieck,* A. Atrens,** S. Ramamurthy,** J.D. Gates,** and 1.0. Smith*

Abstract
This paper presents a conceptual model for the stress corrosion cracking (SCC) of quenched and
tempered low-alloy steels in high-temperature, high-purity water. The model is based on the cracking
mechanism of anodic dissolution. It is based on the postulate that the crack-tip strain rate is the
controlling parameter, with the crack velocity increasing with an increase of crack-tip strain rate.
Furthermore, it is assumed that the relationship between crack velocity and crack-tip strain rate is valid
up to very high crack velocities resulting from strain-assisted dissolution. Following Parkins, the authors
propose that Kjscc is defined by a critical crack-tip strain rate, i,. That is, the proposed model of SCC
explains Kscc as being the stress intensity at which significant dislocation motion starts to occur to give
significant crack-tip creep.

Introduction indicates traces of crack-tip plasticity on the intergranular fracture
This paper presents a conceptual model for the stress corrosion surface with there being considerable experimental evidence' con-
cracking tSCC) of quenched and tempered low-alloy steels in trary to crack advance by a mechanism of brittle mechanical fracture
high-temperature, high-purity water. The model is based on the assisted by corrosion processes. In addition, Ramamurthy, et at 10
cracking mechanism of anodic dissolution tAD)'2 and the experi- have measured the crack velocity as a function of applied stress rate
mental observations3 " that crack-tip plasticity is an integral part of using the newly developed linearly increasing stress test (LIST) 11
crack propagation, with there being considerable experimental Typical data are given in Figure 1,'0 which shows crack velocity as
evidence5 contrary to crack advance by a mechanism of brittle a function of applied stress rate at crack initiation. This test uses a
mechanical fracture assisted by corrosion processes. smooth un-notched tensile specimen. Crack initiation is in the elastic

For the system of low-alloy steels experiencing SCC in high- region, and consequently, it is valid to discuss crack velocity also as
purity water, recent work by Magdowski and Speidel' 2 has indicated a function of applied strain rate at crack initiation.
that the cracking mechanism is different at high and low tempera- Much study6 has gone into the system of interest and several
tures; they suggested that AD occurred at high temperatures and attempts have been made to propose crack growth models None to
hydrogen embrittlement tHE) occurred at low temperatures. A review date have been able to explain the observations of Speidel 7 who
of the literature by Atrens, et al.,8 supports this view. The critical data showed that the crack velocity increases exponentially with increas-
are as follows. ing strength, increasing from a crack velocity of 1.0 x 10-11 m/s at

In high-temperature water, the threshold stress intensity for a yield strength of 700 MPa to a crack velocity of 1.0 , 10-4 m/s at
SCC, Kiscc, is independent of the yield strength of the steel, (Y.1.2.7 a yield strength of 1700 MPa.
whereas, the threshold stress intensity for cracking in hydrogen, KIH, The purpose of this paper is to present a conceptual model for
increases as cry decreases.' These different trends of Kiscc and KH this system that can provide a qualitative explanation of the experi-
with strength indicate that HE is not the cracking mechanism. This is mental observations. It indicates where there are large caps in the
reinforced by the tact that the crack velocity in Region I1 under Mode knowledge, which thereby provides a focus for research The model
I loading, vm,,o 1, is the same as under Mode III loading,3 vMo, Il. is conceptual and not mathematical because of these gaps in

In contrast, in low-temperature water, the threshold stress knowledge.
intensity for SCC (Kiscc) increases as the yield strength of the steel
(cry) decreases,1 ,

2 and the threshold stress intensity for cracking in
hydrogen (KIH) increases as cry decreases.8 These observations are The Model
in agreement with HE being the cracking mechanism. This is
reinforced by the fact that the crack velocity In Region I under Mode
I loading (vw. 1) is greater than under Mode III loading9 (vmd, Il).

Creep experiments 34 have demonstrated that crack-tip plastic- General principles
ity is an integral part of crack propagation; if primary creep is The proposed model of SCC is based on the following postulates*

exhausted in a benign environment, then no SCC occurs in a kl) Ciack-tip strain rate is the controlling pdrameter up to the
cracking environment, drispite an applied stress intensity four times mraximum velocity observed experimentally for this system.
K1scc. Mureover, the detailed examination of the fracture surfaces' k2) There is a relationship between ,,rauk velocity and crack tip strain

rate that is valid up to the maximum velocity observed experi-

*CRA Advanced Technical Development, P.O. Box 347, Canning- mentally for this system.

ton, W.A. 6107 Australia. (3) The relationship between crack-tin strain rate and the applied

"Department of Mining and Metallurgical Engineering, University of stress intensity is as shown in Figure 2.

Queensland, St. Lucia, 0. 4067 Australia. There is good experimental evidence for Postulate 1 .s Postulate 2

EICM Proceedings 513



10"  Crack tips above Kp
Above K, the crack tip has a well-developed plastic zone with

the maximum stress in this plastic zone being 3o'y.13 Higher stress
- o ro intensities increase the size of the plastic zone at the crack tip, but do

not affect the stress within the zone. Consequently, it is a plausible
inference that above K,,, the creep rate is independent of stress

0"4 03intensity because the deviatoric stress that drives creep is indepen-
dent of stress intensity,

E It is important to emphasize that crack-tip strain rate or creep
>: 10"  rate at the crack tip are being dealt with under conditions of full
Uplasticity in precracked specimens with the additional factor ofo constraint. As pointed out previously, this produces a higher stress at
,. 0-7 . the crack tip for a higher-strength steel.13 High-strength steels also
X a have much smaller zones of plasticity, so that dislocation motion will

-It be more concentrated at the crack tip. These two factors combine to
= 0-,  produce a higher strain rate at the crack tip in high-strength steels

under conditions of full pasticity.
On the assumption that there is a relationship between stress

1o-  corrosion crack velocity and crack-tip strain rate, this gives a region
of crack velocity independent of applied stress intensity, but depen-
dent on the yield strength (O,) of the material, as illustrated in Figure
3 and in agreement with the experimental results of Speidel and

10- 103 102 I°'0 io° to0 10z 103 coworkers,",2 7 who showed that the crack velocity increases expo-
AI'PLIED STRESS IrE, Mtl'as- nentially with increasing strength, increasing from a crack velocity of

FIGURE 1-Crack velocities measured with the LIST test8 as a 10 Y 10- 11 m/s at a yield strength of 700 MPa to a crack velocity of
function of applied stress rates for both as-quenched type 4340 1.0 x 10 - mls at a yield strength of 1700 MPa.
(UNS G43400) steel and rotor steel in aerated distilled water at
900C.

increasing strength

C, 0

Kp
STRESS INTENSITY

STRESS INTENSrTY FIGURE 3-Expected effect of metal yield strength on the

FIGURE 2-Expected relationship between crack-tip strain rate relationship between crack-tip strain rate and stress Intensity.

and applied stress Intensity. Creep data, as described by conventional creep experiments,
refer to steady-state creep; whereas, it has been shown that SCC is

is a plausible generalization of Postulate 1. It is central to this controlled by primcry creep,' 4 Primary creep in newly stressed
conceptual model. If Postulate 2 is correct, then there is good metal occurs at a faster rate than secondary creep. An experimental
evidence for Postulate 3, program on the primary creep of low-alloy steels would be required

to test this proposal since experimental results are not presentlyImportance of crack-tip strain rate available.
The experimental evidence3 in support of the crack-tip strain ailbe

rate was summarized in the introduction. Klscc
Following Parkins, 4 the authors propose that Kscc is defined

Crack-tip strain rate vs K by a critical crack-tip strain rate (c). That is, the proposed model of
For loading so that there is zero stress or zero stress intensity, SCC explains Kiscc as being the stress intensity at which significant

the crack-tip strain rate must be zero. For reasons given below, there dislocation motion starts to occur to give significant crack-tip creep.
is a a critical stress intensity, termed KP after Speidel,' 2 above which The process that limits plastic deformation such that a significant
the strain rate is independent of the applied stress intensity. Figure 2 strain rate is only found above K1scc has not been identified. The
reflects the above, joining the two extremes with a region wherein the observation that K~scc is independent of try and temperature implies
the crack-tip strain rate increases very quickly, even exponentially, that these parameters have no effect on the processes limiting strain
with stress intensity. at the crack tip.1.27
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Discussion any one plane, nor at any obstacle within the grains. In the early
stages of deformation, the most significant obstacle is the grain
boundary so that dislocation motion will be concentrated in the grain-

Strain-assisted dissolution boundary region. This causes cracking to be intergranular. In the
A crack velocity of 10 - 4 m/s requires a crack-tip anodic current quenched and tempered steels, the prior austenite grain boundaries

density of 300 AICm 2 for cracking by AD Such high current densities remain high-angle boundaries and, as such, are a more significant
have not been observed in scratching electrode tests. Lacombe and barrier to dislocation motion than the lower energy twin boundaries
Parkins'5 report a maximum bare surface current density of 3 Acm2, found in martensite. Thus, cracking occurs along the prior austenite
correlating with a crack velocity of 10 r m,'s. The problem for AD grain boundaries. Such a resuit also explains the importance of slip
models of SCC is accounting for crack velocities higher than 10-6 morphology to SCC.
m/s. This requires a mechanism for accelerating the dissolution rate
occurring at the crack tip. Critical Tests for the Proposed Model

This acceleration could be provided by strain-assisted dissolu-
tion at a bare crack tip. The large stress concentration at the crack tip The proposed model of SCC depends upon a number of
ensures that dislocation motion is concentrated at the crack tip itself, assumptions, the validity of which, and consequently of the model
Each dislocation that impinges upon the crack tip produces a ledge itself, could be tested.
of bare metal in contact with the cracking solution. The atoms on the One critical assumption is that of the effect of stress intensity on
ledge so produced can dissolve very quickly because of a number of crack-tip creep The fact that the creep rate at the crack tip is
effects. Clean metal (i.e., without any films) is in contact with the exponentially dependent cn the stress at the crack tip is the most
solution. Atoms on the ledge are not strongly bound to the bulk metal important assumption made This is very difficult to test since it is
because of the missing bonds on the two free faces of the ledge. creep at the crack tip, rather than the region of general yielding, that
These features cause the metal on the ledge to dissolve much more is important to SCC. Creep tests on double-cantiliver beam speci-
quickly than would occur on a film-free surface. Moreover, the mens measuring only the crack opening displacement are unable to
dissolution rate is strain rate controlled through the rate of production define the creep rate at the crack tip since the crack opening
of ledges by dislocation motion. displacement is defined mainly by the size of the plastic zone at the

Moreover, there is also a small anodic area tactive crack tip) in crack tip. It is this problem with measuring crack-tip creep rate that
contact with a large cathodic area (crack sides), resulting from the makes the model difficult to test.
geometry of the crack,'" which increases the rate of reaction, The Strain-assisted dissolution was invoked to explain the very high
likelihood of such an effect being important cannot be assessed crack velocities found in the high-strength steels. It may be possible
directly because of the unknown nature of the crack-tip electrochem- to test this assumption using electrochemical measurements on
istry. Hovever, an area effect cannot account for the effet uf straining samples. However, to simulate the crack-tip cunditiuns of
strength on vii, since the analysis of Doig and Flewitt, " which creep, it is necessary to localize the straining region, while keeping
included strength defining the area of dissolution, could not account the rest of the sample passive.
for the exponential relationship between uy and v. The indepen- The easiest test of the proposed model is a stress analysis of a
dence of cracking kinetics on metal composition also makes it precracked sample loaded in Mode Ill. The result of comparable
unlikely that area effects are important to SCC since the composition crack velocities in Modes I and Ill indicates similar crack-tip creep
controls the corrosion potential and areas of anodic and cathodic rates in the two loading modes. A stress analysis of the Mode Ill
reaction Variations in these parameters should change vi, and the loading should allow a comparison of the deviatoric component of
lack of such change in v, makes it unlikely that area effects are stiess at the crack tip in both loading modes. The experimental
important to SCC This indicates that strain assisted dissolution may iesults indicate that this stress should be similar in the two toading
be the only feasible method of accounting for the high crack velocities modos.
found in the high-strength steels. References
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The Initiation of Intergranular Stress Corrosion Cracking
on Sensitized Stainless Steel

in Dilute Thiosulfate Solutions"'
J. Stewart,* B. Wells,'" and P.M. Scott*

Abstract
The initiation of intergranular stress corrosion cracking on sensitized type 304 (UNS S30400) stainless
steel has been studied at room temperature using dilute, naturally aerated sodium thiosulfate solutions.
Electrochemical techniques are used to detect anodic current transients during slow-strain-rate
experiments at the free-corrosion potential. These anodic current transients are caused by the initiation,
metastable propagation, and repassivation of microstructurally short cracks. The effect of thiosulfate
concentration and strain rate on the initiation of cracks has been studied. A low-strain region (elongation
< 5%) was identified in which the crack initiation frequency and electrochemical activity were at a
maximum in dilute thiosulfate solutions. The transition to sustained crack propagation was clear and
generally occurred at higher strains, where the metastable crack initiation frequency and electrochem-
ical activity were very low. The variation in strain to failure values could be accounted for in the period
required to initiate a crack. Crack propagation was shown to be a minor proportion of the total test
period.

Introduction (analytical resolution approximately 2 nm).7 The grain size was
Detailed studies of the mechanisms of initiation of stress corrosion typically 80 im, the 0.2% offset yield strength 190 MPa and the
cracks have usually been restricted to post-test examination of elongation to failure about 70% in air. Specimens were abraded to a
fractured specimens, and in situ measurements have not generally 600 grit finish, cleaned in acetone and distilled water, and then
been available The experiments reporttd here have investigated the coated with a resin-reinforced synthetic rubber to leave a 5-mm
feasibility of using electrochemical cui rent transients kelectrochem- gauge length exposed. Slow-strain-rate kSSR) tests were conducted
ical noise) for studying the early stages of crack nucleation and on a 100 kN servoelectric tensile testing machine.
growth. The model system chosen for this investigation was sensi-
tized type 304 (UNS S30400) stainless steel (SS) in thiosulfate Open-circuit potential experiments
solutions in which intergranular stress corrosion cracking (IGSCC) The technique used to detect current transients during the SSR
occurs readily.' 4 Three specific topics have been examined: the tests has been described in detail elsewhere.8 The specimen was
effect of electrode potential on crack initiation; the relationship coupled through a high-resolution "zero resistance ammeter" to a
between electrochemical noise and multiple crack initiation and large isolated cathode (30 cm-2). and the current-time record was
intermittent growth (metastable cracking); and the formation of stored on a digital tape recorder. The apparatus is shown in Figure
sustained propagating cracks. 1. The specimen potential was monitored using a platinum reference

electrode and standardized against a saturated calomel electrode
Experimental (SCE). A minimum of eight experiments were performed for each set

The type 304 SS used in this study had the following compo- of conditions studied.
sition (in wt%). 0.059 C. 17.8 Cr, 9.07 Ni, 1.5 Mn, 0.035 S, 0.38 Mo. Preliminary experiments were performed to r.orrelate current
Tensile specimens were machined from 6.25-mm-diameter rod to transients with observed cracks in 100 ppm t9 A 1V " Mt miosulfate
produce a smooth 19 mm gauge length of 3-mm diameter. The solutions at an extension rate of 10 's '. Two experimental param-
specimens wore solution annealed at 1070'C in vacuum for 30 min, eters weie then studied in detail. The effect ut strain rate knominally
argon quenched, and then soaked at 650'C for 24 h under argon to 5 _ 10-'s- ,10-6s ',and 2 . 10 ' s '1 was examined in 10 ppm
produce a fully sensitized material (normalized ASTM EPR, Pa - 75 thiosuifate solution kconductivity 22 LS cm 'j. The second param-
C cm. ' and Pa - 10 C cm-' using a quantitative image analysis eter studied was thiosulfate concentration in the range 10 to 10,000
method.6) The minimum chromium content in the sensitized grain ppm (9 10 5 Mto 9 -. 10 -Mi ata nominal strain rate o110 6 s
boundary was measured at 10.3 wt% using a STEM-EDS system

"'This paper is reprinted with permission from the copyright holder, Controlled potential experiments
Potentiostatically controlled SSR experiments were performed

United Kingdom Atomic Energy Authority (UKAEAj. in the range -350 mV to + 100 mVsc in 0.5 M thiosulfate solutions
'Materials Development Division, Harwell Laboratory, Oxfordshire at a nominal strain rate of 10-

4 s- 1. A series of experiments was
OXi I ORA, England. stopped after applying 3.5% strain and the number of cracks

'Department of Metallurgy and Science of Materials, University of evaluated using a scanning electron microscope (SEM) at lO0OX
Oxford, England. magnification.
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Experimental Results

Open-circuit potential experiments a

Current transients. Discrete current transients were first ob- _
served in the constant extension rate experiments shortiy after the =
nominal yield point. Figure 2 shows typical transients measured on a Z._

specimen strained at 5 x 10 7 s-t in 10 ppm thiosulfate solution.T1he
transients are characterized by peak curents of < 500 nA, an initial
rise lime of 5 to 20 s, and lifetimes of 30 to 1000 s. Marked

fluctuations in the current were observed and were consistent withcrack initiation, intermittent growth, and reinitiation of localized 0
corrosion at the same noise source. The current remained low duning 0 4 8 12
the intervals between transients, typically 20 nA. Strain %

It was concluded that these current transients were caused by
the nucleation metastable propagation, and repassivation of short FIGURE 3-Frequency of current transients vs strain during
cracks from the following observations. In SSR control experiments, slow-strain-rate tests it 10"s -1,

no transients or cracks were observed when an inert electrolyte Crack propagation. The formation of a visually observed,
(1000 ppm SOCz ) was used, or when solution-annealed material was sustained propagating crack was marked by a rapid increase in the
tested in thiosulfate solutions Detailed SEM examination of the anodic current of 3 to 5 FA (Figure 2), the high current level wasgauge length from tests terminated after the observation electro- sustained until the specimen fractured. Most current-tme records
chemical transients indicated a direct correspondence between the showed considerable cyclic behavior dunng the early perod of crack
number of cracks and the number of transients, propagation, The charge passed during each increment of crack

Application of Faraday's law incorporating representative ma- growth was on the order of a grainboundary facet. In 10 ppm and 100
terials parameters8 indicated that the electrochemical measurement ppm thiosulfate solutions, sustained crack propagation often oc-

technique could resolve short cracks of considerably less than one curned at strain levels considerably higher than the region of
grainboundary facet in length (The estimated resolution of the maximum nucleation frequency (Figure 5). Crack propgation was
technique was 2 to 5 m penetration.) rapid and the measured time-to-failure was concluded to be domi-

The frequency of crack nucleation in 10 ppm thiosulfate solution nated by the peiod of crack iitiion. At higher thiosulfate concen-
was found to be highly strain dependet: the maximum crack tratons, the probability of nucleating a propagatng crack icreased,
nucleation rate occurred between 2% and 5% strain (Figure 3). At and fracture usually occurred at lower strains, Fgure 5 summarizes
higher strains, the incidence of crack nucleation decreased signifi- the effect of thiosulfate concentration, in which survival probabhty
cantly The average charge passed per transient was also greatest In defined as n(N t- 1), n specimens surving, N = total number o
the strain range of 2% tc' 5% and declined at higher strains (Figure specimens] is plotted against engneerng strain to faiure. Figure 6
4) These observations were similar for the three strain rates studied. summarizes the effect of strain rate on survival prolablity. The
The effect of increasing the thiosunfate concentration was to increase variance in survival probabity decreased wth respect io strainto-
the charge passed of the Individual current transients (Figure 4). failure for decreasing strain rate.
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1~ +0The dependences of crack-initiation frequency and elongation
100 10 ppm to failure on electrode potential are exhibited in Figure 8. The
(Ecor, = +85 mV SCE) /seveiest ciacking corresponded to the maximum initiation rate, at

a 10,000 ppm -150 mVsCE. The "anodic protection potential" was found to be
S (Ecorr" 410 MV SCE) between + 50 mV and + 100 mVscE.

E 80-
.2
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0 - x\ + 5 x 10 - 7
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60- x o 1 x 10- 6
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FIGURE 4-Charge passed vs % strain In 10 ppm and 1000 ppm
thlosulfate solutions at open-circuit potential strain rate 10-6s - 1.

0 -31
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THIOSULPHATE
CONCENTRATION Stran %
+ 1 ppm FIGURE 6-Effect of strain rate on survival probability.
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FIGURE 5-Effect of thlosulfate concentration of survival prob-
ability.

Controlled potential experiments o
The current measured during potentiostatically controlled SSR Strain %

tests is displayed in Figure 7 for the range of potentials -300 mV to
+50 mVSCE. Experiments in the range -100 mV to +50 mVscs FIGURE 7-Corrosion current measured during slow-strain-rate
showed a marked decrease In corrosion current at higher strains, tests at different electrode potentials.
which was consistent with the electrochemical noise data found in the Discussion
open-circuit potential experiments, Further Investigation of the re-
duction in electrochemical activity by stopping SSR experiments In The interpretation of electrochemical transient measurements
the quiescent period and recording the relaxation In load suggested can provide detailed information on the process of stress corrosion
cracking had stopped. An examination of specimens from experi- crack initiation. The large variation in the strain to failure values,
ments terminated between 2% and 10% strain showed that the which was observed in less aggressive solutions (Figures 5 and 6),
maximum current corresponded to the maximum crack nucleation was concluded to be a result of the inherent randomness of crack
rate, and that cracking had occurred In less than 1% of the grain initiation. Crack propagation generally did not represent a significant
boundaries, proportion of the test period.
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100 100 The potential dependence of the results presented in this study
support those of Newman, et al.,' and Dhawale, et al.,4 although the

+ Elongation to Failure potential range for cracking susceptibility in the material used here
was more restricted. The grain-boundary chromium-depletion mini-

8 a Nucleation Frequency mum of the material has been measured as 10.3% Cr. 7 A computer
model developed by Bruemmer 1 based on the thermodynamics of

CY carbide precipitation and kinetics of chromium diffusivity predicted
-E the chromium depletion to be approximately 10%.12 A similar

60 o prediction for the sensitized material used by Newman, et al.,
60- predicted a minimum of about 9% Cr.1 Repassivation experiments,O reported by Newman, et al., show that a significant increase in the

o g charge passed before repassivation correlates with a decrease in
chromium content in the range 12 to 9 wt%. The cracking behavior of

• Q = the material used in this study was consistent with the predictions of40-"+, 40, those repassivation experiments.

o +

o Conclusion
20- 20

2+ + (1) Electrochemical techniques have been used to detect current
transients during SSR tests on sensitized type 304 SS in dilute
thiosulfate solutions. The transients were caused by the initia-

+ + 1tion, metastable propagation, and repassivation of microstruc-
0. +100

-350 -250 -150 -50 +50 turally short intergranular stress corrosion cracks.
Potential (SCE) (2) The current transients were characterized by an initial rise time

of 5 to 20 s, and lifetimes of the order of 30 to 1000 s. They
FIGURE 8-Elongation to failure vs potential in slow-strain rate typically represent a crack advance of less than one grain-
at 10-4s -

1 (+). Crack Initiation vs E at 3.5% strain (a). boundary facet in length.

(3) A low-strain region was identified in which both crack-initiation
frequency and the associated current-transient frequency were

Correlation analysis of the time interval between current pulses at a maximum. This region persisted up to about 5% elongation.
indicates that the occurrence of a current transient (made up of a
number of current pulses) was consistent with the activity of an (4) The large variations in strain to failure values measured in less
individual crack. The charge-time behavior during the early stages of aggressive solutions could be accounted for in the period
crack propagation was noticeably periodic; each charge increment required to initiate a crack. Crack propagation was shown to be
was on the order of one grain-boundary facet penetration. Although a minor proportion of the test period.
the total charge passed by some metastable cracks was sizable (i.e,,
greater than the penetration of one grain-boundary facet), the current (5) The formation of a sustained propagating crack (visually con-
flowing did not exceed 500 nA Similarities are noted between these firmed) was marked by a rapid increase in the anodic current of
measurements and the metastable propagation and arrest of micro- 3 to 5 j.A. The high current level was sustained until the
structurally small defects in pitting corrosion and fatigue, where specimen fractured.
(respectively) the generation9 of localized acidity and the influence of
microstructure on localized deformation 0 are important.

Crack initiation was found to be more probable at higher
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Correlating Sulfide Cracking Resistance with
Hydrogen Uptake of 13% Chromium Martensitic

Stainless Steel in Sour Environments
A. Turnbull* and M. Saenz de Santa Maria**

Abstract
An evaluation has been made of the cracking resistance of 13% Cr martensitic stainless steel in 5%
NaCl of varying pH and H2S content. In solutions of pH .5 3.6, the steel is in the active state, and a
correlation has been observed between time-to-failure in a slow-strain-rate test and the measured
hydrogen uptake determined from permeation measurements. Complementary tests were also
conducted in ASTM seawater saturated with H2S at pH 5.0. In contrast to the behavior in the solution
of lower pH, cracking in this environment is associated with hydrogen generated through localized
pitting rather than general attack, and the correlation between hydrogen permeation measurements and
cracking is no longer valid. In addition, delocalization by diffusion of the hydrogen absorbed from the
pit gives rise to less severe cracking than would be predicted from the environmental conditions
predicted within the cavity.

Introduction The slow-strain-rate method was used to assess cracking
Materials used in oil extraction must resist both corrosion and resistance using conventional specimens of gauge length 12.7 mm
cracking associated wth the aggressive nature of the extracted fluid, and diameter 2.54 mm. The nominal strain rate was 1.7 x 10-6 s -

1.

which contains mixtures of salts, CO , and H2S, and temperatures up The specimen was mounted in a Perspex t or PTFE test cell through
to about 1500C. 13% Cr martensitic stainless steels (SSs) are which the solution was circulated from a 20-L aspirator at a
commonly used for production tubing for relatively sweet environ- volumetric flow rate of about 0.4 L/min - '. A gas control panel was
ments (low H2S), but there is insufficient information regarding the used to obtain the required mixture of gases in the reservoir.
range of environmental conditions, e.g., H2S concentration, pH, and The test solutions were prepared from Analart grade chemicals
temperature, within which this steel can be reliably used. In North and distilled water. Most of the test solutions were based on NACE
Sea fields, the H2S concentration is generally low, but there is Standard TMO177-86 3 and consisted of 5% sodium chloride acdified
recognition of the potential problem of environment-assisted cracking to pH 2.5 and 3.6 using glacial acetic acid. Some tests were also
if wells follow the normal practice of becoming sour with increasing conducted in ASTM seawater saturated in H2S (pH = 5.0) corre-
age At temperatures near ambient, failure is associated with spondingto NACE Standard TM0284-84 4 and in 3.5% NaCl acidified
hydrogen cracking Accordingly, a study was made of the hydrogen to an equivalent pH of 5.0. The solution temperature for all tests was
uptake of this steel as a function of environmental conditions,' and a 23 "t 1C.

broad correlation with cracking resistance was established.2 The Determination of the hydrogen uptake of the steel was made
slow-strain-rate technique was used for assessing cracking resis- using an adaptation of the conventional Devanathan-Stachursk
tance as a preliminary to more specific fracture mechanics tests, cell.2' The solution composition was kept constant by circulating the
because it provides a rapid assessment of the relative severity (in prepared solution from a large reservoir in a manner identical to that
terms of induced cracking) of varied and complex environments. In for slow-strain-rate testing. The oxidd ion current was measured by
this paper, the key features of this work are described, and improved polarizing the "exit" side of the specimen to +300 mVsc e in 0.1 M
characterization of the hydrogen distribution in lattice and trap sites NaOH. For both slow-strain-rate testing and permeation studies, the
is reported. solution flow rate past the specimen was approximately 0.1 cm s- 1.

To characterize hydrogen trapping in the steel, repetitive
permeation transients were measured. The usual method of con-

Experimental Method ducting these tests is by interrupted cathodic polarization, but, for this
steel, the retention of the passive film (which is not completely

Full details of the test technques used have been described reduced) and evidence that the surface film was retarding hydrogen
elsewhere.' 2 only the essential details are included herein, entry6 rendered this method unsuitable. Further studies indicated

The material used was a type 410 (UNS S41000) SS supplied that the key to obtaining meaningful transients was to ensure that the
i. a quenched and double-tempered condition with composition and steel remained in the active state at all times.6 The method adopted
heat treatment as specified in Table 1. The microstructure was involved obtaining the first transient in a solution of pH 2.6 (3.5%
tempered martensite with globular carbides and the average prior NaCI) with very low H2S content (< 1 ppm by wt). The solution in the
austenitic grain size was 24 lim (ASTM No. 7.5). call was then flushed with a deaerated 3.5% NaCl solution of pH 3.6

(after sealing off the reservoir). This pH was chosen because the
*Division of Materials Applications, National Physical Laboratory, steady permeation current density is low and the steel is just in the
Teddington, Middlesex, TWI 1 OLW England

-Chloride Silent Power Ltd., Runcom, Cheshire, WA7 1 PZ England. tTrade name.
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active state. The anodic polarization curve in Figure 1 confirms the Results and Discussion
active behavior. However, at this pH, the balance between activity
and partial passivity is very fine. With stirring to maintain consistency
of pH at the surface and in the bulk, the steel remains active but a Characterization of hydrogen diffusion and trapping
reduced stirring rate can cause partial repassivation. Evaluation of the distribution of hydrogen in the steel was made

by combining theoretical modeling' of hydrogen diffusion and trap-
TABLE 1 ping with experimental measurement of repetitive permeation

Composition of type 410 (UNS S41000) transients 6 During the first transient, all irreversible traps are filled,

Stainless Steel (mass%) (A) and thus the second transient relates only to reversible hydrogen
trapping. The similarity of the second and third transients in Figure 2
(plotted in the form of normalized flux vs dimensionless time, where

C Si Mn S P Cr Ni Cu Me Ti Fe a is the membrane thickness) indicates that there is no significant
void growth or trap development as a consequence of the permeation

0 14 0.32 046 0.007 0.02 13.5 0.71 0.15 0.05 <0.01 Bal process. Figure 2 also shows the theoretical curves derived from
fitting the model to the experimental data. The relevant parameters
determined in this way are as follows.

(A)Heat treatment included austenization temperature of 9801C (oil
quench), first tempering temperature of 700°C (air cooling), and
second tempering temperature of 630°C (air cooling). -.. ,vo~y
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FIGURE 2-Repetitive permeation measurements on type 410
(UNS S41000) SS (see text).

The densities of reversible and irreversible trap sites were (3.0
± 1.0) X 1019 sites cm- 3 and about 1.5 x 109 sites cm - 3,

tEC, respectively. These values are consistent with the observation by
.,00 EmVsc .,o .600 Oriani9 that the density of trap sites in undeformed steels is about

1019 sites cin- 3. The capture rate constant for the irreversible traps
FIGURE 1-Anodic polarlzatlon curve for 13% Cr martensltlc SS was (4.8 .:t 1.3) x 10 19 cm 3 s 1, and assuming a imilar value for
In vigorously stirred solution of 3.5% NaCl at pH 3.6. Polarization the reversible traps, the release rate constant of the reversible traps
scan rate was 0.3 mV/mln. is evaluated to be (3.4 = 1.6) x 10-2 s - '. The binding energy of theThe H2S content also has a significant effect on active-passive reversible trap sites was determined to be (38.7 ± 1.0) kJ mol,
behavior, and a marked change in potential from about -590 mVscE which is fairly close to the binding energies associated with disloca-
to more negative values, 2_ -660 mVscE occurs at about 1 ppm. To lions and possibly grain boundaries.10-1 Experimental evaluation of
ensure active behavior in the repetitive permeation experiments, a the lattice diffusion coefficient is not possible for this steel because of
magnetic stirrer was used during the current decay stage, and this the large extent of trapping0 and the literature value of 7.2 x 10
stirring, combined with the presence of residual H2S, maintained the cm2 s I at 23'C, from the data compiled by Kiuchi and McLellan,"
potential between -660 mV and -670 mVc E. was used in appropriate calculations.

During current decay, the reservoir was saturated with H2S, and The effect of trapping in concentrating the diffusing hydrogen
after sufficient time for the oxidation current to drop to its minimum atoms is exemplified in Figure 3, which is based on calculations for
value the reservoir solution was then pumped through the cell. H2S-saturated 5o NaCi at pH 2.6. The C value is about 2.5 - 10-
Flushing was again conducted when the permeation current had
reached steady state and the process repeated to obtain a third mol cm- ' (1 5 10" atoms cm "), and the corresponding concen-
transient, tration in trap sites is about two orders of magnitude greater. Hence,

In the slow-stiain-rite and permeation teUts, determination of trapping provides the means of accumulating significant quantities of
the H2S content of the bolution wea, made by me API electrometrnc hydrogen atoms. which will be a factor in accelerating crak initiatliun
titration method? H2S content and pH were measured at regular and propagation.
intervals during testing to ensure constancy of conditions. All tests No attempt has been made to describe the diffusion and
were conducted under frenly corroding conditions and the electrode tlapping beh, auio at teims uf effective diflusivity because ihe concept
potential of the specimen was monitored continuously. For solutions has no theuietiual validity and quantitatively can be erroneou when
of pH 2 6 and 3 6. the values were in the range 650 mVSE to 700 fractional occupancy of sites is significant, this is always true when
mV,,, for HS contents greater than 1 to 2 ppm with the more irreversible trapping is important, as in this 139. chromium steel.6
negative values being associated with the pH 3.6. At lower H2S The calculated values of C. tsubsurface hydrogen concentra-
contents, the potential tended toward '600 mVsc. For HS tion) derived in acid solutions of varying H2S content are shown in
saturated seawater (pH 5.0). the corrosion potential was about 612 Figure 4. and, as expected, the C. value increases with increasing
mV,, In the more acid solutions a slight shift in potential (usually H2S content and decreasing pH. The value for seawater was very
- 20 mV) to more positive values occurred during straining, while in low, despite the high H2S level, and was associated with the
the seawater tests, the potential drifted about 20 mV more negative. retardatioii uf hydrugen entry by the passive film with only localized
The corrosion potentials In both slow-strain-rate and hydrogen pitting acting as a significant source of hydrogen atoms.2

permeation tests were broadly similar, though the final potentials in Very recent results lwhich are not shown in Figure 4) from tests
the slow-strain-rate tests were slightly less negative, conducted in a CO-saturated salt solution (pH= 3.6) also gave rise
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to a permeation current indiscernible from the background level; this Slow-strain-rate results
suggests C. -w 2,7 x 10-10 Mol cm- 3). At the low flow rates used, it In analyzing the slow-strain-rate data for this system, it was
is likely that FeCO3 would have formed and limited significant shown previously that the time-to-failure provides the parameter
corrosion and hydrogen entry Increasing the flow rate by use of a most sensitive to changes in environmental conditions at this specific
magnetic stirrer increased the C. value to about 8.2 x 10- 9 mol strain rate.2 The effect of pH and H2S concentration on time-to-failure
cm - 3 Parallel slow-strain-rate tests have not been conducted as yet, is shown in Figure 5. The steel is highly susceptible to cracking in
but the results do suggest a probable effect of flow rate on the these aggressive environments, which is consistent with the conclu-
time-to- failure. sion of other workers. 12.13 Several of the specimens were pre-

exposed to the solution for varying periods prior to loading to assess
the influence of charging time, and this caused a slight reduction in
the time-to-failure as shown in Figure 5, though the effect is only

Total hydrogen in apparent for the less aggressive environments. In the more aggres-30 T trap iroes sive environments, generating higher C. values, the traps effectively

fill up more quickly, and thus their retarding influence on hydrogen
transport is reduced. The results of Figure 5 indicate that cracking
susceptibility is greatest at low pH and high H2S concentration; under
these conditions, hydrogen uptake is enhanced. Indeed, a direct

25 correlation between the time-to-failure and C, can be seen from
Figure 6. However, this correlation exists only when the steel is in the
active state (pH s 3.6) and the steel surface is corroding uniformly.

20 Hydrogen in reversible
trap sites Enwron " P-9poure p ,0.h

O 1000 - 5% NoCI 2,6 x I + 18 * 11
\ 3 16 o 1 • ltAtMsecl tet 50 o I I s

8 roos I VINCI

IS ~~A~oge 1-e40 0,Iole M oil test%222 -

0

10 Hydrogen in irreversible
2trap sites -I t I I

,o"lls, o ooi 02o 10, '04

0FIGURE 5-Time-to-failure of type 410 (UNS S41000) SS speci-

mens In slow-strain-rate tests In 5% MaCl solution of varying pH
Hydrogen in lattice sites and H2S concentration. Strain rate i = 1.7 x 10-6 s- I.

The relationship between time-to-failure and C, suggests that
cracking depends on the hydrogen produced by bulk charging. Any
hydrogen 1-. iduced at the tips of cracks is evidently swamped by the

)CS z~hydrogen generated on the surface external to the crack. Extrapo-
lation of this conclusion to fracture mechanics specimens must be
done carefully. Nevertheless, it is very likely that in a solution that

FIGURE 3- Distribution of hydrogen atoms through membrane conform .o NACE Standard TMO1 77 86, charging will be predom-
thickness at steady state. inantly from the external surface of fracture mechanics specimens,

particularly if the precrack is deep, enabling partial consumption of
H2S within the crack (by reaction to form iron sulfide and by cathodic
reduction). This has implications for test methodology with regard to
factors such as time, specimen thickness and configuration (plate or

0tubular), surface condition,,and'application of coatings 14 Derivation
a PH 2, of a relationship between threshold stress-intensity factor and Co,
A '" I I similar to that suggested for high-strength steels,' 5 must consider the

pH • 10 o .0Qtff) conditions of testing, and further investigation is planned.
0In H2S.saturated seawater, the permeation current was very

small, yet significant cracking was observed with a time-to-failure
much shorter than would be predicted based on Figure 6, In this

, 00environment, the attack on the steel is localized and significant
0amounts of hydrogen are generated only within pits, which then lead

0amunts ofchdrge are generateonly hin thc then le
Sto accelerated failure, Calculations' have shown that the H2S

concentration will remain close to saturation in the pit solution and the
pH must be less than or about 3.6. Hence, despite the smaller time-

A A), to-failure predicted from permeation, the observed time-to-failure is
still significantly longer than suggested by this local evironmental

Icondition (i.e.. H2S saturation at pH % 3.6). The most probable
So. tol (sli(p,.) I explanation is associated with the localized nature of hydrogen

generation. Dissipation of the absorbed hydrogen by diffusion to the
region surrounding a pit will reduce the hydrogen content local to the

FIGURE 4-Variatin of subsurface hydrogen concentrated (Co) pit vI ..rack site. Consequently, the hydrogen content available for
with H2S concentration and pH. cracking will be less. In contrast, when the bulk solution is H2S
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saturated at pH 3.6, the steel is in the active state and hydrogen Acknowledgment
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3000 permeation.

References
1. A. Turnbull, M. Saenz de Santa Maria, N.D. Thomas, Corros.

(in oir P Sci. 29, 1(1989): p. 89.

2000 26 x I 1848j 2. M. Saenz de Santa Maria, A. Turnbull, Corros. Sci. 29,1(1989).
3 1p. 69.

3. NACE Standard TM0177-86, "Testing of Metals for Resistance
to Sulfide Stress Cracking at Ambient Temperatures" (Houston,
TX: National Association of Corrosion Engineers, 1977).Z, \ 4. NACE Standard TM0284-84, "Evaluation of Pipeline Steels for

1o00o - Resistance to Stepwise Cracking" (Houston, TX: NACE, 1984).
5. M.A.V. Devanathan, Z. Stachurski, Proc. Roy. Soc. A270(1962):

0_X p. 90.
0 '8_ 6. A. Turnbull, M.W. Carroll, D.H. Ferriss, "Analysis of Hydrogen

. . Diffusion and Trapping in a 13% Cr Martensitic Stainless
_ I Steel," NPL (National Physical Laboratory) Report DMA(A)158,

0 5 0 1988, accepted for publication in Acta Metall.
c0 (, oto,' cm-) 7. API Recommended Practice for Analysis of Oil-Field Waters,

FIGURE 6-Variation of time-to-failure in slow-strain-rate tests API RP 45 (2d ed.) (Washington, DC. American Petroleum
for type 410 (UNS S41000) SS specimens with subsurface Institute, 1968).
hydrogen concentration (Co) (calculated from permeations tests) 8 D.H. Ferriss, A. Turnbull, "Analysis of Reversible and Irrevers-
in 5% NaCI of varing pH and H2S concentration. Strain rate = ible Hydrogen Trapping in Metals," NPL Report DMA(A)154,1.7X× 10-

6 S- 1.  January 1988.

For fracture mechanics tests in H2S-saturated seawater, the 9. R.A. Oriani, Acta Metall. 18(1970): p. 147.
supply of hydrogen will be predominantly from localized reaction 10. J.P. Hirth, Metall. Trans. 11A(1980). p. 861.
within the crack, though crack size, in relation to HaS consumption, 11. K. Kiuchi, R.B. McLellan, Acta Metall. 31, 7(1983). p. 961.
may have a significant role. 12. A.K. Agrawal, W.N. Stiegelmeyer, J.H. Payer, CORROSION/86,

paper no. 169 (Houston, TX: NACE, 1986).

Conclusion 13. F. Mancia, Corros. Sci. 27, 10/11(1987): p. 1225.
Consio 14 A Turnbull, M Saenz de Santa Maria, Metall.Trans. 19A(1988).

In acidified brine solutions of pH 13 3.6 with varying concentra- p. 1795.
tions of H2S, 13% Cr martensitic SS is actively corroding, and a 15 R P Gangloff, A Review and Analysis of the Threshold for

correlation between cracking resistance and hydrogen uptake of the Hydrogen Environment Embrittlement of Steel, Corrosion Pre-
steel can be identified. At hgher pH values, the hydrogen uplake s vention and Control, Proceedings of the 33rd Sagamore Army
considerably reduced by the presence of the passive film, and Materials Research Conference, ed. S. Isserow (Waterton, MA.
significant hydrogen entry occurs via pitting corrosion induced by the U.S. Army Materials Technology Laboratory, in press 1986).
presence of H2S.

However, delocalization of the hydrogen absorbed from reac-
tion in the pit solution is considered to reduce the severity of cracking
that otherwise would be expected, based on the environmental
conditions within the piL

526 EICM Proceedings



Strain-Rate Effects in Hydrogen Embrittlement
of a Ferritic Stainless Steel

R.N. Iyer* and R.F. Hehemann**

Abstract
A 26Cr-IMo ferritic stainless steel was tested for severity of hydrogen embrittlement with respect to
transient strain-rate effects. Tests were conducted at room temperature using a uniaxial constant-load
fixture, incorporating appropriate cell assembly. After giving different amounts of creep exhaustion for
the alloy, hydrogen was charged electrochemically using 5% sulfuric acid solution containing small
amounts of arsenic trioxide as a poison for hydrogen evolution reaction. Results from creep exhaustion
experiments showed that the time-to-failure by hydrogen embrittlement depended on the strain rate, but
not on the total strain undergone by the specimen. The mode of failure also changed from
intergranular/cleavage to cleavage/ductile rupture with increasing creep exhaustion time or decreasing
peak transient strain rates. These effects are explained on the basis of strain localization by hydrogen.

Introduction liquid-vapor interface), leaving a 5-cm-gauge-length portion un-
The transport ot hydrogen to traps inside a material can occur by masked. The mounted specimens were allowed to cure for a day in
diffusion and dislocations and can lead to hydrogen embrittlement a desiccator.
(HE).1 Typically, dislocation transport of hydrogen is about 104 times
faster than that by diffusion.' Both the transport behavior and trap Table 2 shows the tensile strength, 0.2% offset yield strength
behaviur are intimately related to the strain rate of a material and percent elongation determined using the Instron tensile tester
susceptible to HE.2 A previous study3 showed that 26Cr-lMo steel after the above treatments of the specimens.
(26-IS), a ferritic stainless steel (SS), was susceptible to HE,
especially under grain-coarsened and prestrained conditions. The
focus of this investigation was on the effect of transient strain rates Test procedures
on the severity of HE in a ferrilic SS t26-1S) by electrochemical Hydrogen-charging experiments were performed at ambient
tcathodic) charging of hydrogen. Decreasing transient strain rate conditions, in a glass cylindrical cell, with the tensile specimen
decreases the severity of HE. uniaxially loaded by a cantilever arrangement.3 4 Variation in the

experimentation consisted of obtaining different amounts of creep
exhaustion by loading in air in situ (in the cell) prior to the hydrogen

Experimental charging, In this way, the specimen would be under different initial
transient strain rates during hydrogen charging. The loading was
uniaxial, corresponding to 90% of the 0.2% offset yield strength of the

Materials and preparation heat-treated alloy. The choice of this level of stress is based on the
26Cr 1Mo ferritic SSs, designated 26-1S, were used for this fact that dislocations become mobile, but bulk yielding will not occur,

study, the chemical analysis is presented in Table 1. The alloy was and the alloy can withstand this level of constafit load for years under
obtained as annealed strips 0.05 in. (1.27 mm) thick. Specimens 0 5 pure mechanical loading conditions. Elongallon vs time was moni-
n (12.7 mm) wide and 11 in (280 mm) long were cut from the strips tored using a dial gauge and an appropriately designed timing device.
parallel to the rolling direction and were grain coarsened by heat The dial gauge measured deflection of the cantilever beam, and from
treating them at 1050'C for 1 h in an atmosphere of nitrogen and the ratio of the arms of the cantilever, the specimen elongation was
subsequently water quenching them Test specimens were prepared determined.' Since specimen elongation was uniform throughout the
by milling the hat teated specimens to gauge lengths of 2 in (50 8 gauge length during creep exhaustion, strain and strain rate were
mm) and widths of 1!8 in. (3.18 mm). They were then prestrained to directly determined from the gauge length and elongation of the
5% elongation (in air), using an Instront tensile tester. The final specimen.
preparation of the specimens involved sequential sanding with 240-,
320-, 400-, and 600-grit papers, degreasing with acetone, washing
with distilled water, and drying with methanol. The prepared speci- The specimen was hydrogen charged galvanostatically at a
mens were mounted in a rubber stopper with R.T.V.t silicone rubber current density of 100 mA/cm 2, with a cylindrical platinum gauze
and masked with the silicone rubber (to avoid failure at and above the serving as the counter electrode. The charging solution was 5%

sulfuric acid with additions of 2 g/L of arsenic trioxide acting as a
promoter of hydrogen entry into the specimen. The solution was

'Department of Materials Science and Engineering, Pennsylvania deaerated by bubbling nitrogen gas continuously.
State University, University Park, PA 16802.

"'eceased. Formerly Professor, Department of Metallurgy and The time-to-failure was recorded by a timing device and the
ManeridciS ,tence, Case Western University, Ciuveland, OH 44106. failed spuimens were fractuyraphically examined with a scanning

'Trade name. electron microscope (SEM).
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TABLE 1

Chemical Composition of 26-1S (wt%)

C N Cr MO Ni Cu Ti Nb

0.02 0.068 2 6 (A) 1 (A) 0.25 0.07 0.49 0.003

(A)lndicates nominal composition.

TABLE 2
Mechanical Properties (Longitudinal) of 26-IS

Property Mill Annealed 1050 0C/1 h-Water Quenched(A)
+ 5% Prestrained

YS (ksi) 55 61
(0.2% offset) (MPa) (379) (421)
TS (ksi) 76 78

(MPa) (524) (538)
Elongation (%) 26 12

(A)Exposed for 1 h at 10500C and water quenched.

