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PREFACE

Stress corrosion cracking (SCC) of high strength structural alloys was one
which caused numerous serious problems throughout the Department of Defense
(DOV) and DOD-related NASA programs during the 1960's. Partly because of
these problems, there has been a decade of unusually high research activity in
the SCC ticld, leading to numerous conferences in which research investigators
reported the results of their studies, largely for the benefit of other research
investigators. Thus, we now have available a number of conference proceedings
particularly useful to SCC specialists. These proceedings are not only predomi-
nantly aimed for the SCC specialist, but in addition, concentrate on basic
aspects, which is indeed entirely appropriate.

The first chapter is intended to place the problem in perspective and thereby
make the succeeding chapters easier for the readers and also shorter by omitting
much of the material which is common to the three alloy families treated in this
monograph. The second chapter treats specimens and test hods, but only
those specimens provided with a preexisting crack. The reason for this seemingly
one-sided presentation, all but ignoring the non-precracked specimen, is that
stress analyses for smooth specimens are commonly available, whereas the stress
analyses for cracked bodies (fracture mechanics) are not so widely available.
Chapters 3,4, and S treat each of the three high strength structural alloy families
in turn. The treatment of the three families differs greatly from one to another.
Part of the difference is of course a reflection of the different authors. But more
importantly there are enormous differences between the status of SCC
technology and of physical metallurgy of the three families. SCC has been
studied far longer and more extensively in aluminum alloys than for steels or
titnssim alloys. Once SCC was recognized as a serious problem in some titanium
alloys, a relatively higher proportion of the effort was devoted to physical
metaliurgy than was the case with steels and aluminum alloys. For this reason
and because much of the modern physical metallurgy of titanium alloys has not
diffused widely throughout the technical community and is not available in
collected form, the authors of the chapter on titanium have included a much
higher proportion of physical metallurgy tutorial material. A certain amount of
repetition from one chapter to another has been deliberately retained on the
supposition that some readers may read only one or two chapters of greatest
interest, and that therefore some important thoughts if given only once would
be missed.
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The prescnt monograph devotes a much smaller proportion of space 1o
theories than do other contemporary volumes on the same subject. One reason
for this is that three recent symposia were aimed exclusively at basic aspects of
the problem, and there is no need to repeat here the essence of proceedings which
are widely available. A second reason for emphasis upon macroscopic data rather
than on theory is that theory has not arrived at the point where it can be used to
predict the macroscopic SCC behavior of fundamentally new combinations of
alloy and environment. This is not to say that thcory is not importunt, nor does
it imply a lesser need for developments in theory in the future. On the contrury,
even before theory achieves the status of being able to have macroscopic
predictive capability, it is useful in organizing what would otherwise 2 a vast
heup of jumbled observations But for a very long time, wovnd macroscopic
experimental data will have to be used to avoid urlv SCC surprises in new
systems. Hence th- emphasis in this monograph on macroscopic test methods
and the data they produce.

This monograph has been prepared not as a scientific treatise for the seasoned
specialist in the field but rather primarily for the program manager’s staff, the
designer’s staff, the materials engineer, and the newcomer to the field of SCC.
Since the preparation of the monograph was supported by the Advanced
Projects Research Agency of the DOD, the reader o) first concern is the staff
engineer of the DOD or the DOD contractor. Accordu.gly, the engineering data
are given largely in the units most famihar to U.S. engineers, that is, stress and
strength are given in pounds per square inch (psi) or thousands of pounds per
square inch (ksi), stress intensities are given in ¥si \/in., commercial heat-treating
temperatures are commonly given in degrees Fahrenheit, whereas laboratory
research temperatures are given in degrees Celsius, and some temperatures are
given on both scales. The reason for this policy was again determined from a
consideration of the reader interest. Although :he engineer customarily sees
commercial heat-treating specifications written in the Fahrenheit scale, the
laboratory investigator commonly controls and records on the Celsius scale. It
thus does not seem undesirably inconsistent to report the properties of a
material having a commercial aging treatment at 1000°F tested in boiling
magnesium chloride at 154°C.

The matter of referencing is a compromise. Inserting the names of
investigators into the text interferes with the readability by the engineer, and so
the attribution common in research literature is eschewed. For the benefit of the
research investigator, most of the statements of fact are referenced irstead by
numbers only. It is characteristic of the subject and the times that many of the
references are reports of contract research work supported by the Federal
Government. Even the existence of many of these documents may not be widely
known, and in many cases they were retained in the editing process partly on the
basis of providing archive information, to help prevent the loss of research
findings particularly during the period of greatly decreased research activity
which may lie ahead.
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1. FUNDAMENTALS

1.1 Historical Background

Stress corrosion cracking (SCC) is a cracking process caused by the conjoint
action of stress and a corrodent. The phenomenon first became of widespread
technological importance in the last half of the 19th century with the adoption
of the cold-drawn brass cartridge case, followed by the use of brass for
condenser tubes in the rapidly growing electric power industry. During this
period the phenomenon we now call SCC was termed *‘season cracking™ because
of the resemblance between stress-corrosion cracks and cracks in seasoned wood.

In 1886 a cold-drawn wire of a gold alloy containing silver and copper was
shown to be susceptible to SCC in ferric chloride, thus demonstrating that the
phenomenon was not confined to brass or even to base metals and drawing
attention to the important role of tensile stress to the process {1]. By the end of
the 19th century the role of residual stress in the SCC of brass was so widely
recognized that an acidified mercurous nitrate solution, which causes liquid
metal cracking of cold-worked brass, was in common use to test whether a given
annealing treatment was adequate to relieve the residual stresses in cold-formed
products. Also toward the end of the 19th century, “caustic cracking™ (SCC)
wis observed in unalloyed boiler steel. In the first two decades of the 20th
century SCC was reported in aluminum alloys and in high strength steel (in the
latter as quench cracks). During the 1930’s SCC was reported in austenitic
stainless steels and in magnesium alloys. During the 1950’s and 1960's SCC was
reported in titanium alloys, and in 1970 in a zirconium alloy.

Thus SCC, once thought co fined to a few systems (combinations of metals
and environments), must now be 1. jarded as a general phenomenon which any
alloy family may experience, given the wrong combination of heat treatment
and environment.

1.2 Characteristics of SCC
The following characteristics are common to most if not all SCC:

I. Tensile stress is a necessary condition, which may be provided cither by
cold work and stored as residual stress or by externally applied service stress. In
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CHARACTERISTICS OF SCC 3

some systems the stress may be supplied entirely by the wedging action of
corrosion products [2].

2. The alloy is usually almost inert to the environment which causes cracking.
This characteristic was pointed out in an early discussion of SCC in mild steel
pans used to evaporate sodium chloride and sodium nitrate solutions: “The
action upon the steel is totally different in the case of the different solutions.
You may go to a waste heap and pick out the pieces of steel that have come
from a sodium chloride pan and those that have come from a sodium nitrate
pan. Those that have come from a sodium chioride pan are all rusty, the steel
rusted through, while those from the sodium nitrate pan are not rusted at all,
but they are cracked™ [3}. An important exception to this characteristic is low
alloy high strength steel, which may experience general rusting at the same time
it is cracking.

3. Only certain combinations of alloys and environments produce SCC,
though this specificity is less general than is sometimes stated. The specificity of
ammonia for cracking brass is often cited as an example. But brass will also crack
in sulphur dioxide, in mercury, and in some organic liquids.

4. The necessary corrodent species need not be present either in large
quantities or in high concentrations in the bulk environment to produce its
effect. Again, brass, for example, can be cracked by ammonia concentrations in
air too low to be detected by smell. SCC in austenitic stainless steels can be
caused by chloride concentrations of a few parts per million in the bulk water
phase, though a local chloride concentrating process may be active. In fact,
localized concentrations of specific anions to produce in the active sites
environments greatly different from the bulk environment is so common that it
may be recognized as a separate characteristic of SCC. Thus in steels, titanium
atloys, and aluminum alloys undergoing SCC in neutral or even alkaline seawater
or salt water, the corrodent within the cracks is distinctly acil. Also, the
corrodent within stress corrosion cracks in magnesium alloys is distinctly
alkaline, and the corrodent within caustic embrittlement cracks in boiler steel is
highly alkaline, in both cases differing markedly from the bulk environment.

S. Stress corrosion cracks are biittle in macroscopic appearance even though
the mictal may behave in a highly ductile manner in a purely mechanical fracture
test. Despite their brittle macroscopic appearance, the fracture surfaces may
however show evidence of considerable plastic flow on a micron scale.

6. Metallograpnically the stress corrosion fracture mode is usually much
different from the purely mechanical plane strain (“brittle fracture™) separation
mode of the same metal. It was once considered that multiple branching of stress
corrosion cracks was so characteristic as to be diagnostic of SCC. But it is now
known that multiple branching does not always occur in SCC, as will be
discussed later in this chapter.

7. There appears to be a threshold stress or stress intensity below which SCC
does not occur, at least in most systems. The existence of such a threshold has
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4 FUNDAMENTALS

never been universally accepted. The subject is of immense practical and
theoretical importance. and it is beset by complexities and difficulties, also
discussed in a subsequent section of this chapter.

8. SCC does not occur in pure metals, though there may be a few
technologically unimportant exceptions to this generalization.

1.3 Sequence of Events in SCC

SCC is a nucleation and growth process. If a metal does not have a preexisting
crack or other flaw in the surface, and if it is covered by an oxide film, the
sequence of events in SCC is as shown in Fig. 1. First, the oxide film is ruptured
either mechanically or by the action of a chemical species, such as the chloride
ion. This film rupture represents the initiation of pitting, which itscif is a
nucleation and growth process. The primary tuiction of the corrosion in
initiating SCC was once thought to be to provide stress concentration, and
emphasis was accordingly placed on the shape and the size of the pits. Deep
conical pits were said to be more serious than shallow, saucer-shaped ones.

e ‘ Ommm™> (STRESS)
(STRESS) CORROSION
LOCALIZED PIT FORMATION
BREAKDOWN OF _ TERMINAL PURELY
OXIDE FilLM INITIATION MECHANICAL
AND GROWTH RUPTURING
OF SCC

Fig. 1. Sequence of events (left to right) in a stress corrosion test on an initially smooth
specimen. For low slloy steels in seawater, the rate of growth of stress corrosion cracking is
faster than it is for pitting by a factor of about 106, and fast fracture propagates at about
100 times faster than stress corrosion cracking.

1t has long been known that the composition of the corrodent within growing
corrosion pits can differ markedly from that of the surrounding bulk corrodent,
due to hydrolysis reactions producing changes in pH within the pits [4]. The
porous corrosion-product cap over the pit restricts the interchange between the
local environment within the pit and the bulk environment outside .i. Work in
recent years has demonstrated that the composition of the corrodent within
growing stress corrosion cracks can also differ sharply from that of the bulk
environment outside the crack, and indeed for a given system there is a great




SEQUENCE OF EVENTS IN SCC 5

deal of similarity between the solution within corrosion pits and that within
stress-corrosion cracks. There is probably a causal relationship between the pH
within the corrosion pit and the nucleation of a stress-corrosion crack, and the
primary function of pitting, in those cases in which it is required to initiate SCC,
is not mechanical but chemical- to permit establishment of a local environment
conducive to cracking. Thus if a smooth specimen of austenitic stainless steel is
stressed in (neutral) boiling NaCl, SCC does not commence until after pitting has
occurred. But the same steel stressed in boiling MgCly, which is slightly acid,
may commence cracking with little or no discernible pitting, presumably because
now the bulk environment is conducive to cracking without requiring hydrolytic
modification. Likewise SCC may commence in a high alloy high strength steel in
neutral salt water at a preexisting fatigue crack, or, on an unnotched or
uncracked surface, cracking will initiate immediately if the pH has been lowered
locally by the addition of acid.

Referring again to Fig. 1, when the stress-corrosion crack has attained a
sufficient length and if the stress has not been relaxed, we see that the critical
combination of stress and crack length are met for unstable (purely mechanical
“brittle fracture™) crack extension, and the remaining ligament separates at a
high rate-approximately one-third the speed of sound. Just how long the
stress-corrosion crack grows before the onset of fast fracture depends upon the
magnitude of the stress and the fiacture toughness of the alloy. The chemical
environment has no effect on this terminal fast fracture process.

The kinetics of the various processes shown in Fig. 1 are given schematically
by curve A of Fig. 2. If the metal were somewhat more brittle, the kinetics
might be represented by curve B. A very brittle material, such as the hot-work
die steel designated H-11 heat treated to maximum hardness. might be
represented by curve C, which shows fast fracture being initiated by a corrosion
pit, with no SCC at all. The behavior of a material which does not pit (such as
titanium in unheated seawater) would be represented by a line coincident with
the abscissa, designated D in Fig. 2. If one measured only undifferentiated time
to failure, the characterizations of the four materials of Fig. 2 would be as
shown on the line above the graph. The time-to-failure order-of-merit rating
would then be D (best), A, B, and C (poorest). Actually, the SCC characteristics
of C and D have not been measured at all, and the true SCC order of meiit of A
and B is opposite to that inferred from time-to-failure data alone. Thus
undifferentiated time-to-failure data can be highly misleading, particularly in
high strength alloys where the britile fracture termination of SCC can make
important differences in the total time to failure.

1.4 Smooth and Precracked Specimens

Mechanistic studies over the past quarter-century have contributed some new
ideas, but these contributions have been of limited utility in the formulation of

BT
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Fig. 2. Kinctics for pitting (or, in D, nonpitting), SCC (materials A and B only), and fast
fracture (lower plot). Line at top shows how misleading time-to-failure data can be.

new alloys more resistant to SCC or to the design of structures and the selection
of materials to avoid the SCC problem. Although one continues to hope for
more guidance for the engineer from future fundamental studies, until that hope
is fulfilled he will have to rely upon prior experieice. That prior experience can
be provided by structures in service, or it can be provided by laboratory tests if
the laboratory tests adequately model real-life service. Hence, the emphasis in
this monograph is upon macroscopic test methods and the information they
have contributed.

A smooth specimen models a structure perfect in design and in fabrication,
just as a precracked specimen models a structure with the worst kind of
imperfection. Al} structures would therefore be expected to behave in service in
a manner lying within the extremes modeled by the two types of specimens.
This line of reasoning would indicate that there is justification for employing
both specimens to establish the SCC characteristics of a given material under the
two limiting conditions. There are two principal reasons for including the
precracked specimen for characterizing the SCC properties of many materials.
(a) Certain alioys, particularly titanium alloys, do not pit in fresh water or in
seawater at room temperature, and a smooth specimen of such alloys does not
experience SCC in these environments. One might tend to draw the inference of
lack of susceptibility from such experiments. But a notched or precracked
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be provided by structures in service, or it can be provided by laboratory tests if
the laboratory tests adequately model real-life service. Hence, the emphasis in
this ronograph is upon macroscopic test methods and the information they
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A smooth specimen models a structure perfect in design and in fabrication,
just as a precracked specimen models a structure with the worst kind of
imperfection. All structures would therefore be expected to behave in service in
a manner lying within the extremes modeled by the two types of specimens.
This line of reasoning would indicate that there is justification for employing
both specimens to establish the SCC characteristics of a given material under the
two limiting conditions. There are two principal reasons for including the
precracked specimen for characterizing the SCC properties of many materials.
(a) Certain alloys, particularly titanium alloys, do not pit in fresh water or in
seawater at room temperature, and a smooth specimen of such alloys does not
experience SCC in these environments. One might tend to draw the inference of
lack of susceptibility from such experiments. But a notched or precracked
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specimen of the same titanium alloy which resisted pitting may display
spectacular susceptibility to SCC. (b) Most of the important structural alloys
have sume degree of susceptibility to SCC in seawater, fresh water. atmospheric
moisture, or other reasonably common environments, and it is not possible to
label some of them “immune” and therefore acceptable without further
consideration and to label the others “‘susceptible’ and therefore to be rejected.
For this gray area we need to quantify the resistance to SCC, and it will be
shown that the use of a precracked specimen permits just such quantification.
There is a further value of the precracked specimen, and that is that the precrack
rendcss unnecessary the waiting period for the development of a corrosion pit,
thereby saving most of the time which otherwise would be required for the
initiation stage. For alloy steels this pitting stage may require half a year or more
in seawater.

In the absence of a corrosion pit or of a stress corrosion crack or other
surface discontinuity, classical stress analyses are of course available and valid for
smooth bend beams. tensile bars, and other smooth geometries. After a stress
corrosion crack commences to grow, however, or if the specimen is provided
with a fatigue precrack, classical stress analysis cannot handle the situation. One
attempt to treat stress at the root of a crack is to report the nominal membrane
stress at the crack tip as if the material already cracked had been removed; that
is, as if the bar were uncracked but simply thinner than originally (see Fig. 3).
Such an approach equates a deep crack in a thick plate to a shallow crack in a
thinner plate and equates both to an unblemished plate slightly thinner still. It
should be obvious that such an “analysis” is seriously defective, and in fact it has
been so demonstrated experimentally [S}. If one is therefore to quantify stress
in the presence of a crack, as is needed to describe the effect of the stress factor
on the SCC process, it is necessary to find an alternative te the nominal stress
method. Fortunately such an analysis is available in the form of linear elastic
fracture mechanics.

Since fracture mechanics can treat the stress field around a single crack, if one
is employing fracture mechanics in a stress corrosion test it is customary to start
with a preexisting crack so disposed as to be analyzable. This crack is commonly

P L ——
g
] <

Fig. 3. Nominal stress in the presence of a crack is equivalent to replac-
ing cracked body by a sinaoth body (at right) having the same depth as
the unbroken ligament, obviously a defective “analysis.”

i oyt
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produced by fatiguing a specimen contzining a sharply machined groove. An
alternative method suitable for the high strength aluminum alloys is described in
the chapter on aluminum.

1.5 The Role of Fracture Mechanics

The stress at any point in the elastic region near a crack tip can be expressed
by field equations containing a scaling factor K [6]. This factor, the stress
intensity factor, pertains to conditions of linear elastic behavior and not directly
‘- the plastic conditions known to prevail at the site of crack extension. The
value and pertinence of the factor K to SCC lies in the fact that the undefined
stress and strain conditions at the crack tip are caused by the elastic field
quantified by K. Therefore if a given level uf K in the elastic region is found to
cause a specific event, such as stress corrosion crack extension, in the plasticized
crack-tip region, then any combination of geometry of solid, geometry of crack,
and stress which duplicates the given level of K will produce a duplication of the
same crack extension if the material and the environment are the same. Thus the
function of K is to quantify the stress in a manner that is relatable to other
geometries of body and of crack. In an infinite plate having a crack length 22
normal to a tensile stress field having a value of o remote from the crack
(K = 0\/1?5), K then has the units of stress multiplied by the square root of
length. It is commonly expressed as ksiv/in. The expressions for K in small
bodies suitable for laboratory test specimens are discussed at length in Chapter 2.

Thus, fracture mechanics does not by itself alone provide independent new
nnowledge about SCC; it simply provides a usable method for treating the stress
factor in the presence of a crack.

In general, the effect of K on SCC kinetics is as shown in Fig. 4 [7]. The log
crack growth is approximately linearly proportional to K, as denoted by region I
of the figure. At higher K levels some transport process becomes saturated and
the crack growth rate is independent of K, as indicated by the horizontal
segment labeled region . At still higher K levels there may be another
K-dependent region, labeled 11 in Fig. 4. Region HI or even both Il and 11l may
be missing in certain combinations of metals and environments if the fracture
toughness is so low that fast fracture occurs at levels of X lower than the onset
of region III or of region iI. (The K level which causes fast fracture is designated
K. or Kjc, the ¢ referring to the critical value of K for causing mechanical
fracture.) Region | may also be missing due to an abrupt cessation of SCC as the
K level is lowered in region II.

In region | the plane of the growing crack tends to remain normal to the
tensile axis. Any budding side branch of that crack at an angle to the origincl
crack plane would experience a lower K value and hence would have its stress
field relieved by the main crack which would go shooting forward with the

I INT L QG AR e =
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STRESS
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POSSIBLE K;, LEVELS
o

Fig. 4. Generalized SCC kinetics. I'ast fracture at one of the points marked K ;o may
preclude development of region [11 or of Il and III. There may be a true threshold
Kjsce o1 the kinetics may simply decrease continuously to ever smaller but finite
values as K is decreased, denoted by broken line prolongation of region [ (after Ref. 7).

kinetic advantages expressed by the log crack growth rate vs K in region [. But
well out in region Il a side branch would not experience a crack rate penalty
because of its lower K, and hence one sees crack branching in this region. The
crack division or branching which occurs in region 11 must be one of the reasons
that multiple branching is often cited as a characteristic of SCC. Another reason
for this citing is probably the early observations of SCC in cold-formed articles,
in which the residual stress patterns were complex.

There appears to be a threshold value of K below which SCC stops altogether
for some metals. This is almost certainly true for titanium alloys, it appears to be
true for high strength steels, but it does not appear to be true for aluminum
alloys, as is discussed in Chapter S.

The question of the existence of a true threshold is of such obvious practical
and theoretical importance that the newcomer might wonder why the question
is not settled almost as the first order of husiness. The reason is that to prove the
existence of a threshold one must prove that below a certain level there is zero
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crack growth, and proving negatives is often difficult. [n this particular case one
would want to be able to say that below the stress threshold (if one exists) a
crack will not extend further no matter how sensitive the measuring technigue
and no matter how magnified the sensitivity by virtue of length 3¢ <bscrvation,
The practical approach seems to be to provisionally accept the existence of a
threshold for titanium alloys and high strength steels in natural waters unless and
until a better method to quantify SCC resistance is needed and available. For
aluminum alloys the K level for some arbitrary but slow rate cf growth would
seem to be a practical way of characterizing their SCC resistance.

The threshold above which SCC has been observed but below which it has not
been observed is designated Kis... This symbol was derived by inserting the
initial Jetters of stress corrosion in the symbol for the critical K for plane strain
mechanical fracture K. The Roman number I designates the opening mode of
fracture (as in the opening of a book), distinguished from the sliding mode, for
example. The numeral is superfluous in SCC because SCC occurs only by mode
L. There is no stress corrosion analog of the shear lip, although mechanical shear
lips may form as borders to a stress corrosion crack.

The corrosion scientist would like to have the full kinetic curve of K vs the
crack growth rate. The engineer can seldom justify obtaining the full curve, for
rarely does he know cither the initial algebraic sum of residual and applied stress
or this same sum during the course of scress corrosion crack propagation in a
large or complex structure. Hence he is more likely to settle for a simple K. if
it exists in a given system.

If one accepts a threshold designated Ky or adopts an arbitrary K4 (the K
level for an arbitrary crack growth rate in region I of Fig. 4), one can do some
useful arithmetic with the lrwin equation for the stress intensity around a crack
in the surface of 2 meial:

1.2n02
KZ:___’_'E_‘L_, ()

S
2. g
¢ o.zlz(oy)

where g is the depth of the crack, g is the stress, 0y, is the yield strength, and p is
a factor for the shape of the crack. If the length of the crack is 2b, then 2 has
the values for various crack shapes listed in Table 1. If one assumes a long, thin
flaw and the existence of yield-point stress, then from Eq. (1) stress corrosion
wouid be expected to propagate if the flaw depth exceeded a.,. given by

K 2
Gcy = 0.2( OSYCC) . 2)

The value of a;, may thus be regarded as a figure of merit which incorporates
both the SCC resistance Ksc. and the contribution which yield strength stress
levels can make to SCC hazard by virtue of residual or fit-up stresses.
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Table 1. Vaiues of ?

a

b ¢
0 {very long, thin crack) 1.00
0.25 1.14
05 1.46
u./5 1.89
1.0 (semiciroular) 246

One can plot Eq. (2) for various vatues of a., as shown in Fig. 5. This plotisa
convenient framework for displaying the SCC characteristics of materials. If a
given material was found to have a K5 as indicated by point x. a surface crack
0.1 in. deep wouid be deeper than required to propagate a stress coriosion crack
in the same environment used to determine the Kjgc.. But a crack 0.01 ir.. deep
would not propagate a stress corrosion crack in the same material in the same

environment.

Kisce

Iig. 5. Plot of Eq. (1) for two assumed values of 2., assuming long surface
flaws and yield strengt. stresses operating. A material having a Ky, value as
indicated by x would be s2fe from SCC in the pertinent environment if one
can be sure surface flaws will be no decper than 0.01 1n.; SCC will occur if

YIELD STRENGTH

they are as deep as 0.1 in.

o —vse———
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A plot of K. data such as Fig. 5 can be used in a slightly ditferent way: If
one knows that he cannot detect and remove cracklike flaws less than, say.
0.01 in. deep. then if hie has yield-point stresses he must select a material having
a Nygoe above the 0.01 1. hine in Fig. S.

There are three aspects of the use of fracture mechanics in SCC where
confusion is evident from statements made in the literature or at technical
cuniterences. One of these statements might be worded as tollows: “Fracture
mechanics cannot be used for low strength alloys such as austenitic stainless
stecls because enormous specimens would be required.” This statement is an
incorrect inference from the requirements for purely mechanical plane strain
fracture toughness. indeed fracture mechanics would not be useful for the
evaluation of mechanical brittleness in such materials because general yielding
throughout any reasonable specimen prior to fracturing would invalidate the
fracture mechanics analysis based on elasticity theory. SCC on the other hand
oceurs in austenitic stainless steel at such low stress levels that elastic fracture
mechanics is applicable. The second statement, also incorrect, might be worded,
“Since SCC involves a certain amount of localized plasticity, an analysis based
on elastic theory (such as hner elastic fracture mechanics) is inappli=able ™ But
there is also (even more) localized plasticity in purely inechanical fractures under
circumstances in which fracture mechanics has been demonstrated as valid and
useful by demonstrating predictive capabilities from one geometry to another.
This observation is not surprising if one realizes that the plastic behavior in SCC
is related tu the clastic stress field which causes the plastic processes, even if we
are ut present unable to define precisely and in detail that relationship. Of course
it there are important time-dependent plastic processes (e.g., creep), then the
character of the plastic region will not be uniquely relatable to the elastic stress
field. This point is one reason that, with some metals such as titanium alloys, the
sequence of stressing a precracked specimen and introducing a reactive
environment can make important differences in the measured value of Kygec.
The third current but incorrect statement relating to fracture mechanics might
be worded, “Corrosion reduced the fracture toughness.” The confusion sizms
from the use of K units to quantify resistance to plane strain fraciure (K, ) and
resistance to SCC (K sc¢ ). wherein Kig.. is always less than K. No one has
demonstrated any effect of chemical environment on K. Rather than luwering
K. corrosion simply promotes a different fracture process (SCC) at a lower K
level. From such reasoning it becomes clear that phrases such as *‘seawater
embrittlement™ and “salt water fracture toughness” are confused expressions
more properly phrased as SCC.

1.6 Environments

Much emphasis has been placed in the literature on the specificity of the
chemical species which will cause SCC in a given alloy. This assertion of
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specificity is not supported by the facts. Each of the three alloy families treated
in this monograph has experienced SCC in more than one environment. Most of
the data reported herein came from tests in ecither salt water or tap water. Both
of these environments contain both hydrogen and chlorine, and indeed these
two elements are so ubiquitous (inside the metal, even) that one could make a
case for a causative role of whichever element he chose. Regardless of the
fundamentals involved, moisture and salt water are so ubiquitous that SCC
characteristics of alloys in these environments are of interest for the purposes of
this monograph in addition to any special environment a given structure may
experience.

[t must be emphasized that a parameter like K, or K4 refers to a specific
material in a specific condition of heat treatment and sometimes in a specific
orientation, in a specific environment. Unfortunately a given environment may
be altered by hydrolytic action within a crevice or other occluded area, and this
alteration in local corrodent chemistry may produce radical changes in SCC
characteristics. This is particularly true of stainless steels, in the crevices of
which seawater having a bulk pH of 8.2 may be converted by hydrolytic
acidification to a solution of pH less than 2 [8].

The crack provides the worst case for SCC from the standpoint of mechanics.
There does not appear to be a universal worst case from the standpoint of tne
environment. Salt water acidified by acetic acid and saturated with H»S might
be a worst-case environment for high strength steel, but it has not assumed the
role in SCC studies of high strength steels that boiling MgCl; has for the
austenitic stainless steels.

The theory of SCC is in such a primitive state of development that we do not
have a predictive capability with respect to what SCC response a new
environment will promote for a given alloy, and therefore we must resort to
experimental characterization for each new environment. In fact, the Ky
values fcr a titanium alloy used to fabricate fuel cell tankages were used to
accept or reject batches of the fluids used in the tankages.

1.7 Mechanisms

In the early 1920°s the postulate of an amorphous cement holding the grain
boundaries of polycrystalline aggregates dominated physical metallurgy in Great
Britain, and since SCC in both brass and mild steels is largely intergranular, it is
not surprising that this “‘cement” (long since discredited) figured prominently in
many explanations which were adduced for SCC during that era. A multitude of
theories, models, and partial models has been proposed in succeeding years. The
detailed mechanisms which have been put forward for various metal/corrodent
systems can be grouped into the following categories:

1. Mechano-electrochemical. It has been proposed that there were paths
intrinsically susceptible to anodic electrochemical dissolution, and the role of

o
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the stress was considered to be to open the cracks enough to prevent stifling the
reaction by corrosion products [9]. Whatever the role of mechanical stress may
be. that role 1s not the effect of elastic stresses on the reversible electrode
potential, which changes only about 1073 mV from zero stress to the yield
strength stress Jevels. A passive surface on stainless steel in boiling 42% Mg(l,
may be as much as 500 mV more electropositive than the bare alloy, and one
can imagine bare steel being exposed by the yielding at a crack root under stress
and the cracking of the oxide coating. If the bare metal is dissolved
clectrolytically, one can estimate the magnitude of the current required to
account for the observed crack growth rates. The current density is estimated to
He about one ampere per square centimeter, which would be expected to stifie
the reaction by polarizing the anodic area. It has been shown, however, that
under conditions of continuous yielding the polarization may be very small,
perhaps due to the increase in number of active sites caused by the egress of
distocations |10]).

2. Film Rupture. In the film rupture model, a brittle corrosion-product film
is envisioned to form, which, when it becomes sufficiently thick, fractures to
expose bare metal; the bare metal reacts to re-form the brittle film, and the cycle
repeats. Such models have been based largely upon striation markings observed
with the electron microscope. Evidence of this sort is possibly explained by
other models, such as for example the rupture of a thick fum well behind the
advancing crack front but still in a location where there is a significant bending
moment on the crack surface.

3. Embrittlement. A periodic electrochemical-mechanical cycle has been
postulated in which the electrochemical corrosion process was pictured as
embrittling the metal directly behind the corroding metal surface by an
unspecified species [l11]. The embrittled layer would ultimately fracture
mechanically, exposing a fresh metal surface. A modified version of this model is
not an unreasonable one for high strength steels in aqueous environments. It =
known from measurements of local pH (pH near the crack tip) and potentic.
that the thermodynamic conditions for hydrogen discharge are met if a stress
corrosion crack is propagating in high strength steels. [t is also known that these
steels exhibit slow crack growth under stress if they contain hydrogen from any
source. Thus it is not unreasonable to postulate that in these steels SCC occurs
by corrosion-generated hydrogen cracking.

4. Adsorption. The adsorption model pictures the reduction of the energy
required to form a new surface by reducing the surface energy through the
adsorption of specific species [12].

The interested reader may find these models discussed in various degrees of
detail elsewhere {13-19]. From time to time someone feels the urge to find a
general, or universal, model for SCC in all systems. At a symposium 1n 1921, the
proposal that there should be such a general model evoked the following
response: "l agree with .. . that a general explanation of season cracking and
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intercrystalline cracking in all metallic materials is desirable, but is it not possible
that such a universal explanation is not to be tfound?” [20]. Currently there is
growing doubt that a single detailed mechanism will ever be found to account
for all manifestations of the phenomenon of SCC, though something like
“activation by plastic straining at the advancing crack tip™ covers the essence of
most of the proposed detailed mechanisms.

The engineer new to the subject may reasonably expostulate that, “All | want
is enough theory to predict which combinations of alloys and environments will
cause trouble.” Alas, he will not find that amount of theory in this monograph.
Or elsewhere. fcr that matter, for it simply does not exist. At the present time
all guidance for avoiding SCC in practical structures is bascd either on past
experience with structures of the same metal in the same environment or on
macroscopic tests. Hence the emphasis on valid test methods. This emphasis is
especially important at this time because a fundamentally new philosophy of
testing has emerged in recent years, concentrating upon the stress conditions for
stress corrosion crack growth (and, importantly, nongrowth) from a preexisting
crack.

The status of the theory of SCC is actually rot far behind that of the theory
of corrosion in general. It is becoming increasingly easy to explain observations
even if only in a general way, but it is still difficuit to predict behavior in
systems which differ appreciably from those of past experience. Sometimes it is
even difficult tu predict behavior in systems differing only slightly from those of
past experience. Who, for example, would have predicted that 1% HF added to
fuming nitric acid would inhibit the SCC of martensitic stainless steel in that
environment? But it did!

SCC is controlled by the metallurgy of the solid body. the chemistry of the
pertinent eavironment, and the stress field; in other words, by efiecis of
mectallurgy, chemistry, and mechanics. Whether one is concerned with basic
mechanisms or engineering applications, work with SCC requires due attention
to all three factors.

1.8 SCC Characterization of Alloys

Much of the material presented in Chapters 3 through S describes the SCC
characteristice of various alloys. This is not handbook material, but rather is
information presented to display how good and how poor the SCC character-
istics of various alloys, latgely commercial ones, can be. For critical applications
for a long time to ceme it wiil be prudent to conduct tests on individual lots of
alloys. except for the few cases in which adequate standardization of
wonpusition and heat treatment has been achieved, such as in the more common
aluminum alloys. Because of this apparent lengthy future need for continued

-

tesi:i.: Chapter 2 is a detailed account of various specimen types and testing
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procedures using precracked specimens. The methodology of SCC testing using
smooth specimens is widely understood and needs no repetition here. Although
the justification for smooth-specimen testing has already been cited, little
smooth-specimen work is quoted in Chapters 3 through 5 because the reported
parameter is almost always undifferentiated time to failure, the deficiencies of
which have already been pointed out.
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2. STRESS CORROSION TESTING WITH
PRECRACKED SPECIMENS

2.1 Introduction

Precracking an otherwise smooth specimen in preparation for stress corrosion
testing

# Lliminates the uncertainties associated with growth of a corrosion pit.

® Provides a flaw geometry for which a stress analysis is available through
fracture mechanics.

® Produces stress corrosion data that are potentially more useful for predict-

ing the behavior of large structural components for which fracture is a critical
design factor.
Expressing stress corrosion characteristics in terms of fracture mechanics provides
a relationship between applied stress, crack length, and crack growth in aggressive
environments. Expressing stress corrosion crack velocity in terms o1 fracture
mechanics will aid in developing the inspection intervals necessary to avoid the
catastrophic faifure of components.

The significance of such data has not been fully established with respect to
structura) design, since it .s often difficult to analyze accurately the size and
distribulion of stresses in components of complex geometry. However, this
method offers a significant adjunct to alternative test methods employing smooth
specimens. Used together, they help to overcome deficiencies in either method
and prevent errors in the assessment of alloy/corrodent compatibility.

Several reviews of methods for measuring susceptibility to SCC with smooth
specimens are available [1,2]. in addition, a number of task groups under ASTM
Subcommittee GO1.06 are now preparing recommended practices for use with
the more widely employed smooth stress corrosion test specimens {3].

Specimens suitable for studying the fracture mechanics of SCC were developed
originally to evaluate the resistance of high strength metallic materials to unstable
opening mode crack extension. Surveys of the analytical and experimental bases
for determining the plane-strain fracture toughness of metallic materials have
beer presented {4,5],and a recommended practice for fracture-toughness testing
has been formulated [6]. The present review is concerned with specimens for
use with test methods that characterize stable (subcritical) crack extension in
aggressive environments rather than unstable (critical} cracking. Since practices
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are based essentially on conducting a fracture test in the presence of a corrodent,
the form of this review follows closely that of the texts on fracture. Two recent
reports {7,8] on the application of fracture mechanics to stress corrosion testing
have also contributed.

This chapter describes in detail the configurations and calibratic~< of pre-
cracked specimens that are suitable for use in stress corrosion testing. Limited
but adequate development is given the derivation of Ky, the stress intensity facto.
for opening mode. Wherever possible, equations for Ky are presented in the form
Ki=o0g VaY, where 0 is the applied gross stress, 2 is the crack length,and Y is a
polynonual factor that accounts for specimen design. In many instances, several
equations for Kj are included with the individual specimen configurations,
however, only one form is generally recommended. To aid in visualizing the
change in Ky with respect to 4 or a function of a, these relationships are presented
graphically in many cases. Specimen preparation and testing, presentation of
data, and general information about precautions and suggestions from investiga-
tors in the field of testing are discussed.

2.2 Glossary of Terms

a  crack length, in.
dajdt  crack velocity, in./hr.
ag  starting crack length, in.
B specimen or plate thickness, in.
Bn  specimen thickness measured between face grooves, in.
C  compliance, in./Ib.
C1.C1,C3,C,y  polynomial constants
¢ half-length of a surface flaw, in.
¢o  beginning half-length of a surface flaw, in.
D major diameter of a circumferentially notched specimen, in.
d  minor diameter of a circumferentially notched specimen, in.
dyp height of the crackline-loaded, single-edge-cracked plate
specimen before deflection, in.
d)  average height of the specimen after deflection or mechanical
pop-in, in.
dy  average height of the specimen at the end of the test period
and after removal of the bolts, in.
e  imaginary dimension of the tapered, crackline-loaded, single-
edge-cracked specimen, in.
tensile modulus of elasticity, psi
Airy stress function

n ™

mathematical function of a/W

“
T|n
~_
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mathematical function of d/D

mathematical function of B/H

strain-energy release rate, general, in.-lb/ n.z
strain-energy release rate, opening mode, in.-Ib/in.2
shear modulus, psi

mathematical function of (a/W)
specimen height, in.
mathematical function of B/H

moment distance of a torsion-loaded specimen, in.

height of a tapered, cra klin:-loaded, single-edge-cracked
specimen measured at the load line, in.

stress intensity factor, general, ksi v/in.

stress intensity factor, opening mode, ksi v/in.

initially applied stress intensity factor, ksi /in.

plane-strain fracture toughness, ksi /in.

elastic stress-concentration factor

stress corrosion cracking threshold stress intensity factor,
ksi /in.

bending moment, in.-lb

spring constant

free surface correction factor

plasticity correction factor

general exponent

load, ib

function of the elliptical integral

strain-hardening coefficient

radial coordinate measured from the crack tip, in.

major span of a bend load fixture, in.

minor span of a bend load fixture, in.

x-direction crack-opening displacement, in.

y-direction crack-opening displacement, in.

width, in.

Cartesian coordinate axes

normal deflection of a torsion-loaded specimen, in.

distance (a + r) along the crack plane, in.; complex variable
x + iy

deflection, in.

angular coordinate at the crack tip, radians
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A aslope caefficient derived for the tapered, crackline-loaded,
< eerdge-cracked speciinen

u Posson's ratio

p vut radius of an ellipse, in.

og ™~ imun uiaxial tensile stress, ksi

Omax  maxunum local stress, ksi

o,  applicd stress, ksi

O grosssecuion stress, ksi

Op  netseotic nostress, ksi

oy y-direct. 0 viess, ksi
ope  yield strength, ksi

¢ elliptical integral

2.3 Review of Fracture Mechanics

Intensification of the stress field near the tip of a crack in a linear elastic
medium can be characterized by the single parameter K. If the displacement of
the crack surfaces is that of the opening mode (as opposed to the sliding mode)
the subscript 1 is included in the stress inteasity factor. Two methods are avail-
able for determning the opening mode siress intensity factor Kj; one method is
based on stress analysis, and the other is based on the determination of specimen
compliance.

Derivation of Ky by Stress Analysis

Stress Analysis of a Notch. [f a crack is idealized as an infinitely sharp notch,
Kj i1s given by
o
Ky = lim 22 /m5 (1)
p—0 2

where Omax is the maximum local normal stress and p is the root radius of the
notch [9]. If the notch iscontained in a panel of infinite dimensions, the expres-
sion for omay is contained in the elastic stress-concentration factor K, as

K, = 2o )

where g, is applied stress. In the particular case of an elliptical flaw in which the
length ot the major axis is 24,

= a .
Ka—]"’zb‘ (3)
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By combining Egs. (1), (2), and (3), it can be shown that

Ky = o5 v/ma (4)

in the limit as p approaches zero.

A review of elastic stress-concentration factors for a number of notch problems
is contained in Ref. 9.

Stress Analysis of a Crack. Expressions that distribute the normal stress 6, in
the region of the crack tip can be subjected to a limiting process similar to that
performed in the notch analysis to provide a solution for K. These expressions
are found using elastic theory and an appropriate stress function F that must
satisfy equilibrium equations as well as the boundary conditions of the problem.
Then gy is given by the second partial derivative of F with respect to x. This
approach was used to provide the analysis of a cracked infinite panel [10] analo-
gous to that of the notched panel described above. The normal stress obtained was

[

o =% (%)
g - (g_>2 Vel - a2
z

where g is the half crack length, z is the complex variable x + iy, and also equals
(a + r) along the crack plane. (See Fig. 1.) Wheny = 0, Eq. (5) can be written

ofa+r)

Equation (5) and a number of other stress solutions for crack problems were
examined [11], and it was c.duced that K} was contained in the limiting case as
r approached zero, so that

6)

Ky = lim opV2nr . )

r—0
Combining Egs. (6) and (7) shows that for the cracked panel in question,

Ky = 05\/ma . (8)

Stress Analysis from Finite Elements. The solutions for Kj for notches and
cracks are exact in the limit as r or p approaches zero. However, when structural
shapes are more complicated, it is often not possible to obtain an exact solution,
in which case a numerical technique that yields an approximate solution is avail-
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A

CRACK PLANE

Fig. 1. Crack loaded normally and contained in an infinite body.

able [12]. This technique makes use of finite-element analysis to obtain an esti-
mate of the x- and y-direction displacement components u and », respectively. in
the vicinity of the crack tip. Expressions fur plane strain u and v in tenns of Kj
and r have been derived [11] as

Ki

=—]/—’-‘ L P ¢ sin2 & ©)
U= /37053 u 2J
Ky /7m0 ) - cos2 2
G Vag Sin3 [2(1 u) — cos 2] (10)

where G is the shear modulus and u is Poisson’s ratio. By substituting in Eqgs. (9)
and (10) those values of u and v obtained by finite-element analysis at the point
where r =~ a/5 and 8 = =, the solution for Kj is found algebraically [12].

-
I

Derivstion of K; by Specimen Compliance

In the determination of K by the compliance technique, use is made of the
fact that the energy released from a growing crack is directly reflected in an
increase of overall specimen compliance. A strain-energy release parameter (j
has been derived in terms of compliance and related to K; [11]. The resulting
solution for Ky in terms of compliance is given by
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. 1/2
FE dC
"I”’[z—é'm] at

where P is the applied load, £ is Young's modulus, B is thickness, and C is
compliance (usually expressed as some function of the crack length a@). In the
original work {11], the relationship between K| and (| contained a modifying
factor J1/(} — w)?) 12 that most investigators now delete from consideration
since it amounts to less than 5% for structural materials {5]. Compliance is de-
fined as the reciprocal of the spring constant m. which is the slope of a load P
vs deflection & curve. The spring constant is deper  .nt upon Young's modulus I
and geometry. Compliance may be measured experimentally or derived from
theoretical considerations.

Experimental Determination of Compliance. Compliance is determined exper-
imentally by finding the elastic load-point displacement caused by a unit of load
in a specimen containing a slot (representing a crack), the length of which has
been accurately measured. The slot is lengthened in some manner, for example
by sawing, and a new compliance is obtained. This procedure is repeated for a
wufficient number of crack length values to cover adequately and reliably the
range of interest. In Fig. 2a, a number of P—5 curves for different values of a are
shown. The compliance /P for each of these is replotted as a function of ¢ in
Fig. 2b. This relationship can alsc be presented in dimensionless form, as in
Fig. 2¢, by incorporating the additional terms E and B in the compliance and
defining crack length in terms of a/H or a/W where H is one-half the height and
W is ti.e width of the specimen. It is convenient to find the equation of the
compliance curve by fitting the data to a general polynomial; for example,

- 2 3
EBS a a a
5 - Cy + C2<W) + C3<W> + C‘(W) + ... (i12)

The values of the constants are found by solving the appropriate number of simul-
taneous equations. When Eq. (12) is differentiated with respect to #/W, the
derivative can be substituted for the term dC/da in Eq. (11) to yield

p EB_&) 1/2
1 P
2w '_a_

‘(v)

K = g (13)
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»/H OR aW

Fig. 2. Curves to develop compliance.
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Variations of this equation may be given as

. 1/2
o(22)
PO i LA (4
=812 da
and
@'E) 1/2
., _P}1 P
Ke=glm . (15)
"(ﬁ)

Theoretical Derivation of Compliance. Expressions for compliance as a func-
tion of crack length have been derived from strength of materials theorv. How-
ever, because of the assumption involved, predicted deflections due to load do
not agree very well with those actually measured. In this case, the theoretical
expression can be corrected empirically by comparing it with experimental data.
For example, correction has been applied t~ the theorctical compliance of a
(W—a)-indifferent, single-edge-cracked specimen [13] to provide Eg. {16), which
is similar in form to the general experimental derivation shown in Eq. (12). In
this configuration, the crack ~pening displacement v is identical to the total
deflection & obtained from applied vantilever loads on two beams,

EBy

It is important to note that although K solutions appear in many forms and
degrees of coniplexity, it is often possible to calibrate the expression in terms of
the crack length. Calibrations for Kj are presented in dimensionless form so that
the sirgle expression derived for a particular test system (defined in terms of
crack location and loading method) can be used to obtain Ky values from speci-
mens of different dimensions and elastic constants. As ar example, the tangent
expression |11} provides a K; solution for the center<racked panel ot finite
width loaded remotely from the crackline as

The K| Catibration

1/2
Ky = E% na [% tan E] . 17)

W
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Ths expression can be adjusted so that Ky is calibrated in dimensionless form to
a/W by the function

BW 1/2
5@{& tan @] -1(5) %)

When K| BW/P\/a is plotted as a function of a/W, the curve so obtained can be re-
expressed as an nth-order polynomial for which an equation can be derived in the
form of

'ISIBW—C + G2 Ca2
PVa-— i b3 W + 3 W + ... (19)

Usually an accurately obtained graph of Eq. (19) or equivalent table of values
provides a convenient means of reducing data in which the process of solving the
trigonometric functicn is avoided.