Results 105
The decay of the specimen creep (strain) rate as a function of

time at the constant load (corresponding to 90% of the yield strength)
is shown in Figure 1, exhibiting the normal room-temperature 10. 6 .
(logarithmic) creep behavior. Increasing amounts of creep exhaus- o
tion prior to hydrogen charging provided lower initial transient strain 0
rates during hydrogen-charging conditions. Figure 2(a) shows the U 10 "1

time-to.failure as a function of the initial strain rate (i.e., the peak OW
strain rate at the instant of hydrogen charging). It is obvious that the - 10-8
time-to-failure by HE was enhanced with decreasing initial strain rate.
For example, the specimen having an initial strain rate of about 10- 5 .
s- (i.e., without any creep exhaustion prior to hydrogen charging- .10.
see also Figure 1) failed in fewer than 3 h in a brittle manner, whereas '
the specimen having an initial strain a.te of about 7 x 10- 10 s-1
(after creep exhaustion for 100 h) failed after 13 h. However, at strain 01
rates below about 2 x 10 -1o s-1 (corredonding to 500 h of creep
exhaustion), additional creep exhaustion did not improve the failure 10.11 .. . . ...... ...
time any further [Figure 2(a)). It is interesting to note that although the 1 102 I 0o3 4 1 o1 6

cumulative strain increased with increasing amounts of creep ex-
haustion, the time-to-failure did not decrease as would be expected; Time of Creep (sec)
rather, the time-to-failure increased [Figure 2(b)]. FIGURE 1 -Transient strain rete as a function of time of creep

for 26-1S (1050°C/1 h-water quenched + 5% prestralned) at
To obtain an understanding of how the creep exhaustion is room temperature.

increasing the time-to-failure, fractographic analysis was performed.
Figures 3(a) through (d) show the change in the failure mode with
increasing amounts of creep exhaustion (or decreasing peak tran- Discussion
sient strain rates). When there was no creep exhaustion, i.e., when During transient creep (under constant load), strain rate de-
the loading and hydrogen charging commenced simultaneously creases steadily as a function of time (Figure 1) as a result of strain
(corresponding tothe highest peak transient strain rateof about 10- hardening (or strengthening) effects offsetting recovery processes
s-' shown in Figure 1 for almost zero time of creep exhaustion), the (i e., as moving dislocations encounter obstacles such as grain
failure mode was predominantly intergranular fracture, as illustrated boundaries and are immobilized), The peak strain rate (i.e., the strain
in Figure 3(a). That the hydrogen embrittlement cracks in 26-1S rate at the commencement of hydrogen charging) is therefore varied
originate at the grain boundaries was shown before and was with different amounts of prior loading or creep exhaustion. Both the
attributed to the trapping of hydrogen by segregated nitrogen and TiC time-to-failure plot (Figure 2) and the fractographs [Figures 3(a)
precipitates at or near the grain boundaries.5 With increasing creep through (d)] clearly indicated the beneficial effects of creep exhaus-
exhaustion time (i.e., with prior loading in the cell in air for a period tion on HE resistance The occurrence of a particular fracture mode
of time before the commencement of hydrogen charging correspond- and transition in that mode depend on the stress intensity (K). With
ing to a lower peak transient strain rate, for example, of about 10- 9  increasing K, the fracture path will change from intergranular to
s- I shown in Figure 1 for 50 h of creep exhaustion), the failure mode transgranular and to ductile rupture .6 7 Several factors may be
progressively changed from intergranular/cleavage [Figure 3(b)] to involved in determining the fracture path. For transgranular cracking,
cleavage/ductile rupture [Figuies 3(c) and (d)]. the availability of activated slip systems plays an important role.
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Cross-slip processes can be inhibited8 (i.e., strain can be localized hydrogen cracking. Certainly, the peak transient strain rate operating
because of hydrogen trapped by segregated impurities at various at the commencement of hydrogen charging was the important
defects, such as P and S segregated to grain boundaries'.9"'), which factor, and since it decreased with increasing creep exhaustion, the
will then make intergranular fracture (which can occur at low K severity of HE also decreased. Since the strain rate controls slip
values) possible. This is clearly demonstrated in the fractograph processes and dislocation motion, one could rationalize that the
shown in Figure 3(b), where islands of intergranular fracture are strain rate and hydrogen concentration at a specific location combine
interspersed with cleavage and ductile rupture areas. The mixed to cause strain localization and local plastic instability, causing
mode behavior (i.e., cleavage and ductile rupture) is also apparent in cracking to occur.13'14

Figures 3(c) and (d) and is a clear indication of the phenomenon of Summary and Conclusions
strain localization by hydrogen. It should be kept in mind that the
fast-fracture process is ductile rupture, as in pure mechanical (1) Various amounts of creep exhaustion were given to grain-
failures, and intergranular failure occurs because of hydrogen embrit- coarsened and prestrained 26-1S alloy specimen, by loading in
tlement. Presence of interstitials such as nitrogen, which traps situ at 90% of the yield strength prior to exposure to sulfuric acid

hydrogen well, 2 increases hydrogen absorption at grain boundaries solution under cathodic charging conditions. Increasing amounts
and thus increases susceptibility to HE in 26-1S.1 of creep exhaustion increased the time-to-failure of the speci-

men by HE.
20 (2) Analysis of the creep exhaustion results shows that the time-to-

failure by HE depended on the strain rate, but not on the total
-. strain undergone by the specimen; thus, it is the peak transient

strain rate that is important in HE. However, strain effect cannot
o 15 be ruled out since increased strain and dislocation morphologies

may have some beneficial effect on hydrogen cracking, which is
not simplistically expected.

(3) The HE fracture modes of the specimens changed from inter-
10 granular/cleavage to cleavage/ductile rupture with increasing

creep exhaustion, i.e., decreasing peak transient strain rates.(4) A critical factor in HE was the peak transient strain rate, in
0 addition to the concentration of hydrogen at the embrittling sites.

5 The fractographs suggested that strain localization and local
0 plastic instability because of hydrogen were the causes of HE.
E
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FIGURE 3-SEM fractographs of 26-iS (1050OC,1 h-water quenched + 5% prestrained)
hydrogen charged under stress after creep exhaustion for a period of time: (a) 0 h, (b) 10 h, (c)
100 h, (d) 225 h.

R.N. Iyer: Hydrogen by itself cannot act as a sole embrittling
agent, by. for example, pinning dislocations. Also, pure grain
boundaries are not, by themselves, very effective hydrogen traps.

Discussion But the presence of impurities such as N, P, or S can trap hydrogen
C.L. Brlant (General Electric R&D, USA): Does the nitrogen by acting as an effective solute pinning agent for dislocations, for

at grain boundaries act as a trapping site for hydrogen? Why are example. Thus, solute impurities can concentrate hydrogen when
impurities such as nitrogen, phosphoius, or sulfur necessary for they are present at grain boundaries, causing hydrogen embrittle-
hydrogen embrittlement? ment.
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Hydrogen Susceptibility of 2 1/4Cr-l Mo and 9Cr Steels
The Role of Trapping Effects

L. Coudreuse,* J. Charles,* R. Blondeau, * and A. Cheviet**

Abstract
The hydrogen embrittlement susceptibility of Cr-Mo steels proposed for use in future generation of
hydrotreating reactors has been studied. Tensile tests and fracture mechanics tests have been
performed on hydrogen-charged specimens of (1) standard 2 1/4Cr-l Mo steel, (2) vanadium-modified
2 1/4Cr-i Mo steel, and (3) modified 9Cr steel (SA 387 grade 91). The influence of hydrogen content has
been analyzed. It is shown that vanadium-modified 2 1/4Cr steel and 9Cr steel present an improved
behavior compared to the standard 2 1/4Cr-I Mo steel. For the latter, a decrease of the tempering has
been found beneficial. The results obtained are discussed, and the role of hydrogen trapping is
underlined: the higher the trapping, the better the hydrogen embrittlement resistance. Trapping is
increased by elements such as vanadium and is influenced by the heat treatment.

Introduction Evaluation of Hydrogen Embrittlement
Cr-Mo steels are commonly used for the fabrication of hydrotreating Susceptibility
reactors, which work under high hydrogen pressure at elevated The effect of hydrogen on ductility has been studied by tensile
temperature For these steels, good creep resistance and a resis- tests on smooth specimens. Reduction of the area of hydrogen-
tance to hydrogen attack is required.' On the other hand, large charged specimens (RAc) is compared to the reduction of the area of
quantities of hydrogen may be introduced during service. A part of uncharged specimens (RAuc). The susceptibility is given by the
this hydrogen remains in the steel after shutdown operations, giving following index:
rise to the risk of hydrogen embrittlement (HE).2

Future generations of reactors will require higher service F%= [(RAuc - RAc)/ RAuc] x 100 (1)
pressure (P -: 200 bar) and higher temperature (T - 450'C) and
greater plate thicknesses. Therefore, the standard 2 1/4Cr-l Mo steel The higher the F value, the higher the susceptibility of the steel io HE.
will have tu be modified to yield thick plate material with higher creep The threshold for crack propagation (Ki) was obtained using
resistance and higher hydrogen attack resistance, Several ways to the stow rising load technique on hydrogenprecharged specimensg
meet this iequi ement were investigated. 1 lj decrease the tempering tigueow isin lo d ecien hdg rovecharged
temperature of the standard 2 114Cr-1Mo steel, 12) use of 2 in an Fatigue precracked specimens with side grooves were charged
1,4Cr-1Mo steel modified by microalloying with kV, Nb, Ti, etc.) t autoclave Conditions for hydrogen charging were 450"C for 16
increase ,reep and hydrogen attack resistano ,I or (3) use of a steel h under variable hydrogen pressure to yield different hydrogen

enhanced by Cr i Nb and V addition, such as SA 387, grade 91, 9Cr concentrations After charging, the specimens were rapidly cooled to

steel.4 " In this paper, HE susceptibility of different Cr-Mo steels is room temperature, and the fracture mechanic test immediately
investigated. Fra%luru mechanics tests and tensile tests have Deen performed The test procedure was automated with the loading rate

don hydrogen-precharged specimens. fixed at 5 1m/min The test was stopped when the maximum of the
performed nstrain-displacement curve was obtained. The specimen was then

fractured at low temperature, and the hydrogen content was mea-
sured using part of the specimen. The threshold for crack propaga-

Experimental Procedure tion (KiH) was computed from the comparison of the curve of the
charged specimen with a reference curve for an uncharged spccimen
(Figure 1). The JMAx value was measured at the maximum load; this

Material value can be correlated to the tearing resistance of a hydrogen-
Tests were performed on four Cr-Mo steels. These comprised charged material. The signification of J,,x is the same as the CTOD

two heats of 2 1/4Cr-lMo steels called A and B, a modified 9Cr steel values measured on flexion specimens (BS 5762).
(C), and a modified 2 1/4Cr-IMo steel (V addition, Steel D). The
chemical compositions were given in Table 1. Steels A, B. and C
were industrial heats, while Steel D was a laboratory heat. The steels Results and Discussion
have been studied for different tempering temperatures (or PWHT),
which are reported in Table 2 with the mechanical characteristics Effect of hydrogen on ductility
obtained. The effect of hydrogen on the loss of ductility is shown in Figure

2, where the evolution of the F% index is plotted against hydrogen
'Creusot-Loire Industrie, CRMC, BP 56. 71202 Le Creusot, France. content for Steels B and D and for several tempering conditions. For

**Creusot-Loire Industrie. Chateauneuf plant, BP 68, 42800 Rive de a given hydrogen content, the F values are lower for Steel D (0.25 V
Gier, France. steel). This shows the positive influence of a 0.25% V addition. Effect
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of tempering treatment has also been investigated; it appears that the 2
loss of ductility is less important for the steels with the lower F ( kN ) J (kJ/m
tempering temperature.

TABLE 1 40
Chemical Compositions of Steels Studied (wt%)5

Steel A B C D 30
tA)=300 t=55 t=300

o 0.141 0.135 0.105 0.132 20 100
S 0.002 0.003 0.0025 0.002
P 0.006 0.007 0.009 0.0035 0Ja
Si 0.207 0.255 0.43 0.218
Mn 0.565 0.515 0.38 0.659 1 0
Ni 0.144 0.250 0.13 0.225
Cr 2.28 2.30 8.26 2.32 JH

Mo 1.04 1.0 0.95 0.97
V - - 0.20 0.247
Al 0.019 0.017 0.024 0.033 o
Cu 0.092 0.055 0.08 0.080 0 1 2 3
Sn 0.006 0.005 0.008 0.01 d ( mm

- - 0.020 +Ti-B R eference curve , uncharged specimen.
Nb

Stressidisplacement curve for the hydrogen charged specimen
(Alt: thickness (mm) J=f(d) curve computed from curve 2

G Point when KIH is computed

TABLE 2 H
Heat Treatments and Mechanical Characteristics K,. = H

Y Computation of JMAXYS UTS
Steel Tempering (Pa) (MPa) EI% RA% FIGURE 1-Determination of KIH and JMAX, principle of theexperimental technique.

6500C-20 h 553 688 22 75 RESULTS OF FX TEST
A 6700C20 h 496 639 26 77 100. ... 

6901C20 h 413 572 27 76
90

,0635°C-7 h 634 741 20 77 , ,
B 670C-7 h 550 670 22 78 o

700°C-7 h 471 602 26 77 70 0/

C 750 0C-8 h 509 674 20 68 o ,

635°C-7 h 980 1076 16 66 o7
D 6850-7 h 595 700 20 75 4o / // . . "30: TomP 635 '

7000-7 h 570 675 21 77 30 / 0: T/omp /3 I'-CI0 ./ / -V 10: Tamp S" c

Is /07.' - : TomP 700 *C

20 B/ -- O:Tomp 635c/ I-- B: Tamp 670 -C
10 13 8: Tamp 700 OC

Effect of hydrogen on crack propagation 0 .... . ,
Steels A, B, and C. Results of fracture mechanics tests for 0 a 4 a 0 10 12 14 18 18 20

Steels A, B, and C are shown in Figures 3 and 4, where the evolution CH2 (ppm)
of the parameters KH and JM~x vs the hydrogen content are reported.
The following points can be noted. FIGURE 2-Results of tensile tests on hydrogen-charged spec-

(1) The KIH and JmK values decrease with increasing hydrogen

content.
(2) K,, and JMAx values are higher for the 9Cr steel (steel C). Crack Steel D. The behavior of Steel D (2 I4Cr-1 Mo.0.25 V) is

propagation in the presence of hydrogen is more difficult in the different from the other steels, The uncharged reference specimens
9Cr steels than in the standard 2 1l4Cr-IMo steels, fractured in a brittle mode, the initial toughness of the steel was low,

(3) For Steel A. no significant difference exists between the 6700C and the behavior of Steel D was not affected by the presence of
and 6900 tempering treatments, while a tempering at 650'C hydrogen. There is no difference between the curve ot the reference
seems to have a beneficial effect. A large scatter is observed in sample and the curve of the hydrogen-charged sample (Figure 5).
K11, values (Figure 3) This can be due to the experimental The J values measured at fracture are given in Table 3, where it can
technique and to the fact that the experimental conditions at the be seen that there is no correlation between J and hydrogen content
fatigue crack tip are not well known, because of the brittle fracture of the specimens.
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200 . . .. . . hydrogen during fracture mechanics tests. The steels tempered at
A: Temp 690 °C low temperature with the higher mechanical strength showed lower

".A A: Temp 670 *C ductility losses during tensile tests. In fact, the results are not
V - A: Temp 650 "C contradictory. In this study, steels are compared at a given hydrogen150 0 \ 00 * B: Temp 700 'C

15 0 00 0 C: Temp 750 °C concentration, while steels usually are compared at a given external
hydrogen activity. Hydrogen content of the steel depends on trapping

"\ capacity of steels. For example, trapping capacities of different
100 Cr-Mo steels are compared in Figure 7. To obtain this data, small

specimens (10 by 10 by 20 mm 3) were exposed in an NACE solution9

"-o0 saturated with H2S for 24 h. Diffusible hydrogen was then determined
-. . A * - by performing a degassing at 450C in a glycerin bath. The residual

50*......_. hydrogen (i.e., trapped hydrogen) was determined by vacuum
degassing at 6500C. Results show that both diffusible hydrogen and
trapped hydrogen depend strongly on the composition and the heat
treatment of the steel. Trapping is more important for the highly

0 . . . . alloyed materials and for the low-temperature tempering treatment.

1 2 3 4 5 The question arises whether hydrogen susceptibility must be com-
pared at a given hydrogen concentration or at a given hydrogen

CH2 (ppm) activity. In the present case, steels must be compared for a given

FIGURE 3-K,,, values vs hydrogen content. hydrogen concentration, since during service, hydrogen is introduced
at elevated temperatures (a 4500C), where trapping effects do not
occur.

Results presented in this paper can be explained by considering
250 . the trapping capacities of the different steels. From Figure 7 it can be

N A: Temp 690 *c seen that trapping is more important in Steel D than in Steel B. Figure
A A: TemP 670 *C 8 shows degassing rates for Steels A and D (tempering temperature

200 0 V A: Tamp 650 9C 6850C).
e B: Tamp 700 IC
o 0C: Tomp 750 *C

I. E- .< =, "- Degassing is very slow for Steels C and D, whereas for Steel A,

- o.the degassing rate decreases when the tempering temperature

decreases. These degassing curves were obtained by measuring the
<100 AY , hydrogen content of hydrogen-charged specimens held for different

o- T -times at room temperature. From this experiment, it can be con-
A U cluded that trapping is higher for the 9Cr and the vanadium

50 .. containing 2 1/4Cr-IMo steels than for the standard 2 lI4Cr-IMo
50 steel. For the latter, trapping decreases as the tempering tempera-

ture increases. This can be associated with the changes in the

0 .number, distribution, and nature of precipitated carbides as temper-
ing temperature increases. For a given total hydrogen concentration,

12 3 4 5 the HE susceptibility is lower for a material with higher trapping

CH2 (ppm) capacities. Hydrogen introduced at elevated temperatures is soluble
hydrogen, During cooling, part of that hydrogen is trapped at the

FIGURE 4 -JMAX values vs hydrogen content. defects (inclusions, carbides, etc.), while the other part remains in
solid solution in the steel (mobile hydrogen). Thus,

CH2 (Total hydrogen concentration) = CT (Trapped concentration)
Fracture surface observations. Fracture modes were found + Cm (mobile concentration) (2)

to depend on hydrogen content and on the steel (Figure 6). For Steels
A and B, a quasicleavage mode of fracture is dominant at low During testing, it can be assumed that only the mobile hydrogen

hydrogen contents, the proportion of intergranular fracture increasing participates in the embrittlement by interaction with dislocations

with increasing hydrngen content. For Steel C, most of the fracture Therefore, for a given total amount of hydrogen, it is not surprising

surface is ductile with only some areas of quasicleavage in evidence, that steels with higher trapping capacities are less susceptible to

A small zone of quasicleavage is observed near the fatigue crack tip. crack propagation in the presence of hydrogen.

On Steel D, only a small zone of ductile fracture is observed before
the final brittle fracture. For the latter, there is no difference between
the mode of fracture of hydrogen-charged specimens and uncharged Conclusion
specimens. Tests have been performed on hydrogen-precharged samples

to study the influence of chemical composition and tempering
treatment on HE susceptibility of Cr-Mo steels. It has been shown
that (1) an Improvement in HE resistance is obtained with the 9Cr

Discussion-The Role of Trapping Effects steel and with the vanadium-modified 2 lI4Cr-lMo steel, and (2) a

It is generally accepted that the HE susceptibility of steels decrease of tempering temperature leads to an increase in HE

increases with increasing mechanical strength and that brittle mate resistance. These results have been explained by hydrogen trapping

rials are more susceptible than ductile materials to HE. The present effects. For a given hydrogen concentration, steels with the higher

results are at variance with this criteria. The 2 14Cr-1Mo-0.25 V hydrogen trapping capacities show an improved resistance toward

steel, which was the most brittle of the steels, was not affected by HE.
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FIGURE 5-Steel D: fracture mechanics test. Comparison of hydrogen-charged specimen (H2  - 4.6 ppm) and uncharged
specimen.

TABLE 3 4. A, Cheviet, J. Burlat, R. Blondeau, Journees d'Automne de la
Results of Fracture Mechanics Tests on Steel D Societe Francaise de Metallurgie (Paris, France. la Societe

Francaise do Metallurgie, 1987).
Tempering OH2 JFnACTUnE 5. D.A. Canonico, Ferritic Steels for High Temperature Applica-

(ppm) (kJ/m2) tions, ed. K. Ashok (Metals Park, OH: ASM International, 1983)

p. 31.

9-Kic 6. V.K. Sikka, C.T. Ward, K.C. Thomas, Ferritic Steels for High

0 45 MPaVm Temperature Applications, p. 65.
635C7 h5.7 8- Kc 7. Proceedings of Topical Conference on Ferritic Alloys for Use in

40 MPaVm Nuclear Energic Technologies (New York, NY: American
Institute of Mining, Metallurgical, and Petroleum Engineers,

0 105 1983). p. 413.

685 C-7 h 6.8 208 R. J.D. Landes, D.E. McCabe, Application of 2 1/4Cr-IMo Steel
4.6 264 for Thick-Wall Pressure Vessel, ASTM STP 755 (Philadelphia,
3.4 378 PA: ASTM, 1982), p. 68.

0 148 9. NACE Standard TM0177-86 (Houston, TX: NACE, 1986).700°C-7 h 2518
4.4 258
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Liquid-Zinc-Induced Crack Propagation
in High-Strength Steels

K. Nakasa* and M. Suzawa**

Abstract
To investigate the crack propagation mechanism in liquid zinc embrittlement of high-strength steels,
tensile tests with constant cross-head velocity were performed on precracked specimens of type 4340
(UNS G43400) and HI 1 steels in liquid zinc and in air. Unstable crack propagation occurred at much
smaller loads in liquid zinc than in air at all testing temperatures for H1 1 steel and at 713'K for type 4340
steel. The crack propagation velocity of H 11 steel showed a minimum at intermediate temperature. The
specimen tested in liquid zinc revealed grain-boundary fracture, and fine zinc particles were observed
on the fracture surface, which suggested that the adsorption of zinc vapor to the crack tip or tips was
the reason for the unstable crack propagation. The existence of a minimum in the crack propagation
velocity vs temperature relation was explained by the decrease in the sticking coefficient of zinc vapor,
the driving force for crack propagation, and the increase in the frequency of zinc adsorption with
increasing temperature.

Introduction was recorded using a digital memory. The average crack propagation
Liquid zinc coating or galvanizing has often been used to prevent the velocity was calculated from the time for load to go to zero and the
corrosion of steel structures. During the galvanizing process, how- crack propagation length ( specimen ligament width, 34.5 mm).
ever, crack propagation can occur from stress concentrators such as Because the small scale yielding condition at the crack tip was
sharp notches and surface cracks in weldments because ot the satisfied in liquid zinc, the stress-intensity factor" at maximum load
cooperation of thermal stresses or residual stresses with surface (K,,) was calculated.
chemical reactions between the steel and liquid zinc. Recently, high-
strength steels have been used to decrease the weight of structures Results
and machine parts, but the sensitivity to liquid zinc embrittlement Some examples of load (P) vs deflection between pins (Ax2)
(LZE) increases with increasing strength levels of steels.' In the curves in liquid zinc and in air are shown in Figure 2. The crack
present study, the crack propagation mechanism in LZE of high- growth occurred at much smaller loads in liquid zinc than in air for
strength steels was investigated, both steels. In addition, unstable crack propagation occurred in liquid

zinc at 7131K for type 4340 steel, although stable crack propagation
occurred at the temperatures higher than 7530K. For H1l steel,

Experimental Procedure however, unstable crack propagation occurred at all the testing
The materials tested were low-alloy Ni-Cr-Mo steel (type 4340 temperatures in liquid zinc.

(UNS G43400)) and Cr-Mo-W-V steel (H11). The type 4340 steel was When unstable crack propagation occurs in liquid zinc, the
quenched from 1123*K and tempered at 923K for 3.6 ks. The H11 maximum stress-intensity factor (Km,,x) corresponds to the stress-
steel was quenched from 13230K and tempered at 923'K foi 5.4 ks intensity factor at which crack growth occurs because the P - Ax2
or 9.0 ks, which resulted in Rockwell hardness (HRc) of 47 or 43, curve is almost linear. The relations between K,,, and testing
respectively The tensile strength (an), yield strength (ary), and temperature (T) obtained for HI 1 steel tempered for 5.4 ks or 9.0 ks
fracture elongation (y) at 753K were 585 MPa, 529 MPa, 14% for are shown in Figure 3. The K,,x in liquid zinc decreases monoton-
type 4340 steel, and911 MPa,735MPa, 14%forHll steeltempered ically with increasing temperature. Figure 4 shows the relations
for 5 4 ks, respectively. Figure 1 shows the testing apparatus. The between temperature (T) and the crack propagation time after the
compact-tension-type specimen (72.5-mm width, 5-mm thickness, unstable crack propagation has occurred. The crack propagation
38-mm precrack length: refer to Figure 6) was dipped into liquid zinc time in liquid zinc shows a maximum at an intermediate temperature.
(99.9% purity) in an alumina crucible for 1.2 ks, and the load was The crack propagation time in air is much shorter than that in liquid
applied with constant cross-head velocity (the deflection velocity of zinc, and the temperature dependency of the crack propagation time
the actuator), k,of 2 x 10- s mis. The load P, measured by a load cell, is very different from that in liquid zinc. The crac propagation time in
and the deflection between pins (Ax2), measured by a clip gauge, air is short when Kmax is large (see Figure 3). Moreover, shear
were output to an X-Y recorder Especially in the Hi 1 steel, after the fracture occurred in air at all temperatures; i.e., the crack propagated
load reached maximum, the crack or cracks propagated throughout obliquely to the specimen surface with large plastic deformation.
the specimen width with very high speed, so the load vs time curve

Discussion

'Department of Engineering, Hiroshima University, Higashi-Hi Relationship of crack propagation velocity, crack-
roshima, 724 Japan. branching pattern, and temperature

"Graduate School. Hiroshima University, Higashi-Hiroshima, 724 Macroscopic crack branching was observed at all the testing
Japan. temperatures for the Hi 1 steel, and only at 753K for the type 4340
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steel. Figure 5 shows the histogram of crack branching types 100
examined for the H1l steel tempered for 9.0 ks. At a lower E H 11
temperature range, the higher frequency of crack branching is .
recognized, and the well-developed crack branching (type A or B)
that starts directly from the precrack [shown in Figure 6(a) or (b)] is
often observed. . 80/ 0,o0

From Figure 4, the relations between crack propagation velocity "
(v) in liquid zinc and temperature (T) were obtained. The result is -In air
shown in Figure 7, where the crack branching patterns are classified t = 9 ks
with different marks. The crack propagation velocity reveals a 2 60
minimum near 850K. Because such fast crack propagation and o In liquid zinc
crack branching have never been observed for low-strength steel 2 to5.4ks
under experimental conditions similar to those in the present 00
experiment,4'5 the unstable crack propagation at very small loads and I l i
the crack branching seem to be typical characteristics for LZE of C 40 9 In liquid zinc
high-strength steels only. tr 9kS
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z 753 K , ,l Era ctography at the crack tip

" /In occurs along preaustenite grain boundaries1 Figure 8 shows an0e fli / e I ca pexample of a fractograph at the tip of stopped branch crack of Hil
/ liqu (tempering time: tT = 9.0 ks). There are many particles on the

• o 1 n ~qu=d Ii grain boundaries. These were determined to be zinc using an energy
.. °zinc ,', .dispersive x-ray (EDX) analysis. Gordon8 has already suggested that

.1 - a vapor space exists at the crack tip because liquid zinc cannot5 mm penetrate into the crack tip because of its surface tension. Once the
D efllecti on - ,T mem crack tip is opened during th test, it cannot be perfectly closed after

the test because the crack opening caused by plastic deformation
cannot be perfectly compressed by the elastic region around the

FIGURE 2- Relationship between load and deflectbon between plastic region. It was podble, therefore, that the zinc vapo at the
pins, crack tip was cooled after the test and adhered to the fracture surface
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as many particles. In addition, the zinc particles were large when the and because of the destruction of the protective film on the crack tip
testing temperature was high, which corresponded to the fact that the by eased plastic slip. The temperature dependency of crack propa-
zinc-vapor pressure is high at high temperature. For low-carbon gation velocity is, on the other hand, greatly different from that of Kma,
steel, which reveals slow, stable crack propagation in liquid zinc, the (see Figure 7) There are two factors that affect the crack propagation
crack propagation occurs by grain-boundary diffusion of zinc,2'4,s  velocity (v) in liquid zinc; one is mechanical and another is environ-
because a smooth intergranular fracture surface exists in front of the mental Because Kmax decreases with increasing temperature (T)
surface on which the zinc particles adhere.2 For HI steel, where fast (Figure 3), the driving force for crack propagation decreases with
crack propagation occurs in liquid zinc, such a smooth grain- increasing T, In addition, the sticking coefficient of zinc vapor
boundary fracture surface was not observed. Thus, the crack decreases with increasing T. By these effects, v decreases with
propagation mechanism of H1 1 steel in liquid zinc seems to be that increasing T. On the other hand, the zinc-vapor pressure increases
the zinc vapor adsorbs on the crack tip and reduces the cohesive in proportion to about the fourth power of T with increasing T. This
strength of the grain boundary. There seems to be no fundamental effect increases the chance of zinc adsorption and increases v rapidly
difference in the mechanism between the regions above and below with increasing T. Thus, the interaction of the three factors brings out
the temperature at which the v vs T curve reveals a minimum the appearance of a minimum in the v vs T curve. The crack
because the fracture surface appearances are the same. propagation velocity (v) is almost constant and not so large at the

lower temperature range, although the driving force for crack
A B C 0 E propagation (Kmx) is large (see Figure 3). The reason seems to be

that the limited adsorption frequency of zinc vapor causes the crack
branching, which decreases the effective stress-intensity factor at the

A Icrack tip; i.e., there exists a "rate-limiting process" also in LZE, as
has been reported on the crack branching in stress corrosion

to00 cracking and hydrogen-assisted cracking.,9
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FIGURE 7-Relationship between temperature and crack prop-
agatlon velocity.

Conclusion
To investigate the crack propagation mechanism of high-

* strength steels in LZE, tensile tests with constant cross-head velocity
16 were performed in liquid zinc and in air on precracked specimens of

type 4340 and HIl steels quenched and tempered at 9230K. The

FIGURE 6-Crack branching patterns of Hi1 steel In liquid zinc, results obtained follow.
(a) T = 713'K and (b) T = 753K. (1) Unstable crack propagation occu,.ed at much smaller loads

Temperature dependency in liquid zinc than in air at all ol the testing temperatures for H 11 steel,
emerate epeindvenciy For type 4340 steel, unstable crack propagation occurred only at

o1 crack propagation velocity 7131K, and stable crack propagation occurred at higher tempera-
Such high crack propagation velocity as is observed In liquid tures.

zinc at all of the temperatures for H 11 steel and at T 7131K for type
4340 steel has been reported on other liquid metal-solid metal (2) Grain-boundary fracture occurred in liquid zinc, and fine zinc
systems, 7 e.g., solid aluminum alloy in liquid mercury. particles were observed on the fracture surface, which suggested

According to Figure 3, the crack-initiation load, or the maximum that the adsorption of zinc vapor to the crack tip or tips was the teason
stress-intensity factor (Kn,,,) of HI 1 steel in liquid zinc decreases for unstable crack propagation along grain boundaries.
monotonically with increasing temperature. The reason for this (3) For Hl1 steel, the stress.intensity factor at the initiation of
decrease is that the increase in temperature causes an Increase in crack growth decreased with increasing temperature of liquid zinc,
the probability of zinc adsorption because of the high vapor pressure, while the crack propagation velocity in liquid zinc decreased to a
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A Model for Transgranular Stress Corrosion Cracking
in Austenitic Stainless Steel

S.C. Jani, * M. Marek, * R. F. Hochman, * and E. I. Meletis**

Abstract
Electron channeling studies show that the transgranular stress corrosion cracking (TGSCC) of type
304L (UNS S30403) austenitic stainless steel in MgCI2 is crystallographic, with brittle crack propagation
occurring primarily on (100) planes with some secondary cracking on (110) planes. Transmission
electron microscopy investigations show that the deformation mode at small distanc3s (a few p.m) from
the fracture surface is entirely coplanar (inhomogeneous), while at large distances the slip morphology
becomes homogeneous. It is widely recognized that hydrogen may be the embrittling species in chloride
cracking in austenitic stainless steels, and an atomistic hydrogen-induced cleavage model is proposed
in light of the experimental results of this investigation. The model is based on the reduction of the
stacking fault energy in the hydrogen affected region in front of the crack tip and the formation of
Lomer-Cottrell supersessile locks in this region. This model is consistent with many phenomenological
observations of TGSCC in the austenitic stainless steel-chloride stress corrosion system.

Introduction which was below the nominal yield stress of 16 ksi (110 MPa). The
A great deal of research has been devoted to determining the chemical composition of the steel was 18.7 wt% Cr, 9.43% Ni, 1.56%
merianismls) of stress corrosion cracking tSCC) in engineering Mn, and 0.025% C, with the balance being Fe. The pH of this solution
alloys. However, no one model can account for the phenomenolog- is about 4 5. The corrosion potential was not monitored in this study.
ical observations ot all known instances of SCC, and the mechanism The deformation substructure was characterized by transmis
of cracking may vary from system to system. sion electron microscopy (TEM). Thin foils of the tested alloys were

Transgranular stress corrosion cracking TGSCC) of face- .)btained from the fracture surfaces and at various known depths
centered cubic ktcc) metals and alloys has posed a serious challenge, under the fracture surfaces. To prepare electron-transparent thin
because SCC in these otherwibe ductile alloys has shown brittle foils, 0.127 mm thick wafers were initially cut at various distances
fracture characteristics. Austenitic fcc) stainless steels (SSs) are from the fracture surfaces. A slow cutting rate (0.25 mm,'min) and
notorious for their susceptibility to TGSCC in the presence of the continuous water cooling were used to minimize deforidtiun induced
chloride ion (ClI-) containing environments.' As a result, a major during cutting.
thrust in recent years has been to characterize the crystallography ol Disks of 3 mm diameter were punched from the wafers using a
TGSCC of austenitic SS because it offers a unique opportunity to punch and die set. The disks were then thinned to electron trans
evdluatu the mechanisms of the phenomenon. These studies hdve parency by electropolishing in a solution containing 92.5 vol% glacial
shown that crack propagation occurs primarily on 11001 planes by d acetic acid and 7.5 vol% perch!oric acid at a temperature of 15C and
microcleavage process, i.e., crack propagation is mechanially a voltage of 25 V. Electropolishing was conducted on a Tenupol' 2
driven as oppused to chemically driven." However, this is nut to bay kStruers) using both the 1 jet and the 2 jet techniques. Thin foils of the
that the electrochemical processes occurring at an advancing utd.iA, fiacture surface were prepared using the I jet technique, electropu
tip play no role in the crack propagation events. This will be further lishing from the surface opposite the fracture, while foils from the
amplified in a later section. interior of the sample were prepared by the 2-jet technique. TEM of

The onus then is for workers in this area to determine the ei.,t these samples was performed at 100 KeV in a JEOLt TEM 1O0C
mechanism that can account for the phenomenological observations microscope.
of cracking. To this end, the present study was conducted to Results and Discussion
characterize the dislocation substructure of TGSCC of type 304L result and DiscussionThe deformation substructure observed at the fracture surface
(UNS S30403) SS in MgC 2, which would provide an insight into the and at various depths under the fracture surface varied considerably.
micromechanisms of the phenomenon. Only coplanar deformation was observed at the fracture surface

(Figure 1). The deformation in foils made 2 mm under the fracture
Experimental surface was completely homogeneous, as seen in Figure 2. Marten-

Cylindrical single crystals of type 304L SS were tested for sitic features, t-martensite [hexagonal closed packed thcp)] and
TGSCC in 45 wt% MgCI, at 155'C as described previously.' The ,,-martensite [body-centered cubic (bccj], were observed at interme
testing was conducted under static tension of 15 ksi ;103 MPa). diate depths of about 1 mm under the fracture surface kFigures 3 and

4, respectively).
'Georgia Institute of Technology, School of Materials Engineering. The logical conclusion that can be drawn from the observed
Atlanta, GA 30332-0245. deformation modes at various locations in reference to the crack

**Louisiana State University, Mechanical Engineering Department,
Materials Engineering Group, Baton Rouge, LA 70803. tTrade name.
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plane is that the stacking fault energy (SFE) immediately ahead of the stress, the k100; plane within the ligament between the obstacle and
crack tip is much lower than at larger distances further from the crack the existing crack tip will cleave as shown in Figurte 5(d). After the
front, because a low SFE promotes coplanar slip. Further, it has been extension, the same series of events will be repeated again.
shown that all early deformation in austenites is coplanar, and a As stated earlier, the model for transgranular crack propagation
transition to cellular arrays occurs only at larger strains. 4 Since the presented here is a variation of the Robertson and Tetelman" model.
largest strains would be expected at the crack tip, the SFE must have They considered that crack propagation is associated with enhanced
been lowered there to produce the results observed, chemical reactivity of L-C locks, which leads to the formation of

The SFE in a small region in front of the crack tip appears to cylindrical cavities along the L-C lock dislocation lines. They postu-
have been lowered below the nominal value by the presence of the lated that these cavity dislocations act as traps for dislocations gliding
environment. An environmental species that has been reported to un the original slip planes, thereby creating a crack nucleus. They
reduce the SFE of austenite is hydrogen." Since hydrogen forma- concluded, as we do, that this iprocess is most favored in low SFE
tion and discharge occurs readily in TGSCC of austenitic SS,' ' it is materials. The novel aspe-i of the model proposed in the present
logical to conclude that hydrogen from the corrosion reaction work is that the SFE is lowered by an environmental species,
partIClpdtes in the cracking process. A model of the process by which specifically hydrogen, which ;urther aids in the forma., 1 and stability
hydrogen affects TGSCC follows, of L-C locks. It should also be noted that since our model does not

-" " . iconsider the chemical reac. v-ty of L-C locks, these barriers do not
" "X_* have to originate or terminate at an external surface in physical

contact with the environment.

FIGURE 1-Parallel slip traces showing planar deformation at
the fracture surface. *0Srn:

FIGURE 3-Dark field: (0111) mlcrographs of E-martenslte
needles In foil prepared 0.5 mm under the fracture surface.

54

0.5 lir
FIGURE 2-Homogeneous dislocation arrays seen 2 mm under
the fracture surface.

A model for crack propagation Jim
The model proposed here for TGSCC of austenitic SS is based FIGURE 4-High-resolution mlcrograph of twinned a'-marten.

on the effect of hydrogen on the SFE of austenite. The idea that site seen In foil prepared 1 mm under the fracture surface.
TGSCC susceptibility is linked to the SFE of the alloy dates back to
the work of Robertson and Tetelman reported in 1962.10 The present
model is essentially a modification of their original idea. Evaluation of model

It is proposed here that atomic hydrogen from the . ,:,,i. This model predicts crystallographic, cleavage-like cracking that
reductiur reaction diffuses to a small region ahead ka few .mj of an has been widely observed for austenitic S3? ' ' - The cracking
existing ,.rack tip, creating a "hydrogen affected region' kHAR) plane predicted in such a model would depend on the number of
where the SFE is luwered [Figure 5(a)]. Since cross slip is restricted dislocations piled up against the L-C lock on each of the two kt I tI
in luw SFE austenites, only planar slip occurs on intersecting 111, planes, and, if an equal number are piled up. the fracture plane would
planes in the HAR [Figure 5(b)) and results in the formation of be %1 10, or k100 . This is in excellent agreement with observed
Lomer Cottrell (L C) supersessila dislocations. L C locks that lie on racKing planes.' e, The model also predicts discontinuous crack
'100 planes [Figure 5(c)] act as obstacles to further slip, resulting in propagation, as has been the general observation" ' in most SCC
high stresses directed normal to the 1100) plane. At a critical value of of 300 series SSs.
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In this model, the rate-determining step is the diffusion of atomic potential for cracking.2 s However, the observed effect of polarization
hydrogen, produced by the cathodic reduction of hydrogen ions, The may be attributed to the changes in the repassivation kinetics. It has
activation energy for hydrogen permeability in austenitic SS approx- been shown that susceptibility to SCC is often at maximum in narrow
imately 60 kJ/mol,l 5 which compares favorably with the activation potential regions of surface-film instablity.2 6 The propagation of
energy of 65 kJlmol for Stage 11 cracking of type 316 (UNS S31600) stress corrosion cracks in this system thus may require a specific
SS in boiling MgC 2.

16 In addition, Pugh has shown that the bulk combination of conditions, including the strain rate at which fresh
diffusivity of hydrogen accounts for hydrogenation to a depth that metal surface is exposed at a certain rate, local solution chemistry of
corresponds to the observed crack advance distance, Ax per high acidity and chloride concentration, and a potential at which both
cracking event, for a discontinuous crack propagation process. 3 17 hydrogen ions are reduced and the repassivaion occurs at a critical
The model predicts Ax to be on the order of the spacing between slip rate.
traces on the fracture surface. This study showed the mean slip trace Conclusion
spacing to be approximately 0.5 gim (Figure 1). This is in excellent Based on the observed damage substructure of TGSCC of type
agreement with the observed values for Ax of 0.5g±m' 2 and 0.3 p.m 304 SS in boiling MgCI2 , it is proposed that the hydrogen from the
for the near- threshold region and 1 pim for Stage iU cracking' in type cathodic reduction reaction diffuses into the area of high triaxial
310 (UNS S31000) SS. stress in front of a pre-existing crack tip (a few gim), creating a

hydrogen-affected region (HAR). The hydrogen in the HAR lowers
HAR Shpn Iterseatl Planes the SFE of the austenite. The formation and stability of Lomer-Cottrell

I supersessile locks will be favored in this low SFE region. Under the
influence of stress, a microcrack is nucleated in the HAR at the head
of a dislocation pile-up associated with a L-C lock, with subsequent
cleavage occurring on a 11001 or (1101 plane. The cleavage crack foro (b) < P-

(a) each cracking event will join up with the main crack front and the
mnle,,+ P~e-,u, process will be repeated. This model is consistent with many
(sn own) '1 Pls phenomenological observations of TGSCC in this system.

Frcmue 81u-11.0
on' (100)
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Stress Corrosion Crack Initiation and Slip Parameters
in a Ferritic Stainless Steel

R.N. lyer*

Abstract
Hot chloride stress cracking (HCSC) of a 26Cr-1 Mo ferritic stainless steel (E-Britet) was studied using
a uniaxial constant-load fixture, incorporating an appropriate corrosion cell assembly. The slip-
dissolution mechanism (SDM) was involved in the stress corrosion crack initiation stage. The rate of
slip-step evolution that was responsible for the breakdown of the protective film as well as the
repassivation rate were critical parameters in the SDM. Results showed that thermomechanical
treatments altered HCSC susceptibility drastically as a result of changes in slip-step height and slip-step
density. A low-temperature annealing treatment partly restored immunity to a HCSC susceptible alloy.
Analysis showed that the reduction in slip-step height and slip-step density, a result of recovery
processes during the low-temperature treatment, assisted in the amelioration.

Introduction Table 2 shows 0.2% offset yield strength determined using
One of the most aggressive environments experienced by alloys, Instron after each treatment, the average grain size was 20 in all
such as 26Cr-i Mo ferritic stainless steel (SS), is the hot chloride salt cases.
solution encountered in paper industries and chemical process
industries.1- Previous studies on a high-purity 26Cr-IMo alloy
(E-Brite) indicated that this alloy is highly sensitive to thermomecha- Test Procedures
nical treatments toward hot chloride stress cracking (HCSC) HCSC experiments were performed in a glass cylindrical cell,
susceptibility ' Also, the failure by HCSC of the ferritic SS E Brite has with the tensile specimen uniaxially loaded by a cantilever arrange-
a crack initiation stage, which was shown to occur by a slip- ment and having facilities for heating the solution (by means of heater
dissolution mechanism (SDM). 4 The SDM has been studied in coils wound outside the glass cell)." The loading was uniaxial,
detail:5 SDM occurs by the rupture of the protective film on the alloy corresponding to 90% of the 0.2% offset yield strength of the
surface as a result of emerging slip steps when the alloy is stressed. heat-treated alloy. The choice of this level of stress is based on the
The film rupture exposes fresh metal to the aggressive solution, And fact that dislocations become mobile, but bulk yielding will not occur,
this bared metal dissolves until that region is repassivated by the moreover, the alloy can withstand this level of constant load for years
corrosion products, viz., oxide or hydroxide film. The slip and under pure mechanical loading conditions, Also, this level of stress
dissolution events have to repeat several times before a local assisted in accelerating the test and in obtaining a high enough creep
occluded cell is formed,5 which may be determined by the attainment rate and detectable slip steps. Elongation of the specimen was
of a critical IR drop at the bottom of the cell 6 " Coplanarity of the slip monitored as a function of time using a dial gauge tafter magnifying
seems to be important for stress corrosion cracking (SCC) by SDM.8  the elongation by the cantilever assembly) and an appropriately
Since SDM is involved In the SCC initiation of the ferritic SS in hot designed timing device.
chloride solutions, slip-step parameters will be important in deter- Slip-step parameters were determined by loading a polished
mining SCC susceptibility. In the present investigation, the effect of tensile specimen of E-Brite to 90% of the appropriate yield strength
low-temperature annealing on HCSC has been studied with a view in an inert environment of silicone oil at the temperature of the SCC
toward understanding the importance of slip-step parameters on the test, i.e., at 1400C for 1 h. A high-resolution scanning electron
SCC initiation. microscope (SEM) (JEOLt-35CF) was found to be well suited to

observe and photograph the slip steps, since the specimen stage
Experimental could be tilted up to 60° with great accuracy. Thus, the determination

of slip-step height and the estimation of slip-step density was greatly
facilitated, especially since a largo fraction of the total area could be

Materials and Preparation scanned.
26Cr 1Mo ferritic SS, designated E-Brite, was used for this The solution used for HCSO experiments was 42% lithium

study Table 1 shows the chemical analysis for this alloy obtained as chloride with additions of 2 gil. of thiourea jadded as a poison for
annealed strips 0.05 in, (1 27 mm) thick. For details of specimen hydrogen evolution reaction). SCC tests were conducted at freely
preparation, see Reference 9. Here, the tensile specimens of the corroding conditions, just near the boiling point of this solution
as received E Brite were prestrained to 5% elongation (in air), using j140C) and the solution was deaerated by bubbling nitrogen gas
an Instront tensile tester. continuously. Electrode potentials (at open circuit) were measured

with respect to a saturated calomel reference electrode (SCE)
*Department of Materials Science and Engineering. Pennsylvania connected through a salt bndge with Luggin capillary arrangements.
State University. University Park, PA 16802. Prior to loading, the mounted specimen was exposed to the boiling

tTrade name. solution for 15 h, to achieve a steady-state corrosion potential.
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TABLE 1

Chemical Composition of E-Brite (wt%)

C N Cr MO Ni Cu Nb Mn Si

0.002 0.004 25.88 1.05 0.23 0.01 0.12 0.08 0.22

TABLE 2
Yield Strength, SCC Initiation Time, and Slip Parameters for E-Brite

5% Prestrained + 5% Prestrained +
Property Mill Annealed 5% Prestrained 250C/1 h.AC(A) 350C/1 h.AC(A)

Yield strength 55 (ksi) 73.5 70 67
(0.2% offset) (379 MPa) (507) (483) (462)

SCC Initiation time, No failure
tj (min) (up to 15 days) 14 2738 3239

Slip-step Height(O) 40 150 70 50
(nm) (±10)

Slip-step density(O) 1 16 6 2
(#steps/mm) (= 1)

Slip-step height(c) 40 200 80 60
(nm) (=1)

(A)Annealed at the indicated temperature for 1 h and air cooled.
imMeasured with a high-resolution SEM.
(OiMeasured with a TEM using gold-shadowed carbon replica.

A A, 140h4

SCC initiation time () was determined, as in previoust , .. ,.kE .
experiments,' from the elongation vs log(t) plot by noting the time at . .
which the plot becomes nonlinear, i.e., when the plot shows deviation /'
from the (normal room temperature) logarithmic creep behavior, An
independent check of t is the time at which the corrosion potential
(E,,,,) moves negativey, corresponding to the maximum in Eel, vs
time plot. These two independent determinations of t, have been ( m n e sda un * /
validated by microscopical observations4 of the cross sections of the " "
E-Brite specimens at various stages of HCSC experiments, . .....-- *

Results l-, ,"-,
Both the mechanical behavior and the electruJhemal behaviur FIGURE 1 - Elongation vs time behavior during hot chloride

were monitored for HCSC of E Brile ab a func(tiun ot me low- stress corrosion of E-Brite specimens given various treatments.
temperature annealing process. Figure 1 shows the elongation vs
time plots and Figure 2 shows the corrosion (open-circuit) potential
as a function of time for various annealing treatments. These plots . .IA'3

and Table 2 Indicate that the 5% prestralned E-Brite was fully , ,,, .
susceptible to HCSC (under freely corroding conditions), failing in .
about 26 min, and the SCC crack initiating in about 14 min after
loading the specimen In the hot chloride solution. The as-received ,.
E-Brite was immune under similar conditions of the experiment and r", IF . - .
no failure occurred even after 15 days of exposure to the HCSC I
environment. When the 5% prestrained E-Brite was annealed at
temperatures between 200 and 3500C, some of the resistance to the 8 /
HCSC was restored, with a dramatic effect occurring between 200
and 2504C of annealing (Figures 1 and 2). This large effect reflected
mainly on the SCC initiation time () and not on the propagation time, .
evident from Table 2: but, between 250 and 350°C of annealing, t did ,. i,,,i

not improve much, although the failure times increased slightly FIGURE 2-Change In open-circuit (corrosion) potential vs time
further with increasing temperature of annealing between 250 and behavior during hot chloride stress corrosion of E-Brite speci-
350'C Increasing the annealing time also improved HCSC resis- mens given various treatments. Initial corrosion potential =
tance, as Figure 1 shows for a 12-h 3501C anneal. -500 mVscF.
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Analysis and Discussion using the well-known replica technique, which involves carbon-
It is now clear that the SCC initiation in E-Brite under HCSC coating and gold-shadowing procedures to observe slip steps with a

conditions occurs by a SDM, and that annealing at temperatures transmission electron microscope (TEM), ° these values are also
between 200 to 350°C increases the SCC initiation time toward that given in Table 2. Observations of the slip steps with the SEM and with
of the mill-annealed alloy, with a drastic change in t, occurring the TEM indicated that the slip steps are fairly coplanar.
between 200 and 2500C (Table 2) Therefore, one might suspect that The relationship between the slip-step parameters and the SCC
the slip-step parameters involved in the SDM could have altered initiation time (t,) is shown in Figure 4. The observations of the drastic
considerably when the 5% prestrained E-Brite was annealed in the change in I, correlate well with the large reduction in slip-step height
low-temperature regime Independent determinations of the slip-step and density at 2500C of annealing vs the 5% prestrained E-Brite,
parameters (i e, slip-step height and density) by loading polished Figure 4 thus shows that critical values of the slip-step parameters
tensile specimens in hot silicone oil and examining them with the may be involved for the SCC initiation by SDM.
high-resolution SEM show the slip steps for the 5% prestrained
E-Brite [Figure 3(a)] and that for slip steps subsequently annealed at Slip Step Density (#Steps/mm)
3500C for 1 h [Figure 3(b)]. As noted earlier, these conditions exactly 0 4 8 12 16 20
simulated the mechanical factor of HCSC and eliminated the 100 1 . -, I - -•
corrosion factor. Slip-step densities were estimated by statistical --e- Slip Step Height
examination of the slip steps at different a aas of the specimen and,--- Slip Step Density
using the intercept method commonly employed in the estimation of - 80
dislocation densities.