In general, the form of Eq. (19) has been used throughout this review in
cabibrating Ky to a function of crack length. Where more than one calibration
exists for a specimen, they are presented graphically for comparison.

Critical Stress Intensity Factors

The stress intensity factor for opening mode K is proportional to the product
of the applied stress and the square root »f the crack length Considerable test
experience indicates that there may exist a value of K below which cracks are
not observed to propagate in a particular material in a specific chemical and
electrochemical environment. This value has been designated Kysc [14]. In
other words, K¢ is the level above which SCC has been observed and below
which SCC has not been observed in a given material in a specified chemical and
electrochemical environment.

Stress corrosion crack growth can be moritored with suitable instrumentation
and expressed as a function of the stress-intensity factor. The Kinetics of crack
growth have been employed extensively to characterize stress corrosion behavior.

2.4 Specimen Geometries

Precracked specimens are classificd with respect to the relationship between
the stress intensity factor Ky and crack extension (Fig. 3). Dependirg on the
method of stressing and/or the geometry of the test picce, the stress intensity
factor can be made to increase, decrease, or remain constant as the crack length
increases. In the first category of precracked specimen configurations, where K|
increases with crack extension, specimens are most commonly stressed under con-
stant load conditions in tension or bending. In addition, a distinction is made
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PRAECAACKED SPECIMEN CONFIGURATIONS FOR STRESS CORHUSION TESTNYG
1
INCRE ASING STRESS DECREASING STRESS CONSTANT STAESS
INTENSITY WiTH INTENSITY WiTw INTEONGITY WiTs
CRACK € XTENSION CRACK EXTENSION CRACK EXTENSION
CONSTANT CONSTANT CONSTANT CONSTANT
LOAD UEFLECTION t0AD LOAD
REMOTE  REMOTE CRACK LINE CHACKLINE CRACKLINE CRACKLINE
TENSION  BENDING BENDING BENDING TENSION BENDING
SINGLE EDGE SINGLE EOGE SINGLE EDGE SINGLE EDGF CENTER TAPERED
= CHACKED PLATE CRACKEDPLATE CRACKEDPLATE  CRACKED PLATE CRACKED SINGLE EO0GE
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Fig. 3. Classification of precracked specimens for stress corrosion testing.
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between those specimens loaded close to the precrack (crackline loaded) and
at a distance from the precrack (remote loaded). Single-edge-cracked plate
specimens are classitied | 15] according to the proximity of the boundary normal
to the direction of the crack plane, the crack-tip stress field being either affected
(W —a dominated) or unaffected (W—a indifferent) by this boundary.

In the sccond category of precracked specimen configurations, where Ky de-
creases with crack extension, specimens can be stressed under conditions of
constant deflection or constant load. Crackline-loaded, single-edge-cracked plate
specimens are maintaincd at constant crack-opening displacement v (measured
along the line of load application) by a bolt, wedge, or other device. The overall
result of this procedutre is to cause the load to diminish and, consequently, the
K| to decrease as the crack extends under the influence of an aggressive environ-
ment. The constant-load, crackline-tension, center-cracked plate has been
commonly referred to as the wedge-force specimen.

In the third category of precracked specimens, a linear relationship between
specimen compliance and crack lenath is obtaine to produce constant Ky with
crack extension. The overall classification provides a useful framework for
describing in more detail the use of a particular specimen or family of specimens
during stress corrosion testing.

' Crackline-Loaded, Single-Edge-Cracked Plate Specimens

Crackline-loaded, single-edge-cracked specimens can be used in either increasing
or decreasing K tests performed on plate materials. However, the decreasing
K technique as applied to this configuration i< probably more attractive for use
in stress corrosion testing than any other specimen because a fixed crack-opening
displacement can be achieved by a simple loading arrangement.

Typical crackline-loaded specimens (also known as double cantilever beam,
compact tension, or wedge-opening load specimens) are shown in Figs. 4 and 5,

P/— THHEADED HOLE 0.758 IN DIAMETER (IN.}

H 0 0M05 IN. [

-IN. CUT

al-

g-- ————fm uhM

—_—p—ema e 4
Y
o
.

e w l-—e-—{

z
-

hJ

HOLE CENTERLINE MUST BE NOAMAL TO SPECIMEN CENTERLINE WITHIN ¢£1°
SLOT CENTERLINE MUST COINCIDE WITH CENTERLINE OF SPECIMEN WITHIN 0.005 IN

Fig. 4. Configui>tion and K calibiition of the (W—a)indifferent, crackline-load. °
single-cdge-cracked plate specimen.
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THREADED HOLE 0 758 IN DIA (IN )
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L

Fig. 5. Comparison of K calibrations represented by Eqs. (24) and (25) for
(W-a)-indifferent, crackline-loaded, single-edge~cracked plate specimens.

wherc dimensions are stated in ratios of H to W and solutions for K| are presented
as calibrations in a/W or a/H. The specimens are differentiated by the manner in
which the boundary normal to the crack plane affects the crack-tip stress field.
Th. distance of this boundary from the crack tip is given by the difference
in -a1 and if this dimension is small compared with a, the configuration is
v .nud (W-a) dominated. If (W—a) is very large compared with a, the configura-
tior 18 termed (W-a) indifferent. This nomenclature was originated in Ref. !5
where (W—a) indifference was shown to obtain whenever the ratio W/H was not
less than an amount equal to a/H + 2.
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In these specimens all dimensions are measured either from the crackline or
from the line of joad application. Loads are assumed to be applied such that
torsional deflection of the arms does not occur.

Configuration and K; Calibration of the (W-a)-Indifferent Specimen. The
configuration of the (W—a)-indifferent specimen is considered solely in terms of
the variable £, since the width W by definition does not enter into the analysis of
the Ky calibration. Thus, a single solution represents ail (W—a)-indifferent con-
figurations, a factor which is extremely desirable to the testing specialist.

Calibrations for Ky have been derived by both .tress analysis and compliance.
The stress analysis approach was used to obtain the linear relationship shown
in Eq. (20) (Ref. 15), while Eq. (21) was obtained by empirically correcting
an expression for compliance derived from beam theory [13];

KB 346 + 238 1 20
Pa =% 7 (20)
1/2
ket _fs . 36(ﬂ)+ ’os(fi)z @2n
P A7 Al : '

To obtain the calibration for fixed crack-opening displacement », the load P
in Eqgs. (20) and (21) is replaced by its equivalent v per unit of compliance
(where compliance is expressed as a function of crack length). Compliance can
be extracted from Eq. (20) by comparing it with the basic compliance expression,
Eq. (11), adjusted to the same calibration form, Eq. (22):

EBv 12
dl=—
KiBH3/2 (1’) H

= . 22
Pa d —a— \/?Ta ( )
(i)
Combining Egs. (20) and (22) and solving the differential equation yields
EB
P= ; " : 3)
a a a
797 (ﬁ) + 1648 (ﬁ) + 1325

Suitable substitution in Eq. (20) thus provides a calibration in terms of Ky H/Ev,
which is show n for the fixed ccack-opening displacement position in
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H
3.46 + 2.3 ( )
KVH . (24
Ev )

738 (Ii{)z + 1638 (%) +11.32

In Eq. (21), the derivation of compliance is an integral part of the calibration
procedure [13] and as such is avaifable to replace the load P for the fixed crack-
opening displacement analysis. When this is done the result is

172

oo PO seli)eoo)

Ev a 3 a
o5+ 06) + 2]

The two decreasing K| calibrations, shown in Fig. 6, are in excellent agreement.
It is important to note that the shapes of these calibration curves can be guides
in preparing specimens. If it is required that the test be completed in the shortest
possible time, the beginning crack length should be short to take advantage of
the fact that the rate of decrease of K| with crack extension is maximum for
short cracks. On the other hand, if test time is not important and maximum
accuracy is desired, a longer crack can be chosen so that errors in crack length
measurement do not cause appreciable errors in X|.

Configuration and K Calibration of the (W~a)-Dominated Specimen. Con-
figurations of this type are described in terms of 4 and W, since both parallel and
normal boundaries influence the crack-tip stress field. Consequently there is a
unique calibration for Ky as a function of a/W for each H/W ratio, a factor which
is somewhat undesirable from the standpoint of ease of data reduction. Calibra-
tions for H/W ratios of 0.1194, 0.444, 0.486, and 1.0 have been obtained using a
stress analysis approach [16], and by the same technique [5], calibration curves
for ratios of 0.4, 0.5, 0.6, 0.8, and 1.0 were derived. In only three configurations

(16] have equations been published for calibration curves, and these are shown
in the following equations:

‘

= 0.486 (27)

0444  (26)

e
€|=

‘h

()
&

KiBW _ 3096 - 195.8(2 )+ 730. 1186
7,7;-- . 8l 6 ) I

x
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Fig. 6. Configuration and K calibration of the (W—g)-dominated,
crackline-loaded, single-edge-cracked plate specimen.

KiBW _ a a\’ a\ a\'
m- 39.7 - 294.2 (W)+ 1118 (W) - 1842 (W) + 1159 w) ’

H
ik 05. (28)
These polynomials represent calibrat. : from data obtained in the a/W range
from 0.25 to 0.65 and are accurate to about 0.5% in this range. It must be
emphasized, however, that the slopes of the cur es increase very rapidly at the

"
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larger values of a/W, which might introduce large errors in KjBW/P+\/a due to
small errors in measuring a/W. This characteristic of the calibration is much less
severe in the (W-a)-indifferent specimen, a factor which should be considered in
the selection of specimens. )

The (W-a)-dominated specimen can be used in the decreasing K| mode by
fixing the crack-opening displacement in the same manner as described in the
previous section. However, each H/W configuration has its unique compliance-
vs-crack-length relationship that must be determined experimentally or extracted
from a K| calibration derived by stress analysis. The extraction process is
arduous because the calibrations are not linear as are those for the (W—a)-
indifferent configuration. The compliance of the H/W = 0.486 configuration
was determined experimentally {17], and the resulting K calibration is in good
agreement with Eq. (27). It should be noted that the compliance derived from
beam theory, Eq. (16), applies only to (W—a)-indifferent specimens and cannot
be used for (W-a)-dominant specimens.

Single-Edge-Cracked Plate Specimens in Remote Tension or Bending

This family of specimens has probably been used more than others in stress
corrosion testing because of its popularity in fracture-toughness testing. It is
well suited to obtaining Kjs.c by the increasing Kj. multiple specimen test, and
can also be used to obtain crack growth rate vs K information. If these specimens
are thick enough to withstand buckling tendencies, sustained loads are applied by
bending; if the specimens are very thin, sustained loads are applied by tension.

Configuration and K Calibration of the Tension-Loaded Specimen. Figure 7
shows the configuration, ratios of pertinent dimensions to the width W, and the
K| calibrations of the remote-loaded, single-edge-cracked tension specimen. The
calibration was initially obtained by the experimental compliance technique
applied to a pin-loaded specimen where the loads were applied at distances about
1.5W from the crackline [18]. The pin-loaded condition approximates that of
uniform tension applied at a distance W from the crackline which was assumed in
a later stress-analysis derivation of the calibration [19]. The stress-analysis-
derived calibration

K'Bw—x99 0414 +ns7o"2 3848“34-538 a) 29
m-— . . W . W . (W 'S(W (29)

agrees with the compliance-derived calibration.

1/2
KiBW 1250 - 320(2)+ 117 (2 i 30
P | Olw W : (30)
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¥ig. 7. Configuration and Ky calibration of the remote-loaded,
singlc-edge-cracked plate tension specimen.

within 1% for values of a/W from 0.2 to 0.4, but is considered to be more accurate
for larger values of a/W [5}.

Configuration and K Calibration of the Three-Point Bend Specimen. The
specimen, together with load and support points, is shown in Fig. 8, which also
contains four calibrations for K obtained from expressions originally described
elsewhere {20,21]. With regard to the system described by S/W ratios of 8,
Egs. (31) and (32) were obtained by stress analysis [21}, whereas Eq. (33) was

-~

1/2
KiBW?

= - a a
e =352 ”(w)" 23.44(w> .
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Fig. 8. Configuration and K| calibration of the threc-point-loaded,
single-edge-cracked plate bend specimen.

K BW? a e\ A% <a)4
w- 1'96—2'7S(P_V- + 13.66 W 2398 W + 25.22 wl o

% =8 G2
P 1/2
K BW? ! ‘(' - W) s
W=0'69 O R W=8 (33)
a a
(-4 G

derived by the combined techniques of stress analysis and compliance [22].
Equation (32) is slightly more accurate over a range of a/W values to 0.6 {5] and
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is recommended for use. FEquation {34) was obtained by a stress analysis per-
formed on the system represented by an S/W ratio of 4:

K'Bwl—lox 307(2 )+ 14 aY 251”3+730”\‘4
s = 193 - 307() v a3 (g 1) ¢ s0(g)
S 4 (34)

Span-to-width ratios of less tii..  wie ot considered in this review because they
introduce errors due to indentation and friction at the support joints.

Configuration and K; Calibration of the Four-Point Bend Specimen. These
specimens were originally thought to yield more accurate results because they
closely approximate conditions of pure bending. However, this contention is
now considesed to be of no consequence. Figure 9 shows the configuration, a
suggested arrangement for load and support points, and calibrations for Kj.
Equation (35) was derived for pure bending in terms of the function g(a/W}
according to the following table:

afW i g(a/w) u a/W | g(a/W)

0.1 0.49 0.4 0.69
0.2 0.60 0.5 0.72
0.3 0.66 0.6 0.73

Ky(W ~a)’/?

SO (s

Equations (36),(37), and (38) were obtained from expressions derived previously
{20]. Of these, Eq. (37) is considered to be the most accuiate over the greatest
range of a/W. These calibrations were actually derived from pure bending con-
siderations, but are considered to represent four-point loading if the ratio of the
minor span to specimen width W is greater than 2 [5].
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K1Bw? ~eas(2)+ 7,,2
PN 386 ~ 6. (W) 21 (W) (36)

Kigw? a (0)2 ay (a ¥
s =19 2.47(w)+ 1297(5) - 2a7(&) + 2a8(5) o
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Fig. 9. Configuration and X calibration of the four-point-loaded,
single-edge-cracked plate bend specimen.

1/2
KiBw?

2
aive " |684 ~ 1087 (ﬁ;) + 38.61 (%) ) (38)

Configuration and Kj Calibration of the Cantilever Bend Specimen. The
cantilever bend configuration is the same as that of three- and four-point bend
specimens and is shown in its loading position in Fig. 10. Equation (39)is Eq.(33)
and has been used rather extensively to analyze results obtained by cantilever
loading {14], even though it was originally derived by the combined techniques
of stress analysis and compliance for three-point bending.
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Fig. 10. Configuration and comparison of Ky ca.ibrations for cantilever-loaded,
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The only calibration reported specifically for cantilever bending was obtained by
compliance [24]. No equation was derived for the curve that may be compared
graphically with the curve for Eq. (39), Fig. 11. As can be seen, there is some
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e

Fig. I1. Configuration and K calibration of the
(W-a)-indiffcrent tapered specimen.

difference in the two, and it is recommended that the compliance calibration be
used. [n assembling the specimen for testing, a distance # should be allowed be-
tween the edge of the grip and the crackline to avoid end effects.

Constant K Specimens

The constant K specimen is attractive for use by fundamentalists investigating
mechanisms of stress corrosion cracking. The stress intensity Kj is independent
of crack length and can be neglected as a variable in Kinetic studies. The total
cost of specimen preparation and instrumentation prohibits its use during exten-
sive stress corrosion characterization.

Configuration and Ky Calibration of the Crackline-Loaded, Single-Edge-
Cracked Specimen With Tapered Sides. This specimen, also kaown as the tapered
double cantitever beam (DCB) specimen, is shown in a (W-a)-indifferent con-
figuration in Fig. 11. The original work perfoimed with this specimen [13]
involved the experimental determination of the compliance as a function of
crack length for a number of differently tapered configurations. These deter-
minations showed compliance to be linearly related to crack length over a range
that was governed by the angle of taper. The derivative of EBv/P with respect to
crack length a is therefore a constant in this range; as a consequence, Kj is also
constant when load P is maintained at a constant level. Thus Eq. (40) can be re-
duced to a fonn as simple as Eq.(41) where C) is the value of the right-hand side
of Eq. (40):

L al2
d EBy
ﬁ_B. = l P (40)
P 2 da
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K = C\P. (41)

Calibrations for both (W-ag)-indifferent (where indifference for the tapered
specimen is undefined as of this writing) and (W-a)-dominated tapered con-
figurations have been obtained and described {25]. The result for the (W a)-
indifferent case is shown as the linear expression

KiBVH,
—p = Al t+ 07 (42)

where the slope coefficient A depen Js upon the ratio Hp/e as shown in the table
below, and where H,, is the half height of the specimen along the loadline and
H, is the half height at the tip of tie crack.

11,,/e| \ ” Hple | A

0.0 J.46 03 298
0.1 3.26 04 2.88
0.2 3.10

Fquation (42) does not show Ki to be constant with crack extension simply
because the ratio af/H, is variable (whereas the ratio (@ + ¢)/H, is constant over a
range of crack length).

When the values of Hp/e and either W/e or W/H), are known, Eq. (42) can be
converted algebraically to

K[B \/W a
—p - f <W) (43)
which represents the (W—a)dominatei configuration (Fig. 12). It is claimed
[25] that conversion values of K;B «/W/P agree with those obtained directly by
stress analysis in the lower range of a/W. Equation (43) can be restated more
simply as

K = f(%)ﬁ—w (44)

.

by using Table 1, which is also useful for selecting taper configurations to suit a
particular problem. Two configurations, represented by Hp/e ratios of 0.53 and
0.45, have been analyzed by the compliance technique. Later- calibrations
obtained by stress analysis showed that the agreement of results wss excellent.

-
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Fig. 12. Configuration and K| calibration of the
(W-a)-dominated tapered specimen.

Therefore, when the compliance technique is used, it is considered that the dis-
advantage of obtaining the compliance of each configuration can be avoided by
appropriate use of Table 1.

Configuration and Kj Calibration of the Torsion-Loaded Specimen. This
specimen was first described in a study of fracture in bulk glass [26]. Subse-
quently, its use was extended to the study of stress corrosion cracking in metals
[27}. The strain-energy release rate {} can be expressed as

(45)

where Hy, is the torsional moment length as indicated in Fig. 13 and G is the
shear modulus. Equation (45) can be separated into parts such that

r

2 2

G = it é___H"’ . (46)
2B)14 GL3H

The constant 3/4 H,,2 [C;B3H is d(y/P)/da in the expression [11]
[+

d —_—

P \P

y =135 47

where y is deflection and g is crack length. Because d(y/P)/da is constant, {jis
constant for constant load.




SPECIMEN GEOMETRIES 43
Table 1
a/W
Hple  Wle wit, 0.2 0.3 04 0.5 0.6 0.7
KBwl/2p
0 0 1.25 5.31 6.86 9.29 1344 21.52
1.5 5.59 7.10 945 13.52 21.54
2 5.32 (49 801 1020 1392 2l.68
3 7.65 935 11.34 1353 16.64 23.16
4 10.20 13.00 15.76 1857 22.35 26.8}
5 1290 1685 20.72 2449 28.61 3342
0.1 3 30 634 70.5 74.0 75.5 76.1 75.5
40 79.0 85.2 88.0 87.5 86.5 84.5
5 50 925 98 99 97 95 92
ol 0.2 2 10 17.65 200 21.3 22.2 23.3 27.0
3 15 245 26.7 279 28.1 28.3 30.5
3.2 16 27.0 28.3 29.0 290 29.1 31.0
4 20 30.3 321 32.8 322 318 33.0
5 25 35.2 36.2 36.0 353 345 35.0
0.3 3 10 14.7 15.7 16.1 16.4 1.0 233
3.6 12 16.8 17.5 17.7 [7.8 9.0 24.0
4.2 14 186  19.1 19.2 1894 19.77 2444
48 16 20.1 204 20.2 19.85 2046 24382
54 18 21.5 2.6 21.1 20.6 21.0 25.14
6 20 229 22.8 219 21.4 21.6 25.4
04 3 7.5 10.2 1.0 11.5 12.5 15.1 22.0
4 10 12.4 12.8 129 13.6 158 223
b} 12.5 14.0 14.2 14.2 14.4 i6.3 26
6 15 15.4 155 15.2 15.1 16.8 228
8 20 18.2 17.5 16.8 16.2 174 23.0
0.5 4 8 18 10.3 V1.4 14.5 218
5 10 11.2 1.0 119 14.7 219
6 12 12 it.6 12.5 15.0 22.0
8 16 14 12.8 13.2 15.5 22.1
0.6 3 5 7 98 139 21.5
4 6.67 7.7 10 14.0 21.6
5 8.333 109 14.1 21.6
6 10 10 1 14.2 21.7
‘ .
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Fig. 13. Configuration and K| calibration of the torsion-loaded,
single-edge-cracked plate specimen.
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A solution for {} under constant deflection is given as

Q- 2GB%yH

48

3Hpla? @
where y is the deflection or displacement of an inner load point with respect to
the outer load point on one of the specimen arms, and a is the crack length
measured from the load point position. This technique causes G to decrease
when the crack length extends.

The expression for compliance in Eq. (46) appears to have becn derived from
the analysis of torsional deflection of a rectangular section; therefore, the constant
3/4 must represent one configuration only. The solutions have been extended to
apply to a general configuration defined in terms of the ratio B/H [28). These
are shown, for constant and decreasing K, respectively, as Eqs. (49) and (50):

0.845 g (—g-) Hm P

Ki = 32\/17— (49)
B
EByh(T{->

K; = Hna (50)

When face grooves are used to direct crack propagation, the actual value of K] is
obtained by multiplying the value for the ungrooved specimen by +/B/B,, (see
Sec. 2.6).

Center-Cracked and Double-Edge-Cracked Plate Specimens

The double-edgecracked plate specimen is symmetrically similar to the
center-cracked configuration, and both are suited to evaluating sheet materials.
However, neither specimen is as efficient as the single-edgecracked specimen
from the standpoint of load and material requirements. When the centercracked
specimen is loaded at a distance remote from the crackline, K; increases as the
crack extends; when the specimen is foaded at the crackline, K} decreases for a
certain range of crack extension. In this regard, K} decreases under constant
load rather than fixed crack-opening displacement, as has been discussed. The
surface-cracked specimen probably simulates the majority of defective structures,
but is somewhat weak from an analytical viewpoint.

Configurstion and X Calibration of the Remote-Loaded, Center-Cracked
Specimen. The specimen shown in Fig. 14 is recommended for fracture-toughness

£rb e £ A AP S [y

PN

Serw
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Fig. 14. Configuration and K calibration of the remote-loaded,
center-cracked plate specimen.

testing, and the details of the configuration have been reviewed at length {4]. It
is claimed that the commonly used tangent expression,

KiBw Ty na 172
T [7 o ¢
and the equation
. 4 1/2
1+ 8{—
KiBW (W)
= (m!/? (52)
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du not properly satisfy the boundary conditions of the configuration. Three
other calibrations have been reviewed independently {5} which are in close
agreement with each other and can be expressed by a single curve. The polynomial

KB v 0027 (29) < 01 (22) 4 25 2a>3 53
PJa AW i\ w AW (33)

represents this curve to within 0.5% over the range of 2a/W tfrom 0 to 0.7, while
that of Eq. (54),

K{BW L -2—‘! <2£ 2
e o.:(w)+ w) , (54)

is slightly less accurate (1% in the same range), but is easier to use. It is generally
agreed that either Eq. (53) or (54) should be used rather than Eq. (51) or (52).

Configuration and Kj Calibration of the Crackline-Loaded, Center-Cracked
Specimen. This specimen, shown in Fig. 15, is pin loaded at a distance S above
and below the crackline. If S is small compared with @ and a is small compared
with W, and the load P is maimtained at a constant level, K| decreases as a/W
increases to a limiting value and then begins to increase in accordance with [9]

S 2 a 2
—_— Y| —
K;BwW312 3’3(“’) ¥ “(W)

Pa 172 32 (33)

s
ST oE —

RN

} w —{g—

Fig. 15. Configuration and K| calibration of the crackline-loaded,
center-cracked plate specimen.
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Configuration and K| Calibration of the Surface-Cracked Specimen. The
configuration is shown in Fig. 16. Two solutions for K] that do not lend them-
selves to presentation in calibration form are given below:

2
Q=|¢? - 0.212(7:;‘:) (56)

HOLE CENTERLINES MUST COINCIDE WITH
CENTERLINE OF SPECIMEN WITHIN 0.005 IN.

0s
04 B
03—t b bl
8/2C
0.2
10—
08
o1 e : } e
0 ! |
99 - GROSS STRESS
° Oys= YIELD STRENGTH AT 0.2% OFFSET
20 22 24 28 28

] 02 04 06 08 0 12 14 18 18
FLAW SHAPE PARAMETER, Q

Fig. 16. Configuration and K calibration of the surface-cracked plate specimen.
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The following equation contains an estimate of the effect of plasticity on K
{291, and the factor Q is found in the accompanying graph as a function of the
crack geometry described in terms of the ratio of crack depth a to crack length
2¢ (a/2c) and for different ratios of applied gross stress to yield strength (0g/0y;):

Ki = 11 g ‘/”—Z’-- (58)

This equation 1s limited in use to a/B ratios (B is thickness) of 0.5.
The following equation was derived to extend the analysis to deeper cracks

{30]:
Ky = M Mpo ‘/—Z'a—: ’ (59)

where Q* = @ for the curve of 0g/0,s = 0. The correction for free surfaces M,
was obtained by a point-collocation method for a/B ratios to 1.0, while for
plasticity a correction Mp, based on a model of an extended yield zone {31] was
obtained. Values of M, and My, are shown in Figs. 17 and 18, respectively. The
value of M, is limited by the amount of plasticity between the crack front and
the back free surface (Fig. 17). The limiting values for different ratios of og/0ys
are shown by dashed lines at a specific value of m, which is a strain-hardening
coefficient defined as the quantity 1 — g,5/0¢ where og is the maximum uniaxial
tensile stress, an estimate of which is the ultimate tensile strength of the material.
The value of Mp, is presented in Fig. 18 as a function of applied stress ratio
cyloys for diffesent values of m.

F:n a/B ratios less than 0.5, the correction for free surfaces in Eq. (59) is
higher than that in Eq. (58) by about 6% to 7%, and it appears from the discus-
sion of the subject [30] that the correction for plasticity in Eq. (58) is adequate
for moderate values of gg/0y;. Therefore, it seems reasonable to use Eq. (58) to
estimate the effect of plasticity on K} when testing sarface-cracked specimens
simply because it has been used more often than the approach indicated by
Eq. (59).

Configuration and K Calibration of the Double-Edge-Cracked Specimen. This
specimen is shown in Fig. 19. Two calibrations for K}, Egs. (60) and (61), are
shown below,

KiBW _tw na . 2ma\]"/?
XBY 198 + 036(28) - 212 2\, 3 o2y 61
o = L . (w 12(2 a(Z) e

Equation (60) is the commonly used closed trigonometric expression [4] and is
not considered sufficiently accurate for values of 2a/W greater than about 0.4.

e e
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Fig. 17. Elastic stress-intensity magnification factor A, for
surface-flawed tension plate.
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Equation (61) was obtained by complex variable methods [32] and is considered

STRESS CORROSION TESTING WITH PRECRACKED SPECIMENS
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Fig. 19. Configuration and K calibration of the remote-loaded,

double-edge-cracked plate specimen.

to be accurate to within 1% for 2a/W values from 0 to 0.7 {5].

Circumferentially Cracked Round Bar Specimen

This specimen will probably be used only to evaluate rods or similar products
with respect to the initiation value of Kigc.. The configuration is shown in
Fig. 20. Functions from five references compiled by Bueckner [33] are given in
Table 2. His own results are considered to be the most accurate (within 1%) and

are recommended for use in Eq. (62);

=48 53, (4
Kl—dz D f(D)

(62)
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Fig. 20. Configuration and K7 calibration of the circumferentially cracked,
round bar specimen.

Table 2. Values of f(d/D)

d/iD Ref.33 Ref. 34 Ref 35 Ref 36 Ref 9

0.5 0240 0239 0230 0224 0227
0.6 0255 0252 0234 0232 0255
0707 0259 0258 0229 0233 0259
0.8 0251 0250 0217 0224 0251
0.9 0210 0210 0195 0199 0210
3/2
K"; = 1.72% - 127, (63)

Equation (63) is a dimensionless K] calibration of Eq. (62) and presents coeffi-
cients prepared from Ref. 33 as reported in Ref. 5. This form has the advantage
of being linear in D/d, which simplifies calculations.

2.5 Testing Procedure and Data Presentation

Testing methods that use precracked specimens can be conveniently discussed
in terms of whether the stress intensity factor K increases, decreases, or remains
constant with crack extension. In all methods the objective is to establish the
threshold stress intensity factor Kjsc, for SCC. Evidence has been presented
which strongly indicates that K|, is a genuine threshold in titanium alloys [37],
but at present there is no basis for extending this indication to other alloy
systems. In certain aluminum alloys, either residual quenching stresses or stresses
generated at the crack tip by the wedging action of corrosion products, or both,
have resulted in stress corrosion cracking without an applied stress [38,39].
This behavior has led to the adoption of at least two criteria by which to charac-
terize the stress corrosion threshold.
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K}; vs Time to Failure

The specimen geometrics that are usually employed in tests where K increases
with crack extension are shown in the overall classification (Fig. 3). To measure
resistance to SCC, these specimen configurations are sustain loaded in the
presence of the environment by remote tension or bending to selected initial
stress intensity Ky; levels below the fracture toughness K. of the alloy. The Kj;
levels are calculated by substituting the initial crack length measurement, the
applied tension load or bending moment, and the pertinent specimen dimensions
into the equaticn that describes the K| calibration for the specimen. The time to
failure of each specimen is then plotted against the corresponding Ky, level. A
minimum K value is established at which stress corrosion crack growth does not
occur after an arbitrarily selected time. This apparent threshold stress intensi:y
level has been designated Kygcc.

Shapes of stress corrosion curves plotted in this manner are given schematically
in Fig. 21. Curve A is typical for titanium alloys and curve B is typical for steel
alloys; however, it should be emphasized that no shape is peculiar to any alloy
system. The displacement of curve B toward longer times to failure is specific to
the particular alloy/corrodent compination and is thought to indicate different
crack-initiation properties. It has been demonstrated that the shape of a stress
corrosion curve provides a qualitative indication of the relationship between
stress intensity and crack growth rate or crack velocity {40].

The threshold stress intensity level Kys.c, like the time-to-failure threshold
development on conventional smooth specimens, depends upon the duration of
the test. Arbitrary waiting periods have been used to determine whether cracking

k‘ Kie ;
e —————

|

INITIAL
STRESS
INTENSITY,
Ky

!
ARBITRARY TIMES
| FOR END OF TESTS

] A
LOGARITHM OF TIME TO FAILURE  ~——

Fig. 21. Schematic representation of stress corrosion data produced by test method
based on time to failure.
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will occur. In titanium allovs the period would He 6 hryin lew ailoy stevis,

hr; and in high alloy steels of the maraging type. "UO0 hr. = ithough alumi: ane
allovs are not usually evaluated by this particular technique toey wonk! reguare
a waiting period of about 1000 hr te osteblisha K w0l Itasr ommended
that specimens which survive the sei-cied test pere.a shioald b failed in air and
scrutinized for evidence of crack gr -wib that was nut viv-ble on the side surfaces
f the speaimen  Also, the fractui- .sces o alf sprcimens should be exarmined

¢ that .ok icagth measurementy nade e surface prior to testing can
be . nefd
Jiack-initiation testing procedure requires the .. of several spe. mens to
res om0 Inanother versi L f the same procedure, a singie spo men s
sy dedcd o a Ay deve’ el ow tie anticipated #g . Afioran esia b
wus i ot oxaminted for surface Logence of ernce s 0 12
Kogren v the precrack is resharpened by fatigue ard viisean
e adet o ter A level, This procedure i< repeated ur it - - & on-
aon s haaved atar gveldesigpan Te

& ve Crack Growth Rate

Censtant-deflection, (W-a)-indiveent w,d Jw ai-domin sted, sno: o
cracked plate specimens have been used to measure - :esi ceiivsmct e . -
in terms of crack growth rate and crack-arrest cntena. The specimen is tix ¢
holding device and the environment applied to the tip of the machined < iw
The arms of the specimen are deflected (by turning 2 bolt, inserting o u,: .
or »-.ding w1 an elastic proving ring) until a natural crack pops in from the
notch. If the specimen has been fatigne preciacked, it is deflected. in the presence
of (ne corredent, to a predetermined Ky; value. Crack opening dispiacement v is
meast-red along the line -, load applicite . and muintained at the same level for
the auration of the iest. Oi.e thr crviionment is applied to the specimen. the
crack length is monitoredas a f . . Ct lime elapsed from pop-in or detlectior.
The overa'l result of this proceduie s to can.c e Jtresy infensity factor o

decrease as the cract -xtend. under the wTuone ot thevr vt The stope uf
the crack-lrngth-vs-tiae cun - ot anv  Ck length proocd craoke v e
Foi the (W-2-indiffereint sperimer: (e use of an cquation v 3 - ytei o,

KyVHIEY vs afH converts owack length into stress intensity Xy, Fo o ro oW a)-
domina*: < spe:imen, 2 knowledge of the unique K| cahibratior 15 required to
determ.-+ - ine stress intensity level.

The data are plotted as logarithmic crack growth rate o logarithmic crack
velocity vs stress intensity factor. Gconerally, three stages or regions of crack
growth rate may be identified in stress corrosion results presented in this manner.
They are shown only schematically in Fig. 12 because the actual relationship

*Although these time periods have been used extensively, they are by no means accepted as
standards and should not be so regarded. (Editor)
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Fig. 22. Schematic representation of stress corrosion data produced by test method based
on crack growth rate.

between crack velocity and stress intensity is a function of alloy composition
and metallurgical structure and of the chemical and electrochemical characteristics
of the environment. The first region occurs at low stress irtcusities where crack
growth rate is strongly stress-intensity dependent and the crack may eventually
arrest, thus indicating Kyscc. Generally, the crack extends at an extremely slow
rate and Ky is designated as an arbitrarily selected crack velocity. The second
region occurs at intermediate stress intensities where crack growth rate is
independent of stress intensity. The third region occurs at stress intensities close
to Ky where the crack growth rate again becomes dependent upon stress intensity.

Variations of this typical stress-intensity-vs-crack-velocity relationship have
been reported by a number of investigators. For example, commercial aluminum
alloys tested under controlled potential in saturated K| do not exhibit region 11}
behavior and may show two plateaus in the stress-intensity-independent portion
(region I1) of the curve {41]. Heat-treatment condition also had a strong influei.ce
on the slope and position of the region I and Il portions of the curve when
Ti-8Al-1Mo-1V alloy was tested under 0.6M KCl/-500 mV and 10M HCl/
open-circuit conditions [42].

The type of specimen and the method of loading employed during a stress
corrosion test influences the extent of stress-intensity-vs-crack-velocity data.
Crack growth rate and Ki,.. data have been taken on single-edge-cracked plate
specimens of titanium alloys in which the stress intensity increased with crack
extension [43; Specimens were tested in tension in a universal testing machine
at a predetermined crosshead velocity. The crosshead motion was stopped when
the crack initiated (Ky,0.), which allowed the stress cocrosion crack growth rate




TESTING PROCEDURE AND DATA PRESENTATION 57

to be monitored over a longer distance before rapid failure occurred. Only region
Il and 11l behavior may be characterized by this tension testing technique.
Specimens in which the stress intensity is designed to remain constant during
crack extension have been employed to characterize stage I, I1, and [11 behavior
of steels {44] and stage I and II behavior of aluminum ailoys [41].

Crackline-loaded, single-edgecracked plate specimens are most efficiently
used for testing high strength aluminum alloys in the S-L and S-T orientations,
since titanium and steel alloys are usually too tough to pop in mechanically
without arm breakoff. Specimens of these materials require precracking by
fatigue and may also need side grooving to maintain the crack in plane and/or to
avoid crack branching. Crackline-loaded, single-edge-cracked specimens of
titanium and steel alloys may be tested to determine Ky, if they are precracked
by 1atigue and self-stressed to different applied K| levels. The specimens that
show no crack growth are then deflected below Kig. and those that do show
growth are stressed above Kys... Cracks in the latter specimens will, of course,
arrest at Kys if they remain in plane.

Knowing when to terminate the stress corrosion test is a problem when crack-
arrest methods are used, since proof is required that the crack is not propagating.
When further crack-velocity-vs-stress-intensity data ranging from near K|, to the
arbitrary Ky are available for a variety of alloy/corrodent combinations, it may
be possibie to describe resistance to stress corrosion cracking by referring to
features such as the slopes and/or intersections of the different stages. With
crack-arrest methods, it is again recommended that specimens should be broken
open after testing to observe the fracture characteristics and to check the dimen-
sions and shap.. ui the precrack and the stress corrosion crack.

2.6 Specimen Preparation and Testing

This section is essentially a commentary on the practical aspects of employing
precracked specimens for stress corrosion testing. Many recommendations and
hints concerning specimen preparation, testing procedure, data reporting, etc.,
have b>en made previously [4,5] in conjunction with fracture-toughness testing.
Others, however, are the results of experiments conducted specifically to aid in
the establishment of realistic guidelines for stress corrosion testing.

Surface Preparation

The quality of the surface finish on plate specimens is usually governed by
the dimensional tolerances required to locate surfaces for positioning the notches
and pinholes. Specimens are generally rough sawed from plate, farging, or extru-
sion stock and milled square with an intermediate mill cutter. The surface
quality may be improved at the apex of the machined slot to facilitate observation
of both the notch-sharpening operation and crack initiation during actual stress
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corrosion testing. Test methods that employ a crack-arrest criterion to establish
Kiseo usually require a fine-milled finish or a ground finish on two opposite sides
of a specimen so that crack growth can be measured readily. Many investigators
hand polish a specimen so that crack length can be monitored visually at several
locations along the specimen width.

Loading Arrangement

Precracked specimens are loaded externally in tension or bending by either
constant-load or constant-deflection techniques. Loading arrangements should
be designed to conform with the boundary conditions assumed in deriving the
K| calibration, or errors in the determination of Ky will result. The *Proposed
Method of Test for Plane Strain Fracture Toughness of Metallic Materials™ [6]
suggests that (a) bend-test fixtures should be designed to minimize errors which
can arise from friction between specimen and supports, (b) the general gripping
arrangement for tension testing should be designed to allow rotation as the
specimen is loaded. and (c) careful attention should be given to achieving as
good alignment as possible. These suggestions should be adopted during stress
corrosion testing even though the load (or deflection) is constant rather than
increasing until fracture of the specimen.

Constant Load. Constant load is usually achieved by deadweight, hydraulic,
or mechanical methods that employ lever systems and associated facilities such
as tension machines and test rupture racks. The accuracy of the load measure-
ment depends upon the sensitivity of the instrumcntation and the accuracy of
the calibration for load. The interpretation of stress corrosion results generated
on precracked specimens may be severely affected by an external vibration.
Corrosion fatigue rather than stress corrosion may cause premature crack initiation
when testing techniques that employ a crack-initiation criterion to establish
Kiscc are used. If an external vibration exists in the laboratory or at the test site,
the experimenter should resort to hydraulic or mechanical rather than dead-
weight loading. This will eliminate the effect of external vibration.

Constant Deflection. Constant-deflection specimens are loaded by deflecting
the arms of specimens with a bolt, wedge, pin, or other device. The simplicity of
this stressing method allows the specimen to be portable. The accuracy of load
measurement depends upon the accuracy with which the specimen compliance
depicts the load in terms of deflection and upon the exactness of the measure-
ment of deflection. It is not expected that an external vibration will affect crack
velocity when testing techniques that employ a crack-arrest criterion to establish
Kysce are used.

Several techniques have been employed to produce constant deflection in
(W-a)-indifferent and (W—a)-dominated, crackline-loaded, single-edge-cracked
plate specimens. A modified version of the original (W —a)-dominated fracture
specimen [45] has been used for stress corrosion testing of steels [17]. The
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loading assembly is shown schematically in Fig. 23a. A drilled and tapped hole
in the top arm of the specimen contains a bolt which contacts a pin which is set
in a drilied hole located in the bottom arm normal to the bolt and spanning the
specimen thickness. Both pin and bolt are machined from high strength steel to
prevent plastic flow of each component. After fatigue cracking, the specimen is
loaded in a vise with a torque wrench and a NASA-type clip gage. For a loading
bolt of reasonably tough steel, this loading operation may require a high torque,
so that lubrication of the threads is helpful in preventing shearing of the bolt.
When crack growth arrests, the deflection is noted and the specimen is unloaded.
It is subsequently reloaded in a tension machine to the deflection at arrest to
measure the corresponding load. Alternatively, the load may be calibrated by
instrumentation of the bolt or by use of a previous compliance calibration.

Specimens classified as (W-a) indifferent have been loaded in very similar
assemblies to measure the crack growth and crack-arrest characteristics of high
strength aluminum alloys. In one case {46], the almost circular pin is replaced
by a semicircular steel insert and the specimen is stressed by a ball bearing pressed
against the steel insert by a setscrew (Fig. 23b). Another method eliminates the
steel pin or insert [39] and allows the steel bolt to bear against one face of the
machined slot (Fig. 23c). Still another technique [41] employs a drilled and
tapped hole which continues completely through the bottom arm of the sample.
Bolts are screwed into both arms and upon contact at the center of the machined
slot are torqued to provide the necessary deflection (Fig. 23d). These same
holes may also be used to grip the specimen during precracking by fatigue
loading.

Alternatively, grips have been attached to this specimen and stressing accom-
plished using a calibrated proving ring [47]. The specimen is loaded to a K);
level and when the crack propagates, the load imposed by the proving ring
relaxes until equilibrium is achieved and the crack arrests. It is claimed that the
load is more easily measured to the desired accuracy than is the deflection in
bolt-loading arrangement.

Metallic wedges are also employed in place of bolts (Fig. 23e) to stress both
standard (W —a)-indifferent and (W—a)-dominated fracture specimens [42} and
specimens that are too thin to accommodate a bolt [48]. The wedge is usually
pressed into either the machined slot or a sawcut by using a vise. Plastic deforma-
tion of the specimen arms due to wedge loading of thinner samples detracts
significantly from the quantitative value of the subsequent data. A small and
operationally simple specimen of the decreasing K| type is currently being used
to screen sheet and plate materials for SCC propagation characteristics by crack-
arrest methods [49]. The machined slot is spanned at its midpoint by a tapered
hole drilled and reamed normal to the anticipated direction of crack propagation
to accept a standard tapered pin (Fig. 23f). The load is applied by forcing the
tapered pin into the hole. A particular disadvantage of this loading method is
that the originally circular reamed hole becomes vval as the tapered pin is forced
into it. This results in some uncertainty about the actual points at which the
tapered pin applies its load to the specimen.
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Fig. 23. Constant-deflection loading assemblies.
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Crack Configuration

The width, height (or length), and thickness proportions of each precracked
specimen suitable for use in stress corrosion testing, together with the distances
between loading supports, are those currently recommended in publications of
Committee E-24 on Fracture Testing of Metals of the American Society for
Testing and Materials. These primary dimensions are usually expressed in terms
ol we width w of the specimen. Because testing procedures for SCC are generally
based on subcritical rather than unstable crack extension, crack length con-
siderations merit particular discussion. In stress corrosion testing, it is specified
that the length of the initial crack-starter notch, that is, the machined slot with
a fatigue or mechanical crack at its apex, can be as short as 0.2W. Both mini-
mum and maximum crack lengths depend upon the limits of accurate K cali-
bration with respect to the range of ratios of crack length to specimen width
or height.

Machined Slot. Several designs of crack-starter notches are available for most
plate specimens [6]. The notches that are located centrally with respect to
pertinent specimen dimensions usually extend to 20% of the specimen width or,
for the case of the crackline-loaded, (W—a)-indifferent specimen, to a percentage
of the specimen height. The machined slot is used to simulate a crack because it
is not practicable to produce plane cracks of sufficient size and accuracy in plate
specimens. The compliance of a specimen containing a crack of given length
will not be exactly the same as that of a specimen containing a finite-width slot
of the same length. To minimize errors arising from this difference, it is recom-
mended that the specimen be made large and the slot width narrow [5]. A slot
width of 1/16 in. is suggested because this is the minimum width which is usually
obtainable from the milling tools used to prepare the apex of the slot for further
fatigue or mechanical extension. For stress corrosion testing of steel [50] and
titanium alloys [51] that employed single-edge-cracked plate specimens loaded
in bending, machined V-groovzs rather than slots have been used extensively.
The V-grooves apparently facilitate access of the environment to the crack tip.
Special equipment is usually required to prepare the crack-starter notches in
circumferentially cracked round-bar and surface-cracked plate specimens.