. 2 o

0 40 80 120 160 200

Slip Step Height (nm)

FIGURE 4-SCC initiation times as functions of slip-step height
and density for hot chloride stress corrosion of E-Brite speci-
mens given various treatments (as in Table 2).

For the SDM to operate for SCC initiation, the process of slip
and dissolution events must repeat consecutively several times.5

This process has been observed in a previous investigation of HCSC
of E-Brite. ' Thus, once the protective film is ruptured by a slip event,
continued evolution of slip steps is necessary to counteract repas-
sivation that occurs after each dissolution event. Staehle has
concluded that SCC will occur by SDM only for an intermediate
repassivation rate of the alloy, since at rapid repassivation no
significant penetration can occur, and at negligible repassivation the
extent of dissolution will be so great as to be essentially a pitting
phenomenon.5 Thus, the rate of slip-rupture process and the
repassivation rate are critical parameters in SOM, and the slip steps
must emerge continuously to keep up with the repassivation process.
In Figure 5, the continuous emergence of slip steps resulting from
creep of the alloy is clearly demonstrated. Thus, a mechanism exists
by which the film can be ruptured continuously to counteract the
process of repassivation after each dissolution event.

The repassivution of the local active regions of the alloy will
depend on the electrochemical process of film reformation, occurring
as a result of corrosion products adhering to the walls of the cells, and
would be a function of the applied anodic potential, solution chem-

b istry, etc. When the alloy is polarized anodically from the freely
FIGURE 3-SEM micrographs showing slip steps, obtained by corroding potential, the repassivation rate would be much less, so the
the application of constant load (90% of the yield strength) for 1 required rate of slip-step emergence (for SDM to operate) would also
h In silicone oil at 140'C, of E-Brite specimens, given various be less These are corroborated by the previous results on HCSC of
treatments: (a) 5% prestralned and (b) 5% prestralned + 350'C E-Brite, showing faster SCC initiation at more anodic potentials. .4

anneal for 1 h. Thus, a critical condition for SCC initiation to occur by the SDM could

be written as follows: (dhldt) ,n = (dPJdt), where (dh/dt)., = the
Table 2 displays the values of slip-step height and density after minimum required rate of slip-step evolution and (dRidt) = the

various treatments of E Brite Slip step heights measured with the repassivation rate at a particular applied potential. The importance o
high resolution SEM agreed well with independent determinations slip coplananty hab also been pointed ot for SDM. 8
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200 20 (2) Slip-step parameters, i.e., slip-step height and density, were
determined using a high-resolution SEM, and the trends of these
parameters correlated quite well with the observations of im-

E proved SCC initiation time, including the result showing that the
S150 15 E major improvement of SCC initiation time, occurring between

,..200 and 250°C of annealing, is because of the decrease in
Z= slip-step height and density.

10 " (3) The critical parameters for the SDM, causing SCC initiation,
" 00were rationalized to be repassivation rate and the rate of

S/ ,, slip-step evolution.
U)
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Study of Transgranular
Stress Corrosion Crack Propagation

in Austenitic Steels by Load-Pulsing Method
V. Desai, F. Friedersdorf, and T. Shaw*

Abstract
The load-pulsing method was used to study transgranular (TG) stress corrosion crack propagation in
austenitic stainless steels exposed to boiling aqueous magnesium chloride (1540C) and aqueous lithium
chloride (130'C). Small overload pulses were periodically superimposed on an otherwise constant lead
during crack propagation, which results in plastic blunting of the crack front. The time interval between
pulses (At) varied from 2 to 200 s, and the corresponding spacing between crack-front markings (CFMs)
(Ax) was measured by scanning electron microscopy. The spacing (Ax) decreased linearly with
decreasing time interval (At) from 200 to 5 s. The slope of this line gave the velocity of crack propagation
as 6.5 x 10-8 m/s in magnesium chloride at 1540C. For time intervals below 5 s, the smallest spacing
between CFMs of 0.4 grm was recorded. These results were taken to indicate that the TG crack
propagation in this alloy is discontinuous with the crack-arrest time of 5 s and a crack-advance distance
of 0.4 jim per event. Similar tests in the lithium chloride environment at 130'C indicate a crack-arrest
time of 5 s and a crack-advance distance of 0.3 ILm per event. It is concluded that the load-pulsing
method can provide accurate information about TG crack propagation.

Introduction At of 15 s, linearity between Ax and At was not observed. Another
The transgranular TG) stress corrosion crac is widely believed to significant finding was that for At below 15 s, there were fewer
propagate discontinuously by environment-induced cleavage.' 2 The markings than pulses. This was taken to indicate that the natural
mechanism by whicr environmental interaction causes cleavage- crack arrest time (At*) is about 15 s, so that more than one pulse was
type fractures in ductile alloys is not well established yet, and several applied to the crack front while it was waiting to advance. Such a
possible mechanisms are being put forward.' The objective of this breakdown in one to one correspondence was not observed in
investigation was to delineate and define the TG crack propagation Admiralty metal even at 2 s pulsing intervals.5 Earlier work at the
parameters. Periodic overload pulses on an otherwise constant load National Institute of Standards and Technology"'1 on type 316L (UNS
during TG crack propagation have been found to delineate crack- S31603) SS has also failed to establish a breakdown in the
front positions on the fracturea surface by plastic blunting of the crack one to one correspondence between CFMs and pulses at pulsing
tip.? These cracK-front markings tCFMs) are discernible under the intervals of 5 s.6 However, the linearity between the CFM spacings
scanning electron microscope (SEM). (Ax) and the time interval between pulses (At) was lost below At of 25

The load-pulsing technique was first used by Beavers and s. At the point of linearity breakdown, the spacing between CFMs was
Pugh 3 to study the TG cracking of Admiralty metal in aqueous minimum (0.7 lim). These values were taken to indicate the natural
ammonia. It was observed that the CFMs were perpendicular to the crack advance distance (Ax') and crack-arrest time (At'). respec-
serrated steps taiso Known as river or tan patterns) separating the lively. The crack advance distance (Ax') was in good agreement with
primary cleavage facets, as would be expected in conventional the spacing of 0.9 gim observed between crack-arrest markings
cleavage. A one-to-one correspondence between the CFMs and load (CAMs) obtained by the slow-strain rate (SSR) test. CAMs are
pulsing was aiso observed, ieading to the calculation of crack produced because of natural crack blunting during the arrest periods
propagation rate. In a later detailed study on the same system by of a discontinuously propagating crack and are more discernible on
Slattery, Smit, and Pugn,4 it was found that the Stage II velocity fracture surfaces produced by SSR tests. It therefore appeared that
deduced by the load-pulsing technique was higher than that deduced the value of the natural crack-advance distance could be detennined
by conventional techniques. This was explained on the basis that the by the load pulsing method even though the one-to-one correspon
retarding effect of grain boundaries on crack propagation would not dence between pulses and CFIvs does not break down.
be a factor in the load-pulsing method, because the velocity is The present work was conducted on type 316 (UNS S31600)
deduced from the parallel CFMs within a single grain. austenitic SS in boiling aqueous magnesium chloride at 1540C and

Pulsing experiments nave also been conducted on type 310 aqueous lithium chloride at 1300C. The primary objective of this work
tUNS & 1000) austonitic stainless steel (SS) by Hahn and Pugh5 in was to study the efficacy of the load pulsing method in establishing
boiling aqueous magnesium chloride at 154'C. Results from this At'. Ax', and the Stage II crack propagation rate in TG stress
study indicated that the spacings between CFMs decreased linearly corrosion cracking.
with the decrease in pulsing intervals until At reached 15 s. Below a

'Department of Mechanical Engineering and Aerospace Sciences,
University of Central Florida. Orlando. FL 32816-0993. t'Gaithersburg, MD.
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Procedure stress corrosion facets so that comparisons could be made with Ax*,
Experimental Pdetermined by the load-pulsing method. Several specimens were

Specimens used in this study were prepared from annealed tested under SSR conditions in the range of 5 x 10- 7 to 2 x 10-6 per
type 316 austenitic SS. The composition of the steel is given in Table second Fractured specimens were examined using the SEM to
1. The mechanical properties are listed in Table 2. The smooth detect CAMs.
cylindrical tensile test type specimens were prepared by turning 0.79-
cm (5/16-in.) bar stock to 0.63-cm (1/4-in.) bar stock with a gauge
length of 1 in. (2.54 cm) and gauge diameter of 0.42 cm (0.165 in.). Results

TABLE 1 Tests in magnesium chloride
Chemical Composition Examination of the fracture surface under SEM indicated

of Type 316 (UNS S31600) SS several separate stress corrosion cracks running inward, leading to

final overload fracture. The CFMs were clearly visible at a number of
Element Weight Percent locations, and they ran approximately perpendicular to the "river

pattern." A typical fracture surface is illustrated in Figure 1. The
C 0.052 fracture was predominantly TG exhibiting a typical cleavage-like
Mn 1.68 morphology.
P 0.027
S 0.024
Si 0.60
Cr 17.07
Ni 

12.96

Me 2.01
Fe Balance

TABLE 2
Mechanical Properties

of Type 316 (UNS S31600) SS

Yield Strength (0.2% offset) 262 MPa (38,000 psi)
Ultimate Tensile Strength 572 MPa (83,000 psi)
% Elongation (2 in.) 61%
% Area reduction 75.2%

Load-pulsing tests FIGURE 1 -Scanning electron photomicrograph of the transgran-
The load-pulsing tests were performed in boiling aqueous ular stress corrosion fracture surface with parallel crack-front

magnesium chloride at 1541C and aqueous lithium chloride at 1301C. markings produced by load pulsing In a type 316 (UNS S31600)
The tests were conducted in a custom-designed corrosion cell made steel specimen exposed to aqueous magnesium chloride.
from a glass cylinder with Teflon' (PTFE) end plates at the top and
the bottom, The top plate had openings for a temperature sensor and
the addition of the solution, A heating tape wound around the glass
cylinder maintained the required temperature within - 1C. An The spacing between CFMs was measured from micrographs
aluminum clamp kept the two Teflon end plates pressed dyainst the of ,ingle cleavage facets positioned approximately normal to the
glass to avoid any leakage. The salt concentrations were kept cectron beam. The CFMs were predominantly found close to the
constant by condensing the vapors back into the corrosion cell. overload fracture region. However, the spacings appeared fairly

A base load of 2700 N (600 :b) was applied through a hydraulic constant, indicating a Stage II behavior. Figures 2 and 3 illustrate
servoloop universal testing machine (MTS) and a 178-N t40.1b) characteristic CFMs on TG stress corrosion fracture surfaces for At
overload pulse was applied at regular time intervals. The time interval values of 3 s and 50 s, respectively. To determine the Ax vs At
between pulsing was varied from 2 to 200 s in the ,ase uf magnesium variation. two to six areas with clear CFMs were photugruphed from
chloride solution and from 2 to 25 s in the case of lithium chloride two to four specimens for every value of At. The value of Ax was
solution A signature pulse consisting of two values of At grouped calculated for each At by simply measuring the length of the fractured
together in a regular sequence was applied to several specimens to facet showing clear CFMs and dividing it by the number ol CFMs
ascertain whether or not a ono-to-one correspondence existed contained within that length. The values of Ax with standard
between CFMs and pulses for the selected At values, deviations corresponding to each At are tabulated in Table 3. The

The failed specimens were quickly removed from the corrosion resulting Ax vs At variation is plotted in Figure 4 using linear
cell. rinsed with water, ultrasonically dleaned in acetone and dried regression analysis. A linear relationship seems to hold lot At - 5 s.
with hot air The fracture surfaces were observed with a SEM tJEOL* Below a 5 s time interval, Ax seems to rise a little and then tall or
model T-300). plateau out at about 0.4 pm, as shown in Figure 5. This behavior

seems to indicate that At' is 5 s and Ax' is 0,4 im for type 316 steel
in aqueous magnesium chloride at 1541C. The velocity of crack

Slow-strain-rate tests on type 316 steel in MgCI2  propagation measured by the slope of the Ax vs At above At of 5 s
SSR tests were independently conducted in boiling aqueous is 6.5 x 10-8 mis.

magnesium chloride at 1541C. The specimen geometry and the
corrosion cell set-up were identical to those used in the load-pulsing The results of the signature pulsing indicated that one-to-one
tests. The puipose of running the SSR tests was to identify CAMs on correspondence between the CFMs and number of pulses does not

break down even at At equal to 2 s. Figure 6 shows a micrograph of
tTrade name. signature pulsing that grouped 2 pulses at 20 s each and 4 pulses at
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4 s each. One-to-one correspondence between pulsing and CFMs is TABLE 3
clearly evident. This is consistent with at least two previous studies, Relationship Between Pulsing
in which the one-to-one correspondence seemed to hold for At < At*. Intervals and Crack-Front Markings
It is conceivab!e that each pulsing leads to a crack-advance event Produced by Pulsing in MgCI2 Environment
prematurely, so that the breakdown in one-to-one correspondence
with CFMs is not observed. The velocity of crack propagation Tie Petwe acing Bete Standard
deduced by the load-pulsing technique would still be very accurate S s lse CSofactured Deito
because many crack-advance events occur during large At, and one At(s) Surface, ax(Im) (ILM)

premature advance would not significantly change the spacing 2 0.39 0.01
between CFMs. 3 0.62 0.07

4 0.45 0.01
5 0.59 0.07

10 1.04 0.10
15 1.49 0.08
25 2.03 0.22
50 2.92 0.48
75 4.82 0.22

100 6.78 0.35
150 11.62 2.35
200 12.93 0.98
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FIGURE 2-Scanning electron photomicrograph Illustrating
crack-front markings on a transgranular stress corrosion frac-
ture surface for pulsing Interval of 3 s In magnesium chloride at
1540C. 0 100 200

Time Interval, At (secs)

FIGURE 4-The relationship between the load-pulsing Intervals
and the spacing between crack-front markings on type 316 (UNS
S31600) SS In boiling MgCI2 at 154'C. The points Indicate
average values and the bars represent standard deviation.
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FIGURE 3-Scanning electron photomicrograph illustrat!ng FIGURE 5-The relationship of the time Interval between load
crack-front marking on a transgranular stress corrosion fracture pulses and the spacing between crack-front markings on type
surface for a pulsing interval of 50 s In magnesium chloride at 316 (UNS S31600) SS in boiling MgCl2 at 1540C, with an
1541C. expanded scale for pulsing intervals shorter than 25 s.
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TABLE 4
Comparison of Transgranular Stress Corrosion

Cracking of Different Austenitic Stainless Steels

Crack Velocity At* Ax* SpacingBetween CAMsAlloy Environment (x108 m/s) (s) (jIm) (jim)

3105 MgCl 2 at 154°C 2 15 0.4 0 .8 (A)
316L6 MgCI 2 at 1540C 3 25 0.7 0 .g

(
A)

316 MgCI 2 at 1540C 6.5 5 0.4 0 .8(A)
316 LiCl at 1300C - 5 0.28 0.27(6)

(A)Measured from slow-strain-rate test photomicrographs.
(')Measured from load-pulsing photomicrographs (Figure 10).

1 Jim Tests in lithium chloride
The load.pulsing tests on type 316 steel in lithium chloride were

FIGURE 6-Scanning electron photomicrograph illustrating the performed at 1300C. Examination of the fracture surface in the SEM
existence of one-to-one correspondence between the crack- revealed TG cracking in most specimens. However, a few specimens
front markings and load pulsing by a signature pulse that showed considerable evidence of intergranular cracking. CFMs
grouped 2 pulses every 20 s and 4 pulses every 4 s. perpendicular to river patterns were discernible on the TG fracture

facets, shown in Figure 8. "Crack-front-like" markings were also
Good agreement was found when the observed spacing be- observed on the intergranular fracture facets. This is an important

tween CFMs was compared to that calculated from the values finding, and a recent study at the National Institute of Standards and
determined for Ax* and At*. The SSR tests showed a few distinct Technology supports the observation of CFMs on intergranular
CAMs on a couple of specimens. Figure 7 shows a representative fracture facets.7 The resulting Ax vs At behavior for TG stress
micrograph of the TG stress corrosion fracture surface obtained corrosion cracking is represented in Figure 9, which indicates a Ax*
under SSR conditions. The straight markings on the left side of the of 0.28 Kim and At* of 5 s. The most significant finding in lithium
fractured facet are the slip steps; the markings on the right that follow chloride tests was that, in at least two specimens, faint CAMs were
the contour of the fractured surface are the CAMs. The spacing observable between the more pronounced CFMs. The spacing
between CAMs in this figure is 0.8 jim. This is about twice the value between these CAMs from both specimens was measured to be
of Ax* deduced from the load-pulsing results. As indicated in Table 4, about 0.28 gim. Figure 10 illustrates one such area where CAMs are
the spacing between CAMs measured from SSR tests is consistently observable. This is in exact agreement with Ax* deduced Irom Ax vs
larger than Ax' deduced by the load-pulsing method. It is possible At behavior. The value for crack propagation rate is not reported
that more severe conditions in SSR testing (such as the continuous because tests were not run at sufficiently higher values of At to
pulling) may cause the TG stress corrosion crack to propagate a calculate the velocity with reasonable accuracy.
longer distance at every cracking event.

I~ PM

FIGURE 8-Scanning electron photomicrograph Illustrating
crack-front markings on transgranular stress corrosion fracture
surface produced by load pulsing at Intervals of 5 s In lithium
chloride at 1301C.

Conclusion
From this study on the propagation of TG stress corrosion

cracking, the following general conclusions can be drawn.
(1) The TG stress corrosion crack propagation in austenitic SSs

occurs by a discontinuous cleavage fracture.
FIGURE 7-Scanning electron photomicrograph of transgranu- (2) The load-pulsing method yields value for TG stress corrosion
lar stress corrosion fracture surface produced by slow-strain- cracking velocity, which is free from the complicating effects of
rate conditions at the strain rate of about 10-6 per second In grain boundaries.
magnesium chloride at 1540C. Crack-arrest marks that follow the (3) The overload pulse can trigger premature crack advance so that
contour of the fracture surface are clearly visible on the right; one-to-one correspondence between the CFMs and pulses may
the straight markings on the left are produced by slip steps. not break down even at At < At'.
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(4) The two fundamental parameters of TG stress corrosion crack-
ing, crack-advance distance (Ax*), and crack-arrest time (,It*)
can be accurately determined from the load-pulsing tests. The
crack jump distance measured as the spacing between CAMs '
from SSR tests is likely to be higher because of the severity of
the test.
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Fractography of Environmental Cracking of C-Mn Steels
in Anhydrous Methanol-Ammonia Environments

Z. Wenyue, R.C. Newman, and R.P.M. Procter*

Abstract
Cleavage-like transgranular stress corrosion cracking (SCC) occurs in iron or low-strength steels
exposed to anhydrous ammonia environments. The experimental difficulties associated with the use of
pressurized liquid ammonia can be avoided by dissolving ammonia in methanol at atmospheric
pressure; environmental variables such as oxygen, water, and carbon dioxide content have very similar
effects in ammonia and methanol-ammonia systems. Apart from the fracture appearance, the cracking
has none of the characteristics of hydrogen embrittlement.
The fractography of methanol-ammonia SCC has been studied using a C-Mn steel, heat treated to grow
the ferrite grain size to - 95 jim. The fracture surfaces are typical of transgranular SCC and exhibit a
characteristic river-pattern morphology. Crack advance occurs on a smoothly curved front across each
grain, and crosses many cleavage steps of different heights. Sets of striations visible on the surfaces
were identified as crack-arrest markings using detailed scanning electron fractography. In particular, the
striations were shown to be perpendicular to the local crack growth direction and to match on opposing
fracture surfaces.
The mechanism of SCC in this system is believed to be film-induced cleavage. The role of oxygen and
potential is to induce electrochemical oxidation of ammonia on the iron surface, producing a passive film
that does not contain oxygen; this has been speculated to be a nitride.

Introduction passive film is thought to be a nitride-like compound, "6 which
Stress corrosion cracking (SCC) of a ferritic-pearlitic C-Mn steel in accounts for the accelerating effect of nitrogen contamination of the
anhydrous methanol containing about 20 wtV ammonia was first environment. However, in solutions that contain additions of about
reported to have occurred in service in a large methylamine plant in 3000 ppm water, the passive film is oxygen based.
1978.' Since then, several studies of environmental cracking in this (5) Cracking is completely prevented by low levels of cathodic
alloy/environment system have been published? "5 The results of protection; no cracking occurs over the potential range -0.4 VscE to
these earlier studies may be briefly summarized as follows: - 1.2 VscE , which suggests that hydrogen embrittlement is not

(1) Environmental cracking of low-strength, ferritic-pearlitic C-Mn involved in the mechanism of cracking.
steels only occurs in methanol-ammonia solutions under free corro- (6) This view is strengthened by the facts that statically loaded
sion conditions if the environment is anhydrous and contaminated "tuning-fork" specimens will crack in methanol-ammonia environ-
with oxygen and carbon dioxide. The cracking is accelerated by the ments and that during slow-strain-rate tensile testing, cracking
presence of nitrogen as a contaminant but inhibited by the presence occurs as soon as the yield strength is exceeded.2 3 These results
of water. 2-3  are in marked contrast to hydrogen cracking of steels with very

(2) The role of oxygen in the environment Is to act as a cathodic similar microstructures and strength levels in synthetic seawater
reactant that raises the free corrosion potential of the steel from under various levels of cathodic protection. In this case, statically
active values (about -0.5 Vsce) in oxygen-free methanol-ammonia loaded specimens do not crack, and in slow-strain-rate tensile tests,
Into the passive region (about -.0.3 Vsce) in oxygen-contaminated cracking only occurs once necking has started and high triaxial
solution.2" However, the oxygen apparently plays no other essential stresses are present in the specimens.,'
role In the cracking mechanism, since identical cracking also occurs (7) The abc,ve observations appear to suggest that environmen-
in carbon-dioxide contaminated but oxygen-free methanol-ammonia tal cracking of C-Mn steels in contaminated, anhydrous methanol-
solutions if the potential of the steel is held potentiostatically within ammonia solutions occurs by a classic slip-dissolution mechanism;
the passive, cracking range." 5 however, the following two observations argue strongly against this

(3) It is probable that the role of carbon dioxide in the environ- conclusion.
ment Involves the formation of ammonium cafbamate (NH.C0 2NH.) (8) The rate of crack propagation is relatively high, typically of
This subsequently dissociates with the formation of NH, * ions, which the order of 5 x 10 mis 2-3 To sustain this growth rate by anodic
effectively lower the pH of the environment and increase the dissolution would require a crack-tip anodic current density of more
conductivity from 0.17 mS/cm to 1,1 mSIcm. 2

. than 10' A/m, which would be very difficult to sustain in a relatively
(4) Susceptibility to cracking appears to be critically dependent low-conductivity environment such as methanol-ammonia.

on the nature of the passive film. In anhydrous environments, the (9) The cracking generates a transgranular. cleavage-like
fractureZ 3 which would not normally be expected to result from
crs.cking by slip dissolution.

'Corrosion and Protection Centre, University of Manchester Institute In summary, therefore, neither hydrogen embrittlement nor slip
of Science and Technology, Manchester, UK, dissolution is consistent with, or can satisfactorily account for. the
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experimentally observed features and characteristics of cracking of opposing fracture surfaces. However, using these characteristics to
C-Mn steels in anhydrous methanol-ammonia On the other hand, all determine whether the striations observed in the present case were
aspects of the cracking phenomenology appear to be consistent with crack-arrest markings, which in turn would be evidence of discontin-
a film-induced cleavage mechanismf In an attempt to test this uous crack growth, or slip lines, required the use of heat-treated,
hypothesis, a detailed fractographic examination of relevant fracture coarse-grained steel to produce correspondingly large cleavage
surfaces was undertaken and is reported here. facets.

Experimental Procedure
The material used was basically a steel to British Standard 1501

containing 0.13% C and 0.89% Mn. In the as-received (cold-rolled)
condition, this steel had a fine, banded, ferritic-pearlitic microstruc-
ture and a yield strength of 360 MN/m 2 However, to facilitate the
detailed fractography, this material was vacuum heat treated as
follows to coarsen the grain size:

(1) Anneal at 1200'C for 1 h;
(2) Furnace cool from 12000 to 840°C;
(3) Cool from 8400 to 6$i0°C at 80C/h;
(4) Furnace cool from 640'C to room temperature.

This heat treatment resulted in a steel that had a yield strength of 215
MN/ m2 and a coarse ferritic-pearlitic microstructure with grain size of
about 95 gim.

Cylindrical tensile specimens (gauge length 16.0 mm and
gauge diameter 2.6 mm) of the as-received and heat-treated steel
were subjected to conventional slow-strain-rate tensile testing at a
crosshead speed of 35 x 10-5 mm/s under potential control in
anhydrous methanol-ammonia contaminated with nitrogen and car-
bon dioxide. Preparation of and slow-strain-rate testing in this
environment rfq..,e rather complex and specialized procedures that
have been described in detail elsewhere and will not be repeated
here 24 Briefly, the methanol-ammonia solution contained about 18
wt% NH3, less than 500 ppm H20, about 1000 ppm C02, and an N2
partial pressure of 6 psig, the tests were performod at a potential of

0 3 VscE, In addition to monotonic straining, load-pulsing experi-
ments were also undertaken, after Hahn and Pugh, 0 the magnitude r
of the load pulses was 4% of the ultimate tensile strength of the steel
and each pulse was completed in 2 to 3 s. After stress corrosion FIGURE 1-Mlcrograph of an as-received C-Mn steel specimen
testing in this environment, the fracture surfaces were subjected to a after fallure by SCC In methanol-ammonia; X22.
detailed fractographic examination using scanning electron micros-
copy.

Results and Discuss!on
After testing in air, both as received and heat-treated speco-

mens showed typical ductile cup and cone fractures and about 70%. ,0,'.,-
reduction in area, the fracture surfaces exhibited dimples character- " ., -"" ,-"

istic of fracture by microvoid nucleation, growth, and coalescence. -3,
Figure 1 shows an as-received specimen after slow-strain-rate ,4. - -

testing and failure by SCC in methanol-ammonia solution. The . f N '[ -V , I Z
reduction in area is reduced to about 40%. Figure 2 is a polished and r; o, - , - ; - ,
etched metallographic section through the gauge length of a similar , - . . , , ,
specimen well away from the fracture surface. Note multiple second- , . -
ary cracking along the gauge length well away from the primary , ------ ,
fracture, and the transgranular, relatively unbrinched crack morphol- , . , -

ogy. Figure 3(a) is a scanning electron micrograph of the stress ' - . " -- -il
corrosion fracture surface of a specimen similar to that shown in FIGURE 2-Polished and etched metallographlcsectlon through
Figure 1, note the characteristic brittle, cleavage morphology. At the gauge length of an as-received C-Mn steel specimen after
higher magnifications (Figure 3(b)], parallel bands are visible cross- failure by SCC In methanol-ammonia; X170 (original magnlflca-
ing the fracture surfaces; these correspond to the pearlite bands in tion).
the mlcrostructuro, as shown In Figure 2. Also visible are sets of
parallel striations on a number of the Individual cleavage facets. Figure 4 shows the matching opposing fracture surfaces of a
Apparently. similar striations have been reported on the transgranu heat-treated specimen after failure by stress corrosion cracking in
lar stress corrosion fracture surfaces of a brass in aqueous ammo- methanol-ammonia. Figure 5 is a higher magnification matching pair
niacal solutions" 12 and of -y-stalnless steel In hot, chloride-con- taken from the area arrowed in Figure 4. It is clear from Figure 5 first
taining environments 13.14 Fracture surface striations may be either that the striations are locally perpendicular to the cleavage steps
slip lines, which emerge from behind a moving crack tip, or (river markings), and second that there is precise, one-to-one
crack-arrest markings produced by plastic deformation during tern matchirg between striations on opposing fracture surfaces. Taken
porary crack arrest in the course of discontinuous crack propagation, together, these observations provide evidence that the stnations are
Crack-arrest markings, but not slip lines, are necessarily perpendic in fact .rack-arrest markings rather than merely slip tines. It is also
ular to the local crack growth direction and are matchable on clear frum Figures 4 and 5 that it is not only the striations that match
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on opposing fracture surfaces; the river patterns and other detailed continued one-to-one correspondence was observed. However,
features on the fracture surfaces also match precisely. These stereoscopic examination at higher magnification than Figure 6(b)
observations are clearly inconsistent with the slip-dissolution mech- showed that a flat cracking plane was maintained with pulse intervals
anism of crack propagation, but they are fully consistent with a of 7.0 s, whereas reduction of the pulse interval to 3.5 s resulted in
discontinuous mechanism of crack propagation involving repeated, a steep deviation from the flat cracking plane. The displacement of
film-induced cleavage. the crack tip therefore apparently occurs by a stretching (slip)
-k7 I,, IIprocess for pulse intervals of 3.5 s but continues as a cleavage

process on the main crack plane for pulse intervals of 7.0 s. This
Q4 result suggests that the characteristic arrest time between film-

induced cleavage events in C-Mn steels in methanol-ammonia
,0 environments may be between 3.5 s and 7.0 s.

fl '

FIGURE 4-Scanning electron mlcrographs showing the match-Ing opposing fracture surfaces of a heat-treated C-Mn steel

specimen after failure by SCC in methanol-ammonia; X310
&Z (original magnification).

+ it

FIGURE 3-Scanning electron micrograph o! the stress corro. FIGURE 5-Scanning electron micrographs showing the one-
sion fracture surface of an as-received C-Mn steel specimen to-one matching of striations and other features on opposing
after failure In methanol-ammonia; (a) X450 (original magnlflca- fracture surfaces of a heat-treated C-Mn steel specimen after
lion) and (b) X1300 Note the parallel bonds on the fracture failure by SCC In methanol-ammonia; X4000 (original magnifi-
surface, which correspond to the pearlito bands In the micro- cation).
structure and also the parallel sets of striations on Individual
cleavage facets. It is clear from the summary of earlier investigations presented

Figure 6(a) shows a relatively low-magnification micrograph of above that there are many similarities between cracking in anhydrous
the fracture surface of a specimen that was pulse loaded at intervals methanol-ammonia and the important engineering problem of stress
of 200 s, Figure 6(b) Is a higher magnification micrograph of a region corrosion cracking of steels in anhydrous ammonia.15,18 It therefore
when the load pulses were applied at intervals of 7.0 s or 3.5 s. seems reasonable to speculate that stress corrosion cracking in this
Instead of the complete loss of correspondence between pulses and alloylenvironment system may also be due to repeated micro-
crack-front markings below 15 s reported by Hahn and Pugh,' °  cleavage induced by a nitrogen-containing passive film.
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Conclusion
Parallel striations have been observed on the transgranular

stress corrosion fracture surfaces of a ferritic-pearlitic, C-Mn steel
after failure in anhydrous methanol-anmonia environments. Using
detailed scanning electron fractography, these striations have been
identified as crack-arrest markings, they are perpendicular to the
local crack growth direction and they exhibit precise, one-to-one
matching on opposing fracture surfaces. On the basis of this and
other published evidence, it is suggested that stress corrosion clack
propagation in the C-Mn steel/methanol-ammonia system is discon-
tinuous and occurs by repeated film-induced cleavage. The film
involved is thought to bo based on the Fe-N system.
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SECTION IX

Views of the Past, Present, and Future
Co-Chairmen's Introduction

R.P. Gangloff
University of Virginia

Charlottesville, Virginia, USA

M.B. Ives
McMaster University

Hamilton, Ontario, Canada

On the final morning of the conterenie. the topics changed from specific environmental _ .
cracking phenomena and mechanisms to important issues on information transfer and
application in performance predictions Discussion focused on fertile ground for future
research.

As the architect of the seminal Firminy conference and an international leader in - - t-
research and engineering on environmental fracture, R.W. Staehle was invited to assess the
state of the field. He framed his presentation with the new concept of situation-dependent
strength and the adage that a material should be presumed guilty of environmental fracture
sensitivity until it is proven otherwise. This approach emphasizes the fact that a myriad of
mechanical, metallurgical, and chemical variables affect environmental fracture strength.

While admittedly not breaking new mechanistic ground, this notion communicates to
design and materials selection engineers the effects of important variables through
computer represented plots of environment sensitive strength, In this way, those regimes in
which cracking is mitigated may be identified with minimum confusion to the user of such
information.

The success of deformation, fracture, and processing maps in materials science
indicates that Staehle s approach will have important technological impact. This view in no
way minimizes the importanie of continuing to search for mechanistic understanding of
environmental cracking. It is only wi:h such information in hand that we will be able to predict
quatitatively the effetts of impor'int variables, enabling extrapolations from the limited
databases provided by laboratory research. Indeed, situation dependent strength and
mechanistic laboratory studies are inextricably intertwined.

The second part of this session was devoted to a "wind-up" discussion by all
par ,pants Here, lively interchanges focused on gaps in understanding and on problems in
tlrans;atirig tM iebults t laboratory studies to engnuering appliations, Two conclusions were
obvious First. siynfiuant uncertainties remain and are wurthy of research. Many of these
problems eAteed our .urtent capabilities to measure and model. Second, the interfaces
between the laboratory and the application, the scientist and the practicing engineer, are 6 A
generally lraught with diffitulties, our field ,b no uxuepiou. The essenue of these discussions
is captured in the ensuing sections

Photos: M B. Ives



Understanding "Situation-Dependent Strength":
A Fundamental Objective

in Assessing the History of Stress Corrosion Cracking
R.W. Staehle*

Introduction design of the military cargo plane, the C5A, neglected what was
I undertook this review to determine what has been accomplished in known about the SCC of high-strength aluminum; the design of other
developing a quantitative and useful understanding of the science military equipment neglected what was known about the SCC of high-
and engineenng aspects of what is generally included !n the term, strength steels. Whether a similar pattern of disregard will apply as
"stress corrosion cracking" (SCC). new boundaries are pushed to the limit i,. within our hands to

By the term "quantitative," I intend a reasonably good scientific influence.
description of the effects of material, environment, stress, geometry, For me to assess progress in the scientific and engineering work
temperature, and time on the initiation and propagation of SCC for on SCC, it was necessary to define a framework within which to judge
systems of alloys and environments. By the term "useful," I am progress. For this framework, I chose six factors: material, environ-
concerned with the application of this quantitative understanding to ment, stress, geometry, temperature, and time. These are summa-
"design" as related to the design of components that can be rized in Figure 2. Thus, as I evaluated proposed theoretical propo-
expected to operate for their intended life avoiding failures by SCC. sitions from various investigators, I asked whether their theories
These ideas of "quantitative" and "useful" can be somewhat defined could explain the observed phenomenology of various metal-envi-
also by what has been done in science and in engineering, ronment systems with respect to dependencies upon material
respectively, to understand SCC. structure and chemistry; physical and chemical features of the

In general, I am taking the subject of SCC to include all of those environment, stress in its various time-dependent modes; geometry
phenomena in which the combination of stress, environment, and as it affects local chemistry; and stress intensification, temperature.
material interact to lower the load-carrying capacity below that in inert and time of exposure,

environments. Such phenomena are described by a range of terms It is not surprising that I could find no theoretical models that
such as anodic SCC, hydrogen embrittlement, liquid metal embrilt- provide quantitative rationalization of my six factors on an a pnon
lement. corrosion fatigue, environmentally affected cracking, and basis, although some impresive progress has been made, as I
many others. describe in the section :.n the scientific status.

Undertaking such a review at this time responds to several As I considerer, why so little progress had been made on
needs. First, the ranges of temperatures, times, and environments in developing quantitative models, I realized that we are still, to some
which commercial equipment must operate are expanding Second, extent, bound by misleading ideas of the past, including the following
there needs to be a more quantitative and relevant piudu..1 uf the Itj Materials have inherent strength. that designers .an use without
scientific studies of SCC. consideration of the rircumstances of operation of a component.

in the commercial arena, the length of time fur reliable perfor t2) SCC failures are premature rather than an expected part of the
mance has been greatly extended by the need to store radioactive performance of materials in environments.
waste for timos in the range of 1000 to 10,000 years. Maximum k3) SCC is caused by "specific ions" rather then being a regular
temperatures for a now classof materials have been increased by the tespunse to changes in the chemical continuum to which a
program to develop a hypersonic plane. The envelope of long time material is exposed.
and intermediate tompuratures has been in.reased oy Ino need to k4j A material may be "susceptible" or "not susceptible" to SCC
extend the life ot nuclear power plants. Reliable perfurmance of iathei than the intensity" of SCC varying over an environmental
loaded structures for several hundred years are required for civil continuum.
engineering. The size domain in cumputing and cummunications t5) There is a si'gle universal mechanism of SCC rather than a
nardware has decreased to micius.upi. and virtually atvm . dimen inultipliiity uf microprocsses by which the inherent reactivity of
sions. Finally, new environmental conditions are becoming important, materials leads to deterioration.
including bactericides, chemical processing fluids, bacteria, and 01 course, another reason for the lack of achieving the desired
gaseous hydrogen These expanded domains of temperature and quantitative progress is tho inherent complexity of SCC and the need
time are illustrated in Figure 1. for a number of disciplines to participate in develr'niing useful

As these boundaries of temperature, time, and geometry are theories.
being extended, it does not appear that the understanding of SCC The phenomenon of SCC is inherently related to the design and
has kept up. One has only to look at the nuclear industry that failed pertormance of engineenig components and systems. However,
to use well-established existing information with the result of exten
sive SCC over the 1970s and 1980s In the previous decade, the

applications for SCC in machining of materials and possibly in
understanding earthquakes. Removal of snow, via weakening the
ice, is another application. In this review, I am primarily concerned

'Department of Chemical Engineering and Material Science, Univei- with SCC as it relates to the performance of engineering components

sity of Minnesota, Minneapolis, MN 55455. and systems, and I have not considered these other applications.
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Further, I have confined this review to the performance of metals, and In preparing the figures for this review, I intended to integrate
I have not included other solids such as polymers, ceramics, or ice, many of the ideas that have been developed by many different
for which many of the ideas here can be directly applied, authors. I have taken some liberties with the original graphics in order

Since considering SCC relative to design is a primary concern to show how the respective data answer questions or fit patterns.
of this review, I need to identify what kinds of questions the materials Also, I have omitted some information.
community must answer for the data to be useful in design. In
addition to assessing progress in terms of the six factors of Figure 2,
I also assess progress relative to what the materials community
should furnish to the design community. Such information is at least
the following: Situation-Dependent Strength
(1) Means of organizing a performance envelope for components and the Intensity of SCC

and systems in the framework of strength of materials that is
situation dependent. Approach

(2) Means of specifying the strength available for design under the In the introduction, I identified my intention to develop a set of
conditions identified in Figure 2. criteria by which I could judge progress in the development of models

(3) Means to interpolate and extrapolate from existing information to for SCC. I identified in Figure 2 six factors that I planned to include
specifically defined design conditions, in such a ranking process.

(4) Definition of environmental features that influence SCC. As I attempted to use these factors for assessing the progress
(5) Means by which SCC can be incorporated into codes. of developing models of SCC, I realized that I was being too severe

These needs suggest that a more regular framework is required both of a critic. None of the theoretical models for SCC provides more than
for communicating and for organizing data. a qualitative description of critical dependencies, although many of

To develop this more orderly framework for describing SCC, a these models provide insightful bases for thinking. The fact that none
new means of thinking and of organizing data is required instead of of these models provides the hoped-for quantitative description of the
the present, which is mostly "bits and pieces." This does not imply the six factors in Figure 2 does not diminish the importance and creative
need for a unified model of stress corrosion; rather, it implies the need accomplishments of the modeling work.
for a flexible but orderly framework Further, one feature of such a However, in developing these six factors for assessing progress,
framework should be that it not be so "on and off," as implied by it became clear that these factors are, in fact, the coordinates for the
terms such as "susceptibility" and "specific ions," but rather a orderly arrangement of data of SOC. Thus, the factors of Figure 2 are
continuum of "intensity" of SCC over some coordinates of indepen- the independent variables, and the dependent variable or result is the
dent variables such as the factors of Figure 2. Such an approach is "intensity" of SCC. This "intensity" of SOC may be some combination
discussed in the section "Engineering Status." of crack velocity, initiation time, the time-dependent endurance limit

Such a more orderly framework should provide an improved (K,.) or a similar parameter. Figure 3 shows the schematic
capability for extrapolating and interpolating from existing data to new relationship between the independent variables from Figure 2 and
and untested circumstances Further, such an orderly framework the intensity of SCC, which is the dependent variable of Figure 3.
should provide bases for predicting very long time behavior of the The most profound implication of the dependence of SCC
type defined in Figure 1. "intensity" upon the six factors of Figure 2, as shown in Figure 3, is

There are other reasons for needing a more orderly framework that the strength of materials depends totally upon their situation.
for organizing data on SCC One is to increase the comparability of Unlike thermodynamics, strength is a "situation-dependent" quantity.
results from experimental programs The comparability of data for In the past, this was partially acknowledged by noting that strength
slow-straining experiments and reverse U-bend is questionable, the properties are "history dependent", i.e., strength depends on every
data taken under open-circuit conditions often does not specify previous step in fabrication. In this review, the "history dependence"
oxygen and pH. applies only to the metallurgical factor of Figure 2. There are five

Building a database that is self-consistent, orderly, and uses other factors that define the "situation." Thus, the strength of an alloy
comparable approaches would advance both scientific and engineer- cannot be defined except as it is defined in the total six-factor
ing progress. An example of an orderly framework for organizing data situation in which it operates.
is the various heat transfer and flow correlations used in chemical Since Figure 3 implies that strength depends upon the situation
engineering Here, many different experimentalists can obtain data in which the material finds itself, one might say that the strength is
that can be integrated into a coherent, if somewhat scattered, sot. "situation dependent." The capacity of a material to handle loads is

Another reason for developing a more orderly framework is to its "situation-dependent strength" (SDS).
link theory and experiment Present theories speak only to a very Figure 4 illustrates the relationship among SCC, SDS, and
small part of any of the continua to which they might apply. As the strength as determined in inert environments. SDS is what is left from
scientific workers seek to test their hypotheses, a more orderly the inert environment strength after being altered by SOC. SCC is
picture of the phenomeniological continuum would define a better one of the most important processes by which strength is degraded.
target With such a framework, the interaction between theory and There is some question as to whether the inert environment strength
phesiomenology could become more productive. is even a legitimate reference since it sets such a misleading

To assess the state of SCC in this review, I first define the standard. For now, it is useful to relate this review to existing
criteria for my assessment. Next, I discuss historical landmarks and information.
the steps by which improved understanding has developed. This This implication of SDS is important relative to the presentation
includes a description of the state of affairs as of about the year 1955, of materials properties in handbooks. So far as I am aware, there are
which I use as a starting point From this starting point, I identify the no caveats in handbooks that the properties, as listed, apply only to
events that caused a change in thinking; I describe the steps by which inert and dry environments.
the various communities contributed to the changes. Next, I examine The discussion in this review considers only one mode of
the status of scientific and engineering work The latter section on the corrosion. SCC. Many features of the discussions in this review can
status of engineering work is the longest of this review because I be applied to other modes of corrosion such as general corrosion,
cummarize the important features of what I consider to be useful pitting, intergranular corrosion, and parting. Such an approach would
ideas. be important in the comprehensive assessment of a major commer-

In the next-to-last section, I have a short section on what needs cial component.
to be done Finally, I include a bibliography with the topics arranged In this section, I define each of the factors of SDS as applied to
to be useful to the reader. metals.
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FIGURE 2-Six factors for assessing scientific and engineering SCC, and strength as determined In Inert environments. SCC

p Deceain criticl sreduces the effecve strength from the strength determined InprogessIn CC.Inert environments to the residual useful strength: the "situation-

Intensity of depnen t strength."
Stress Corrosion Cracking In this review, I place emphasis upon the dependent variable for

* Increasing crack velocity SS beig "intensity" rather than the term "susceptibility." The term
SDecreasing threshold "intensity" relates to such already well-established measured quar-
stress tites as crack velocity, initiation time, Kscc crack growth rate, and
Decreastng critical stress the timedependent endurance limit The reason for using the termIntensity "intensity" of SCC is to emphasize that SCC is not an erratic or

variablessasndetned InoFigurer3

episodic quantity as implied by the term "susceptibility." By using the
term "intensity," I intend to imply that SCC varies more or less

"lime regularly according to reasonable expectations based on physical
. j law. Thus, topologically, reasonable contours would be expected for~~~~~~Material the independent variable of intensity as a function of the independent, aibe sdfndi iue3

The use of the concept of intensity and the regularity implied

also suggests that accounting for SCC in design can be performed on

Temperature a more rational basis. It may be necessary, for example, to use a
material in which the intensity of SCC is significant if the residual

Environment stress is high but is not significant when these stresses are relieved.
It is not uncommon also to use designs In which SCC can occur but
where the intensity is so low that further progress of SCC can be

Geometry monitored in subsequent inspections.
Stress I suggest that the term "susceptibility" should be eliminated

FIGURE 3-Schematic view of the Independent variables that from the vernacular of materials science and design in reference to
affect the dependent variable, the Intensity of SCC. The depen- SCC.
dent variable of Intensity may be expressed as several different My intentions in defining these factors of SDS are the following:
quantities depending upon whether the surfaces are smooth or First, I *ant to identify for those who undertake mechanistic work
Initially defective. what has to be explained and what dependencies have to be
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accounted for; further, these factors are useful for those who are Material Factor of SDS
assessing progress of mechanistic work. Cecond, these six factors
are the coordinates of the independent variables that determine the
intensity of SCC. Such a pattern is illustrated schematically in Figure Chemical composition of alloy
3. Third, these factors provide a "check-off list" for designers who
engineer with materials. Such a check-off list provides a framework •Structure
for decision making; it also provides a framework for minimizing SCC. . Grain boundary composition

The actual use of these independent variables will inevitably Surface condition
take the form of correlation equations where the multidimensionality
may be more accessible. However, I show in the section "Engi-
neering Status" that smaller sets of these factors can be used in
graphical presentations where, for example, the "intensity" of SCOC s FIGURE 5-Principal features of the materials factor of situation-
shown in Figure 73 to depend on pH and potential for the alloy dependent strength.
(Inconel t 600) at a given temperature and heat treatment.

Grain
Boundary

The material factor of SDS Grain Matrix I Grain MatrixThe~~~~~ ~ maeilfcoro1D < -)1-.-- ENRICHtMENI"OF
The principal features of the "material" factor are identified in 10 .4 ALLOY (Option 2)

Figure 5. Transgranular SCC is determined primarily by composition I fjt -
and structure. ----F

0- DENUDATION OF
For intergranular SOC, the composition of the grain boundaries Q. 10 ALLOY (Option.3)

is an additional critical factor. Figure 6 illustrates possible distribu- ENRICHMENT OF
tions of chemical species at grain boundaries in the case of (a) < i IUNITY (Optonl)
adsorption at the grain boundary and (b) precipitates. The distribution 2 10I I

of species in Figure 6(a) covers only a few atom distances or in the 1 -
range of a nanometer. The distribution of species in the case of DENUOATION OF104" -J- IMPURITY (Option.4)

precipitates shown in Figure 6(b) includes a larger range covertng
micrometers. 1 --- "

The numerous avenues by which the structure and composition 7 1
of grain boundaries influence SCC at the grain boundaries are ) 10 40 2.0 0 20 40
illustrated in Figure 7. The details of each of these are not discussed Distance from Grain Boundary (nm)

here; however, Figure 7 indicates there are many avenues by which a
SCC can proceed depending on the six factors of SDS in Figure 2. Grain
This multiplicity of avenues for intergranular SCC suggests that the Boundary
propagation of any intergranular SCC could easily depend on several Grain Matrix I Grain Matrix

different atomic processes acting simultaneously,.
It is shown in the section "Engineering Status" that every 102- 1 N P -ASE

material will sustain SCC in every condition of heat treatment. I FORMATION or
However, the intensity of SCC for a given heat treatment in a given E SOLUTE PHASE AT GRAINo DEPLETED BOUNDARY (Opion,5)

environment may be negligible. N to ZONE

The environment factor of SDS C10 IMPURIT
Much of the description of environments relative to SCC has REJECTED

involved the terms "specific ions" or "cracking environments." This ,MN (Opto 61

approach. while in the past well meaning, is misleading. Virtually all t I
environments to which metals are exposed will produce SCC of some U 2 1 0 i 3
intensity under some circumstances, with changes in such variables Dislance horn Grain Boundary (fim)
as pH and potential for aqueous environments and vapor pressure for b
gaseous environments. FIGURE 6-Distribution of chemical species at grain boundaries

Important features of the environment factor of SDS are for the case of adsorption (a) and precipitate formation (b).
summarized in Figure 8 Each of the features of Figure 8 is a special Various options for distributions of species are Identified.
circumstance to which a metal may be exposed and that may provide
important conditions affecting the intensity of SCC. The features of I have distinguished the "chemical definition" and "circum-
Figure 8 are more indicative than inclusive, for nonmetals, other stance" in Figure 8 also because it serves to identify features
ziatures may be important, important to both scierce and engineering. Scientific studies are

In Figure 8. I have distinguished the "chemical definition" from mostly interested in the former while engineering is interested in both.
the "circumstance." The chemical definition is concerned with the This differentiation is also a pattern I use for several of these SDS
chemical situation that the environment brings to the surface of a factors
metal and its chemistry. Since SCC at the surface Is largely a An important point of view implicit in the environmental factor of
chemical process, this chemical definition is the central environmen- SDS as portrayed In Figure 8 is the dilference between nominal and
tal consideration However, the physical circumstances that bring the non-nominal environments. Generally, when components are de-
environment to the metal surface greatly affe(,t the outcome from an signed they are designed for some nominal environment specified
engineering point of view. For example, such processes as wetting by the application Often the testing for compatibility emphasizes only
and drying, build-up of surface deposits, and flow greatly affect the the nominal environment, although sometimes with minor vanations.
chemistry at the surface. However, if this same concentrated However more important are the non-nominal conditions, which are
chemistry were placed next to the surface in a more controlled also included in Figure 8. Thus, crevices, deposits, wetting and
manner, as one might develop by wetting and drying, the same result drying, and thin moisture layers often provide more aggressive
would be obtained. conditions. On the other hand, many of the nominal environments are

often aggressive but are not perceived as such. A good example is
tTrade name. the effect of pure water on the SCC of Inconel 600.
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FIGURE 7-Different processes by which grain boundaries could lead to SCC.