Notch Acuity. The slot should have as sharp a tip radius as possible to
minimize either the stress intensity level required to produce a fatigue crack of
at least 0.05 in. in a reasonable time or the bending moment required to produce
mechanical pop-in to at least the same distance. Machined siots may be sharpened
by milling a simple V-notch or chevron nutch or by producing a narrower slot
with a jeweler's saw. It has been reported that the notch root radius should be
<0.003 in. [6] and 0.005 in. maximum [4], but when the chevron form of
notch is used (Fig. 24), the notch root radius may be 0.01 in. or less [6]. This
tolerance may be ecasily achieved with conventional milling and grinding

equipment.
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Fig. 24. Chevron notch for edge-cracked plate specimens.

Fatigue Precracking. There are few data available to justify recommending a
specific procedure for fatigue precracking all types of specimens. The fatigue
precrack should be sharp, flat, and n.ormal to the specimen edge. It is desirabie
to follow the practices of fracture-toughness testing to produce straight cracks.
Careful attention should be given to the equipment for fatigue precracking to
ensure symmetry of load distribution with respect to the notch. The maximum
stress intensity should be carefully controlled during the final stages of fatigue
crack extension so that, over the final 2.5% of the overall crack-starter notch, it
should be minimal but compatible with achieving at least 0.05-in. growth in a
reasonable time. The initial machined notch has been sharpened by fatigue in
the presence of a moderately aggressive environment in an effort to reduce the
maximum stress intensity factor and the time required to initiate and propagate
the precrack [52]. If the fatigue crack departs noticeably from the plane of
symmetry of the notch, the greatest angle between the fatigue crack surface and
the plane of symmetry should not exceed 10 deg for precise K calibration {24].
Properly proportioned side grooves can cause the fatigue precrack to have a
straight front rather than lead in the center of the specimen; if the grooves are
tov deep the crack may lead at the surface [7].
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Whether the fatiguing process changes the inatc,.al! near thie latigue crack tip
to alter the stress corrosion behavior has been investigated in a titanium alloy
[S3]. The specimens were fatigue cracked at various K levels from about 15%
to 85% of Kj.. and in all cases similar Kyg00 values were obtained. When a Ky,
value is bascd on the arrest of a propagating crack, fatigue precracking proce-
dures are not as critical as those required for the establishment of K vs time-to-
failure data. If the crack propagates at the initial K level, it soon grows well
beyond any fatigue-damaged zone. An objection to fatigue precracking has also
been made on the grounds that some local regions of the crack front at the onset
of SCC may not be suitably disposed to propagate without either local detouring
or mechanical fracturing, either one of which would be expected to require a
somewhat higher K| than would continued propagation [7].

Mechanical Pop-In. In stress corrosion test methods that employ constant-
deflection specimens, it has been especially convenient to torque the bolt until a
short mechanical pop-in occurs. Even though in most instances the geometry of
a mechanical crack is more difficult to control than that of a fatigue crack, many
experimentalists consider this alternate method of precracking an attractive
feature of the overall test procedure. The mechanical pop-in will not only
eliminate the costly and time-consuming operation of fatiguing, but in conjunc-
tion with the Kj calibration will indicate Kj. at arrest for the material. The
mechanical pop-in method should be used only for decreasing K7 tests.

Breakoff of specimen arms has occurred during attempts to sharpen crack-
starter notches by mechanical pop-in of (W—a)-indiffercnt specimens. In high
strength aluminum alloys, the Kj level required to propajate stress corrosion
cracks parallel to the rolling plane is low compared with the fracture toughness
normal to this plane, and arm breakoff is not a serious problem. In most high
strength titanium and steel alloys this is not true, so the extremely high torque
stresses required on the bolt (or deflecting device) cause a high incidence of arm
breakoff. It has been suggested [13] that arm breakoff would be minimized if
the height of the specimen were increased with respect to the starting crack length.

In an effort to sharpen mechanically the apex of a crack-starter notch in
titanium and steel alloys, procedures have been developed to decrease the bend-
ing moment required to cause pop-in. This, in turn, should generally reduce the
tendency toward arm breakoff. In one method, the material (minus the bolt) is
heat treated to a low toughness condition, and the notch is extended mechanically
by torquing the bolt. The material is then re-heat treated to the desired condi-
tion and the original crack is propagated further by stressing again with the bolt.
The second pop-in operation is facilitated by the relatively sharp starter notch
produced hy the first pop-in when the material was relatively brittle. In a second
method, either the entire specimen or just the slotted end (again without the
bolt) is cooled in liquid nitrogen (-320°F), and the notch is mechanically ex-
tended while the material is in this usually brittle condition. A wedge is generally
used with the bolt to stress the specimen during pop-in by alternatively squeezing
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tue specimen in a vise to force the wedge into the end of the slot and torquing
the bolt to maintain the deflection. The chevron form of notch is commonly
used and is continually popped in until a relatively straignt crack extends at least
0.05 in. beyond the intersection of the chevron with the fu't specimen thickness.
Obviously this procedure is cumbersome enough that it would only be used in
the absence of a fatigue loading capability.

Crack Measurement. Crack length measurements should be made before and
after stress corrosion testing. Mcasurements made on the specimen surface
prior to testing and while monitoring crack velocity often do not accurately
tepresent the true crack length. Observations may also be hampered by corrosion
products obscuring the crack tip. Specimens which do not fracture completely
during testing are intentionally failed afterwards to allow examination of the
morphology of the fatigue or mechanical starter crack. Re-fatigue cracking over
a short distance is often emplored to delineate the extent or abscace of SUC.
Crack-arrest-type specimens are commonly broker apai after testing by fracturing
at liquid notrogen temperature.

Several techniques have been recommended to establish the effective crack
length and to limit the reporting of data from irregularly shaped crack fronts.
For example, in fracture-toughness testing (6] the fatigue precrack is measured
from the notched edge of the specimen to the center of the crack front and to
midway between the center and the end of the crack front on each side. The
average of these three measurements is used to calculate Kj. The fracture test is
considered invalid if the difference between any two of the crack length measure-
ments ex~eeds 5% of the average, or if any part of the crack front is closer to the
machined notch root than 5% of the average crack length, or if any part of the
crack front is less than 0.05 in. in length. Also, the length of the crack on either
surface must not be less than 90% of the average crack length. If these rules were
applied to a stress corrosion crack, many data would be invalid even though the
criteria are less restrictive at longer crack lengths.

The form of the calibration indicates the magaitude of the errors in £ due to
inaccuracies in the measurement of crack length. For example, in the case of
crackhine-loaded, constant-deflection-type specimens, where measurement of the
stress corrosion crack is essential to establish Ky, errors in K} may be minimized
by maintaining ratios of crack length to specimen height (a/H) > 3 during stress
corrosion testing. Errors in crack length measurement will result in relatively
small errors in K| because the rate of change of K with crack length is minimal
in this region of the calibration curve (see Fig. 5).

Crack growth is usually monitored by direct optical observation of the specimen
with a relatively low-magnification microscope. In a typical method, the crack
is timed as it traverses each equally spaced line of a grid which is lightly scribed
or printed along the expected trace of the stress corrosion crack plane. Crack
velocity data have been taken on a tension-loaded, single-edge-cracked plate
specimen by causing an electrical signal to interrupt the load profile of an X-Y
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recorder each time the crack passed scribed lines [54]. The same technique is
used to monitor crack velocity in tests performed on crackline-loaded, constant-
deflection, single-edge-cracked plate specimens.

If it is not practicable to view the crack growth process directly, an indirect
method has to be employed. The types and basic principles of instrumentation
available for detecting crack extension by these means have been reviewed tor
fracture-toughness testing [4,5] ,and stress corrosion cracking [7]. The methods
include monitoring of crack-opening displacement by a clip gage or a linear
voltage differential transformer, measurement of electrical resistance of the
specimens, and ultrasonic monitoring of crack fronts. In a technique designed
specifically for stress corrosion testing, a fine grid of conducting lines is applied
to a specimen surface across the anticipated crack path by various vacuum deposi-
tion methods {55]. The electrical resistance of the grid is monitored to indicate
severing of the individual elements by the advancing crack. Whatever technique
is employed, the instrumentation must be resistant to many corrosive environ-
ments for long periods of time; in particular, electrical methods must not influence
the cracking process.

Thickness

To regard Kjygc. as a basic index of stress corrosion cracking, its value should
be independent of specimen design and specimen dimensions, provided certain
minimum requirements are fulfilled. These minimum requirements are generally
interdependent and can only be established by experiment. The elastic stresses
that surround the region of the crack tip are adequately described by the stress
intensity factor only when the crack front plastic zone is small compared with
other specimen dimensions that characterize the total crack-tip area. Informa-
tion has been presented which suggests that both crack length and thickness
should be greater than some multiple of a characteristic dimension of the plastic
zone (K.C/uy,)2 for a valid K. test. Pending development of data on a variety
of alloys, it has been tentatively recommended that this multiple should not be
less than 2.5 [S]. However, it has not been established whether this same rule
should be applied during the design of precracked specimens for stress corrosion
testing.

The effect of specimen thickness on the stress corrosion characteristics of a
titanium alloy [56], a steel [57], and an aluminum alloy [48] has been investi-
gated in an attempt to establish the minimum thickness necessary to obtain a
minimum value of K¢ in terms of some multiple of (K;,“/oy,)z. Single-edge-
cracked plate specimens of mili-annealed Ti-6Al-4V alloy (1.5 in. by 7.5 in. by
thickness) were prepared by machining 1-in.-thick plate to size. The thicknesses
investigated ranged from 0.98 to 0.010 in. Some of the specimens 0.125 in.
thick and all of those thicker were tested by four-point bending, whereas some of
the specimens 0.125 in. thick and all of those thinner were tested by remote
tension. Tests of the 0.125-in.-thick specimens provided a basis for comparison
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on bend- and tension-loading modes. To determine the stress corrosion threshold
Kjsce, at least five specimens for cach thickness were tested at different initial
stress intensity levels Ky in 3.5% aqueous sodium chloride solution. No transi-
tion was observed in Kjgqo values; Kyso values of about 20 ksi +/in. were ob-
tained for all thicknesses. Good agreement was obtained when the tension test
data were compared with the bend test data at a specimen thickness of 0.125 in.
A high resistance to SCC in the same environment had been reported earlier for
thinner gages of duplex-annealed Ti-8Al-1Mo-1V and mill-annealed Ti-6Al4YV
{58]. This investigation used center-cracked specimens loaded in tension to
cevaluate 0.025- and 0.050-in.~thick alloy shect and single-edge-cracked specimens
stressed in four-point bending to characterize 0.50-in.-thick plate. All specimens
were taken from different heats. The observation that SCC of alpha-beta titanium
alloys occurs near the (1017) or (1018) planes of the alpha phase suggests that
preferred orientation night have a significant effect on stress corrosion behavior
and thus influence the interpretation of thickness-effect results.

Specimens of AISI 4340 steel were prepared and tested in the same manner
as the mill-annealed Ti-6A14V except that loading was accomplished by cantilever
rather than four-point bending. In contrast to the results on Ti-6A14V, higher
stress intensity thresholds were observed for the thinner specimens. The minimum
Kyscc was attained when the specimen thickness was 22.5 (Klscc/oy,)z.

In the study of the effect of specimen thickness on the apparent Ky, and on
the Kj-vs-crack-growth-rate characteristics of 7079-T651 aluminum-alloy plate
{48], constant-deflection, single-edge-cracked specimens of the (W —g)-indifferent
type in thicknesses ranging from 1.0 in. to 0.050 in. were machined from 1-in.-
thick plate. The thicker gages were bolt loaded, while the thinner gages were
stressed with an aluminum wedge. No effect of thickness was observed on
cither Kjsc. (defined on the basis of an arbitrary crack growth rate of 10™5 in./hr)
or on Ky, vs crack growth rate where data points for mechanical pop-in (=20
ksi v/in.) and Kygcc (=4 ksi vin.) correlated well for all thicknesses.

These limited experiments demonstrate that there is no obvious universal,
unambiguous value for the thickness dimension in terms of the ratio (Kis /0y 5’
that would provide a basic index Kjs.. for susceptibility to SCC. As in the case
of fracture-toughness testing, a reduction in the degree of arbitrariness is only
possible when the amount of useful experimental data is increased. In particular,
at present it can only be reccommended that the dimensions of the plastic zone
be kept at 3 minimum compared with the thickness dimension of the specimen.
If the form of the material or the extent of loading facilities dictates the maxi-
mum specimen thickness, the resultant Ks.. data should be considered character-
istic only of that material and its environment. This result may be satisfactory
when specimen thickness and overall configuration resemble service application
and experience; however, the translation of the K¢, value to larger components
of different basic geometry and loading detail must await the results of tests on
thicker laboratory specimens to determine whether K., is minimum.
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The dilemma of estimating specimen thickness requirements and analyzing
the corresponding stress corrosion data may be minimized by selecting the proper
test specimen. Constant-deflection test specimens that exhibit decreasing K]
with increasing crack length and that rely upon a crack-arrest criterion .o establish
Kisee will also show a decrease in relative plastic zone size (K|/ay,)2, as the
stress corrosion crack propagates from mechanical pop-in (Kj.) to an arrest
value at Kigo (<Kjc). If the crack propagates in the corrosive environment at
the high K7 level, the resultant Kysc. at complete crack arrest may be regarded as
a basic property of the material analogous to Kj.. A test technique that relies
upon K increasing with crack extension usually establishes Kjs.c by sustain
loading specimens at K levels intermediate between K|, and Ky and record-
ing time to failure, Promotion of excessive plasticity at the crack tip at high
initial K| levels may deter the initiation of stress corrosion cracks. This effect
may be alleviated by loading the specimen (that is, g-owing the piastic zone) in
the presence of the environment.

Side Grooving

Investigators employing crackline-loaded specimens in particular have expe-
rienced difficulty in restricting cracking to that single plane which commences
at the tip of, and is parallef to the direction of, the machined slot. No severe
problems have been observed with 7000-series aluminum alloys to date because
their susceptibility to SCC parallel to the rolling direction is much greater than
their susceptibility in other directions; the wrought texture also exerts a strong
influence to keep the crack in the desired plane. In an attempt to extend the
use of crackline-loaded, (W—a)-indifferent, single-edge-cracked plate specimens
to aluminum alloys with an equiaxed grain structure, side (or face) grooves have
been machined along the expected trace of the SCC plane [48]. Semicircular
and angular (60-deg) side grooves of depths up to 50% of specimen thickness
were machined in 1-in.-thick 7079-T651 plate material (in which cracking out of
plane is not a problem) to establish their effect on the relation between K| and
crack growth rate. Although side grooves of either shape had very little effect on
this relationship, subsequent limited application of shallow giooves to equiaxed
aluminum-alloy specimens was not effective in preventing deviation of the stress
corrosion crack from the intended plane. Deeper semicircular or V-grooves
might be more effective or the problem might be ininimized by increasing or
tapering the height of the precracked specimen [13]. Crack growth rate data
were obtained on contoured or tapered crackline-loaded, single-edge-cracked
plate specimens of three steels {44]. Even with semicircular side grooves of up
to 50% of specimen thickness, it was sometimes difficult to maintain the crack
in the desired plane of extension. Deviation of stress corrosion cracks has been
attributed partly to crack branching [40,44,59.60], which in turn has been
associated with the effect of K level on crack growth rate. If crack growth rate

Ce
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increases rapidly with Kj, branching is absent; branching can occur when a
constant crack growth rate with Ky is indicated.

Shallow side grooves (usually 5% of specimen thickness on both sides) have
been employed to suppress the formation of shear lips as well as to guide the
crack along a single plane {7,17}. Limiting the size of shear lips facilitates the
direct observation of crack length. For aluminum alloys, semicircular grooves
are preferred over V-grooves [48] because of difficuliy in rcmoving corrosion
products from the roots of angular grooves and the tendency for the crack to
run into the groove flanks, which makes accurate crack length measurements
difficuit. Side grooves also minimize crack front bowing during stress corrosion
crack growth in aluminum alloys [48]. 1t has been noticed [6]] that the cor-
rection factor in Ky for shallow, angular (60-deg) side grooves takes the expected
form of (B/8,)", where B and 8, are fuli- and groove-reduced thickness, respec-
tively, and where 1/2 < n < 1. When the fracture toughness in the groove flank
direction relative to the fracture toughness in the forward crack direction is high,
n approaches 1/2; when it is low, n increases toward unity. The influence of
side grooving on the stress intensity factor is far from established, and correction
factors should be treated with caution, especially if deep side grooves are used.

Environment

The very nature of the stress corrosion process demands that for meaningful
stress corrosion characterization, equal significance should be attached to the
metaflurgical condition of the alloy, the environment, and stress. Metallurgical
effects are described in Chapters 3, 4, and 5, whereas a dissertation on the
chemistry of environments is outside the scope of this part. However, attention
to elementary environmental considerations directly associated with the testing
procedure is necessary to assess unambiguously the importance of quantifying
the stress factor.

To date, most investigators have adopted a 3.5% aqueous sodium chloride
solution as a “standard” environment, hoping that the resulting order-of-merit
ranking will largely hold for other environments. The environment inay be
applied in a number of different ways to the crack-tip vicinity (similar to smooth-
specimen testing), but it has been recommended that the specimen always be
loaded in the presence of the environment. In a study of SCC testing techniques
{62], aqueous sodium chloride solution was added before and after four-point
bending single-edgecracked plate specimens of a susceptible Ti-8Al-IMo-1V
alloy and a tougher, more resistant Ti<4Al-3Mo-1V alloy. Similar Ksco values
were obtained. A further series of tests on commercially pure titanium, wich is
very tough but is susceptible to SCC, indicated lower values for Kyz.. when the
specimens were loaded in the presence of the electrolyte. Recently, a similar
trend has been noticed in alpha and alpha-beta commercial titanium alloy. [S1].
The K; values of specimens of Ti-6Al4V alloy approaching Ky, were unatfected
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when loaded in air for several hours prior to exposure 1o halogenated hydro-
carbons [63]. Specimens loaded in the presence of the hydrocarbon failed at K
values close to S5 of K)..

Vessels for contaming the corrodent around each specimen are normally con-
structed of a suitable inert materiafl. A thick-walied methacrylate container was
used in conjunction with a center-cracked plate specimen during stress corrosion
studics and acted as an additional buckling restraint [S8). 1t is essential that
metallic containers, loading pins, instrumentation, loading bolts_ etc.. be insulated
from the specimen with an efficient masking compound to eliminate any galvanic
and/or crevice corrosion. Stress corrosion cells should be designed large enough
to contain instrumentation such as probes and clectrodes and also to provide
good visihility of crack growth kinetics.

Recording of Data

A complete account of any type of stress corrosion testing should be reported
with care and considerable detail becasuse the results will always reflect the
factors that were peculiar to the test. Fracture testing and fracture mechanics
analysis are relatively recent developments in materials engineering: conscquently,
it is necessary to provide the maximum amount of information to the person
attempting to use the data. Details of the environment, methods of loading,
methods of detecting and measuring crack extension, all dimensions of the
specimen, and duration of the test exposure should alf be reporsted. In addition,
the orientation of the precrack with respect to the direction of grain flow 1. the
transverse grain direction T, and the short transverse grain direction S of the
specimen may be reported using the method described in Fig. 25.

2.7 Discussion of Test Methods

Single-edge-cracked plate specimens. loaded in bending cither remotely or at
the crackline, are the most widely used in the laboratory to characterize SCU.
The constant-deflection version of the cracklinedoaded specimen is extremcly
attractive to the corrosionist and the matcerials cngincer because of sts simple
design and low cost of preparation. The availability of a compact deflecting
device for this specimen offers portability that is very uscful when many speci-
mens and environments must be considered. There are also important materials
savings when this gecometry is compared with other configurations because the
Kjsee (and sometimes K.} and crack growth rate data may be satistactorily
generated on one specimen.

The constant-deflection specimen has been used extensively to date to meas-
ure the susceptibility of high strength aluminum alloy plate when the crack plane
is parallel to the rolling dircction. In other materials, there have been problems
in keeping the stress corrosion crack in the required plane. thus imiting the

~a
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amount of crack growth rate data available when the crack-arrest technique is
used. Much of the stress corrosion characterization in alloy systems other than
alnminum has employed single-edge-cracked plate specimens in cantilever, three-
point, or four-point bending. Other configurations have been used occasionally
to simulate the flaw geometry and loading detail found in service. The torsion-
loaded, single-cdye-cracked specimen is simple and inexpensive and cun be used
cither at constant deflection for experiinents with decreasing Ky o: at constant
load in experiments with constant Ky. The former technique shows promise as a
method for determining the stress corrosion properties of high strength alloys in
sheet form.

Following the report that a fatigue-sherpened precrack was a prerequisite for
SCC of titanium alloys at room temperature in aqueous environments [64],
several specimen geometries were employed to demonstrate the ability of stress
intensity (rather than net-section stress) to describe the contribution of stress in
the stress cotrosion process.  Experiments conducted on a crackline-loaded,
center-cracked plate specimen of a titanium alloy showed that the crack velocity
in 3.5% aqueous sodium chloride decreased with decreasing stress intensity and
eventually stopped |65}, Increasing net-section stresses (with increasing crack
length at constant tension load) could not satisfactorily account for cither the
velocity decrease or the apparent arrest. In a study involving 4340 stee] [60]
stressed at constant load in 3.5 aqueous sodium chloride, the same Kyg. . values
were obtained on three difterent specimen configurations ¢center- and surtace-
cracked plate and single-edge-cracked plate in cantilever bending). Net-section
stresses were too strongly mfTueneed by geomeary to account for initiation
ot SCC.

Excellent agreement was reported |[1/7] when Kygee for a 12Ni-SCr-3IMo
wiaraging steel was measured vsing single-edge-cracked plate specimens loaded in
cantilever bending and in constant deflection. The influence of stress intensity
on the propagation rate of stress corrosion cracks and on the apparent Ky was
determmed in high strength aluminum alloys [41]. Of three difierent types of
specimens employed. cach exhibited different and charactenstic variations of
strossantensity with crack length. Excellent agreement of data was accomphshed
when crack velocity was plotted as a Tunction of stress intensity.

Lxpeniences from tests involving smooth specimens have indicated that s
satisfactory test method for SCC should produce data that are reproducible,
sefective, and also interpretable from tundamental and enginecnng viewpoints.
Dats generated at two different laboratories for titanium and aluminum alloys

have been compared successtully.  Single-edge-cracked  plate specimens of
Ti-8A-IMo-TV alloy were evaluated by cantdever bending at one laboratory
and by tour-pomt bending at the other [02]. The Ay, values obtained were
smlar. The stressantensity-vs-crack-growdh-tate curves for 707>-1651 and
70791651 alummum alloys were compared at the same two laboratories and
showed excellent agreement 1394
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The rating of stress corrosion susceptibilities using constant-deflection, single-
cdge-cracked plate specimens of aluminum alloys agrees with the established
trends based on smooth-specimen threshold data [39]. Where some discrepancies
oceur, service experence with the alloy has borne out the precracked data
forecasts [39]. This same specimen has also provided very rapid and discrim-
inating stress corrosion data about developmental high strength aluminum alloys
and has aided substantially in the selection of heat-treatment conditions [67,68] .
Between the very resistant and extremely susceptible high-strength aluminum
alloys, there are about sia iugarithmic cycles of crack velocity [39]. Further-
more, some alloys can be efficiently 1ated in terms of crack growth rate after
about one week of exposure to the ~orrudent. Discriminating between highly
resistant tempers still poses a problem because of the difficulties associated with
identificat.on of extremely slow crack gr. wth rates. Examination of specimens
may als<. be hampered by surface contamination (e.g., general attack on overaged
alurninum alloys or rusting of steels).

Precracked specimen techniques have been used extensively to study unambig-
uously the kinetics of SCC growth. The constant-deflection and constant-Kj
single-cdge-cracked specimens in particular are well suited to measurement of
crack velocity. The constant-deflection specimen has been used to study the
influence of corrodent chemistry and electrochemistry on crack velocity in
aluminuia {41) and titanium alloys [42] and to investigate the solution chem-
istry within stress corrosion cracks [69]. It is important to note that similar
precracked specimens are presently being employed during alloy-development
and mechanism studies and during characterization of commercial alloys. The
comparison of data will provide a valuable tool to discriminate the competitiveness
of experimental alloys with the available commercial alloys. The advantage to
the engineer of using fracture mechanics in conducting stress corrosion tests on
high strength alloys has been well documented 17,8,70] . Briefly, the method
provides characterization under the most severe conditions (i.e., a preexisting
flaw), offers translation of laboratory data to larger components, predicts their
behavior in service, and prevents a false indication of immunity.

Despite the increasing volume of information concerning the use of precracked
specimens during stress cotrosion tests, many factors that may contribute to the
development of a uniform method of testing remain to be evaluated. Often the
magnitude of a particular effect is different for different alloys, making it
extremely difficult to formulate standaia methods of testing. However, there
is sufficient information from which to prepare guidelines for methuds of testing
with certain precracked specimen geometries. These guidelines, if used in con-
junction with a cooperative testing program, will eventually provide the basis for
an ASTM-recommended method of test. All methods should be kept up to date
and need to be cxamined periodically to determine whether revisions are desirable
as the result of new information.
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3. HIGH STRENGTH STEELS

3.1 Introduction

The steels of interest in this chapter are those within the range of yield
strength from about 120 ksi up to the point where the steels become too brittle
to be of engineering interest. These are the martensitic steels, precipitation-
hardening steels, and the maraging steels. There are stainless grades in each of
these three classes. Steels which owe their strengths solely to cold work are
excluded. Table | shows the typical compositions and useful yield strength
ranges of the steels in the general classes which will be considered.

The steels of Table 1 are hardened by the formation of martensite, or by the
formation of various precipitates, or by both. The steels of Table 1 are divided
into six groups as follows: The low alloy martensitic steels have appreciably less
total alloying clements than the high alloy martensitic steels, but even the latter
stecls do not qualify as being stainless. The martensitic stainless steels have a
minimum of {2% Cr. The precipitation-hardening stainless steels have insuffi-
cient carbon to produce the desired strength: these steels therefore may contain
nickel, molybdenum, copper. aluminum, titanium, columbium, or nitrogen in
various amounts and proportions to promote age hardening. The maraging steels
contain large amounts of nickel, cobalt, and molybdenum and also contain the
precipitation-hardening elements aluminum and titanium. Efforts to combine
the toughness of maraging steel with the corrosion resistance of the hardenable
stainless steels have been made. giving rise to the maraging stainless steels; Almar
362 in Table 2 is one example.

In addition to the hardening by the formation of martensite, and by precipi-
tates, some of the steels may be further hardened by cold work, and in fact
many of the precipitation-hardening stainless steels must either be worked or
refrigerated tu produce martensite prior to aging.

It is emphasized that the mechanical properties of high strength steels are
highly sensitive to processing variables, particularly in the 180- to 210-ksi range
of yield strength. For example, there is strong evidence that melting practice is
more important than the nominal steel comrosition in determining fracture
toughness [1]. Figure 1 shows that a plot of the tracture toughness parameters
Ay and dynamic tear (DT) energy of several types of steel as a function of yield
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]2 HIGH STRENGTH STEELS

Table 2. Susceptibility to SCC of High Strength Steels in
Saline Environments as Measured by Non-Precracked Specimens
at 70% of the Yield Stress or Higher

Yield Strength Susceptibility?®
Type Range, Environmentd (70-90% Y.S.) References
ksi f{or U-Bend)

Precipitation-Hardening Stainiess

PH-13-8-Mo 220 Salt air Fail 2
PH-13-8-Mo 210-217 3%% NaCl OK 3
PH-14-8-Mo 220-240 Salt air Fail 2
Pi-14-8-Mo 190-230 3%% NaCl OK 3
15-5-PH 155-175 3%% NaCl OK 3
PH-15-7-Mo 200 IM NaCl Fail 3.4
17-4-PH 140 5% NaCl + H,S Fail S
150-210 Decp sca OK 3.6,/
17-7-PH 191-220 3% NaCl Fail 3,89
192 Decp sca OK 6,7
- AM-350 140-210 3%:% NuCl Fail 3,10-12
S AM-355 170-230 3% NaCl Fail 4,10-12
AFC-260 205 3%% NaCl Fail 13
AFC-17 190-205 3%% NaCl Fail 14-16
ATC-77 200 Salt air Fail 2
Martens;tic Stainless
410 160 3% NaCl OK 9
410 125 4% HCL+ 35
NaCl + As Fail 17
12Mo-V 260 (UTS) 3Y2% NuCl Fail 18
13Cr 200-220 3% Na(l §ail 19,20
Martensitic
AlS]1 4340 200-260 5% NaCl Fail 8,11,21,22
3% NaCl Fail 12,2325
Deep sea ¥ ail 6,20-28
Salt air 1 ail 7,29
AIS] 4340 150-190 Deep sea OK 6
AlS1 4330 220 3%4% NaCl Fail 10.21
AIST 4330M 217 3% % NaCl Fail 24
300M 210-275 3%% NaCl Fail 4,10,12.21,23,
29.30
H-11 190-250 3%% NaCl 1 ail 4,11,12,25.29.
3132
D6AC 197-250 3%% NaCl Fail 4.21,23,29,30
HY 130 130 Sea OK 33,34

“Note:

Environmental variables such as alternate immersion, or degrec of aeration, and the de-
tails of specimen type, geometry, and surface perforation are omitted in order to get an
overall view. Specific results may be misleading unicss the references are examined in detail.
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Table 2. Susceptibility to SCC of High Strength Steels in
Saline Environments as Measured by Non-Precracked Specimens
at 70% of the Yield Stress or Higher—Continued

Yield Strength Susceptibility®
Tvpe Range, Environment? (70-90% Y.S.} References
ksi {or U-Bend)

High Alloy Martensitic

HP-9-4-20 197 Seu Fail 35,36
HP-9-4-25 180 3%% NaCl OK 18,35,37,38
HP-9-4-30 200-240 3%% NaCl OK 17,39
HP-9-4-40 260 3%% NaCl Fail 31
HP-9-4-45 (Q&T) 235-260 3%% NaCl Fail 30,39
HP-94-45
(Bainite) 220-280 34:% NaCl OK 17,30,3941
Maraging
12Ni-5Cr-3Mo 140-205 Sea Fail 28,4244
18Ni 180-350 3%% NaCl Tail 11
190 5% NaCl + H,S Fail 5
200 Sea 0K 44
200-300 Sca Fail 27
200-272 Sca Fail 28
250 Salt spray OK 45
240 Decep sea Fail (weld) 7,26
250-255 3%% NaCl OK 9,30
210-286 Sea Fail 43
220-250 3% NaCi Fail 46
250-286 Sca I-ail 44
250-270 3% NaCl Fail 47
249-354 Dist HZO Fail 53
300 Water Yail 48
300 5% NaCl Fail 25
300 Salt spray Fail 45
260 5% NaCl Fail 31
260 3%2% NaCl I-ail 49
280-350 3% NaCl I-ail 50

Maraging Stainless

Almar 362 182-227 10% NaCl +

HAc¢ Fail 51
Almar 362 115-182 10% NaCl +

HAc Fail 51
Almar 362 t6l 3%4% NaCl uK 3
Note:

Environmental variables such as alternate immerszion, or degree of aeration, and the de-
tails of specimen type, geometry, and surface perforation are omitted in order to get an
overall view. Specific results may be misleading unless the references are examined in detail.
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L. 1 Fftects of melting practice and yicld strength on the fracture toughness of
sotie high strength stecls { 1)

strength produces three distinet ranges G toughness. These three widely sepa-
tated bands apparently seflect the thiee types oi melting practice indicated
Fig. 1. The gap in toughness between wir-melted steels ind double vacuum-
melted steels (vacuum induction melting (VIM) + vacuum are remelt (VAR is
striking. Evidence is presented later that processing practice may also atfect SCC
characteristics to an important degree.

References 52 through 56 are good summaries of the metallurgy. processing,
and propertics of high strength steels, and Ret. 57 describes the physical meial-
lurgy of alloy steels in some detail. The welding of high strength steels is sumr-
manzed ma recent symposium [S8].

3.2 Test Procedures

In this chapter, data from both smooth and precrack-type specimens will be
reviewed and assessed. The stress factor will ke treated as simple tensile stress
where smooth specimens are involved, and as the appropriate stress intensity
factor K for precrackhed-specimen data. The important K valu. + are designated
Ky and Kige. Another parameter, Ky, is a first approximation of the tracture
toughness parameter K. of plates and bars. In the absence of valid K, data.
Ky s useful for comparing with K. in order to assess the magnitude of
degradation of crack resistance by the action of a corrosive envirorment.
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The parameter Kigee is the critical stress intensity factor above which crack
growth has been observed in a given environment and befow which crack growth
has not been observed within an mbitrary test time. The minimuni test time
varies with the steel but is generafly 100 hours for low alloy steel and up to 1000
hours tor high alloy steels.

3.3 SCC Characteristics of Commercial Steels

tn Table 2, data from the litcrature are summarized for smooth specimens of
steels stressed at 70% of the yield strength, or higher, in saline enviconments.
The data are not entirely consistent because of the lack of standardization of
specimen preparation, variation in the details of test procedure and test environ-
ment, and the general lack of reproducibility in smooth specitmen tests. Never-
theless, the data show certain general trends. For example, based on time to
failure it appears that the susceptibility to SCC increases with increasing yield
strength. The literature {12,30,48,59} confirms this trend for a number of
steels as iflustrated in Figs. 2, 3, and 4. Best performance at moderate strength
fevel is shown by the precipitation-hardening stainless steels (PH 13-8Mo, PH
14-8Mo, 15-5PH) and by the high alloy martensitic steels (HP 94-25. HP
9-4-30). A bainitic structure in HP 9-4-45 steel appears superior to a martensitic
structure, but this superiority is not observed in the presence of sharp Haws. as
will be discussed later.

A summary of gvailable data on the Ky values of commercial steel plates in
water, salt water, or seawater is given in Figs. S throwgh 220 lica fow cases, values
in salt water containing HaS and HAc are also presented When available, the
Koo values of welds for the steels are also given. The parameters Ky (41 and
K1y (7)) were plotted for purposes of comparison, when such values could be
found. The symbol D indicates valid K. numbers which were claimed by the
authors or were implied from the descriptions of the test procedures, and the
symbol # refers to other approximate fracture toughness data. For the values of
Kisee shown, specimen sizes were estimated to provide plane strain at the corre-
sponding values of yield strength (0.2% offset method).

The references cited for the various steels may sometimes reflect a common
source of data (cither wholly or in part), or are primarily review papers.

No attempt was made to differentiate with regard to plate thickness. crack
propagation direction, and heat treatment in plotting the data in Figs. S through
22. These variables are treated in later sections. The envelopes Jrawn around the
data points for each steel indicate, therefore, the range of values of fracture
toughness and Ks.c that have been observed for each type of steel. The en-
velopes around the weld data represent the range of values at the weld center-
lines. Data on the heat-affected zone (HAZ) of welds are sparse and for the most
part judged unrcliable.
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Fig. 2. Stress corrosion behavior of steels exposed to marine atmosphere at 75% of the yield
strength (from Ref, 59). From Proc. 7th World Petroleum Congress, 1967, Mexico, 1967, p.
203; copyright by Elsevier Publishing Company. Used by permission,
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Fig. 7. Stress corrasion resistance and fracture tough-
ness of HY-130 steel weldments (77,78,81-88].
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Fig. 9. Stress corrosion resistance and fracture tough-
ness of H-11 steel [22,62,63.92,93].
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ness of D6AC steel [60,62,63,68,71,72].
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Fig. 13. Stress corrosion resistance and fracture tough-
ness of HP 9445 steet {23,61-63,66,68,72,75,92,96.
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Fig. 15. Stress corrosion resistance and fracture tough-
ness of 12Ni-5Cr-3Mo maraging steel {65.69,71,72,79,
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In a few cases in Figs. § through 22 the effects of working or heat treatment
are mdicated when the effects were obvious and significant. The effects of cold
work and rapid heat treatment on HY-120 plate are indicated in Fig. 6. The
etfects of austorming on H-11 are indicated in Fig. 9. The negligible differences
between bainitic and martensitic HP 9-4-45 alloys are indicated by the points in
Fig. 13, Finally, the effects of strain-aging on AFC-77 are indicated by the
separate envelopes in kig. 22.

A compuosite of all the *nvelopes of Kyg.. values shown in Figs. S through 22
is shown in Fig. 23, A similar plot for welds is shown in Fig. 24.

To compare the characteristics of the various steels, in Figs. 25 through 41
the Ky5ec envelopes for individual steels are superimposed in heavy lines over the
composite grouping as background. Where weld envelopes or points are available,
these are shown on the same graph as the individual steel plates. Thus a steel
may be compared readily with its welds, and the Ky values of the steel and its
welds may be compared readily with another steel and its welds.

The data for the precipitation-hardening stainless steels were generally quite
hmited. Individual data points of fracture toughness and Ky value for several
of these steels are plotted in Fig. 40. Values of several other steels Tor which
only a few K. data points could be found are plotted in Fig. 41.

The straight hines in Figs. 23 through 41 show how K s . values relate to the
maximum depth ot long surface flaws which can be tolerated without crack
growth. Thus for example a steel with a 290-ksi yield strength and a K¢ value
of 40 ksiv/in. will tulerate a long flaw only 0.01 in. deep when stressed to the
yield puint (see Fig. 23). However, should it be possible to raise the value of
Kise - to 130 ksiv/in., whether by heat treatment or substituting another steel
wun a 200-ksi yield strength, then a flaw ten times as deep (0.1 in.) could be
tolerated.

The data in Figs. 23 through 41 confirm in general that for any given steel the
value of Kyg. decreases with increasing yield strength (see Fig. 25 tor AISI
4340, Fig. 31 for HP 9-4-25, Fig. 33 Jor AlSI 4130, Fig. 35 for 18Ni maraging,
Fig. 38 for PH 13-8Mo, and Fig 39 for AFC-77).

Several martensitic steels (11-11 in Fig. 28, D6AC in Fig. 29, HP 9445 in Fig.
32, and 4340V and 300M in Fig. 41) have Ky characteristics similar to those
for AISI 4340. Other martensitic steels are superior to AISI 434C at yield
strength levels below 200 ksi (HY-130 in Fig. 26, HY-150 in Fig. 27, HP 94-20
in Fig. 30, and HP 9-4-25 in Fig. 31). It would appear then that the high alloy
martensitic steels in Table | are somewhat superior to the low alloy martensitic
steels at these strength levels.
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The steels with highest K¢ values appear to be the 10Ni-2Cr-1Mo-8Co steel,
the maraging steels, and the precipitation-hardening stainless steels. These are, of
course, low carbon highly alloyed stecls. Some of them have as yet been pro-
duced primarily for experimental purposes using only premium melting stock
and premium melt practice. Caution is required in the use of the precipitation-
hardening stainless steels for another reason, for it has been shown that the
corrodent within crevices (where there is an oxygen deficiency and low pH) may
cause crack propugation even when sharp flaws will not propagate under oxi-
dizing conditions |71].

There are sometimes wide ranges of Ky¢. values which may be obtained in a
given type of steel for a given yield strength. For cample, there are wide ranges
in Ksce over a narrow yield strength range for HP 9-4-25 in Fig. 31, 12Ni-5Cr-
3Mo maraging steel in Fig. 34, 18Ni maraging steel in Fig. 35, :nd 17-4PH in Fig.
37. Thesc values reflect all the variables resulting irom different melting, process-
ing, heat treating, fabricating, and testing procedures. The fact that the scatter in
values among the new alloy steels is so great, compared even to AISI 4340, for
which much more data are available, may indicate that these steels are more
sensitive to the variaoles cited. Tt is obvious from Figs. 23 through 41, certainly,
that there is no gain in the use of some of the higher alloy stecls unless they are
obtained with optimum properties. The poorest quality high alloy steels aie no
better than the low alloy martensitic steels.
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In some cascs it appears that the SCC properties of the welds match those of
the plate tairly well (at least at the weld centerline). This is seen in Fig. 26 for
HY-130, Fig. 31 for HP 9-4-25_ and Fig. 36 for 10Ni-2Cr-1Mo-8Co alloy. In
other cases the welds compare less favorably to the better values reported for the
plate. This is scen in Fig. 30 for HP 9-4-20, Fig. 34 for 12Ni-5Cr-3Mo maraging
steel, and to a lesser degree in Fig. 35 for 18Ni maraging steel.

3.4 Effect of Composition

Every alloy steel is susceptible to C in a specific environment, and it is
difficult to generalize on the effects of alloying elements [124] . Still, some data
are available to show the effects of individual alloying elements in steels exposed
to salt water, and thesc data will be reviewed here.

One problem with assessing the effects of alloying elements is that these
alloying elements may influence the yield strength of the alloy, which in turn is
known to influence SCC susceptibility markedly. For example, increasing
amounts of titanium have been associated with an increase in SCC susceptibility
in maraging steels |124). But titanium is a hardening element, and any element
or process which increases strength would be expected to reduce SCC resistance.
The effects of silicon and tempering temperature on the SCC susceptibility of
AIS! 4340 steel have been treated in a similar manner [125]. Most of the data in
Figs. 5 through 41 show generaf decreases in SCC with increasing yield strength,
caused by variations in composition or heat treatment. In this section a review
and a comparison of the effects of elements in steels of equal or nearly equal
yield strength are made to eliminate the strength variable.

Such studies have been made on quenched-and-tempered steels similar to
AlSI 4340 in their base composition [126]. The effects of carbon are shown in
Fig. 42. Obviously at both the 172- and 195-ksi yield strength level, carbon is
detrimental to SCC resistance in amounts up to about 0.4 percent. The slightly
improved Kjsce at the still higher carbon level (over 0.5 percent) is not yet
accounted for.

Manganese is also detrimental to SCC resistance in amounts up to 3 percent as
shown in Fig. 43. Again, the effects are seen at two yield strength levels. There is
no certain explanation for the jog in the curve at the 187-ksi yield strength level
{126} . if the jog is not an experimental artifact.

Phosphorus and sulfur in the range of 0.003 to about 0.03 percent have a
negligible effect on Kjygc, as in Figs. 44 and 45, respectively. Similar results
have been found in studies of the effects of phosphorus and sulfur in amounts
up to about 0.03% in both bainitic and martensitic HP 9-445 steel [127].
[127].

Chromium up to about 2%, Fig. 46, also has no effect on Kig¢c- The same is
true of molybdenum in percentages up to about 1% (Fig. 47). Cobalt also has no
influence in amounts up to about 3% (Fig. 48).
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The effects of nickel variation in AISI 4340-type steels on Kygcc have ap
parently not been studied. However, studies on quenched and tempered pure
Fe.C-Ni alloys with nickel in amounts from about 3 te 9% [126], indicate that
nﬂdemmmmMmmmebnmﬁngmwmmeMmd
by the similar Kisco values recorded for AlIS! 4340 (nominal nickel content of
1.9%) and HP 9.4-45 (nominal nickel content of 9%) at the same yield strength
level (see Figs. 5 and 13).

At least one investigation {67} has demonstrated that the effects of silicon
variation on AlISI 4340 steels are also negligible on K iscc, as in Figs. 50 and S1.
Two strength levels were studied, though the yield strength variation within each
of two series was considerable. In the 230- to 240ksi ultimate tensite strength
range (Fig. 50), the yield strength varied between 193 and 216 ksi; in the 280- to
300-ksi ultimate tensile strength range (Fig. S1). the yield strength varied be-
tween 208 and 241 ksi. Iq spite of these variations, the effects of up to about 2%
silicon on Kjgce could be seen to be essentially negligible. The presence of silicon
in amounts over 1.5% does. however, stow crack growth rate {67}

Other duta confitm that silicon, chromium. and molvidenum have negligible
effects on the Kisec value of AISI 4340-type stecls [63,128].

B s o e N
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Data on the effects of the variation of the elements nickel, chromium, molyb-
denum, vanadium, manganese, aluminum, and nitrogen in HY-150 type steels
show only chromium to have a grezter effect on Ki;. than on K. [89-91].

Efforts to enhance the SCC resistance of 18Ni (300 grade) maraging steels by
improving the purity (controlling sulfur, phosphorus, carbon, silicon, nitrogen,
oxygen, chromium, and manganese to low levels) have been unrewarding; X5
remains the same as in the less pure commercial alloy [67,107,112,114].
Furthermore, the deliberate addition of imputities (additions of about 0.03S,
0.03P, 0.06C, 0.24Cr, or 0.15Si plus 0.14Mn) beyond normal amounts found in
commercial 18Ni-300 maraging steel produces essentially no effect on K¢

e b S AT . 1N b ¢
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r1g. 51. Effect of silicon on threshold stress intensity Kjgep (202 to 241-ksi yield strength
range) (from Ref. 67). From Corrosion 25 (No. 10), 423-431 (1965); copyright by the Na-
uonal Associatio.. of Corrosion Engineers, Used by permission,

[112}. Similar studies on the effects of impurities in 18Ni maraging steels of
lower yield strength have apparently not been conducted.