Environmental Factor of SDS design and materials disciplines. Often, the response of a metal to
SCC is reasonably well defined, what is not defined is a non-nominal
but readily achievable environmental situation that coincides with a

Chemical Definition known vulnerability of the material.
Type
Chemistry The stress factor of SDS
Concentration Key features of the stress factor are identified in Figure 9. In this
Phase figure. I distinguish two ideas: first, the definition of stress, and
Conductivity second, the circumstances of stress. For example, the effect of stress

Circumstance on the intensity of SCC is independent of the origin of stress.

Velocity However, residual stresses and stresses from corrosion product

Thin layer In equilibrium expansion are important in assessing the life of components.

with relative humidity
Wetting and drying Stress Factor of SOS
Heat transfer boiling
Wear and fretting
Deposits Stress Doflniltion

Mean stress
Maximum stress

FIGURE 8-Principal features of the environmental factor of Minimum stress
situation-dependent strength. Chemical definition Is dIstIn- Constant load I constant strain
gulshed from circumstances that affect chemistry at the metal Strain rate
surface. Plane stress / plane strain

Modes I, II, Ill
Blaxial
Cyclic frequency

There are more details that apply to each of the features in the Wave shape
environment factor. For example, such features as pH and potential Sources of Stress
greatly influence SCC in aqueous solutions and would belong to the
feature "chemistry." Also, pH and potential are important to thin Intentionally applied
moisture layers because their composition is affected by the solution Residual
of atmospheric gases. Reaction products

This factor of environment merits more attention that I give it Thermal cycling
here. However, the purpose of this section is to identify key features I
of the SDS factors and describe their significance rather than to
explore tl :.n. More thorough consideration of this environment factor FIGURE 9-Principal features of the stress factor of situation-
awaits a definitive text. I believe that the problem of defining dependent strength. Features defining the stress as well as
euwifrlny onviiunmerl5 ,bio o.f thu Ul .r~uptuud d1 1 Irk Mhe those that produce Important circumstances are Identified.
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In the early years of considering SCC, it was common to The temperature factor of SDS
distinguish between SCC and corrosion fatigue. It is now clear that Temperature is generally a standard factor to include in any
there is a continuum between these phenomena; however, the lack consideration of fundamental chemical and physical processes. It is
of an obvious analytic relationship between SCC and corrosion thus appropriate to include here. However, temperature affects the
fatigue in many metal-environment systems may mean that the full individual processes identified by the SDS factors in different ways.
range of paths connecting the two phenomena has not been defined For example, the temperature dependence of creep strain at a crack
nor explored. tip differs from the effect of temperature on chemical reaction rates

There are bases for distinguishing between corrosion fatigue at associated with film formation or with the diffusion of hydrogen inside
high cyclic frequencies and at low cyclic frequencies, since the crack a metal. Thus, while a given correlation equation for SCO intensity
growth rate (Aa/An) is well known to increase in some environments may depend on temperature, such a temperature dependence may
as the cyclic frequency is reduced to the range of 1 Hz. This pattern not have a temperature-independent activation energy.
is the basis for poor predictions based only on high cycle fatigue. This Features of the temperature factor of SDS are identified in
pattern leads some to conclude that accelerated crack growth at high Figure 11.
cyclic frequencies is different from what occurs at low cyclic
frequencies. The lack of consistency between what happens at high Temperature Factor of SDS
cyclic frequencies and low cyclic frequencies may simply indicate the
lack of an appropriate continuum for analysis.

It is also known that small cyclic ripples superimposed on a • At metal surface exposed
constant stress greatly increase the SCC intensity beyond any to environment
prediction based on usual interaction of the mean stress and R value. change with time
Such an apparent discontinuity results from an inadequate definition
of continuum of environment and stress. -----_--

FIGURE 11-Principal features of the temperature factor of

The geometry factor of SDS situation-dependent strength.

Important features of the geometry factor of SOS are illustrated Since physical processes generally increase in intensity as the
in Figure 10. The geometry factor is more of an engineering temperature increases, it is tempting to ascribe the same pattern to
consideration than a scientific one, and I was originally uncertain as SCC. However, SCC in most metal groups occurs readily at room
to whether or not it should be a part of the SDS factors. temperature and below with sufficient rapidity to be considered in

Generally, the features of the geometry factor will not find their design.
way directly into any correlation equations or a topological depen- Temperature is also a trade-off with other factors. For example,
dences; however, as with the consideration of residual stresses in in the SCC of nonsensitized stainless steels, temperatures in excess
Figure 9 for the stress factor, such features as galvanic effects are not of 100C are usually required for SOC in neutral chloride solutions.
only important, they may determine entirely the intensity of SCC. On However, when the pH becomes more acidic, the temperature at
the other hand, any galvanic effect may be understood fundamentally which SCC becomes significant is reduced to room temperature and
in terms of an electrochemical potential on the surface, independent below.2
of how the potential was produced. The temperature of interest to SCC is the temperature of the

metal surface exposed to an environment as opposed to the bulk
Geometry Factor of SDS temperature of the environment. Such a provision is especially

important in considering the performance of heat-transfer surfaces
where deposits accumulate or where the flow of the cooling medium

Discontinuities which Intensify stress is inhomogeneous.
Electrical connections give galvanic

potentials
Chemical crevices The time factor of SOS
•Gravitationally Induced50senling ofsolids to lower level To some extent, time is a dependent variable in the sense of

stdso teowerlel with"time-to-failure" or "initiation time." In this sense, it is part of the
Restricted geometries with associated separate consideration of the dependent variable, "intensity," in the

heal transfer leading to concentrationinrdcontthseto.

•Horizontal (upper/ lower) or verticalinrdcontths eto.
orientation Time as an independent variable relates primarily to lactors that

may change with time to affect the Intensity of SCC. For example,
with increasing time, deposits on metal surfaces build up and change
surface stresses, electronic conductivity, and surface chemistry,

FIGURE 10-Principal features of the geometry factor of situation- Important features of this factor of SCC are summarized in Figure 12.
dependent strength. As a layer of reaction products builds up on the surface, as, for

example, in aqueous environments, the potential of the surface may
The fact that galvanic effects can be decisive identifies the change to move into a region where the SCC intensity increases or

necessity for the designers to determine the existence of possible decreases. Changes in surface deposits with time will also influence
galvanic couples, galvanic processes.

The importance of Intensifying stress by sharp geometries Is Over the extended times suggested in Figure 1, the structure
mori Important to the stress factor. However, identifying such and local composition of the metal may change. One such change is
geometries and avoiding them Is important enough to consider "in situ sensitization," which is of interest to stainless steels. Also,
explicitly. Further, such geometries Interact with other processes that grain-boundary chemistry sensitive to movements of atoms over a
influence the Intensity of SCC. For example, tight geometries few nanometers would be affected by long exposure times.
produce occluded regions where the environmental chemistry may Another kind of change with time Is the development of surface
differ greatly from the nominal bulk environments. Corrosion products defects that, at some point, reach a critical size for SCC crack growth.
accumulate In tight geometries and produce stress. Also, tight Such defects are produced in turbine blades by erosion and in
geometries sometimes Involve materials of sufficiently different high-strength steels by pitting. Here, the SCC will not initiate until a
chem stry that local galvanic processes operate. defect of the requisite size is reached and Kiscc is exceeded,
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Time Factor of SDS three sections, taken together, constitute the history. They also
provide context for understanding the present scientific and engi-
neering status of SCC. Finally, these three sections demonstrate first

* Change In grain boundary chemistry that a greatly improved framework is needed, and second that one is
• Change In structure possible as identified in the section "Engineering Status."
* Change In surface deposits - chemistry,

heat transfer resistance 40
• Development of surface defects - pitting,

erosion 3 1956 Electrochemical Society
* Development of occluded geometries w 30

* Relaxation of stress
20

FIGURE 12-Principal features of the time factor of situation- r 1944 ASTM-AIME
dependent strength. "S 10

A still different time dependence is associated with the formation 0
of occluded geometries. Here, an initially narrow but adequate Z 1910 1920 1930 1940 1950 1960
dimension would permit adequate communication between a poten- Year of Reference
tially occluded geometry and the bulk environment. Later, such a
narrow region may become filled with deposits or corrosion products a
and then become occluded to the extent that the local chemistry will
differ greatly from the bulk. 100,000

Initially clean surfaces are changed by the formation of deposits.
Such deposits are often related to gravity effects where particles
collect at the bottom of storage vessels and sometimes produce
layers many inches thick. Such deposits may also form in regions of
low flow in piping. In any case, these deposits may alter electro- 1 F n- 1973 Firminy Plus
chemical and chemical conditions on the surface sufficient to change 2 Aluminum and
the intensity of SCC. .2 10.000 Titanium Reviews

Time is important also with respect to the cyclic rates of E
temperature and stress changes. These cyclic processes are gen- 0 1967

erally included in the stress factor. Ohio
= StateE State

Starting Point for Assessing Progress:
Approximately 1955 _ 1956

It would not be useful to conduct a detailed assessment of the :3 1000 Electro -chemical
entire historical literature, since my primary purpose was to assess Society
the scientific and engineering status of SCC. However, it is useful to < 1ST ciety

ASTM -view today's status relative to some reference in order to rationalize AIME
the present understandings. Therefore, I decided to take "approxl-

mately 1955" as the starting point. Taking "approximately 1955" as
a starting point also provides a useful foil for developing a more
orderly description of SCC. 1001

Using 1955 as a starting point seemed reasonable since there 1940 1950 1960 1970 1980 1990
was a literature of several hundred Important papers at the time Year of Symposium
covering a range of alloys and scientific and engineering studies.
There are some liberties I take with 1955 as the starting point in terms b
of wheil rI .ude. Frum d putbunai puint ul view, 1955 is alo the time FIGURE 13-(a) Articles published on SCC vs time as deter-
when I started my M.S. program under M. Fontana at Ohio State. mined from the proceedings of 1944 and 1954 meetings.
Thus, this review is something of a personal chronicle. Adapted from Reference 3; (b) cumulative articles published

through 1973 based on the 1944 and 1954 data plus data fromTo identify the state of publications In 1955, Figure 13(a) shows 1967 Ohio State meeting and 1973 FIrmlny meeting, Including
a plot of published articles from the 1956 book edited by Robertson.' contemporary reviews on titanium and aluminum.
Here, the articles cited In beth the 1956 volume and In the 1944
AIME-ASTM volume are summarized.AIMEASTMvolue ae sumaried.Prior to 1955, the following quote from ScheilO seems to

To determine whether the predicted rate of publication from rior to 1955,ethenfollw o t f c se
Figure 13(a) continued, I counted the total number of publications
used as references in the 1967 Ohio State volume and the total Fortunately. the necessary corrosion conditions for SCC of the
number used as references in the 1974 Firminy volume, only on austenitic alloys are not too common and we believe that when
iron-base alloys, together with two reviews on titanium and alum- those conditions do occur, an alloy can be selected to prolong
num. 4 '? The results are plotte in Figure 13(b), which shows the the life of the equipment or an inhibitor may be added to the
cumulative number of articles published by a given year and suggest process to protect the stainless surfaces.
that 53,000 articles on all of SCC would have been published by By 1955, some significant events had occurred. In 1945, ASTM
1988, the year of the Kohler conference. published proceedings of the first major conference held In 1944 on

After i define the state ul affairs in 1955, in the next section, SCC where most of the major alloy systems were discussed e Later.
Events that Stimul,. Change, I identify impurtant events that in 1962, Smialowsk published his book, Hydrogen in Steels." ° The

indiatea a need fou greatly impruviny .jut understanding of SCC. landmark article by Troiano on delayed failure was published as his
This is followed in the next section, 'Resp.Ii.,e, by the main 1959 Campbell Memorial Lecture fo. the American Society for
fhrstt ur1.w themes ,l the que.t fui impruved understanding. These Metals." By 1955. Fontana had classified SCC as one of the "Eight
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Forms of Corrosion,"" and discussions of 9 and 35 pages, respec- can react at low potentials to produce soluble species. Further, there
tively, were given in handbooks by Uhlig and Evans, respectively " is evidence that what was once thought to be SCC in pure water' is

I have identified below 16 ideas that seem to characterize the actually some type of hydrogen embrittlement2

understanding of SCC in "approximately 1955." Further, to differentiate SCC by anodic and hydrogen embritt-
Metals have inherent strength. As engineering materials, lement is simplistic, since there are so many atomic processes,

metals have predictable and controllable mechanical properties, besides these two, that have been shown to propagate SCC. Some
especially strength and toughness, that permit them to be used in a processes that clearly do not involve hydrogen also do not involve
wide variety of service applications and environments. SCC is dissolution in aqueous solution, the iodine SCC of zirconium alloys
relatively rare and can be avoided by proper selection of materials, and the chlorine SCC of high-strength steels are good examples." " I

The occurrence of SCC in various alloys was caused by On the other hand, to exclude hydrogen entry from participating in
specific ions. The reviews of SCC around 1955 usually described processes at external potentials above the hydrogen equilibrium is
SCC with a table showing the important alloy systems and the also under question.
specific ions or environments that "caused" SCC. 1

5 
6 Such tables An endurance limit describes the stress below which

usually noted, for example, that chlorides and caustics caused SCC failure will not occur. It was common to take data at different
In stainless steels, nitrates and caustics caused SCC in mild steels, stresses and determine a stress below which SCC would not occur.
and ammonia caused SCC in brasses. Such a stress below which SCC would not occur was analogous to

Certain alloys, crystal structures, and heat treatments were the endurance limit in fatigue. It is now clear that many such tests did
"susceptible" and others were not. It was thought, for example, not last long enough and that the stress below which SCC does not
that the bcc crystal structure was not susceptible to SCC in chloride occur after long times may be relatively low.
environments based on the data of Copson."' It was also thought that Constant-strain specimens. Most testing prior and during the
the high nickel alloy Inconel 600 was not susceptible to SCC based 1955 period used constant strain achieved either by 3- or 4-point
on the Copson work, despite suggestions to the contrary.'" loading or by a U-bend arrangement. Such testing was useful but not

Pure metals are resistant to SCC. It was widely thought that conservative. At high temperatures, such specimens tended to r_:x.
pure metals were resistant to SCC, a materials system, Alclad, " was At lower temperatures, such constant strain did not duplicate ..,u
developed based on that idea. This was an effective material since frequent load changes in engineering systems.
the very high-strength aluminum alloys in the core of the Alclad Constant-strait testing has now been largely replaced by
sandwich were so prone to SCC and the pure aluminum on the slow-strain-rate tests where serious experimental work is concerned,
outside was so resistant. However, it has yet tu be proven that pure although the constant-strain tests in the form of U-bends or "reverse
aluminum is resistant to SCG in the wide range of environments onte U-bends are sometimes used. An interesting comparison between
imagined, constant strain and constant load is seen in comparing Coriou's 1959

For many years, it was assumed that pule copper and pure liun and 1965 papers where the latter at constant load produced more
were resistant to SCC, although the possibility of intergranular SCG pronounced cracking and indications of the dependence of stress on
was allowed because of "impurities." Today, the transgranular SCC time-to-failure.20 28

of pure copper and iron is well established.' g  Constant-strain testing should not be used where any serious
Pure environments do not cause SCC. Similar to the as- dependencies need to be obtained Such testing might be useful to

sumptiun that pure metals are resistant to SCC was an assumption check out changes in industrial processes, but the results should be

that pure environments do not cause SCC. This assumption followed considered with caution.
frum the second idea in this series that specific ions were required to Smooth specimens. For many years, smooth specimens
cause SCC. This was later disproven by Coriou s work in 1959, which were the standard for SCC studies. In some cases, the specimens
showed that SCC of Inconel 600 could easily occur in pure water.' were notched for good measure, however, for the most part

SCC and corrosion fatigue are different. In Funtanids eight specimens weie smooth. Despite the present interest in precracked
forms of currusion, corrosion fatigue dnd SC. were differentiated." geometries, s'riooth geometries are not necessarily useless since it
Such a dilferentiation persisted until at least 1970, when the is the geometry of millions of square feet of heat exchanger tubing in
corrosion fatigue conference at Storrs2 attempted to find a contin- many industries.
uum between these phenomena. WNurK by Wei and others' " identified There were three deficiencies in using smooh specimens. First,
the fact that many phenomena called corrusion latigue were simply such specimens did not relate to the engineering situation for thick
the integial ul SCC taken over the tytfic stress pattern, On the other sections where surface defects were inevitable. Second, data from
nand, the work of Duquette and Uhlig pressed fur differentiation.' "  testing specimens with smooth surfaces tended to be widely scat-

It appears to me that, even in those currosion fatigue phenom- tered. Third, it was difficult to distinguish time to initiate SCC from the
ena where the fatigue strength is reduced by environments when time for it to propagate.
tested at high cyclic frequency but where the integral does not B.F. Brown at the Naval Research Laboratory urged that testing
correspund to SGC crack velocity, we are seeing an mcumplotely for SCC be done with precracked specimens so that the uncertainties
defined system. If the coordinates for the environment and stress in initiation could be minimized,
were extended, it is likely that what appear to be different phenumena It should be noted that testing with smooth surfaces is still
would become parts of the same continuum, important, since many applications, such as heat transfer tubing,

The major difference between corrosion fatigue data that ian be have wall dimensions that are too thin to qualify for the application of

intergrated into SCC and that cannot, seems mainly to be associated data from testing precracked specimens.
with effects observed at high cyclic frequencies. I believe that any "The" mechanism of 3CC. In the time range of 1955, there

discontinuities in the possible continua between SCC and turrosiun was a major effort to find "the" mechanism of SCC. This quest
latigue may be due more to inadequate conceptiuns ul the contin- produced strong words between the people who studied what they

uum. thought was hydrogen embrittlement and those who studied what
SCC and hydrogen embrittloment are different. Consider- they thought was anodic SCC. Furthermore, the search for "the

able efflrt was spent to differentiate SOC, Itrm hydrugen embrittle- mechanism" led to some interesting ideas that could not be related

ment wh the implication that the former was clearly an anodic to any predictive capability in the sense of the SDS coordinates

process. Such distinctions are now less clear. Further, it is not clear described in Figures 5 and 8 through 12.
that SCC at the low potentials is directly associated with hydrogen. The general idea that there was such a thing as "the mecha-
Species such as sulfur, phosphorus, and carbon at grain boundariu nism" led many investigators, who conducted quite useful engineer

ing studies, to conclude that their work supported one or the other of
the ranga of mechanistic ideas of the day. Unfortunately, there was

t rrade name. usually little real support for any of their conclusions concerning such
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mechanisms except the ones that summarized the trends of their pure water. His data compared with those of Copson are shown in
direct data. Figure 15(b). This comparison means that pure water can be more

Synergistic Interaction of stress, material, and environ- aggressive than the boiling MgCI2 solution. The explanation for such
merit. There was a time when I, as well as many others, character- an apparent anomaly is given in the section "Engineering Status"
ized SCC as a synergistic phenomenon. However, such a charac- Second, the idea that SCC would not occur in ferritic alloys was
terization suggests that there is something magical about SCC and shown to be incorrect by the work of Bond and Dundas 31 They
that the origins of the often great reduction in strength are surprising showed that the SCC structure for these alloys did not determine
and arcane. intensity of SCC; rather, the chemical composition primarily deter-

This term, synergy, as applied to the combined action of stress, mined SOC.
environment, and material, has not been useful. It needs to be While the lesson of erroneously assuming the severity of
replaced by a more orderly and accessible concept. Such ap- environments should have been apparent, it should be recognized
preaches are described in the section "Engineering Status." that such assumptions still need careful scrutinizing

Pitting is required for SCC. In 1955, engineers thought pitting
was a prerequisite for SCC; unfortunately, there are those who still Intergranular Corrosion
believe this. Those who have studied initiation processes have
shown that prior pitting is not required for many alloy-environment
systems and that SCC can initiate and propagate from an absolutely
smooth surface.

For example, it has been shown that the range of potential for
pitting is generally different from that for SCC.,,

There are some cases, generally for high-strength alloys, where
prior pits are required. When the local stress intensity associated with
such pits exceeds Kiscc, SCC can initiate.

"Classic" SCC could be defined. For some time in the M-1
mid-1950s, as well as the present, it has been common for people to
refer to "classic" SCC. I suppose that this means the transgranular
SCC of stainless steel. Such a term, used by both by experts and Intergranular Stress Corrosion Cracking
novices on occasion, is misleading. There is nothing "classic" about
any type of SCC.

The only reason that a particular type of SCC may be "classic"
is that extensive information has been published on it or that the
morphology of the SCC is particularly interesting as for the exten-
sively branched transgranular SCC of austenitic stainless steel
exposed to chloride environments.

The term classic is often used to distinguish what some think is
anodically controlled SCC from what others think is hydrogen
embrittlement. a

Intergranular corrosion and Intergranular SCC. It has been
customary to differentiate intergranular corrosion, or intergranular FIGURE 14-Schematic views of intergranular corrosion and
attack kIGA), as it is erroneously called in the nuclear industry, from Intergranular SCC. Adapted from Copson" and from Coriou, et
intergranular SCC. This distinction was generally made in the al.205

mid-1950s, as it is today, in terms of the former occurring through an
extensive network of corroded grain boundaries with much grain
dropping during specimen preparation, and the latter having a Events that Stimulated Change
relatively confined attack, as illustrated in Figure 14. In 1955, it was possible to engineer with some confidence with

While the morphological distinction is generally regarded as the phenomenon of SCC in a few metal-environment systems
useful, it is also misleading. For example, in the case of sensitized Certain guidelines were quite clear. The specific ion idea, while not
stainless steels, they sustain SCC in the neutral range of pH. fundamentally based and providing little basis for extrapolation and
However, the same materials in oxidizing acidic solutions undergo interpolation, furnished useful guidelines that could minimize failures
extensive intergranular corrosion. Thus, in both cases the metal is the and easure reliable operation.
same with the same heat treatment. Only the pH is changed. Thus, However, after 1955, failures by SCC in commercial equipment
distinguishing between intergranular corrosion and intergranular increased and occurred under circumstances that were not predicted
SCC may be more a matter of environmental delinition than of from the relatively simple framework of 1955. I have outlined below
material definition. 18 events that occurred after 1955 that required the 1955 view be

Assumption of severe environments. One of the most well- substantially changed. These events are generally in four categories
known experiments in the history of studies of SCC was that of First, new liquid environmental circumstances existed, including pure
Copson, where he determined the time-to-failure as a function of water, alcohol, anhydrous ammonia, and dinitrogen tetroxide Sec-
nickel concentration for Fe-Cr-Ni alloy exposed to boiling MgCl 2  end, there were new gaseous environments including hydrogen,
solutions'7 and reported the results in 1959. His results, shown in iodine, and chlorine. Third, there were new physical conditions of
Figure 15(a), showed that the worst composition was the most widely testing. Fourth, there were instances of SCC in commercial applica-
used industrial composition of stainless steel; these alloys would be tions that called for new insights,
largely immune to SCC above 50% of nickel, and that ferritic alloys SCC of Inconel 600 In pure water. In 1959, Coriou2° pub-
would not sustain SCC, His results were subsequently repeated lished a paper describing the SCC of Incone 600 in pure water He
numerous times by others,?0  found that the SCC required 90 to 120 days and progressed slowly.

When one considers the boiling MgCI 2 environment with its pH This finding caused great controversy partly because of vested
in the range of 2 to 4 and the high concentration of chloride, it is hard interests in high-nickel alloys used for steam generator tubes in the
to imagine that any other environment can be more severe. However, nuclear industry and partly because the then existing wisdom was
the work of Copson proved to be misleading on several counts. First, based on iie 1959 results of Copson in boiling MgCl2, shown in
the work of Conou on Inconel first published in 1959 showed that Figure 15(a), which showed that higher nickel alloys would not
Inconel 600 (77% nickel) would indeed sustain SCC but in absolutely sustain SCC.

EICM Proceedings 569



1000 - < x ,1 6 6 6 , The quality and importance of Coriou's results were so well

Cracking 0 0 established that they provided the basis for the use of Incoloyt 800
o00

o (o for steam generator tubing in German pressurized water nuclear
CPO 2 reactors.32 This alloy exhibited less intensity of SCC in the chloride

environments and no SCC in tne pure water environments, aso 8 0 determined by Coriou.

C. 100 0 lntergranular SCC of nonsensitized stainless steel In pure
water. In a program to assess the maximum thermal output of

E nuclear fuel in tubular geometries, General Electric conducted a
I.- 9 9series of experiments during the early 1960s using stainless steel

2 tubes containing uranium dioxide that received high burn-up expo-0 No cracking sure. These specimens sustained extensive intergranular SCC wheno0

10 eo exposed to boiling water reactor (BWR) water•33 These results were
8 x Indicates particularly surprising because the stainless steel was not initially

commercial wire. sensitized and because the SCC was so extensive.
6 Dd not crack These results prompted a major study of SCC in Fe-Cr-Ni alloys
in 30 days by General Electric and included work to define the composition and

20 reactivity of grain boundaries in these alloys. Much of this work is
1 ),_J Isummarized in the reviews by Cowan and Tedmon,34 Cowan and

0 20 40 60 80 Gordon 35 and Armijo and coworkers.3

Nickel (%) These results were significant in that they called attention to the
role of compositionally changed grain boundaries that lid not relatea to effects of sensitization. The composite of grain boundaries and
their relationship to corrosion had been analyzed previously in a
review by Aust, et al•37

SCC of sensitized stainless steels. While the nature of
sensitizing and the associated intergranular corrosion of stainless

Transgranular Intergranular steels in oxidizing environments was well defined in 1933 by Bain and
Aborn,38 a number of SCC failures of piping in nuclear plants
occurred in sensitized stainless steels in the 1960s. This sensitization

Pureor was produced either by welding or by furnace heat-treatmentI~Chlorinated chloinated

o water water processing.
- The rate of such failures increased substantially in the 1970s as

more plants were built and started to operate.3 9 These SCC failures
a occurred in BWRs manufactured in the United States. The sensitized

stainless steel piping in such plants was pprticularly at risk because
of the oxidizing conditions resulting from the oxygen produced from
the radiolytic action of the radiations in the nuclear plant. ThePue progress of SCC in the U.S. BWR plants was summarized first in a

Water General Electric publication in 1975; Figure 16 shows the occurrence
of SCC in various SWR nuclear plants over tlime. As SCC progressed

10 77 in these nuclear plants, additional articles chronicled the progress.
%Ni Figure 17 summarizes incidents of additional SCC after the 1975

b summary. 0

This pattern of proliferation of SCC in sensitized stainless steel

FIGURE 15-Effect of nickel on the SCC of Fe-Cr-base alloys as piping was arrested by changing the alloy to type 316L (UNS

determined In (a) boiling MgCI2 and (b) pure water environ- S31603) and by applying residual compressive stresses to the inside
ments. Adapted from Copson" and from Corlou, et al. 05  surface of pipes." '1

The potential for SCC with the sensitized stainless steel in
oxidizing environments caused manufacturers of similar boiling water
nuclear systems early to switch to low carbon or stabilized grades of

Totsuka and Smlalowska25 would later show that pure water stainless steel in Sweden and Germany, respectively. Such an action
can be just as severe as boiling MgCl 2 when the electrochemical was not taken In the United States until later. The interesting question
potential is lowered below the one atmosphere hydrogen equilibrium, here Is why the combined existence of sensitization and oxidizing

Main early criticisms of Conou's work related to the possibility of conditions did not alert one company while others understood such
contamination, galvanic effects, and specimen preparation: such implications and acted accordingly.
questions were reasonable except that, had his work produced more SCC of carbon steel In H2OICOICO 2 . During the late 1960s,
conventional results, there would have been less resistance. observations In both Japan and the UK indicated that transgranular

It was not until 196528 that his findings were unequivocally SCC could occur In carbon steel in gaseous environments containing
established. His 1965 experiments used constant load, rather than critical ranges of combinations of H20, CO, and CO2 .These results
the constant strain of the 1959 experiments, and the resulting failure and others were reviewed by Brown, et al.,45 and by Kowaka and
time was 90 days. Nagata."

Coriou's findings were important because they established the These results were interesting because carbon steel had
fact that SCC would occur in pure water and that no specific Ions previously been observed to sustain SCC only intergranularly and
were required. These results were further significant because Inconel because this environment differed greatly from the nitrate and caustic
600 had been shown to be so resistant to SCC by the previous testing one In which intergranular SCC had been well established. Further,
in the apparently more severe boiling MgCI2. These results were it was sufficient that the environment be gaseous rather than
even more important because the SCC of Inconel 600 occurred in single-phase liquid.
completely deoxygenated water as opposed to work in chlorides,
where it was thought that some oxidizing capacity was required for
SCC to occur. tTrade name.
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MODEL PLANT 195-'58 '59-*60 '61.'62 163-'64 '65-'66 '67-68 '69-70 '71-72 73-74 "75

o EXPERIMENTALBWR.
0 VALLECITOS BWR ... .................................

1 DRESDEN1 ....... 4.- -- 4 14- -

1 KAHL ....... .........- -

1 BIG ROCK POINT 1 .................. -

0 ELK RIVER ....... .................................

1 HUMBOLDTBAY 3 ....... ............ . - -

I JPDR ....... ............ ....... ...

1 GARIGLIANO .. ............ 

1 KRB.. . . .. . . . . . . .

0 LACROSSE.........................................
L LINGEN.. . . .. . . . . . . . . . . . . .

1 GKN ....... ............ ..... ..... .....

I TARAPUR1 .........................................- -

I TARAPUR 2 ....... ............ ..... ..... .....

2 OYSTER CREEK 1 ................................... ......

2 NINE MILE POINT I ....... ................. .............
2 TSURUGA ....... ............ ..... . .... ..........

3 DRESDEN 2 .. . . ... I .. .. . .. . .. . . .. . .

3 FUKUSHIMA I .. . . . . . . . . . . . . . . . . . . .

3 MILLSTONE POINT I......................................... *-
3 NUCLENOR ... .. .. .. . .. .-... . ..... .. .. .-.-

3 MONTICELLO I ....... ..................... ............ -2

4 KKM (MUEHLEBERG) ....... ............ ..... ..... .............

3 DRESDEN 3 ....... ............ ..... ..... ............ .

0 OSKARSHAMN1 ....... ............ .......... ............ ..

L WURGASSEN ....... ............ . . . . .............. ...

3 QUAD CITIES 1 ....... ............ ..... ..... ...... *...... ....-

3 QUAD CITIES 2 ....... ............ ..... ..... ...... ...... .... -

3 PILGRIM I ....... ............ ..... ..... ' ...... i...... .... " -

4 VERMONT YANKEE ....... ........................................

4 BROWNS FERRY 1 .............0 "IGH L ii i ii~ ii ! ! ! i ............ ... ... ..... ....
4 FSHIMA2 ....

PEACH BOTTOM 2

4 COOPER 1 ....... ..... ............ . .... ...... .. ......... -

4 DUANE ARNOLD LEGEND

0 OSKARSHAMN 2 0 IGSCC ADJACENT TO WELDS

L HAMAOKA 1 X IGSCC - SURFACE COLD WORK --4

4 BROWNS FERRY 2 0 IGSCC -FURNACE-SENStTIZED MATERIAL

4 PEACH BOTTOM 3 IGSCC - DURING CONSTRUCTION - FURNACE-SENSITIZED TYPE-304. -

L FUKUSHIMA3 0 -NONGE PLANT, OR DECOMISSIONED

4 HATCH 1 L-GE LICENSEE

4 FITZPATRICK I ....... I .... .I ...... 1 .... ..... i ...... I ...... I ...... I ......

NOTE MORE THAN ONE CRACKING INCIDENT MAY HAVE OCCURRED AT A SYMBOL

FIGURE 16-Incidents of SCC In boiling water reactor nuclear plants manufactured by the
Goneral Electric company as occur In sensitized stainless steel through 1975. Adapted from
Reference 39.

SCC of Inconel 600 within aqueous lead -tions. In an ent in 1965 and what is more apparent today is that the lead, as an
effort to understand the pussible effects ut impurities that led tu the additiun to water. may be incidental relative to the electrochemical
SCO of inconel 600 in the wurk of Conuu, Cupson and Dean conditions it establishes. It is more likely that the lead simply places
concucted experiments with envuunment I.unining, dmung othei the SuilutLe uf InLonel into a region of potential and pH where the alloy
addituionb, small amuuntb of lead in the water and pubhhed their wurk sustains beth intergranular and transgranular SCC at high rates
in 1965.47 Such rosults could be achieved as easily by controlling the pH and

Lead, as a liquid metal, had alkeady been shown to embrittle potential by artificial means.
nickel-base alloys. Thus, adding lead compounds to aqueous env, SCC of titanium alloys in alcohol. To avoid the SCC of
ronments was a reasonable approach to searching fur effects of titanium alloys that might occur in aqueous environments. NASA at
contaminants on the SC, of Inconel 600. Additives of lead to point dacided to hydrotest titanium alloy vessels in alcohol

aqueous solutions prudu.ed both trangianular and irtergranuiai ..,vrunments, owing to the assumption that alcohol would be an inert
SGL, in Inconei, subsequent results that Copsun and Dean obtained environment. The SCC that resulted in the alcohol solvent was a
together with later work by others showed clearly that the presence surprise.4 8

of lead in an aqueous environment greatly accelerated SCC. During subsequent testing, the SCC was found to be acceler
Despite the trai,.janular nature and high intensity of SCC in ated by contamination of water and chloride in the alcohol It should

Inconei exposed to aqueous envirunments ontaining lead, no be noted that experiments shcwed that SCC could occur in either

senous ,tudy has yet been conducted to raliunalize the rule uf lead pure wate( or pure alcohol as well as mixtures of the two However.
or the broader implications of such environments. What was appa- ak.ohul plays an important role here. and the type of alcohol was
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shown later by Blackburn, Smyrl, and Feeney.48 The combined These results were important because they established the
effects of pure water and pure alcohol together with intermediate basis for a broader set of liquid environments in which SCC could
mixtures of the two is shown in Figure 18. occur. Further, these results showed that neither chloride nor

SCC of titanium alloys In N20 4. A Ti-6AI-4V alloy was hydrogen was required for SCC of titanium and that the intensity of
selected by NASA for constructing pressure vessels to contain the SCC in titanium was based on broader, although not well-defined,
N20 4 oxidizing agent for the Apollo vehicle. During pressure testing considerations. This environment-alloy system is still not well
of the fabricated vessels in 1964, it was found that the Ti alloy defined.
sustained SCC. 48 This SCC was extensive, rapid, and transgranular. SCC of steel in anhydrous NH3. In about 1962, steel vessels

containing anhydrous liquid NH 3 were reported by Loginow and
Phelps to sustain predominantly transgranular SCC. s This SCC was

100- accelerated by the addition of oxygen but could be inhibited by the
Legend: addition of water. That SCC could occur in such an environment was

C Total incidents surprising. Further, the past experience, especially in aqueous
n 80 - worldwide through caustic environments, was that mild steel sustains primarily intergran-
_ ular SCC, and finally, the fact that adding water inhibited SCC rather
O July 1975- 71 than promoting SCC was counter to conventional wisdom.
W) 60 - Work on SCC of steel in anhydrous NH 3 was extended by Wilde
0 -- July 1978- 132

Z and Deegan and others,1 '52 who showed that oxygen and nitrogen
E-'3 June 1983 - 548 as gaseous contaminants were responsible for cracking in otherwise

-40E -pure ammonia. Figure 19(a) shows a potential vs time plot for
z different concentrations of oxygen. With no oxygen, there was no

20 - SCc. However, even with oxygen as low as 0.9 ppm, SCC occurred.

20 -In Figure 19(b), the effect of water additions to anhydrous ammonia
shows that SCC can be inhibited above approximately 1000 ppm.

G 2The SCC of steel in anhydrous NH3, like that of titanium in N204,2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 showed clearly the generality of SCC in different liquid environments.

Pipe Diameter (in)

FIGURE 17-Incidents of SCC In boiling water reactor nuclear 4(
plants manufactured by the General Electric company through 0 9 ppn 021983 .0 57 -,5 3rim
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F 0- O 9 ppm 02

P 
"1 0  

3 pp/'r N 2

Tih8Al-1Mo-IV (SC) scC

T-240 SEN 400
MEOH + H20 -i 0

10~ I ; "T:T F____
30 32 34 36 38 40 42 44

K- 25 ksi fn oeTim (hi)

Cok/ , Du/ ,,,,,, Fa,,,,o Zone,//
0

) b , 3i40 .

2,/jCrauc ng - InhJibtion

o,.

0 Air * Ni 3 , 1120
A Nil3 * 1120

H.2O 75,25 50-50 25.75 .iEOi 10 100 ... 0 1 oo
Solution Composition wa tntenton p oo

FIGURE 18-Effects of alcohol and water on the SCC of titanium FIGURE 19-Effects of oxygen and water on the SCC of mild
alloys from work by Blackburn, et al. Adapted from Reference steel In anhydrous ammonia from work by Deegan, et al. (a)
48. Effect of oxygen addition on the SCC as shown by potential

transients occur corresponding to the occurrence of SCC, and
Aside from the SCC in fuming nitric acid,.49 there was nothing in (b) effect of water on SCC. From work of Deegan, et al.5 1

.
5 2

the literature to suggest such a result. Many investigators were
certain that a chloride impurity was responsible. However, none was
found to be necessary. The SCC of the TI.6AI.4V alloy in N204 was The hydrogen gas SCC of high-strength steel and Its
found to relate more to ratios of small quantities of oxygen and water. oxygen Inhibition. From the work of Smialowski and Troiano' 0-1,
A high ratio of oxygen to water seemed to favor SCC and a low ratio as well as many others starting early in the 1900s, it has been clear
prevented it. In fact, it was the low ratio that was used when the that hydrogen plays a major role in the SCC of steel as well as other
titanium alloy had been qualified. The higher ratio used later when the materials. Before 1955, it was clear that the thermodynamic pressure
pressure testing was conducted resulted from slight changes in the alone, in principle, was quite high and greatly exceeded anything that
processing procedures. would be normally available from ambient gas.
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Further, it was well known that poisons such as sulfide and of Nielsen in 1970, who found that SCO could initiate and propagate
arsenic were effective in accelerating hydrogen entry owing to their in nonstressed single crystals of stainless steels."9

property of reducing the rate of combination of hydrogen on the These results were significant because they defined quantita
surface.s3  tively the stresses that could be produced by corrosion products.

The equilibrium pressure of hydrogen at the corrosion potential However, the idea that corrosion or reaction products could produce
during typical corrosion processes may greatly exceed one atmo- stress had been studied over the period of 1905 to 1920 by workers
sphere. However, such equilibrium pressures are not achieved, since investigating the effects of corroding reinforcing bars on the fracture
the hydrogen combines quickly and leaves the surface as gas; the of concrete.60, 6

1

possibility of relatively high pressures in bubbles inside the metal in The results of Pickering and Fontana anticipated the occurrence
equilibrium with the effective hydrogen pressures on the surface can of denting in the Westinghouse pressurized water reactoi kPWR)
be reasonably explained, steam generators. 62

A detailed model for SCC resulting from such pressures has
been developed by Tetelman.5 4 However, the experiments of John- 10

3

son showed that gaseous hydrogen even at ambient pressure
caused SCC to propagate more rapidly than in water at ambient 45

pressure and showed that the hydrogen pressure bubble model was A

not necessary.55 Johnson's experiments were also interesting be- 2 -
cause they showed that introducing gaseous oxygen stopped the × X/ .oX "
SCC. Such a result never occurred in aqueous environments where 10'4 - -

dissolved oxygen and oxygen from the reduction of water were
readily available.

The chlorine gas cracking of high-strength steel. The Room Temperature
doctoral work of Kerns in the early 1970s showed that SCC would x /, Roi Tvatr3
propagate in high-strength steels in chlorine gas.27 It was also shown 5 A Q Iodine (+ AIR) 165/

that this SCC was not related to the presence of hydrogen. Kerns 1 A Iome(+ AIR) /251E x (0 Bromne ( AIR) /231
showed that the velocity of SCC in chlorine gas at ambient + ( Chlorne(Moist) 123/
temperature was two orders of magnitude greater than in ambient 8 3ooo
pressure hydrogen. 0 () Iodine Vapour /19/

Kerns's work showing that gaseous chlorine as well as gaseous so (D Nitrate I Iod.de Mol /23)

hydrogen would produce SCC in high-strength steels was one of the 10 _ Batches ofZcaloy 2 stab

most important changes in the established momentum of SCC (Batch() was tougier than
phenomenology after Conou's work. This result suggests that many I BatchiO)
other gaseous as well as liquid species might accelerate SCC in X
steels. These possibilities have yet to be pursued.

SCC of zirconium alloys in iodine gas. The initial develop- 7
ment of zirconium-base alloys for cladding the uranium fuel in nuclear 1o
reactors concentrated on the compatibility between zirconium alloys
with water on exterior surfaces at temperatures in the range of 200
to 400WC from the point of view of general oxidation and hydriding.
Enormous efforts were expended on this project by laboratories I
throughout the world." As a result of those efforts, zirconium alloys Io -10 1 0 I 0 J
were brought rapidly to commercial use. t0 5 (0 1 03)

However, as these zirconium-clad uranium-containing tubes Stress Intensity (ksi \in)

operated in reactors, it became clear in 1968 from the work by Cox FIGURE 20-Crack velo 1ty vs stress Intensity for zirconium-
that the iodine gas, produced inside the cladding by lissioning of base alloys exposed to haf're environments. Adapted from thethat thework of Oox.26

uranium, could produce failures in addition to those, usually by
hydriding, which were instigated on the outer surtace?6 Figure 20 SCC of uranium alloys. Alloys of uranium were investigated at
shows results of the work of Cox and others on the SCC of Sandia Laboratories in the late 1960s primarily by Magnani '" He
precracKed Zircotoyt-2 specimens tested in iodine gas at room found several interesting results. First, the velocity of SCC was very
temperature and 300 C. high. Second, these cracks could propagate in the complete absence

Subsequent iodine-induced tatlures of uranium-containing zir- of stress owing to the volume expansion of the corrosion products.
conium alloy tubes in nuclear plants became well Known as pellet- Third. SCC could occur in water vapor only. Aside from Magnani's
clad interaction tPCI) failures!" As the UO. pellets expanded contribution to the knowledge of SCC in uranium alloys, his obser
because of an increase in volume due to the formation of fission vation of high crack velocities in fracture mechanics type specimens
products, the zirconium tube was stressed sufficiently to cause SCC. in the absence of applied stress was consistent with Fontana's work

The iodine-instigated SCC of zirconium alloys was important for on the wedging action of corrosion products.
many reasons First, the environment contained neither water nor Crevice effects on SCC. In 1968, Copson and Economy
hydrogen; the SCC of zirconium was purely related to gaseous studied the behavior of Inconel 600 in simulated reactor water using
nonreduced iodine. Second, the SCO ot zirconium was transgranular a creviced specimen fabricated by using a double U bend. They
and independent of the chemistry ot grain boundaries. Third, there is found that SCC did not occur on the outside of the U bends but only
no potential drop or other feature of aqueous chemistry to raise inside the crevices.'
questions concerning conditions at the crack tip. Such a finding supported work reported by dePaul'8 in 1957,

WedgIng action of corrosion products. Fontana had sus- which noted that intergranular corrosion may occur on Inconel
pected for many years that the formation of corrosion products inside surfaces in crevices but not on exposed surfaces for tests in
stress corrosion cracks was a main contributor to their propagation, simulated reactor waters.
The work of Pickering in 1961 demonstrated this eftect by quantita- The accelerated action of crevices on corrosion was first defined
tive measurements of stress produced by expanding corrosion in the 1924 text of Evans.6
products." These results also provided an explanation of the results The Copson work received little direct interest because of the

presumed aggressive conditions produced by high concentrations of
oxygen added. However, in the mid-1970s, accelerated SCC of

tTrade name. Inconel 600 in crevice geometries was indeed observed in the tube
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support plate regions of steam generators of pressurized water Setting the agenda
nuclear reactors designed by one company in the United States. On The beginnings of change were marked by three meetings from
the other hand, other manufacturers in the United States and abroad 1954 through 1965 and the proceedings that followed The first
designed their steam generators without such crevices and the meeting, chaired by W.D. Robertson3 and sponsored by The
possibility for crevice-accelerated SCC was minimized. In addition to Electrochemical Society, Inc. was held in 1954 with the proceedings
SCC in these crevices, similar SCC of Inconel was observed in published in 1956. The second meeting, appropriately, sponsored by
safe-end crevices of BWR plants. The first such observation reported the AIME and chaired by T. Rhodin 7 4 was held in 1958 with the
publicly occurred in 1978 at the Duane Arnold nuclear plant in Iowa 11 proceedings published in 1959. The third meeting was organized by

SCC of high-strength aluminum alloys on the C5A. The B. Westwood and N. Stoloff in 1965 with the proceedings being
initial design of the C5A transport aircraft assumed that a high published by Gordon and Breach in 1966.75 Taken together, these
strength of the 7075 (UNS A97075) type of aluminum alloys would be three meetings defined fundamental perspectives from the materials
available. It was found that this was not so and that these alloys were and environmental points of view, defined the range of materials in
very prone to SCC, especially in the short transverse stressing which such phenomena occur, and defined an agenda At this point,
situation. As a result, this aircraft had to be de-rated. fracture mechanics had not become a serious consideration for SCC.

This result served to emphasize the importance of heat treat- Generally, these meetings demonstrated that SCC was a more
ment and anisotropy in the SCC of high-strength alloys in the early general phenomenon than the 1955 status was prepared to accept
1960s. The review by Sprowls and Brown in 1967 and Speidel and SCC was shown to be a phenomenon that occurred in all engineering
Hyatt helped to place these properties into perspective. 6768  solids, in a wide range of environments, and in a wide range of

Hlnkley Point. In 1967, a catastrophic failure occurred in a compositions and solid-state structures within the material classes
turbine at the fossil-fired Hinkley Point power station in the UK.69  These meetings also showed the need for serious interactions
Initial hypotheses suggested that caustic-forming species had gotten among the disciplines in environments and materials as well as the
into an internal keyway although, subsequently, no indications of need for integrating the scientific and design communities Finally,
sodium could be found. these meetings indicated the need for studies at levels of atomistic

It has more recently become clear that such cracking could be science owing to the complexity of the SCC phenomena
easily produced only by the action of water alone as a result of the With the agenda defined by these three meetings, a second set
work by Speidel and Magdowski. 70 The fact that pure water can of meetings was held to define comprehensively the state of SCC
cause the SCC of low-alloy steels even in relatively lower-strength phenomenology over the range of engineering materials and envi-
conditions where the toughness is high is equivalent to the early ronments. The first of these meetings was held in 1967 at Ohio
finding of Coriou. State .4 Here, SCC in all major alloy systems was reviewed compre-

The Silver Bridge. In 1967, the Silver Bridge across the Ohio hensively and the beginning efforts to define improved mechanisms
River failed catastrophically owing to the SCC of a single link.7  were identified.

The bridge was a suspension bridge, however, the suspension This 1967 meeting was appropriately followed by a second 1971
elements were not wire rope as is widely used today, but rather solid meeting more focused on fundamental issues pertaining to each of
metal links. Unlike the wire rope, if one link fails, the whole the alloy systems. This meeting, held at Ericiera, Portugal, in 1971,
suspension structure fails. The suspension was, in that sense, under the sponsorship of NATO and admirably organized by J Scully
nonredundant. of Leeds University, was an experts' meeting and focused attention

The important implication of this failure at the time was the of mechanisms as they were interpreted in each of the major alloy
confirmation of the fracture mechanics approach to improving the systems.7 6

quantitative description of SCC. Further, this failure emphasized that A third meeting was held in 1971 in Storrs, Connecticut, to focus
relatively innocuous environments, the southern Ohio industrial attention on corrosion fatigue and its interaction with SCC I
atmosphere, was quite adequate to support SCC. From an inspection Also, in 1971, a fourth meeting was held in Williamsburg,
point of view, this failure indicated the need for careful inspection of Virginia, on localized corrosion processes" and an ASTM sympo-
high-strength materials for small defects. Finally, from a design point sium, focusing more on failures caused by localized corrosion, was
of view, this failure emphasized the need for redundancy and for a held during the same year.78

means to stop propagating SCC cracks short of their reaching a A sixth meeting was held in 1973 in Firminy, France, to focus
critical length for fast fracture. attention on the similarities and differences of what was then

SCC of the condenser at the Palisades Nuclear Plant. In perceived as the different processes of SCC and hydrogen embrit-
1974, about 7000 of the approximately 28,000 tubes of admiralty tlement as applied to iron-base alloys This meeting was a collabo-
brass in a condenser at the Palisades nuclear plant suffered SCC in ration between NACE and the Creusot-Loire steel company in
a time as short as about one week.' 2 While ammonia was naturally France.5

suspected as the environmental accelerator, none was found. Together with these six meetings, extensive work was under-
This major failure stimulated work at Ohio State that led to way at Boeing Scientific Laboratory by Speidel. Blackburn, Hyatt,

results showing that a number of oxyanions would produce SCC in Feeney, Smyrl, and Beck and their collaborators; this work defines
copper-base alloys and that pure copper would sustain transgranular the state of affairs of SCC of high-strength aluminum, steel, and
SCC.'3' Contrary to previous trends, the work done at Ohio State titanium alloys. Extensive reviews on these alloys were published 6.7.48

showed that ammonia was not required for the SCC of copper-base This work of the Boeing people and the meetings from 1967 through
alloys and that the idea of pure metals being resistant to transgran 1973 defined the pnenomenological state of affairs in SCC of all
ular SCC was not true. major alloy systems. Taken together, this body of work is still the

Response classic collecion of understanding of phenomenology of SCC.