In martensitic precipitation-hardening stainless steel it appears that there is
some increase in K g0 valuz as the nickel content is increased and the chromium
= content is decreased. From an SCC standpoint, the use of aluminum and perhaps
molybdenum as hardeners appears preferable to the use of titanium. Admittedly,
however, such composition effects are difficult to interpret by comparing sepa-
é rate studies because of other variations between the steels studied, such as dif-

ferences in section size and orientation {121].

It seems clear therefore that even substantial variations in the base composi-
tion, the presence of impurities, and the presence of alloying elements do not
influence Kig., markedly in most cases. Only carbon and manganese in AISI
4340 steel, and perhaps chromium in HY-150 steel, appear to influence Kygo
values significantly. Control ove: fluctuations in the base composition, reducing
the levels of impurities, or adding alloying elements, therefore, do not appear to
promise an c¢asy road to improving the st.ess corrosion resistance of steels.
Nevertheless the .elatively favorable stress corrosion properties of the 10Ni-
2Mo-1Cr-8Co steel is probably attributable to an unidentified combination of
some or all of these factors.

The above discussion concerns only the threshold value, Kigec. At stress
intensity levels higher than Kjgcq, composition may influence crack growth rate
considerably [63,67,112]. The reader is also cautioned again that chromium-
bearing steels such as the stainless steels may develop acid conditions within
crevices (stagnant conditions) and that Kys.. values are then lowered compared
to those in aerated solutions [126,129].

It should be emphasized that studies of the effect of composition on SCC
have been conducted varying only onc element at a time. It is entirely possible
that interaction effects between two or more elements may give rise to SCC
effects not disclosed by varying only one element at a time. Indeed, except for
the effects of carbon and manganese, only such possible interactions and the
effects of melting practice (discussed below) can account for the wide range of
SCC behavior shown in Figs. 5 through 22.

i
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3.5 Effect of Melting Practice

Evidence was cited carlier that the toughness of steels in the 180- to 200-ksi
yield strength range is influenced by melting practice [1,81) (Fig. 1). Similar
cffects are seen with respect to the threshold value K¢, for SCC, but the data
are limited. As indicated in Fig. 52, AISI 4340 steel which has been vacuum-
degassed during melting appears to resist crack propagation in moist air better
than air-melted AISI 4340. The silicon-modified 300M steel (VAR) is relatively
also resistant to cracking in moist air, as indicated in Tabie 3. The difference in
Kisce values between the air-melted and vacuum-melted AISI 4340-type steel
and vacuunt-melted 300M steel was attributed to a lower impurity level, particu-
larly the levels of sulfur and phosphorus [67]. As indicated in the previous
section, however, and in Ref. 126, it now appears unlikely that suifur and
phosphorus have much influence on Ky, at least when varied singly.

Vacuum-induction melting (VIM) of 12Ni-5Cr-3Mo maraging steel apparently
improves K 5c. markedly (from 40 to 108 ksi v/in. ) as shown in Table 3.

With respect to the 1 8Ni maraging steels it appears that VIM produces a slight
increase in the Kisc, values of 18Ni-180 and 18Ni-250 maraging steel, as in
Table 3, but the improvement is too small to justify vacuum melting for this
purpose only. The previous section included 18Ni-300 grade steel, and no im-
provement in Kysco of consequence was obtained by using especially pure raw
matcrials or by VIM + VAR melting practice for steel of this grade and strength
level {107,108,112,114].

In one case, vacuum melting appeared to diminish the value of K¢, as in
Table 3 for the 15-5 PH (H-900) alloy. This possibly could reflect a difference in
billet size {121].

Only the 12Ni-5Cr-3Mo and 18Ni maraging steels have been made by all three
of the processes (air melting, VAR, and VIM + VAR) indicated in Fig. 1. This

AR MELYED
O FAILED
@ NO FAILURE -NO CRACK GROWTH
O NO FAILURE - CRACK GROWTH
VACUUM DEGASSED
b FAILED
O NO FAILURE - CRACK GROWTH

100 e 017 MIN
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8o ~ VACUW/.
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z., €0 OB MIN = AR MELTED
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() 10 100 1000 Q000
TEST DURATION (MIN)

Fig. 52. Commercial alloy 4340 tested in 90% relative humidity air (from Ref, 67). From
Currosion 25 (No. 10), 423-431 (i 365); copyright by the National Association of Corrosion
Engineers, Used by peninission,
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Table 3. Effects of Meiting Practice on Susceptibility of SCC*

Air Mclring Vacuum Melting

Steel Yield Stress Intensity Yield Stress Intensity

Strength, Strength,
Ksi Ky Kix Kigee ksi Kie Kix Koo Process

AIS] 4340 (moist

air) 212 63 - 25 - - - -

3O0M (moist air) - ~ - - 250 635 - =60 CEVR

12Ni-5Cr-3Mo

Maraging 176 130 40 183 - 169 108 VIM

18Ni-180 Maraging 178 - 118 108 175 - 142 120 VIM

18Ni-250 Maraging 250 73 - 13 247 t1 - 22 VIM

15-5PH (H900) 176 ~ =97 80 - - =75 56 Vacuum
Melting

15-5-PH (H1000) 158 =114 =114 - - =120 =120 Vacuum
Meiting

*Ref. 1,67,68,81,102,107,108,121.

spectrum of melting practice may account in part for the large scatter in Kyg.
values reported for these steels (see Figs. 15 and 17). The more limited and
generally higher range of K5 values for 10Ni-2Cr-1Mo-8Co steel (see Fig. 19)
may in part reflect the fact that this steel has been produced only by premium
melting practice.

The benefits of premium meiting practice onr Kz values seem to be most
apparent in the 180- to 210-ksi yield strength range. As the strength increases,
the effects of melting practice diminish, and all the steels tend to show low
values of fracture toughness and Kys... Thus the high strength of the 18Ni-300
maraging stecl may at this time thwart efforts to raise K., values appreciably
by improved melting practice (as above), whereas further efforts to optimize
melting practice could possibly improve markedly the lower strength maraging
steels.

Different welding processes are analogous to different melting processes, but
only data on HY-130/150 appears to offer the basis of any comparison of the
relative merits of various welding processes. These data show increasing merit
with the SMA, the GMA, and GTA processes, respectively [78,82,83.85.86,
88). A variety of welding electrodes has been studied but with only modest
differences in Kyye. value being observed [85].
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3.6 Effect of Heat Treatment and Microstracture

The tempering and aging of steels influence the strength of the steels, so that
it is again difficult to isolate the effects of structural changes from purely
strength effects. Reviews of the early data, mostly on smooth specimens, show
that the general trend is for SCC resistance to increase with higher tempering and
aging temperatures [124,125,130}. There are sometimes intermediate temper-
ing or aging temperatures, however, which produce maximum susceptibility {20,
124].

The effects of tempering temperatures on AISI 4340 are obviously related to
the resulting yield strength [69,71]. It has been suggested that the improvement
with increasing tempering temperature results from progressively less € carbide
and more cementite in the microstructure [125], but this suggestion has not
been supported generally [104}. The distribution of carbides is also important
[60,131}, with a uniform distribution of spheroidal carbide being the best
condition. Untempered martensite is highly detrimental to SCC resistance
[131].

Since SCC in high strength steels is generally intergranular, it is obvious that
the compositional variations and solid state reactions which take place at bound-
aries may be important. Martensite plate boundaries and transformation twins
are known to be favorable nucleation sites for carbide precipitation [63] and
hence may also provide preferential and easy paths for crack propagation. The
absence of transformation twins has been held as one reason for the superior
SCC resistance of the 18Ni maraging and 10Ni-2Cr-1Mo-8Co steels compared to
martensitic i1P 9-4-45 {92] . Still, the 10Ni-2Cr-1Mo-8Co steel is hypereutectoid,
and carbide apparently precipitates during the quench in thick plates, probably
at the austenitic grain boundaries [116].

Futhermore, the threshold Kz, values of the HP 9-4-45 alloy are about the
same at the same yield strength level whether the steel is in the martensitic or
bainitic condition [68] (Fig. 13), though only the martensitic structure is
twinned. It has been demonstrated, however, that the fracture toughness is supe-
rior, and the rate of crack propagation above Kye.. is lower for bainitic HP
94.45 compared to martensitic HP 9-4-45. This has been attributed to the ab-
sence of both transformation twins and preferential carbide precipitation on
platelet boundaries in the bainitic structure [63,132].

A martensitic stainless steel, AFC-77, shows the usual decline in Kz, value
with increasing yield strength [123], as indicated in Fig. 53. In this precipita-
tion-hardening alloy, strength increases with increasing tempering temperature
up to about 1000°F. The Koo values of the precipitation-hardening stainless
steels are quite normally related to the yield strength produced in aging, as in
Figs. 38, 3%, and 41.

Overaging generally produces higher values of Kjs. in both the semi-
austenitic and martensitic precipitation-hardening stainless steels [121]. How-
ever an additional aging treatment (30 hr at 1000°F) on 12Ni-5Cr-3Mo steel
lowers SCC resistance considerably [133], as shown in Fig. 54. [t appears that
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the additional aging causes corrosion potential to a region where SCC resistance
is low. A change in potential might restore the original SCC resistance value, as
implied in Fig. 55.

A variety of annealing and aging treatments in '8Ni-300 maraging steel pro-
duces no significant change in Kygoc value provided the same yield strength is
reached [111,115]. Again, the rares of crack propagation at stress intensity
levels higher than K50, can vary markedly. generally increasing with lower aging
temperatures [115]. Aging at 900°F produces a slight improvement in the Kigc¢
value of 18Ni-350 maraging steel compared with aging at 800°F [66].

The above seems to show that precipitation and aging reactions influence the
threshold Kyg.c value primanly by affeciing strength. The type, composition,
location, and amount of precipitate have a second-order influence on Kg, but
may affect the rate of crack propagation above Ky considerably.

Although stress corrosion cracks generally progress intergranularly, there are
no large effects of grain size on Kyg.. in AISI 4340 steel, but crack growth rates
decrease with decreasing grain size {73,134}, An increase in ASTM grain size
number from 7 to 12 increased the yield strength from 245 to 265 ksi, but the
Kigcc value remained at 14 to 16 ksi v/in.

Austenitization treatments on [8Ni-300 grade maraging steel to produce aus-
tenitic grain size varying between ASTM No. 9 and No. 0 had little effect on
Kiscc- However the rate of crack growth decreased with decreasing grain size. All
the steels in this study were treated to about the same yield strength [111].
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Decreasing grain size (from 60um to 2.3um) in AFC-77 steel by a special
thermomechanical treatment is reported to increase the value of Kyg., as shown
in Fig. 56. Corresponding increases in yield strength from about 155 to 200 ksi
occur with a S00°F temper, and from 175 to 235 ksi with a 1000°F temper.
Thus an improvement in both Kys.. and yield strength is achieved. The particu-
lar method used to achieve fine grains involves deformation of the steel in the
martensitic condition prior to subsequcnt austenitization treatment.

Retained austenite appears to raise the level of Kygc. in AFC-77 steel [123],
as in Fig. 57. The effects appear to override any changes in yield strength.

Reverted austenite in 18Ni-300 grade maraging siecl does not appear to in-
tfluence the Koo value greatly {111,115} if the strength is kept constant
{111]. The crack growth rate at stress intensities above Kz becomes slower
with increasing amounts of reverted austenite.

3.7 Effect of Deformation

Based on experiments with smooth specimens, cold work before aging was
concluded to improve the SCC resistance of 18Ni maraging steel [48] (see
Fig. 3).

Plastic straining up to 5% in tension apparently reduces the Ky valur of
HY-130 stcel only moderately (from 138 to 105 ksi Vin. ) while increasing the
yield strength from 137 to 158 ksi {79]. Plastic straining 12Ni-5Cr-3Mo up to
3% in tension not only increased the yield strength (from 172 to 189 ksi), but
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also appears to have raised the value of K¢ (from 38 to 50 ksi /in. ). These are
moderate changes but ~re not believed to reflect changes in the state of residual
stress, which is always a consideration in interpreting the effects of cold work on
SCC, particularly in smooth-specimen tests.

Ausforming produces considerable improvement in the SCC resistance (Kys¢c
value) of H-11 steel [93] (Fig. 9). An increase in the Kysc. value of HP 9-4-20
steel (along with an increase in yield strength from 191 to 221 ksi) has also been
achieved by ausforming {135]. These rather short-time tests need to be ex-
tended, but the results appear to be promising, as in Fig. 58.

Similar improvement in resistance to SCC by ausforming has been shown in
smooth-specimen tests of quenched and tempered D6AC steel [125].

One investigation of the effects of explosion forming has been conducted on
high strength steel, using smooth specimens tested in tension (bending) at 80
percent of the yield strength [137}. Apparently 12Ni-5Cr-3Mo maraging, HP
94-25, and 18Ni maraging stuels are not much affected by explosion forming.
DOAC steel becomes more susceptible after the explosion forming, but data
suggest that the effects are not great. A recent review has been published cover-
ing the effects of explosive forming on metals, including effects on SCC [138].

The strength of AFC-77 may Le increased by a strain aging without lowering
the threshold Ky, . value [123], as shown in Fig. 59 (see also Fig. 39). In this
process the steel is austenitized at 2000°F and tempered at SO0°F prior to
straining by cold rolling 10 to 20 percent and finally aging at 700°F or 1000°F.
The effects of grain size. retained austenite, and strain aging of AFC-77 are
compared i Fig. 60.

An illustration of the effect of rolling direction in plates of several alloy steels
on SCC is given in Table 4 [71,114]. The differences in K5, between different
heats of the same type of steel obviously are greater than the differences in
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Kiscc values caused by a change in the direction of crack propagation with
respect to the rolling direction in any one plate.

Studies of HY-130 weldments have shown that the value of Kz is not
drastically changed whether the notch axis is perpendicular or parallel to the
plate surface [84].

It is not concluded here that directionality is of little importance, but the
little experience available appears to suggest that this will not be a serious
problem area in modern steels.
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Table 4. Effecss of Direction on the Value

of Kyge in Several Steels

Stress Intensity, Ky
ksi in.

Steel
RT wT WR RW
INi-4C0-0.2C 115 104
18Ni-180 125 145
12Ni-5Cr-3Mo - 19 19 25
12Ni-5Cr-3Mo 70 60 -
12Ni-SCr-3Mo 105 103
4340 (200 Yield Strength) - - 11 10
18Ni-300 - 7 7
20—
0o PHI3:8 Mo , o AFC 7T+ AUSTENTE
. )
! AfC 77 l °
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Fig. 60. Effects of grain size, retained austenite, and strain
aging on the Ky value and strength of AFC-77 steel.
Similar data on other steels are included for compatison
(from Ref. [38).
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3.8 Effect of Electrochemical Potential

ft has long been considered that electrochemical potential caa have an im-
portant influence on the susceptibility of steels 1o SCC. But much of the basis
for this belief is work that has been done on smooth specimens, or on pre-
cracked specimens with an inadequate test time. Such data reflec initiation time
and crack growth rate cffects rather th:1 detining cleacly a threshold value.

What is essential to know is the effect if any of potential on the K. value
of a particular steel. Once these effects are known the effects on crack growth
rate may be considered for stress intensities exceeding Koo

On AISI 4340 steel, the value of Ky is essentially invariant with (im-
pressed) potential over the yield strength range of 125 to 220 k=i (Fig. 61). The
rate of crack growth at stress intensit, levels just above K., however, is highly
sensitive to both cathodic and anodic potential, as shown qualitatively in Fig. 62
[140]. This measure of crack growth rate for the AISI 4340 steels reaches a
minimum at about -0.8 V (Ag/AgCl). Severcl other steels (HP 94-20, 12Ni-5C.
3Mo maraging steel, and 174 PH) behave sim:darly with respect to crack growth
rate as a function of potential.

A minimum rate of crack growth as a function of potential, similar to that in
Fig. 62, has been reported for the following steels: D6AC [63], HP 9445 [61,
63], H-11 [69], HP 94-20 (Fig. 63), 12Ni-5Cr-3Mo maraging (65,133}, and
18Ni-200 niaraging [69,141].

It is rare to find threshold K values as a function of potential, but the data on
AISI 4340 (Fig. 61) indicate that the effects of potential are small. There is a
lowering of the Ko value of HY-130 upon cathodic poclarization to -1.2 V
{78,80]) but to an extent not considered serious {35}. 12Ni-5Cr-3Mo maraging

nsi ada0sTEEL ]
x 12000 Y8
00— & 71130 Y8} 35% NoCi N DISTILLED WATER
4.12507s
" ® 2200 YS” SEA WATER (KEY WEST)
80}~
[ OPeN cmeu porenTL
Z
60}— ‘/H__
} -
20—
L e e
e e X
[ -
o_—.i.. .L__L_L_.L_x_ ,_l_i 41._1 ,..L_ L__J

04 ‘o6  -o08 -10 Q2 ETINT
POTENTIAL (VOLTS) (Ag/AQCT)

Fig. 61. Effect of (impressed) potential on cracking
threshold stress intensity of AISI 4340 steel.




DrAL DEFLCZTION RATE

(o]
b

o]

@]
@

o
o]

g2

6¢]

FLERCT OF ELECTROCHEMICAL POTENTIAL

Fomc ALS] G380 KT 2ot kn] s K 1A6 917G
. Coree waceqs o
| e . R PRSI
- - - o k slqegn?
® A g an0 KRR
L oo 2rrcr e+ i « 3 0%408
L AN L] el . enA0 ]
-
L ;
N Cf
k
- ;
L] J‘
| i
. f)’o
o ] AN
. e
. o i /
fr 7
i o 1 /
L » 3 ;
t
L - ,'-‘
B4
T S T | T
-04 -06 -08 -t0 -2 -14

POTENTIAL (VOLTS) (Ag/AgCl)

Fig. 62, Effect of (impressed) potential on cracking rates.

ZOOF K28 HP3-4-20 Y S 1Bl ku
80 THICKNESS O 7% SIDE GROOVED -» 068"
wiDTH 4
160 !
\ W CIRCUIT :
~401>\ \‘/oﬂ.io Cul |
ol ‘
€ 120
H \ \
- 00 \
¥ i A\
sol X COUPLED TO 2,
| \(/
O -
40 o
20
|
o~ S S S S SR
100 200 300 400 300 600

TIME FRACTRE (HOURS)

Fig. 63. Effect of coupling HP-9-4-20 stec! to zine on the value
of Kigee




126 HIGH STRENGTH STEELS

steel is similarly affected by an impressed cathodic potentral {80,133, Data on
18Ni maraging steel are conflicting {69,100,111.141], but the most reliable
data indicate that 18Ni-300 grade is insensitive (o (impressed) potential insofar
as Kysee is concerned {111]. The data on HP 9-4-25 and 174 PH are meager
100} and based on short time tests, but indicate that K5, may be lowered by
coupling the two steels to zine. The data of Fig. 63 indicate that the Kz value
of HP 9-4-20 drops from 100 to at least 60 ksi v/in. upon coupling to zinc. There
have been other fragmentary indications that “cathodic protection” reduces the
threshold K for a number of precipitation-hardening stainless steels. The 10Ni-
2Cr-1Mo-8Co steel definitely appears to show an effect of potential on Kygee
value [118]: Although the Kys . value of the steel is reported as 160 to 170
ksiv/in., cracks will propagate at a stress intensity as low as 96 ksiVin. if the
steel is polarized to sufficient anodic or cathodic potentials, as shown in Fig. 64.
The favorable position of this steel on the Kyg. vs yield strength diagram, Fig.
36, may result in part because of its favorable corrosion potential.

In general it appears that SCC kinetics for all steels are at a minimum at a
potential of about -0.6 to about -0.9 V (SCE), but that cathodic polarizat.on
does not raise Kjgo anc may in fact lower it. Cathodic protection is therefore
not an attractive general solution to the SCC problem, but this technique is quite
able 1o prevent corrosion pitting and might therefore be somewhat attractive for
preventing the initiation of SCC.

3.9 Effect of pH

The effects of the pH of the aqueous environment on the SCC susceptibility
of smooth specimens {or normal steels have been reviewed [104,174,133,142,

|
]

4
%1103 SHSHN

Ky 96 KSR
osf-

il |
Lo
N2t l J

N/
N
|

Fig. 64. Crack growth rate as a
function of (impressed) potential
for 10Ni-2Cr-1Mo-8Co steel in 3.5%
NaCl (from Ref. 118).

CK GROWTH RATE v
<
T

R

<
—— e e e ———

% o .
(AT 8,
Cooo i b L]
12”708 04 0 12 08 04 0 04
POTENTIAL, VISCE)




EFFECT OF pH 127

143]. Generally, highly acid conditions promote cracking, and highly basic
conditions reduce or even prevent cracking (by preventing pitting). But over a
wide range of intermediate value of pH (about 3 to 10), there is no great change
in susceptibility to SCC.

On precracked specimens, a distinction must once again be made between
effects on the value of Kygee and effects on crack growth kinetics. With respect
to ceffects of Kygeo. the same general trends appear to obtain as with smooth-
specimen data. For example, the variation of the solution pH hetween 1 and 9
appears to have little effect on the Kys¢ value of the martensitic steel En 30 B
(4.25N1:Cr:Mo steel) |144]. At fower values of pH. K| is lowered; at higher
values of pH, K. is raised. Changes in pH between 1.7 and 11 have little effect
on the K g values of 18Ni-300 maraging steel [111]. However, a pH value of
13.0 stops SCC completely [111].

It appears, therefore, that except with extreme acidic or busic excursions,
Kisce values are not very sensitive to pH. Crack growth rates or time-to-failure
values may be influenced, as for example, in the 12Ni-5Cr-3Mo steel [129].

The reason that SCC proceeds over a range of bulk solution pH values apprars
10 be that the solution chemistry within the growing stress corrosion crack is not
influenced readily by changes in the pH of the bulk solution. Recent measure-
ments on a variety of steels of the martensitic, maraging, and precipitation-
hardening stainless types indicate that near the crack tips of freely corroding
specimens the pH value is invariably 3.6 to 3.8 [145-147], and that this is the
case over a range of bulk pH values [147]. The pH at the crack tip is influenced
by applied anodic or cathodic polarization potential [147] however, there need
not be a change in the mechanism of crack growth. This will be discusscd further
in Section 3.12.

3.10 Other Environmental Matters

Environments other than water or salt water can cause stress corrosion in high
strength steels, and in fact the identification and study of critical species in
different environments is an area which has been neglected [148,149].

Generally, high strength steels are subject to SCC in chloride solutions,
marine atmospheres, solutions containing HyS and acetic acid, and in some cases
in sulutions containing SO4°, PO4 , or NO3™ ions [29,65.130.142,150-152].
Certain cathodic poisons are known to promote cracking; these are phosphorus,
arsenic, antimony, sulfur, selenium, technetium, and (CN ~) jon [65,104,153].
The poisons are thought to restrict the recombination of atomic hydrogen into
molecular form.

Organics and nonelectrolytes can cause SCC in some steels [29.76,150,
154]. Likewise some liquid metals {45,155], but liquid metal embrittlement
will not be treated here.

With respect to specific alloys, it appears that the Xg. value of AISI 4340
steel at the 200-ksi yield strength level is nearly the same whether the environ-
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ment be distilled water, 1.5N NaCl, or 3N NaCl [61]. Similarly, the K4, value
of AlSI 4340 with a 250-ksi yield strength is the s»me in distilled water as in
water with 2 or 4% NaCl [76]. (At 250-ksi yield strength, the value of K|,
would be quite low and insensitive to a number of variables.) K5, values for
the SCC of AISI 4340 in flowing scawater are similar to the values obtained
using distilled water containing 3.5% NaCl, as in Fig. 65. Small differcnces
betweens the effects of flowing seawater (worst) and laboratory salt water have
been reported for HY-130, 12Ni-5Cr-3Mo maraging, and 18Ni maraging steel
180}.

In a solution of 3.5% NaCl and 0.5% HAc saturated with h,S, the K.
values of AISI 4340 with 187 to 228-ksi yield strength are low, and fall near the
lower bound of the AISI 4340 envelope (see Figs. 5 and 25 and Ref. 65).

AISI 4340 is susceptible to SCC in methanol, with the K4 values inter-
mediate between Ky and Kz in 3.5% NaCi solution, as in Fig. 66. Similar
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effects on Kz have been observed with butyl alcohol and acetone [76]. In
another investigation utilizing notched tensile specimens. AISI 4340 was ob-
served to be susceptible to SCC in CCly [157].

AISI 4140 at the 187-ksi yield strength level is susceptible to SCC in a
solution of 3.5% NaCl and 0.5% HAc saturated with H;S, with a K. value
somewhat lower than the Kjg.. values of AISI 4130 in salt water [65] (see
Fig. 14), though it is not known whether the difference is due to the steels or
to the environment. The 12Ni-5Cr-3Mo maraging steel at 187-ksi yield strength
is susceptible in this acid chloride-sulfide environment. the value of K. falling
within the lower region of the envelope in Fig. 15.

There is no change in the K5, value for martensitic HP 9-4-45 steel as the
environment is changed from distilled water to 1.5N NaCl or to 3N NaCl [61].

With 18Ni-300 maraging steel, the value of K| . is the same in distilled
water, 3% NaCl, and INH,SO4 [111].

It seems therefore that large changes in the acidity, salt concentration, etc., of
aqueous environments do not change Ki... very much. Introduction of the
*poison” H3S appears to lower Kis.. to the lowest values reported for a partic-
ular type of steel in salt water.

The data showing that high strength steel may be susceptible to SCC in
organics and nonelectrolytes is not greatly surprising because similar effects have
been observed with titanium alloys [158] and with aluminum alloys [159].
Such data are often held in question because of the suspicion that minor
amounts of impurities may be responsible.

3.11 Mitigation of SCC

Inhibitors in aqueous solution are of two types: (a) those that function by
forming a solid film (oxidizing or precipitation inhibitors) and (b) those that
function by forming an adsorbed layer. Examples of the solid-film type are
nitrites, silicates, phosphates, and chromates. The adsorbed-film typcs are gen-
erally organic nitrogen and sulfur compounds. Sometimes inhibitors are in-
corporated into layers (coatings) which also form a barrier to the environment.

On nonprecracked specimens the solid film inhibitors appear to be more
eftective than the adsorbed layer organic type inhibitors with respect to stress
corrosion. For example, the addition of NaNOj, Naj;CrO4, NajSiOj, or
thiourea to distilled water extends the time to fracture of U-bend AISI 4340
specimens treated to 230-ks: yield strength. Thus the standard inhibitors used to
mitigate the corrosion of steels tend to prevent stress corrosion of smooth speci-
mens. The concentration of inhibitor needed to inhibit stress corrosion is, how-
ever, greater than that required to control general corrosion. The effectiveness of
these inhibitors is enhanced if the environment is alkaline (pH 10 to 12). How-
ever, there is no simple correlation of inhibitor effectiveness with pH of the bulk
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solution [160}. Caution is needed in using inhibitors as above, for certain critical
conditions may promote stress corrosion, e.g.. a critical concentration or pH
fevel (133].

The data on the effectiveness of inhibitors on precracked specimens are
himited. The addition of 0.25% NuapCrO4 to a distilled water environment ex-
tends the failure time of AISI 4340 considerably, probably by stabilizing the
surface oxide film. However, the same concentiztion of NazCrOg4 in 1.5N and
3N NuCrsolutions hzs no effect on the same steel. Apparently, the Kigc. value is
not influenced greatly either [61].

The addition of 1.75% NayCrQ4 to 3.5% NaCl solution has little influence on
the Kygee value of 18Ni-200 and 18Ni-250 maraging steel [110]. Similarly, the
addition of 1.5% NayCrO4 does not affect Kjgo. values in 18Ni-300 maraging
steet [111].

The conclusion reached on the basis of this limited data is that there is ne
evidence that inhibitors inflnence K¢, values on high strength steels. There is
some cvidence that the usual corrosion inhibitors may be beneficial in avoiding
SCC when sharp cracks are not present, but higher concentrations are needed.
The fundanicital problem with inhibiting stress corrosion crack propagation is
that the crack tip region is acidic, and inhibitors are incompletely effective in
acid solutions, particularly if chloride is also present.

Obviously an inert coating is one way to prevent SCC, and such coatings work
provided no flaws penetrate to the metal either in applicatio. or during service.
Other coatings provide cathodic protection or contain inhibitors as a second-line
defense in case the coating is breached. When flaws o appear, there is danger
that cracking may be enhanced through hydrogen embrittfement (cathodic
charging). The considerations which specify a desirable coating and the ex-
perience which has been accumulated on specific coatings for smooth specimens
has been reviewed adequately elsewhere [74,124,141,142,150,161].

With respect to precracked specimens, there is almost no experience with the
efficacy of cuatings. There are no effects on tne Kysc value of 18Ni maraging
steel when 12-5-3 maraging steel, a Ni-Cu alloy, ot carbon steel, is used as
cladding, provided the precrack penetrates the clad. The data are considered
only qualitative because the stress intensity factor could not be determined with
the thick coatings which produce what could be considered a laminated plate. It
would be expected that coatings such as zinc on the precipitation-hardening
stainless steels (and other steels sensitive to cathodic charging) would lower
Kjsec at alocal flaw in the coating. (See Fig. 62.)

In the absence of a coating involving another material, a “*coating’ of worked
metal in compression, such as that produced by shot pecning, could be effective.
In fact, the surface condition produced by a number of finishing treatments can
be very important on smooth speciinens |150,162]. If large flaws are present,
such surface effects will diminish. Thus the effects of coatings, inhibitors, and
surface treatments would be expected to vary with the number and depth of
flaws which may exist.
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3.12 Mechanisms

The theories of SCC have been widcly reviewed in recent years [148,151,
152.162-172]. It seems that the detailed mechanisms which have been proposed
for the great number of metal-cormdcnti systems can be grouped into two
geneial categories: dissolution models and mechanical models. There are two
types of dissolution model: (a) the film rupture model and (b) the mechano-
chemical model. There are also two types of mechanical model: (c) the adsorp-
tion mode! and (d) the brittle film model. Thus there arc basically four (a, b, c,
and d) different categories of SCC models. The models have been discussed
thoroughly, and it will suffice here merely to indicate briefly the basic features,
which are as follows:

1.  Film rupture model. Plastic deformation at the crack tip ruptures a
passive film intermittently. This enables localized anodic dissolution to take
place. The crack walls remain passive and are cathodes.

2. Mechano-chemical model. Deforming film-free metal at the crack tip is
anodic to the nondeforming metal at the crack walls, and the process of de-
forming opposes stifling of the process by polarization.

3. Adsorption model. The adsorption of specific species at the crack tip
reduces the energy required to form new surfaces. The specific species must
therefore adsorb and react with the strained metal boad at the crack tip and
reduce the fracture strength.

4. Brittle-film mode!. Exposure to the environment causes the metal to
form an embrittled surface layer which fractures under tensile stress. Crack
propagation may be intermittent.

The development of techniques for the measurement of pH and electrode
potential at the tips of propagating stress corrosion cracks [145-147f, together
with the use of the Pourbaix diagram, seems to clarify he meaning of many of
the observations on the SCC behavior of steels. For example, the minimum in
crack growth rate as a function of decreasing potzntial (e.g., Fig. 62) has often
been cited as evidence of a change in cracking mechanism from one of anodic
dissolution to one of hydrogen embrittlement {104,153]. By measuring doth
crack tip and potential, however, it has been found that the crack-tip conditions
in a propagating crack are always favorable for the reduction of hydrogen, and
that therefore only the hydrogen embrictlement mechanism is required (Fig. 67).

The minimum in the rate curve appears to occur at the transition trom the
region of corrosion to the region of immunity, indicated in Fig. 68. On this basis
the minimum can be regarded as the consequence of moving the anodic reaction
from within the crack to outside the crack [140]. The application of cathodic
protection may at first stifle the anodic reaction and reduce the amount of
hydrogen discharged, but as cathodic hydrogen evolution increases the crack
growth rate may increase as a result of increased hydrogen charging.

Hydrogen may be absorbed by AISI 4340 and HP 94-45 under anodic polari-
zation {174}, and therefore a single hydrogen cracking mechanism may apply
across the board of the polarization potential.
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When pits or a precrack are essential to the initiation of stress corrosion
cracks, it may be because of the need to provide a local environment where the
acidification may take place by hydrolysis [147,175.176) . Once crack growth
begins, the crack itself provides the necessary localized snvironment.

The hydrogen embrittleinent mechanism is also consistent with the observa-
tion that slow crack growth can take place in hydrogen-containing steels in the
absence of a corrodent.

The activation energies for crack growth are similar whether hydrogen is
supplied externally or from a stress corrosion proces. {105,177,178]. The
fractographic fracturc surfaces are simiiar {179). Thin-film microscopy [180]
indicates that the structure of AISI 4340 tempered at 400°F resembles ihe
structure of the as-quenched martensitic defect state upon cathodic charging,
whereas the same steel tempered at 1300°F does not. (This agrees with observ..-
tions that the steel is susceptible to SCC when tempered at 400°F, but not
susceptible at 1300°F.) The formation of films (presumably oxides) impedes
crack initiation. but not crack growth [181]. All the faregoing are in accord
with a model for SCC involving hydrogen embrittlement.

3.13 References

1. P. P. Puzak and E. A. Lange, Fracture Toughiness Characteristics of the
New Weldnable Steels of 180- to 210-Ksi Yield Strengths, NRL Report
6951, Naval Research Laboratory, Washington, D.C., Sept. 18, 1969.

2. A. F. Hoenie and D. B. Roach, New Developments in High Strength
Stainless Steels, DMIC Report 223, Battelle Mem. Inst,, Jan. 3, 1966, AD
481725,

3. T. S. Humphries and E. E. Nelson, Stress Corrosion Cracking Fvaluation of
Several Precipitation Hardening Stainless Steels, NASA TM-X-53910, Sept.
12, 1969.

4. C. ). Owen, Stress Corrosion of High Strength Steels and Alloys® Artificial
Environment, Mellon Institute Final Report, July 1960-June 30, 1962
Research Project No. 389-2, Contract DA36-034-ORD-3277RD.

5. <. M. Hudgins, R. L. McGlasson, P. Mehdizadeh, and W. M. Raosborough,
“Hydrogen Sulfide Cracking of Carbon and Alloy Steels,” Corrusion 22,
238 (Avg. 1966).

6. F. M. Reinhart, Corrosion of Materials in Hydiospace, Maval Facilities
Engineering Command, Technical Report RS04, Dec. 1966, AD 644473.

7. 1. J. DelLuccia, “Evaluation of Metals in Deep Ocear Environments,”
Mater. Protect. 8, 49 (Aug. 1966).

8. S. J. Ketcham, Chemical Milling of Alloy Steels, Report No. NAEC-AML-
2418, Mar. 9, 1966, Naval Air Engineering Center, Aeronautical Materials
Laboratory, Wen Task RRMA 02 01/200 1/F020-01-01, AL 631952.

9. S. J. Ketcham, Chemical Material Influence on Stress-Corrosion Behavior
of High Strength Materials, Naval Air Engineering Center, Aeronautical




134

10.

16.

19,

20.

22

HIGH STRENGTH STEELS

Materials Laboratory, NAEC-AML-2174, Apr. 7, 1965, Wep Task RRMA
05 010/200 1/R0O07 08 O1.

G. A. Dreyer. Investigation of Susceptibility of High Strength Martensitic
Steel Allovs to Stress Corrosion, Techmical Documentary Report No.
ASD-TDR-62-876. Sept. 1962, Project No. 7381, Task No. 738103,
prepared under Contract No. AF 33(616)-7859 by The Boeing Company,
Seattle. Wash., AD 603219.

. AL Gallaccio and M. A. Peleasky. “Stress-Corrosien of High Strength Steel

)

Alloys Environmental Factors,” in Stress-Corrosion Testing, ASTM STP
425, Amer. Soc. Testing Mater., Philadelphia, Pa.. 1967, p. 99, AD
6081293,

. R. A, Davis, G. A. Dreyer, and W. C. Gallaugher, “Stress-Corrosion

Cracking Study of Several High Strength Steels,” Corrasion 20, 93t (Mar.
1964).

. W. S, Hyler and Q. Deel, Mechanical Property Data- AFC-260 Stainless

Steci (Aged Sheet ), Battelle Mem. Inst., Contract F33615-67-C-12492 Mar.
1968, AD 834919,

. W. S. Hyler, and L. Beall, Mechanical Property Data-AFC-77 Sheet

(1100°F Temper), AF 33(615)-2494, prepared by Boattellc Mem. Inst.,
QOct. 1966, AD 803545,

. W. S. Hyler and L. Beall, Mechanical Property Data—-AF-77 Steel (700°F

Temper), AF 33(615)-2494, prepared by Battelle Mem. Inst. Oct. 1966,
AD 803544.

0. L. Decl and W. S. Hyler, Engineering Data on Newly Developed
Structural Materials, Tecunical Report AFML-TR-67418, prepared by
Battelle Memorial !nstitute, Apr. 1968, Contract AF 33(615)-2494, AD
834938.

. 3. H. Hoke, The Stress-Corrosion Susceptibility of High Strength Steels.

Pennsylvania State University Report NYO-3257-1 to U.S. Atomic Energy
Commission, Contract No. AT(30-1)3257, June 1965, N66-30970.

. H. J. Bhatt and E. H. Phelps, “Etffect of Solution pH on the Mechanism of

Stress-Corrosion Cracking of a Martensitic Stainless Steel,” Corrosion 17
(No. 9}, 4301 (Sept. 1961).

3. E. Truman, R. Per:y, and G. N. Chapman, “Stress-Corrosion Cracking of
Martensitic Stainless Steels,” J. fron Steel Inst. 202, 745 (Sept. 1964).

R. Perry, Stress Corrosion Resistance of High-Tensile Stcinless Steels,
Spec. Report 86, The Iron and Steel Institute, London, 1564, p. 227.

. G. A. Dreyer and W. C. Gallaugher, Investigation of the Effects of Stress-

Corresion on High Strength Steel Alloys, Technical Documentary Report
No. ML-TDR-64-3, Feb. 1964, prepared under Contract No. AF
33(657)8705 by the Boeing Company, Project No. 7381, Task No.
738103, AD 605672.

E. H. Phelps and A. W. Loginow, “'Stress Corrosion of Steels for Aircraft
and Missiles,” Corrosion 16, 325t (Feb. 1960).




28,

29.

30.

31.

33.

34,

3s.

36.

37.

REFFERENCES 135

. 1. L. Guthnie, High Strength Steel Evaluation for Supersonic Aircraft,
Boeing Document D6A10093-2, Mar. 1967, Phase II-C Report FA-SS-
60-5, The Boung Company, Seattle, Wash., AD 818490.

R. A. Davis, “Stress-Corrosion Cracking Investigation of Two Low Alloy,
High Strength Steels,” Corrosion 19 (No. 2), 45t (Feb. 1963).

. J. F. Hildebrand, “Stress-Corrosion Cracking of High Strength Nickel

Alloys for Aircraft Applicatiops.”” Mater. Protect. 3 (No. 9), 36 (1964 ).

. 1. J. DeLuccia, Metallic Corrosion in the Deep-Ocean Fnvironment, Six

Months at 2540 Feet, Report No. NADC-MA-6868, Naval Air Develop-
ment Center, Jehnsville, Pa., Jan. 10, 1969. Air Task A32-523 00(/2021
R007-01-01, Work Unit D -Work Element 2, AD 848907.

S. W. Dean and H. R. Copson, “Stress Corrosion Behavior of Maraging
Nickel Steels in Natural Environments,” Corrosion 21, 95 (Mar. 1965).

W. W. Kirk, R. A. Covert, and T. P. May, *“Corrusion Behavior of
High-Strength Steels in Marine Environments,” Mctals Iing. Quart. 8 (No.
4), 31 (Nov. 1968).

E. A. Steigerwald, “Engineering Aspects of Stress Corrosion Failure in
Martensitic  Steels,” AGARD, Stress Corrnsion Cracking in  Aircraft
Structural Materials, Conference at Turin, Ituly, April 18-19, 1967.

D. F. Bulloch, T. W. Eichenberger, and J. L. Guthrie, “Evaluation of the
Mechanical Properties of 9Ni-4Co Steel Forgings,” AFML-TR-68-57 and
Boeing Document D6-19769-3, The Boeing Company, Seattle, Wash., Mar.
1968, AD 833650.

R. L. Jones and F. C. Nordquist, An Evaluation of High Strength Steed
Forgings, Technical Documentary Report Ne. RTD-TDR-63-4050, by
General Dynamics, Fort Worth, Texas, May 1964, under Air Force
Centract No. AF 33(600)-41891, AD 601446.

. P. C. Hughes, “Delayed Fracture of 2 5% Cr Tool Steel,” J. Tron Steel Inst.

204 (P1.1), 385 (1966).

F. Ginsberg and L. L. Stern, **Stress Corrosion Characteristics o HY-130
Butt Weldments,” U.S. Naval Applied Sciences Laboratory Technical
Memo 56, SF 020-01-01 Task 0722, Feb. 1967, AD 809399L.

A. W. Loginow, Corrosion and Stress-Corrosion of HY-130 (T) Steel and
HY-80 Steel in Marine Environments, Project N, 39.001-100(2), U.S. Steel
Corp., Applied Sciences Laboratory, July 15, 1967, AD 817366.

G. A. Wacker, The Effects of Marine Environment in High-Strength Steels,
Report 2840, Naval Research and Development Center, Annapolis, Md.,
Feb. 1969, AD 848165.

A. H. Rosenstein, M. R. Gross, W. G. Schreitz, and G. A. Wacker,
Metallurgical Investigations of 9Ni-4Co-0.20C Steel, Report 2678, Nava
Rescarch and Devclopment Center, Annapolis, Md., July 1968, AD
837086.

L. G. Beall and W. S. Hyler, Mechanical Property Fvaluation of Newly
Developed Structural Materials, Technical Report AFML-TR-66-155,
Battelle Mem. Inst., Apr. 1966, AD 485824,




e

136

38.

39,

40.

41

44.

45.

46.

47.

48.

49.

50.

5t.

HIGH STRENGTH STEELS

W. S. Hyler and L. Beal, Mcchunical Property Data - HP 9Ni-4Co-25C
Steel Tempered Plate AF 33(615)2494, Battelle Mem. Inst., Oct. 1966,
AD 8035406,

R. V. Turley, C. H. Avery. and M. Sinclaire, The Effect of Processing
Variables in Stress-Corrosion Cracking of ONi4Co Steel Alloy, AFML-TR-
66-388. Douglas  Aircraft Company, Dec. 1966, Contract AF
33(615)2849, AD 810834,

W. S. Hyler and L. Beall, Mechanical Property Data- HP 9Ni-4Cu-45C
Steel, Contract AF 33(615)2494, Battelle Mem. Inst. Columbus, OQ., Oct.
1966, AD 803547,

W. H. Hyler and L. Beall, Mechanical Property Data  HP 9Ni-4Co-45C
Steel Contract AF 33(615)-2494, Battelle Mem. fnst. Cclumbus, Ohio.
June 1967, AD 821651,

. A. W. Loginow, Stress-Corrosion Behavior of 12 Perceni Nickel Maraging

Steels, U.S. Steel. Dec. 31, 1964, Project No. 40.001-100(3), Nobs-88540
SS 050-000. Task 1567 S-23309, AD 616982.

. G. A. Wacker. Stress-Corrosion Cracking Studies of 10-, 12-, and

18-Percent Ni Maraging Stecl Alloys in Seawater, MEL Report No. 73/66,
MNaval Marine Engincering Laboratory, Annapolis, Md., Mar. 1966, AD
809021.

G. A. Wacker, Lffects of Marine Environment on High Strength Stcels,
ASIM STP 445, 1969, p. 68.

A. F. Hoenie, §. A, Lumm, R. J. Shelton, and R. A. Wallace,
Determination of Mechanical Projecting Design Values for I8 Ni Co Mo
250 and 300 Grade Maraging Steels, Techinical Report AFML-TR-65-197,
North American Aviation, Inc., July 1965, AD 470742,

J. E. Truman and R. Perry, “The Resistance to Stress-Corrosion Cracking
of Maraging and Otner High Strength Steels,” fron Steel, 37 (No. 13),
574 (Dec. 1964).

E. Trabocco, Evalwation of 1&Ni-Co-Mao Maraging Steel, Report No.
NAEC-AML-2102, Naval Air Enginecring Center, Acronautical Materials
Laboratory, Jan. 12, 1965, RRMA 02 018/200 1/R007 05 01, AD
456201.

R. B. Setterlund, *“Stress-Corrosion Cracking of Maraging Steel,” Mazer.
Protect., 4 (No. 12), 27-29 (1965).

R. B. Sectterlund, favestigation of Stress-Corrosion Cracking of High-
Strength Stecls, Acrojet-General Corp. report for May 1964, contract
DA-04-495-ORD-3069, AD 602023.

W. S. Crownover and J. W. Wright, Stress-Corrosion Susceptibility of
18-Percent Ni Maraging Steels at High Strength Levels, Report No.
RK-TR-66-11, July 1966, U.S. Army Missile Command, Redstone Arsenal,
Arsenal, Ala., AD 800104.

P. Kalotonos, “Stress Corrosion Cracking in Almar 3€2 Mar-Aging
Stainfess Steel,”” M.S. Thesis, Georgia Institute of Technology, 1968.




-

61.

63,

65.

67.

68.

REFERENCES 137

. A M. Hall, “The Status of Ultrahigh Strength Steels Today ™ Meral Progr.

88 (No. 2), 178 (Aug. 1965).

. AC MU Hall: "*Fahnicating the Ultrah. sh Strength Steels,” Metal Progr. 92,

91 (Sept. 1965).