Introduction Atomistic definitions
The events described in the previous section greatly disturbed One of the clear mardates from the Robertson-Rhodin-

the 1955 view that I defined, These events did not suggest the need Westwood/Stoloff meetings covering 1954 to 1965 was to approach
for merely further refinement but rather the need for a major change SCC from an atomistic point of view. This work was undertaken along
in thinking. The purpose of this section is to describe this response two avenues.
and the avenues that were followed. The substantive parts of this One avenue was taken by the Advanced Research Projects
response started in 1955 and have continued until the prosent-a Agency (ARPA). The head of its materials program, R. Thompson,
period of 33 years. In fact, one of the purposes of this review is to who was also a physicist and interested in fracture, started a summer
suggest what these efforts mean when taken together, and this meeting program where the outstanding contributors to solid-state
overview is summarized in the "Engineering Status" section, physics would meet for a month every summer to discuss important
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questions affecting solid-state physics. One of the topics that Aside from the work committed directly to fracture mechanics,
occupied these meetings was SCC. Such outstanding people as J. the general subject of fracture began to receive increased emphasis
Gilman, J. Hirth, M. Cohen, J. Rice, and others who came as visitors in the late 1960s and 1970s and continuing through the 1980s. This
devoted some time each year to atomistic questions on SCO. Results avenue of development embraced both micromechanisms and
from these discussions showed up in technical papers over the mechanics. Those who organized 1. ,sa efforts also were perceptive
subsequent years.7980  enough to include environmental effects. From 1968 to 1979,

Another avenue was taken by Latanision and his collaborators meetings were held to explore fundamental aspects of fracture.93 95

in organizing expert seminars sponsored by NATO where atomistic The subject of SCC was an integral part of many of these programs.
questions were explored by outstanding contributors from the various These meetings as a group provide the basic collection of the
disciplines that could contribute to understanding SCC and related fracture-oriented phenomenology and mechanisms. Other meetings
phenomena, These meetings were a natural outgrowth of the ARPA were sponsored by ASTM96

.
97 that concentrated mostly on fracture

summer meetings but also benefited greatly from Latanision's testing methods.
personal commitment to attracting the fullest range of talent to look
at SCC and related phenomena. These meetings spanned the period Institutional initiatives
1975 to 1986. In this period from 1955 through the present, ths initiatives of

The first meeting organized by Latanision and Foune held in institutions were important. The work of ARPA was already men-
Hohegeiss, Germany, considered the subject "Surface Effects in tioned with respect to their summer solid-state meetings and their
Crystal Plasticity." The second meeting, organized by Latanision and support of the SCC coupling program. The Materials Laboratory at
Pickens, held in Calcatoggio, Corsica, in 1981, considered "Ato- Wright Patterson Air Force Base under the leadership of Colonel L.
mistics of Fracture." The third meeting, organized by Latanision and Standifer supported a coupling program similar to that of ARPA's
Jones, was held in Bad Reichenhall, Germany, in 1986, and through a collaboration of the Ohio State University, Georgia Tech,
considered the topic "Chemistry and Physics of Fracture." The set of Lockheed Marietta, and WPAFB. This program operated more or
volumes that resulted from these meetings constitutes the classic less contemporaneously with the ARPA program but emphasized
description of atomistic processes of SCC. 81' '  more of the fundamental processes associated with surfaces and

solid state.
The electric power industry, first through the Edison Electric

Institute (EEl) and later through the Electric Power Research Institute
Hydrogen questions (EPRI), supported extensive work on SCC as it related to both fossil

Aside from the set of 1967 to 1973 meetings on SCC, another and nuclear power. They supported extensive work at Ohio State,
agenda was set by Thompson and Bernstein, as well as by Bastien Westinghouse, General Electric, Babcock and Wilcox, and Combus-
and his colleagues in France, who considered that the role of tion Engineering associated with SCC in piping, steam generators,
hydrogen in metals in general and in SCC had not been fully and turbines. EPRI also organized special efforts when corrosion
described. They set about to rectify this imbalance and organized problems in BWRs and PWRs became especially troublesome
three meetings. The first one was held in Champion, Pennsylvania, Owners groups were organized that focused on steam generators for
in 1973, and considered the subject "Hydrogen in Metals" from a PWRs and piping for BWRs. EPRI also convened a Corrosion
descriptive and phenomenological standpoint. The second meeting, Advisory Group that integrated efforts of the world leaders in
held in Moran, Wyoming, in 1977, "Effect of Hydrogen on Behavior corrosion research.
of Materials, focused on experimental approaches to hydrogen Extensive corrosion programs were organized by the Central
phenomena and mechanistic ideas. A third conference, "Hydrogen Research Institute for the Reactor Industry in Japan and by the
Effects in Metals, was held in Moran, Wyoming, in 1980, and

expnde upn te gounwor se intheearierconereces84.88 Central Electricity Research Laboratory in the United Kingdomexpanded upon the groundwork set in the earlier conferences .Other initiatives were taken and encouraged by the Office of
In addition, Thompson and Bernstein wrote a review that Naval Research, the Air Force Office of Scientific Research, and the

summarized the role of environmental variables in hydrcgen-assisted Office of Basic Energy Sciences in the Department of Energy
environmental fracture.87 Also, several important meetings were During this time, extensive work on SCC was underway at many
organized by European workers who had been investigating the role institutes in the Soviet Union and Eastern Europe 8o-100

of hydrogen in metals.8 ,8 9

Texts
Fracture mechanics Finally, several useful texts and overviews have been prepared.

While understanding was expanding in both the atomistics and The first major text on SCC was sponsored by the Corrosion Division
phenomenology of SCC, another important avenue concerning the of The Electrochemical Society, Inc. and was prepared by H.
mechanics of fracture was being explored. For many years, Irwin at Logan.' 6 Logan's book was published in 1966. It does not, owing to
the Naval Research Laboratory had considered fundamental aspects the time period, deal with fracture mechanics, but it is a good
of fracture and fracture mechanics.9° -'1 It became apparent to his summary of phenomenology.
colleague, F. Brown at the Naval Research Laboratory, that Irwin's The second important text was prepared by Brown.69 This text
approach to the fracture of metals In general would be a useful incorporates fracture mechanics but is aimed at being succinct and
framework for considering SCC except that the velocity of SCC would relevant to engineering solutions. It addresses preventive methods
be slower than the near speed of sound associated with dry fracture, as well as descriptions of the phenomena. This text, in a sense, was

To focus the emphasis that Brown considered the fracture the pedagogical outcome of the ARPA coupling program.
mechanics approach deserved, he worked with ARPA to organize an There are good texts on SCC that have been prepared for
interdisciplinary and interinstitutional program to study SCC. Collab- several different handbooks. One appears in the comprehensive
orators in this project included Lehigh University, Boeing Scientific, handbook of Schrier.lel A second was prepared by an ASM
NRL, and Carnegie Mellon University, This highly focused emphasis, committee and is in the 8th edition of the ASM handbook.'| There
together with funding already available at the participating institu- is an excellent review by Jones in Volume 13 of the 9th edition of the
tions, produced major advances and excellent work. Most impor- ASM handbook. 00

tantly, this work enabled fracture mechanics to become an integral SCC has been treated In several of the well-known corrosion
part of both testing and design with respect to SCC. This work in the textbooks written during this period, in particular in the texts by
ARPA-sponsored coupling program focused mostly on high-strength Fontana and Uhlig and Revie.'"' 05 From the point of view of
steels, aluminum alloys, and titanium alloys. Essential findings of this fracture, SCC was nicely integrated in the fracture text by Tetelman
work are summarized in the report by Brown. 2  and McEvily.'00
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This brings us to the Kohler meeting. The intention of this associated depletion of the adjacent region is so well defined or the
meeting was to regroup and reassess. What has 30 years of researih intergranular SCC so clearly associated with such a circumstance
meant? The situation depicted in Figure 6(a) where impurity species

One intention of this review was to examine the 33 years since accumulate at the grain boundary and occupy a width of only several
1955 and assess what it seems to have all meant. I do this in the next atom thicknesses has been a more difficult situation to predict This
two sections. 'Scientific Status and "Engineering Status." situation differs materially from that associated with the compound

formation shown in Figure 6(b). Also, in an alloy where several

Scientific Status impurities are present and compete for adsorption, the eventual

I originally planned to assess each of the proposed mechanisms outcome is not easy to predict and measure. Finally, considering the

for SCC relative to how well they predicted SCC in the SDS terms many options for the progress of SCC in grain boundaries as shown

described in Figure 2. As I began this task, I realized that none of the in Figure 7, it is not clear how such compositionally changed grain

available mechanisms approached such quantitative predictability boundaries will support SCC.

However, excellent work has been done by many workers. Thus, my The first serious effort to assess the relationship between

perspective here is to assess the potential utility of proposed grain-boundary composition and SCC started with the review by

mechanisms as possible frameworks for quantitative predictions in Aust, et al., in 1966.37 Much of this work was stimulated by the

various metal-environment systems A detailed assessment of each observation that intergranular SCC occurred in nonsensitized stain-

of the mechanisms for SCC would be more extensive than I need less steel. The composition at grain boundaries was reviewed by

here to accomplish my objectives. Aust and Iwao.'1 4

There are several perspectives I would like to introduce into the The first studies that correlated direct measurements of com-

consideration of mechanisms. One is that some of the mechanistic position of grain boundaries with the occurrence of SCC was

work is more of definition than of mechanism. This category includes published by Smialowska, et al., 15 for pure nickel. Here, they

the study of electrochemistry inside SCC in aqueous solutions This measured the composition of the boundaries and found that sulfur

work has been useful but has little to do with the explanation of segregated according to a reproducible heat-treating schedule. The

mechanisms of advancing SCC Likewise, the study of grain- materials were then exposed to room-temperature environments

boundary chemistry, while valuable, again does not address the over a range of pH; potentials and morphology of SCC were noted.

atomic processes of crack advance. Thus, there is a category of These results are shown in Figure 21, which shows that despite the

important definitional work that helps explain the behavior of metal- adsorption of sulfur to the grain boundary, SCC does not always

environment systems but does not, per so, det,ie mechanistic unit occur. This is not unlike the behavior of Inconel 600, in which being

processes. sensitized actually diminishes SCC at neutral and higher pHs: on the

A second perspective is that I refer to the various mechanistic other hand, at lower pHs, the sensitized Inconel 600 is increasingly

processes as "mechanistic unit processes." Such a mechanistic unit r o)ne to SCC.

process may be the hydrogen-induced decohesion defined so well by
Oriani.107  o slip dissolution, which has been nicely refined by Ford
and Andresen;'0 " andbrittle film rupture, first defined by Forty and o0
Humble and later considered in detail by Pugh and by New- fnt\\\.,\.,ia,

man 111 113
1 6 inegaua

A third perspective is that SCC may propagate by a combination - Intergranutw.

of the mechanistic unit processes with either separate ones, or ::..in I - . .
several at a time, being dominant in various regimes of alloy and 1 to--
environmental compositions. These unit processes or their combi- H 0- 'NA
nations also depend on inputs or modifications from the various 08 - 2

definitional factors such as grain-boundary composition -. ctil

While I was not able to find any of the unit processes that could 04 - failur - -4

provide anything quantitative in the frame of reference of the SOS - .: -

factors identified in Figure 2, I believe that useful and creative -
progress is being made conceptually Progress is also occurring i-O.-H >-)... -

because theory and experiment are converging at the atomic level 0 .H' > «< HNiO;
while at the same time such results are being integrated into the work
of those who think about the phenomenology, A -. // ir i i

Definitional processes 1 /
The purpose of this section is Identify the status of investigations

into aspects of materials and environments that influence SCC but I 1>
may be differentiated as not being critical to mechanisms of SCC
progress itself. 2 0 2 4 6 8 10 12 14

pill

Grain-boundary chemistry and structure. The Jie,,try Df FIGURE 21-Failure morphology for relatively pure nickel with
iii OUVUiUdI1U1 4b t , Uctl iiTipuitdnt in inturyiarnul'i SCC. The sulfur segregated at grain boundaries compared with the po-

b(,riUdt1 dlididill Ul Fiyui 6 bivwving the vdriuu:, vptnurib l thu tentlal-pH diagram for nickel at room temperature. Zones over
istlriuUlion of species at grain ouunddriebs i the basis fui debribiny which these morphologies might occur are suggested by my

the results of progress. shading. Adapted from Smlalowska, et al.,15

The composition of grain boundaries associated with sensitized
stainiess steet nas Deen extensively studied and little has changed Electrochemistry Inside stress corrosion cracks. Since
since the 1933 paper ot Bain and Aborn except that the availability of many metal-environment systems where SCC occurs involve aque-
more sensitive techniques have made it possible to measure ous environments, the electrochemistry inside stress corrosion
grain-Doundary compositions directly. The current situation is best cracks is relevant. Beck made the first serious attempt to consider
descried in the review papers by Cowan and Tedmon. "  electrochemical conditions inside a stress corrosion crack 115 Brown

There appears to be no other alloy system outside the Fe-Cr-Ni approached the same problem experimentally by measuring the pH
ailoys where the formation of a grain-boundary compound and the inside SCC cracks directly and obtained the results in Figure 22.
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comparing the external pH and potential with that on the inside of the various intensities suggest that this mechanistic unit process, which
stress corrosion cracks.117  relies totally on crack-tip strain rate, is not sufficiently inclusive to be

Turnbull has reconsidered the question of chemistry in re- useful.
stricted geometries and published extensive and definitive studies on Stress sorption cracking. In this unit process, it was hypoth-
the subject.118

"
120 His work supports Brown's early work but provides esized that the attractions of crack-tip atoms to species in the

much-improved rational bases to effects of chemistry and configu- environment would be reduced in favor of attractions to atoms
ration. adsorbed on crack walls. This idea was largely proposed by Uhlig,' 24

but little direct evidenc, was ever developed to support this idea and
0 -it too has been largely abandoned.2.0 ! -0 17- 4 PH

A 13Cr- N, Slip dissolution. In this unit process, slip is hypothesized to
a I8MMARAGE break the protective film either in the initiation or propagation process
S9Ni-4Co02C

o 4340ALSI with the result that a dissolution transient occurs of sufficient
0 12N-OCr-3 - magnitude and with sufficient frequency that a stress corrosion crack2_ OFe.045CH- , Fe0 290C +11 SC propagates. Here, the major advance of the SCC occurs via the

1.0 -- 20 * Fe . 02G Sn1 dissolution process. The essential idea for this process was originally
S ,Fe.O029,. 9oM suggested by Logan 1 6 It was refined in work by Murata and

Staehle 2 s and Shibata and Staehle' 26 and has received its most. extensive application in the work of Ford and Andresen on SCC in

"- sensitized stainless steels.' °9.1 °

. H+ The unit process of slip dissolution is conceived of as a break of
. 0.0 - =I2 the protective film followed by a transient dissolution process that

H2 -... consumes sufficient material to advance the SCC. This is illustrated
Corrsio ~ .X.in Figure 23, adapted from Shibata and Staehle.' 26 .1 27 The magni-

tude of the dissolution event depends on those factors that tend to

\0

chromium, certain ranges of electrochemical potential, and others. In
-1.0 -situations where SOC does not propagate, the individual transient

pH and potential inside following the breaking of the film consumes a minimal amount of
stres corosin crcksmaterial and no SCC progresses. At the other extreme, breaking the

film accelerates general corrosion.
I Shibata and Staehle 2 ' studied the individual transients asso-

-2 0 2 4 6 8 10 12 14 16 ciated with the breaking of protective films. An example of the
pH transients is illustrated in Figure 24. The event here shows a peak

FIGUE 2-Plt o pH nd otetia Inide tres crroion current density of 0 5 Acm7 and total material reacted of about 4.5
cracks for various steels showing the results that occur regard- mC/cm 2.
less of the external pH. The crack tip is about pH 4 regardless of
whether the bulk environment is made alkaline at pH 10 by NaOH
or acidic at pH 2 by HCt. Adapted from the work of Brown." 7z

a b

Slip processes. With respect to slip on atomic planes, the Stpeerec
critical questions are associated with the degree of coplanarity. TheI Seeernc
more coplanar the slip, the more likely are stresses to concentrate
internally at obstacles and the more likely are sharply defined "
slip-step emergences. These ideas were originally proposed by Repassivation Ill1
Swann and others as providing a virtually complete explanation of the
metallurgical dependencies of SC.121122z However, there were so
many inconsistencies that this idea as a complete explanation was Ill
found not to be useful. Nonetheless, essential features of this idea
remain useful in explaining some of the influences of alloy compa- tl-
sition and structure.

Mechanistic unit processes

The purpose of this section is to assess tihe status of the\
individual unit processes by which SOC advances. I do not compare 1 ,::===
any of the mechanistic unit processes with the criteria that I originally =
defined in Figure 2, since none of the unit processes has been
developed sufficiently to predict behavior from fundamental bases, Time
although some of the unit processes do provide excellent bases for
correlating data. FIGURE 23-Schematic view of the processes associated with

Strain-accelerated dissolution. In stradi-d ,.eleralted dirSbuil- the initial stages of slip dissolution, The general shape of the
individual current transient is shown (a) as associated with thelion, the crack s hypothesized to advan~o becouse Ihe straining morphologies of corrosion associated with slip events (b).

process at the crack tip activates the metal and it dissolves
preferentially at the crack tip. This was originally suggested by Mears,
et al.,' 29 but it fails to discriminate between many of the simplest
environmental and metallurgical considerations. The transients such as the one in Figure 24 then occur rapidly

This unit process has been abandoned and is no longer and produce what amounts to an average current, which is the
considered useful The lack of discrimination by this model of time-averaged result of many events occurring simultaneously and
metallurgical and environmental conditions that support SC of sequentially.
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FIGURE 24-(a) Transient behavior of both the reaction current measured at constant potentialand the strain vs time. Total current, instantaneous current density, strain, and total reaction vstime for iron in a borate buffer at room temperature. (b) Correlatlcn of time-to.-failure of Fe-Cr-Nialloys In boiling MgCI2 solutions as a function of the ratio of steady-state current at 100 s to thepeak current observed in an experiment of (a). Adapted from the work of Shibata and Staehle. 28

Ford and Andresen1 °9 
10 128 have formulated this slip dissolu- progress of SC through the metal occurs via a dissolution pro-tion process as it propagates through a metal by a relationship that cesses. In the former, progress occurs via successive ruptures of

correlates the advance of the SOC with the electrochemical current weakened or embrnttled layers of thicknesses that greatly exceedas follows: 
those of passive films. However, it should be noted that these filmsassociated with brittle film rupture are formed by direct corrosiveM Q M 0,Q 1 interaction with the environment.- x × - x - 1 Brittle film rupture was first suggested by J. Forty at Bristol as a

npF t1  npF E1  means of explaining the SOC of copper.111 He hypothesized that areaction product film was first formed that was subsequently brokenWhere M, f) = atomic weight and density of the crack-tip metal; F - in a brittle manner. The advance of SC was then conceived as a
F .day's constant: n number of electrons involved in overall succession of such events as illustrated in Figure 26. The advance of
oxidation of 1 mole of metal: Qi oxidation charge density passed SoC in this model as presented in Figure 26 occurs mainly by the
between rupture events: t, oxide rupture plasticity; Ej fracture breaking of a reaction product film that was formed by the reactionstrain of the oxide at the crack tip: and ;. strain rate at the crack tip. between the environment and the metal. This model has beenIn practice, a relationship of the form, extensively applied by Pugh to the explanation of S C in copperalloys.1 31 32V1  A." (2) While the breaking of a reaction product film, such as an oxide,provides one mode for propagating SOC by brittle film rupture, asecond means for forming a brittle film is through parting or
Where n 1 to 1.5 and A constant is used to correlate data. dezincification Such a film could readily achieve thicknesses on the

The slip dissolution process as lormulated by Ford and Andre- order of those necessary to rationalize the propagation of SOC. Suchuseful method for correlating data around a mechanistic hypothesis. ru et ae b e d a cd i h at b ik tn o
The model in this sense Is not predictive but is rather "correlative." explaining the SC of noble metal alloys.' :

A third variation of the brittle film-rupture model is one that
There is an assumption in this model that does not correspond hypothesizes that some action at the tip of the SOC prevents slip and

to the three-dimensional description advancing SOC. The model causes a region under the crack tip to be brittle with the advance of
epitomized in Equation 1, assumes that the SOC progresses the SC occurring via cracking of successive embrittlements. The
uniformly along an advancing front. It is more ikely that it goes in "fits fact that surface processes of relatively minor dimension could resistand starts with separate transients occurring along t e tront t s, a rgnlyso nb aaiin
random points, as illustrated in Figure 25. Ilis quite likely that the spwsoiial hw yLtnso.~'
individu ,al events cou d have a much higher peak current than the A linal variat on on modes of crack advance by br~ttle Ilm
average f Equation ,,1j ant, would correspond more to the peak rupture is associated with embrittlement by dissolved hydrogen at the
shown n Figure 24. However, the approach taken by Ford and crack tip Rather than embrittling by decohesion, one vp~rsion of
Andreson has been productive, and it appears that the success ol th hydrogen embrittlement is hypothesized as the hydrogen being

,.urrelalhuns built aiui,d the hp dissolution hypothesis support the trapped at dislocations, thereby immobilizing them and embiittngvalidity of the model. 
the metal at the crack tip. The crack thus progresses by successivelyIn earlier work,' '  I had suggested l that the passivaling film in emb rittling and rupture of these regions where hydrogen is trapped instainless steels was associated with the enrichment of nickel. Later, dislocations.I abandoned that idea.' 2' Recently, Newman" 2  has suggested that A second version of hydrogen emorttlement involves thethere is indeed evidence foi ni.kel enrichment playing a Liu ,d role. formation uf brittle hydrides n he hydride-forming metais to give theHowever, the work of Bond and Dundas on Fe-Cr alloys containing successive embrittlement shown in Figure 26.

molybdenum suggest that the enrichment of a more noble material One of the arguments in support of the brittle film-rupturemay not be so crucial.' °  
process has been the fractography associated with transgranularBrittle film rupture. The unit process of brittle film rupture SC. The argument is that the cleavage-like features of the surfacesdiffers significantly from slip dissolution. In the latter, the major of transgranular SC in copper alloys and Fe-Cr-Ni alloys cannot be
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rationalized by a dissolution process and that a brittle cleavage
process fits the observations better. This argument is carefully drawn initl bnite
by Pugh.' 13  f.t.i.ufaon

Arguments in support of a brittle film-rupture process are also mew surface

supported by acoustical emissions that are sometimes measured
from such alloys during SCC.

While the brittle film-rupture process continues to be an
attractive model, it predicts little on an a priori basis except for and btnelm

possibly the noble metal alloys with the variation of the brittle =br eaks:newbr~dtle film forms
film-rupture model involving parting. a crck IJp

While there is, without question, fractographic appearance that
strongly suggests cleavage as the mode of primary advance for some
alloys such as copper base and stainless steels in the transgranular
mode, the environmental dependencies strongly suggest that the
advance of SCC in these alloys is dominated by chemically critical
processes. The cleavage features do not rule out a local dissolution
process.

There continues to be uncertainty here between the cleavage
and dissolution processes as accounting for most of the crack - -

advance, although it appears that the overall advance of SCC is
controlled by electrochemical processes.

.1 scc FIGURE 26--Schematic view of brittle film rupture as It
progresses through a metal to produce SCC. The brittle film Is
first formed and then broken. More reaction product forms at the
tip of the first break. This newly formed brittle layer breaks again
with more reaction product forming at the tip. This process
continues. Such brittle layers can be formed by reaction
products, dealloying, hydrogen pinning of dislocations, or
purely surface events that restrict slip.

:** :: .
00.000.,000

,,00... *0 ".-..
O,.*.0 0 0 000•

:: .. . *00 .00•O

, *0. 000000

DIMENSIONAL 0

FIGURE 25-Schematic view of a stress corrosion crack pro-
ceeding through a metal. Note the unevenness of the SCC front Environment
and the patterns of br.nching. This contour Is based on direct L
observations of SCC. I I -I

Enhanced atomic mobility at the crack tip. Galvele' has at a A
proposed that the advance of stress corrosion cracks may be * - 0 "' c * Y b
modeled bya process that involves surfacediffusonofspeciesfrom 0 • • 0 0 0 •0 0 0 0 0 0 0 0 0E

astressed cracked tip. Key features of his model are Identified in 0 *0 * * * . *0 * * * * * * .

Figure 27. The essential feature of his model that controls the rate of atieSCC is related to the rate at Which atoms can leave crack tip. This[77']trse tio

rate at which atoms leave the crack tip is controlled by their surface
mobility. FIGURE 27-Schematic descriptions of atomic processes asso-

Gaiveie nas aemonstrated that the surface mobility is primarily ciated with the surface mobility model of SCC: (a) stresses at the

allectea by environmental combinations with the alloy composition crack tip favor the a-b exchange Introducing a vacancy at the tip

where low melting compounds are formed. He hypothesizes that of the crack and advancing It one atomic distance. The rate-
determining step Is the rate at which excess atoms (C) are

compounds with low melting points are the most likely to support transported by surface diffusion to a new lattice site, b-d; and (b)
SCC. He identified environmental species that have the highest distance (I) Is the distance excess atoms must iravel from the tip
meitihjud of ,ausing SCC in different alluys *1 An important feature of the crack to a kink site on the crack surface. Ditence will be
u .liiveiu s mude, is its 4.aparity tu rationalize many diffeent smaller (1) If the excess atoms are dissolved by a reaction with
4.umunidtiun -f envirunment and alluy where the nten,-ty of SCC is the environment, or (c) If selected dissolution of the alloy Is
likely to be high. taking place (e). Adapted from the work by Galvele.11
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Decohesion. Troiano, in his early considerations of hydrogen negative potentials as hydrogen sulfide or bisulfide Carbon at high
embrittlement, proposed that the role of hydrogen was to reduce the potentials is soluble as CO or carbonates and at low potentials is
metal-metal bond strength.' 2 A quantitative model was later devel- soluble as methane or methanol Such reaction products for carbon
oped by Oriani.10 7 '108  were identified by Payer and Staehle during the dissolution of iron

In the model developed by Oriani, he proposed that the carbides. 4°

increased elastic strain at the crack tip would attract and stabilize a This wide range of solubilities for species such as sulfur and
high concentration of hydrogen. The presence of this hydrogen would carbon is the same for phosphorus and nitrogen
decrease the metal-metal bond strength and lead to SCC. This
model rationalized the role of increased alloy strength in accelerating 700
SCC since the increased yield strength would lead to higher elastic scc occurs above
strains that would, in turn, attract more hydrogen. o 1.0 cr.0 5 Mo thos e Ies

The decohesion model seems to fit many of the observed s eeMo..

patterns in high-strength steels. It seems also to fit some of the 8 i 2.0 Cr05 Mo steel

patterns in other alloys. R 400 a

Enhanced ductility of the SCC tip. Another approach to
rationalizing the SCC advance is a unit process that depends on the cabn stee
environment to increase the ductility at the tip of the advancing stress No scc occurs belo
corrosion crack. This would either increase the rate of void formation 100 tes Imes
or allow for additional deformation of the tip itself. Such a process has
been suggested by several authors, including Hirth and Johnson and o so 100 150 200 400 600 800 1000
Birnbaum, et al.•79 3 This is somewhat similar to a suggested model hydrogen Parthal Pressure (kgocn,2)
for the advance of SCC in aluminum alloys, in which a softer
precipitate-free zone was hypothesized to be the location of SCC FIGURE 28-SCC as a function of temperature vs pressure for
advance, several alloy steels exposed to hydrogen. This curve was

adapted from Nelson to show only the processes that are
This mechanistic unit process seems particularly applicable to hydrogen embrittlement and not those that show decarburiza-

hydrogen-related SCC in the lower-strength and tougher alloys, tion. Adapted from the work of Nelson.138

where the decohesion model is less appropriate. The results of the sulfur segregation studies in Figure 21 show
Hydrogen bubble formation. The formation of internal hydro- that the mere existence of such species at the grain boundaries does

gen bubbles that would raise the internal stress and lead to not lead to SCC. It appears that the residual passivity conferred by
premature failure has been a popular unit process, especially for the alloy acts to prevent penetration along grain boundaries unless
hydrogen in steel. There is support for this process from well-known this passivity at weakened at lower or higher pH. However, when this
and directly observed hydrogen blistering that occurs in the presence ihrs passvat s weakened a s w iel in acidic solutisof poisons that increase the effective pressure for hydrogen entry s3 inherent passvation is weakened, as withnimckel in acidic solutions,

ofTpo thatneaelpe e e mo esu for hrogon ey 5C then the effect of the highly soluble impurity species dominates. ThisTetelman developed a model for the propagation of SCO suggests that there is some SCC that is effectively "actve path
involving hydrogen bubbles with associated high internal pressure dissolution" and does not even require the more sophisticated
While the hydrogen blister model is attractive from the direct
evidence for hydrogen blistering, there is no evidence that it is the interpretation of slip dissolution.basi fo SC frm. or xamlethe racogrphyAnoherexpri-Thus, the dissolution process is inherent when and if the
basis for SCO from, for example, the fractography Another experi- impurity species aggregate at the grain boundaries. The occurrence
mental observation that disputes the applicability of this model is of such SCC seems to depend, after the aggregation, on the range
Johnson's observation that one atmosphere of hydrogen gas pres- of passivity of the matrix material.
sure is sufficient to support the propagation of SCC His result shows While this unit process has not been extensively explored, it
that the higher hydrogen fugacities that can be achieved in aqueous appears to ba viable.
solutions are not necessary for explaining SCC Tunneling. Swann and Pickerng" suggested that the forma-

Except for rationalizing blistering, which Is not a part of SCC, the tunneg anncad ickeingdissuted ta the frma-
hydrogen pressure unit process does not seem to be useful for any process for advancing SC. Tunnels would form and mechanical
system being studied. However, this process cannot be entirely processes would break the remaining ligaments.
neglected since evidence for such an action does exist in blistering

Grain-boundary bubbles by chemical reaction. The mode of Tunnel formation has been observed by Swann and Pickering in
hydrogen embrittlement epitomized by the Nelson Curve shown in noble metal alloys,'2 by Neilsen for stainless steel"' and by Long,
Figure 28 is different from those rationalized either by the decohesion et al., on a range of Fe-Cr-Ni alloys."I,
or the enhanced ductility models.138 The principal characteristics of It has been veniod by electron metallography that tunnels do
this phenomonology are the increase in embrittlement with increas- form. Long showed that the extent of tunnels in re-Cr.Ni alloys
ing hydrogen pressure and temperature and the decrease In embritt- decreases with increasing nickel. just as the SCC in chloride
lement as the carbn activity in the alloy is reduced These patterns solutions does.
have suggested to many that the unit process for SCC here involves Tunneling does not appear to have any present advocates.
the formation of bubbles of methane at the grain boundaries with a However. it does not seem to be extensively investigated. It may also
resulting decrease In strength of the grain boundary. be a variation of the slip dissolution process.

Showmen has rationalized this process and shown convincingly Synthesis
that the methane bubbles do form and are directly related to this The unit processes outlined above, together with the definitions.
mode Of SCC. '" Is model is sufficiently based upon fundamental combine to produce SCC. There may be other as yet unidentified
principles and sufficiently quantitative In its prediction of the effects of processe..
the SDS variables so that it qualifies as one of the most quantitative None of the models for the unit processes satisfies the need for
models available, quantitative description In the SDS coordinates of any SCC phenom-

Direct dissolution of composltlonally modified grain bound- ena in any metal-environment systems.
aries. The work on grain-Doundary composition has shown that as The init processes outlined in this section are much improved
much as 50 to 100'a of the atoms at the grain boundary could be in conceptual quality over the ones available in previous years
impurities that are not part of the nominal alloy composition. Such However, these need to be greatly refined if they are to provide
impurities, unlike most of the alloy species, are highly soluble in explanations of existing phenomenology
aqueous solutions over a wide range of pH and potential. For It is quite likely that the SCC in various metal-environment
example, sulfur is soluble at positive potentials as sulfate and at systems does not depend on a single unit process but rather
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depends upon several of these operating simultaneously. The (9) The mean time between failure (MTBF) is longer than the
possibility that several of these processes operate simultaneously inspection interval with a high degree of confidence.
has not been investigated. Such work should be undertaken. (10) Failure, if it does occur, does not produce catastrophic results;

i.e., design for leak before break.
Engineering Status (11) The system will work reliably for its intended life.

"Engineering Status" is intended to imply "to what extent and In complex systems, it is usually necessary to conduct proto-
how can we confidently design components for their intended life type and scale up testing as well as additional laboratory testig to
considering the effect of SCCT' It is refreshing to know that good ensure that these design principles are properly considered. When
engineering can be confidently undertaken without quantitative these tests are coducted, it is crucial that they be as close to design
predictive models for some specific cases. Good engineering can be conditions as possible and that they be evaluated with respect to the
accomplished using well-established inferences from experimental principles outlined above and in Figure 29. It is the responsibility of
data, i.e., "don't use austenitic stainless steels above 100'C with the designer, in his role of impresario, to ensure that such tests are
even small amounts of oxygen and chloride." However, such conducted and that the evaluations are meaningful. While the extent
engineering is always suboptimum and often misses, wholesale, of such work naturally depends on already available prior experience,
regimes of failure. it is dangerous to make unproven assumptions for the following

Generally, the difference between what could be done with reasons:
quantitative models and with less quantitative inferential information
is accounted for the safety factors used in engineering. (1) All engineering materials are reactive chemicals; the surprise is

Before discussing the engineering status of SCC, I define what not that they fail, the surprise is that they work.
is needed, or at least should be needed, by designers. (2) In considering the possibility of failure, the operating maxim is

In principle, the designer is the "impresario" who designs the the opposite of justice, guilty until proven innocent.
entire system using the following principles (defined in Figure 29). The above provides a framework in which the engineering status of

Factors of Comprehensive Design SCC should be assessed.

This framework identifies established principles describing SCC
that can be incorporated into design. While the theoretical modeling

Performance to objectives described in the section "Scientific Status" needs a great deal of work
• Balanced Interaition of to become satisfyingly predictive, the engineering situation has

component parts progressed substantially.

* System performs reliably
at maximum conditions

Manufacturable Testing
* Low cost Two important physical methods of testing have been devel-
• Inspeciablo and repairable oped and have greatly improved the quality of data available for
* Performs reliably In nominal design as well as interpretation of fundamental physical processes.

and non-nominal Internal The slow-strain-rate testing method developed and refined by
and external environments Parkins and many coworkers'43 provides a method for avoiding the

* Materials perform reliably In uncertainties of initiating SCC. It has the advantage of determining
as-manufactured condition whether SCC will occur under any circumstance in a given environ-

'Mean lime between failure ment. It is a characteristic of these experiments that strain rates that
are too rapid fail, as in tensile tests by mechanical overload; the strainexceeds Inspection Interval rates must be sufficienlly slow, usually less than 10-6/s, so that the

* Failure Is not catastrophic SOC processes can operate. Figure 30 shows some typical results in
* System designed to work for a plot of reduction In area vs log strain rate. 144 At high strain rates,

Its Intended lifo ductile fracture generally occurs. For strain rates in the range of 10- 7
_ ____ to 10 " s- ' SCC processes operate and reduce the ductility

FIGURE 29-Factors of comprehensive design that Include according to the severity of cracking.
considerations of environmental effect on the strength of
materials of construction. to Z;====

(1) Performance of the Intended purpose; i.e., the pump delivers so 09

many gallons per minute.
(2) The components of a system work together harmoniously; i.e., 0

Ihe cooling water to the pump does not cause it to fail by 70
corrosion; the pump delivers adequate fluid for the reaction 07
vessel to produce at a desired rate. 06

,. 06
(3) Performance conditions have been derned In terms of nominal 0

and maximum oxiocted: pressures, stresses, cyclic behavior. -C 0s-
(4) Manufacturability: The device can be made by available tech-

niques by qualified contractors. 04
(5) Low cost: The device can be sold at a profit.
(6) Inspectability and repairability: Critical components can be 0.3

periodically Inspected and replaced if necessary. 0.1_ 1 _1-4

(7) All features of design perform reliably in all nominal, expected, -to- to' 
and accidental chemical/physical environments on beth the Stain Rate (sec-)
process side and nonpi.,.'oss side.

(8) Materials used for manufacture have been analyzed for perfor- FIGURE 30-Ratio of reduction In areas of specimens In car-
manco in their actual as-man;factured conditions of heat bonate solution to those In oil vs strain rate for three applied
treatment, fabrication, joining, and design configuration (in. potentials for line pipe steel at 790C. Adapted from the work of
cluding crevicos). Berry.'"
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Slow-strain-rate testing is now widely used. It has been the KIc
subject of several symposia and reviews.145

.
146

The output from these slow-strain-rate experiments, i.e., the
dependent variable, may be an area or percent of fracture surface Stage Ut I
with SCC, time-to-fail, load at failure, or SCC velocity (length of SCC Growth

propagation divided by time-to-failure). These results are generally

equivalent. Where SCC velocity is determined, it is usually inferred
that this is the "plateau velocity" by analogy with the fracture "
mechanics testing discussed subsequently. Stage I

CrackVelocity
Slow-strain-rate testing provides mainly a qualitative indication Z Plateau

of SCC intensity but does not give directly useful information on >
design stresses, initiation, and the part of the SCC velocity profile that S aStaget ICaso
is actually operating.Ste SccOcrtical I fCatastrphic' / mpropIagationI

Fracture mechanics testing for SCC provides more direct .o propa

information on the velocity of SCC under known conditions of stress e
and defect depth. Essential features of fracture-mechanics-type I dependent K scatesting have, by now, been well defined, and such testing is in
widespread use. 4 7-14 8 This is the method of testing that was i K
encouraged by Brown 46 and emphasized in the ARPA-sponsored S

program in the late 1960s. F

A typical fracture mechanics specimen is illustrated in Figure 31, Stress Intensity K (MPa• m1/2)

The depth of the crack is determined as a function of time and the FIGURE 32-Schematic plot of data from fracture-mechanics-
stress intensity is known from the crack depth and the load. The data type testing where the log of crack velocity is plotted vs log of
are then plotted as crack velocity (in's) vs stress intensity (ksi, -in.). stress Intensity. Above the value of Kic fast or catastrophic
The resulting data usually take the form shown in Figure 32 where fracture occurs. The minimum stress Intensity below which SCC
there are often well-defined Stages 1, 2, and 3. does not occur is shown by Kscc. Here, Kiscc Is shown to depend

on time.

Load There are several problems in using the fracture mechanics
approach. One is that the minimum stress intensity below which SCC
does not occur (Kscc) is often time dependent, so that over the
lifespan of a component, there may never be a stress low enough to
avoid SCC in certain environments. Such a concern is noted by
Speidel.149 This concern does not relate to tlo validity of the method
of testing but rather to the conclusions that are reached from the data.

Another problem in applying fracture mechanics methodology
, Fatigue concerns the analysis of thin wall tubing where SCC failure is more

crack related to initiation time on smooth surfaces than to the rate of
propagation. In thin wall tubing, the stress required to initiate SCC is

0 the most important question. The times required for initiation and
perforation are virtually the same, Thus, the data for thin-walled
tubing needs to be obtained in the "endurance limit" or "threshold

Crack /stress" format as shown in Figure 33. However, as with Speidel's
concern for fracture mechanics testing, this threshold limit of Figure
33 may also decrease with time.

~Starter
P~notch

Loading holes
f o t ..... - r,,,, ..

Load

FIGURE 31-Typical configuration of specimens used for frac- .o.r SCC (oonstant)
ture-mechnnlcs-type testing where crack velocity vs stress - Teshod stress
Intensity Is obtained. fo S - dmoaeas os

wih Nre

In general, most testing is performed in the opening mode,
which is designated as Mode I, although some work has been done
using Modes II and 111.177

Of great interest to design with SCC from the fracture mechan- . >
ics point of view is the stress intensity below which SCC will not 0o of exposure)
initiate. This is usually designated as Kiscc, meaning that it is the
stress intensity in the opening mode below which SCC will not initiate. FIGURE 33-Schematic plot of stress to fall vs time for static-
It Is presumed that once SCC starts, it will propagate at increasing loaded SCC experiments showing both a constant stress below
rates following first the Stage 1 ,,rve and then the Stayt 2. curve until which SCC does not occur and a lower limit that decreases with
stress intonbity As sufflcently great that Kc is ;eachud and dta time. Curve (a) shows no time dependence of the lower limit,
strophic failure is reached. This is illustrated in Figure 32. Curve (b) does.
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The problem of testing for application to thin sections such as KIc
tubing has been an interesting one and is sometimes misunderstood.
Many in fracture mechanics insist that SCC cannot start without a pit catastrophic

or a grain-boundary crevice or other initial perforation by mechanical
or chemical means. In fact, SCC usually initiates from absolutely
smooth surfaces in either transgranular or intergranular modes and Conf~utation
propagates by the same microprocesses as produced initiation. coant

Thus, there is a great need for a method of testing that is sensitive to K -ya"a

the surface stresses that initiate SCC. 9
It is also clear that any approach to defining threshold stresses

of the type defined in Figure 33 (Curve a) should be sensitive to the
effect of environments and time as shown in Figure 33 (Curve b). To
illustrate this point, Figure 34(a) shows the results from testing of
Totsuka and Smialowska 25 where they determined the effect of
potential on the SCC of Inconel 600 at 350°C. Their open-circuit
potential lies essentially on the hydrogen equilibrium line of the 4JK

Pourbaix diagram. This figure shows where their open-circuit poten-
tial lies with respect to the hydrogen equilibrium potential in Figure
34(b). An important implication of their work is the effect of potential
on the expectation for endurance limit curves of the type shown
schematically in Figure 33. The general pattern here is implied in the
effect of potential in Figure 30 for the slow-strain-rate work. Figure
34(c) implies that high stresses are required to produce SCC at the
open-circuit potential; much lower stresses produce SCC at lower
potentials. Such potentials can be reached in practice by galvanic
coupling of the Inconel 600 with actively corroding carbon steel.

b )
'.

FIGURE 35-SchematIc view of how longitudinal SCC in a
smooth surface tube of a tough material may connect to

,00 o .ooWSW produce a critical size defect in the presence of internal
, - ,,o. ,,,. pressure.

60 Another advance in testing has been the increased control of
environmental variables. The data of Indig and Mclree'" in Figure
36 show the effect of oxygen concentration on the open-circuit

20 Y&C potential of stainless steel in water at 288°C. These data show that
o0,.M10 .o01,tol so a change from 10 ppb to 100 ppb corresponds to a change of almost

- 600 mV. Such a change should be compared with the data in Figure
2wo4,0 00 00W WO H00 -00
.:o , C I, 34(a) for Inconel. It is probably this lack of control of oxygen that

explains why Copson initially missed reproducing the SCC of Inconel
found by Coriou.

47

, 400

- -! -. -k- yj;C -- - 200 -

- Normal BWn Laboratory1 hiugh punho70%IGSCC 19a2 water 52ZIF
CERT

FIGURE 34-(a) Experimental data adapted from Totsuka and oco 35%Gscc
Smlalowska25 showing percent of area with Intergranular SCC 200

vs the applied potential for two hydrogen pressures using
Inconel 600 (UNS N06600) at 3500C from slow-strain-rate testing.
(b) These data are compared with a schematic view of the .4oo
Pourbaix diagram for nickel. (c) Hypothesized stress vs time
behavior Is shown for failure of smooth specimens es might
occur If hold at constant potentials Indicated. .Loo I10 100 1000 10.000

02 (ppb)

For the smooth-surface, initiation-controlled situation, fracture

muhanics data are more relevant to the puint wheri Kc jb rea.,heu FIGURE 36-Open-circuit potential for stainless steel in pure
fur eithe ..ircumfete,ta! v ,rgunyitudi al SCC, db illubtidted iii Figuie water as a function of oxygen concentration at 2880C. SCC tests
35. also shown for comparison. Adapted from the work of Indig.'"
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The use of controlled potential for testing in aqueous environ-
ments as indicated by Figure 34(a) from Smialowska and in Figure 30 102
from Berry has greatly improved the quality and the interpretability of
results. Naturally, different methods of control are required for 0
gaseous environments. Here, the control of partial pressure as done
by many485 -'l5 1 has provided additional information for mechanistic
interpretations. lO-,

The discussion above concerns static, albeit constant load vs
constant strain, stressing. The more general case and more appli- Region 1: 1" slow crackl I ^ I eio-cable to engineering circumstances is cyclic loading usually referred growthrac I 0 0 1 IdRegin 3

to as fatigue testing. Cyclic testing and the results of specimens with da. c; (An I uns ablesmooth surfaces is the subject of older work. Traditional studies- d'N i corack

Ii 0igrowthproduce data of the type shown in Figure 37,152 where cyclic 0

stressing of specimens in deaerated water produces an "endurance 11
limit" effect, shown in Curve a of Figure 33. When testing is K
performed in more aggressive environments, the endurance limit i

decreases with increasing time, as shown for Curve b, which ,
corresponds to aerated salt water in Figure 37. These effect. of s 1

environments in cyclic stressing, especially when performed at high

frequencies, often do not correlate with effects of environments in Region 2: power-law behavior
constant-load testing, and this area lacks any useful theoretical
explanation.

06

Low carbon steeli
54 - at room temperature

S Doeacrated 1120(A) A10"

CL 46 - Aerated 8 10 20 30 40 50 60 80 100
th - 10v  Stress-intensity Factor Range AK (W~a -mV2

Fatague lmit , FIGURE 38-Crack growth rate vs stress-Intensity range for a
:38L (428 ks-'- ASTM A 533 B-1 steel with a yield strength of 470 MPa. R = 0.1;

ambient room air; 240C. Adapted from the work by Campbell, et
34 al. 5 3 This curve shows the Ideal behavior expected In Inert30F______________ environments.

10
6  

101 2xi0
7

Cycles to Failure Status of understanding the six SDS factors
FIGURE 37-Cyclic stress vs cycles to failure for low-carbon I do not attempt to review the situation on each material system
steel Pt rocm temperature for environments containing only since this has been dotie by other authors in this conference.
water and then modified by additions of NaCI and oxygen. From However, there are certain general patterns that have emerged and
the work of Duquette and Uhllg. 52  characterize the engineering status.

Material factor of SDS. Figure 5 identified the important
Cyclic testing using fracture mechanics definitions produces considerations in the materials fIctor of SDS. In this section, I

daia of the type st ,, vn In Figure 38,153 where the crack advance per consider the effects of purity, heat treatment, crystal structure,
cycle (&a/an) Is a function of the magnitude of the cyclic stress strength, and grain-boundary composition. Important general pat-
intensity (AK) Effects of environments are measured as shown in terns are emerging, excapt that such general patterns depend greatly
Figure 39 154 There Is a critical K,, corresponding to the K,scc below on the environmental composition, stressing, and temperature.
wIch. cs,,uio fatigue will not propagate, although such a value may First, pure metals sustain SCC transgranularly. While intergran-
decrease with time. ular SCC has also been observed in the same materials, the purity of

There are some testing techniques now in use that should be the grain boundaries cannot be verified, thus the transgranular SCC
questioned and re-evaluated. One of those is the so-called reverse is more significant.
U-bend or RUB specimen illustrated in Figure 40.'5 This specimen Transgranular SCC of pure metals has been observed of pure
is often used so that as fabricated industrial tubing material can be materials in copper. "" ' ' ' It has not been observed in other metals
evaluated directly However. this specimen provides a difficult only because the proper experimental work has not been conducted.
geometry on which to apply controlled potentials and the stresses are Further, while the rates of SCC in some of the pure metal studies
generally irrelevant t) those in use What is needed Is the 41nd of data have been lower generally that in some of the alloys, it is quite likely
shown already In Figures 32 and 33 where the stress below which that different environmental definitions would alter this sitLation.
failure will not occur can be determined. Such data can then help Second, all materials sustain SCC regardless of heat treatment.
assess the importance of residual and applied stresses For exam There is no such conditton as a heat treatment that renders an alloy
pIe, if the combined stresses are below some value at a selected life, immune from SCC. Some heat treatments reduce or eliminate the
SCC would ,iot occur The RUB specimens do not obtain such data. intensity of SCC in some environmental conditions but do not prevent

Advances In techniques of mechanical testing to determine the alloy from sustaining SCC in all environments. Such different
effects of environments have greatly improved the capaity to ubtain environments do not need to be as drastically changed as, for
data that can be used directly in design. Deficiencies still exist in example, from aqueous to liquid metals, rather, slight changes in pH
methcds for defining SCC that is initiation dependent and in defininy ui in electru.hemni.al potential may be sufficient to increase substan-
the environments of testing Further, there are some testing pro.e tially the intensity of SCC for a neat treatment that had previously
dures. unforturntely widely sed. e.g.. RUBs. that provide useless been considered immune. There are many cases of such patterns but
data and should bo abandoned just as constant strain testing has the interaction of sensitization and pH for the SCC of inconel 600 is
been largely ab,doned for obtaining useful design data. a good example.- ,-'5
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showing the effect of alloy chemistry as assessed in different
environments and at different electrochemical potentials. The pat-
terns of Figure 42 suggest that there is not a composition that does

El not sustain SCC; the intensity simply d.ponds on the environment as
0defined by its composition and electrochemical potential. It should be

A Tapwater n. noted here in Figure 42 that these schematic SCC intensities apply
o 3.5% NaCI 0 only to generally well-known trends under open-circuit conditions.
o Seawater b Whocr the potentials are changed or substantial changes in pH are

10*3 made, this behavior is greatly altered.
Figure 43 shows that the effects of stress on different alloys in

different environments can be quite different, indicating that the
environment, alloy, and mechanistic unit processes conspire to
produce quite different results even in ductile alloys.159 1'

6 100

0 0 +Yield Strength -iE , -1-
149 195 -205 KS1 I

z 0  +
4+i-- ii

+ X Tempered marlensite tested I
+ in 3.5 NaC solutio I

S 10 I I

104  + X Dryair I

+ Lab air I

SITempered ower bainite tested
.. in 3.5% NaCl solution

10 20 30 40 50 100 '

A.K (MNm- " )

FIGURE 39-Crack growth rate vs stress-Intensity range for a,/
Q1N steel In dry air, laboratory air, aerated-recirculating tap / Tempered lower bainite tested
water, 3.5% sodium chloride, and natural seawater with a test in double distilled water
frequency of 30 cph and R = 0. Adapted from the work of I I I L I I
Jones.15 4  0.120 60 100 140 180

Stressing screw Fastening nut Applied Stress Intens-ty (KI) (K,4Tin)
(Alloy 600) (Stainless steel) FIGURE 41-Crack velocity vs K for two different heat treat-

ments of a type 4340 (UNS G43400) steel with martensitic and
bainitic structures exposed In a 3.5% NaCI solution of pH 6.0 and
a Oubledlstlled water solution. Adapted from the work of

. ...... Wang and Staehle.158

Specimen
riChlorde

FIGURE 40-Schema, c view of revers=e U-bend specimen fab-
ricated from tubing. Adapted from the work of Alrey.155

Third, equilibrium crystal structure, per so. does not seem to be //... /Pr ae

so dominating as chemistry in some alloys. For example, the change
from fcc to bcc structures in Fe.Cr-Ni alloys produces no effect on the
Intensity of SCC as Indicated by the work of Bond.3 1-13°  Caustic

Fourth, the distribution of microstructure seems to produce a
great difference, as Indicated In the work of Wang and shown In
Figure 41.158 Here. he produced the same strength material but by I

substantially different heat treatments that produced correspondingly 100 Fo 100 Ni
diferent structures.

Fifth. the composition of alloys affects the intensity of SCC quite FIGURE 42-Schematic composite showing the effect of Fe-Ni
differently depending % oon the environmental chemistry and the alloys on the Intensity of SCC for various environments In their
electrochemical potentials used. Figure 42 is a schematic composite usual open-circuit conditions.
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Sixth, effects of alloy strength, in the range above about 100 ksi, Eighth, the composition of grain boundaries, especially those of
seem to dominate both the fracture toughness and SCC of high- the adsorption type indicated in Figure 6(a), has become a particu-
strength materials In general, increasing strength increases the larly important consideration in SCC for the following reasons: (1)
intensity of SCC; increasing strength also decreases Kic. These The predictability of such compositions is not good; (2) such
patterns seem to be ameliorated, but not eliminated, by using more compositions are so sensitive to cold work and heat treatment; (3)
pure materials, often achieved by vacuum melting. This effect of such compositions can change easily with time owing to the short
increasing strength increasing the intensity of SCC seems to persist distances involved, (4) the results of competitive action of different
in many alloys despite the basic composition or how the high-strength species are unclear, and, finally, (5) there are numerous orocesses
is achieved; e g, whether the strength is achieved by transformations by which these compositions facilitate SCC, as shown in Figure 7.
or by precipitation hardening, and whether, at least in the Fe-Ni Ninth, with respect to surface condition, such factors as pickling,
system, the material is iron base o. nickel base. This general pattern machining marks, and surface contamination continue to be impor-
of increasing strength increasing the sensitivity to SCC and decreas- tant to engineering performance For example, the Rentler and
ing Kic also follows generally in titanium- and aluminum-base alloys. Welinski paper of 1970,162 which looked at pickled surfaces of
A further pattern in this class of alloys is that SCC may be sustained Inconel 600, showed that pickling greatly increased the intensity of
in pure water and also at low relative humidities. The effect of SCC In retrospect, it is not clear whether the resulting effect was due
strength on fracture toughness is shown in Figure 44(a) and on the to roughness of the surface, grain-boundary grooving, or the emer-
SOC velocity in Figure 44(b) from the work of Speidel.'6 ' gence of hydrogen that consequently controlled the potential with

respect to the implications of Figure 34(a). While there is little of a
quantifiable nature in these considerations of surfaces, the work of
Cochran and Staehle'63 shows that different surface finishes pro-
duce significant changes in SCC and careful attention to surface

so - preparation in both laboratory experiments and in application of
0components remains important.

'" 40 - In general, relative to the status in 1955, there is no longer any
1 A SN,,UI3  justification for the concept of "susceptibility" or "alloys or heat

30 60iPC W treatments susceptible to SCC"; all alloys and heat treatments
A qM, sustain SCC. However, it is a fortunate circumstance that the

2o0- intensity of SCC is negligible or minor in some circumstances, so that

designs in some materials-environment systems can be expected to

to perform without failure.

Environment factor of SDS. It is now clear that SCC is a more

01 1 general phenomenon with respect to environments in which SCC
to 10

2 
103 104 toS  occurs and that the intensity of SCC in a single alloy varies regularly

rw o Fahto (soc) with changes in composition of the environments.

a Such considerations as "specific ions" no longer apply. An
excellent demonstration of this result is the montage by Congleton, et
al., '

6 showing SCC of mild steel as affected by different environ-
60 UTS o u.axz tonsa ments overlaid on the Pourbaix diagram for iron as shown in Figure

B,, tno 45. Here, it is clear that SCC is more related to the location on the
(PfSlunmZo tWbo) diagram than to the ionic species. For example, these results show

50 N 0t beam(fieddOoMii that SOC is negligible in the range of pH where iron has its least
solubility. At least for SCC processes that depend on slip dissolution,

40 such a pattern is quite reasonable. Parkins's correlation shows that

the role of any environmental species is more related to the range ofi30  pHs and potentials produced by the chemistry of the ion than to its
"specificity."

---------------- - - This diagram as deveoped by Parkinsdoesnot define the effect
5oeldstux~l, of potentials lower than the hydrogen equilibrium and it would be

reasonably expected that a wide range of SCC would occur here by
analogy to observations such as those of Totsuka and Smialowska.25

0 L However, such a correlation is not presently available.
to IVz  to to' 105M10'Fan, T,(ti) A second pattern that is now clear is that pure aqueous

environments without any ionic contamination or intentional ionic
b content produce SCC whether the potentials are above or below the

hydrogen equilibrium. For cases below the hydrogen equilibrium, it
FIGURE 43-Effect of alloy composition and environment on the might be expected that hydrogen-related SCC would occur in pure
relative behavior of specimens with smooth surfaces for 70-30 water owing simply to the availability of hydrogen from the electro-
copper (a) and sensitized stainless steel (b). Adapted from the chemical reduction of water. However, SCC occurs In pure water
work of Pugh, et al.,, and Clarke and Gordon.180 above the hydrogen equilibrium potential in sensitized stainless

Seventh, when alloy strength Is increased by cold working, the steels as shown in Figure 36.150

intensity of SCC seems also to be generally increased. Such effects A third pattern that is now well established is that hydrogen is
are observed in cold-worked bolts of austenitic stainless steel not unique as an environmental species in producing SCC in high-
exposed to pure water However, it appears that where cola working strength steels as well as in other alloy systems. At feast chlorine, if
is very anisotropic, as with cold-drawn wire, much of the strength is not other species, can support SCC in high-strength steels,
preserved regardless of the environment unless there Is extensive Hydrogen is further not unique in its supporting SCC in zirconium
pitting, which simply reduces the cross section of the metal. This alloy as shown 1y the extensive work by Cox for SCC in iodine
pattern is analogous to the beneficial effects of the longitudinal gas. '" It is quite likely that th;s broadening pattern MIv continue,
structure on the intergranular SCC in high-strength aluminum alloys, possibly along the lines suggested by Ga;iele.'3

586 EICM Proceedings



Yield Strength TYS (ksi)

GD 1. 60 100 140 180 220

toughness -streng:h 18.000 SCC. steam turbine rotor steels
Rp02 *K. (MN

2
.m"

7
/
2

) " H2 0. 1OOC(212'F).deaerated
0 28% NaOH solution. 110C (2301F), aerated

(typical data. 20-25°C) 16.000 10 stress intensity 161
500 K - 30,0 MN" m-r6(27.54 

ksi4 
i)

1 X 2NrCoMo 13 15 10
2 X4CMoV 5 1 0

4-15 3 X5NICoMo 1895 14.000
5 4 X 55MnCr 18 4 K 101 62-

4005 26NiCrMoV 14 5
* 400 6 2OM MoNi 55 12.000 a

7 X 5CrN 26 15
= 8 X 5CrNi 18 10 c ci
b 9 (Armco -Fe) r,-' 

o
.10 10 -

X 10 22NiMoCf 37 10.0000
300 II 25CrMoV 5 11 (3

8 712 X 200roV 121 auj¥ 13 40SiNiCiMoV77 80009

61G 14 14 X SCrMN 1818K
rx15 XS rnNI1818 C

0i 05 200 16 (Cr.Mo. NiMo-V) 2 o
6 10 5 17 Ductile cast Iron 60O0 "

1610 0

4000 00

10 0 10"
2  

0.V

(l960)5.10" (1970)1.105 62 0
1000 20 3000 400 300 400 600 800 1000 1200 14001500

YieldStrength R 02 (MN/m
2
) YieldStrength Rpo2 (MNIm

2
)

a b
FIGURE 44-Effects of strength of steels on their toughness (a) and SCC velocity (b). Adapted
from the work of Speldel.161

A fifth pattern is that relatively low concentrations of gaseous
2.0 species can support SCC as demonstrated by Kerns for H2S. 1 In

his experiments, he showed that 0.2 torr of H2S was sufficient to
produce SCC velocities of 10-3 in.Is.

1.5 A sixth important pattern has been observed in copper.base
= / alloys where transgranular SCC can be produced by two widely

==;' - 02 different environments in two different ranges of potential. The older,
1.o 2-.. more traditional environment of ammonia produces SCC at potentials

1g " 26 that relate clearly to the formation of copper ammonia complexes.
0.5h The more recent environmental conditions that support SCC are

I0 f-iih ioperaturo 1. . oxidizing species such as nitrate, nitrite, and hypochlorite as studied

EI.V) . " first by Pednekar, et al., 9 and later by others.s- ' 66
SvI C2t13O2 Seventh, work on nonsensitized Inconel 600 has shown that

" .-O.,O SCC or IGA is readily produced in aqueous solutions in at least six
F" .- different zones by what are probably five different mechanistic unit

-0.5- processes. In one zone, SCC in the alkaline oxidizing region occurs
above the hydrogen equilibrium and has been reproduced by
Nagano,' 8' Kishida, et al.." Economy, et al.,1'7 and Bandy and van
Rooyen.170 In a second zone, alkaline and slightly above and below

Fo the one atmosphere hydrogen line, IGA occurs in the absence of
4.5 stress according to the work of Bandy and van Rooyen170

In a third zone, mildly alkaline and slightly oxidizing, intergran-
ular and transgranular SCO occur when lead impurities are added

2 0 2 4 6 8 10 12 14 1 according to the work of Copson and Dean. 47 In a fourth zone, SCC
pH occurs helow the one atmosphere hydrogen equilibrium line and over

a broad range of pH based on work of Coriou, et al.2 5 Economy, etFIGURE 45-Data for SCC of mild steels as a function of pH and a,.,." ana Totsuka and Smialowska.'" SOC occu rs in a fitlth zone that

potential as affected by environmental chemistry Ranges of alu
SCC are compared with the Pourbalx diagram for Iron deter- is mildly oxidizing and mildly acidic based on the work of Newman.'"
mined at 25°C. Adapted from the work of Congleton, et al.16' Finally, a sixth zone is defined by Kishida, et al.." in their work in the

mildly acidic but highly oxidizing region.
The occurrence of SCC in both intergranular and transgranular

A fourth pattern in environmental effects is the array of liquid modes in these different ranges of pH and oxidizing potential
types In which SCC occurs. These include at least alcohols, N204,  suggests that the mechanistic unit processes are indeed different
molten salts, and anhydrous ammonia. There are, no doubt. many and that testing in one of these regimes cannot predict SCC in
others that have yet to be Investigateid. It must be assumed, and it is another. This array of regimes of pH and potential in which thero are
quite likely, that SCC of some alloys can occur in a much wider range different mechanistic unit processes is probably the same as that
of liquids than has been tested to date. suggested earlier for copper-bass alloys.
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An eighth pattern is based on the work of Stoloff showing that in some cases, it does not apply in others. However, in making such
liquid metal embrittlement does not need to depend on the "environ- comparisons, it is not clear that the correct continuum has been used
mental" metal being liquid. He has observed "solid metal embrittle- Fifth, in addition to this continuum between static loads and
ment." Here, the vapor pressure of the solid metal adjacent to the cyclic loads defined for some circumstances by Wei, there is another
metal of interest is sufficient to produce SCC. His work is summarized continuum along the coordinate of cyclic frequency Wei has shown
at this conference. The low vapor pressures at which "metal" SCC that the crack growth rate (Aa/An) increases as the cyclic frequency
occurs is a situation similar to the low H2S pressures for the SCC of decreases as illustrated in Figure 48.178 This pattern, from an
high-strength steel studied by Kerns.2" engineering point of view, suggests that predictive testing in many

For aqueous environments, it is becoming increasingly clear environments cannot be performed at high cyclic frequencies if life at
that the response of SCC under a given set of open-circuit environ- low cyclic frequencies is desired Such an engineering application
mental conditions can be reproduced by an equivalent applied might be propellers for ocean-going ships. This pattern does not
electrochemical potential. A good example of this is the comparison mean that environments do not affect fatigue at high cyclic frequen-
of the data from Smialowska in Figure 34(a) with the earlier results of cies, it just means that there are differences in how the environments
where Blanchet, et al., used galvanic couples.206 This result is similar influence Aa/An in the different ranges of frequency It is quite clear
to the patterns identified by Congleton, et al., in Figure 45. The same that environments do reduce the threshold stress for fatigue at high
pattern easily rationalizes the effect of noble metal additions in the cyclic frequencies, as shown in Figure 39. However, such data do not
SCC of Fe-Cr-Ni alloys in boiling MgCI2 where SCC occurs as soon discriminate between initiation and propagation processes
as a critical range of potentials is reached, regardless of the alloy Stress Intensity (kg •mm"3/2)
addition. The addition of the noble metals ensures that this range of 0 10 20 30 40 50 60 70 80 90 100
potentials is reached early with the result that SCO occurs almost ,- '--,- 10
instantaneously, as shown in the work by van Rooyen1'1 3 and
Royuela.2 Another indication of the equivalence of open-circuit and SM KI solution
applied potentials is the work of Uhlig on critical potentials for SCC in E .-520 mV
Fe-Cr-Ni alloys.' 74 Cowan and Tedmon identified this equivalence in 10- 10"

open-circuit and applied potential conditions for stainless steels in
polythionic acids for stainless steel but noted that some adjustments
were required for Inconel 600.3 10-s

In general, the patterns implicit in the above suggest that SCC 10o2

in a single alloy exposed to a variety of environmental conditions 4
within a single type of environment, e.g., aqueous, may incur SCC by G
many mechanistic unit processes. Second, there is a very broad 0 NaC0 Solution
range of environmental types, compositions, and concentrations that L 10 o AIR 100% RH
can support SCC. Third, the patterns followed by many of the o

.00
regimes of SCO can be correlated with well-known and simple S AIR 40% RH O

processes such as the formation of protective films, the availability of " v AIR 27% RH 10
-7 .hydrogen, or the pressure of gas. 10 -- AlR17%RH

Figure 8 suggests that there are other environmental factors / 0 AIR 9.8% RHSAIR 5.2% RH
that influence the environmental circumstances rather than funda- - 2
mental chemical processes. These circumstances, from an engineer- . AIR 2.3% RH- 16
ing point of view, are equally important because they often conspire 10 AIR 0.8% R
to produce the chemistry adjacent to the surface that is necessary to
produce SCC. Such considerations are crucial to designers. Alloy 7075-T651 109

The stress factor of SDS. The stress factor of SDS is to 6  Crackorientation: TL
identified in Figure 9. The effects of stress on SCC follow somewhat Temperature: 73°F (23°C)
more obvious patterns, although there are some new and open
issues. _ _ _ _ _ _ _ _ 10o

First, stress affects different metals differently when tested as 0 5 10 15 20 25 30
smooth specimens. For example, the effect of stress on copper alloys Stress Intensity (ksi %"n)
is compared with stainless steels in Figure 43 The copper sustains
SCC at much lower stresses even at room temperature These FIGURE 46-Stress corrosion crack velocity vs stress Intensity
results suggest quite different mechanistic unit processes for a high-strength aluminum alloy exposed to varying relative

Second, the patterns of velocity vs stress-intensity curves vary humidity and salt solutions. Adapted from Speldel and Hyatt.?
greatly among and between alloys and among and between envi- Sixth, since 1955, engineering results have shown that there is
ronments for a single alloy. Figure 46 illustrates these variations. little question that constant-strain testing does not provide data that
Generally, the pattern of three stages shown in Figure 32 seems to can be readily applied to design. At high temperatures, such
persist. specimens relax. Further, engineering structures can always expect

Third, similar patterns for cyclic stressing in environments seem slight Increases and decreases in stress. Such persistent activity in
to follow as illustrated in Figure 47 when smooth specimens and stressing seems to accelerate SCC. Testing at constant load but
fracture mechanics specimens are compared.' 7 5-" Certain environ- superimposing a small load ripple greatly accelerates SCC, as shown
ments decrease the threshold stress for cyclic stressing of smooth in Figure 49,179
specimens; for fracture mechanics testing, certain environments Seventh, the slow-strain-rate testing method has also alerted
increase the crack growth rate, .An/An for a given AK. The patterns designers to the accelerating effects of such loading conditions when
due to the stress for Figures 46 and 47 are, more or less, expected. they occur in practice. Such a situation occurs in the case of the
The effects of metallurgical structure and composition and environ- "denting" phenomenon.6- The general pattern for the extent of SCC
mental composition are more differentiated, depending on strain rate is illustrated in Figure 50. There seems

Fourth, Wel has demonstrated that, for some environment- characteristically to be a strain rate above which little SCC occurs, in
metal systems, the fatigue crack growth rate as a function of AK and the range of 0.01/s. SCC effects seem to be fully developed in the
the crack velocity as a function of K can be directly related; i.e., the range of 0.00001 to 0.000001/s. This pattern of strain-rate depen-
same mechanibue unit process operates sometimes, but not always, dence may relate to the effect of decreased cyclic frequency
in both cases.1T7 While this correlation has been observed to apply increasing the crack growth rate,
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FIGURE 47-Corrosion fatigue results compared for smooth surface and fracture mechanics
testing. (a) Stress range cycles to failure for air and saline river water, chromium-vanadium steel.
Adapted from the work of Evans 7 6. (b) Fatigue crack growth rate vs stress-intensity range for
maraging steel exposed to air and saltwater. Adapted from the work of Crooker and Lange. 75

Frequency (Hz) Figure 51(a) shows schematically the different effects of SCC
10 1 10*"  10.2  10"3 and corrosion fatigue on performance of both smooth and precracked

I I I I specimens. Figure 51(b) shows the stress-defect plot as applied to

sensitized stainless steels exposed to high-temperature oxygenated
' water. This case is a good example of a stress-defect diagram for a

.0 /•tough material. These data are based upon an analysis by Speidel.)'
To=0.7s Figure 51(b) shows a stress-defect diagram applied to a electric

generator retaining ring steel, which has very high strength and little
Z toughness and therefore very little capacity to sustain defects in

10"1 /  HY8O Steel in 3.5pct NaCi aqueous environments. Figure 51(c) is also based on work of
A HY130 Steel In Distilled Water Speidel.

- VT HY1 30 Steel In Buffered Acetate
U 12Ni5 Cr 3 Mo Steel In 3.5pct NaCI Dead sot C-hin stool in

"o .2 O4"4S + AISI 4340 Steel in Water Vapor IN Na2CO, * IN NatHCO310 (partial condensation) at 82C and .650 mv (SCE-) .-
I I I I II AGii~

10"1  1 10 102  103  C -0o "Time
1/2 x Frequency (s"1) s aic

FIGURE 48-Effect nf cyclic frequency on crack growth rate at 1 4* iIZ.o5% ai
room-temperature In high-strength steels In water vapor and V) ,o0 - 5%'d .- -
aqueous environments. Adapted from the work of Wel.178  15% a

Eighth, in considering the role of stress in SCC. it is important - 7 2.
to distinguish between applications that have relatively thin cross 20o - YS ±%s'

sections where perforation may occur after SCC proceeds for ,is.
distances of hall to one millimeter. from one with a relatively thick
cross section. In the former case, results from smooth.surface
specimens are more relevant; in the latter, testing in the fracture 0
mechanics geometries are more relevant. These two circumstances 10 toe 10o"  10 1o

may be Integrated in a plot such as shown In Figure 51(a) where FtqOncy (Ill)

stress is plotted vs defect size. Such a diagram Is called a FIGURE 49-Threshold stress for Intergranular cracking vs
"stress-defect" diagram The relationship of the lines to the type of cyclic frequency for a carbon manganese steel exposed to 1 N
testing are indicated. This diagram shows that for small defects, the Na2CO3 - 1 N NaHCO3 solution at 821C and -650 mVscE.
..rnuuth.,rfa eebt6 a.y bu nhive pert.et, wlI f,.,s ;'t u Je.t Amplitude of cycle ripple shown at each data point. Adapted
the fracture mechanics tests may be more pertinent from the work of Fessler.7 9
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The stress-defect diagrams shown in Figure 51 indicate that a
such an approach can readily integrate the considerations of sr.ooth
and precracked specimens in a single presentation. There are Raw Depth a (inc es)
several important caveats constructing various lines on these dia- 103 10.2 10-1
grams. One is that the various threshold stresses or threshold stress" , 1
intensities are assumed to be independent of time. Second, in these I
diagrams, other dependencies such as effects of environment and 6 -, 12 1Its 41 3

electrochemical potential are not shown, oo 6.6 9.9..113.2 --- MN.m
"  'Scc

Ninth, in this consideration of the stress factor in SDS, I have not 100
considered effects of the modes other than the opening Mode I. 3--

Gerberich has looked at such effects and has concluded that only the 200

opening mode (Mode I) is significant for SCC.182  :E

Finally, there is an important unresolved issue at what is CFO,
considered the interface between SCC and corrosion fatigue where loo
it appears that Wei's approach does not lead to a continuous 10
relationship. It is concluded by some that this indicates a difference 304. snsitized

between corrosion fatigue and SCC. Such apparent discontinuities sornicircular SCC in H20+02

suggest to me that the continuum has not been carefully evaluated surfa Raw 288'C (550'F)
and other continuum variables of potential, pH, and cyclic frequency
should be more carefully considered. Also, the contributions of 10 K 123.o. ra 4I

initiation and propagation need to be separated. io' 104  103 10
While the above deal with specific effects of stress, regardless Flaw Depth a (m)

of the source, the engineering status of SCC requires that we
consider the source of stresses. As defined by Spaehn, et al., b
approximately 80% of all SCC failures are related to residual
stresses.'83 Almost all of the SCC in the nuclear industry today is FwDep O a (mm)

related to residual stresses,& 4 except for that produced by the 102 1o* 1o 0o0
expansion of corrosion products in denting.Y 30o 0 I I 3000Critical Mlw depth. a, for a given stross and toughness KIC

It should also be noted that the stresses produced by corrosion -ciolfw eit.atraginsbssndagnask
products can (a) be substantial and sufficient to cause surrounding I oo
materials to exceed their yield strengths, and (b) often produce - -. - -

continuous, inexorable straining of the kind analogous to the slow- .97- 4 E
straining SCC test. Z

The geometry factor of SDS. The factors of geometry as 0 *,4 b
identified in Figure 10 pertain to the eowing: 1 t -e.s 100

One important gsometrical factor is that which intensifies the
stress as indicated in Figure 51. Such intensifications may occur N4 ....
through the formation of pits from directly chemical effects or erosive K 0 O-Z
effocts as with turbine blades. They may also occur with defects in .L 2a 121 .oW

welds or In weld overlays in vessels used for chemical processes. to .1 . 1 2
Regardless of the source, whatever produces sharp geometries 10 10

intensifies the stress and increases the likelihood of initiating SCC. Flaw Deth a (m)

The effects of such intensifications are already considered in the C
stress-factor discussion. However, this section is more conccrned FIGURE 51-Stress-defect diagrams: (a) schematic diagram
with how such geometries may develop, showing design envelopes for dry fracture, SCC, and corrosion

The analytical understanding of how such geometries affect the fatigue, as defined by data taken from smooth-surface speci-
stress intensity is well established.' 8 1 " ' The present understanding mens and fracture mechanics specimens; (b) stress-defect
of how such geometries occur is better understood than in 1955; diagram for typo 304 (UNS 530400) stainless steel exposed to
however, such geometries continue to develop and failures continue oxygenated water at 288C; (c) stress-defect diagram foe elec-
to occur This circumstarve needs more appre':iation by the design trio generator retaining ring steel with service stress of 703
community. MN/im2. Adapted from the work of Speldel.101
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A second important geometrical factor is that associated with susceptibility," "specific ions," and even "syndrgisi 'are no lon0er
the formation of crevices Metal surfaces inside crevices realize useful, as they suggest more of magic and chance than of knowable
differences in pH and electrochemical potential depending on the and regular physical processes.
compositions of the metals, composition of the bulk environment, My review of the status of the six factors of SDS in this section
geometry of the crevice and the external flow.1"7'12 These differ- also suggests that the industrial occurrence of SCC has expanded
ences in pH and potential on the metal surfaces inside the crevice substantially beyond the limits known at the 1955 reference.
relative to those in the external environment may easily be sufficient To develop a framework for portraying regular dependencies of
to increase the intensity of SC substantially. Such effects may occur SCC on the independent variables of SDS, I review first some known
regardless of whether the crevice is formed by a metal-to-metal joint patterns.
or by a deposit such as sludge in a steam generator.

Severe SCC of Inconel 600 occurred in a crevice at the Duane Certain patterns are relatively clear. For example, some crack
Arnold nuclear plant ka BWR in Iowa) in 1978.6 The geometry of the velocities are proportional to the pressure of a particular gas or to
crevice is shown in Figure 52. Penetration of the wall by SCC was regularly varying metallurgical conditions, this is illustrated from the
extensive in depth and occurred almost all around the circumference. work of Nelson in Figure 53.188

While Inconel 600 resists SCC in noncreviced circumstances unless More complex patterns occur ;n electrolytes like water, and
the stresses are too high, the creviced situation reduces the threshold since this is such an important environment and so much work has
stress for SCC, as shown schematically in Figure 34. Similar been conducted in water, I concentrate my discussion on SCC
circumstances occur in steam generators of PWRs where there are processes in this environment.
crevices.62  

Modes of reaction of nonstressed metals in electrolytes have
been shown by Hoar' 89 to follow a pattern of Figure 54. An array of

Crack Outer repair modes of corrosion for stainless steel in sulfate and chloride solutionsSafe,)
weld has been determined by Mazza and Greene, as shown in Figure

55,190 where these modes were identified under open-circuit condi-
tions. Murata has examined modes of corrosion also for stainless

Crack starts at tp steel where his experiments were conducted at controlled potentials.
end For specimens that were stressed he showed a transilion from

w -complete passivity to SCG to pitting. He also observed that pitting
safevend and and SCC occur in different ranges of potential.' 9'
thernal sleeve Agrawal conducted experiments similar to those of Murata buton stainless steel in alkaline solutions.192 Figure 56 shows three

simultaneous measurements for specimens held at constant poten-
Termal Narrow Safe endi tial. First, he shows the simple polarization curve for current as a

sleeve crevce thermal sleeve weld function of potential. This shows prominent but not large active
current densities. Similarly, it shows well-defined passive and trans-FIGURE 52-Cross section of safe end from Duane Arnold passive regions, although none of these features in the alkaline

Nuclear Plant showing location of stress corrosion crack at tip environment is as prominent as usually observed in acidic environ-
of crevice formed between safe end and thermal sleeve. Adapted entsont i m-ofie s loted scienseheldnafrom the work of Pasupathl, t al.66 ments. Second, the time-to-failure is plotted for specimens held at

various potentials. Since the specimens are wires, they fail easily

GaNanic couples lead readily to changes in potential, small regardless of the mode of corrosion. However, most prominent is the
changes, as shown irt Figure 34,al, may substantially ,hange the long (not determined in the time available) failure time in the range of
intensity of SCC Designers should be alert to any actions of galvanic potentials corresponding to passivity. Third, Agrawal identifies the
couples that shift the potential into regions where .orrosiun modes or niudes of corrosion that occur in the various ranges of potential.
,ates are changed Such situations may occur, for example, where a Considering that all of the specimens are stressed to the same
tibe of relatively noble allo',s is connected to tube sheets uf less magnitude, it is most interesting that passivity can be preserved and
noble compositions such as steel. Blanchet, at al., investigated the that the time-to-failure exceeded the duration of the test.
SCC velocity of galvanic couples. Their data are discussed in a later The array of modes of corrosion from the experiments of
section and shown ir Figure 60. These data bhuw that decreasiiig the Agrawal and Murata as well as those of Greene and Mazza suggest
potential by galvaric connectiun with intreasingly less nuble mate that there are regular transitions among the modes of corrosion as a
rials accelerates SCC. function of either chemical or electrochemical variables. Thus, the

Gravitational influences favor the formation of deposits and open-circuit situation for one environment may produce passivity,
slidge piles These effects, too, are well known and can be avuided while another may produce pitting, SCC, or intergranular corrosiun.
by knowledgeable designers. The data in Figure 56 show that the modes of corrosion of a

The temperature factor of SDS. There is little really new given material can be determined regardless of open-circuit puten-
about effects of tempetature. Tempeiature pruduues well knuwn tials. Then, whatever open-circut potential occurs naturally will piade
effects on rate procbsses The only subtlety here is the differen.e in the metal in a region where a given corrosion mode operates. An
effects of temperature on the flow process of the metal as oppused example of such a situation was illustrated by Agrawal,'"' wrio
to the effect of temperature on chemwal pru.esses suuh as thu investigated the inh bition of SCC by chromate additives in the same
reduction of oxygen to water. However, this situation has not alkaline system as shown in Figure 56. He showed that the rule of mne
changed significantly since 1955. chromate was to place the potential in the passive region, the range

The time factor of SDS. There is also little new about the of -650 to -350 mV, where no SCC occurs.
effects of time The factors as laid out in Figure 12 still apply. There The protess of defining modes of corrosion by experiment and
are two trends of major importance that relato to ihe time fautoi. One then drranging environmental uiicumstances intentionally, ui ulin
Is the decrease in the endurance limit or K,c with time. A second ,s tentionally, to be in a given region is illustrated schematically in
the change In grain boundary composition with time at elevated Figure 57. Here an array ul modes is first determined. in this case as
temperatures. a function of potential. This produces a diagram of Figure 57(a). The

open-circuit potential may be adjusted intentionally to be in a regionThe new pattern: intensity, modes, and of stable passivity; or an open-circuit potential corresponding to an
situation-dependent strength aggressive mode of corrosion may occur unintentionally according to

Figures 2 and 3 suggested schematically that the six factors of one of several avenues suggested on Figure 57(b). In practice, ',he
SDS. illustrated in Figures 5 and 8 through 12. act togethe to affect various avenues of Figure 57(b) may be achieved in either nominal
the intensity of SCC Also, it is now clear that the concepts of or non-nominal conditions for example in crevices or under deposits.
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FIGURE 53-Effect of hydrogen gas pressure and strength for a type 4130 steel (UNS G41300):
(a) Effect of hydrogen pressure vs stress Intensity and temperature, and (b) effect of strength
on stress Intensity. Summary curves for effect of hydrogen and strength are shown In (c) and
(d). Adapted from the work of Nelson.l88

The pattern of Figure 57 can apply to any metal-environment hydrogen equilibriur, their results are shown In Figure 58 Newman 172

system. For example, a similar pattern might be developed for the had conducted a study in the mildly acidic and slightly oxidizing
interaction of hydrogen and oxygen gases in the SCC of high- regon and showed that SCC velocity decreased with increasing pH:
strength steels following the experiments of Johnson.55  his results are shown in Figure 59.

Another example of the distribution of modes is given in Figure Blanchet, et al., conducted a study of galvanic couples in neutral
45 from Congleton, el al. This figure shows that SCC in stressed and alkaline solutions and showed that the intensity of SCC
materials may be avoided by staying out of the ranges of potential increased with decreasing potentials as inferred from the nature of
where SCC occurs. SCC can also be avoided here by lowering the galvanic couples, their results are shown in Figure 60 1 Two
stress, although the magnitude of such lowering is not identified, other studies have been conducted in the same range of potentials

To explore this concept of regular patterns more extensively, I Totsuka and Smialowska 2s studied the same range of potentials but
examined data for the SCC of Inconel 600 in the nonsensitized extended it to more negative values using controlled potentials as
condition for the "low-temperature mill-annealed heat treatment" in shown in Figure 34(a). A similar set of experiments was conducted by
aqueous solutions in the temperature range of 3000C. First, I Economy, et al.,' 71 but they achieved negative potentials by increas-
collected data from various investigations in different ranges of pH ing the hydrogen pressure as shown in Figure 61 Unfortunately, he
and potential. An extensive study has been conducted by Kishida, et did not measure his open-circuit potentials and I infer his range of
al.. 168 covering the full range of pH but only at potentials above the potentials.
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metallurgy between the binary equilibrium diagram and the time-
temperature-transformation curves.

Another feature of organizing data for various kinetic mecha-
nisms has been developed by Ashby and Tomkins, l95 as shown in
Figure 66. Here, he plots stress vs temperature and identifies the
different mechanisms of fracture for pure nickel. This diagram shows
that different mechanistic processes can be mapped within a
framework of thermodynamic parameters to reveal patterns that are
important both for fundamental studies and for design.

Brightening I used the conceptual framework implied in Figure 65 for
electrochemical kinetics and Figure 66 for mechanisms of fracture to
develop analogous diagrams for modes of corrosion and its intensity.

Passive In particular, I considered the performance of Inconel 600.

Failure Time (hrs)

1 10 100 1000 10,000 100,000
I , I200 - , N TP 304

200 Stainless Steel
Active Failure " boiling

Time - -Intergranular Corrosion 70% NaOH
100% of
Yield Stress

0 -

CX/ CH20 ...General Corrosionj ',\ P l t t n g/
FIGURE 54-Schematic view of modes of surface reaction for -200

metals as a function of electrochemical potential and concen-
tration of Ionic species. Adapted from Hoar. 189  Intergranular SCC\
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FIGURE 55-Corroslon morphologies observed for U-bend spec- 6 3 2
Imens of type 304 (UNS S30400) stainless steel In H2SO4-NaCI 10" 105 10'4 1o 3  102  10 1

solutions and no applied potential. Adapted from work by Mazza Current. A
and Gree.,e.19  FIGURE 56-Effect of electrochemionI potential on polarization

current time-to-failure and mode of corrosion for type 304 (UNS
SCC of inconel 600 has been studied in the alkaline region by S30400) stainless steel stressed at 100% of the yield stress In

many inve. tigators partly because of direct interest in this region and boiling 70% NaOH. Adapted from the work of Subramanyam, et
partly as a presumed accelerating environment for understandinq a .
SCC in pure water. For the purpose of this illustrative discussion, i I collected the data of Figures 34 and 58 through 64 and
use the work of Nagano, et al..' " Pessall, et al..6 9 Kishidaet al.,'" organized their data in the framework of the Pourbaix diagram for
and Bandy and van Rooyen"O todescribe SCC in the alkaline region. nickel as determined by Chen'08 for 288'C in Figure 67 I have
Their data are shown in Figures 62, 63, and 64. illustrateo this process in Figure 68. I also placed the data from the

At this poir,t. I construct a dagram that integrates work on SCG lead-related SCC of Inconel 600 according to my estimates of where
from numerous authors and plot their data on the framework of the it goes, since open-circuit potentials were not given The placement
Pourbaix diagram tor nickel determined at 288' C. in making this plot of these data as shown in Figure 68 leads to a two dimensional plot
ot experimental data that are inherently basea on kinetic processes as illustrated in Figure 69. This two-dimensional plot shows that there
out that are shown in a thermodynamic framework of an equilibrium are clearly defined regimes of SCC as well as passivity
diagram, I am not implying that the kinetic work is thermodynamically Zone I - Alkaline, Oxidizing. SCC occurs in the caustic oxidiz
controlled. However, it should be noted that the same wariablus of pH ing range, although intergranular corrosion seems to occur at lower
and potential enter directly into equations that control the rate of potentials. The Nagano, et al., data'f 7 does not distinguish intergran
chemical reactions. Therefore, plotting kinetic results un a therr',u- ular SCC from intergranular corrosion, but the Bandy and van
dynamic framework is reasonable. Rooyen' 70 and Airey' 69 data do.

The lirect relatsunship between electrochemical thermod nam- Zone 2 - Alkaline, Slightly Oxidizing, and Reducing. Here, SCC
ics and Kinetic measurements is illustrated in Figure 65 where does not occur but ntergranular corrosion does. This intergranular
polarization measurements are shown to be b.unded by thermody- corrosion seems to be focused on the hydrogen equilibrium line with
namic definitions. '14 The retationship between thu Puurbaix diagram the range uf inteigranular corrosion equally above and below the
and the kinetic curves is similar to the well-established relationship in hydrogen line.' 70
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FIGURE 57-Schematic view of relationship between modes of pH
corroson and environmental definition as a function of Increas-
ingly oxidizing electrochemical potential. (a) Corrosion modes FIGURE 58-Applied potential at 300°0 vs pH of Inconel 600as a function of potential with and w -thou -stress. (b) Environ- (UNS N06600) (1050C or 0.5 h air-cooled heat treatment)
mental definition as possible open-circuit potentials that might exposed to aqueous sulfate solutions with a hydrogen/nitrogen
occur in nominal and non-nominal environments. All conditions overpressure. Specimens tested at 45 kg/mm2 . Locations of
here are hypothetical. lntergranular SCC failure shown in black dots and locations

where no failure occurred In 100 h shown in open circles.

Adapted from the work of Kishida, et al.IeB
Zone 3-Mild Akaline, Oxidizing: The SCC that occurs when

lead is added to aqueous solutions must occur at about the hydrogen
line and in a mildly alkaline pH region. The fact that both intergranular
SCC and transgranular SCC occur suggests that the intergranular O) FeSO4  .Na 2SO4 sotutions
SOC may be part of the intergranular SOC region from the Nagano,et al., data, and the transgranular SCC occurs in a slightly different, -0 - NSO4  I'a2SO4 so2utions

but adjacent, range of pH and potential.

coupl toomct 10% H2 - 90 N2HSO0

Zone 4-Broad pH, Reducing: This is the range defined by O0a (Ssee ncnln ptntafiO
8lancher, et al., '° Totsuka and Smialowska25 Economy. et al,,1 1  .lfre"orosonpoeniawhere the intensity of SCC decreases with lowering the potential. "O L

Such lowering may be achieved either by galvanic coupling, adding

hydrogen, adding hydrazine, or by applying potentials.
Zone 5-Mild Acidic, Oxidizing: This is the region defined by p

Newman1 2 that shows decreasing intensity as the pH increases. Sope-.o84
Zone 6-Acidic, Oxidizing: This is the region defined by the p o 3f

Kishida, et a' data that extends to relatively high potentials. e tot

These may be achieved, for example, in nitric acid environmects.
Zone 7-BroadpH, Oxidizing: In this range. Incone 600 seems

to exhibit passivity and negligible SCC intensity, although the details .
of this range need to be further defined.

Zone 8-Very Acid, Oxidizing: in this range, nickel will dissolve
and would be of no use from a structural aoint of view. hdg

Figure 69 is a usaful chart from both an engineering and 00o 4 5
scientific point of view. First, it shows t the various data from the +H
literature may be aggregated and, as such, can be combined to
produce coherent patterns. Further, the data from many different
investigatiens seem to be reasonably complementary and reproduc- FIGURE 59-Mean crack propagation rate vs pH for Incone600
ible despite the many different types of experments that were (UNS N06600) at 305C in sulfate solutions. Adapted from the
conducted, work of Newman.
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FIGURE 60-Frequency of SCC for Inconel 600 (UNS N06600) in Thermally treated Milt annealed (3 days) 0
galvanic couples of various compositions exposed to neutral A593*Cxlh (7 days)
and alkaline pH environments. Adapted from the work of Thermally treated
Blanchet, et al.206  
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tnc..ne 600 at 3601C FIGURE 63-Stress corrosion crack depth vs applied potential
x..0 for inconel 600 (UNS N06600) exposed to 10% sodlum hydroxide
40 -solutions at 315T0 for different heat treatments. Adapted from

the work of Pessall, et al.169
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FIGURE 61 -Cumulative percent failure specimens with Inter-
granular SOC vs exposure time for Inconel 600 (UNS N06600) at
3600C as affected by hydrogen overpressure and lithium and E o nd e
boron additions. Adapted from the work of Economy, et al.' 'qCorso
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04~ 0 8 103 exposed In 10% NaOH + 11% Na2002 at 30000. Adapted from the

O work of Bandy and van Rooyen. 70l
Z0 98B

004 -90 Second. Figure 69 shows that there are five distinguishable

I I zones where SCC occurs. Although little serious mechanistic work
.15 -10 .05 0 has been conducted in ati of these zones, it appears that the

Potenbal (VvsSiE) mechanistic unit processes for each of the zones is different.
Certainly, the "Broad pH, Reducing" range in Zone 4 follows a

FIGURE 62-NaOH vs electrochemical potential showing region mechanistic pattern different from the others, and the transgranular
where intergranular attack occurs for Inconel 600 (UNS N06600) SOC of Zone 3 differs from the others As a minimum, the patterns of
in alkaline solutions at 3251C. Adapted from the work of Nagano, Figure 69 showe that presuming that the mechanistic unit processes
et al.167  of intergranular SCC of Zones I and 4 are the same is incorrect.
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a b through SCC, intergranular corrosion, or general corrosion. Thus, in
Zone 7 the useful strength is 100% of the strength determined in inert

E E E E E . ( environments. I have taken the "useful strength" as the "flow stress,"
or the average of the yield and tensile strength. In Figure 71, I

8 illustrate the meaning of "useful strength" and its relationship to the
B, o SCC intensity.
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FIGURE 65-Correlation between a potential-pH diagram and 0450
electrochemical kinetics for iron at room temperature. Adapted NO 2
from the work of Pourbaix.l 4
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FIGURE 67-Pourbaix diagram for nickel at 288°C with some
corresponding equilibria for Iron. Adapted from the work of
Chen"9 6

Homologous Temperature (T/IT)

FIGURE 66-Diagram for fracture mechanisms of pure nickel as The approach I use in Figure 70 is most pertinent to thin wall
a function of temperature and stress. Adapted from the work of tubes and may be less useful for thicker sections, since the most
Ashby and Tomkins. 95  pertinent part of SCC for thin wall geometries is really initiation, which

is essentially defined by an endurance limit approach to testing and
Third, while SCC that occurs in five zones (1, 3, 4, 5, 6) can be plotting. As I continue to consider this matter of "intensity" of SCC, it

avoided by reducing or eliminating stress, Figure 69 shows that in is quite likely that a more useful and broadly based parameter can be
Zone 2 intergranular corrosion will still occur in the absence of stress. developed.

However, Figure 69 does not show any indication of the To give Figure 70 reference. I have made the one atmosphere
intensity of SCC At one extreme, SCC will not occur if there is no hydrogen line into a plane. I show the intersections of this plane with
stress, so that the occurrence of SCC in the various zones is the topology of the useful strength as solid dots.
meaningless and only those modes of corrosion that occur in the Figure 70 is then a three-dimensional plot if the data from
absence of stress are pertinent In this zero stress situation, the Figure 69 but with the intensity kinverse intensity) indicated in the
intergranular corrosion in Zone 2 is pertinent, as is the general third dimension. To obtain the values of ntensity for Figure 70, 1 used
dissolution in Zone 8 I suspect that there is also a region of considerable license. The stress effects in each of the experiments
intergranular corrosion in the mildly acidic region, but I have no used to make up Figure 70 were determined by the respective
information However. when there are stresses, SCC will occur investigators differently. Further evaluation of the data as well as
depending on the magnitude of these stresses and on the intensity of using data from many other investigators will improve the veracity of
SCC in the different zones the contours. However, I suspect that the patterns as already shown

To establish a pattern for intensity of SCC as affected by the are, at worst, good and semiqualitative.
environmental variables of pH and potential, I developed a three- Figure 70 shows that the various modes of SCC for Inconel 600
dimensional diagram shown in Figure 70 The potential-pH base of at about 300'C in the loiv-temperature mill-annealed heat treatment
this diagram is the same as Figure C9. However, the vertical can be described by a three-dimensional plot where the various
coordinate is an indicator of the Intensity of SCC. To make this modes of SCC as well as other modes of corrosion can be
diagram useful for designers, I used effectively the "inverse intensity" characterized by smoothly varying contours. This surface could be
and developed an ordinate called "useful strengih", "useful strength" called the "topology of SC' or the 'topology of corrosion,"
is that available to a designer after the environment takes its toll depending on what modes of coriosion are included.
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FIGURE 69-Results of plotting data from SCC investigations for Inconel 600 (UNS N06600) on
Pourbalx diagram for nickel. (a) Schematic view showing location of data. (b) Suggested
locations of zones for different riiodes of corrosion.