. A. M. Hall and C. J. Slunder, The Metallurgy. Behavior and Application of

the 18-Percent Nickel Maraging Steels (A Survey ). NASA SP-5051, 1968,

. A, M. Hall. “*Bringing the Ultrahigh Strength Steels Up to Date.” Metal

Progr. 96 (No. 2), 103 (Aug. 1969).

. Metallurgical Developments in High-Alloy Steels, Special Report 86, The

won and Steel Institute, London, 1964.

. 1. Nutting, “The Physical Metallurgy of Alloy Steels,” J. Iron Steel Inst.

207, 872 (June 1969).

. Symposium papers, entire issae of Metals Eng. Quart. 9 (No. 1) (Feb.

1969).

. E. H. Phelps. “Stress-Corrosion Behavior of High Yield-Strength Steels.”

vol. 9, Procecdings Seventh World Petroleum Congress. Mexico, 1967,
Elsevier Publishing Co. Ltd., pp. 201, 261, 262.

. J. H. Mulherin, “Stress-Corrosion Susceptibility of High-Strength Steel in

Relation to Fracture Toughness,” Trans. ASME J. Basic Eng. 88, Series ),
777 (Dec. 1966).

W. D. Benjamin and E. A. Steigerwald, Stress-Corrosion Cracking
Mechanisms in Martensitic High Strength Steels, Tech. Report AFML-TR-
67-98, Air Force Materials Laboratory, Apr. {967, AD 813716,

. W. D. Benjamin, Stress-Casrosion Cracking Mechanisms in Martensitic High

Strength  Steels, Tth  Quarterly Progress Report, Contract AF
33(615)3651, TRW Equipment Luboratories, Inc., Report No.
ER-6877-7, Jan. 15, 1968.

W. D. Benjamin and E. A. Steigerwald. Environmentally Induced Delayed
Fractures in Martensitic High-Scrength Steels, Technical Report AFML-
TR-68-80, Air Force Materia's Laboratory, Apr. 1968, AD 832650.

. V. 1. Colangelo and M. S. Ferguson, **The Role of the Strain Hardening

Exponent in Suess-Corrosion Cracking of a High Strength Steel”
Corrosion 25 (No. 12), 509 (Dec. 1969).

E. Snape, “*Stress-Induced Failue of High-Strength Steels in Environments
Containing Hydrogen Sulphide” Br. Corrosion J. 4 (No. §), 253 (Sept.
1969).

. C. 8. Carter, “The Effect of Heat Treatment on the Fracture Toughness

and Subcritical Crack Growth Characteristics of a 350-Grade Maraging
Steel,” Boeing Document D6-22978, Iuae 1969 Met. Trans. | (No. 6),
1551 (June 1970).

C. 8. Carter, “The Effect of Silicon on the Stress-Corrosion Resistance of
Low Alloy High Strength Steels,”” Corrusion 25 (No. 10), 423 (Oct. 1969).
A. R. Fletcher, “Evaluation of Kjg.. Stress Corrosion Susceptibility for
Thick Sections of Several High Strength High Strength Steels,” Nayy
Mater. Bull. Il (No. 3), 3 (Oct. 1968).




138

OY,

73.

74.

75.

76.

77.

78.

79.

80.

81,

83.

HIGH STRENGTH STEELS

M. 1L Peterson, B. F. Brown, R. L. Newbcegin. and R. E. Groover, **Stress
Corrosion Cracking of High Strength Steels and Titanium Alloys 1
Chloride Solutions at Ambient Temnerature,” Corrosion 23 (No. 5), 142
(May 1967).

B, F. Brown, “A New Stress-Corrosion Cracking Test Procedure tor

High-Strength Alloys,” Mater. Res. Stand. 6 (No. ¢), 129 (1966).

. G. Sandoez, “The Resistance of Some High Strength Steels to Slow Crack

Growth in Salt Water.™ presented at ASTM Fall Mecting in Atlanta, Sept.
1968. To be published.

R. W. Judy and R. J. Goode, “Procedures for Stress-Corrosion Cracking
Characterization and Interpretation to Failure-Sufe Design for High-
Strength Steels.” presented at NACE Conference, Philadelphia, Pa.. Mar.
2-6, 1970.

R. P. M. Procter and H. W. Paxton, “The Effect of Prior-Austenite
Grain-Size on the SiressCorrosion Susceptibility of AISI 4340 Steel,”
ASM Trans. Quart. 62 (No. 4), 989 (Dec. 1969).

C. D. Seachem and B. F. Brown, “A Comparison of Three Precracked
Specimens for Evaluating the Susceptibility of High-Strength Steel to
Stress Corrosicn Cracking,”™ Stress Corrosion Testing, ASTM STP 425,
Amer. Soc. Testing Mater., Philadelphia, Pa., 1967, p. 31.

C. S. Carter, “Stress Corrosion Crack Branching in High-Strength Steels,”
Boeing Document D6-23871, The Bocing Company, Seattle. Wash.. Mar.
1969,

N. Taniguchi and A. R. Troiano, “Stiess Corrosion Cracking of 4340 Steel
in Different Environments,” Trans. fron Steel Inst. Japan, 9 (No. 4), 306
(1969).

A. H. Rosenstein and M. R Gross, Properties of HY-130, 3Ni-Cr-Mo-V
Steel- A Summary Report, Report 2448, Naval Ships Research and
Development Center, Annapolis, Md., Sept. 1967, AD 821456.

L. P. Connor, L. F. Porter, and S. T. Rolfe, Third Progress Report:
Extended [nvestigation of HY 130/135 Weldments, U.S. Steel Corp..
Maonroeville, Pa., Jan 1, 1968, AD 825331.

S. R. Novak, Effect of Plastic Strain on the Kygee of HY-80, HY-136G(T),
and 12Ni-5Cr-3Ma Steels, U.S. Steel Corp., Monraeville, Pa.. Jan. [, 1968,
AD 825336l..

H. P. Leckie and A. W. Loginow, *Stress Corrosion Behavior of High
Strength Steels,” Corrosion 24 (No. 9), 291 (Sept. 1968).

J. H. Gross, “The New Development of Steel Weldments,” 1965 Adams
Lecture, Welding J. 47, 241s (Junc 1968).

. L. P. Connor. L. ¥. Porter, and S. T. Rolte, Second Progress Report

Extended Investigation of HY-i20/150 Weldmeits, U.S. Steel Corp.,
Monroeville, Pa., Aug. 1, 1967.

3. 1L Smith and S. T. Rolfe, Lffects of Welding Position and Process on the
Kisee of HY-130(T) Weld Mctals, U S, Steel Corp., Monroeville, Pa., Jan.
1, 1968, AD 825330,




84,

RS,

86.

87.

88,

%9,

90.

91.

93.

94.

9s.

96.

97.

REFERENCES 139

J. HL Smith and S. T. Rolfe, Effect of Notch Orientation on Kig.. of Weld
Metal, U.S. Steel Corp., Monroeville, Pa., Dec. 29, 1967, AD 825328.

S. R. Novak and 8. T. Rolte, Fatigue-Cracked Cantilever Beam Stress-
Corrosion Tests of HY-80 and SNi-Cr-Mo-V Weldments, U.S. Steel Corp.,
Monroeville, Pa., Jan 1. 1966, AD 482783,

J. H. Smith and S. T. Rolte, Ky Behavior of Weld Metals Used in
Fabrication of an HY-130(T) Steel Structure, U.S. Steel Corp.. Monroe-
ville. Pa., Jan. I, 1968, AD 854657L.

G. M. Sinclair and S. T. Rolfe, Anaivtical Procedure tpor Relating
Subcritical Crack Growth to [nspection Requirements, U.S. Steel Corp.,
Mouroeville, Pa.. Jan. 2, 1969, AD 8461 16L.

H. E. Romine and H. L. Smith, Kz, Stress-Corrosion Tests of HY-140
Welds for DSRV 2" NRL Memo Report 1923, Naval Rescarch Labora-
tory, Washington, D.C., Sept. 1968,

L. P. Connor, L. F. Porter, and S. T. Rolfe, Fourth Progress Report:
Extended Investigation of HY 130/150 Weldments, US. Steel Corp.,
Monroeville, Pa., July 1, 1968, AD 835687.

L. P. Connor, L. F. Porter, and S. T. Rolfe, Fifth Progress Report:
Extended [nvestigation of HY 130/150 Weldmenes, U.S. Steel Corp..
Monroeville, Pa.. Jan. 2, 1969, AD 846122.

J. i Smith and S. T. Rolfe, Effect of Composition on the Kisee of
FExperimental HY-150 Steels, U.S. Steel Corp., Monroeville, Pa., Dec. 20,
1968, AD 8461 21.

. C. 8. Carter, “Crack Extension in Several High-Strength Stecls Loaded in

3.5% Sadium Chloride Solution,” Boeing Document D6-19770, The
Boeing Company, Secattle, Wash., Nov. 1967, AD 685377.

C. N. Ahlquist, “The Influence of Ausforming on the Stress-Corrosion
Susceptibility of Some High Strength Steels,” Mctals Eng. Quart. 8 (No.
4), 52 (Nov. 1968).

D. S. Dabkowski, P. J. Konkol. §. R. Novak, and L. F. Pocter, Evaluation
of the HP 9-4-20 Steel Weldment System, U.S. Steel Corp.. Monroeville,
Pa., Jan. 2, 1969, AD 8461 I9L.

L. P. Connor, L. F. Porter, and S. T. Rolfe, Fifth Progress Report:
Development of an HY 180/210 Weldment, U S. Steel Corp., Monroeville,
Pa., Jun. 2, 1969, AD 846120.

B. F. Brown, “Interg seting Laboratory Stress-Corrosion Cracking Data in
Matcrials Sclection,” Pape- 69-MET-10, ASME Metals Engineering Division
and Pressure Vessels and Piping Division Conference, Washinton, D.C,,
Mar. 31-Apr. 2, 1969,

W. . Clark and F. T. Wessel, “Influence of a Synthetic Secawater
Environmen: on the Fracture Behavior of HP 9-4-25 and HP 9-4-20 Alloy
Steels,” Symposium on Materials Performance and the Deep Sea, ASTM
STP 445, Amer. Soc. Testing Mater., Philadelphia, Pa., 1969, p. 93.




140

98.

99,

100.

101.
102.

107.

108.

110.

1.

HIGH STRENGTH STEELS

R. D. Large, S. A. Kulin, and B. S. Lement, Slow Crack Growth in Gun
Tubes, final report, Contract No. PA-30-144-AMC-1639(W), to Watervliet
Arscnal, Materiais Research and Development ManLabs, Inc., Aug. 1967,
AD 682712,

S. R. Novak and S. T. Rolfe, Kyz.o Tests of HY 180/210 Steels and
Weldments, U.S. Steel Corp., Monroeville, Pa., Aug. 1, 1967.

G. J. Bieter and J. G. Garrison, “Stress-Corrosion Cracking Y'ests on Some
High-Strength Steels Using the U.S.N. Cantilever Mcthod,” Internal Report
PM-R-67-8, Physical Metallurgy Division, Dept. of Energy, Mines and
Resources, Mines Branch, Ottawa, Canada, Mar. 14, 1967.

R. T. Ault, Republic Steel Corp., private communication.

S. R. Novak and S. T. Rolfe, K. Stress-Corrosion Tests of 12Ni-5Cr-3Mo
and [8Ni-8Co-3Mo Maraging Steels and Weldments, U.S. Steel Corp.,
Monroeville, Pa., Jan. 1, 1966, AD 482761 L.

. F. R. Stonesifer and H. L. Smith, Characterization of TIG Welds in 12-5-3

Maraging Steel Plate with Application of a New Scaling Method for K\,
Plasticity Corrections, NRL Report 7053, Naval Research Laboratory,
Washington, D.C., Apr. 16, 1970.

E. H. Phelps, “A Revicw of the Stress Corrosion Behavior of Steels with
High Yield Strength,” Proceedings of Conference on Fundamental Aspects
of Stress Corrosion Cracking, Nat. Assoc. Corrosion Eng., Houston, Texas,
1969, p. 398.

. E. A. Steigerwald and G. L. Hanna, “Initiation of Slow Crack Propagation

in High-Strength Materials,” Proc. ASTM, 62, 885-905 (1962).

C. S. Carter, “The Tensile, Fracture Toughness, and Stress Corrosion
Properties of Vacuum Melted (300) Maraging Steel,” Boeing Document
D6-23888, Apr. 1969.

C. S. Carter, “Evaluation of High Purity 18Ni (300) Maraging Stcel
Forgings--First Technical Management Report,” Bocing Document
D6-24393-1, Contract F33615-69-C-1620, Aug. 1969.

C. S. Carter, “Evaluation of High Purity 18Ni (300) Maraging Steel
Forgings—Third Technical Management Report,” Boeing Document
D6-24393-3, Contract F33615-69-C1620. Feb. 1970.

. F. R. Stonesifer, H. L. Smith, and H. E. Romine, “Evaluation of Three

Materials as Candidates for Lift-Pad Studs in an Ocean Environment,”
NRL Memo Report 2068, Naval Research Laboratory, Washington, D.C.,
Nov. 1969.

C. D. Beachem and T. C. Lupton, “The Effects of Three Aqueous
Environments on High Stress Low-Cycle Fatigue of 18% Nickel Maraging
Steels,” NRL Memo Report 1685, Naval Research Laboratory, Washing-
ton, D.C., Feb. 1966.

A. J. Stavros and H. W, Paxton, “Stress-Corrosion Cracking Behavior of an
18% Ni Maraging Steel.”” Met, Trans, 1, 3049 (1970).




113.

114,

11s.

116.

117.

{18.

H19.

120.

121,

122.

123.

124,

REFERENCES 141

. R. P. M. Prcctor and H. W. Paxten, “The Effect of Trace Impurities an the

Stress-Corrusion Cracking Susceptibility and Frac ture Toughness of 18 Ni
(300 Grade) Maraging Stecl,” Carnegie-Mellon University (to be pub-
lished).

G. Sandoz and R. L. Newbegin, “Stress-Corrosion Cracking Resistance of
an 18Ni 200 Grade Maraging Steel Base Plate and Weld,” NRL Memo
Report 1772, Naval Research Laboratory, Washington, D.C., Mar. 1967.
C. S. Carter, Evaluation of a High-Purity 18% Ni {300] Maraging Steel
Forging, Technical Report AFML-TR-70-139, The Boeing Company, June
1970.

C. S. Carter D. E. Austin, and J. C. McMillan, “Fracture Toughness and
Stress-Corrosion Characteristics of a High Strength Maraging Steel,”
Boeing Document 16-25459, Aug. 1970.

L. P. Connor, L. F. Porter, and S. T. Rolfe, Fourth Progress Report:
Development of an HY 180/210 Weldment, U.S. Steel Corp., Monroeville,
Pa., July 1, 1968, AD 835686.

L. P. Connor, L. F. Porter, and S. T. Rolfe, Extended Investigation of
HY 130/150 Weldmenis, Progress Report No. 3, Contract NObs-9435,
U.S. Steel Corp., Monroeville, Pa., Jan. 1968, AD 825331L.

3. A. Davis and W. D. Henry, The Influence of Applied Potential on Crack
Growth Rates of 10Ni-2Cr-IMo-8Co Steel in 3.5 percent Sodium Chloride,
U.S. Steel Corp., Monroeville, Pa., Jan. 26, 1970.

F. R. Stonesifer and H. L. Smith, “Properties of Hot Pressed 10Ni-Cr-
Mo-Co Steel,” NRL Memo Report 2065, Naval Research Laboratory,
Washington, D.C., Nov. 1969.

P. W. Holsberg, Corrosion Studies of 10Ni-2Cr-1Mo-8Co Steels, Report
8-438, Naval Ship Research and Development Center, Annapolis, Md., Mar.
1970, AD 867332.

C. S. Carter, D. G. Farwick, A. M. Ross, and J. M. Uchida, “Stress
Corrosion Properties of High-Strength Precipitation-Hardening Stainless
Steels in 3.5% Aqueous Sodium Chloride Solution,” Boeing Document
D6-25219, The Boeing Company, Seattle, Wash., Feb. 1970.

D. Webster, “The Use of Deformation Voids to Refine The Austenitic
Grain Size and Improve the Mechanical Properties of AFC 77, Boeing
Document D6-23870, The Boeing Company, Seattle, Wash., Feb. 1969,
AD 687724.

D. Webster, “The Stress Corrosion Resistance and Fatigue Crack Growth
Rate of a High Strength Martensitic Stainless Steel, AFC 77, Boeing
Document D6-23973, The Boeing Co., Seattle, Wash., June 1969, AD
695794.

J. W. Kennedy and J. A. Whittaker, “Stress-Corrosion Cracking of
High-Strength Steels,” Corrosion Sci. 8 (No. 6), 359 (June 1968).

T

4
i
4




142

125.

126.

127.

128.
129,

131.

132.
133.

135,

137.

138.

139.

140.

HIGH STRENGTH STEFLS

N. A, Tiner and C. B. Gilpin, “Microprocesses in Stress Corrosion of
Martensitic Steels,” Corrosion 22, 271 (Oct. 1966).

G. Sandoz, “The Etfects of Alloying Elements on the Susceptibility to
Stress-Corrosion Cracking of Martensitic Steels in Salt Water,” Met. Trans.
2. 1055 (1971). .
R. T. Ault, Developmenr of An Improved Ultra High Strength Steel for
Forged Aircraft Components, Republic Steel Report TR-12000-2, Project
12000, Nov. 1969, Second Quart. Progress Report, { Aug-31 Qct 1969 for
Air Force Materials Laboratory, Wright Patterson AFB, Ohio.

R. T. Ault, Republic Steel Corp. private communication.

M. H. Peterson, T. J. Lennox, and R. E. Groover, “A Study of Crevice
Corrasion in Type 304 Stainless Steel,” Mater. Protect. 9 (No. 1), 23
(1970).

. C. J. Slunde: and W. K. Boyd, *Environmental and Metallurgical Factors

of Stress-Corrosion Cracking in High Strength Steels,” DMIC Report 151,
Defense Metals Information Center, Battelle Mem. Inst., Apr. 14, 1941,

E. Snape, “The Role of Composition and Microstructure in Sulfide
Cracking of Steel,” Corrosion 24 (No. 9), 261 (Sept. 1968).

B. Wilde, U.S. Steel Corp., private communication.

H. P. Leckie, “Effects of Environments on Stress Induced Failure of High
Strength Maraging Steels,” Proceedings of Conference on Fundamental
Aspects of Stress Corrosion Cracking, NACE, Houston, Texas, 1969, p.
411.

. D. Webster, “Effect of Grain Refinement on the Microstructure and

Properties of 4340 M Steel,” Boeing Document D6-25220, The Boeing
Company, Seattle, Wash., Apr. 1970.

D. Kalish and S. A. Kulin, Coupling of Ultrahigh Strength and Fracture
Toughness in Steels by Means of Thermomechanical Processes, Technical
Report AFML-TR-68-96, Air Force Materials Laboratory, Wright-
Patterson AFB, Ohio, Mar. 1968.

. R. T. Ault, K. O. McDowell, P. L. Hendricks, and T. M. F. Ronaid,

“Increased Reliability of a High-Strength Steel Through Thermal-
Mechanical Treatments,” ASM Trans. Quart. 60 (No. 1), 79-87 (Mar.
1967).

K. R. Agricola and J. T. Snyder, “Stress Corrosion of Explosively
Deformed High-Strength Alloys,” Metals Eng. Quart. 7 (No. 3), 59 (1967).
P. N. Orava and H. E. Otto, “The Effect of High Energy Rate Forming on
the Terminal Characteristics of Metal A Review,” J. Metals 22, 17 (Feb.
1970).

D. Webster, “Stainless Steel can be Strong and Tough,” Boeing Document
D6-24379, The Boeing Company, Seattle, Wash.

B. F. Brown, “The Role of the Occluded Corrosion Cell in Stress-
Corrosion Cracking of High Strength Steels,” Rapports Tochnigues, 112,
RT170, 1-3 (Jan. 1970).




145

146.

147.

148.

149.

150
151

152.

153

154

155

156

157

REFERENCES 143

. G. J. Bicfer, “Environmental Cracking Susceptibility of High Strength
Steels,” Mater. Protect. 7, 23 (Nov. 1968).

. H. L. Logan, “The Stress-Corrosion Cracking of Metals,” Metals Fng.
Quart. § (No. 2), 32 (May 1965).

. W A Van Der Sluys, “Mechanisms of Environment Induced Subcritical
Flaw Growth in AISI 4340 Steel,” Eng. Fracture Mech. 1,447 (1969).

. A. H. Priest, “Stress Corrosion Testing of High Strength Steels Using
Precracked Specimens,” Metals Mater. 3, 175 (May 1969).

. G. Sandoz, C. T. Fujii, and B. F. Brown, “Solution Chemistry Within

Stress-Corrosion Cracks in Alloy Steels,” Corrosion Sci. 10, 839-845,(1970).

B. F. Brown, C. T. Fujii, and E. P. Dahloerg, **Methods tor Studying the

Solution Chemistry Within Stress Corrosion Cracks,” J. Eiectrochem. Soc

116 (No. 2), 218 (Feb. 196Y).

J. A. Smith, M. H. Peterson, and B. F. Brown, “Electrochemical

Conditions at the Tip of an Advancing Stress-Corrosion Crack in AlSI

4340 Steel,” Corrosion 26 (No. 12), 539 (Dec. 1970).

E. N. Pugh and A. R. C. Westwood, “Critical Species in Stress Corrosion

Phenomena,” Stress Corrosion Testing, ASTM STP-425. Amer. Soc.

Testing Mater., Philadelphia, Pa., 1967, p. 228.

A. Gallaccio and M. A. Pelensky, “Stress Corrosion of High Strength Steel

Alloys~Environmental Factors,” Stress Corrosion  Testing, ASTM

STP-425, Amer. Soc. Testing Mater., Philadelphia, Pa., 1967, p. 99.

. H. J. Logan, The Stress Corrosion of Metals, John Wiley, New York, 1966.

. M. E. Holmberg and T. V. Bruno, “Metallurgy and the Corrosion Engineer:

What He Should Know,”” Mater. Protect, § (No. 5), 8 (1966).

E. E. Denhard, “Stress-Corrosion Cracking of High Strength Stainless

Steeis.” AGARD Conference Proceedings No. 18, 24th Meeting, Turin,

Italy, Apr. 17-20, 1967.

. E. E. Fletcher, W. E. Berry, and A. R. Elsea, “Stress-Corrosion Cracking
and Hydrogen-Stress Cracking of High Strength Steel,” DMIC Report 232,
Battelle Mem. Inst., July 29, 1966.

. H. H. Uhlig, “An Evaluation of Stress-Corrosion Cracking Mechanisms,”
Proceedings of Conference on Fundamental Aspects of Stress Corrosion
Cracking, Nat. Assoc. Corrosion Eng., Houston, Texas, 1969, p. 86.

. W. Rostocker, J. M. McCaughey, and H. Markus, Embrittlement by Liquid
Mezrals, Reinhold, New York, 1960.

. G. Sandoz and R. L. Newbegin, *A Comparison of Laboratory Salt Water
and Flowing Natural Seawater as an Environment for Tests of Stress-
Corrosion Cracking Susceptibility,” Report of NRL Progress, Naval
Research Laboratory, Washington, D.C., May 1969, p. 29.

. G. L . Hanna and E. A. Steigerwald, Influence of Environment on Crack
Propagation and Delayed Failures in High-Strength Steels, Technical
Document Report No. RTD-TDR-63-4225, Contract AF 33(657)7512, by
Thompson Ramo Wooldridge, Inc., Jan. 1964, AD 433286.




T .

-

144

158.

159.

160.

161.

163.

164

165.

166.

167.

168.

169.

170.

171,

172.

173.

174.

HIGH STRENGTH STEELS

G. Sundoz, “Subcritical Crack Propagation in Ti-8Al-1Mo-1V Alloy in
Organic Environments, Salt Water, and laert Environments,” Proceedings
of Conference on Fundamental Aspects of Stress Corrasion Cracking. (R.
W. Stachle et al., eds.), Nat. Assoc. Corrosion Eng., Houston, Texas, 1969,
p. hR4.

R. P. M. Proctor and H. W, Paxton, “Stress-Corrosion of the Aluminum
Alluy 7075-T651 in Organic Liquids,” ASTM J. Mater. 4, 729 (1969).

C. R. Singleterry and H. R. Buaker, Naval Research Laboratory, Washing-
ton, D.C., private communications.

S. Goldberg, Corrosion Protection of High Strength Steels, DMIC Report
210, Battelle Mem. Inst., Oct. 26, 1964,

. H. W, Paxton and R. P. M. Proctor, “The Effects of Machining and

Grinding on the Stress-Corrosion Cracking Susceptibility of Metals and
Alloys,” TP EM68-520, Amer. Soc. Tool Mfg. Eng., Jan. 1968.

W. L. Williams, “Stress-Corrosion Cracking: A Review of Current Status,”
Corrosion 17 (No. 7), 92 (July 1961).

8. F. Brown, Stress-Corrosion Cracking and Related Phenomena in
High-Strength Steels: A Review of the Problem, with an Annotated
Bibliography, NRL Report 6041, Naval Research Laboratory, Washington,
D.C., Nov. 6, 1963.

R. W. Stachle, “Montage of Processes Operating During Stress Corrosion
Cracking,” Corrosion, 23 (No. 7), 202 (July 1967).

M. C. Huffstutler, “Fundamental Considerations of Stress Corrosion,”
Corrosion, 19 (No. 12), 423t (Dec. 1963).

T. P. Hoar, “*Stress-Corsusion Cracking,” Corrosion 19 (No. 10), 331t (Oct.
1963).

J. F. Bates and A. W. Loginow, “Principles of Stress-Corrosion Cracking as
Related 10 Steels,”” Corrosion 20 (No. 1), 189t (1964).

H. J. Leidheiser, “Corrosion,” Chem. Eng. News, Apr. 5, 1965, p. 78.

T. P. Hoar, “Stress-Corrosion Cracking,” Symposium on the Coupling of
Basic and Applied Reseasch, Nat. Assoc. Corrosion Eng., Houston, Texas,
1969, p. 53.

J. E. Truman, R. Perry, and G. D. Peaker, ‘‘The Nature of Stress-Corrosion
Crack Initiation with Martensitic Stainless Steels,” Br. Corrosion J. }, 360
(Nov. 1966).

E. N. Pugh, ). A. S. Green, and A. J. Sedriks, Current Understanding of
Stress Corrosinn Phenomena, Technical Report 69-3, Research Institute
for Advanced Studies, Martin Marietta Corp., Mar. 1969,

R. W. Stachle, “Comments on the History, Engineering and Science of
Stress Corrosion Cracking,” Proceedings of Conference on Fundamental
Aspects of Stress Corrosion Cracking, NACE, Houston, Texas, 1969, p. 3.
C. F. Barth, E. A, Steigerwald, and A. R. Troiano, “Hydrogen Permeability
and Delayed Failure of Polarized Martensitic Steels,” Corrosion 2§ (No.
9), 353 (Sept. 1969).




i adee

176.

177.

178.

179.

180.

181.

REFTRENCES 145

J. € Scully, “Fracture Mechanics and Stress Corrosion.” Metals Mater. 3
(No. 53 174 (May 1909),

). C. Scully, “The Mechunival Parameters of Stress-Corrosion Cracking,”
Corrosion Sci. 8 {No. 10}, 759 (Oct. 196R).

W. A. Van Der Sluys, Environmental Cracking in AISI 4340 Steel, T&AM
Report 312, final report, Contract ARO-D-31-124-G872, Dept. of Theo-
retical and Applied Mechanics. University of llinois, 1967.

H. H. Johnson, “On Hydrogen Brittleness in High Strength Steels.”
Praceedings of Conference on Fundamental Aspects of Stress Corrosion
Cracking, (R. W, Stachle et al., eds.), Nat. Assoc. Corrosion Eng., Houston,
Texas, 1939, p. 439.

W. W. Gerberich and C. E. Hartbower, “Monitoring Crack Growth of
Hydrogen Embrittlement and Stress-Corrosion Cracking by Acoustic
Emission,” Proceedings of Conference on Fundamental Aspects of Stress
Corrosion Cracking (R. W, Staehle et al., eds.) Nat. Asso«. Corrosion Eng..
Houston, Texas, 1969, p. 420.

D. A. Vaughn and D. I. Phalen, **Reactions Contributing to the Formation
of Susceptible Paths for Stress-Corrosion Cracking,” Stress Corrosi =«
Testing, ASTM STP-425, Amer. Soc. Testing Mater., Philadelphia, Pu.,
1967, p. 209.

W. D. Benjamin and E. A. Steigerwald, “An Incubation Time for the
Initiation of Stress-Corrosior. Cracking in Precracked 4340 Steel,” Truns.
ASM 60, 547 (1967).

R OSERR T AR TGP U




Chapter 4

HIGH STRENGTH ALUMINUM ALLOYS

M. V. Hyatt and M. O. Speidel
The Bacing Company

v__’__._._ﬂ_
CONTENTS
4.1 Introduction .. ... L 148
4.2 Mcchanical Aspects (Effects of Stress) .. ... ... ... . ... 149
4.3 Bffectsof Environmeent . ... . L L L 173
4.4 Metasilurgical Aspects and Alloy Development .. .. .. ... ... L. 184
4.5 DISCUSSION . . o Lot i e e 213
4.6 Preventing SCC Failures in Aerospace and Other Structures . .. .. .. 218
4.7 References ... .., 23

147




4. HIGH STRENGTH ALUMINUM ALLOYS

4.1 Introduction

This chapter is a statc-of-the-art 1eview of the enginecring aspects of stress
corrosion cracking of high strength aluminum alloys. It is primarily written for
the practicing engineer, and contains published and unpublished information
availuble up through May 1970. An attempt is made to achieve a balance be-
tween the newer experimental results obtained using the linear elastic fracture
mechanics approach and the results of the traditional smooth specimen time-to-
failure tests. The mechanical, environmental, and metallurgical parameters which
influence tress-corrosion crack growth are reported in detail, and arc discussed
in terms of the available quantitative stress corrosion theories.

Special sections are devoted to modern alloy development and prevention of
stress corrosion failures in aerospace and other structures. The somewhat re-
lated topics of exfoliation and intergranular corrosion are treated brietly.

High strength aluminum alloys are of considerable importance in our tech-
nologically advanced society. Perhaps the best-known applications are for
rockets, spacecraft, arcraft and hydrospace vehicles. Table [ lists the chemical
compositions  tor the commonly used high strength aluminum-base alloys.
Mechanical properties of the alloys are listed in Table 2. (Data in Tables 1 and 2
were obtainea from Rels. | through 48.) The highest strength aluminum afloys
arc those based on the Al-Cu-Mg (2000 series) and Al-Zn-Mg-Cu (7000 series)
alloy systems. Since these alloys are the most widely used for today’s high
performance structures, this chapter will concentrate on them.

In their service environment, many of the high strength aluminum atlovs can,
under specific conditions, fail at stresses far below the yield strength due 1o SCC.
The large potential losses in load-carrying capability due to SCC can be appre-
ciated by noting the tow SCC threshold stresses in many of the alloys in Table 2.
Since such cracking often occurs below gross yielding, it is appropriate to use
linear clastic fracture mechanics analysis.

The main purpose of this chapter is to present and review the engincering
aspects of the wealth of knowledge accumulated to date about stress corrosion
cracking of high strength aluminum alloys. The fracture mechanics approach has,
in the past few years, allowed us to design quantitative stress corrosion iests |50,
S1] and to compare envitonmental and metallurgical effects on a quantitative
basis, as will be shown in the following sections. Before such modern testing
techniques had been developed, the conventional and more qualitative time-to-
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failure (TTF) tests had been used [52] for almost half a century to assess the
susceptibility to stress corrosion of high strength aluminum alloys. Smooth
specinens are also used to determine a threshold stress (og. ) below which stress
corrosion cracking is not observed within a given time (Ref. 42). Using this
technigque, metallurgists have been remarkably successful in developing alumi-
num alloys that combine high strength and resistance to SCC. and a number of
reviews have been published that adequately cover what smooth specimen test-
ing has contributed to our understanding of SCC high strength aluminum alloys
153-55). Today. however. quantitative SCC data are equally needed for alloy
development, fundamental studies of SCC. and advanced design. Already,
quantitative SCC data based on fracture mechanics analysis are used for the
design of pressure vessels in the aerospace industry, and eftorts are under way to
introduce the sume concepts to other designs as well.

In the following sections, the authors will describe the conditions under
which SCC failures can occur. It is the authors’ hope that metallurgists and
engineers can use the information presented here to further develop and safely
use the high strength aluminum alloys.

4.2 Mechanical Aspects (Effects of Stress)

Techniques for stress corrosion testing are discussed in Chapter 2 of this
monograph. In the present chapter, we will discuss only those aspects of stress
corrosion testing that are pectdiar to the high-strength commercial aluminum
alloys by virtue of the pronounced effect of grain shape and orientation on the
stress-corrosion performance of these alloys.

Grain Shape and Orientation

Since SCC tn aluminum alloys is almost always intergranular, the stress corro-
ston performance of these alloys is strongly refated to the local grain shape and
orientation with respect to the applied stresses. The grain orientations in the
stundard wrought forms are indicated schematically in Fig. 1. For hand and die
forgings, grain shape and vrientation can vary widely throughout the part. and
cross scctioning is required to determine local grain shape and orientation. Grain
flow in a typical die forging is illustrated in Fig. 2, which shows a cross section
perpendiculisr to the parting plane.

Because it is impostant to relate stressing direction and grain flow directions
in aluminum alloys, two systems have beea devised to relate these two para-
meters. L one system, used primarily for testing, smooth specimens, the three
stressing directions are designated simply by denoting whether the stress is par-
allel 1o the fongitudinal (L), long transverse (LT), transverse (T), or short trans-
verse (ST directions as defined in Fig. 3.




HIGH STRENGTH ALUMINUM AL LOYS

{50

S1°0 $0°0 01’0 sT0010 0£'0-01'0 0¢'0 oo 8000 L'¢-67 88¢ 6L0L
S0 ,$0°0 01'0 STOSL0 010 0r'0 (N o{-L0 §T-1e §96°§ pLZV
SUo S0°0 0co - 08°0-0¢€°0 ov'0 090 0'1-£0 (Orara! 0'80°¢ 9L0L
s1'o S0°0 0C'0  €€0810 0£'0 oy'0 0s0 0T-T'1 6C-1¢ 'o-1°'s SLOL
01’0  »+00 900 v00 010 o sto 8707 9T-6'1 L'oLs 0s0LX
S0 SO0 01’0 TT001°0 0T'0 sT0 st'o 6'1-T1 6'2-0C 8L 6+0L
st'o §0°0 01'o  STOSI0 oy'0-01°0 0£0 oy0 oly £€e€C SV¥SE 6€0L
S0 4S0°0 90°0-100 ST0-500 or0 IS +93404°0 sTo [aras A 0'L-09 L00LX
S1'0 3500 900-100 0C0900 0L'C0T0 SE0 oo oro 81-0'1 0's-0'y S00L
S0 SO0 0’0 S£o8l0 070 ] 0t'0 9°T-91 v'e9¢C 0889 100L
$I0° $00 SI'0  SE0-S10 0C0 ¢1-90 o'l SE€0 8050 §T0 is19
sU0 00 s1'o 010 0'1-0¥'0 L1001 050 0¥'0-SI'0 C1-08°0 sC°0 0L09
S0 §0°0 0c0 oro 1'1-9'0 81-60 0$0 T1-L0 v i-8a sT0 9909
S0 SO0 SI'0 $€0v0°0 sI'0  800v0 L0 0o¥osto '1-80 ST'0 1909
S0 S0°0 0’6 0U°0¢00 0'1-0§°0 1IS+24 040 oro §'S-L'y sTo 959S
S10 S00 ira) 0T'0-50°0 0'1-05°0 IS+94 00 o1r'o (V30 24 sT0 12347
S0 /500 sicy 0870500 S€'0 0s'0 050 sC'o 0'8-09 0l'0 0605X
S0 00 S1'0  §T°0-500 L0070 (] 0s0 oro S-St $C0 980¢
S0 S0°0 SI'0  ST0-S00 0°'1-0¢°0 or'0 ov'0 olo o' +0't S0 £80¢§
1o SO0 - SE0si0 01’0 IS+94 §+°0 o010 8°T-TC 01’0 <s0s
ST'0 5800 OI'0¢0°0 - §CO0 €160 LT-6'1 81-¢'1 - 8197
S1'0 pSO'0 010700 - 0$'0-0C°0 0o 00 8'9-8°¢ 00 oro 612
S0 §0°0 - 0t'o 6000 07’0 0€£'0 6’8t 8°t-T'1 §C0 pyTIT
<o §0°0 - 01’0 6°0-0t'0 0s'0 0s0 6't8'¢ 8- §T0 ¥20C
S1'0 ,»S00 0O1'00C0 - oy 0-0C°0 0t0 £0 8'9-8'¢ <00 oro 10¢
S1I'0 ¢S00 010 - 8'0-0£°0 ov'o (4Y] 0§50y t0'0 §T0 070TX
S0 SO0 si'o 01’0 T1-0v0 TI0S0 Lo 0¢-6't 8000 §C°0 141174
Rw.l.%l:mwﬁ WDy wWnieody)  dSaupIubjy  uNINIS unay 43ddo) WNIsaUsojy  pouly Lony

SAOJTY WNUWUWINGY [EONIRWLWO ) Jo st uotnisodwo ) [eanuay) ' 2qel




35

‘ST'0-80°0 WNMUODIZ SUTEIUOD 0SOLX p
SURWINEW gO0°() 3G [|Ln SAPOIIIAL JUIPIA 10§ JUAUOI WNIA1Q 6£0S PUE €0y
TWNWINTW 80000 WH18323q "$1°0-4 ') WLIPEURA "7 (-0 (0 WNIU0INZ SUIBIUOD §{ T,
"BLIL PUE 6L0L "SLOL "1909 "61TT PEIME uo Suippel),,
"BL1L PUB "6L0L "SLOL 40) Buippr]d yiduans-ydiy,,
'8L1L Pue §L0L 10) Butppep> puans-ydiy, :
"$107 PeIdE uo Fuipper), ,
‘70T PEIOIE uo 3uipper),
$T0-€ 0 4941t SUIRIUOD HL 7V, !
"$T°0-S0°0 WRILODIZ SUIRIU0D L00LX ), .
'07°0-90°0 WNIUOIIIZ SUTBILOD SO0L g *
"050°0-100°0 U010q "70°0-100°0 Wn[1£i3q SUI0d 0605X H
T1-6°0 123 suteluon 197, :
"$1°0-S0°0 Wwalpeuea *$7°0~01 0 WNIUOCIRZ SUITIUOD 6[TTp

MECHANICAL ASPECTS (FFFECTS O STRESS)

cooo

v O
| ——

2l
ccoc

W,
—_— o —

80°0-€0°0 U 0T 0-$0°0 WNIPED *§1°(0-50°0 WNPEURA ‘§7T°0-01 0 WNIUOINZ SWIPIUOD [TOT
L0670 WL e 0-01°0 WNIWPE SUITIU0D OTOTX ¢
-a3UEl € SE UMOYS SSIUN wnwiNew 1uantad 1ydiam ui uonisodwo),
a50°0 0ol’'0 o<o010 0§°0-0¢€°0 1'0 ov'0 €00 et e 3e ard 6£0S
SO0 s1°0 St'0  LOI-£6 80 Lyee SI'0 07’0 Stiv
Js0°0 0c'0 - §0°0 09S¢ 80 0€0 §0°0 oo 13404
0S0°0 020010 - ov'0-0C°0 0T'0 0g£'0 8'9-8°¢ 700 o1o 6l¢T
sanm 3uippay
s0°0 - - oro IS+24L°0 oro oro £ 1-8°0 uClOL
SO0 §00 0T0500 0¢€'001°0 §i'0 0z0 SO0 9'1-0'1 §'S-0¢ wll0L
S0°0 SO0 SCOTI0 SO0 010 oro SO0 v1-L0 SSvv 1800L :
SO0 oro S€0 800 01 €0 90 oro S'1-8°0 0o ¥£009 . _
SO0 - - SO0 S+94L°0 oro - 01°0 [0€CT !
sAoffe Suippe) N w.
SO0 900 ST08I0 90°0 ol'o o 6'1-T'1 9'C-6'1 [ Y SLYLX 1
SO0 0T’ SE0-81°0 0£'0 ov'0 0s°0 +'T91 I'e-+'¢ €L€9 8LIL u. M
SO0 01’0 0£C810 01'0 S0 0T’ 0c-¢l 61T 1I'9-1°¢ SLIL ¢ P
S0°0 070 ST'0 oL'001'0 0£°0 ov'0 061050 0'¢S’1 0'L-0'¢ 080LX :




152 HIGH STRENGTH ALUMINUM ALLOYS

Table 2. Mechanical, Fracture. and
Stress Corrosion Properties for Plates of Several Aluminum Alloys
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Table 2. Mechanical, Fracture, and
Stress Corrosion Properties for Plates of Several Aluminum Alloys. -Continued
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Table 2. Mcchanical, Fractuie, and
Stress Carroston Properties fos Plates of Several Aluminum Alovs  Continued
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Table 2. Mechanical, Fracture, and
Stress Corrosion Properties for Plates of Several Aluminum Alloys ~Continued
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Another system has been dcvised that is particularly useful for precrack~d
specimens. This system specifies both the cracking plane and crack propagation
direction. 1t uses three letters (L,T,W) to indicate the three mutually perpen-
dicular directions: L for the longitudinal direction, T for the thickness direction,
and W for the width direction. The crack plane is identified by the direction
normal to the crack. The crack propagation direction is identified by one of the
three directions, L, T, or W. Figure 3 illustrates the various possible double
cantilever beam (DCB) specimen orientations in plate material. Using this
system, cracks propagating in the parting plane of die forgings would correspond
to TL and TW cracks in plate.

The Sources of Stress

Tensile stresses are always necessary for SCC to occur. Service stress corrosion
failures in susceptible aluminum alloys usually result from sustained, uninten-
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¢/
%

SHORT TRANSVERSE o
Gy

SHORT

SHORT 7T N 7 s

TRANSVE RSE 4 TRANSVERSE

AT\ A\,

a4
LONG TRANSVERSE LONG TRANSVERSE LONG TRANSVERSE
{a) Sheet and plate (b} Extruded and drawn tube
‘—“n- SHORT

TRANSVERSE

LONGITUDINAL
——I‘SHORT

TRANSVERSE
TRANSVERSE TRANSVERSE

LONG TRANSVERSE
tcy Roled and extruded rod bar aad thin shapes (nand 10TiNGs generatiy the samel

Crosshatched sxeas are transversa; Othes sreas same & (<)

(dt Exteuded thick angd compiex shanes
Fig. 1. Grain orientations in standard wrought forms |56}

tionally induced stresss or residual short {ransverse Of transverse tension stresses
acting at the surface. A typical source of an unintentionally induced stress
resulting from assembly is Jlustrated in Fig. 4. Residual stresses usuaffy result
from quenching after solution heat treatment. Examples showing the magnitude
and sense of such stresses are shown in Fig. 5. The problems usually arise when
machining aperations expose the material under high residual tension stresses. In
some parts of complicated geometry, cooling vates may vary from area to area
during quenching due to variations in section size of formation of stesm pockets.
This can lead 10 surface residual {ension stresses even without subsequent
machining operations. Since design loads ase seldom of the sustained type, they
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PARTING PLANE
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g, 3. Some  possible  double-caatitever-bcam  (DCB) specimen  orientations  in plate
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TRANSVERSE DIRECTION

SHORT TRANSVERSE DIRECTION - VERTICAL
LONG TRANSVERSE DIRECTION -HORIZONTAL
e - SCHEMATIC OF GRAIN ORIENTATION

Location of machined angle with respect to transverse grawn flow in thick tee

ANGULAR MISMATCH
(CAN ALSO HAPPEN WiTH PARALLEL GAP)

RIGID
MEMBER

HIGH ASSEMBLY STRESS IN SHORT
THANSVERSE DIRECTION

RIGID MEMBER

Fig. 4. Nlustration of onc way in which locked-in short transverse assembly stresses can
result [ 561,

;%

1-3/4 IN. LONGITUDINAL OR
| % LONG TRANSVERSE
+20

T —T —
+10 0 -10 -20
TENSION COMPRESSION
STRESS (ksi}

Fig. 5. Typical residuat <tress pattem in 7075-T6 plate
given a cold-water quench and not stress relieved {3614,

are not usually the cause of SCC. There are exceptions to this rule, however, and
SCC often oceurs in hydraulic parts or pressure vessels where pressurization may
last for long periods of time. Other exceptions are interference fitted bushings
and fasteners.

Although it is probably less common, it is worth noting that once a stress
corrosion crack has initiated, the formation of voluminous corrosion products
within the crack itself can help in maintaining high stresses at the crack tip. This
phenomenon has been observed in several high strength aluminum afloys {46,
48,49 .

Two other forms of corrosion in high streagth aluminum alloys, namely
intergranular and extohation, are related to SCC inasmuch as the attack
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also oceurs along grain boundaries. Applied stresses are not necessary for these
forms of corrosion. It is significent that some alloys not susceptible to SCC may
suffer intergranalar corrosion or exfoliation corrosion.

Smocti-Specimen Test Techniques

Traditionally, SCC data for aluminum alloys have been obtained by exposing
smooth, stressed specinens to a corrosive environment |S7). Time to failure
(TTF) is then plotted as a function of the applied gross section stress as illus-
trated in Fig. 6. Note that there appears to be a stress below which no stress
corrosion failures occur. This estimated threshold stress oy depends on the
particulur alloy. temper. grain ditection, environment. and testing time; it is
referred to as the smooth-specimen stress-corrosion threshold stress. Most of the
available threshold stresses are listed in Table 2. Determiration of the threshold
stress is not @ simple matter and usually requires exposure of a number of
specimens stressed to each of several stress levels. The most widely used testing
procedure involves alternate immersion in an aqueous 3.5% NaCl solution. Speci-
mens are immersed 10 min followed by a 50-mirn drying period in an. Test times
range from 30 to 180 days in aggressive environments like the ones used in the
alternate-immersion test. In less aggressive environments such as industrial
atmospheres, testing times of not less than three years are required.

Failure is usually defined as cither actual fracture of the specimen or the
visual appearance of the first crack at some nominal magnification. It is often
necessary to conduct metallographic examination on specimens at the conclu-
sion of testing to verify test results. since failure can result from deep pitting or
general corrosion rather than SCC. In addition, while some specimens may not
appear to have failed by the previously defined failure criterion, sharp, inter-
granular stress corrosion cracks may be found during the metallographic
examination, thus indicating failure. The important influence of gruin shape and
orientation with respect to the stressing direction on the SCC threshokl of
smoath specimens is illustrated in Figs. 7 and 8.

Note in Fig. 7 that both the threshold stress and TTFE decrease as the stressing
direction is changed from the longitudinal to the short transverse direction.
There are two reasons for this behavior. First, the stress corrosion cracking path
is shortest for short transverse stresses, as illustrated in Fig. 9. Sccond. in the
short transverse direction the tensile stresses are niore nearly perpendicular to
the grain boundaries, and it has been shown that susceptibility to SCC is a
function of the resolved stress component acting normal to the grain boundaries
|58.59]. Despite the lower threshold stress in the short transverse direction. it is
important to note that even in longitudinal SCC specimens, cracks can initiate
casily on boundaries that are perpendicular to the applied stress [60]. However,
for cracks of this orientation there is no available continuous intergranular path
perpendicular to the stressing direction, Therefore, these cracks have great difti-
culty prapagating by stress corrosion. Nevertheless, such shallow stress corrasion
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crachs only one or two grains deep could be responsible for initiating fatigue
crachs i longitudinally stressed members.

The fimitations of TTE data from smooth specimens have been discussed i
Chapters 1 and 2 of this monograph.

Precracked-Specimen Test Techniques

There are several methods of obtaining stress corrosion data from atluminum
alloys using precracked specimens. One involves testing a series of fatigue:
precracked specimens using constant loads to achieve a series of plane-strain
stress intensity Ky levels below the plane-strain fracture toughness K. If the
cracks propagate by stress conosion, the Ky level increases until Ay is reached
and failure occurs. By plotting the time to failure against the initial, applied
stress intensity, an apparent threshold can be determined, which is denoted
Kiyo - This test method is illustrated in Fig. 10.

This method overcomes some of the objections against smooth-specimen TTF
testing listed in the preceding section, since with the test results it is possible to
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Py 8. Frfect of grain geometry and stressing direction on resistance 10 stress corrosion crack-
ing (SCCy 1or 707516 extrusions. This same trend is applicable to other manufactured forms
ot 707516 and also to other high-strength alumaum alloys in a susceptible temper [55].
From Procecdings of Conference on Fundamental Aspects of Stress Corrosion Qracking, 1969,
p. 468, e, 3. copyright by the National Association of Corrosion Engineers, Used by per-
fIisston,
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TRANSVERSE

Fig. 9. Effect of stressing direction on the intergranular stress
corrosion crack path in @ suscepitble high-strength  afuminum
alloy.

predict whether cracks in Jawed steuctures can propagate by SCC. Since stress
corrosion crack growth rates in aluminum alloys can be extremely slow, tailure
times can be extremely fong: if impatient investigators select too short testing
times. erroncously high Ky values can result. Threshold Ky levels can be
estimated by mechanically fracturing precracked specimens after they have been
exposed at a series of Ky levels for a sufficiently long time. Subsequent examina-
tion of the fractured specimens allows the determination of the Ky levels above
wiich growth is observed and below which no growth is observed. For any of
these tests, either the bent-heam, single-edge-natch. or surtace-tlaw type of speci-
men can be used, although it s usuaily difficult it not impossible to test the
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short transverse direcuon using such specimens, undess very thick matenal is
avatlable or extension anms can be fitted.

The ahove described methods have been used in recent years by a number of
tvestigitearns Lo overcome some ol the disadvantages associated with smooth-
speamen TTE testing 135.36,61-64] . In addition to the establishment of a
K ye o using this technique, some of the first crack velocity imeasurements have
heen made from additional Tractographic observations. A more convenient and
accurate technigue tor meusuring crack growth rates as a function of the applied
clach-tp stress mtensity is outlined in Chapter 2.

Crack Velocity as a Function of Stress Intensity

Obviousty the knowledge of the stress corrosion crack velocity as a function
of the crack-tip stiess intensity would constitute maore complete and detailed
infonmation than cither TTF or Ky The double cantilever beam (DCB) speci-
men provides the most economical and convenient method for measuring such
crack velocities at known stress intensity levels. The DCB specimen is also called
the single-edge-crached-specimen. Its stress intensity calibration is described in
Cliapter 2 ot this monograph,

The DCB specimen s ideally suited to testing the critical short transverse
directyon of high strength aluminum alloy materials because the intergranular
nature of SCC i these wlloys prevents the stress corrosion cracks from running
out of the center plane.

30 -
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Iy, 10, Precrackedsspecimen stress corroston data for short tranwerse 7075-T651 plate -
Iustrating the TEE method of obtaining K jgee. Using this technique, 2 Kigee of about 6 ksi
\/.'H. n obtmned [61], From Svinposium on Stress Corrosion Testing, Atlantic City, 1966,
P24, Figo 1 copyright by the Amencan Society for Testmg and Materials. Used by per-
misston,
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Most of the quantitative stress corrosion data presented in the tollowing
sections were obtained using DCB specimens ot the TL (short transverse) onen-
tation. A typical resalt is given in Fig. 11, which shows the velocity o1 the tip of
a stress corrosion crack in the alloy 70751651 as a tunction of the apphed
crack-tip stress intensity [46]. This is one of the key tigures of this chapter and
the reader should caretully examine it before going on. 1t summarizes much of
the progress that has recently been made with the new and quantitative stress
carrosion tests. Note that at low stress intensities the crack-tip velocity s
strongly stress dependent. This part of the crack veloacity vs stress intensity carve
(V-K curve) is labeled region [. At higher stress mitensities, the crack-tip velocity
is almost independent of stress. This platean of the V-K curve is labeled region
I 1t is important 1o note that the slope in region | when measured on a single
specimen has alwiays been found to be tinite, at feast down to very low velodities
(1078 10 1079 cm/sec). This means that at the present time no true lower limit
of stress inteusity K. has been observed below which stress corrosion cracks
do not propagate in aluminum atloys. Therefore, the assumption of a K¢ value
for aluminum alloys based on data shown in Figs. 10 and 11 is incorrect.

For the alloy 7075-T6S1, stress-corrosion crack velocities we identical tor
specimens completely immersed in saturated NaCl solution and for specimens
alternately imumersed in 3.5% NaCl solution. Thus, the data presented in Fig. 11
have been ehtained for the same alloy, crack orientation, and environment as the
data in Fig. 6 (smooth-specimen TTE) and in Fig. 10 (precracked specimen TTE,
Kisce ) These three figures, therefore, represent a fair comparison of the results
obtained with the three ditferent SCC testing methads for high strengih alumi-
num alloys.

Relationship Between Data from Smooth and Precracked Specimens

Since the precracked-specimen approach is tairly new in stress corrosion tost-
g of sluminam atloys. it seems appropriate U discuss brictlly some ot the
suggested relationships between stress corrosion resalts from smcoth and pre-
criacked specimens of high strength aluminum alloys.

One suggested means tor merging the two types of data |65] is dlustrated in
Fig. 12, In this figuie, both the SCC threshold stress for smooth specimens and
the threshold stress iniensity Kygee for precruched specimens are plotted vs tlaw
depth. (K is used here for illustrative puiposes only, since a true threshald
apparently does not exist for most aluminum alloys.) The gencrahized equation
K = o +/na. relating stress intensity K. stress o, and (law size 2. has been used
to construct the Ky tines in Fig. 12, There are two implications from this ty pe
of plot. First, to avoid SCC, 7075-T6510 should not be stressed at levels above
the smooth-specimen threshold stress (7 ksi), regardless of the flaw size in the
material. Second, when relatively Large flaws are present, 7075-T65 10 should naot
be stressed at Tevels above those defined by the threshold stiess-intensity Kyge,..
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g 120 Supgested method 1or combiming stress corrosion data on sinooth and procrached
specimens tor predicting when SCC will accus [65)

The approximate Ky value 1or 7075 16ST0 from Ret. 65 used to construct
Fig. 1208 much higher than would be expected trom the data tor 70757651
Figs. 10 and 1. Therefore, we have added o« second K, lime based onaovalae
ol S ksi /i, 1o show the eflect of i hower Ky value on this type ot plot.
While not partreudarly useful Tor design paeposes, this type of plot does
illustrate the tact that susceptible alunnnum alloys are subject 1o titure at stiess
intensity Jevels below the apparent K, . provaded the stiess fevel s ahove the
smooth-specinien threshold stress. This fact inatsell shows that the A7y, data
usea in Fig. 12 are not the lower Timit ot stress mtensiny: béiow whieh SCC
camnot oceur. The reasons for thas are threetold. Frst. as pointed oat s the
preceding section, even ot ow stress intensities and extienmely Jow growth rates,
a threshold stress mtensity for aluminam alloy s has not yet been obsenved. This
is difterent from the observed behavior of magnesium: alloss, tizanum alloy s,
and steels in peutral agueons halide solutions, where apparently o true Ky,
enists. Second. the reason that SCC iy observed below the exeended Ay, e i
specimens with very small tlaws or no apparent mital Daws (Fig. 12008 tha
other torms of corrosion can oceur. These could be cither prring or wate,-
granufn corrosion, both or which can provide s.ress rmsers that couid increase
the effective stress intensity to levels where the growth rate is suttictently high
to cause eventuad tailure. (NDee that pitting or Gitergranalan cortasion may Who
caiuse changes in the local solution chenustry and thus influence stress-corosio,,
ctach growth.) Stress corroston fatlures i alloy 703979 have occuned
extiemely low stress levels, ve. at stiess fevels below the 7-ksi level by preal of
that vhserved Jor other susceptible 7000-series alloys Joo ). 1t ypepificant n
this context that SCC crachs m 7039-T6 have been observed toinitiate at pus
resulting from corrosion i kiboratoty dir of Mg Si particles along yram baund-
aries 60} A number of other factors could also provide effective stress in-
tensities gher than those caleulated. These include tocal plastic detormation,

>
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cracked intermetallic particles, and residual stresses. Third. the assumption Ky =
avae w Fig. 12 is an oversimplification. It would be more appropriate to
adjust Ky values with a correction factor that tukes into account the depth of the
Haw with respect to the specimen size. o, the relatively small spccimens gen-
crally used in stress corrosion testing, this factor is not insigaificant and could
increase appreciably the actual crack-tip stress intensities over those shown in
Fig. 12 for the flaw depth listed there.

Experimental Difficulties in Testing Precracked Specimens

txperience gained with many hundieds of tests to date has shown that there
are @ number of experimental problems that must be overcome if accurate V-K
corves are L be obtained. These problems are discussed betow.

Residual Stresses. When SCC specimens are machined from heat-treated,
quenched, and aged material that has not been stretched or compressively stress
rclieved abier quenching, residual stresses can cause large errors in Ky levels
catcalated using the Ky calibration equation [61]. Error is introduced by the
howing apart of the DCB specimen arms due to the residual compressive stresses
on the sarfaee of the specimen.

Similar problems are encountered i DCB specimens are machined from hand
or die forgings containing quenched-in residaal stresses: the Ky levels caleulated
far such specitnens based em the Ky calibranion of the DCB specimen are not
valud, Tonothis connection. the effect of residuad stresses on the behavior ot DCB
spectinens ha clearty demanstrated the important role that quenched-in residual
stiesses cae play n the propagation of stiess corrosion crachs in actual parts,
Thus, wmomany cases 1t may be extremely dangerous to predict growth vites inan
actual part based on a Ay level calealated From assumed Joads and crack geom-
ctry. bocn geometry changes e the part may keep the Ky bevel much higher
than that caleulated.

The mujonty ot the quantitative stress corrosion data reported in this paper
for the high sthieneth wunnam alloys was obtained from plate matenal that was
stretehier strmghtened 1o remove aesidual stresses. Thas is mdicated m the
temper designation, TXS T Tor streteherstiaightened maternal.

Corrosion-Product Wedging., The buildup of corrosion products i the crack
ot a DOB specimen can canse stresses atb the crack tip. These stresses can reach an
itersity fighor than the crack-tip stress mtensity apphed by externat foading
Phias los heerc obseeved o both 2000- and 7000-senes alfoys [46.45.05] . Thu,
Ay solues calcufated from the Ky calibranon ot the DB specunen can be m
crron, I entiemie vases, the contoston-product-wedgmg action can be soosevere
that the Joadig balts e hitted trees with the entire stress bemng sapphied by the
cottosion products [46.65]

Fhere are two wass 1o detertmme that cormosion-product wedgng bas nog
mtraduced crrors o the measared VoK cunves. Fast. the DOB speamen can be
uptoaded atter the sest and the deflection an the Toad e can be remeasired and
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compared to the deflection at the beginning of the test. It the two are nearly
cqual, no substantial amount of corrosion products has accumulated in the
crack. Second, when at fow applied crack-tip stress intensitics the crack growth
rate becomes immeasurably small, one can conclude that corrosion-product
wedging is insignificant.

Specimen Orientation and Grain Flow. Grain flow in forgings varies with
location in the part. Because stress corrosion cracks are intergranular in high
strength aluminum alloys, they foliow the grain flow. Therefore, care must be
taken to ensure that DCB specimens are machined from forgings in such a way
that they are loaded normal to the grain flow. If they are not loaded in this
manner, growth rates several orders of magnitude slower than those in the short
transverse direction can result.

Crack Branching. Generally, stress corrosion cracks in commercial high
strength aluminum alloys in the TL and TW directions do 1ot branch. The same
is true in forgings if cracks grow along a dircction of pronounced grain tflow. If,
however. an cquiaxed grain structure cxists, macroscopic crack branching is

”* -

e possible under certain conditions [68].
® The V-K curve must show a Ky-independent region (e.g.. region 1l in
Fig. 11).

® The crack-tip stress intensity at the point of branching must be at least 1.4
times the stress intensity at which region 1) begins.
Note that these conditions are necessary but not sufficient for hranching.

Delamination. When specimens with precracks in LT and WT orientations are
SCC tested, delamination (grain-boundary separation mong TL oad TW planes)
can oceur. This can effectively blunt the crack. thus invalidating the caleulated
stress intensity (62},

Short Testing Times. Stress corrosion crack growth rates observed in alumi-
num alloys ~an be extremely slow (1075 infhr or less). Therctore, lang testing
times may be required to accurately determine the Jower end of the V-K curve.
Long testing timas can he a problem, either because data are required imme-
diately or because testing facilities cannot be tied up for long periods et tine,
Morcover, it has often not been realized that instead of a Ky region Lot the
V-K curve must be determined; e, cracks often do not stop even thongh they
may slow down considerably. For these reasons, short test runout times can lead
to erroncously high K. values. Foo short testing times could cause significant
problems when it becomes necessary o ensure integnity in aluninam alloy
pressure sessels for use in deep-space probes (3-year mission to Mars and back,
for examiple).

Relating Laboratory Data to Crack Growth in Service. Under service condr
tons, the environment as well as the stress level vanes with tame. Therelore,
laboratory data should be supplemented with tests conducted i actaal and

stmulated service environments.
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Advantages of Precracked Specimens for SCC Testing

The use of precracked DCB specimens for stress corrosion testing of alumi-
num alloys has several advantages.

® Mcasurement can ke made of the stress-corrosion crack-tip velocity as a
function of the crack-tip stress intensity. Thus, while smooth-specimen data
cannot be used to evaluate failure times of flawed structures or to prescribe
loads below which unintentiond!lv flawed structures will not fail in a given time,
precracked specimen data can be used for these purposes. It is not intended that
precracked specimens should replace ali smooth specimens for stress corrosion
testing of aluminum altoys. Rather, such precracked-specimen data are a valuable
addition to the smooth-specimen threshold data in the same way that fatigue
crack growth data are a valuable addition to the standard S-N fatigue curves for
different alloys {65]. And, like futigue-crack growth data, actual stress corrosion
crack growth data can be useful for setting inspection intervals and for monitor-
ing some structures. In addition, V-K data can be used to establish loads which
cnsure that structures containing possible undetectable flaws will operate safely
in corrosive environments during their design lifetimes. Specific examples where
precracked-specimen data have actually been used are given in the next section.

® The use of DCB specimens can climinate scatter due to the initiation of
stress corrosion cracks in smooth specimens, raising hopes for the first time that
reproducible test results can be obtained in different laboratories.

® The DCB specimen can be used equally well for fundamental studies, alloy
development. and design, making communications between these various dis-
ciplines much easier.

@ The simple design. low cost, portability, and scif-stressing capability of the
bolt-loaded DCB specimen, and the case with which data are generated from this
specimen, are the keys to its eventual widespread use.

® When testing smoath tension specimens for SCC, it is good testing practice
to expaose unstressed specimens simultancously with stressed specimens, since
stressed specimens could f{ail simply by cross-section reduction due to inter-
granular, pitting, or general corrosion. Such a double check is not needed with
DCB specimens because all possible effects of corrusion can be studied on the
unstressed part of the same specimen after the test. Thus, when the DCB speci-
men is bioken open after a SCC test, the crack face will show not only the depth
of the SCC crack but alse the depth of pits and intergranular corrosion in the
unstressed part of the specimen.

Some Advantages of Smooth-SCC Specimens

Smooth-specimen stress corrasion tests measure a sequence of phenomena in
one test, i.e., initiation and propagation of cracks, and this can be an advantage
(ur practical applications. In cases where crack initiation takes up a major part of
the time to ailure, smooth specimens are useful to simulate service behavior ofa
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Nawless structure. In addition, a vsealth of smooth-specimen data has been gen-
erated over the past several decades for most of the high strength aluminum
alloys currently in use. This makes the use of smouth-specimen test techniques
attractive in alloy development since the new alloy can be compared direetly
with the well-known alloys already in service. However, alloys can be rated
equally well using crack growth rate data at known K levels, and it is thought
that such test techniques will eventually be preferred over the smooth-specimen
test technique for many applications.

Some Specific Applications of Precracked-Specimen Data

The use of threshold stress intensity data in actual design is probably best
illustrated in the case of pressure vessels for the U.S. space program [35,36.62,
63]. In such cases, the relationship between fracture toughness Ky, threshold
stress intensity level K g, . applied stress intensity level Kf;, operating stress 0qp.
and proof test pressure (g, X proof test factor a) are illustrated in Fig. 13.
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tig. 13. Use of K. and Kyg . criteria in pressure-vessel
and critical-burst design |361.

In this particular instance, vessels successfully passing a proof test at the g,
X a stress leve! are presumed to have defects not larger than (a/Q); (Fig. 13).
Any preexisting defects larger than (a/Q); would cause bursting since the inter-
section of the o,p X a horizontal line with the vertical projection of a flaw
larger than (a/Q); would fall to the right of the Ky curve or into the fracture
region.

At the operating stress level o, a preexisting flaw as large as (a/Q); would
remain stationary under sustained load because the resultant Ky; is smaller than
the Kigec, as scen from the fact that the intersection of the o,p and (a/Q); lines
falls to the left of the intersection between the Ko, curve and the o, line. 1f
the vessel were subjected to cyclic loading at 0,p. the initial flaw (3/Q); would
grow in size by fatigue until it reached the (a/Q),., size. at which point bursting
waould oceur.




172 HIGH SFRENGTH ALUMINUM ALLOYS
171
0, X ]%
op 2 Ié
l $IZ
t
2 %0 \ 4‘
w
o
% { Kic
/Q). K
la )l : (a/?)cr isce

FLAW SIZE ———

Vig. 14. Use of Kj. and Kyg. criteria in pressure-vessel and
lcak-before-burst design [36].

In a thinner walled pressure vessel, the critical flaw size (2/Q),, may be larger
than the wal! thickness (Fig. 14). In this case, the vessel would be safe to operate
at g,p sustained load just as in the previous case; again, the maximum initial
flaw size (a/Q); that could remain after proof test is smaller than what would be
required to generate Ky; above the Kigee level. If this vessel were subjected to
cyclic loading, the flaw would again grow in size, but the pressure vessel would
leak and depressurize rather than burst because the wall thickness is less than the
critical flaw size (a/Q).r. In both cases a relatively short fatigue-crack extension
could increase the crack-tip stress intensity above Kygqc, resulting in failure by
SCC even without further cycling. 1f the V-K curve for the material environment
combination were known, it would be possible to predict quantitatively the
remaining lifetime of the pressure vessel.

V-K curves have actually been used in sctting inspection intervals fo
structural parts known or suspected to contain flaws. In one case [69] serious
stress corrosion problems arose in a large machined 7075-T6 forging used to
transmit loads from the wing to the fuselage of a fighter aircraft. A: attempt was
made to determine inspection intervals such that the largest undetectable flaw
cauld not grow to a criticud size between inspections. To set a realistic inspection
interval, the small amount of stress corrosion crack growth rate data for 7€75-T6
available at the time [61] was examined. An equation for the growth rate
(dafd?t) as a function of K was detcrmined, and the time necessary for growth
from initial to critical flaw size for given load conditions was determined by
integrating the expression between the appropriate limits. This work was carried
a step further {69] by incorporating into the crack growth equation a term
accouating for simple intergranular corrosion, which, in the assumed model,
precedes the rapid stress-accelerated corrosion stage. Further maodifications to
the formula incorporated the smooth-specimen stress-corrosion threshold stress
and an initiation 'erm.




MECHANICAL ASPECTS (LFI'ECTS O STRESS) 173

This early work illustrated the need for more stress corrosion crack growth
rate data as a function of stress intensity in several commonly encountered
envitonments. It also illustrated the need for more data on the rates of inter-
grannlar attack since this mode of corrosion may precede the stress-accelerated
torm of cracking. Data of the type reported in Fig. 11 should be useful in this
regard and should make analysis of the type just described both more quanti-
tative and more accurate.

4.3 Effects of Environment

The environment has a most important cffect on the nucleation and growth
of subcritical cracks in high strength aluminum aloys. Actually measured crack
velocities in a single alloy may range over more than nine orders of magnitude.
depending solely on the environment that fills the crack [47]. Cne should.
however, keep in mind that stress corrosion cracks are influenced not only by
the environment but also by the microstructure of the alloy and by the crack-tip
stress intensity.

Gaseous Environments

Gascous environments are among the most important ones to consider, since
obviously the use of high strength aluminum alloys in air is widespread.

Hydrogen Gas. Aluminum alloys do not appear to be embrittled to any
apprecisble extent by high-purity hydrogen gas at ambient temperature [70].
Tensile strength and ductility of alloys 6061-T6 and 7075-T73 are not subst -
tially reduced when the test environment is changed from helium to hydrogen of
10,000-psi pressure, and the same is true for notched specimens of these alloys
[71]. No loss in mechanical properties and no change in fracture behavior is
observed when alloy 7039-T61 is tested in hydrogen up to 10,000 psi |72].

The effect of high-pressure, kigh-purity hvdrogen gas on subcritical crack
growth of aluminum alloy 2219-T6 was studied with surface-fluwed, part:
through-crack specimens [35], as outlined earlier in this chapter. The results
of such tests are shown in Fig. 15. These results indicate that the threshold stress
intensity factor (K7} for this alloy exposed to hydrogen gas at 5.200 psi was
about 28 ksiv/in. for specimens from 0.75- and 1.00-in.-thick plates. Corres-
ponding data for weld metal in welded specimens indicated that the threshold
stress intensity was about 26 ksi v/in. for the hydrogen environment. Since these
tests proved that base metal and weldments of 2219-TaE46 aluminum alloy
retain their load-carrying capability in pressurized hydrogen gas at stress in-
tensities of more than 80% of their respective tracture toughness values, the
alloy was recommended for pressure vessels containing hydrogen gas |35].

Four of the most widely used high-strength alununum alloys showed no crack
growth when precracked, stressed to near Ay, and exposed to dry hydrogen for
47 days |46},
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Other Gases. Stress corrosion cracking of high strength aluminum alloys in
argon, nitrogen, oxygen, air, and hydrogen is generally characterized by the
following rules {47]:

& Stress corrosion cracks do not initiate or propagate in dry gases.

® [n humid gases, stress corrosion cracks initiate immediately from precracks
stressed to near K.

® [n gases of 100% relative humidity, crack growth occurs with a velocity of
about 1073 in/hr. in the stress-independent region Il of the V-K curve of several
commercial high strength aluminum alloys.

® The stress-dependent crack velocity in region I of the VK curve is strongly
influcnced by the metallurgical parameters, with alloy 7079-T651 being the
most susceptible, followed by 7039-T61, 7178-T651, and 7075-T651.

It has also been observed that the stress-independent stress corrosion crack
velocity of alloy 7075-T651 is linearly deendent on the water vapor concen-
tration in the air [47].

Outdoor Exposure

Stress corrosion cracks in specimens exposed outdoors can be alternately
filled with gases and liquids due to rainy and dry periods. V-K curves have been
determined for all major high strength aluminum alloys [46,48,73]. Generally,
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Fig. 15. Sustained-load flaw growth in pure hydrogen gas [35]. The numbers next to the
points indicate the extent of crack growth in thousandths of an inch.
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the shape of V-K curves resembles the one in Fig. 11 and in most cases, the rules
mentioned in the previous section apply.

Smooth SCC test specimens of many high strength sluminum alloys have
heen exposed in the stressed condition to both seacoast and miard atmospheres.
Typical results are shown in Fig. 16 [42] . Note that in the seacoast atmosphere,
all alloys listed seem to have the same smooth-specimen threshold stress of 7 ksi.
However, in the inland industrial atmosphere, alloy 7079-T6 cracks not only
fastest but also at the lowest stress levels. This is consistent with the results for
precracked speciriens [73] as well as with the service behavior of the alloy. A
different kind of comparison of the SCC resistance of high strength aluminum
alloys in various atmospheres is shown in Fig. 17; the probability of failure of
smooth SCC tests specimens is compared for four different alloys in three differ-
ent environments. Note the significant high percentage of failure of alloy
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Fig. 17. Comparison of the probability of failure of smooth stress-corroston-cracked specr
mens in several envitonments {42{, From Metal Prog. 81 (Nn, 4), p. 80, Fig. 4; copyright
1962 by American Society for Metals, Used by permission.

7079-T6 specimens in an industrial atmosphere when stressed to only 15% of
their yicld strength. I more attention is given to such data the mcidence of SCC
service faifures in future designs can be greatly reduced. Unfortunately, the
simooth-specimen threshold stress level from 3.5% NaCl alternate-unmersion tests
cannot always be relied upon to assess the SCC susceptibility ot high strength
aluminum alloys, and the results of such tests do not indicate any difference
between many alloys when tested in the critical short transverse direction (see
Table 2). Here is u clearcut case where the method of determining V-K curves
using precracked specimens is not only cheaper and faster than oiher nicthods,
but 1t also shows quantitatively just how much more susceptible thun other
alloys 7079-T6 really is as will be seen later in this chapter.

Agueous Solutions

Uistilled water and most agueous solutions can cause SCC of suscepitble high
strength aluminum alloys. For most alloys (e.g., alloy 7075-T651) the crack
velocity is about the same in distilled water as in moist air. The few cations
tested 1o date 1n aqueous sofutions (1e.. Li*, Na* K*. Rb*, Cs*, Ca** AI***,
NH4*) do not appea to have any specific effect on the growth of stress corro-
stort cricks, except that they intluence the solubility product and thus can
govern the concentration of speaific anions. Among the anions tested so far,
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only chloride, bromide, and iodide have been observed to accelerate the growth
of stress corrosion cracks above and beyond the velocity measured in water. It
has been shown that the stress-corrosion crack velocity in region Il of the V-K
curve of alloy 7079-T651 depends linearly on the halide ion concentration when
concentrations of 2 X 1072 moles/liter ure exceeded [46.73].

Time-to-failure tests can be used in some cases as a first approximation to
indicate whether an environment will cause rapid failure of a part under stress. A
summary of such TTF test results is given in Table 3 [60,74]. Note in Table 3
that for alloy 7075-T651, the shortest failure times are always measured in
solutions containing chloride.

Effect of Electrochemical Potential

The effect of an applicd clectrochemical potential on stress corrosion crack
growth in high strength aluminum alloys has been studied in detail [46,73].
Some of the results can be summarized as follows:

® in srrongly acidic aqueous halide solutions the stress corrosiun crack
velocity in region 1§ of the V-K curve is independent of the applied clectro-
chemical potential; i.e., cathodic protection against stress corrosion cracking in
such solutions is impossible.

® In ncutral aqueous halide solutions, there exists a potential range within
which the crack velocity depends exponentially on the applied clectrochemical
potential, and can be markedly reduced by negative potentials. Thus, cathodic
protection appears possible. The potential dependence of the crack velocity is
further influenced by the halide ion concentration of the solution and the metal-
lurgical parameters of the alloy.

® At very noble applied anodic potentials, the crack velocity 1s independent
of potential, even in concentrated neutral aqueous halide solutions.

Effect of pH

Qualitative studies of pH on stress corrosion cracking of high strength alumi-
num alloys abound. There is general agreement that the occurrence of SCC in
chloride solutions is markedly reduced as the solution is made increasingly alka-
line |55). Sometimes it is possible to prevent SCC of aluminum alloys by re-
stricting their application to an environment with a pH larger than a fixed
minimum {75}, Acidifying the solution usually redaces the time to failure.
Typical results for smooth specimens are shown in Fig. 18,

Quantitative studies of the crack growth rate as a function of stress Intensity
and pHl in aqueous halide solutions [46.73] can be summarized as follows:

® Region [F crack velocity is almost independent of pit between pH 1 and
pH1l.

® Region | of the V-K curve i» dispfaced to lower stress intensities when the
pH s reduced to values smaller than 3.
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Table 3. Time to Failure by SCC of
Aluminum Alloys in Various Aqueous Environments*
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Fig. 18, Lffect of pH on time to failure by SCC of aluninum ailoy 7075-Te
{76].

¢ Region | of the VK curve is not aftected by variations of pH between 2.5
and 11.
The latter result may be related to the observation that the solution chemistyy
within a narrow crevice can be very different from the chemistry of the bulk
solution [77}. Consider an aluminum alloy in a neutral 0.5 Af NaCl solution. It
the metal contains a crack filled with the solution, aluminum chioride is formed
in the crack. The aluminum chloride can hydrolyze and acidify the medium.
Theoretical caleulations predict a pH ol 3.5 in the crack under such conditions.
Direct measurements of clectrolyte from a narrow crevice yiclded pH values of
321034 {77).

Effect of Temperature

For many years it has been known that higher temperatures can cause a
decrease of the time to failure by stress corrosion of susceptible aluminum
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Fig. 19. Effcct of stress and temperature on time to failure by SCC of alloy 7039-T64 {78].
From Symposium on Stress Corrosion Testing, Atlantic City, 1966, STP 425; copyright by
the American Society for Testing and Materials., Used by permission.

alloys. Typical data are shown in Fig. 19. Extensive measurements of the eftect
of tempetature on stress-corrosion crack velocity [46,73] can be summarized as
follows:

® Stress-corrosion crack velocity in region I of the V-K curve of high
strengir aluminum  atloys in concentrated aqueous halide solutions depends
strongly on temperature with an apparent activation energy ot 27 keal/mole.

® Stress-corrosion crack velocity in region Ul of the V-K curve is not so
strongly influenced by the temperatuie. A typical measured apparent activation
energy is 4 kcal/mole.

Effect of Solution Viscosity

The effect of the viscosity of a 2-M aqueous Kl solution on the velocity of
stress corrosion cracks in alloy 7079-T651 has recently been measured 46,73} .
It appears that viscosity affects only the plaiesu of the V-K curve, and that
region | crack growth is not influenced. Experimentatly. a lincar tunctional
relationship has been found between the stress-independent crack velneity wng
the reciprocal solution viscosity.
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HNO3 and Inhibited Red Fuming Nitric Acid

The few experimental data available on the effect of concentrated nitric acid
(70.9%) on the growth of SCC cracks in alloy 7079-To51 indicate that the crack
velocity is equal to or close to that measured in distilled water [46]. Smooth
specimens of a number of high strength aluminum alloys were tested in hot
(165° F) inhibited red tuming nitric acid (IRFNA) [79]. The results are illus-
trated in Fig. 20. Note that the highly stressed 7075-T7351 specimeas that were
resistant in 3.5% NaCl failed in the hot IRFNA, as did 7075-T6S1. Alloys
6061-T6. 2024-T8S5 1, and 2219-T87 apparently are resistant to SCC in IRFNA,

Z
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Fig. 20, Comparison of smooth-specimen resistance to SCC of various alloys ininhibited red
fununge nitric acid st 1657 F and in 3.5 NaClalternate immersion [ 79] . From Proceedings of
Conference on Funawamental Aspects of Stress Corro-ion Cracking, 1969, p. 24, by Locopy-
tight by the National Association of Corrosion Frgincers, Used by permission,

Nitrogen Tetroxide

Nitrogen tetroxide has been considered as an oxidizer in tiquid fuel rocket
propellants. However, certain high strength aluminum alloys are susceptible to
environiment-induced  subcritical crack growth in N:0Qg4 |36}, The effect of
applicd stress intensity on growth of surface flaws in alloy 2021 exposed to
N, Oy is shown in Fig. 21 [36}. An apparent threshold is designated K 7. The
numbers next to the data points indicate the extent of cruck growth in thou-
sandths of an inch. It is apparent that subcritical crack growth occurs at stress
intensities much lower than K. The fuct that the threshold stiess intensity
K pyy is only 10.0 ksi/in: for alloy 2021-T81 is quite likely to create functional
problems if the alloy is used to make pressmized N2Oyg storage vessels.

Organic Liquids

Stress corrosion cracking of hizh strength aluminum alloys i od has been
observed o1 some time, but only recently has the growth of stress corrosion

- C e -, -
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Fag. 22, Dtfect of stress intensity on stress-corrosion-crack growth rate of a high-
strength aluminum gllov immersed in ethanol [80) . From J Mater. 4 (No. 3), p.
747, Fig. 125 copynght 1969 by the American Socicty for Testing and Matenals,
Used by pormission.

cracks been quantitatively studied as a tunction of crack-tip stress intensity m
various organic liquids [46 8081]. One of the first published results is shown
i Fig. 220 where the crack growth rate ot alioy 7075-1651 in ethanol is plotted
as o function of the plane-strain crack-tip stress intensity. A linear relationship
between crack velocity and stress intensity was reported for altoy 7075-T6S1 in
both ethanol and carbon tetrachloride. From the intersection of the stranght line
with the stress anis, Ay, was estimated to be 7109 ksivin. m ethanol and 10
1o 12 kst Vin. i carbon tetrachloride [K0]. tt was thought that crack propaga-
ton was not due to traces of water in the organic liquids [K0.81]. Note that
these results were penerated with cracks in the WL orientation and that the
cracking mode was observed to be mixed transgranular and intergranular [81§.

The velocities of stress corrosion cracks in the TL direction e alloy
7075-T6S1 immersed in flight tuel, engine oil. and two hydiaulic fluids have
recently been measured and were tound to be very similar to the crack velocities
in many other commercially avafable organic fiquids and also similar to the
stress-corrosion crack veloaty in moist air of about 30% refative humidity {734,
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Liguid Metals

Al high =tenpth alusunune alfoys are susceptibic to imtergrunadar hguid-metal
cinbottiement ¢ M) The tollowing liguid metals have been found to eihritile
aluminun alloys: T, Ga, Na, in, Snoand Zo [82]. The etect of Tigud mercuny
o subernticat erack growth of high strength aluminum alloys st toom tempera-
ture has been intensively investigated. o contrast to the historical TTE test, the
tacture mechanies approach allows quanty. Jdive measurement of crack-tip
veloaty as o function of crack-tip stress intensity. At high suberitical stress
mtensities, the TME crack growth rate in most hugh strength aluminum altoys is
typreadly about 10% infhr, [73). At very low stress intensities, the crack velocity
1> so strongly st ess dependent that it is glmost meaniogful to speak ot a theesh-
old stress intensity Ky g below which crack growth is not measurcable.

Tynical Ky -abues of jagh strength aluminum alloys in mercusy of smbient

temperature seatter around 1 kst V. {731,

4.4 Metatlurgical Aspects and Alloy Development
Aluminum-Magnesium Alloys (5000 Series)

Wiought. strain-hardened Al-Mg alloys sre used hecause they combine corro-
stion resistance with good formability. weldability, and medium strength. Allay
compuositions for several common S000-series alloys are hsted in Table 1. Me-
chanicat, Tracture, and corrosion properties ase listed in Table 2.

Temper Designations. Commercial Al-Mg Alloys are strengthened primanly
by steain hardening. A briet” deseription of the symbols used to indivate the
wount of strain hardening is given below.

Stratn-hardenied  commercial alloys are dentified by the letter 1 thewr
terper dasignation. The first digie tollowing the 1 indicates whether the
matenal has been strain hardened oty ¢HT) strain hardened and then partially
anncaled (H2), or stran bardened and then stabilized (H3). The digit tollowing
Hi 12 o H3 indicates the final degree of serain hardening. These digits range
from O Gannealed) to 8 (all work-hardened, or about 757 reducthion of arca).
The third digit, when used, indicates a variation of the two-digit H temper. For
example, H323 1343 HEto, and HEE7 apply to products specially tabricated
to have acceptable resistance to SCC or extolistion resistance. For maore detailed

imformation adont temper designations, sce Ref. 2.

Microstructure and SCC. Rapid cooling of Al-Mg afloys can resultin a super-
satirated solid solution. However, ne appreciahle precipitation bardening i<
obscrved with these alloys because the precipitation reaction is stuggish at room
temperature. 1t is accelerated by deformation (cold work), by exposure to
clevated temperatares, and by hicher magnesium content. Bach of these factors
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plavs an nuportant role in determinmg the susceptibility to SCC of Al-Mg alloys.
The ettect of cach of these varables on the susceptibility to SCC of Al-My alloys
wallustrated in Figs. 23 through 26.

It fias becn tougin thae preterentar preapitation along the graan boundary
i the form of a continuous film causes susceptibitity to SCC in SO00-series
alloys, Consequently. two ways have bheen proposed 1o produce SCC-resistant
mictostiuctures: Keep the grain boundaries free of a continuous film ot nre-
cipitates, or stimulate precipitation throughont the grains. The first approach is
successtul it the magnesium content of the alloys is limited to about 377 In
atloys ol higher magoesium content, however, a network of continuous grain-
boundary precipitates can develop during precipitation at ambient temperatures,
To simulate long-time atmospheric temperature aging, a sensitizing treatment
consisting of heating at 212°F for 7 days s often used. At ambient temiper-
atures, 1t is not known how fast continuous networks will develop, but the
prohabic titae is from several yeurs to as long as SO years. However, under equal
metallurgical and exposure conditions, it will ke much longer to develop a
network in an altoy with g low magnesium content (ie.. SO86 with 4.0°7 Myg)
than inan alloy with a high magnesivim content (Le.. 5456 with 5,17 Mg). To
avoid SCC and especially exfolistion corrosica. this factor should be given
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Fag. 23, Lifects of time and temperature on sensitization to SCC in an AES 1577 Me-0.03%
Cu-0.225%Fe-0. 119 8c-0. 11 M0 o2 Cr-0, 100 T alloy. Data were obiained onsimple beai
specimens loaded to 7577 of yield strength and exposed to the 3 8% NaClalternate-immersion
test (B3], Lrom Corrosion 1S, p. 581, Fig. 9; copynght 1959 by the National Association
of Corrosion Fagineers, Used by permission,
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Fag. 24, Stress corrosion tesistance of stressed preformed speaimens of several
alloys of ARMg-Mn alloy sheet (0,064 100 exposed to 3.5 NaCl solution by
wternate tmmersion. In the O temper, allovs with Mg content up to 5.5°7 (5456
exhibit an excellent resistance to SCC. Strain-hardened and stabilized tempers
such as T34 have a low resistance when Ma content s in the 4.0 to 5 7 range, as
in allovs SO83 and 5456. Special tempers such as 1343 have been developed to
provide a high tesistance to SCC tor the latter alloys [§§]

serious cotsideration, and it should tead to a choice of 5086 over S456 unless
the extra strength of 5456 is needed [84]. (See also Fig. 24.)

Another method of achieving a SCC-resistant microstructure in Al-Mz allovs
containing 4% to 8% magnesivm has been described as follows [85). Alter
Somogenizing in the o solid-solutiorn. region (800 to 10S07F). the alloys are hot
rofled and annealed between 600 and R00°F to remove the eifects of work
hardening.  After cooling, the supersaturated solid solution is cold worked at
temperatues below S007F, with a reduction in cross section of at least 2077
This cold-worked material 1s then subjected to thermal treatment 1o produce the
extensive general precipitation of the $ phase required o improve resistatice to
SCC. This treatment consists of heating to a temperature between 400 to §237F
for a period of from 2 to 24 hr. Then. to achieve the desired strength, the
material is cold worked, with 4 reduction in cross seetion of hetween 10 and
8.

These and other treatments provide tempers wvith increased stress corrosion
resistance. Exomples are the HI21, H323, H343, HI16, and HI 7 tempers for
Al-S Mg wloys S083 and 5450 [1.75,84 86,87].

SCC nd Exfoliation Corrosion in Commercial Al-Mg Alloys. The authors are
not aware ol any service stress corrosion problems with Al-Mg alloys containing
fess thun 3.5% magnesium. SCC in A5 *Mg alloy rivets has ocenrred, however.
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atter exposuie of the matenal 1o ropical temperateres {887 The tadares
accutied at the junction of the shank and head. where the pivet had been
severely cold worked dunag diiving

The stress corrosion crack growth in alloy 5356 i the more resistant H321
temper 1s very stow, but nevertheless the alloy is notimmuoe 1o SCC {731 This
allov is atso susceptible to exfoliation and mitergranular corrosion, as the Navy
fas expericaced in o number of manne vessels where pitting, exfoliation, and
imergranular corrosion occuned in the bilges and decks. The slloy SO30-132 can
also be suscep tible to these ferms of attack slthough its lower shagnesium con-
tent makes it much less of a problem. To climinate these problems with tle
HI2T temper, two new tempet . designated 1116 and HE17 are reconmmendad.
These tempers apparently eliminate the continuwous grain-houndary film ot
Mg< Alg. Al production lots are examined metalographically and compared with
standard photomicrographs to verify that cach fot has a microstructure that s
predomunately free of g continuous grain-boundary network of Ai-Mg pre-
cipitate [R4).

In addition to metatlographic exemination technigues. aceelerated-corrosion
tests for determining susceptiblity to extoliation corrosion in 5000-series ailoys

5494 5083 5456
(2 77 Mg, 0 84 0iny 402 Myg. D87 M) (502 Mg G 79 Mn)
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Fig. 25, Eftect of heating on resstance to SCC of stressed., preformed spec-
imiens of Al-Mg-Mn alloy shect (0.064 in) exposed to 3,577 NaCl solution by
alternate immerston, Strip speaimens of O temper sheet were plastically de-
formed at room temperatute prior o the 2007 exposure, Only the Jower-
magnestum-content alloy 5454 mamntained a high resistance to SCC after pro-
longed heating at 20000 {$S). From Proceedings of Conference on Funda-
mental Aspects of Stress Corrosion Cracking, 1969, p, 476, Fig. 10; copy-
right by the Natioial Awodiation of Cotsosion Pnganeers,  Used by per-
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have recentdy been developed RO One method, designated the scawiter
acetic acid test (ISWAATY wvoives @ week-long expasure i an aadified salt tog
Al F207F. The test oycle tnvolves 30 min of continuous sprayving followed hy 90
min with the spray off’ [90f. This test Las recently been adopted upon recom-
mendation of the Aluminuam Association as a method of predicting extoliation
cotrosion resistance in the Al-Mg aftoys for boat and ship hull construction |90,
92].

Anather accelerated tost for extoliation and intergranular corrasion saseepti-
bility under comsideration for incorporation in future specitications involves
total imunersion of the alloy for 24 hran a solution of [ 4 ammanium chloride.
025 M ammonium pitrate, Q.01 M ammonium ta-trate. and 3g/hter hydrogen
peroxide mamtamed at 15078 JO1}. This test. designated the ASSET immersion
test, s sommewhat simpler to perform than the SWAAT test and requires o con-
siderabiy shorter test pertad. Materials showing extoliation or intergraawlar
attack i cither of these tests are considered unacceptable 1or hoat or ship hull
construction {90924,

5000-Series Alloy Development. X5000 is a recently developed Al 77Mg
strain-hardened and stabthized wlloy. The compuosition limits tor this alloy are
shown in Table 1. As noted cadier. old-rolled and stabilized tempers ¢ " Al-Mg
anovs with magnestum contents above 5% usually are extremely susceptible to
SCC. This problem apparently s been overcome with the XS090 alloy, which
was developed specifically to provide an alloy with the improved strength
aftorded by a magnesium content greater than 5% and 4 high resistance to SCC
in the temper rolled and stabilized conditions. Processing techniques for this
Aoy are still proprictary, and the only known difference between X5000 and
uthier Al-My dlloys besides its higher magnesium content is the addinon of small
amounts of berylliam and boron (Table 1).