The topology plot in Figure 70 now presents to both the scientific To complete t.his discussion of corrosion mode diagrams, it is
investigator and to the designer important and useful information. To necessary to demonstrate how the environment is defined in the
the investigator of m echanistic unit processes Figure. 70 defines same framework as the mode-intensity diagram
contours in stress-pH-potential space that must be rationalized. To Since inconel1600 is widely used as a tubing material for steam
the designer, Figure 70 shows what regions are to be avoided or what generators in nuclear power reactors, the environments of such
actions, iLe., lowering the stress, must be accomplished for reliable systems furnish a useful framework for discussion Starling again
performance to be achieved. from the Pourbaix diagrams for the 300°C region developed by

The topology of igure 70is one approach to the schematcvwew Chen,lae Figure 67 shows key features of the nickel diagram with
of Figure 69(b), which suggested that the intensity of SCC should be some important lines from the iron diagram~ These are shown
a smoothly varying function of key independent variables," because Inconel 600 is often adjacent and electrically connected to

While Figure 70 provides an interesting three-dimensional mild steel, the minimum galvanic potential of an iron-nickel couple is
visual overview of the topology of yarious corrosion modes, certain defined by the iron equilibria. Figure 74 starts with Figure 67 and
important features are hidden, It is possible, using the appropriate shows the effects of different nominal and non-nominal environ-
software, to view Figure 70 from orher perspectives. Figure 72 shows ments. Various environmental circumstances that can occur in these
the result of viewing Figure 70 from different directions. Figure 73 steam generator environments are depicted on igure 74 as fellows"
shows the result of taking two-dimensional slices through the Environment la,b-deoxygenatfed with hydrogen: In corn-
three-dimensional diagram. With such slices it is possible to obtain a pletely deaerated sululions, thle electrochemical potential lies on the
detailed view of critical dependencies such as the effect of potential hydrogen equilibrium line as modified by the hydrogen pressure at
on the useful strength at selected pHs. the metal surface according to the Equation (3):

Figure 70 does not include such important independent vari-
ables as heat treatment, temperature, cyclic streosing, and other E =E o - k,(pH) - k2 log PH (3)
environmental species not accounted for by the normalizing effects of
pH and potentiai. However, such variables can be incorporated as
this approach becomes more sophisticated, possibly by using an Where, Eo, k1, and k2 are temperature-dependent constants
expert system or by using contour plots in place of three dimensional The precise location on this line depends on the pH additives of
ones where successive piots of other variables can be shown, lithium or ammonia depending on whether the focus is on the primary

While the topology ot intensity for the corrosion of Inconel 600 or secondary side of the Inconet 600 tube
is defined in Figure 70, this figure does not define where the surface Environment 2-oxygen added: If oxygen is added to the
e1 thle metal is with respect to environmental variables, i.e., Figure 70 environment, the potential will increase according to the pattern of
bays that "ifl the pH and potential are located at a given point, then the Figure 36 and may increase 500 to 600 mV above the hydrogen
intensity oi SCC is defined.' However, it does not define what pH and equilibrium potential in the range of 0 1 to 10 ppm of dissolved
potential can be expected. oxygen.
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Useful strength plotted vs environmental parameters of electrochemical potential and pH. One

atmosphere hydrogen equilibrium lne shown as a vertical pl n an d Indcatons shown where
hydrogen plane Intersects surface topology. Zones for various corrosion modes designatedb

Environments 3a,b; 4a,b-alkal e and acidic crevices with is complicated, since hydrazine decomposes at 300 C and the
and without oxygen. 11 species are concentrated in creces or in potential on the surface also depends on the concentration of
sludge, the pH at the metal surace will depend on whether these hydiazine and pH of the evironment in ways that are not defined
species are acid Or alKaline forming, it such environments develop in Using Figure 74, the electrochemical conditions on the surface
aeaerateO conditions, the potential is defined by the hydrogen line. It of the Inconel 600 tubes can be estimated even in the absence of

oxygen s present above about 0.01 ppm, the potential in these direct measurements. These results can tompared with the
regions will increase according to the general pattern ei Fegure 36. intensity-mode diagram of Figure 70 to determine what modes of
Since some -hydro gen d e thzerated locally, the potential may corrosion can be expected on smooth and creviced sufitces
drop in these regions according to the prediction of Equation (3). The topology of corrosion modes defined by Figure 70 epito-

Environment 5-galvanio connection to steel 11 inconel 600 is mizes what is meant by situation-dependent strength This figi e
galvanically connected to mild steel, the potential of the couple will shows that the strength that may be used by a designer depends on
approach that of the iron electrode. This approach will be closer as the environmental situation.
the corrosion rate of the steel increases, with the result that the This approach, epitomized by comparing the mode-intensity
potential on the Inconel surface will decrease. diagram of Figure 70 with the environmental definition diagram of

Environment 6-nydrogen added. it hydrazine is added to the Figure 74, identifies what is now possible in engineering with SCC

water, the potential on the surfaces will be decreased, although this from a point of view that integrates considerations of material,
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environment, stress, design, and temperature. This capacity now Gumbull. The Weibull function has been widely used because of its
exists and should form the basis for future developments in applying flexibility in dealing with distributions of widely different shapes. The
SCG and its broad dependencies to engineering design. normal distribution is somewhat restrictive, since it implies symmet

Not every alloy-environment system nor every application will rical distribution about the mean, and log normal is similarly
find the specific approaches in Figures 70 and 74 applicable, restrictive, although it has been useful in describing results from
However, analogous mode-intensity and environmental definition testing mechanical properties.
diagrams can be developed. Generally, statistical data are presented in two formats. In the

In the future, such ideas of susceptibility, specific ions, and first, the frequency of occurrence ic plotted vs an independent
synergy will cease to have meaning in favor of the orderly description variable, i.e., the frequency of the yield stress measured in a given
of SCC described in this section. interval is plotted vs yield stress. This plot is illustrated in Figure

75(a). The Weibull distribution function is used as an example to
illustrate these different functions. A second form of this plot is the

Dependent variable Dependent variable
is useful strength' is 'intensity of SCC" cumulative distribution function," which is the integral of the

frequency plot. The cumulative function gives the fraction of all
events that have occurred at a particular value of the independent
variable. The cumulative distribution function is shown in Figures
75(b) and (c).

An early attempt to define SCC data from a statistical point of
Tensile view was used by Cochran and Staehle1' in which they differenti-
stress ated among the effects of surface preparations for type 310 (UNS

S31000) stainless steel stressed and exposed to boiling MgCl2.
Flow stress 1.0 Recently, Shimada and Nagai have described the SCC of

zirconium alloys used for nuclear fuel tubes exposed to gaseous
0.9 When useful iodine. ° 2 They took data at various stresses and plotted their data as

Wheld strength is less cumulative distribution functions. An example of their data is shown

than 1.0 intensity 0 in Figure 76(a) for a single stress. They also determined the effect of
of SCC increases v) stress on the adjustable parameters of the Weibull function; these

0.7 depending on 16 data are shown in Figure 76(b). The equations associated with the
material and 2>,

0.6 environment plots are also shown in Figure 76.
The data in Figure 76(b) show that the adjustable constants

Z- 0.5 follow generally expected patterns in their dependence on applied
stress; i.e., the characteristic value of 0 decreases with increasing

: 0.4 stress much as its analog, the mean value, would in Gaussian
statistics; the initiation time (t.) decreases with increasing stress, also

0.3 an expected result; and the slope (b) increases with increasing
02 When useful stress, indicating that the range of data is progressively narrower,

-0.2 strength is 1.0, which is also expected.
intensity of SCC The data of Shimada and Nagai show both that their SCC data

0.1 is zero can be described accurately by a cumulative distribution function and

0 that the adjustable parameters follow qualitatively expected patterns.
This latter result suggests that these adjustable constants could be

FIGURE 71 -Schematic view showing useful strength related to linked to the factors of SDS as described in Figures 5 and 8 through
stress-strain diagram and Intensity of SCC. 12. Once this is accomplished, the distribution function can be

applied over a wide range and interpolations and extrapolations
would be greatly facilitated. In fact, it is reasonable that the
distribution functions could be interconnected with the topology of the

mode-intensity diagrams.
Statistical description of SCC Shibata has also started significant work to consider the

The mode-intensity diagram of Figure 70 is one view of SCC statistical properties of SCC and of pitting.113 
1" An example of his

that provides an overview of the averaged intensity of SCC at each data is shown in Figure 77.
environmental point. In reality, SCC data, like all data describing I have taken data from a paper by Blanchet, et al., 2°6 in which
properties of materials, can only be described by a distribution the cumulative failures of Inconel 750 were determined in 350 C
function that gives frequency of occurrence vs an independent water, and plotted his data using the two-parameter [using the
variable of stress, time. or other similar quantity It is well known that characteristic value to) and the slope tb)] Weibull statisti s to obtain
the simple tensile properties of yield strength, tensile strength, Figure 78(a). I then determined the effect of stress on both the
elongatior. and similar material properties are statistically distributed cnaracteristic value and slope. These data are plotted in Figures
abo6' some mean or characteristic value, and further that such 78(b) and 78(c). The slope determined for U of 4.3 corresponds to the
descriptions have Inherent scatter described by a parameter that is a well-establisnea exponent of about 4.0 for creep. The values fur the
characteristic of the scatter Weibull slope were bimodal and decreased significantly below the

3enerai&, SCC data have not been taken from a statistical point yield stress. This is in accord with the reasonable expectation that the
ot view. Consequently, the data for Intensity or "inverse intensity," as scatter will increase at lower stresses.
shown in Figure 71, are only the best guess of the investigator. Such
data as used for Figure 70 are not even proper mean values as well These values for the dependence of 0 and b on stress shown
as not being described by a distribution function in the original in Figures 78(b) and 78(c) can be inserted directly into the distribution
pubhished papers. Note that a least squares fit also does not provide function. Further, the effects of other parameters such as tempera-
any useful statistical information except to give some assurance that lure, pH and potential could also be determined and likewise inserted
the ine drawn through the data is the best available line. into the distribution function through the adjustable parameters,

Vnrc~ data buct at. ti, itom SCC vi ,iniilai testing is The statistical description of SCC data provides the designer
.u'.r u , with dr. important lool. Using dat& such as those in Figure 70 and
(K QUIil'u Mu IVuuWI iuA*'. ",~ i" he~ most liequenty coaiiideied F.~Uk.e 78, the~ designer ,an thun ddei mino what fraction of his total

.4, ium,. lhe t,,, 01,OQ nm ; .,iu Weit2ll, ' ,.tinie ,alue, and ,.Ltu.in will sustain SCC failuie by a predetermined time.
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FIGURE 72-Corrosion mode-Intensity diagram for Inconel 600 (UNS N06600) at 300'C shown
from different perspectives.

While good work is underway in this area, statistical methods To illustrate the interaction of mode--intensity diagrams with
are greatly under-used by the matenals community in organizing and environmental definition diagrams, I use some simplified examples
characterizing data. These analytical tools could provide an impor- from Figures 34 and 69 for Inconel 600 in high-temperature wafer
tant bridge between the materials and design communities. Note that in the discussion that follows, my use of the potential scale

is schematic. From Figures 34 and 69, a simple view at a single pH

Environmental definition of a mode-intensity diagram is shown in Figure 79(a). This shows

The discussion on the engineering staius of mode-intensity that SCC, at a selected pH, is negligible above the hydrogen

diagrams considered environmental definition as epitomized in equilibrium and has a high intensity below. Figure 79(b) shows
Figure 74. This subject is important in considering the engineering schematically the distribution of open-circuit potentials as affected by

status of SCC because it is the environment that determines the hydrogen pressure, galvanic coupling, oxygen concentration, and
mode and the intensity of SCC. i.e., the environmental coordinates hydrazine.
must be located first before the likely mode and its intensity can be
determined. At that point, the minimum stress or stressing conditions Figure 79 shows that when the hydrogen is very low or there is
below which SCC will not occur can be determined. Despite the a small amount of oxygen, the potential shifts positive out of the
importance of defining engineering environments, it Is usually badly region where SCC is significant. On the other hand, when the
done. potential is reduced by increasing the hydrogen, galvanic connection,

Generally, designers define the environment to which their or adding hydrazine, the zone of increasing SOC intensity progres-
materials of construction are exposed as the nominal ones or ones sively Intersects with the range of open.circuit potentials.
that are predisposed to make their components and materials
pertorm ideally. While this may sound like a caricature, it has been my To determine the proper view of the environment from the point
general experience in reviewing failed designs. of view of fixing locations on the mode-intensity diagram, it is crucial

in this section on the engineering status of SCC, environmentat that re3listic definitions of both nominal and non-nominal environ.
definition is important because t determines whether SCC actually ments are developed. In addition, there is a third category of
occurs. It is necessary to define both the mode-intensity diagram reasonable a ;cident conditions that needs to be evaluated Important
shown in Figure 70 and the environment on the metal surface to featuies of nominal, non-nominat, and accident conditions are
determine whether SCC can occur, illustrated in Figure 80.
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FIGURE 73-Cross-sectional views of useful strength vs electrochemical potential taken at three
values of pH from corrosion mode-intensity diagram for Inconel 600 (UNS N06600) In 300°C
temperature range.

The nominal condition is generally that environmental circum- The view summarized in Figure 80 is that from the point of view
stance that results from the nominal environmental composition of of the process environment, usually on the inside of piping or the
the process fluid at its nominal flow on nominal surfaces. However, inside of vessels. This is the "inside" or nominal system. In addition,
even here there is considerable opportunity for variation because of tiere are environments that must be defined on the exterior of the
changes in species such as oxygen, hydrogen, chloride, reduced system. These might result, for example, from leaching chloride from
sullur, mildly acidifying and mildly alkalizing species. Further, the asbestos insulation and causing SCC of stainless steel on the outside
rates of such interactions with the metallic surface are affected of a pipe. There is a rigor that can be applied to such situations but
significantly by variations in the local flows, it is rarely done, and such a discussion would occupy more space

The non-nominal condition involves the same nominal chemis- than required here to make the point.
try but as modified in crevices, deposits, heat-transfer surfaces twith I have introduced this section to illustrate that much of what
and without crevices), zero flow, flow eddies, and wetting and drying occurs ,n SCC and corrosion failures generally results from inade
or other concentrating processes. Such conditions usually produce quate dufinition of the nominal environments as described in Figures
environments on the surface that are vastly different from the nominal 74 dnd 79. Lack of such definition either prevents work from being
conditions, done to develop pertinent mode-intensity relationships or leads

The category of accident environments I introduce as part of designers to believe that they have no problem with existing
the nominal condition to the extent that a given design of a mode-intensity relationships.
component is prone to ingesting species from the surroundings I consider rigorous approaches to developing environmental
through well-Known leak paths such as inherently leaky cundensers, dtfiiitiuri diagrams are as important as developing the data for
leaky valve seals, leaking seals ol rotating machinery, or the transfer defining mode-intensity diagrams. I recognize that much of this
ot impurities from one component to another such as cupper from dis.us5iun on environmental definition belongs more in a text than in

iondensers or sulfate from deionizing systems. These accident this review. However, the lack of a rigorous approach to defining the
conditions must De included in the design anid the possible effe.As on ariay uf nominal conditions as described in Figure 74 is a major
the corrosion modes and associated intensity evaluated, deficiency in the engineering status of SCC.
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FIGURE 74-Environmental definition diagram for nickel-base alloys using nickel Pourbaix
diagram at 2880C with some Iron lines added as basis and effects of environmental changes for
nominal and non-nominal conditions shown. Specific cases of environmental changes are
noted.

The "multiplicative" nature of SCC understanding of both the functionality of the SDS factors as they

As correlation equations emerge tram the development at the influence intensity as we% as a similarly improved capacity to define
the nominal environments.

SDS approach as defined in Figures 5 and 8 through 12, as well as

from the development of equations to describe the topology of the Congruence of SDS factors
mode-intensity diagrams, it will become clear that SCC may be If the intensity of SCC depends on the six SDS factors, it also
thought of as multiplicatively dependent upon the SDS factors of depends on their being at the same place at the same time. This is
material, environment, stress, design, temperature, and time. This the principle of "congruence." Congruence is intuitively understood
means that the intensity parameters as defined in Figures 2 and 3 will by those who are intimately familiar with SCC; however, the idea has
be the product of various expressions that characterize the six SDS never by clearly formalized and defined.
factors. 0 Identifying congruence and the need for the simultaneous

In the simplest terms, the intensity of SCC increases generally occurrence of critical factors is a part of the present engineering

with the stress If the stress is zero, SCC does not occur. If the status. A practical element of implementing congruence is to place a
intensity as a function of environment is zero, then SCC does not surface into compressive stress when exposed to an environment
occur, as for Zone 7 of Figure 70. If the intensity as a function of alloy that produces high-intensity SCC when the stresses are tensile,
at designated environmental coordinates is zero, the SCC is zero.
Thus, SCC can be prevented if any of these SDS factors is zero, it is Nomenclature and appearances

reasonable to conclude that the intensity of SDS is multiplicative. Many of the leaders in this field have struggled to develop a

However, the lunctionality ot the environmental, material, and suitable name for phenomena that are embraced by this review. I

btress parameters is not usually monotonic so that increasing have opposed the idea of distinguishing what were once differenti-

magnitudes at any at these independent SDS variables do not ated as hydrogen embrittlement and anodic SCC because it makes

neessarily increase the intensity of SCC, with Stress being the only the nomenclature mechanism dependent and mechanisms change.

exceptiun. While the interaction is multiplicative, it is also complex. Further, hydrogen may play some role in what has been cal:ed anodic

The quantitative and interactive product at the combined SDS SCC. conversely, it is known that some stress corrosion processes

parameters, even for a few simple ones, has not been approached that occur at negative potentials possibly proceed by chemical

either from scientific or engineering points of view. Such resulting dissolution.

information would be helpful in both predicting and preventing SCC. In addition, it is increasingly cleat that hydrogen may not only

Achieving reliable prevention of SCC requires a greatly improved embrittle the material but also make it more ductile.
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ics and equations between frequency of failure and cumulative a;
percent failure based on Welbull statistics.

Terms like "environmentally reduced strength," "environmental 0 10"

embrittlement," or "environmentally accelel ated cracking" lose sight
of the fact that the metal is not embrittled in most cases nor is the
inherent strength lost by some magic process. Further, the result is 10-2 1
not so much a crack but rather a very narrow process of degradation 200 250 300
or corrosion that Is accelerated or incited by stress. Stress (MPa)

The term "stress corrosion cracking" is still a useful one FIGURE 76-Statistical interpretation of SCC of Zircaloy-2 ex-
because it identifies the important factors of stress and an interaction posed to iodine gas: (a) Cumulative fraction failed vs time for a

between the environment and material to produce degradation with stress of 241 MPa, and (b) effect of stress on adjustable
the final "appearance" of a "crack." constants In Welbull correlation equation. Adapted from the

If any change were to be made, it would be to shorten the term work of Shimada and Nagal.202

to simply "stress corrosion," The possible conflict with any general
dissolution that is accelerated by stress is not serious, and such
corrosion is usually called something else, as in the case of cyclic
stresses breaking the thick oxide films in high-temperature oxidation. 99 c 4 i,5%hc12

I am concerned with the word "cracking" since it implies t54C.

inherently to the design and most of the materials community that a
mechanical crack has somehow occurred. While this problem of
appearances causes little difficulty for the knowledgeable profession- 0 so o
ais, it is often a confusing term for lay persons. Further, it is a
misstatement of what actually occurs.

o20-
The engineering status of terminology is one of confusion, and _

efforts should be made to make the generic term simple, direct, and 10- 0 0 K9 mm

inclusive. Thus, there should be one constant in the system as 4o 206 "
s- 1

mechanisms continue to change. My choice is "stress corrosion." 0 0

I believe that "stress corrosion" should include what have in the 2
past been called such names as hydrogen embrittlement (and there IF I__
are a number of subsets here), anodic SCC, liquid metal embrittle- 102 103
ment, and similar terms. Also, I urge that professionals in various Tim Ini
industries drop such variations as PWSCC (primary water SCC),
since the same process occurs in other environments. Such a FIGURE 77-Cumulative fraction of specimens failed vs time
confusing term could simply be replaced with "stress corrosion" as it using Welbull statistics for a Fe-17Cr-11Ni alloy exposed to
occurs at a particular location, boiling 45% MgCI2. Adapted from the work of Shibata.033
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FIGURE 78-Statlstical analysis of SCC failure of Inconel 750 components
exposed to 3500C water. (a) Cumulative fraction failed vs time for In system
different magnitudes of yield stress plotted with Welbull statis- . Excessive
tics. Different values of Welbull slopes shown for comparison. velocity
(b) Characteristic value plotted vs stress. Data compared with
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FIGURE 80-Overall nominal conditions of environment shown
Including nomlnal, non-nominal, and accident conditions.

What Needs To Be Done
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Base Alloys, pp. 1149-1160, Proceedings of the Third International Conference on Effect of
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Hydrogen on Behavior of Matenals, held August 26-31, 1980. Goel, V.S., ed. Corrosion Cracking, Proceedings of the Corrosion
New York, NY: AIME, 1981. Cracking Program and Related Papers presented at he

Wicke, E., ed Wasserstoff m Metallen, Benchte der Bunsen Gesells- international Conference and Exposition on Fatigue, Fracture
chaft fur Physikalische Chemie, held March 20-24, 1972. Julich, Mechanics and Failure Analysis, held December 2-6, 1985.
Germany: 1972. Metals Park, OH: ASM International, 1986.

Miller, K.J., R.F. Smith, eds. Mechanical Behaviour of Materials,
2. Techniques Proceedings of the Third International Conference, held August

20-24, 1979. Oxford, UK: Pergamon Press, 1980.
Osborn, C.J., R.C. Gifkins, eds. Effects of Chemical Environment onDean, S.W, E N. Pugh, G.M. Ugiansky, eds. Environment-Sensitive Fracture Processes, Proceedings of the Third Tewksbury

Fracture: Evaluation and Comparison of Test Methods, ASTM Symposium on Fracture, held June 4-6, 1974.
STP 821. Philadelphia, PA: ASTM, 1984. Pratt, P.L., ed. Fracture 1969, Proceedings of the Second Intema-

Fracture Toughness Testing and its Applications, A Symposium tional Conference on Fracture, held April, 1969. London, UK.
Presented at the Sixty-Seventh Annual Meeting, ASTM STP 381. Chapman and Hall, 1969.
Philadelphia, PA: ASTM, 1965. Third International Congress on Fracture, held April 8-13, 1973,
Ugiansky, G.M., J.H. Payer, eds. Stress Corrosion Cracking-The Dusseldorf, FDR: V. Deutch. Eisenhuttenleute, 1973.

Slow Strain Rate Technique, ASTM 665. Philadelphia, PA:
ASTM, 1979,

Raymond, L.E., ed. Hydrogen Embrittlement Testing, ASTM STP 6. Texts
543, held June 25-30, 1972. Philadelphia, PA: ASTM, 1974. Beachem, C.D., ed. Hydrogen Damage. Metals Park, OH: ASM

International, 1977.
3. Basic Science Brown, B.F., ed. Stress Corrosion Cracking Control Measures,

Houston, TX: NACE, 1981.
Latanision, R.M., J.R. Pickens, eds. Atomistics of Fracture. New Davis, J.R., ed. Metals Handbook, Ninth Edition, Vol. 13, Corrosion.

York, NY: Plenum Press, 1983. Metals Park, OH: ASM International, 1987.
Latanision, R.M., J.T. Fourie, eds. Surface Effects in Crystal Plas- Evans, U.R., ed. The Corrosion and Oxidation of Metals. Scientific

ticity. Leyden, The Netherlands. Noordhoff, 1977. Principles and Practical Applications. London, UK, Edward
Latanision, R.M., R.H. Jones, eds. Chemistry and Physics of Arnold, 1960.

Fracture. Dordrecht, The Netherlands. Martinus Nijhoff, 1987. Fontana, M.G., Corrosion Engineenng, Third Edition. New York, NY.
Westwood, A.R.C,, N.S. Stoloff, eds. Environment Sensitive Me- McGraw-Hill, 1986.

chanical Behavior. New York, NY. Gordon and Breach, 1966. Logan, H.L., ed. The Stress Corrosion of Metals. New York, NY. John
Wiley and Sons, 1966.

4. Power Industry Applications Oriani, R.A., J.P. Hirth, M. Smialowski, eds. Hydrogen Degradation
of Ferrous Alloys. Park Ridge, NJ: Noyes Publications, 1985.

Shreir, L.L., ed. Corrosion. London, UK: Newnes-Butterworths, 1965.lanniello, L C, ed Stress Corrosion Cracking Problems and Re- Tetelman, A.S., A.J. McEvily, eds, Fracture ot Structural Matenals.
search in Energy Systems, held February 24-25, 1976. Wash- New York, NY: Wiley, 1967.
ington, DC* U S Energy Research and Development Adminis- Uhig, H.H., ed. Corrosion Handbook. New York, NY: Wiley, 1948.
tration, (ERDA) 1976, Uhlig, H.H., R.W. Revie, eds. Corrosion and Corrosion Control. New

Okada, H., R,W. Staehle, eds. Predictive Methods for Assessing York, NY: Wiley, 1985.
Corrosion Damage to BWR Piping and PWR Steam Generators.
Houston, TX: NACE, 1982. Discussion

Roberts, J.T.A., W. Berry, eds. Proceedings of the International B.D. Llchter (Vanderbilt University, USA): I am sure that I am
Symposium on Environmental Degradation of Materials in expressing the sentiments of others here today by thanking you for
Nuclear Power Systems-Water Reactors, held August 22-25, a very impressive and synthesized account of the subject we have
1983. Houston, TX: NACE 1984. been discussing this week. I certainly intend to use your ideas in the

Speidel, M 0, A Atrens, eds, Corrosion in Power Generating classroom, I like the concept of situation-dependent strength'
Equipment, Proceedings of the Eighth International Symposium kSDS), I also am taken by the point you made early on, and reiterated
on Corrosion in Power Generating Equipment, held September at the end, namely, the concept that materials are to be considered
19-20, 1983. New York, NY: Plenum Press, 1984. 'guilty' until proven "innocent." This is an important policy statement

Roberts, J T A, J R Weeks, G J Theus, eds. Proceedings of the with ethical implications and relates to the professional responsibility
Second International Symposium or, Environmental Degrada. of corrosion engineers and scientists.
tion of Materials in Nuclear Power Systems-Water Reactors, In your survey of the history of this field, do you have any
held September 9-12, 1985 LaGrange Park, IL: ANS, 1985. examples of the consequences of not applying this caveat? Can you

Theus, G J, J R Weeks. eds. Proceedings of the Third Symposium give us a notion of a systematic framework for applying the caveat in
on Environmental Degradation of Materials in Nuclear Power future materials-system design? In particular, could you comment
Systems-Water Reactors, held August 30-September 3. 1987 on the U.S. National Aerospace Plane (NASP) Project, where it
Warrendale, PA: The Metallurgical Society. 1988. would seem that a commitment to the use of "guilty" Ti-Al alloys has

been made in 1988 with expected system implementation in 1994.
5. Fracture and Fatigue Meetings This is being done prior to the solution of serious proolems with this

material.
Environment Sensitive Fracture of Metals grnd Alloys, Proceedigs R.W. Staehle. With respect to the guilty until pioven innocent

of the Office uf Naval Research Workshop on Environment idea, there are two responses. First, I do not want this idea to be the
Sensitive Fracture of Metals and Alloys hield at the NvaI basis fur alarmist notions about the integrity of engineering ystems
Research Laboratory, held June 3-4, 1985. Arlington, VA. U.S. and ,..omponents since, in many cases, they operate reliably foi their
Office of Naval Research, 1987. intended life in spite of the abuse inherent during operations.

Environmentally Induced Cracking. The Interaction Between Me,h- However, second, I intend this idea to iduiitify the fact that all
anisms and Design, Proceedings of the CORROSION,86 engineering materials are reactive chemicals and, in many ut the
Symposium on Evironmental Cracking, The Interaction Be- environments to which the materials are exposed, engineering
tween Mei.hRnisms and Design. Houston, TX. NACE. 1988. rmaterials are extremely reactive chemically. The reason that such
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reactive materials work is usually attributable to the formation of such work at the atomistic level will ever really define the dependen-
protective layers. The specific image I wish to portray is one in which cies on material, environment, stress, geometry, temperature, and
this great chemical reactivity of engineering solids is a persistent time that are necessary for the design of reliable structures. However,
force detei mined to get out by whatever avenue is available. There fundamental work co.itinues to stimulate the community and will
are many avenues by which such a persistent force can, and often inevitably provide successively higher levels of rationality to engi
does, prevail for a single alloy: stress corrosion cracking, dissolution neering correlations.
in acidic and caustic environments, dissolution by complex-forming F.P. Ford (General Electric R&D, USA). One of the rate-
species, evaporation via reactions that produce volatile species, determining steps in the process of transmitting our mechanistic
hydriding, high-temperature oxidation, and so on. With such inherent knowledge to life prediction is persuading the design and opeiating
reactivity, it is incumbent upon designers and materials people engineer to use these ideas. Do you have any ideas on how to
together to exercise prudent care in the application of materials, accelerate this "engineer education" phase?

Further, the surprise should never be that materials fail, the R.W. Staehle: I especially appreciate that you have raised this
surprise is that they work! Such a view engenders a more appropri- important question of how we all communicate effectively among the
ately respectful point of view. Concerning the question of the materials, design, and operating communities. One needs only to
titanium-aluminum alloy for the Nat,.,al Aerospace Plane, I have two look at the persistence of failure phenomena via modes that have, for
ideas. One is that similaily reactiv materials have been developed many years, been well documented in the public literature to realize
and used reliably in aggressive environments, but only after a very that our communication is not satisfactory. In the past, means of
iargeamountot veiy good engineerng. A good example is zirconium- handling the communication among these three key communities-
base alloys, which are used as cladding for uranium in nuclear materials, design, operator-have included codes, specifications,
reactors. Another good examole is the use of aluminum in the safety factors, interdisciplinary groups, and task forces. Whatever is
aerospace industry. In the latter case, it is sobering to realize that implied or hoped for from such efforts has been somewhat effective
powdered metallic aluminum is used as a propellant for solid rocket but is still inadequate. I often wonder why anyone would so wantonly
motors beud.use of its high reactivity and energy release, while the avoid knowing that his machine or design is clearly headed for failure,
metal in bulk form is used for structural applications. The second when the information that would prevent such failure is so abundant,
point of view here is the example of the molybdenum, tungsten, or so predictable, or so easily obtained.
tantalum, and niobium alloys, which cannot provide designers with There are probably some good reasons for what has always
the advantages inherent in their high melting points because of the seemed to me to be this technical masochism. One is that the
volatility of their oxides at relatively low temperatures. inherent chemical reactivity of engineering solids is never understood

R.L. Jones (Pacific Northwest Laboratories, USA). I agree nor appreciated by the design and operating communities Inciden-
with you regarding the need to identify the situation-dependent tally, many of the materials community itself do not appreciate this

performance of materials, although I wouid choose a term other than fact either. This inherent chemical reactivity as an engineering reality

strength. Strength refers to intrinsic material properties, while you is taught in neither mechanics or mechanical engineering courses.
are using the term to indicate the extrinsic properties of materials. Second, there is the naturally human reaction to assume that these
Fracture toughness is a bettei description of the extrinsic properties shiny metals like stainless steel and titanium have some impregna-
of materials, bility associated with their shiny appearance! Third, it is quite

I would also like to add to your excellent summary of where the unreasonable to most engineers that pure water could be an

environment-induced crack growth community has come since 1960. aggressive environment. Fourth, the materials community has really

In the last 10 years or so, I feel that major progress has been made misled the design and operating communities with the conceptual

in local effects on crack growth. Evaluations of crack.tip chemistry framework of SCC and related phenomena. While such misleading

and mechanics (local stress, strain, film-induced cleavage) and has certainly not been malicious, I think that it really occurs. Let me

material microchemistry and microstructural effects on crack growth illustrate with the following:

are examples of some crack-tip effects that have received censid- (1) The concept of susceptibility has been and continues to be very

erable emphasis. A challenge for the future is to link these crack-tip misleading. Charts abound with susceptible "material-envi-
processes to exmernal loading and chemical conditions. Also, I feel we ronment couples." Such a concept obscures the fact that all
snuuld be applying our knowledge of environment-induced crack materials in all heat treatments undergo SCC. Only the intensity

growth mechanisms to newer materials, such as metal and ceramic of SCC changes. The concept of susceptibility has led many
matrix composites and intermetallic materials, designers to assume that a material was not susceptible if it

R.. Staehle: First, regarding your question of "intrinsic" were not listed on a "susceptibility" table!

strength, it seems to me that what we know about engineering (2) The materials community continues to wrangle concerning the

strength comes from tests conducted in nominally benign environ- details of the "mechanism(s)" of SC, as many of us here have

ments-but nonetheless "environments." In such environments, the been doing this week, while the designer cares only about

strength itself is a statistical property and well known to be distrbuted usable strength or other indicators of mechanical performance.

about some mean (depending on the statistical correlation used). This endless public debate about the details has obscured the

Further. the strength is very sensitive to metallurgical conditions needs of the design community.

resulting from the processing history and details of alloy chemistry- It (3) The experimental testing to determine susceptibility has focused

seems to me that one can use the term "intrinsic" only for such on narrowly conceived environments, assuming that such tests
defined or did not define SOC in other environments. This

structure-insensitive properties as modulus, density, specific heat.

Regarding the question of whether the strength term in my approach has obscured the "field dependence" of SOC.

strength -dependent formulation should be strength, toughness, No doubt there are many other similar illustrations.

crack velocity, KI.., or another is not clear to me at this time. For One of my reasons for proposing the concept of situation-
example, the SCC of stainless steels has very little to du with dependent strength is to place the emphasis upon parameters that
toughuuss, Further, i am nut sure ot the simplest means tu purtray the the three communities - materials, design, operator - understand.
ffe.,ts ul time,. Many eAxperimentahsts have fuund that, ft very lung strength and measurable environmental qualities. Further, this ap

times, there are no minima in K,,,, oi in endurance limits. As I refine proach makes explicit considerations that have in the past been
my apprua.h to this concept, I look forward to the suggestions of implicit, e.g., the safety factor. For example, to the extent that
those, like you, who have wrestled with such issues, strength is portrayed over a broader environmental panorama, it

Concerning the important .untributions that are inevitable trurri shuuld be clear to the designe that sharp changes in strength may
Iie intersetion Ut experiment and theory ds bDuth appruatrh !he " .tut within the possible operating domain. Thus, rather than relying
atumistic dimeniuns with greater precisiun, I am iptimistic. -tuw- un the imprecise safety factor to catch such surprises, they can be
ever, from a practical point of view, I question whether the results of predicted explicitly.
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My primary objective in formulating the concept of situation- without explicit proof that the material will not degrade under the
dependent strength is to provide a framework within which the expected normal and accidental conditions. This guilry/innocent
following can be accomplished: approach will force designers and operators, as well as the public, to
(1) The materials design and operating communities can commu- ask more serious and relevant questions than they seem to have

nicate in a single and nonmagical language. asked in the past I believe that by keeping these ideas of vulnerability

(2) The work of scientists studying mechanisms will have a set of and inherent reactivity within the confines of the technical inner circle,

objectives with respect to materials, environments, stresses, we have come to believe our own propaganda to the detriment of

designs, temperature, and times that the scientists' proposed satisfactory designs This has led to insufficient money allocated to
mechanisms must satisfy. materials, prototype, scale-up, and full-scale testing. It has lead

designers to believe in the invulnerability of their materials.
H. Kaesche (Freldrich Alexander University of Erlangen- Concerning the major advances in understanding, I agree.

Nurnburg, Federal Republic of Germany): Staehle's argument that Some very fine work has been conducted in many laboratories, and
a material should be considered guilty unless proven innocent is many of the past uncertainties have indeed been resolved. However,
certainly interesting in the context of expert exchange of opinions, despite these advances, not a single modeling effort permits any
Since it leaves the meaning of either guilt or innocert open to prediction of the six factors of SDS.
speculation, it may, especially in cases of safety considerations J.M. Sarver (Babcock and Wilcox, USA): The search for SCC
during nonexpert exchange of opinions, become misleading. There mechanisms and models is important; however, unless these models
then may be no end of claims of still unproven innocence, which of can be related to actual engineering problems, their practical use will
course is what is presently happening to, for instance, nuclear be minimal. Do you believe that this link has been made adequately?
energy. On the other hand, the body of experts indeed tends to
underestimate the degree and the impact of political decisions, of R.W. Staehle: I would refer you to my earlier response to the
public opposition to nuclear energy. We must, of course, also be comments of Jones (above).
aware of the consequences of previous expert errors. S.M. Bruemmer (Pacific Northwest Laboratories): An impor-

tant aspect of the "lessons learned" you touched upon is the
On the whole, Staehle certainly makes a number of thoroughly realization that materials selection alone cannot ensure immunity.

interesting points. He is right when he claims that, in comparison to The nuclear industry is a good example where material replacement
the situation as it prevailed in the early 1960s, the feld of envronment- le g, low-carbon instead of high-carbon stainless steel in piping and
senside cracking has expanded far beyond what was then sepa- higher chromium-nickel alloys instead of alloy 600 (UNS N06600) in
rately considered as being stress corrosion crackig and corrosion steam generator tubing] has not ensured problem-free performance
fatigue. At the same time, the issue of envirnment-senstive without addressing other critical aspects such as environment,

cracking has become rather less mysterious, in the sense that it now stst Een thgh rieasy" materia suions environment-

seemsstress, etc Even though "easy" material solutions to environment-

by propagating cracks can operate through a number of kinetic induced cracking is being asked for by the design engineer, I believe
mechropganis. Ofes soere hog well knone othets we have achieved a consensus that such solutions are not possible.
mechansms. Of these, some are by now well known, while others Total system control is necessary. As you noted, defining the limits of
are under study. The situation is thus one of advanced knowledge,

provided that the multiplicity of possible crack propagation mecha- necessary control and selling this total concept to the designer areprovdedtha th mutlpc~t ofpossblecrak popaaho meha- essential at this time.
nisms is properly taken into account, which of course does require R.W. Sthe ie.

quite an effort on the part of the materials scientist. R.W. Staehle: I agree. Starting with the basic idea that all
RWStaehle:Thisquestionofthepoliticalvstheexpertswiews engineering materials are reactive chemicals, the only means by
isanimportantnetoiseecaueofthepublicaenasiwich which engineering materials can function as intended is to orches-is an important one to raise, because of the public arenas in which h

highly vulnerable materials operate, e.g., commercial aircraft and trate the design and control of the environment in such a way as to

nuclear power. Despite the nominal sophistication of the engineers in account for the vulnerability of the materials. This means, as your

all aspects of these and similar industries, SCC and related failures question points out, that all aspects of entire operating systems have

continue to occur. Therefore, those of us in the interior of the to be controlled vigilantly, This, incidentally, places responsibility in

materials community look for means to call the attention of designers the hands of both the designer and the operator. The designer must

to the vulnerability of materials, To say that a material is guilty until have thoroughly defined the regimes of high SCC intensity and must

proven innocent is the same as I have already noted that engineering
materials are, in fact, inherently reactive. Specifically, to be "guilty" operator.
implies that the material will react, as indeed it is predisposed to do, R. Griffin (Texas A&M University, USA): This is a suggestion.
unless it has been specifically shown by experience or testing to be Instead of "situation strength," I would suggest using "situation
stable under exactly the conditions expected in service. Conversely, toughness," I think toughness is a more useful descriptor of a
to assume that the material is going to perform reliably without a prior material's resistance to environmental cracking,
well-established record of satisfactory performance is an unwar- R.W. Staehle: The suggestion makes sense to me. At present,
ranted presumption of innocence, as I said earlier in response to Jones, I am not sure of the best

My suggestion that guilt is a better presumption than innocence formulation for the mechanical property that is situation dependent, It
is a device to put the design and operations communities on notice could be the yield strength, the flow stress, Kicc , crack velocity, or
that they have no basis for expecting satisfactory performance some other indicator
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SECTION X

Final Discussion Session
Co-Chairmen's Introduction

R.P. Gangloff
University of Virginia

Charlottesville, Virginia, USA

M.B. Ives
McMaster University

Hamilton, Ontario, Canada

The final session of the conference was devoted to a general review and discussion of
the events of the week, with emphasis on audience participation. Although the express
purpose of the conference was to discuss and evaluate the mechanisms of environment-
induced cracking, the ability of such mechanisms to provide a practical and predictive
capability is clearly an important measure of the success of the research. We were therefore
part;.lary interested in learning the views of those delegates who are responsible for
combating environmental cracking in practice and for applying the results of laboratory
research.

Other issues also surfaced in the session, these are recorded below, along with excerpts
from the written submissions of the participants. Our goal in providing this wrap-up session .
and in soliciting and recording written comments was to provide all participants with a forum
for their views apart from the often hectic and tumultuous sessions earlier in the week.

Views of the Participants
M.M. Hall (Westinghouse Electric Corporation, USA): Our failure-prevention design

philosophy currently places heavy emphasis on the prevention of crack initiation. Unhappily,
I find that there is significant variability in stress corrosion cracking initiation times for every
materials application of interest to us. Conservative design practice results in large design
margins (safety factors as great as 100 or more in some cases) to ensure acceptable low
probabilities of component failure (viz., crack initiation). This approach can severely limit the
useful lifetime of otherwise acceptable materials,

Our approach has been to seek materials and heat treatments that improve median
crack initiation times, We find that, although median failure times have been significantly
improved, these improvements have been accompanied in many cases by large increases in
variability This situation often results in only moderate increases in the useful lifetime of a
material when much larger increases in median lifetimes have been attained. The situation
is worsened by the fact that good failure statistics are difficult to obtain because of the long
time required tc get failures, even in accelerated tests. We need, therefore, a better
understanding of the sources of variability in stress corrosion cracking initiation times, I . 4
particularly in actual plant components.

Another approach that we often consider is the prevention of crack growth to critical flaw
sizes whenever crack initiation prevention cannot be acceptably demonstrated. However, we
just as often find that there is variability in thresholds for crack growth and crack growth rates,
although we find these variabilities to be generally smaller than for stress corrosion cracking
initiation times An added problem Is that design choices, which set stress and temperature
levels for lowering the susceptibility to stress corrusion cracking initiation, may increase the
susceptibility to crack growth. We need, therefore, a better understanding of the relationship
between the conditions promoting initiation and those favoring nonpropagating cracks. The
trade-offs between initiation prevention and crack growth control need to be better
understood.

H.G. Nelson (NASA-Ames, USA): Considering life prediction, most engineering
structures contain pre existing cracks. Emphasis in our research must address crack growth
behavior Understanding initiation contributes little to life prediction. If quantitative crack
growth can be defined, both in magnitude and in terms of causal conditions (with limits of
applicability), then a major contribution to life prediction will result.
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D.I. Morton (Caterpillar Inc., USA). We in industry need help slow crack coalescence and of the effective fracture; toughness of
in avoiding stress corrosion cracking ana corrosion fatigue. For structures containing colonies of cracks that are not coplanar and are
example, there is a great need for higher strength fasteners. In my of different sizes.
mind, the development of a practical economical bolt of 1350 to 1725 D. Hardie (University of Newcastle upon Tyne, UK). With
MPa ultimate tensile strength mat wili not suffer stress corrosion is of regard to standard tests, it is important to have a rrechanistii.
more value than knowing the exact mechar,.r. .,. how stress back-up. As Parkins pointed out, such understanding is essential in
corrosion cracking works. choosing a material for particular conditions. The standardization

J. Stewart (Harwell Laboratory, UK): This is a comment on the may not cover some particular combination of conditions. It is well

design engineer's plea for help in finding relevant information when known, for instance, by people working with aluminum alloys that

trying to identify potential cracking problems in a given material application of a potential of 250 mVsce in an aqueous environment

environment application. My suggestion is that knowledge-based will bring about rapid failure in any of these alloys, yet, at one time,

systems can provide the database and consultancy he seeks. One this was considered by some as a suitable test for selection.

such system is under development at Harwell on localized corrosion M.M. Hall: I consider the slow-strain-rate method to be a useful

(called "Achilles"). At present it is being developed for pitting, but in test that could be made more useful by improvements in the
the future the system will include environment-induced cracking. mechanical aspeuls and understanding of these tests My inclination
However, a word of caution is in order. Such systems must be is to apply strain energy concepts to the initiation and growth of stress

developed with corrosion and computer experts working closely corrosion cracking cracks and to apply the slow-strain-rate test to
together. accelerate stress corrosion cracking initiation and growth. The

F.P. Ford (General Electric Corporate R&D, USA): Referring slow-strain-rate test equipment being used in our laboratory (and

to "expert systems," General Electric has developed a life-prediction apparently in many others) has significant limitations to determine the

system for stainless steels and nickel-base alloys in high-tempera- stress and strain rates applied to the specimen This is due to the fact

ture water that relies on the integration of system monitors and that the machines are not very good mechanical test beds. The load

modeling knowledge. The monitors essentially define the real system train is compliant and is subject to large load variation because of

conditions, and the model predicts the present and future extent of variations in temperature between the specimen and load frame This

cracking in that system. Such an integrated approach, known as a uncertainty could be reduced by the use of a stiff load frame and

SMART monitor, is being used in boiling water reactors for both better temperature control and temperature compensation of the

optimization of operating conditions (vis a vis cracking resistance) applied displacements. In situ strain and crack monitors are needed

and for development of life-extension decisions. to improve our knowledge of specimen strain and crack length.

H.G. Nelson (NASA-Ames, USA): Bringing material behavior Smooth specimens may be suitable for stress corrosion crackingH.G.Nelon NAS-Ams, SA) Brngig mteral ehaior initiation studies using crack monitoring methods, but may be
into design requires the development of a trust between the materials unitabor studies becus o the duty of

scientist or engineer and the designer. The initial interaction between unsuitable for crack growth studties because of the dficulty of

the two must come from us-we know what we can do and they do monitoring the length of multhple cracks, Effort should be appled to

not Once we demonstrate our contributions, our ideas will be used. designs.

R. Griffin (Texas A&M University, USA): Design programs at T. Murata (Nippon Steel, Japan): Extensive studies on the
universities are undergoing considerable self-examination with re cracking behavior of steels in anhydrous ammonia have been done
spect to the process of teaching design. There is a National Science in Japan. We believe that for low- and medium-strength steels, active
Foundation-funded cooperative program at Texas A&M University path corrosion is the dominant mechanism of cracking, but hydrogen-
that will attempt to integrate design, manufacturing, and materials assisted cracking may occur in high-strength steel. The difficulty in
Students from mechanical, industrial, and materials engineering will obtaining a quantitative understanding of liquid ammonia cracking is
have classes together. The necessary information will be given to the the variation of chemical composition in ammonia and obtaining
students as they need it and in these integrated rather than separate dynamic measurements in situ. However, we have some consensus
classes There will be an attempt to present classroom information so on how this cracking may be prevented through the control of residual
that students will see that the integrated whole is more than the sum stresses, temperature, and chemistry of hqued ammonia.
of the parts, and so that they will see how the individual parss eit R.P.M. Procter (University of Manchester Institute of Sc-
together. ence and Technology, UK): The cracking of carbon-manganese

R.N. Parkins (University of Newcastle upon Tyne, UK). I steels in anhydrous ammonia is one important specific industrial
think that to assume we can always design our way out of the problem that merits further basic research. At UMIST wc are doing
env;ronment sensitive cracking problem is a mistake. If we take the some work in this environment using a slow-strain-rate test rig,
six parameters listed by Staehle earlier this morning and require that autoclave assembly. However, anhydrous liquid ammunia is an
all six need to be conjointly met if cracking is to occur, this total extremely difficult and potentially dangerous system to work with.
probability can vary enormously. If one operates an ammonium One way uf circumventing some of these difficulties and dangers is
nitrate evaporating tank fabricated fior nonstress relieved mild to work with anhydrous methanol-ammonia bolutions. These will
steel, the probability of cracking is unity. If we take the high pressure cause transgranular cracking of carbon-manganese steels at ambi-
gas pipeline cracking problem, the chances of eah of the controlling ent temperatures and pressures, they are much less hazarduus, and
parameters being met is probably about one in 'en, so that the there are many similarities keffects of contaminants, potential, etu.)
probability of a joint of pipe failing is about 1 in 105. In some cases, between the two environments.
that probability may be even less. In such circumstances, even if the B. Cox (University of Toronto, Canada). The fundamental
problem could be Identified at the design stage, it may not be mechanistic questiuns seem to remain the same from conferenue tu
economically worthwhile to do other than live with the problem - that conference, but perhaps of more concern, so do the experimental
is, to accept that cracking will occur. In other cases, it may be that the techniques. There seems to remain a reluctance to use moder. ,

probability of cracking cannot be anticipated at the design stage, for physiual lethniques foi investigatiun. Perhaps they aie inapprupiiate
example, because the struture is exposed to an environment not it they tannot give in situ information. Nonetheless, as in many uther
anticipated by the designer. fields, there seems to be a growing emphasis on modeling, and

In those circumstances in which living with .. acking has to be again, as in other fields, this seems to be regarded as a substitute for
accepted, remaining life prediction becomes very important. For the experimentation.
latter, reliable information is required on crack growth rates, and that R. Jones (Pacific Northwest Laboratories, USA). There are
is where knuwiedge of crack growth mechanisms becomes impor advances being made in the area of on si u surface probes, such as
tant. If the appropriate measurements are to be made, what is alu iatet Raman and ounliruai upflial teuhniques. The nunlneadi uptital
needed in relation to life prediction is a muth bettui understandirng uf ucthriiquu has the putentiai tu measure munulye burfae "henistry
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on a surface in an aqueous/liquid environment. The need for these specimens, which are grossly plastic. There is a need to develop an
measurements is obvious, since the transfer of a sample from the appropriate strain energy fracture criterion (both initiation and crack
environment of interest to a remote analytical instrument may affect growth) for the slow-strain rate and statically loaded smooth speci-
surface reaction products. men, and to relate this to the stress-intensity factor parameters used

T. Murata: Witlh respect to future measurement systems to be for deep-notched and precracked specimens. Ranges of validity
used in corrosion science and technology, I would strongly suggest must be established for each.
consideration of the importance of in situ measurements with K.L. Wrisley (Rensselaer Polytechnic Institute, USA): Tech-
two-dimensional variation Such techniques will enable us to assess niques must be developed and standardized for determining the
the heterogeneity of a corroding surface or corrosion products. environment at and near the crack tip.
Examples include laser-enhanced ellipsometry and laser Raman L. Germeys (Avesta A B, Sweden): Much more emphasis has
spectroscopy. to be put on crack initiation and the design of experiments that

R.W. Staehle (University of Minnesota, USA): Rather than provide reliable data for service conditions.
thinking only of a single mechanism for propagating cracks, we might F.P. Ford: Environmental cracking mechanisms must be quan-
think of simultaneous processes For example, a combination of tified and validated. The hydrogen embrittlement models must be
dealloying, hydrogen, and induced slip. We could then allocate made quantitative if they are to be useful.
different fractions of the effect of the multiple mechanisms, depend- R.L. Sindelar (E.I. du Pont de Nemours Co. Inc., USA): The
ing on changes in alloy and environment, connection between laboratory tests and service experience needs

Regarding the future- I believe that intelligent people will to be established. Environmental-cracking-resistant alloys must be
continue to do the research that is demanded by the state of designed and demonstrated.
knowledge and will develop good approaches. I believe that the R. Oltra (Universite de Bourgogne, France): The effect of
future will be more defined by creating institutional approaches and dissolution on the relief of strain hardening must be determined.
by building better connections between the materials and the design Strain rate at the crack tip and micromechanical studies of crack-tip
communities and between engineers and scientists, processes are required.

M.R. Jarrett (Alcan International Limited, UK): The interac-

Suggestions for Specific, Unanswered Fundamental tion of hydrogen with the mechanical fracture process leading to

Questions and New Research Directions failure in bulk specimens must be defined.
A. Turnbull (National Physical Laboratory, UK): The need

R Martin (Petrolite Corporation, USA): The reasons for the exists to define the details of the electrochemical kinetics at the crack
failure of most tests to predict the service life of metal components tip. This information is essentia, to both the qualitative and quantita.
must be explained. tive predictions of cracking.