The corrosion and stress corrosion resistance of XS090 are being determined
using two technigues. One method mvolves exposing preformed long transvernse
U-bend specimens to a manne atmosphere. Te date, specimens of XS090 in
about the H34 temper have been exposed more than S years in this stmosphere
without futlurc. Othe, specimens in the H36 and F38 temper have been exposed
tor nicarly 3 years without falure j93).

During the development of XS8090, an accelerated laboratory test tor stress
corrusion susceptibility was also developed. In this test, long transverse tension
specimens are deadweight foaded to BO% ot their 0.2% yicld stress and exposed
ty an aqueods 79NaCE + 0.006 M NaHCO 3 solution. During testing, an exteroal
anodic carrent s applied. An emipirical correlation between the life of the spect
men in the anodic tensile stress corrosion test and the life of U-bend specimens
expased 1o the manne atmosphere has been observed and s shown in Fig. 27.
On the basis of this correlation it has been concluded that material with an
anadic tensile libe greater than 13 to 15 fir wilf not fuil when exposed to the
marine atmosphere, and theretore it has excellent, practical stiess corrosion
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PR Teb, 19,1970 copynight by the Olin Metals Research Laboratories,. Used by per
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resistance (W3], The XSUM0 ailoy i the H36 tanpicr vyaeicadly has s anodic
tensile Hife of 20 to 25 by, while dess struin-hardened tempers show corres
pondingly tonger lives. In actual praciice, production lots of XS0V0 are
cvaluated using the anodic ten.ie test 93] .

In addition to exccllent stress corrosion resistance, XS090 apparently also
possesses exeellent rocictaner to general and localized corrosion, including pitting
and extohiation. Five-year test results from o 20-year tost progriot | vine con
ducted in g marine atmosphere have been reported [93] These results indicate
that XS090 exhibits pitting resistance eqeal or superior to that of S086-0 and
SORO-H34, which are known to possess excellent resistance o pitting corrosion.
Whereas bare 2024-T3 and 7075-T6 test panels huve shown typical exioliation
corrosion, X5090 has been found to be essentially resistant to marine atimos-
pirenic exfoliation corrosion atter § years’ exposure,

To mowe tully chimacterize X5090, test data in several other areas are re-
guired. These include

® Low-temperature mechamcal and fracture propertics

¢ Corrasion characteristics in industrial atmospheres

® Corrosion characteristics after vuarious exposure times at several elevated
temperatures that may be encountered in service or during asserbly (adhesive
bonding cycles)

® Fatipue-crack growth rate properties in various environments

® latiguce tests of built-up structural panels to determine whether the smouoth
fatigue properties adequately reflect actual performance in structural applica-
tions
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Aluminum-Magresium-Silicon Alloys (6000 Series)

Allovs ot the 0000 seres are used i apphcations requiring mtermediate
strength and o bigh reastance 1o comromion and SCC Aoy compositions tor
saveral o mon 6ON0-eties alfovs are histed e Table T Mechanical, fracture,
and corrosion properties are listed i Table 2.

Commercial ailovs based on the temary system ARMp-Si (60000 <eries) aie
sticngthened by precipitation hardenimg.

Although the ARMg-Se allovs are highly resistant to carrosion and to SCC
155.94) . certwmn abnormal thenmal treatments can make these allovs susceptible
1o SCCin the natueally aged T4 condition. This occurs when g high solution:
heat-treating temperatuie as used, followed by a slow quench {S595] . Fven in
dis condition, SCC on transverse 6061-T4 specimens has occurred only on
lighiy stressed, plastically deformed (preformed) specimens and not on tensile-
type specimeny stressed to 750 of the vield strength. Aging the slowly quenchied
6061-T4 material to the To temper eliminates the SCC tendency [5S].

Aluminuii-Copper-Magnesium Alloys (2000 Series)

Al-Cu-Mg alloys were the fi+i heat-treatable. high strength aluminum alloss
and today they are still among the most popular and useful. Chemical compas-
tions for the most widely used commercial 2000-series aloys are listed in Tuble
T Mechanteal, fracture, and corrosion properties are given in Table 2.

ALCo and ALCu-Mg alloys derive their high strength from precipitation
hardening. This is achieved by solution heat tieatment, folfowed by rupid coal-
ing and cither natural aging at room temperature (T4 temper) or artificial aging
at intermediate temperatures (To temper). Cold working atter the quench
torther jnereases strength, resulting in G T3 tepee snd when artificially eed,
the TX temper.

Susceptibility to SCC. In the naturally aged T3 and T4 tempers, 2000-series
alloys such as 2024, 2014, and 2219 are highly susceptible to SCC in the <hort
trunsverse Jdirection (Table 2). Even in the artificially aged To temper. 2014 i
stuscepiible. Examples tor inservice SCC of these alluys attesting to this suscepti-
brlity can be found in recent literatinie {54,906 . For example, SCC of machined
2024-T4 parts has occurred fady recently on the Saturn V Apolla moon rocket.

Typical V-K curves Tor these three alloys are shown in Fig. 28, Cracking in
both regions I and 1 (defined carlier) is apparent. Simnlar V-K curves for the
naturally aged 2024 and 2219 alloys and the artificially aged 2014-T6 alloy
agree well with the fact that wll these alloys have similur low stress corrosion
resistance based on TTE data (Table 2 and Fig. 16). L addition, the survival rate
data i Fig. 17 show that 2014-Te and 2024-T4 have similar low resistance when
stressed in the short transverse direction.

Data for alley RR S8 (201R) are showy in Fig. 29, The high apparent Kygee
vilue is in tine with the high smooth-specimen threshold stress reported for this
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alloy (Table 2). The tact that the maximium growth rates reported tor RRUSS
(g, 29) are nearly an order of magnitude greater than those of the susceptible
alloys 202472, 2014-T6, and 2209-T37 (Fig. 28)1s somewhat surprising.

Effects of Quench Rate. The ¢ffect of quench rate on susceptibility to steess
corroston and ntergranulur corrosion s illustrated i Fig. 30, Note that at
quench rates taster than a certatn mit (which depeads on alloy composition) no
susceptibility to SCC s taund. At slower quench rates, SCC and intererystafline
corrosion may oceur. b appears that AlCo and AI-Cu-Mg alloys can indeed be
susceptible to SCC even of they are noi susceptibl® to intergranular cotrosion in a
NaClH5>0) soluhon.
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The sigmticant ettects of quench rate oo suseeptibihty to mtereramila attach
Cas well e SCC and extolgtion corrosion) m 2024013 and 4 prodacts mean
that o thuckness aages where quendh nites cannor be kept above about
1000" T secs severe miterprnabar catrasion problems may ovean i sovee. T
s recommended that 2024 products thicker than about 025 1m0 shoukd be used
only in the artiticudly aged tempers CLOX and TSX) (99 anfess adequuate s
tuce praotectian can be provided.

Effects of Artificial Aging. Doy artticad agmg ot allovs hke 2024 suscepti-
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Pag. 31 Bltect of temperature on the tme required for sepsitization 10 steess
corroston of 0.057-1n.-thick 2024-T3 sheet 100].

and then decreases. The higher the temperature, the shorter the time required
tor sensitization. Figure 31 summarizes data obtain over o range of temperatures
{100} . These data are of interest since 1t is often necessary to subject 2024-T3
to medium temperatures (around 250°F) during curing of certain adhesively
honded structures. In addition, temperatures around 250°F are near the skin
stagnuion temperature of aircraft operating at Mach 2. At 266°F the alloy
hecotnes susceptible to intergranular attack after only aboui § hr of exposure.
Thus, if temperatures of 266°F were to be encountered during 2024-T3 pro-
cessing, strict cortrols on allowable exposure times would have to be made to
ensure agamst sensitization to intergranular attack.

Determining Susceptibility to Intergranular Attack and SCC Resistance. An
electrochemical test has recently been developed for predicting the stress corro-
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fig. 32. Time-potential curves in CHA1OH-CCly solution for,2219-T3S81 plate aged for vati-
ous periods at 20°F up to the T85! temper (18 #r at 350°F) [101]. From Corrosion 28,
p. 202, Fig. 4; copyright 1969 by the National associanon of Corrosion Fagineers,  Used
by permission.

sion pertormance of 2219 alloy products in the T8S1 and T87 tempers {1014,
The test offers an attractive possibility of evaluating the performance oi 2210
products quickly as an alie.nate or supplement to the conventional 3C-day
alternate-immersion test in 3.5 sodium chloride solution. The test can be
completed in less than 1 hr and requires only a simple measurement of solution
potential of an unstressed speimen in a mixture of absolute methyl alcohol and
carbon tetrachloride. Typical potential vs time data for 2219 specimens in the
T351 to T8S1 temper range aged for various periods at 350°F are shown in Fig.
32, Note the large difference in potential (over 200 mV) that this test provides
between borderline and resistant material after potentials have stabilized.

Recently, a rapid test method for determining the resistance to exfoliation
corrosici was developed by ASTM Task Group GO1, 05.02-T.G;.8. This test
method is applicable to AI-Cu (2000-series) and  Al-Zn-Mg-Cu (7000-series)
alloys. The test. designated EXCO test, specities total immersion of freshly
etched specimens in a solution of the following compaosition:

e e R ok -




196 HIGH STRENGTH ALUMINUM ALLOYS

STRESS INTENSITY (kg mim 372}

0 10 20 ] 40 50 60 70 RO ] 100 i
S S | T T T T T T T o
AIAN od
1079 1651
103
t
AVERAGED DATA FOR
PLATES AND DIE FORGINGS
CRACK ORIENTATION TU
ENVIRONMENT SATURATED NaC! SOLUTION
TEMPERATURE /3% F (23° C
J1p4
1wt -
¥
< £
£ Kl
< >
. 7175166 =
r [+
5 /039764 4105 Q
8 R S st o
3 W0l >
w
> &
¥ <
(&) b 4
« (&
« 7038 16351 z
< —— o o
3 7075 T651, 7178 1651 4108 8
7 «
L 7039 161
@ w03 e e e e e s e e 3
g (5]
o 2
A «
w -
o [%]
= 7
7117151136 ki
X080 T7 7049 773
—————
7178 17651 1075 T7651
— e
1075 17351 4108
e
105}
1 1 1 1 1 —Jw®
0 5 10 15 20 25 30

STRESS INTENSITY (ksi fin )

Fig. 33. Effect of stress intensity on stress corrosion crack velocity for several high-strength
aluminum alloys immersed in saturated aqueous Na(1 solutions.




METALLURGICAL ASPECTS AND ALLOY DEVELOPMENT 197

4.0V NaCl1+ 0.5V KNO3 - 0.1V HNOj3.

Testing times required are 48 hr for 7000-series atloys and 96 hr for 2000-series
alloys. Specimens having a high tesistance to extoliation should show no visible
blistering or delamination after this test.

Aluminum-Zinc-Magnesium and
Aluminum-Zinc-Magnesium-Copper Alloys (7000 Series)

The precipitation-hardened 7000-series alloys are used in applications re-
quiring the highest streqgths. Composition limits tor this series of alloys are
shown in Table 1. Mechanical. fracture, and corrosion properties are listed in
Table 2.

Susceptibility to SCC. The stress corrosion properties of most of the 7000-
series alloys in the short transverse directon are now quantitatively known.
Figure 33 shows stress-corrosion crack velocity as a function of crack-tip stress
intensity for these alloys. These data. together with the stress corrosion prop-
crties given in Table 2. can be used to quantitatively rate the stress corrosion
performance of the various 7000-series alloys.

Note the inferior stress corrosion resistance of the low-copper-content alloys
7079-T651 and 7039-T6) and T64. Note also that alloy 7079-T651 shows by far
the highest stress corrosion crack velocity of the commercial 7000-series alloys
at all stress intensities. This is consistent with the fact that the majority of
service SCC failures have occurred with this alloy. Such farge differences in
performance batween the various 7000-series alloys in the Té temper are not
reflected in the SCC threshold data from smooth-specimen TTF tests. The poor
service performance of 7079-T6 could, however, be anticipated from the survival
data shown earlier in Fig. 17. These low survival rates {42} and, more important,
the newer quantitative stress corrosion results (Fig. 33) ard actual service ex-
perience atself, dictate that alloy 7079-T6 be climinated from future use where
there is any possibility of sustained applied or residual tensile stresses in ¢he
short transverse direction. Other alloys with good strength in thick sections and
better stress corrosion resistance should be used in its place. Such alloys are now
avaifable or under development, as outlined below.

Effects of Quenching Rate. The rate of cooling irom the solution treatment
temperature through a critical temperature range (750 to 550°F), has a pro-
nounced effect on both the resistance to corrosion and the characteristics ot the
corrosive attack for copper-bearing 7000-series alloys like 7075.T6. The effect of
quenching rate on the mechanical properties and type and extent of corrosion in
long transverse 7075-T6 sheet specimens is shown in Fig. 34. Rapid cooling
produced immunity to intergranular corrosion and to 8CC; cooling rates greater
than about 200°F/sec also produced maximum tensile properties. Decreasing the
cooling rate to about 40°F/sec results in the formation of coarse precipitates of

B LN e ——
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Fig. 34, Effects of quenching rate on tensile properties and corrosion resistance
of T0T75-T6 sheet. Stressed and unstressed specimens were exposed to alternate
immersion in 3.5 NaCl solution for 12 weeks before testing {1027

n" or p phase in the matrix and in the grain boundaries resulting in « marked
reduction in strength and a high degree of susceptibility to intergranular attack
and SCC {55]. Fursther decreases in cooling rate nearly eliminate susceptibility
to SCC but result in drastic strength losses.

It should be noted that the beneficial effects of high quenching rates men-
tioned above for 7075-T6 sheet are relatively insignificant for plate and other
products thick enough to permit stressing in the short transverse direction
relative to the grains. Thus, even drastically quenched (>1000°F/sec) shon
transverse specimens of 7075-T6 machined from 2-in.-thick plate stress corrosion
crack in sodium chloride solution at stresses as low as 11 ksi even though they
are not susceptible to intergranular attack in the absence of applied stress [55].
In fact, it has been found that such specimens are not appreciably more resistant
than similar specimens quenched at rates slow enough that they are susceptible
to intergranular attack in the absence of stress {551 .
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For copper-free 7000-series altoys, the behavior is geperally opposite (o that

just described and resistance (o SCC in sodium chloride solutions is favored by a

low coohing rate, as by cooling in air {103,104},

Effects of Overaging. As shown in the preceding section, all high strength
7000-scries alloys are susceptible to SCC when aged to peak hardness (To
temper) and stressed in the short transverse direction. Forthermore. composition
changes cannot increase appreciably the stress corrosion resistance in the short
transverse direction, As in the case of the 2000-series alloys, the only effective
means of improving short transverse SCC resistance in 7000-series alloys is by
artificial aging at fairly high temperatures (325° 10 350°F). The relationship
generally found between precipitation hardening end resistance to SCC is illus-
trated in Fig. 35, Note that during aging, the minimum resistance to SCC 18
reached before peak hardness is achieved. Overaging beyond peak hardness im-
proves resistance to SCC.

Over the past few years, a number of commercial overaging heat treatments
have been developed for several high strength 7000-series alloys {10.14.106.
107}. The T76 tempers for 7075 and 7178 were developed primarily to improve
resistance to exfoliution corrosion. A new and rapid method for testing resist-
ance to exfoliation corrosion for these alloys (EXCO test) has been described
carlier. In addition, exfoliation und stress carrosion resistance of 7178-776 and
7075-T76 have been estimated based on the measurement of solution potentials
in methyl alcohol-carbon tetrachloride solutions [108]. The test procedures and
solutions are similar to those discussed earlier for 2219; again the test requires
less than an hour. Test results are shown in Figs. 36 and 37. Note that alloys
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Fig. 35. Relationship between strength and stress corrosion resistance during aging off
high-strength, 7000-series alfoys [ 105].
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exhibiting MeOH/CCly potentials less than about 400 mV vs SCI are always
found to be exfuliation resistant, while electrical conductivity values greater
than 387 JACS do not always ensure that the product is resistant. It is not yet
known whether this test can be applied to extrusions and other products.

The T73 heat treatment tor 7075 provides a high degree of stress corrosion
resistance, regardless of minor deviations in the heat-treatment practice. A draw-
bick of the T73 temper, however, is the loss of strength of about 1477 compared
to the T temper.

Verification of the T73 temper tor 7075 is usually accomplished using hard-
ness and electrical conduciivity data [109]. The methyl alcohol-carbon tetra-
chlaride solution potential test is also being evaluated as a method for verifying
the T73 temper for 7075 [108]. Through carefud control of heat-treating vari-
ables and other processes. 3 T736 temper for alloys 7175 and 7075 has been
developed that provides strengths equivalent to those of 7075-T6 and stress
corrosion resistance intermediate between that of the T76 and T73 tempers {7,
14,10}, Other partially overaged alloy-temper combinations providing improved
exfoliation and stress corrosion resistance are 7001-T75 and X7475-T761.
Specific properties for these alloys and tempers can be found in Table 2 and Fig.
3.

1t should be noted that for altoys with 1w copper content, such as 7039 and
7007, overaging treatments arc not nearly so effective as they are for other
T000-series alloys. Alloys with low copper content can be artificially aged to
have a high resistance to 3CC in the longitudinal and long transverse directions,
but they are still highly susceptible in the short transverse direction [55].

QOther overaged intermediate-copper-content alloys such as X7080-T7 have
presented additional problems in that the threshold stresses developed after
lengthy exposures to industrial environments (3 years or more) are lower than
those determined from the standard 3.5% NaCl alternate-immersion test. Thus,
this botling-water-quenchable. thick-section-forging alloy initially showed an
adequate threshold stress in alternate-immersion tests of 25 ksi which later had
to be lowered to 15 ksi based on industrial environment tests [110] . Since these
data were published, X7080-T7 has essentially been removed from the list of
candidate thick-section, high strength, SCC resistant alloys.

Improved resistance to SCC through overaging is accompanied by a loss in
strength. 1t has been the goal of several recent research projects to achieve a high
degree of stress corrosion resistance without incurring significant strength losses.
One technique aimed at achieving this goal has been through the addition of
small amounts of silver to these alioys.

Silver Additions. The eftects of siiver have been cxtensively investigated
because it was reported that silver additions increased the maximum strength
attainable by Al-Zn-Mg-Cu alloys that were aged above 250°F {111-120] and
because silver reportedly increased the lifetime of smooth specimens tested in
accelerated stress corrosion tests [121,122). Others [123] also reported that
silver-bearing alloys aged above 300°F had higher resistance to short transverse

-
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Fig. 38. Effect of rate of heating to the artificial aging temperature on the yield
strength of 7075 and 7075 + 0.3% Ag {110].

SCC than similar silver-free material aged below 300°F. As a result of this work,
at least one 7075-type alloy containing silver is available commercially (the
German alloy AZ74.61). Other alloys containing silver are currently under devel-
opment [124].

However, many of the workers investigating silver additions have found no
significant increases in strength or stress corrosion resistance in overaged alloys
due to the presence of this element [55,110,125,126]. Much of this confusion
regarding the effect of silver additions on strength was eliminated when it was
pointed out that the higher temperature overaging treatments performed in much
of the earlicr work were carried out using thin products or small pieces that werce
heated rapidly to the aging temperature in either oil or salt baths [110]. It has
since been clearly demonstrated [110] that under these conditions, silver-
bearing alloys do indeed maintain higher strengths than silver-free alloys (Fig.
38). However, virtually the same strengthening effect can be achieved in silver-
frec affoys by exposing them for appropriate times near 200°F so that GP zones
can grow to sizes that will not revert (redissolve) during subsequent aging at
higher temperatures, The necessary exposure time near 200°F is short enough in
7075-type alloys that it can be attained during normat production heating rates
to the artificial aging temperature [110].

In addition to the dependence on the rate of heating to the aging tempera-
ture, the effect of silver additions on strength depends on the quenching rate
[110.127,128]. Specifi-ally, silver additions inctcase quench sensitivity of
7075-type alloys containing cither chromium or manganese. Or the other hand.
silver additions to chrominum- and manganese-free 7075-iype alloys containing
zirconium can improve strength slightly, even at fairly slow quench rates
(2° F/sec). However, high strength alone is not sufficient and to achieve adequate
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stress corrosion resistance in silver-free or silver-bearing 7075-type alloys con-
taming chromium, manganese, or zirconium, overaging is required. Thus, again.
aging temperature and not chemical composition is the most important factor
governing short transverse SCC resistance in these alloys [110]. 1t they are aged
tor sufficient times at 325°F, high SCC resistance can be achieved. The leagth of
time at 325°F depends on alloy composition. Chromium-bearing 7075-type
alloys develop a high resistance 1o SCC after relatively short exposure periods at
325°F, whereas chromium-free 7075-type alloys containing either manganese or
zirconium require longer aging times. In spite of the slower aging rate of
chromium-free alloys containing manganese and/or zirconium, the strengths of
7075-type alloys with the various additions are comparable, after the alloys are
aged to have good resistance to SCC. It was concluded that silver-bearing
7075-type alloys could not be aged to a higher strength than 7075-T73 and yet
maintain equal resistance to SCC {110]. Thus several investigators have recom-
mended that development work on silver-bearing Al-Zn-Mg-Cu alloys be dis-
continued {110,125} No further alloy development work has been carried out
in the United States, although silver-bearing alloys are still being investigated in
Great Britain [124] and Australia {129]. [t seems worthwhile, however, to
determine if silver-bearing alloys can be made resistant to exfoliation corrosion
with less overaging and therefore higher strength than silver-free alloys.

New Alloy Development. With the introduction of the overaged T73 temper
for 7075, many of the stress corrosion problems in the 7075 alloy exposed to
thc more common environments were eliminated. Although the overaged
7075-T73 offers significant stress corrosion resistance, the lower strength ac-
companying overaging can result in weight penalties in certain high-performance
structures. This weight penalty is particularly severe in thick-section applications
because in addition to strength losses resulting from overaging (about 14%), the
chromium m 7075 imparts a high degree of quenching sensitivity to the alloy.
Thus, strength diops off rapidly with decreasing quenching rate (increasing thick-
ness). Efforts have continued toward developing alloys with good stress corro-
sion resistance and even higher strengths.

A recent dvance toward this goal has been the introduction of 7175-T736
and 7075-T736 alloys for dic forgings. The 7175 alloys is essentially a cleaned-
up version of 7075, containing lower concentrations of the tramp elements iron
and silicon and therefore providing significant increases in fracture toughness.
The mechanical processing and aging parameters used in achieving the T736
tempers are proprietary, but these alloy/temper combinations provide the
highest strength consistent with adequate stress corrosion resistance of any die-
forging alloy available today, at least up to thicknesses of 3 in. (Table 2). These
alloy/temper combinations are not available in other wrought-product forms and
are not available fur dic forgings thicker than 3 in.

The chromium content in the 7175 and 7075 alloys and the high attendant
quenching sensitivity as well as the special processing requiied in achicving the
T736 properties, will limit 7175.T736 and 7075-T73¢€ to section thicknesses of
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about 3 in. Thus there is still a need for a good thick-section alloy with high
strength, high resistance to SCC, and good fracture toughness. It is with this aim
that most of the current alumitum alloy development in this country has been
carried out.

One thick-sectivn-forging alluy inti.duced several years ago was X7080-17.
This alloy was for use in parts up to 6 to 8 in. thick. One attractive feature of
X7080-T7 is that it is boiling-water quenchable. This quenching technique is
desirable because it minimizes residual quenching stresses and distortion prob-
lems during subsequent machining operations. The boiling-water quench was
made possible by the low degree of quenching sensitivity in X7080-T7 achieved
by virtue of its low copper content and the replacement of chromium with
manganese. As mentioned carlier, this alloy also showed adequate stress corro-
sion resistance when tested by 3.5% NaCl alternate immersion, having a short
transverse threshold stress of 25 ksi. However, subsequent testing in outdoor
industrial environments showed that stress corrosion failures in short transverse
specimens occurred at stresses as low as 15 ksi [110]. This discrepancy between
3.5% NaCl alternate-immersion and industrial environment test results has been a
cominon problem in other low-copper-content alloys such as 7079-T6 (Fig. 17).
In any case, since the industrial environment results for X7080-T7 were pub-
lished, much less interest has been shown in this alloy for thick-section-forging
applications, especially in view of the good results currently being obtained on
several experimental thick-section alloys.

A promising stress-corrosion-resistant material available in thicknesses up to §
in. is the recently introduced 7049-T73 alloy. This chromium-bearing alloy con-
tains about the same zinc content as 7001 and about the same magnesiuin and
copper content as 7075. The heat treatment for this alloy is proprietary, but the
alloy posscsses strength properties essentially equivalent to those of 7079-T6 in
thicknesses up to 5 in. (Table 2). In additio.., 7049-T73 shows excellent stress
corrosion resistance with a smooth stress corrosion threshold stress of about 45
ksi (Table 2). Thus 7049-T73 provides mechanical properties comparable to
those of 7079-T6é and stress corrosion resistance comparable to that of
7075-T73. In addition, this alloy does not require special processing; therefore,
existing dies for die forgings can be used if changes from a susceptible material
such as 7079-T6 or 7075-T6 to the more stress-corrosion-resistant 7049-T73
material are desired.

Despite the existence of 7175-T736, 7075-T736, and 7049-T73, work aimed
at developing an improved high strength, stress-corrosion-resistant alloy for use
in very thick sections has been under way for the past few years [130-149]. To
minimize quenching sensitivity, :ach of the alloys developed as a result of these
programs }.'s had reduced concentrativns of chromium with zirconium instead
being used as the primary recrystallization retardent. Recommended composi-
tion limits for alloys developed during these studies are listed in Table 4.

Comparison of Various Thick-Section Alloys with Commercially Available
Alloys. Figure 39 compares the strengths of the various thick-section alloys with
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Table 4. Recommended Chemucal Composition Limits of
Some Thick-Section Experimental Alloys

Alloy?
Element Boeing Revnolds Alcoa
Alloy 21 Alloy 2 MA-15°

Zinc 5.9-6.9 6.4-7.1 5.7-6.7
Magnesium 2.2:2.9 2.2-2.8 1.9-2.6
Copper 0.7-1.5 1.1-1.4 2028
Zirconium 0.10-0.25 0.08-0.18 0.08-0.14
fron 0.20 0.12 0.15
Silicon 0.20 0.10 0.12
Chromium 0.05 0.03 0.04
Manganese 0.05-0.15 0.10 0.10
Titanium 0.10 0.05 0.06
Others

Each 0.0S 0.05 0.04

Total 0.15 0.15 0.10

4Compotition in weight percent maximum unless shown as a range.
OMA-15 was recently registered with the Aluminum Association as X7050 (sce Table 1).

the commercially available forging alloys. To construct Fig. 39, the typical yield
strengths of Reynolds alloy 2 plate, Alcoa MALS plate, and Boeing alloy 21 die
forgings were compared with typical properties for die forgings of the com-
mercially available materials. The typicsl yicld strengths for ail the commiercially
available dic forgings were obtained by adding 6 ksi to the minimum-altow able-
strength properties for each thickness (typical properties are commonly 6 ksi
above minimums for the high-strength aluminum alloys). This strength value was
then plotted at a cooling rate determined by the thickness and quenching water
temperature commonly used to quench each alloy. In all cases for the die forg-
ings, cooling rates were determined assuming cylindrically shaped forgings.
Arrows indicating different quenching rates for various forging diameters and
quenching water temperatures are shown in Fig. 39 to better illustrate the rela-
tionship between thickness and cooling rate. For this plot, the following quench-
ing water temperatures were used for the forging alloys: 70°F for 7175-T60,
7175-T736, 7079-T6, and Boeing alloy 21: 140°F for 7075-T6, 7075-T73,
7049-T73, and 2014-T6; and 212°F for X7080-T7.

To compare the commercial and experimental alloys, their relative resistance
to SCC should be known. Stress corrosion properties for the various alloys are
shown in Table 5.
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Table 5. Aging Treatments und Stress Corroston Resistance of
Expenmental- and Commercial-Alloy Forgings

Shorr Transverse SCC
Threshold Stress (ksi )
Al Aging Treatment 25 Nadd
Alternate
Damersion

Industrial
Arnsphere

Revnolds alioy 2

Condition 1~ 24 hr 250°F + 18 hr 325" =25 ’
Condition 2 24 hr 250°F + 24 hr 325°F » "
MA1S-T7X1 4 hr 250°F + 9 hr 325.335°F =25 »
MA1S-T7X2 4 hr 250°F + 24 hr 325 235°F ~45 )
Boeing alloy 21 24 hr 250°F + 35 hr 325°F ~35 ’
7175-T736 Proprictary | 24 hr 250°F + x35 x5
7049-T73 48 hr R.T. + i 14 hr 320°F 45 45
7075-T73 24 hr 250°F + 27 hr 325°F 45 45
X7T080-T7 Proprictary 28 ]
7175-T66 P oprietary 7 7
7075-T6 24 hr 250"F 7 14
7079-T6 48 h1 240°F 7 6
7 10

2014-To 18 hr 320+

The combined data of Tuble 5 and Fig. 39 point out the excellent properties
of 7175-T736 for thinner sections and 7049-T73 for thicker sections. especially
to those familiar with the numerous in-service stress corrosion problems of
7075-T6, 2014-T6. and particularly 7079-T6 forgings. Not until fractute tough-
ness and stress corrosion testing of all experimental alloys are complete ard the
minimum allowable properties have been established will it be possible to judge
whether these alloys offer real advantages over 7175-T736 und 7049-T73 in
section thicknesses up to 5 in. It appears. however, that for thicknesses greater
than S in. a new afloy may be available soon that is supetior to anything now
available.

It should be added here that current work on chromium-free 7000-series
alloys is also being carried out in Europe. In ltaly, work on two pronusing Zr +
Mr alloys (Zergal-3 and Zergal-4) is being conducted [126]. Zergal-3 is being
tested in the form of sheet, extrusions, and forgings while Zergal-4 is being
developed specifically for forgings [126]. In England. a chromium-free Ag+Zr-
bearing alloy is being investigated [124]. The chemical compositions of these
three alloys are compared with Alcoa’s MAILS, Reynold’s alioy 2, and Boeing’s
alloy 21 in Table 6. With the exception of the high copper content in MALS and
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Table 6. Chemical Composition of Some Experimental Buropean and
American Alloys

Alloy

Element Zergal-3 Zergal-4  British - Alcoa Revnolds  Boeing
Alloy  MA-15 Alloy 2 Alloy 21

Zine 6.0 6.0 6.1 6.0 6.58 6.40
Magnesivm - 2.5 2.3 28 2.15 2.39 2.55
Copper 1.5 08 1.0 2.50 1.22 1.10
Chromium  0.05 max  0.05 max <0.01 <0.01
Manganese  0.20 0.20 - <0.01 0.10
Zirconium Q.18 0.18 0.13  0.11 0.11 0.13
Silver - 0.30

Titanium 0.06 0.06 0.04 max 0.03 0.02
fron 0.25max 0.25max 017 0.12 max 0.07 0.13

Silicon 0.20max 020 max 007 0.10 max 0.05 0.06

the silver addition in the British alloy. the chemical compositions of these alloys
are very similar.

Although strength data as a function of thickness and quenching rate were
not available for Zergal-3 and Zergal-4. one strength data point for 2.75-in.-thick
plate of the British alloy was available [151]. This information indicates that the
sifver-bearing British alloys have strength properties very similar to those of
other silver-free experimental alloys being developed in the United States.

Recent aluminnm alloy development studies have used, with two exceptions
[125,130]), stress corrosion tests with smooth specimens only. The measure-
ment of stress corrosion crack velocity as a function of crack-tip stress intensity
could, however. be a more useful approach for reasons discussed caslicr in this
chapter.

Thermomechanical Processing. 1t is well known that for some aluminum
alloys, such as the Al-Cu-Mg type, plastic deformation at room temperature after
quenching and before aging can increase strength properties after nounal aging
treatments. However, for Al-Zn-Mg-Cu alloys such as 7075-T6, room-
temperature deformations of 0 to 20% after quenching and prior to aging have
resulted in properties after aging that are not much different from those of
material directly aged after quenching.

On the other hand, work on an Al-Zn-Mg-Cu alloy has shown that if it is hot
deformed (20% at 248°F) before the normal aging treatment at 248°F, strength
can be increased without noticeable decreases in ductility [152). This work has
prompted others {153] to employ multistage aging cycles in combination with
plastic deformation after the first stages of aging at low temperatures and before
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4 subsequent higher temperature aging (Fig. 40). Using this technique. the
strength of Al-S%Zn-17Mg and Al-44Zn-2.7%My (+ Cr, Ma. Zr) alloys was
increased signiticantly with little decrease in ductility. Based on these results, it
was suggested that it may be possible to decrease magnesium content i an
ALZn-Mp-Cu alloy to increase stress corrosion resistance and at the same time
tse thermomechanical treatments of the type shown in Fig. 40 to maintain high
strength levels. The prospects are intriguing, and some work is being carried out
in this direction [153]. To date. however, we are aware of no real breakthrough
in this area.

In another program, thermomechanical treatments of 3- to 4-in.-thick 7075
blocks involving a two-step overaging/press forging operation are claimed to
result in improved strength and stress corrosion resiswance {154]. However, close
examiration of the data reveals that stress corrosion specimens machined from
the thermomechanically processed blocks were not really short transverse speci-

TEMPERATURE

TIME

ig. 40. Thenmomechanical treatment scheme for Al-Zn-Mg alloys. Ty
= solution treatment temperature; T,' - T3" = temperature range of
quenching medium; A, = first stage of aging: Ay = sccond stage of
aging; H = plastic deformation; Ay = third stage of aging { 153].
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mens, as they were in the controf blacks. due to changes in grain shape and
orientation resulting from the press torging operation. Thus, any conclusions
concerning umprovements ininherent stress corrosion resistance of the press-
forged blocks are questionable.

New Fabrication Techniques. {t is often stated that if end-grain exposure can
be avoided. even quite susceptible alloys can be used without undue concern for
SCC problems. Unfortunately, it is almost impossible except in the simplest of
configurations to produce a forging without any end grain. Furthermore, sub-
sequent machining of the forging generally exposes even more end grain. In an
attempt to resolve this problem, a recent study was conducted to minimize
end-grain exposure in 7079-T6 in cylindrical fanding gear torgings {155}. A
hollow barref section was extruded forward or backward such that there was
some circumferential grain flow in the barrel wall. Forgings thus produced were
siguificantly more resistant to SCC than the parts produced by the conventional
turge, regular cog, and upset cog methaods.

However, use of some of the newer high strength, corrosion-resistant alloys
or, in the near tuture, use of some of the thick-section alloys currently under
development, will fessen the need for such novel forging techniques, even though
such techniques may still be desirable to optimize the grain-flow pattern in some
parts,

New Sheet Alloys. Before leaving the subject of new developments. a few
words should be said about new developments for sheet applications The .-
proved exfoliation-corrosion resistance of 7075-T76 and 7178-T76 sheet, plate.
and extrusions has already been mentioned: in areas where other protective
measures have proved inadequate, these T76-temper products can offer im-
proved performance. More recently. new high strength cladding materials 7011
[156-159] and 7008 {4] have been developed far the high strength 7000-serics
alloys. The new clad alloys protect the copper-bearing 7000-series clectro-
chemically: in the heat-treated condition, they develop nearly the same mechan-
ical properties as the core alloy, in contrast to the normal 7072 alclad alloy
{which does not respond to heat treatinent) for these 7000-serics materials. This
difference resu'ts from the increased zinc and magnesium contents in the new
clad alloys with 7011 and 7008 are ? to # isi higher than those for the regular
7072 alclad materials and only 2 to 3 ksi below those for bare material. Of
course, as sheet thickness increases, the difference in strength between bare and
clad material decreases. Fatigue strengths of materials clad with 7011 and 7008
are also significantly higher than for matenals clad with the lower strength 7072
alloy.

Another new development is the introduction of X7475 alloy sheet in both
the high-strength T61 temper and the exfoliation-resistant T761 temper [160) .
This alloy is also available with or without the high strength 7008 cladding. The
X7475 alloy is a cleaned-up version of 7075, which has excellent fracture-
toughness properties comparable to those of 2024-T3, and strength in the T6l
and T761 tempers that is only 2 to 4 ksi beiow that for the 7075 alloy in the T6
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and T76 tempers. X7475-T6 is also nearly identical in strength to 7079-T6 and
has a fracture toughness about 20% greater than that for 7079-T6. The high
toughness of X7475 results from the reduced iron and silizon contents, which in
turn eliminate most of the iron- and silicon-bearing intermetallic particles pres-
ent in normal material. More effective homogenization and dissolution of
copper-bearing intermetatlics during processing are probably also partly responsi-
ble for the significantly increased toughness.

Weldable Alloys

For many welding applications, such as for large storage tanks, structural
marine applications, or cryogenic applications, the 5000-series non-heat-treatable
alloys such as 5456, 5083, 5086, 5454, and 5052 are often used. Alloys 2014
(Al-Ca-Mg) and 2219 (Al-Cu) have a higher strength-to-density ratio and are
therefore often used for aerospace applications. Of the weldable 7000-series
alloys, 7039 and 7005 may be considered for structural applications.

In an attempt to provide even higher strength weldable aJuminum alloys with
good cryogenic toughness, two additional alloys—2021 and X7007—have been
introduced [161]. The longitudinal and short transverse stress corrosion re-
sistance of 2021 and X7007 in the unwelded condition is compared with the
stress corrosion resistance of unwelded 2014, 7039, 7005, 6061, and 2219 in
Fig. 41. With the exception of the copper-free alloys (7005, 7039, X7007), the
data in Fig. 41 were obtained from specimens removed from plate and exposed
to a 3.5% NaCl solution by alternate immersion. For the copper-free types, the
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Fig. 41, Stress corrosion resistance of several weldable high-strength aluminum.al—
loys. Arrows indicate that the specimen did not fail at the highest stress at which
it was tested [161]. From Metal Prog. 95 (No. 5), p. 72, Fig. §; copyright 1969 by
the American Society for Metals, Used by permission.




212 HIGH STRENGTH ALUMINUM ALLOYS

SHEET (0.046 TO 0.125 IN))

80
0 \E
b
60 H m 2z
WX
~ ~ 9
I ool figh 2 %
v w 9
I ¥ z
w40 g @
ox 5
I sl ol ¢
30+ 5 O
A
&J ¥
wr . : 1z >
L | 7
0 "1{).-4.“ 110 2 Z
0 ! BjwlA i £s1 {0 =
.- WELDWIRE 4043 4145 2319 5039 -

L ALLOY  20%4-T6 2021 TBE31 2024781 2219787  7039.T64
F!u
B : BASIC UNWELDED ALTERNATE IMMERSION
, Fry W = AS WELDED LONG TRANSVERSE
SCC THRESHOLD ) A - WELD + AGE GRAIN DIRECTION
{SMOOTH svecumem\ S WELD + STA

= K) TO CAUSE SCC IN SURFACE FLAW SPECIMENS

K; VALUES FROM SINGLE EDGE NOTCH SPECIMENS

PLATE (0.75 TO 1.00 IN.)

40

STRESS (ksi

30

20

NOMINAL SUSTAINED STREST
INTENSITY K| CAUSING SCC (ksiy/in)

F
° 35

WELD WINE 2318 4145
ALLOY 2014 78 202) TBE3Y 2024 7851 2219 187 7039 T64

Fig. 42. Mcchanical propertics and stress corrosion resistance of sheet and plate
weldments of several high-strength aluminum alloys {162].
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threshold values for SCC are based on exposure to an inland industrial atmos-
phere that, as previously discussed, provides more reliable information than the
alternate-immersion test. Except for 6061-T6, 2219-T81, and 2021-T%1, the
short transverse stress corrosion resistance of the alloys shown in Fig. 41 is
quite low (7 to 16 ksi).

In the as-welded condition, the stress corrosion resistance of many of these
alloys is reduced. Stress corru.ton cracks usually develop at the edge of th~ weld
bead if smonth specimens are tested. The reduction of stress corrosion resist-
ance due to welding is illustrated in Fig. 42. Aging or resolution treatment and
aging after welding often improves resistance to SCC (Fig. 42).

It can be seen from the data in Figs. 41 and 42 that afloys 2021 and X7007
possess attractive strength properties although the short transverse stress-
corrosion resistance of X7007-T6 is quite low. {t has been reported that tough-
ness values of repaired welds are much tower for 2021 than for 2219. Since more
often than not repair welding is required, this parameter could be of the utmost
importance, and a choice between alloys 2021, 2219, or 2104 may well hinge on
this factor.

4.5 Discussion

A satisfactory theory of SCC in high strength aluminum alloys would have to
predict quantitatively and explain from first principles the experimental results
presented in the previous sections. Such a theory is not yet available. There are
many reasons for the lack of a complete quantitative theoretical treatment of
SCC. Three are mentioned below.

First, quantitative experimental SCC data have only recently become avail-
able. Some of the data are presented here for the first time.

Second, theoretical treatments of SCC attempt to understand the basic
mechanisms in atomic dimensions near the crack tip. On this scale, however,
observadions near the crack tip are extremely ditficult, if not impossible. There-
fore, the hasic assumptions of most theories cannot be verified directly.

Third, the complexity of the subject requires that theoreti-al treatments take
into account mechanical, chemical, and metatlurgical aspects. These three as-
pects are intenelated, as cvident from the previous sections of this monograph.
Theretore, significant progress toward understanding SCC is likely to come only
from research teams that combine the results of fracture mechanics, chemistry
(especially electrochemistry ), and metallurgy. Tradition and lack of funds do not
favor the formation of such research teams.

The following short discussion is broken down into three parts, depending on
whether the predominating aspect is mechanical, chemical, or metallurgical. The
discussion reflects the fact that we are still far from a quantitative theory that
integrates all three aspects. A more detailed discussion of the mechanisms of
SCC of aluminum alloys has recently been given elsewhere [46,73].
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Effect of Stress on Crack Velocity

The crack velocity vs stress intensity curves shown in Figs. 11 and 33 demon-
strate the effect of crack-tip stress intensity on stress corrosion crack velocity. It
is evident that these V-K curves consist of a stress-dependent part (labeled region
I) and a stress-independent part (labeled region Il or plateau). In many cases, a
transition region between the two parts of the V-K curve is also observed. In
this section we present some models that have been proposed to explain the
effect of stress on the stress corrosion crack velocity, and which are therefore
applicable to region 1 of the V-K curve.

Stress-Activated Dissolution. 1t has been shown that a blunt crack in a dis-
solving solid under stress can sharpen if the dissolution rate is stress dependent
[163,164] . If both the stress and the stress dependence of the dissolution rate
are high enough, this could lead to failure by SCC. Based on these ideas, the
stress corrosion crack velocity ca-. uc expected to depend on the crack-tip stress
intensity in the following way [163]:

V = Vyexp(-Q + bK))/RT,

where
V= crack velocity
Q = apparent activation energy,Q =E + Ve v/p
E = stress-free activation energy
Vy = molar volume

= fracture surface energy

= radius of the crack-tip curvature
= 2UVmp

= activation volume

1 = plane-strain stress intensity.

O T =
1

Thus, this model predicts correctly the experimentally observed functional re-
lationship between crack velocity and applied crack-tip stress intensity.

Stress-Assisted Diffusion of Damaging Species. Liu [166] has analyzed the
elastic interaction between a solute atom and the stress field in a solid ahead of
the crack tip. He shows that the solute atom concentration increases rapidly
toward the crack tip if the solute atom is interstitial or if it relaxes the crack-tip
stress field. Assuming that the solute atoms might embrittle the material and also
assuming that the crack growth rate is controlled by the reaction rate within a
material whose structure is characterized by a length rg, he can write the crack
growth rate as

V = Vg Co exp (-AH) exp (_ML).

kT kT\/rg
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where
Cp = volume concentration of solutes
H = activation energy

M = a parameter which describes the elastic interaction between the solute
atom and the stress field

= stress intensity

Boltzimann constant

= absolute temperature.

~ = >
n

This modei, too, predicts correctly the experimentally observed functional rela-
tionship between crack-tip velocity and crack-tip stress intensity.

Effects of Environment

The effect of environment on the propagation of stress corrosion cracks is
most conveniently studied (and most uicwiately measured) in the stress-
independent plateau region of the crack velocity vs stress intensity curves. For
any given alloy this permits a separation of the environmental effects from the
mechanical and metallurgical parameters. Moreover, experimental results have
shown that in many (but not all) cases, region 1l is the oniy part of the V.K
curve that is affected by the environment. Therefore, this discussion is con-
cerned primarily with the effects of environment on. the plateau velocity in
region Il of the VK curve

Influence of Water Vapor on Crack Propagation in Gaseous Atmospheres. In
Section 4.3, it was pointed out that dry gases such as argon, hydrogen, oxygen,
nitrogen, and air do not support measurable stress corrosion crack growth. It is
the water vapor content of the gases that makes stress corrosion cracks grow.
Region 1 ot the V-K curves seems little affected by the water vapor content of
the gases, but the plateau depends lincarly on the water vapor pressure. This can
be rationalized i the foliowing way.

Starting at the lower end of the V-K curve (see Fig. 33, for example), crack
velocity increases with increasing stress intensity. In region I, the crack velocity
cou'd be limited by the kinetics of the tip reactions as outlined earlier. As the
crack velocity increases, it might eventualiy reach a limit set by the rate at which
the damaging species arrives at the crack tip. The rate-limiting step could be
either the diffusion of water vapor through the gas that fills the crack or the
diffusion of water through an oxide layer covering the crack tip. In either case,
we would expect the crack velocity tc be strongly dependent on the water vapor
concentration in the bulk atmosphere but nearly independent of the applied
crack-tip stress intensity. This is indeed what is observed for the plateau velocity.