R. Griffin: Environmental cracking methodologies must be We need to move forward from qualitative explanations of
applied to characterize advanced materials, including composites, cracking behavior to the development of quantitative predictive
plastics and metal matrix composites Environmental cracking models in relation to (1) hydrogen cracking associated with enhanced
studies and information must be coupled with designers and specific localized plasticity and (2) film-induced cleavage. The development
engineering applications, of such models, and the application to experimental data, will help

D. Hardie: Attempts must be made to bridge the gap between resolve the relevance of competing mechanisms.
atomistic models and practical situations, particularly with respect to L.E. WIllertz (Pennsylvania Power and Light Company,
metallurgical considerations More information is required about the USA): Fracture morphology and how it is affected by environment
constitution character, and properties of passive films and dealloyed appears to be one area that will provide research opportunities and
layers, as well as the detailed structure of the substrate. practical applications for those doing failure analysis.

M.N. Hall: Greater emphasis should be placed on establishing J. Stewart: Crack initiation in many systems has not been
stress or stress-related parameters for correlation of stress corrosion satisfactorily addressed,
cracking initiation and crack growth with material microstructures and H.-J. Engell (Max Planck Institut fur Elsenforchung, Federal
environmental conditions The designer has the tools to calculate Republic of Germany): We must develop better methods for
elastic and elastic-plastic stress and strain parameters. I view the experimental investigations of mechanical and electrochemical con-
mistrust by some of the stress-intensity factor as an unfortunate ditions and processes immediately at the crack tip.
failure to focus on the strain energy foundations that support this and R. Jones: It is necessary to provide better analytical charac-
all other fracture criteria The transition between deep-notched and terizations of dealloyed layers, using methods such as scanning
precracked test results and those obtained on smooth specimens tunneling microscopy. It is also important to seek better measure-
can be more easily made if one focuses on elastic strain energy ments and analytical descriptions of crack-tip strain rates and
density (viz., K2/E) as the driving force for crack initiation and chemistry.
growthin cases of limited plasticity, A problem exists in relating DB. Kasul (Michigan Technological University, USA): The
results obtained in deep-notched specimens, which are predomi- effects of microplasticity, either preceding or accompanying environ-
nantly elastic, with smooth specimens such as slow-strain-rate mental cracking, must be specifically characterized.
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456, 458, 461, 476, 477, 479, 480, 481, 482, 376,397,398,418,425,426,427,438,443, dezincification: 251, 280, 281, 285, 363,
483, 484, 486, 487, 489, 490, 491,492, 494, 450, 452, 455, 461,468, 470, 471,472, 473, 393, 397, 578
495, 496, 497, 498, 499,500, 501,502, 507, 474,475,479,481, IC3, 486,490,492,494, diffusion: 4,13,14,21,22,23,24,27,28,
508,509, 512, 523, 541,543, 545, 546, 548, 502, 511,512, 513, 517, 518, 519, 520, 524, 31, 38, 39, 43, 59, 61, 70, 72, 86, 89, 90, 91,
549,550,552,566,568,569,570,571,572, 545, 613, 615 95, 99, 108, 114, 116, 142, 143, 146, 147,
580, 581, 591, 602 crack mechanics: 68, 77, 84, 86, 94, 97, 148, 150, 151,152,163,164, 169,175,189,

chloride ions: 199, 329, 345, 352, 399, 106 192,195, 197,198,199,201,203,204,210,
461,481, 494, 495, 498, 502 crack propagation databases: 62, 106 261,262,263,264,267,268,269,274,275,

chlorine: 28, 40,135, 136, 353, 439, 440, crack propagation rate: 57, 70, 81, 83, 278,291,300,301,322,324,325,332,334,
568, 569, 573, 586 88, 89, 111, 119, 139, 140, 141, 142, 143, 335, 336, 338, 350, 351,352, 353, 354, 355,

chromium: 79, 86, 87,99,122, 140, 156, 144. 147, 150, 151, 152, 153,154, 155,156, 356, 361,371,373, 376, 420, 422, 424, 429,
164, 195,243,291,436,450,451,452,453, 158,163, 164,187,247,248,259,261,262, 439,440,444,445,446,449,452,454,455,
454,455,456,460,461,468,471,476,478. 263, 408, 435, 464, 465, 483, 549, 552 482, 496, 498, 499, 508, 520, 523, 524, 525,
479,481, 483, 484,486, 487, 490, 492, 500, crack velocity: 10, 11, 13, 14, 15, 18, 40, 527, 539, 543, 566, 579
503, 517, 520, 523, 524, 577 164, 165,178,187, 195,219,220,259,261, dislocation: 2, 3, 5, 6, 18, 21, 23, 24, 27,

cladding: 32, 290, 573, 611 273, 282, 295, 296, 297, 298, 304,305, 320, 28, 29, 31,33, 34, 36, 37, 39, 41, 43, 46, 48,
cleavage mechanism(s): 18, 22, 142, 321,323,324,333,335,336,338,340,350, 49, 50, 51, 59, 60, 66, 74, 79, 94, 96, 101

282, 285, 436, 508, 556 351,353, 354, 356, 361,371,379, 438, 439, 107,112,113,125,129,133,134,136, 137,
cold work: 1,31,288,289,295,298,300, 446, 492,493, 494,513,514,515,562,563, 141,142, 144,145,153,154,155,164,165,

310,397,399,401,435,494,496,499,509, 568, 582, 588, 611, 612 167,169,171,173,174,177,178,179,180,
586 cracking: See specific entries 181,182, 183,186,187,219,220,221,222,

combustion, gases: 55, 60, 64, 74, 75, cracking, Stage 1: 40, 46.51, 71, 80,107, 232,238,252,264,265,268,269,276, 282,
76, 85,88, 89, 90, 95, 97, 117,319,365,523, 108,120,178,219,220,221,294,295,296, 283,284,288,289,290,299,300,301,302,
565, 592 297, 298,304,305,363,435,439,446,543, 303, 308,309,310,314,317,318,324,333,

conductivity: 55, 64, 68, 92, 148, 152, 549, 550, 582 354, 361,364, 397, 399, 416, 425, 427, 428,
156, 157, 195, 242, 248, 274, 304,326, 383, creep: 11, 17,28,41,43, 50,51, 111,112, 435, 441,442, 443, 446, 448, 449, 454, 458,
384, 385, 490, 517, 555, 566 113,114,119,120,121,122,126,127,141, 472, 479,482,511,512,513,514,515.524,

constant.extenslon.rate testing: 293, 153,155,157,165, 187, 191,229,230,231, 527,528,529,530,533,541,542,543,545,
295, 296, 297, 298, 305, 363 232, 263, 264,265, 269,284,314,344,353, 547, 578

copper: 6, 10, 12, 13, 31, 43, 46, 47, 48, 356,371,376,377,429,430,431,455,482, dissolution: 1,3, 4, 5, 6, 7, 9, 10, 13, 18,
49,50,51,79, 108, 177, 186,191,192, 251, 513, 514,515,527, 528,529,531,545,546, 31,45, 46, 48, 49, 50, 55,56, 70, 72,77, 85,
252, 257,259,261,265,273,274,275,276, 547, 566, 600 87, 92, 93, 96, 98, 99, 108, 125, 139, 140,
277,278,280,281,282, 283, 284,285,313, crevice(s): 147, 235, 355, 364, 403, 419, 141,142,147, 149, 150, 152, 153, 156, 158,
314,315,316,317,318,331,337,343,345, 420, 421,422,423,424,427,453,459,464, 165, 167,177,178, 179,189,192,200,221,
363,383,386,389,393,398,399,403,404, 465,476,479,481,483,484,490,491,492, 227, 233,236,237,238,247,258,276,277,
440,446,455,481,489,568,574,578,579, 494, 496, 508, 509, 573, 583, 591 278,281,282,284,289,304,305,314,317,

584, 587, 588, 602 current density: 7, 8,10, 18, 47, 92, 107, 329, 366, 384,399, 401,407, 409, 422, 428,
copper-gold: 144 141, 147, 150, 151,152, 163, 165,193,194, 436,468,474,475,483,489,490,491,492,
corrosion fatigue: 1,7,14,43,45,46,48, 243,246,247,248,257,262.263,268,274, 493, 497, 498,499, 500. 501,512,515,545.

49, 50, 51, 52, 55, 56, 57, 58, 59, 60, 61, 62, 294, 295, 298, 299,302,303,304,305, 352, 547, 568. 576, 577, 578, 579, 580, 586, 596,
64, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76. 354. 365,366, 368, 426, 449.468, 483, 486. 603, 604, 611,615

77, 79, 80, 81.82, 83, 84, 85, 86, 87, 88, 89, 492, 493, 502, 515, 523, 527, 555, 577 duplex steel: 207, 208, 209, 210, 211,
90, 91, 92, 93, 94. 95, 96, 97, 98, 99, 101, cyclic plastic strain: 43, 46, 49, 56, 57, 229. 449, 458, 460, 470. 486
106,107,108,109,114,118,120,139,140, 76,79,82,84,89,97,99,107,122,142,464,
141,144,149,150.155,156,157,158,168, 465, 481 E
193, 194, 195,197, 198, 199. 200,201,213,
217,223,224,226,227, 233, 235,236,237, D electrolyte(s): 9, 55, 58, 60, 68, 73, 74,
238,239,241,242,243,246, 249,265,269, 79, 84, 85. 86. 87, 88, 89, 98, 189, 190, 203,
284.331,335,336,339,345,351,358,361, deaeratlon: 147, 156, 197, 200, 203, 233, 208,235,238.242,243,245,246,248,298,
436,437, 449, 450,458,459,461,464,465, 235, 237,252,261,287,289,290, 291,293. 299. 303, 334, 366, 425, 427, 438, 518
467, 468,469, 470, 471,472, 474, 475, 476, 296,303,352,366,401,402,491,523,527. embrittlement, hydrogen: 2, 13, 21. 22,
477,478, 479, 480, 481,482, 483, 484, 486, 545, 584, 598, 599 23, 24,25.37, 55. 56, 59, 71, 72, 7482, 83,
487, 498, 561,566, 568, 574, 584, 589, 590, dealloylng: 10, 18, 123, 125, 134, 135. 85, 86, 87. 88, 89. 95, 106, 107, 109, 125,
609,612,614 136,137,143,165,178,179,190,191,192, 139.141,143,167,189,190,203,207.208,
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209,210,213,217,229, 233,235,237, 238, fatigue, Mode IV: 464, 476, 477, 479, heat treatment: 4, 36, 77, 89, 213, 233,

239,249,261.271,273,278,279,280,281, 480, 481,484, 487 241,242,243,246,247,248,249,289,291,

282,284,309,311,318,334,344,347,353, film formation(s): 62, 93,192, 239, 247, 297,312,317,347,350,356,358,383,422,

359, 361,363, 364, 365, 368,385,401,403, 248, 251,262, 267, 268, 270, 275, 276, 285, 425,428, 449, 451, 453, 455, 478, 482,503,

419, 423,425,427, 429, 435, 436, 439, 440, 304, 305, 309,399, 419,435, 490, 499, 512, 523, 527, 531, 533, 556, 564, 569, 574, 581,

441,442, 443,448,450, 451,454, 455, 482, 566 584,,586, 592, 596, 598

486, 489, 509, 511,512, 513, 527, 528, 530, film rupture: 1, 2, 18, 49, 56, 59, 60, 70, helium: 60, 61, 62, 74, 75, 80, 93, 233,

531,534,555,561,568,569,578,580,603, 72, 82, 83, 85, 88, 91, 92, 93, 97, 101, 106, 235, 243, 246, 249, 252, 377

604,609, 610, 615 127,141,142,153,167,187, 190,191,237, hexagonal closed-packed: 23, 27, 40,

embrittlement, liquid-metal: 13, 31, 32, 238,265,266,267,268,269,270,273,280, 178,182, 541

40,107,136,137, 167,172,181,183,186, 303,305,309,352,404,449,455,482,545, humidity: 181, 233, 319, 429, 433

261,281,320,357,440,442,448,511,512, 576, 578 hydride(s): 2, 21, 22, 23, 25, 27, 28, 29,

561,588, 604 fluoride(s): 164, 363, 389, 390, 391, 392, 12'9, 182, 271, 301, 302, 303, 347, 348, 349,

embrittlement, solid-metal: 31, 34, 285, 393, 394, 395 350, 351,352, 354, 356, 358, 361,422, 423,

334, 588 fractography: 2, 3, 22, 23, 27, 28, 33, 34, 424, 429, 440

energy: 1, 2, 6, 14, 23, 24, 25, 27, 28, 29, 36, 41, 55, 68, 80, 83, 101,143, 169, 236, hydrogen: See specific entries

4C, 1, 46,49,51,60,61,112,116,125, 127, 237,239,268,277,280,285, 305,314,316, hydrogen entry: 23, 28, 81, 189, 203,

11',,129, 130, 131,132, 133, 134, 136, 153, 333,334,336,358,363,365,373,392,442, 204, 205,209,210,238,316,325,344,345,

157,164,169,171,173,179, 183,186, 190, 500, 509, 527, 528, 529, 538, 556, 579 352, 361,419, 421,461,483, 500, 523, 524,

222, 242, 251,252, 273, 281,282, 284, 295, fracture mechanics: 43, 46, 55, 56, 57, 525, 526, 527, 543, 568, 573, 580

296, 298, 299, 300, 301,302, 306,309, 322, 60, 61,62, 64, 66, 68, 73, 74, 75, 82, 83, 86, hydrogen-induced cracking: 287, 288,

329, 332, 333, 334, 344, 348, 349,350, 361, 92, 94, 99, 101, 106, 107, 108, 109, 117, 289, 290, 291, 437

372,377,383, 397,398,433,437,439,440, 122, 125, 153, 154,155,165,195, 215, 223, hydrogen permeation: 74,194,207,208,

442, 443,444, 446, 448, 449, 452,455, 464, 233, 311,437, 448, 450, 452, 479, 494, 523, 209, 309, 334, 438, 523, 524, 526, 543

465,482,512,515,524,538,541,542,543, 525,526,531,532,533,574,575,582,583, hydrogen recombination: 210, 241,248,

566, 575, 606, 610, 611, 612, 614, 615 584, 588, 589, 610 328, 344

evolution: 45, 60, 74, 96, 139, 279, 280, free-corrosion potential: 49, 208, 233, hydrogen sulfide(s): 75, 144, 187, 193,

328, 345, 347, 352, 355, 368, 421,449, 455, 323, 324, 327, 328, 336, 555 195, 352, 364, 438, 443, 511,580

467, 482,489,527,531,532,543,545,547, 
hydrogen uptake: 18, 74, 75, 77, 79, 81,

548 G 87, 101, 164, 165, 195, 301, 309, 332, 334,

examination, metallographic: 352, 384, galvanic action: 4, 5, 241,247, 248, 268, 344,347,351,352,355,364,419,424,435.

420, 424, 461,468 303, 398, 479, 484, 566, 570, 588, 591,592, 451,523,525,526

exfoliation: 336,337,338,343,345,383, 30398,, hydroxide(s): 58, 62, 95, 108, 199, 238,

384, 387 galvanic coupling: 249, 265, 266, 267, 309,327,329,330,352,389,436,490,545

269, 295, 305, 352, 420, 423, 481,583, 594, hysteresis: 11, 22, 27, 350, 440

F 601
generator(s): 292, 417, 418, 503, 569,

fabrication(s): 1, 113,292,312,317,349, 570, 589, 591,598, 612 Impedance: 85, 207, 208, 209, 470, 496,

350, 389, 417, 456, 531 562, 581 glass: 1, 135, 136, 197, 365, 430, 527, 499. 512

face-centered cubic: 2, 6, 22, 23, 25, 37, 545, 550 impurity: 32, 34, 37, 38, 45, 55, 68, 75,

80, 114, 129, 167, 178, 182, 187, 241,251, gold: 31. 192, 251, 252, 253, 257, 258, 77, 123, 129, 130, 131, 132, 164, 288, 289,

252, 268, 273,281,284,302,498,541,585 277, 278, 280, 507 290, 291,292,294, 298, 299, 300, 301,302,

fast fracture: 164, 380, 574 grain boundary: 1. 3, 4, 5, 6, 18, 24. 25, 303. 304, 305. 306, 309, 310, 312, 356, 407,

fatigue: 1,7, 17,32,33,34,35,47,49,50, 29,31, 34, 37, 38, 39, 41, 43, 45, 46, 51, 59, 438, 440,442,446, 480, 503,509, 529, 530.

55,56,58,59,66,67,69,70,71,72,74,75, 71, 72, 77, 107, 108, 112, 113, 114, 116, 568. 571,572, 576. 580, 587, 602

76,77,,82,83,87,88,89,90,91,92,96,98, 117,118,129,150,163,164,165,174,175. Incoloy: 34, 293. 570

101,107,109,112,114,116,123,136,137, 176,205,217,223.226,227.237,241,242, Inconel: 58,111,113,114,11
6,117 ,118,

139, 141. 144, 147, 149,150, 155,156, 157, 243,247,249,264,268,277,280,289,290, 120, 121,122,309,504,564,568,569,570,

158.175,178.186,187,191,193,194,197, 291,293,294,298,299,300,301,302,303, 571,573,574.576,583,584,586,587,588.

199, 213,214,219,224,225,227,241,242, 304,305,309,310,315,317,345,354.355. 591,592, 593. 594,596, 598, 599, 600, 601

243,247,248,265,276.284,294,302,310. 357,363,365,368,371,372,373,376,380, Industry: 31, 32, 37, 111. 139 157, 287,

331,345,351,358,361,435, 436, 437, 441, 383,385,386,387,393,398,407,409,410 347,389,401,404,450,454,456,482,483,

449, 450.453,461,465,468,471,472,474, 413,435, 438, 440, 441,444,445. 446,449, 500, 509, 545,561, 568, 569. 575, 590. 604.

475, 498, 520,531,532, 533, 561,566, 568. 451,452, 455, 460.461,481,482, 496, 502, 610, 611, 612, 614

574, 584, 589, 609,610,612, 614 503,508,515,517,519,520,524.528,529, Inhibition: 247, 389, 394, 401. 403, 404,

fatigue crack growth: 14, 43, 51, 52, 57, 530.538,539,549,552,564,568,569, 570, 405, 409, 494, 572, 591

60, 61, 62, 64, 68.80.81, 84, 85, 86, 93, 94, 573. 576, 580. 584, 586 InhIbitor(s): 220,320,351,391.399,402,

95, 97, 106, 108, 111, 113, 117, 118, 120, grain-boundary segregation: 134, 311. 403, 404, 405, 567

121. 122,142.168,181,195,223,226,233. 312,313,314,316,317,318,319,322,331 Inhomogeneous: 45, 99, 146, 168. 208,

235, 236, 237, 238,239,298,301,479,588 333, 334, 335, 336, 338 274, 289,313,314,315, 440, 445, 512, 541,

fatigue crack Initiation: 43, 45, 46, 51, graphite: 252, 291, 294, 402, 507 566

99, 108,121.140.217.299.479 
Initiation vs propagation: 108, 139

fatigue, Mode 1: 94, 108, 167, 169 171. H Interaction(s): 24, 29, 31, 37, 41,47, 50,

172, 173, 174, 181, 183, 215, 335, 344, 440, 56, 57, 59, 62, 77, 79, 82, 85, 98, 106, 108,

464, 465,467,476,483,484,513,582,590 halide(s): 7,319,320,3
22 , 3 24, 339. 3 47 , 111, 113. 118,123,125,129.143,144.167,

fatigue, Mode IH 94, 171,173, 181,442, 354,355, 361 173,181,189,197,207.208,217,221,248,

443,449,464,465,467,468,472,474,475, halogen(s): 55, 58, 68, 73, 361 266, 284,300,301,302,308,314,357,364,

476. 479, 481,483, 484, 486 Hastolloy: 287, 295 422, 438, 446, 449,454,472,482, 533. 539,

fatigue, Mode II1: 37, 171, 172, 173.335, heat-affected zone(s): 343, 450, 452, 549,562,566,569,573,574,578,584.592,

364, 442, 464, 476, 484,487, 513, 515 458, 461 601, 603, 604, 610, 614, 615
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Interface(s): 1, 5, 29, 51, 89, 107, 114, manganese: 4, 5, 11, 114, 147, 164, 312, nickel martensitic: 449, 450, 453, 454,
125,129,132,134,143,152, 164; 175,179, 313, 345, 351,371,373, 376, 379, 381,442, 480, 481,482
181,190,203,204,205,207,237,251,257, 481, 502, 517, 541, 556 niobium: 350, 440, 611
263, 274, 275,278, 281,302, 344, 363, 364, maraging steel(s): 9, 57, 475, 476 notch(es, -ed): 3, 28, 31, 34, 46, 74, 88,
366,422,429,430,431,433,435,438,440, martensitic: 21, 22, 56, 77, 88. 97, 98, 91, 99, 112, 123, 139, 140, 167, 169, 172,
444, 446, 473, 484, 486, 527, 590 195, 356, 435, 436, 449,450, 451,452, 453, 175, 181,182,187,190,219,226,233,242,

Interstitial(s): 21, 94, 129, 132, 143, 191, 454,464,467,468,476,477,478,479,480, 296,328,331,332,334,335,344,350,355,
350, 351,438, 441,442, 449, 451,455, 456, 481,482, 484, 511,523, 526, 541 389, 401, 403, 429, 442, 443, 464, 465, 475,
479, 481,482, 483, 484, 523, 581,602 matrix: 4, 5, 27, 29, 51, 114, 116, 137, 476, 477, 537, 568

iodine: 262, 357, 568, 569, 573, 586, 600 141,142,143,144,151,153,179,187,241, nuclear reactor(s): 62, 73, 92, 164
IR drop(s): 241, 248. 303, 495, 543, 545 242, 243, 247,248,249,251,265,271,278,
iron: 4, 5, 14, 17, 23, 24, 27, 29, 31, 32, 281,282,284,285,289,290,294,302,303, 0

34,77,86,95,125,134,136,167,171,179, 305,311,314,316,317,318,319,331,348, overvoltage: 263, 275
181,186,190,191,226,309,338,352,419, 349,356,361,363,366,372,373,384,385, oxidation: 43, 72, 75, 81, 91, 93, 94, 95,
420, 438,440,441,442,443,444,456,486, 387,425,438,454,471,473,479,481,482, 111, 112,113,114,116,117,118,120,121,
493,525,555,568,580,586,598,599,609 484, 504, 580, 611, 615 122,136,i39,140, 141.142,143,144,145,

Iron, Armco: 5, 34 mechanisms, active path: 141,303,304, 146,147,150,151,152,153,158,163,164,
irradiation: 111, 150,164, 289, 290, 291, 305,314,332,436,437,450,451,482,508, 264,276,278,303,438,507,523,524, 555,

305, 377 580, 614 573o578,604,610,611
mercury: 31, 32, 33, 34, 35, 37, 40,136, oxide(s): 1, 5, 67, 28, 43, 45, 47, 50, 51,K oxides):815,6,728,4345,4750,51

172,182,320,357,539 52, 60, 62, 75, 93, 95, 108, Ill, 114, 116,
kinetic: 1, 10, '5, 21, 109, 140,144,163, metal(s): See specific metals 117,118,120,121,122,137, 140,142, 143,

167,175,179,193,264,274,275,279,282, metal cation(s): 147, 163 147,150,151,152,153,154,155,158,163,
300,329,397,398,435,439,440,443,444, metallurgy: 18, 45, 55, 58, 68, 77, 79, 80, 165,177,178,179, 187,192,209,226,251,
445, 446, 491,494, 499, 502, 593, 612 83, 91, 92, 111, 118, 139, 150, 152, 153, 252, 257, 271,273,275,276, 278,285,309,

154,191,207,210,264,268,273,283,287, 316,327,345,347,352,355,358,363,391,
L 288,311,319,330,338,352,436,450,453, 392,393,398,407,409,410,416,418,419,

laser(s): 508, 614, 615 455, 481,482,548,559,562,577,588,591, 422,423,424,427,428,429,430,431,438,
lead: 2,17,23,24,31,32,33,34,37,38, 593, 609, 610, 611, 615 443,481,486,490,499,507,545,578,604
40a,417,3, , , , 3,7,10918, metals, liquid: 13, 31, 37, 40, 107, 136, oxygen: 27, 28, 43, 58, 60, 62, 64, 73, 80,40,41, 43, 45, 60, 75, 85, 93, 107, 109, 118, 137, 167, 182, 261,281,320, 357, 440, 448, 858687899293949,9913,1,

123,132,136,145,147,149,151,155,163, 511,512,539,561,571,588,604 85, 86, 87, 89, 92, 93, 94, 98, 99, 113, 114,
167.173,175,181,191,194,203,238,251, 511.512,539,561metl571,588,604 11 116,117,120,135,136,137,147,150,164,
253, 254,256, 258,261, 64, 266, 280, 281, metals, powder metallurgy: 118, 311, 174, 208, 235, 238, 246, 266, 273, 274, 275,2325.2625,216426,2028, 338 276, 277, 292, 299, 321,330, 351,355, 356,
283,285,289,290,291,301,309,312,316, mlcrocrack(s): 34, 56, 73, 107, 117, 175, 361, 419, 421,422,423,424,429,431,437,
320,332,334,344,351.363,371,372,376, 178, 251,284, 303, 543 38, 439,441,443,4,486,491,494,
377, 383,390,435, 438, 449, 450. 454, 458, microstructure(s): 18, 31,55, 56, 64,68, 502, 504, 550, 555, 5623,570, 52,53581,
471,474,479,484,490,492, 525,527,571, 77, 79,82, 89,97, 98, 99, 106,107,109,112, 583,591,59 2,5 0,562
580, 587, 590, 591,594, 612 114,120,121,142,164,167,174,183,204, 583, 591,592, 598, 599, 601,602

LEFM: 43, 155, 165, 448 233,235,242,243,246,248,271,287,288,
light water reactor(s): 158, 241, 242 289,290,291,292,293.295,303,305,311, P
liquid metals: 13, 31, 37, 40. 107, 136, 317,318,319.322,331,333,338,339,343, passlvatlon:7, 13,49,56, 117.164,178,

137, 167, 182, 261. 281,320,357, 440, 448, 345, 350, 356, 357, 358,371,372, 383, 385, 190, 247, 303, 352 5,5 368, 391, , 1426,
511, 512, 539, 561, 571, 588, 604 387, 422, 439, 443, 444,450, 453,458, 459, 449, 456, 464,467, 468,470, 473, 474, 476,

lithium: 31, 32, 34, 38, 136, 237, 238, 479, 481,482, 520, 523, 556, 585, 609
239,328, 331,332,377, 503,512, 545, 549, mlcrovold(s): 22, 167, 182, 316, 333, 483, 484, 486, 507, 543, 580
550,552,598 35passivity: 7, 13,14,45,46.49,50,52,56,locaizaton:2, 2,,,78182,2,7 345, 371, 373, 441, 556 62, 86, 91, 107, 117, 120, 164, 167, 178,

oc3llzaton: 1,2,5,56,78,18,23,25,27, mode Intensity: 598, 599, 600, 601. 602, 190, 192, 195,207, 20,209, 210, 235,238,
28, 33. 45, 49, 52, 56. 59. 60, 74, 79, 80, 85, 603, 605
86, 97, 139, 143, 144, 153, 155, 163, 165, molybdenum: 419, 454. 456, 486. 578, 280,265,266,267,268,269,271,275,
169,190,191,195,208,210,232,235,237, 61 1 280,281,291,303,304,309,345,347,351,
238,239.241,265,266,267,268,269,270, morphology:1352,353, 354,355, 356, 357, 358, 361,364,
273,280,284,289,290,299,301,302,303, morphology: 17, 18, 23, 25, 46, 50, 60, 365, 368,391,393,403,404,409,419,424.
23, 83, 93, 96, 114, 135, 142, 144, 145, 152, 426,436,438,449, 450,452,453,456,460,
305,310,311,314,336,338,344,345,350, 153, 155, 164,165,233,237,238, 241,249, 461,464,465,467, 468, 470, 471,472, 473,
351,355,364,365,366,368,369,383,384, 251, 278,279,282,288,289,300,302,316, 474,475,476,478,479,481.483,484,486,
386,393,419,424, 437, 438, 439,440,442, 319.331,359,365,368,369.371.380,386, 487, 489, 490,491,4 94,495,499,507,.
450,452,455,460,461,472,482,483,492, 389,392,397.425,426,427.428,437,438, 515,523,524,526,543,555,557,578,580,
496,502,508,509,518,520,523,524,525. 496, 515, 541,550,555,556,569, 576, 615 51,593,594,5615
526, 529, 574, 609, 614, 615 591.593. 594, 615

localized slip: 34, 186, 285, 333, 435, N passivity breakdown: 17, 262, 285
446 pearlitlc: 77, 217, 435, 438

localized surface plasticity: 191, 265, NACE: 108, 158.163, 190. 195,208,209. permeation: 74, 81, 151, 194, 207, 208,
267, 268, 269 295,402,438,454,458,460,461,486,508, 209,210,300,301,309,334,438,511,523,

long crack(s): 73, 98, 107, 108, 150, 226, 509, 523, 525, 533, 574, 609, 610 524, 525, 526
437 NACE standard(s): 208, 402, 458, 460, persistent slip band(s): 46, 47, 49, 50,

long-range ordering: 288,301,305, 306 461,523, 525 51,108, 473, 476
nickel: 23, 24, 27, 28, 32, 33. 34, 37, 38, phosphorus: 77,205,309,436,438,495,

M 46, 47. 50, 108, 140, 171, 174, 176, 183, 496, 500, 515, 530, 568, 580
191,203, 284,285, 291,294,295, 296, 309, pickling: 430. 431, 458, 586

macrocrack(s): 28, 56, 175, 177 310,352,364,372,403,404,410,419,436, planar slip: 46, 60, 79, 80, 95, 112, 113,
magnesium: 17, 32, 33, 34, 40, 62, 72, 441, 442, 443, 449, 450. 451,453, 454, 455. 167, 181. 182,186,276,288,301,303,345,

95, 191,313, 316, 317, 331,338, 347, 348, 456,461.480,481,482,483,486,489,490. 542
351,352,353,355,356,357.358,359,361. 494, 498, 5U, 503, 504.507.543,569,576, plastic(s): 2,5, 23, 24,25, 27, 33, 34,43,
386, 508, 509, 512, 549, 550 578, 580, 586, 593. 594. 598 46,47.49,56,57,59,60,61.68.70,74,76.
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79, 81,82,83, 84, 89, 90,91,93, 94, 96, 97, 223, 226, 229, 231,232, 233, 235, 237, 238. 350, 354,355,357, 377, 383, 389, 397, 398,

99, 106, 107, 108, 111, 116, 117, 121, 122, 239,247,248, 251,252, 258,259,261,264. 402,407,422,425,428,449,450,453,455,

126,142,153,154,155,164, 165, 168, 169, 267,268,271,273,275,276,277,278,280, 458,459,460,482,483,494,496,499,502,

171,174, 178,181,182, 186,209,221,222, 281,282,284, 285,296,297,309,310,311, 517, 527, 545, 546, 547. 548, 550

224,226,229,231,232, 235, 238, 242, 252, 314, 321,322, 323, 324, 325, 326,330,331, specificity: 6, 17, 35, 268, 586

256, 262, 263, 265,266, 267, 268, 273, 276, 332,333, 334, 335,336, 337,339, 340, 344, sponge(s): 251, 252, 253, 277, 278, 284,

280, 282, 284, 285, 288, 298, 299,300, 302, 345, 348, 353, 354, 355, 356, 357, 368,369, 508

305, 309,314,318,344,348,350,351,352, 371,376, 379, 380, 381,383, 385, 397,398, stacking fault energy: 6, 112, 113, 153,

361,365, 397, 417, 426, 427,430, 431, 436, 407, 408, 409, 410, 419, 423, 424,425, 427, 181, 186, 273, 284, 288,301,303, 397 512,

439,440, 442, 443,446, 449, 464, 465, 468, 428, 429, 435, 436, 437,438,439,440, 441, 541, 542, 543 503

473, 475, 481,483;498, 512, 514, 515,529, 443,444, 446,449, 450,454,461,464.465, steam generator(s): 292, 417, 418, 503,

537, 538, 539, 549, 556, 615 467,468,469,470,471,481,483,489,491, 569, 570, 591,598, 612

plastic strain: 2, 46, 47, 49, 68, 76, 83, 508,509,512,513,517,518,519,520,521, steel(s): See specific entries

84, 89,96, 99, 106,107,108,116,122,126, 524,531,532, 533,537,538,539,540,541, steel, carbon: 61, 62, 70, 141, 268, 437,

168,186,318,348,361,417,430,465,473 542,543,546,549,550, 551,552,555,556, 438, 570, 583

plastic zone: 23, 33, 56, 59, 70, 76, 79, 557,558,561,564,573,577,578,580,582, steel, chromium: 79, 86, 87, 99, 122,

81, 84, 89, 90, 91, 93, 94, 96, 97, 107, 108, 588, 590, 612 140,156,164,243,291,436,452,455,460,

126,154, 168,174, 178,186,235,238,298, Q 461,468,471,481,483,486,487,490, 492;

299,351, 475, 514, 515 
500, 503, 517, 520, 523, 524, 577

plasticity: 2, 17, 22, 23, 25, 28, 29, 33, 34, quantum: 127, 130, 135, 441, 442, 443 steel, maraging: 9, 57, 450, 455, 475,

37, 45, 51, 59, 60, 67, 68, 75, 77, 80, 83, 93, R 476, 480, 481

94,95,96,97,101,106,107,108,109,111, steel, molybdenum: 419, 454, 456, 486,

143, 144, 155,157,164,168,169, 174, 177, radiation: 92, 139, 284, 289, 290, 419, 578, 611

179,182, 187,191,219,237,265,267,268, 561 steel, nickel: 23, 24, 27, 28, 32, 33, 34,

269, 284,285, 298, 299,300,302,309,332, reaction rate: 61, 71, 72, 83, 85, 88, 90, 37, 38, 46, 47, 50, 108, 140, 171, 174, 176,

430,436,439,440,442,449,468,483,513, 91, 106, 140, 143, 144, 146, 151,152, 157, 183,191,203,284,285,291,294,295.296,

514, 575, 578, 615 423, 429 309,310,352,364,372,403,404,410,419,

platinum: 233, 252, 402, 403, 517, 527 reactor(s): 32, 62, 73, 92, 156, 158, 164, 436,441,442,443,449,450,451,453,454,

polarization: 5, 62, 70, 73, 74, 76, 77, 80, 241,290, 377, 418, 570, 573, 575 455, 456, 461,480, 481,482, 483, 486, 489,

86, 87, 88, 91, 95, 99, 109, 195, 197, 200, retrogression: 317, 345, 363, 383, 384, 490, 494,498,501,503,504,507,543,569,

201,233, 235, 236, 237, 238, 239, 241,242, 386 576, 578, 580, 586, 593, 594, 598

243.245,246,247,248,252:257,268,269, steel, silicon: 179, 181,197, 338, 425

289,316,322,323,324,325,327,328,329, S steel, stainless: See specific steels

330,336,338,352,355,361,363,364,366. stochastic: 437, 438, 449, 450, 469, 470,

368. 369,389, 391,393, 394,397,398, 399, saline solution(s): 322, 333, 338, 419, 471,473, 483

401,402,403,404, 405,408,421,423, 437, 524, 545 strain, constant: 47, 51, 353, 568, 570,

438, 450,451,461,476,484.492,494.500. salt(s): 88, 140, 147, 148, 187, 190, 199, 584

507, 509, 523, 524, 543, 591,593 252,276,304,309,419,476,524,545,550, strain hardening: 168, 169, 191, 265,

polycrystalllne: 5, 38, 43, 46, 50, 108, 584 266,267,268,269,270,301,469,520,528,

111,132, 219, 220,280,299,300,301,397 salts, molten: 358, 587 615

polyethylene: 429, 430, 431 segregant(s): 4, 134, 280, 290, 302 strain rate: 3, 7,10,11,12,13,15,17,19,

porosity: 136, 167, 177, 178, 397, 436, sensitization: 64, 79, 92, 148, 152, 156, 21,22,31,33,36,37,38,49,52,59,60,70,

496, 501,507 157, 164, 165,243,291,303,305,309,336, 72, 84, 91, 92, 97, 107, 142, 145, 150, 152,

potassium: 18, 38, 165, 320, 322, 324, 436,450,455, 461,489,494.495,501,502, 153,154, 155,156,158, 164, 165,189, 191,

325, 328, 352, 353, 357, 442 503, 504, 511,517, 520, 566, 569, 570, 576, 219, 229, 230,231,232,238, 252, 255, 261,

potential-pH diagram(s): 1, 9, 140, 146, 577, 584. 586, 589 262, 266, 270,276,278,284,293,294,295,

147, 151, 190, 590, 596 shear stress: 29, 222, 267, 376, 427,429, 296, 298, 304,305, 306,309,317, 318,.331,

potentlostatlc: 151, 203, 209, 233, 252. 430, 433, 443 333, 344, 352, 353, 354, 363, 372, 373, 389,

266,345,365,366,368,389, 420, 449, 450, short crack(s): 43, 56, 61, 87,97, 98, 99, 390, 395, 408, 415, 416, 418, 420, 425, 426,

455, 465,467,468, 469, 470,472, 475, 483, 108,117,122,123,150,153,155,165,223, 427,428,437,470.496,511,513,514,515,

492, 520 224,226,227,233,235, 238, 331,517,518 517,518,520,523.525,527,528,529,543,

Pourbaix diagram: 147, 450, 583, 586, short-range ordering: 288 577, 578, 581. 588, 610, 615

593 shot peening: 122, 310. 337, 474, 481 strain, slow: 3, 4, 8, 11, 12, 19, 70, 153,

power generation: 139, 165, 450 silicon: 179, 181, 197, 338, 425 191,229,230,231,363,389,394,395,407,

precipItate-free zone: 311,314,316,318, silver: 31, 163, 164, 261, 262, 329, 337, 408, 410, 517, 518, 519, 520, 549. 550, 552.

373, 376, 384, 385 343, 429, 430, 431. 574 553, 610

precracklng: 32, 45, 50, 52, 332, 355. situation-dependent strength: 562,563, stress corrosion: 1,2,3, 4, 6, 7. 8,9. 10,

481, 525. 537, 538 564,565. 566, 538, 576, 580, 584, 586, 588, 11. 14, 18, 19, 27, 52, 56. 57, 58, 61, 62, 73,

pressure vessel: 62, 79, 92, 157, 191, 590, 591. 600, 603, 610, 612 74, 82, 96, 118, 120, 123, 125, 127, 136,

350 slip dissolution: 2, 139. 141, 152, 156, 139, 140,141,142, 147, 149,153,155, 156,

propagation: 2.3.5,6, 10, 17, 18,21,22, 158, 436,489,491,493,497,501,504,512, 157, 158, 162, 163. 165, 167, 178,182,190,

23,25, 28, 31, 34,37. 39, 40, 43, 45, 46, 51, 545, 547, 548,555,576,577,578.580, 586 191,192,195,197,207,209,213,214,215,

55,56.57,59.60,61.62,64,66,67,68,69, sodium hydroxide: 58, 108, 199, 327 216,217,219,221,229,232,237.238,241.

70. 71, 72, 73. 74,75,76,77.79,80,81,82, soluble: 9, 92, 95, 136, 147, 163, 164, 251,261,263,265,273,283,284,287,290,

83,84, 85,86.88,89,90,91.92,93,94.95. 261,274,275,276,281,289.290,291,300, 296,303,304,305,309,311,313,345,347,

96, 97, 99, 101. 106, 107, 108, 109, 111, 320,334,347,348,350,351,358,361,373. 352.353,354,355, 356,357,358, 363, 364.

114.117,119,120,122,135,136,139,140, 386,422,424,438,454,455,476,482,502. 365,366.368,377,379,380.383,389, 393,

141,142, 143, 144, 145, 147. 150. 151,152, 507, 508, 533, 568, 580, 586 395,397,401,407,415,416,425,429,430,

153,154, 155, 156, 158,162, 163, 164,165, solution anneal: 28. 79, 156, 219, 220, 435,436,437,439,442,446,449,452,455,

167, 172, 173, 176, 187, 190, 191,192, 221, 229, 252, 276. 277, 293, 298, 299,309,310, 461,476, 482,486, 489,502.508, 509, 511.
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512,513,514,517,519,520,539,541,543, 531,533,537,539,545,547,550,555,556, 424,425,427,428,567,571,572,574,575,

545, 549,550; 552, 553,555, 556, 557,558, 581,596, 600, 603, 614 611

561,562, 573, 576, 577, 579, 580, 603, 604, sulfate(s): 10, 88, 92, 93, 96, 147, 154, torsion: 37, 38, 172, 173, 213

606, 609, 610, 611, 612, 613, 614, 615 243, 246, 248, 289, 291,327, 329, 330, 339, transient dissolution: 56, 60, 70,72, 82,

stress corrosion cracking: 1,6, 7, 9, 11, 352, 361,389, 393, 399, 436, 452, 494, 498, 83, 88, 91,106, 238, 257, 577

13, 14, 15, 16, 17, 18, 19, 27, 52, 56, 57, 58, 501, 502, 503, 507, 509, 580, 591, 602 trapping: 59, 89,143,167,182, 203,204,

59, 60, 62, 64, 68, 74, 79, 81, 82, 123, 125, sulfide(s): 28, 55, 68, 75, 79, 81, 144, 300, 306, 309, 317, 318, 444, 445, 511, 523,

126,134,135,136,137,141,149,156,162, 164,187,193,195,208,209,210,217,223, 524. 528, 530, 531,533

163,164,167,168,169,171,172,174,179, 229,290,295,302,352,364,401,402,403, tungsten: 452, 458, 611

181,182,183,186,187,190,191,192,195, 438,443,450,452,454,456,458,459,460, tunneling: 6, 174,190,332,490,580, 615

197, 207,208,209,213,219,220,221,222, 461,479,481,484,502,509,511,523,525, turbine(s): 111, 113, 158, 450, 476, 479,

229, 231,232,237,238,241,259,261,262, 573, 580 480, 481,482, 484, 487, 566, 574, 590

263, 264, 265,266,267,268,269,270,271, sulfide stress cracking: 208, 229, 295, turbines, steam: 158, 476, 479, 480, 481

276, 283,284, 285, 287, 295, 296, 297, 309, 402, 450, 454

311,312,313,314,315,316,320,321,323, sulfur: 24, 73, 79, 80, 81,123, 174, 205, U
324,325,326,327,328,329,330,332,334, 226,285,309,310,410,438, 452,502, 520, ultimate tensile strength: 229, 268, 372,

335,336,338,339,340,343,344,345,347, 530, 568, 576, 580, 602 373, 389, 390, 391,392, 395, 556, 614

351,352, 353, 355, 356, 359,361,363, 364, superposition: 51, 57, 58, 69, 76, 82, 83, Unleux-Firminy Conference: 55, 57, 58,

365, 366, 368, 369, 377, 379, 380, 381,383, 92, 98, 122, 129, 335, 336, 464, 465, 476, 83, 106,107, 125,167,186, 448, 497, 559,

385, 386, 387, 389, 390, 391,392, 393, 394, 481,484 567, 574

395, 397, 398, 399, 401,402, 403, 404, 405, surface film(s): 2, 5,10, 12, 13, 74,143, uranium: 28, 363, 389, 429, 430, 431,

413,425,427,428,429,431,433,435,436, 191,192,207,210,265,267,268,281,309, 433, 570, 573, 611

437, 438, 439, 446, 449, 450, 451,452, 453, 345, 347, 351,352, 354,355, 356, 361,377,

454, 455,456,458,459,460,461,465,482, 397, 409, 419, 437, 507, 523 V

483, 486, 489, 490, 491,492, 494,495, 498, surface film effects: 60, 75, 89, 93, 94,

499, 500,502,504,507,508,509,511,512, 106, 238 valve(s): 389, 452, 602

513,514,515, 539,545,546,547,548,549, surface mobility: 13, 40, 135, 163, 259, vanadium: 28, 354, 356, 440, 442, 511,

552, 553, 555, 556, 557, 561,562, 563, 564, 261,264, 579 531,533, 534

565,566,567,568,569,570,571,572,573, susceptibility: 3, 4, 5, 17, 18, 21, 31,32, W

574,575,576,577,578,579,580,581,582, 34,36,37,38,39,40,58,62,139,140,141,

583,584,585,586,587,588,589,590,591, 144,145,153,155, 157,165,169,172,176, Waspaloy: 113

592,593,594,595,596,598,599,600,601, 181,229,238,239,241,242,261,265,267, water: See specific entries

602, 603,604,606,609,610,611,612,613, 268, 269, 284,287,288,289,290,291,292, water cooling: 541, 581

614, 615 293, 294, 295, 297,299,301,305,309,311, water, pure: 62, 71, 80, 86, 93, 197, 407,

stress corrosion cracking, Intergranu- 312,313,314,316,317,318,319,320,321, 413,501,502,503,515,564,568,569,570,

lar: 3, 4, 5, 273, 275, 280, 282, 288, 289, 323, 324,331,334,335, 337, 338, 339, 343, 571,572, 574, 586, 593, 611

290, 291,292,293,303,304,317,318,319, 345,347,348,350,351,355,356,358,359, water quench: 203, 383, 455, 527

322,331,333,407,408,410,415,416,417, 361,363,365,366,369,379,380,383,385, water, sea: 62, 64, 67, 70, 71,77, 81, 86,

418, 493, 496, 497, 501,503, 517 389,390, 392, 393, 394, 395, 397, 398, 401, 87, 90, 91, 95, 99, 109, 147, 193, 194, 195,

stress corrosion cracking, transgranu- 403, 404, 405, 409, 410, 419, 429, 433, 436, 197, 200, 201,217, 334,335, 352, 355, 356,

lar: 2, 3, 4, 5, 10, 12, 178, 251, 252, 253, 437, 449, 450, 451,452, 455, 458, 459, 481, 478,479,480, 523, 524,525,526,555,584

254, 256, 257, 258, 273, 275, 277, 278, 280, 482, 483, 489, 496, 503, 509,512, 520, 525. wave form: 55, 58, 68, 69, 70, 86, 87, 98,

281,282,288,289,290,291,292,293,303, 527,529,531,533,541,542,543,545,546, 99, 106, 198, 213, 233

304,305,317,318,319,322,331,333, 407, 548, 555, 561,562, 563. 568, 586, 591,600, weld(s, -ed, -Ing): 1, 3, 61, 62, 97, 109,

408, 410,415,416,417,418,493, 496.497, 611,613 118,156, 157,336,337,338,343,350,355,

501,503, 517, 541,542, 543 sustained load: 37, 66, 120, 141, 153, 363,364, 401,429, 435, 436, 450, 452, 453,

stress Intensity: 7, 10, 14, 21,36, 38, 55, 156,169,173, 176,178,179, 190,213,214, 456, 458, 459, 460, 461,480, 483,570, 590

56, 57, 64, 66, 68, 69, 70, 75, 82, 83, 85, 89, 217, 219, 231,265, 276,389, 408, 443, 446,

01, 94, 95, 96, 97, 99, 101, 109, 125, 133, 527, 528, 545, 549, 568, 570, 584, 588 Y

137, 144, 153, 156, 169,171,174,178,181, synergistic: 24, 56, 57, 58, 59, 108, 217, yield strength: 32, 55, 58, 68, 71, 73, 75,

182, 186,219,220,222,232,233,235,236, 321,339, 446, 509, 569 76, 77, 79, 81, 82, 83, 84, 85, 86, 91, 98, 99,

237, 273, 276, 280, 296, 304, 351,355, 366, 101,106,107,111,126,154,167,168,169,

371,379,397,416,437,440,444,446,448, T 171,174,176,179,182,183,186,203,207,

496, 513, 514, 515, 528, 569, 582, 584, 590 268,295,296,301,401,402,403,416, 417.

stress-straln curve: 48, 49, 229, 256, thermodynamic: 1,7,132,140,144,163, 418,439,443,450,451,453,454,455,458,

390, 391,405 164,167. 190,252,264,285,435,439,440, 460,461,481,513,514,517,527,528,529,

stress, residual: 156,157,167,181,289, 446, 448, 489, 572, 593, 612

349, 431,563 thermomechanlcal: 99, 287, 290, 312, 5 545, 555, 556, 580, 600, 612

stress, tensile: 21,24, 28,31,33, 34, 37. 349, 356, 512, 545 Z

39,49,74,93, 113, 114, 118, 151,153, 154, thlosulfate: 292,303,305,502, 503,517,

156,171,172,173,174,191,208,213,214, 518, 520 zinc: 2,3,31,32,34,38,40,62,144,219,

215,216,217,219,221,224,225,229,230, threshold stress: 56, 75, 96, 137, 169, 273,275,276,277,278,281,284,316,317,

231,232,251,252,261,263,264,266,267, 182, 186,223,236,296,351,353,355,379, 337,345,361,383,385,386,389,393.397,

268, 269,277,298,302,305,316.318,331, 415,416,418,448,451,454,456,458,460, 476

334,335,348,349,350,353,356,359,363, 461, 513, 582, 588, 590, 591 zinc, liquid: 512, 537, 538, 539, 540

365,366,371,372,373,376,377,379,389, tin: 31, 32, 33, 38, 354, 356 Zircaloy: 28, 32, 40, 348, 349, 355, 357,

390,395.402,403,419,420,421,423,424, titanium: 31,59, 64,68, 91,93,101, 147. 358, 377

425,427,429,430,433,437,440,441,442, 167,174, 191,219,242,243,247,347,348, zirconium: 28, 32, 164, 347. 348, 349,

445,450,453,456, 458,470,480, 482, 486, 349, 350,351.352, 353, 354,355,356, 357. 350, 351,353, 356, 357,358, 361,377, 393,

487, 497,503,508, 511,512,513, 517, 527, 358,361,364,393, 419,420,421,422, 423, 422, 440, 568, 573, 586, 600
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