SCC in Aqueous Solutions. A change of the environment from gases with
100% relative humidity to immersi~n in liquid distilled water does not change
the V-K curves of high strength aluminum alloys very much. The only exception
is alloy 7079, where such a change of environment increases the plateau velocity
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by a modest tactor of three }73). The similar growth rates in liquid water and
gases saturated with water vapor indicate that in neither environment is the
crack growth limited by the rate that water arrives in the crack-tip zone. There
must be a slower rate-controlling step yet to be identified. Diffusion through an
oxide layer at the crack tip is one of the possible rate-controlling steps.

Stress-Corrosion Crack Velocity Limited by Mass-Transport Kinetics. The
mass-transport-kinetics (MTK) model was first developed for SCC of titanium
alloys in aqueous chloride, bromide, and iodide solutions [167] and later
extended to ~'uminum alloys [168,169]. It indicates that the stress corrosion
crack veloanty in region Il of the V-K curve is limited by the kinetics of halide-
ion transport to the crack tip.

The MTK model is in good agreement with a number of experimental ob-
servations on stress corrosion crack growth in region I of the V-K curve.

Halide-fon Concentration. The theory predicts that the crack velocity should
be proportional to the halide-ion concentration. This agrees well with the experi-
mental observations reported in Refs. 47, 73, and 168.

Temperature. The temperature dependence of stress corrosion crack growth
in region I, according to the MTK model, would be determined mainly by the
temperature dependence of the diffusivity of the halide ions. The activation
energy of approximately 4 kcal/mole measured for region 11 is well within the
range predictable for the activation of a process limited by ionic mass transport
{170}.

lonic Species. To explain the fact that chloride, bromide, and iodide accel-
erate SCC in aluminum alloys is outside the scope of the MTK model. However,
since the crack becomes acidic as indicated earlier, hydrogen ions and Al*** ions
displace other cations within the crack so that the velocity is independent of the
cations, as reported above.

Metallurgical Aspects

In this section. we would hav liked to present those theories that predict
quantitatively the stress corrosion performance of high strength aluminum
alloys, based solely on the microstructure and composition of the alloy. There is
no such theory; indeed, there is not even a single successful attempt to relate the
stress corrosion V-K curve and the microstructure of aluminum alloys on a
quantitative basis. This is all the more deplorable since hundreds of papers have
been written on the relationship between microstructure and SCC of aluminum
afloys. Even the single most important metallurgical treatment to improve stress
corrosion resistance—the overaging of precipitation-hardened alloys--has not yet
been analyzed quantitatively.

Qualitative hypotheses of the relationship between microstructure and stress
corrosion résistance are still highly controversial. They have been reviewed
adequately [171}, allowing the present section to be brief. Progress in under-
standing the metaliurgical aspects of SCC of high strength aluminum alloys will
come when
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® Hypotheses and the tests they are supposed to explain are made quanti-
tative.

® Assumptions upon which the hypotheses are based can be checked in-
dependently.

Precipitation Hardening. According to the experimental data reported in the
last section (Proper Storage). the effect of precipitation hardening on resistance
to SCC seems to follow these rules:

® The initial stages of precipitation hardening decrease the resistance to SCC
j1os}.

® Precipitation hardening beyond peak hardness (overaging) can increase the

resistance to SCC {105].
Figure 35 illustrates these observations. Since precipitation hardening is of the
utmost importance for high strength aluminum alloys, studies on the effect of
metallurgical parameters on SCC have often attempted to explain these two
rules. The following hypotheses are among those discussed presently.

Precipitate-Free Zones. It is well established that preferential precipitation
during aging of Al-Zn-Mg alloys can lead to the formation of a precipitate-free
zone (PFZ) at grain boundaries {172]. Wide PFZ’s are easily observed in ternary
alloys. In commercial high strength aluminum alloys, PFZ’s are much smaller
and often are not observed at all. Therefore, most studies on the relationship
between PFZ width and stress corrosion resistance have concentrated on high-
purity ternary Al-Zn-Mg alloys of academic interest. Three schools of thought
have developed, each contradicting the other:

® Reducing the PFZ width will increase resistance to SCC [173}.

® Reducing the PFZ width will decrease resistance to SCC [174].

® PFZ width is of minor or no importance to SCC resistance {105,175].
Those who believe that PFZ's are important in the resistance to SCC assume this
is 50 because preferential deformation in the PFZ leads to preferential dissolu-
tion and thus to intercrystalline SCC [174,176] .

At this time, neither the PFZ hypothesis nor the experiments supporting or
contradicting it are on a quantitative basis.”

Interaction of Dislocations with Precipitates and SCC. This hypothesis pro-
poses that the effect of precipitation hardcning on the resistance to SCC is due
to the interaction of dislocations with those precipitates that cause the harden-
ing [105,177-180]. High strength aluminum alloys exhibit characteristic dis-
location arrangements after deformation. In material of low resistance to SCC,
straight, narrow bands of high-dislocation density extend across the grains. The
dislocations in the bands are piled up against the grain boundaries. In materials
aged to a reduced susceptibility, the slip bands contain dislocations of irregular
curvature and many dislocation loops. It is thought that different dislocation-
particle interactions cause the differences in slip mode, and it is concluded that

*The evidence appears to indicate that although changing the width of the PFZ affects
SCC behavior, the concomitunt changes in the nature of precipitate affects SCC behavior
more, (Editor.)
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resistance to SCC in high strength aluminum alloys is reduced by precipitates
that are sheared by plastic deformation. Particles bypassed by moving disloca-
tions are thought to result in improved stress corrosion resistance. According to
the dislocation-particle interaction hypothesis, overaging reduces stress corrasion
susceptibility because the volume fraction of particles that can be sheared de-
creases [105].

The hypothesis that dislocation-particle interaction affects the resistance to
SCC in high-strength aluminum alloys predicts specificaily that

® Maltrix precipitates (i.e., GP zones), and not grain-boundary precipitates ot
the PFZ, control resistance to SCC.

® Susceptibility to SCC in aqueous chloride solution increases with the
volume fraction of the GP zones {103].

Results of recent experimental investigations are in full agreement with these
predictions |175,181,182].

The dislocation-particle-interaction hypothesis is at present transformed into
a quantitative SCC theory {46,182]. Until a quantitative comparison of theory
and experiment is presented, the assumptions and predictions remain open to
questioning as do the other hypotheses mentioned.

SCC Due to an Anodic Path Along Grain Boundaries. Nearly three decades
ago, 2 “‘generalized theory of stress corrosion cracking” was given [183)] that
describes the mechanism of SCC of aluminum alloys as follows: Corrosion
occurs along localized paths, producing fissure.- components of tensile stress
normal to the path then create a stress concentration at the base of the localized
fissures. In aluminum altoys, such preexistent anodic paths are thought to be due
to the difference in electrochemical potentials between grain-boundary precipi-
tates or grain-boundary margins and the grain interior [S5]. The role of stress in
stress corrosion crack growth is thought to be the opening of the fissures, thus
exposing fiesh unprotected metal to corrosion attack. It is assumed that in this
way, corrosion along the grain boundary is accelerated because freshly exposed
metal is more anodic. This theory is still widely =2ccepted, especially in the
aluminum industry, because it is consistent with many experimental observa-
tions concerning the effect of heat treatment on resistance 1o SCC. The anodic-
path hypothesis has the merit of being among the first to attempt a correlation
between microstructure and stress corrosion experience. This hypothesis has
been used to explain the superior stress corrosion resistance of the overaged
alloy 7075 in the T73 temper compared to the T6 temper {60].

4.6 Preventing SCC Failures in Aerospace and Other Structures

Attempts 10 eliminate SCC problems with high strength aluminum alloys have
not been completely successful. For example, numerous stress corrosion failures
have occurred in the Saturn V launch vehicle, primarily on parts made from
7075-T6, 7079-T6, and 2024-T4 {184]. Nor has the Apollo lunar landing
module been free from SCC [185,186]. While these particular problems have




PREVLENTING SCC + AILURLS 219

been alleviated by switching to stress-corrosion-resistant alloys and tempers or
by changing processing procedures to rinimize residaal and fit-up stresses, etc.,
questions may still be asked: Why? Why so many? Why so many in this late stage
of our technological advancement?

Some have suggested that the overriding fact about SCC is a lack of awareness
of existing data [187]. Hopefully, this trend will be reversed as builders of aero-
space and hydrospace equipment place more emphasis on materials selection. To
help achieve this goal, this chapter has attempted to put into perspective the
mechanical and stress corrosion properties ¢f the more common alloys; the
newly introduced alloys such as 7175-T736, 7049-T73, and X7475; and some of
the development alloys yet to be offered commercially. In this manner, those
involved in recommending materials to the designer can be made more aware of
the changes coming to the aluminum-alloy-development area. Thus they can be
better prepared to make materials recommendations in the coming v _ars.

Materiais selcction

High Strength Alloys for Hand- and Die-Forging Use. While it is sometimes
possible to locate the parting plane of die forgings in an area that will minimicze
short transverse stresses, it is often difficult or impossible in complex {orgings to
predict the exact nature of the grain flow at cach specific area. Thus, end grains
may be exposed after machining, especially on heavily machined parts. For this
reason and because of the possible presence of residual surface tensile stresses
acting normal to local grain (Jow and the presence, unmtenuonat thougn 1L indy
be, of fit-up or assembly stresses, alloy 7079-T6 should not be used where stress
corrosion problems must be avoided. This same recommendation also applies to
hand forgings. The low survival rates of 7079-T6 industrial-atmosphere stress
corrosion specimens stressed to only 15% of the yield strength (Fig. 17), the
rapid stress corrosion crack growth rates possible in 7079-T6 (Fig. 33), and
actual service experience dictate that this recommendation be made. The recon-
mendation should be ever. more emphatic in view of the recent development of
stress-corrosion-resistant alloys such as 7049-T73, 7175-T736, and 7075-T736.
which have strength properties equal to or greater than those for the 7079-T6
alloy (Table 2). Alloy 7075-T73, despite its slightly lower strength properties,
can also be justified as a replacement for 7079-T6.

This single recommendation to avoid use of 7079-T6 could save millions of
dollars yearly by minimizing downtime necessary to replace cracked parts. The
increased reliability and reduced maintenance costs should also be obvious.

While 7075-T6 forgings have shown better service performance than 7079-T6,
they too are highly susceptible under short transverse stresses; it is recommended
that for most applications 7075-T73, 7175-T736, 7049-T73, or 7075-T736 be
considered as replacements for 7075-T6.

For the 2000-series alloys, the artificially aged T6 and T8 tempers provide a
higher degree of resistance to SCC than the naturally aged T3 and T4 tempers.
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Note, however, that alloy 2014 even in the artificialy aged T6 temper s highly
susceptible to SCC in the short transverse direction. In certain applications
where parts may be fatigue critical. 2014-T6 forgings are often used successtully
despite this short-transverse stress corrosion susceptibility.

For lower strength applications, 6061-T6 has excellent resistance to SCC.

Alloys for Sheet and Plate Applications. Matcnal selections for sheet and
plate applications are often dictated by sucu factors as fatigue life and fraciure
toughness rather than stress- or exfoligtion-corrosion resistance. However, it
service performance has shown that protective measures against exfoliation cor-
rosion of the 7000-series alloys have been inadequate. the newer T76 tempers
for 7178 and 7075 and the T761 temper for the newer X7475 alloy can be used.
For applications where regular alclad 7000-series alloys have been used, strength
and possibly fatigue-life improvements can be obtained by use of th~ higher
strength 7011 and X7008 clad materials. In addition, significant gains in fracture
toughness can be achieved by use of bare or X7008 zlclad X7475 alloy.

In fatigue .iiiical applications or wl ere high toughness is required, 2000-
series alloys such as 2024-T3 and 2014-T3 are often used. For most applications,
these alloys are used in the alclad condition to protect against general and
exfoliation corrosion. It should be recalled that the resistance to stress corrosion
and exfoliation corrosion of 2024-T3 decreases rapidly during the first stages of
any reheating (Fig. 35) until a minimum resistance is obtained. Additional heat-
ing then increases the resistance. Thus, care must ba exercised to ensure that
exposure times to elevated temperatures during service or fabrication are below
those levels that would sensitize the 2024-T3 to intergranular attack. Too slow a
cooling rate during quenching can also sensitize 2024-T3 material to exfoliation
and SCC (Fig. 30). Since cooling rates are a direct function of thickness, it is
recommended that 2024 products thicker than about 0.25 in. should be used
only in the artificially aged tempers (T6X, T8X) [85]. unless of course pro-
tective measures have proven to be adequate in protecting against exfoliation
and stress corrosion in parts fabricated from thicker sections.

For marine appiications, alloys such as 5052, 5454, 5086, S083, and 5456 are
used. Low-magnesium-content alloys such as 5454 (2.75% Mg) can be used
where service temperatures may be expected to exceed 150°F {77]. Since
extended heating of wrought Al-Mg alloys with magnesium content in excess of
about 3% results in susceptibility to SCC (Figs. 23-25), special sheet tempers
designated H343 and H323 were developed to provide good resistance to SCC at
ambient temperatures of about 150°F or below for alloys such as 5456 (5.25%
Mg) and 5083 (4.45% Mg) [188]. The even newer 116 and 117 tempers for
5186 and 5456 alloys should be considered it service conditions indicate that the
H321, H323, and H343 tempers may not provide adequate resistance.

Alloys for High Strength Extrusion Applications. The same general comments
made for sheet and plate apply to extrusions. Exfoliation-resistant T76 tempers
are also available for 7075 and 7178 extrusions, and these alloy temper com-
binations have the additional benefit of improved SCC resistance. Probably the
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most common problem results when thick extrusions are heavily machined, thus
exposing essentially transverse grain structure. This problem can be pasticularly
acute if interference-Nt fasteners or stresses from asserably mismatch or jozgling
are present in the region of transverse-grain structure.

One potential method of minimizing the amount of machining for certain
applications is the use of stepped extrusions. Use of these products can provide
tor thick sections only in the area where it is needed.

This resume of some of the recommended uses of aluminum alloys, especially
some of the newer ones. has purposely been brief, and anyone involved in
aluminum-alfoy selection should consult the various alloy producers.

Proper Design, Fabrication, Assembly, and Finishing Practice

Extensive coverage of the many facets of design, fabrication, and assembly
practices that must be closely controlled to avoid SCC problems in high-streng:h
aluminum alloys is beyond the scope of ihis monograph. If strass-corrosion-
resistant tempers -annot be used, certain precautions should be taken to avoid
service tailures due to SCC. Some of the more common rules are discussed below
[189].

® Avoid where possible the machining of thin sections from thick sections
since the grain structure in the machined part may be adversely oriented with
respect to locked-in assembly or quenching stresses (see Fig. 4).

® When deep hole or pocket machining in thick non-stress-relieved materiz' is
required, rough machine as extensively and as close to finish dimensions as
practicable prior to heat treatment. Even if final machining removes the residual
surface compressive layer, the removal of less matenial after heat treatment
exposes lower internal tensile stresses.

® Avoid deep blind bores since an inadequate quenching in such areas can
lead to high inside-diameter surface tensile stresses.

® In hand forgings, rings, and many die forgings, minimize residual quenching
stresses by using stress-relieved (T652) material, especially when a part is to be
machined all over. In die forgings that are not machined all over, caution is
required because the T652 compressive treatment tends to produce residual
tension stresses >f a {few ihousand psi on the surface of the part.

® Bending, joggling, roll forming, and twisting can result in residual surface
tension stresses that, if combined with adverse grain structure, can lead to stress
corrosion problems. Perform these operations on susceptible mzterial when it is
in the freshly quenched (W) temper or possibly hot. Hot forming ot certain
5000-series alloys in the annealed condition is recommended to minimize the
effect of cold work as well as to lower the residual stresses.

® Swaging and shape drawing at room temperature are capable of inducing
residual surface tensile stresses in the transverse direction on the formed parts. If
feasible with suscep‘ible heat-treatable alloys, form the parts in the O-temper
and then heat treat. Alloys 2020, 2024, and 2219 may bc swaged in the
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solution-heat-treated condition and then aged to minimize SCC: however, this
procedure is not recommended for 2014 und the 7000-series alloys aged to the
T6 temper.

® Interference-fit bushings and pins can cause stress corrosion. This problem
1s particularly severe where holes to be bushed are located on the parting plane
nf die forgings. and this practice should be avoided. Minimize stresses by con-
trolling the interference fit that is permitted. When toic nces required are too
tignt. make the bushing very thin in comparison to the wall around it so that a
larger part of the necessary deformation takes place in the bushing.

& Lliminate moisture traps. This also applies to faying surfaces. particularly if
one of the materials is an absorbent. If one of the materials is a dissimilar metal.
galvanic corrosion may occur and accelerate any possible SCC hazard that
already exists.

® Usc shims to compensate for assembly mismatch.

Surface Treatments

The safest way to prevent SCC service failures with high strength aluminum
alloys is to use SCC-resistant alloys and tempers. Where this approach is not
possible because of other requirements of the material, adequate protective
measures must be taken if alloys and tempers that are susceptible to SCC are
used. Such protective measures include treatments of the metal surface. notably
shot peening and coating. Obviously, evaluation of the ~ffectiveness of surface
treatments as SCC preventives can be made with smooth specimens only: this is
one situation where precracked specimens are of no use. However, this situation
will be reversed if and when self-healing coatings and inhibitors are studieu.

Shot Peening. One of the most effective SCC preventives for high strength
aluminum alloys is surface working by shot peening, particularly when used in
combination with protective coatings. This procedure can be used as a “fix™ in
troubleshooting or can be incorporated into the original design of a2 vehwie
[190}.

Shot peening differs from most protective measu:es because it changes the
surface of the metal instead of merely coating it. Hamimering of the shot plas-
tically deforms the surface metal and obliterates the grain structure, resulting in a
thin surface layer of metal being placed in compression. Shot peening is effec-
tive, therefore, only if

® All exposed surfaces are thoroughly worked (saturated) to an adequate
intensity.

® The resultant compressively stressed layer is not penetrated by either
mechanical damage or corrosion.

Usually the cold-worked layer is thick enough to tolerate minor surface
scratches. The layer can be penetrated readily, however, by the pitting attack
that occurs on high-copper-content aluminum alloys in corrosive environments.
Thus, it could be expected that the effectiveness of peening would be related not
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only to the adequacy of peening, but also to the environment and the resistance
to corrosion of the given alloy in that environment. Therefore, shot peening is of
no appreciable benefit to stressed specimiens of 2014-T651 (low resistance to
corrosion) in the 3.5% NaCl alternate-immersion test where pitting rapidly
penctrates the cold-worked layer. However, peening considerably extends the
time to failure of stressed specimens of 7079-T651 (comparatively high resist-
ance to pitting). A 4-year exposure to a seacoast environment, which is con-
siderably less corrusive than the alternate-immersion environment, showed that
peening does improve the performance of 2014-T651 and can prevent failure of
7079-T651. In the even less corrosive industrial infand enviromnent, stressed
specimens of voth alloys can survive for several years without failure. These
effects are illustrated in Fig. 43. Short transverse 7075-T6 tensile specimens
stressed to 75% of their yield strength and exposed to the mildly corrosive
industrial environment at New Kensington fail in less than 6 months, whereas
shot-peened specimens last longer than 17 ye-ss [191]).

The reason shot peening can delay or prevent SCC is twofold. First, cold
working of the surface develops high compressive surface stresscs in a layer
several hundredths of an inch deep. Second, the plastic deformation of the
surface layer distorts and bends the grain boundaries, thereoy impeding the
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Fig. 43. Comparison of the effect of alloy and environment on the protection ..~ "st SCC
afforded by pecning and peening plus painting on specimens stressed in the short transverse
direction to 75% of their yield strength {193).
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initiation of intergranular corrosion and intergranular stress corrosion cracks
[191,192]. If pitting corrosion penetrates the cold-worked surface layer, the
beneficial etfect of shot peening is lost.

The necessity of achieving thorough saturation of the cold-worked surface
cannot be emphasized too strongly. lnstances where peening was not effective in
service applications have often been attributed to critical areas not being worked
or worked only superficially.

Painting and Coating. Paint systems, in general, are effective measures against
surface corrosion. However, a significant disadvantage of paint systems in pro-
tecting against SCC is that they provide only a barrier layer to ex.lude the
environment. Paint coatings lose much of their effectiveness if mechanical dam-
age occurs (Fig. 44). In this regard, an inadvertent holiday in the coating or a
slight scratch may be all that is required to destroy its protective ability. In
service applications, the stress contributing to SCC may be introduced after
prctective coatings have been applied. Although organic films have excellent
flexibility, microcrazing can occur if the mctal is deformed appreciably. It is
prudent whenever practicable, and particularly when severe attack is expected,
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Fig. 44. Relative protection against SCC of various protective systems on 2014-T6S1
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to provide paint protection to shot-peened parts to prevent rapid penetration of
the cold-worked surface layer. The excellent protection afforded by the com-
bination of peening and painting is illustrated in Fig. 44.

Galvanic Protection. Since it is impossible to maintain the integrity of coat-
ings in service, sacrificial aluminum anodes or protective claddings are sometimes
used to supplement the primary protection provided by the coating. For
example, the deep-diving submersible Aluminaut uses aluminum alloy anodes to
supplement the protection of the pressure hull offered by several layers of
polyurethane coating [75}.
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Fig. 45. Effect of increasing potential difference between the substrate
metal and the galvanic coating on the degree of protection against SCC of
short transverse specimens stressed to 75% of the yield strength [193}.

To be highly effective, galvanic coatings must be sufficiently anodic to pro-
vide adequate electrochemical protection. The effect of this increasing anodic
relationship on the degree of protection for a zinc electroplate and zinc-rich
paint on four aluminum alloys is shown in Fig. 45. However, standard solution
potential measurements provide only a limited basis for predicting the feasibility
of electrochemically protecting any given alloy by a galvanic coating. The actual
degree of electrochemical protection depends on both the electrolyte to which
the systes.. is exposed and the cathodic area exposed.
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The cffectiveness of the various galvanic coatings on 2014-ToS1 and
7079-T651 is compared with some other protective treatments in Figs. 46 and
47. Specimens metallized with the 7072 alloy performed quite well, although
some failures did oceur in some metallized 7079-T651 specimens. The poorer
perfort.ance of the metallized 7079-T651 specimens has been rationalized on
the basis of the smaller difference in soluiion potential between the 7079-T651
and the 7072 alloy (Table 7).

Table 7. Solution Potentials of Some
Commercial Aluminum Alloys

Solution Potenti
Alloy and Temper ol ntential

{m¥)
2024-T351 -700
2014-T651 -790
7178-T6S} -830
7079-T651 -865
7072 -940

Data from Ref. 248 (unpublished data).

Average steady value in NaCl-H O, solution, referred
10 0.1¥ calomel ceit at 25°C.

Pure aluminum coatings, : eposited by such methods as ion vapor deposition
or vacuum deposition, also provide good protection to 7075-Té aluminum if the
coating is around 1 mil thick and if the coating is protected against pitting attack
by a supplementary chromate treatment.

Magnesium pigment added to a propretary , air-curing, inorganic binder has
also proved to be effective in minimizing SCC of 7075-T6 [194}. Magnesium
pigment added to an epoxy primer has also given good results [195].

While galvanic coatings have the important advantage over other protective
measures in that the degree of protection is less affected by mechanical damage
or hulidays in the coating, there is a limit to the size of the void that can be
electrochemically protected. It has been shown that a void as nasrow as 0.0625
in. can seriously impair the effectiveness of a 7072 metallized coating [194].
Some of the drawbacks of 7072 metallized coatings are that they have a rough
finish; they are difficult to apply to close tolerances; they sometimes spall when
formed, drilled, or countersunk; and they can bridge base metal cracks and thus
interfere with crack or defect inspection. Also, their porous iature precludes
die-penetrant inspection.

Zinc-plated specimens do not perform as well as metallized specimens in the
alternate-:mmersion environment due to the relatively rapid consumption of the
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zine (Figs. 46 and 47). In atmospheric tests, overall performance of the zine-
plated specimens is more favorable, with failures confined to 7079-T651. The
etfectiveness of zinc electroplate can be improved through use of paint topcoats
to reduce rapid consumption of the zinc | 194} . While zinc-electroplate coatings
are smooth and relatively nonporous, zinc imparts a greater weight penalty than
aluiminum metallized coatings.

Zinc-rich epoxy paint systems can be applied with normal paint procedures.
Because the zinc must be in intimate contact with the substrate metal to provide
electrochemical protection, the chromate conversion coating and primer pre-
treatments cannot be used; thus, adhesion is less for the zinc paint systems than
for the other epoxy systems. Zinc-rich paint systems provide appreciable pro-
tection, however, except in the severe alternate-immersion environment and
when intentionally damaged (Fig. 46 and 47).

Whilc some of these shot-peening and coating treatmen's can do an effective
job of delaying SCC, none is a substitute for the selection of a stress-corrosion-
resistant alloy. A possible sequence of events leading to failure of a tully pro-
tected part is as follows: Mechanical damage can cause the loss of the protection
afforded by the anodized layer, the primer, and the topcoat, thus allowing the
environment to reach the shot-peened layer. Under suitable conditions pitting
corrosion can then penetrate the shot-peened layer, leading to SCC if the
material is susceptible and if tensile stresses are present. 1t should be noted that
future aerospace specificatiuns may require that critical forgings be subjected to
a 2000-hr alternate-immersion test in their bare, final-mzchined condition to
locate potential problem areas. While it may be sufficient to ensure that such
located problem areas are adequately peened and painted, the best way to ensure
passing such a test is to use SCC-resistant materials.

Protective Treatments for Preventing Exfoliation and Faying-Surface Corro-
sion. Exfoliation corrosion usually starts at fastener holes because the holes are
drilled after the protective anodizing #1.d conversion coatings are applied. Under
service cenditions, electrolytes are present in the form of ruin condensation,
paint strippers, brighteners, seawater, etc. Cotresion usually originates in the
countersink areas because that is where initial penetration by the electrolyte
occurs. Exfoliation and general corrosion also often start at faying surfaces
where electrolytes penetrate the space between riveted, bonded, or bolted over-
lapping panels. This typeof corrosion can be particularly severe if absorbent
materials are Jocated between the faying surfaces. Severe corrosion of this type
can cause a loss of structural strength.

Typical methods of combating exfoliation corrosion involve wet installation
of rivets treated with polysulfide sealing compound or zinc chromate primer,
However, recent tests {197] on 7075-T6 and 7178 T¢ have indicated that
neither of these materials provides complete protection agaiist exfoliation corro-
sion because moisture from sustained high-humidity test conditions eventually
penetrated to the inside surface of fastener holes, where corrosion occurred. The
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moistute was not merely seeping between the scalants and the sides of the
tastener holes but was permeating the scalants.

This weskness of the elastomers can be climinated b, incorporating a water-
soluble chromate inhibitor into the elastomer [197). This inhibitor dissolves in
any moisture penetrating the sealant/metal interface and converts it into a pro-
tective solution. The validity of this concept has been proven by simulated
service tests, and ficld tests and inhibitive sealants are now being used on a
number of commercial and military aircraft [197). Inhibitive compounds are
now being produced for brush application, for s; (aying, for fillet work, and for
faying surfaces. A special tormulation with aluminum pigment is available for
use as a topeoating. it should be kept in mind that presenly used inhibitors
inhibit gencral corrosion but do not inhibit the growth of stress corrosion cracks.

By reducing the viscosity of the inhibitive sealants, a successful coating
system has also developed from these materials; it is now being used on aircraft
surfaces, in the rework and refinishing of dry bays, and in the internal spaces of
aircraft wings that are not filled with fuel [197]. Depletion of the soluble
chromate ions from the elastomer coating is prevented by overcoating with an
aluminized elastomeric antileaching topceoat.

Proper Storage

Stress corrosion cracks in susceptible high strength aluminum alloys such as
7079-T6 and 7075-T6 arc often found in parts that have been sitting on the shelt
awaiting instaliation. Residual surface tensile stresses exposed by machining or
resulting from straightening or forming operations, combined with a transverse
gigin structure and the water vapor normally present in the air, are all that are
required.

Besides in-service cracking, many parts fail in structures cven before the
structure has performed its intended mission. For example, some swaged
7075-T6 support struts for the lunar module were found to contain stress corro-
sion cracks. Such problems are of great importance. especially since storage
times may greatly exceed original plans due to funding cutbacks, etc. In this
regard, recently measured guantitative crack velocity data may be useful {73].
These data suggest that if relative humidities in storage areas are maintained
hefow about 2%, stress corrosion cracks could not grow faster than about 10-8
cemyfsec, even if cracklike flaws were already present and loaded to high K
levels. *

*l'urther practical guidance in the avoidance of SCC in aerospace structures is given in
Military Specification MIL -719D (3 March 1969) on finishings and coatings and in
*“General Specifications for Design and Construction of Aircraft Weapon Systems SD-24),
Vol 1* Fixed Wing Aircraft.” 10 Octoher 1966. (Editor)
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5. TITANIUM ALLOYS

5.1 Introduction

Titanium and its alloys are relatively young structural materials which have
been in use for the pas: two decades, a considerablv shorter time than many of
the high strength steels and aluminum alloys. Thus the amount of data presented
i this chopter, although superficially large, is certainly not as detailed and
reproducible as that for, say, aluminun: alloys presented in Chapter 4. Another
wauy in which the data for aluminum alloys differ is that the scatter of results for
titanium alloys is quite large due to the many variables that may operate within
one alloy. For example, the SCC results for the aluminum alloy 7075-T6 tend to
be reproducible from lot to lot while for Ti-6Al-4V the results obtained depend
on factors such as microstructure, oxygen content, texture, etc. which are not
specified or controlled in many cases.

The bulk of titanium alloy production is used by the aerospace industries
with the predominant applications in gas turbine engines. There has been an
increasing amount of titanium used in the primary structure of airplanes and
rockets. Titanium alloys have an excellent record in service and in fact it is
difficult, with a few rather dramatic exceptions, to base any of the sections in
this chapter on service experience. In gencral we shall have to project laboratory
test results to potential service situations. This is not a particularly desirable
method- as it has been shown in the case of hot salt stress corrasion cracking,
such an extrapolation can be misleading.

The chronoiogical development of SCC problems in titanium alloys, bascd on
limited service and extensive laboratory experience, is briefly as follows. In 1953
it was discovered that SCC occurred in titanium and its alloys [1] in red fuming
nitric acid, which was circumvented by modifying the composition of the acid.
Research in the mid-1950’s demonstrated that SCC couid occur at elevated
temperatures in the presence of chloride salts; even though many laboratory
failures were produced, service failures have not been reported. However, prob-
lems were encountered in turbines attributed to the presence of other metals in
the structure, notably cadmium [1,2] and silver. In the early 1960's titanium
alloys began to find increasing applications in air frames and space vehicles and
some material-environmental incompatibilities became evident. The most dra-
matic were failures of Apollo tanks containing nitrogen tetroxide or methanol
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[3.4] which were fortunately discovered during proof testing. It should be
noted that the nitrogen tetroxide problem was eliminated very quickly by
maodification of the compuosition of the environment. In 1964 it was shown that
some titanium alloys, aithough showing excellent corrosion resistance in sea-
water, could eahibit severe and very rapid cracking if a sharp Maw was present in
the material [5].

In this chapter we attempt to summarize the state of knowledge of SCC of
titanium alloys with emphasis on the engineering aspects of the problem. How-
ever, the reader may consider that i fact the emphasis is placed on the metal-
lurgical part of the problem which essentially indicates that to use a material
well one must be fully {:miliar with it. Sections 5.2 and 5.3 therefore give a
general introduction to the physical metallurgy and chemical behavior of ti-
tanium alloys. Section 5.4 describes the external parameters which influence
SCC with emphasis on the use of fracture mechanics methods to delineate the
influence of stress on such factors. Thus where possible a threshold stress in-
tensity (Kjsqo) is used to define the lower limit of cracking although we shall
also comment on the velocity of cracking. Section 5.5 describes some of the
morphological features of crack surfaces produced during the propagation of
stress corrosion cracks. Finally in Section 5.6 a summaiy of additional practical
aspects of SCC is given and pussible methods of minimizing or eliminating SCC
hazards are outlined.

No comprehensive review of the SCC behavior of titanium has been published
since 1966 [6], although several conferences [7-12] have been devoted at least
in part to the phenomenon.

$.2 Physical Metallurgy of Titanium Alloys

The aim of this section is to outline briefly the physical metallurgy of ti-
tanium and its alloys with emphasis on the phase transformations and their
influence on mechanical properties encountered in commercial alloys. Such a
description is important as only by understanding these factors can the patterns
of stress corrosion behavior of alloys, especially in aqueous solutions, be dis-
cerned. For a more detailed account of the physical metallurgy of these ma-
terials, the reader is referred to two more extensive reviews [13,14].

Allotrophy of Titanium

Titanium exists in two allotropic forms at ambient pressures. At low tempera-
tures the metal has 4 hexagonal crystal structure, the a phase, while at tempera-
tures above 880°C (1650°F) the metal has a body centered cubic (bee) struc-
ture, the g phase.
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f'ig. {. Typical phase diagrams of titanium alloy systems.

Phase Transformations

Alloy Chemistry. The classification of binary {and more complex) titaniurm,
alloy systems is based on the allotropic modification of the metal stabilized by
the added solute element. The mcst important types of (substitutional) phase
diagrams are shown in Fig. I. Elements such as aluminum stabilize the a phase as
shown in Fig. 1a and therefore are known as a-stabilizing elements; usually in
such systems an ordered phase based on the composition TijX (e.g. TizAl,
Ti3Sn, etc.) occurs. Elements such as zirconium have little influence on the
allotropic transformation (Fig. 1b), and are known as neutral additions. Most
transition elements when added to titanium stabilize the 8 pha:e (and are thus 8
stabilizers), although two types of diagrams are developed. Elements such as
molybdenum produce fully stable § phases if present in sufficient amounts; such
a B-stabilized or f-isomorphous system is shown in Fig. Ic. Other transition
elements such as manganese, although tending to stabilize the § phase, exhibit a
eutectoid transformation at lower temperatures; such a f-eutectoid system is
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shown in Fig. 1d. The rate of the eutectoid reaction varies considerably from
system to system; it occurs rapidly and cannot be suppressed by rapid cooling in
the titanium-gold system, but is extremely sluggish in other systems such as
titanium-manganese.

Although the above brief description of alloying characteristics describes in
general terms the phases that may be present in titanium alloys, it neglects such
factors as the kinetics and mode of phase formation (phase transformations), the
distribution of phases (microstructure), and the possible presence of metastable
vhases. Such factors are described in the following sections, where the maost
important phase transformations for commercial titanium alloys are discussed.

Phase Transformations. The solid state phase transformations which occur in
titanium alloys may be divided into two general types. One type occurs by the
cooperative movement of atoms, without diffusioz, and the reactions ace known
as martensitic cr shear transformations. The second type occurs by diffusional
processes, and the reactions are known as nucleation-and-growth transformations.

Martensitic Transformations. Such reactions occur in pure titanium and some
alloys if they are cooled very rapidly (quenched) from temperatures in the 8
phase field. In pure titanium the product phase or martensite ' has a hexagonal
structure and a rather irregular morphology (ofter, termed a “‘massive-
martensite”) as shown in Fig. 2a. The a-stabilized and neutral systems exhibit
the same hexagonal martensitic crystal structure, but the morphology of the o'
(martensite) phase may be more acicular. Martensitic transformations in B
stabilized or B-eutectoid systems tend to be somewhat more complicated, and we
shall use the titanium-molybdenum system to illustrate the types of transforma-
tions that may occur. The temperature and compositional regions of phases
produced in titanium molybdenum alloys on quenching from the §-phase field
are shown in Fig. 3 with the exception of w-phase formation. Alloys containing
solute element contents up to €y transform to hexagonal (a') martensite on
quenching. Alloys with solute contents between C; and C, transform to a
martensite with an orthorhombic crystal structure (a''). Both phases have acicu-
lar microstructures such as illustrated for orthorhombic martensite in Fig. 2b.

In alloys with compositic,i~ up to C3, the 8 phase is completely retained on
quenching; however, diffusionless reactions may be induced by plastic deforma-
tion. In Ti-Mo alloys, the sheai products have beer shown to consist of a mix-
ture of orthorhombic martensite and complex twinning. This latter deformation
mode tends to predominate as the alloy composition approaches C3. Between
C3 and C4, the metastable § phase which is retained in quenching deforms by
slip alone. This schematic does not show the transition between these trans-
formation products, e.g., muxwre of athermal and deformation-induced ortho-
rhombic martensite. However, since the slope of Mg vs compuosition is very steep
in alloys such as Ti-Mo, these transitiou regions may he extremely narrow.

Orthorhombic martensites and such twinning processes do not occur in all
titanium alloys which contain f-stabilizing elements; however, such transforma-
tions may be more widespread than has been recognized to date.
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{a) Commercial-purity titanium quenched from above the g-transus hexag-

onal martensite (a') with a “*massi.e” morphology (X 200)

(b) Ti-8Mo46Zr4Sn que~ched from above the g-transus orthorhombic
martensite ta”), with an acicular morphology and retained g phase X 200)

fg. 2. Marteasitic phases tn titanium alloys.
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Fig. 3. Summary of diffusionless transformations and deformation modes occurring in
Ti-Mo base alloys.

Diffusional Transformations. The most common reaction of this type in ti-
tanium atloys is the formation of the a phase or a+g dispersion. This latter form
of phase mixture may occur by several reaction paths. The a phase may be
precinitated from the § phase by cooling to temperatures at which the a phase is
stable. In a-stabilized or neutral systems the transformation goes to completion
and a Widmanstdtten a structure is produced. Systems which contain $-stabiliz-
ing (or p-eutectoid) elements produce Widmanstitten a+g structures on slow
cooling. Figure 4a illustrates such a structure in an alloy in which the a phase is
the dominant constituent; such acicular microstructures are sometimes known
as “‘basket-weave” structures. In alloys which contain more stabilizing element
the § phase predominates and is obviously the matrix phase as shown in Fig. 4b.

More controlled and higher strength a+f dispersions can be produced by
quenchin;: and tempering. Thus depending on the composition of the alloy
either a martensitic structure or a retained 8 phase may be utilized as a basis for
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(a) Ti-6AI4V slowly cooled from above the § transus (X 500) (courtesy of

W. K. Spurr)

3R
R R,
V. EN S,
CUNVNe P
s l.!\'ll
NN /T

DA X

Al

N

£

AN

il
o T

¥ and held for 16 hr (x 500}

(b) Ti-11.5Mo-62r4.58n cooled 10 1150°

Iig. 4. Widmanstatten a+g8 structures in titanium alloys.
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subsequent development of an a+f mixture by tempering. In some alloys, prob-
iems are encountered in thick section as decomposition to a+f structures occurs
in the center of the section during quenching. The ability of a titanium alloy to
produce a satisfactory structure on quenching is referred to as its hardenability.
We shall note in later sections the hardenability characteristics of several alloys.

Tempering of Martensites. It is obvious that pure titanium martensites or
similar phases formed in a-stabilized or neutral systems will not precipitate a
second phase on tempering. Hexagonal martensites, a’, which are formed in
alloys containing (-phase stabilizer elements, precipitate the $ phase when
tempered at intermediate temperatures. The volume fraction and size of the
precipitated § phase depends on the temperature and time of the tempering
treatment. (The volume fraction of this phase is controlled by the tempering
temperature; the size of the precipitate by both tempering temperature and
time.) Orthorhombic martensites [15] temper by precipitation of the a phase,
and the orthorhombic matrix transforms to the § phase at some stage of the
tempering process. The exact details of this reaction have not been widely
studied.

Tempering of Metastable 3 Phases. Such phases decompose by complex reac-
tions which may involve metastable phases. For S-isomorphous systems, e.g.,
Ti-Mo, these reactions may be written as

Bm = ftw = ftwta —+ f+a 1)
Bm = Bi+B2 ~ By +hz+a > f+a. 2)

In B-eutectoid systems, the equilibrium phase structure consists of a + com-
pound, and the precipitation sequence may be written as follows:

Bm = BHw = fwta - fra > fra+TiX » a+TiX 3
Bm > By +82 = By +82+a ~ f+a —~ fHa+TiX + a+TiX. @)

The exact sequence in any alloy depends upon its composition and the spe-
cific aging treatment. The approximate temperature and compositional ranges
for the formation of the metastable w, B and Py phases are shown for a
B-stabilized system in Fig. 5 [15]).

The formation of the w phase in titanium alloys has recently been reviewed
[16], and will only be described briefly here. The w phase (athermal w phase)
may form on quenching in dilute alloys as shown in Fig. 5. This athermal w
phasc grows on aging and the phase forms in more concentrated alloys if aged at
intermediate temperatures. The w phase forms as small coherent particles (not
resolvable by optical techniques) shown in Fig. 6a, and in dilute alloys consti-
tutes a large volume fraction of the microstructure.
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Separation of a metastable § phase into two bcc phases §) +63 occurs in more
concentrated alloys as shown in Fig. 5. Again the particle size of the precipitated
phase is small, and electron microscopy techniques are required for its resolu-
tion, as shown in Fig. 5b.

The a phase can be produced from both the +w and 8y +57 phase structures
after further aging, and such starting structures result in very fine a-plate sizes. If
an alloy is aged at temperatures above the stability field of f+w or §1+52
structures, the « phase is precipitated directly. The exact details of the disper-
sion depend on the tempering time and temperature, lower aging temperatures
resulting in higher volurre fractions of the « phase. Gne final point may be made
concerning the thermal swbility of f+a structures, which can be seen from Fig.
5. Dispersions of f+a produccd at high aging temperatures may not be stable
when exposed to lower temperatures, such as those encountered during service.
Thus if a material aged at temperature T} were subsequently exposed to lower
temperatures, thc w phase could form in the § phase. Likewise the B phase
formed at the aging temperature Ty could decompose into the 8y +83 structure.
Such reactions can lead to changes both in mechanical properties and in the
dimensions of parts, a process known as thermal instability. (This term is also
applied to the formation of a3 in & alloys at intesmediate temperatures.)

In B-eutectoid systems the equilibrium structure consists of a dispersion of an
intermetallic compound in the a phase. Although such structures are not com-
mon in commercial alloys at this time, such phase mixtures are utilized in the
Ti-2.5Cu alloy where the phase is formed from a supersaturated a phase. The
intermetallic phase TiCrp is also formed in the Ti-11Cr-13V-3Al alloy after
prolonged aging.
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(a) Bright field electron micrograph of the w phase formed
in Ti-11.6Mo

L

(b) Bright field electron micrograph of 8,482 phases in
Ti-13V-11(r-3A1

(¢) Dark field electron micrograph of a-phase TizAl in a Ti-9Al alloy

Fig. 6. Some microscopic phases that may form in titanium alloys.
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As noted in the section on alloy chemistry, an ordered phase can form in
most a-stabilized systems if a sufficient amount of solute element is present. A
two-phase region lies between the disordered solid solution a and the ordered
phase aj. The titanium-aluminum system is the most important with regard to
commercial alloys; in this system the ordered phase is based on the composition
Ti3 Al and has an ordered hexagonal structure (DO g ) closely related to the a-phase
titanium structure. The ordered phase TizSn has the same structure and is com-
pletely miscible with TijAl. As the a ~ a+a; phase line has a convex shape in
the titanium-aluminum system, it is possible to retain a disordered a phase by
quenching from temperatures above this phase boundary. (This is not true in
very concentrated alloys, >12%Al* but such alloys are too brittle to be of
commercial importance.) Subsequent aging within the a+ay phase field causes
precipitation of the ordered phase, which of course may also be accomplished by
slaw cooling through this phase field. In alloys of 6 to 8% Al the aj-phase
particles are too small to be resolved by optical microscopy; typically the phase
exists as ellipsoids up to about 1000A in diameter (Fig. 6c). The phase forms
quite rapidly at temperatures between S00°C (930°F) and 650°C (1200°F) but
forms only very slowly at temperatures <450°C (840°F).

The range of stability of the phase in titanjum-aluminum alloys is extended
by additions of oxygen and tin, which are common elements in commercial
alloys.

Microstructure and Mechanical Properties

In the above sections the phase transformations of titanium alloys have been
described, using relatively simple systems as the illustrative examples. This
section will also concentrate on similar simple systems before discussing the
more complex commercial alloys.

Alpha-Phase Systems. Pure titanium is soft and ductile. The flow strength of
high-purity titanium is about 15 ksi, with elongation of about 50%. However,
titanium has a hexagonal crystal structure, and anisotropy of properties is
observed; for example, Young's modulus varies between 12X 108 psi in the
basal plane to 20 X 105 ksi normal to this plane. Ali elements present in solid
solutions of a-titanium increase the flow strength and reduce ductility, the most
important ones being oxvgen, aluminum, and tin.

Oxygen produces large increases in the yield strength of titanium, strength
levels in excess of 100 ksi being produced by the addition of 0.5% oxygen.
ticwever, the ductility and fracture toughness fall with increasing oxygen con-
tent, which places a practical limit on oxygen additions of about 0.4%. It should
be noted that some oxygen is present in all commercial titanium alloys and is
always a factor in determining the mechanical properties.

*All alloy compositions in the text are expressed as weight percent.

Al
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Fig. 7. Variation of yield stress of Ti-Al alloys containing up to 17 at.% aluminum, Note
that the precipitation of the ap phase produces increases in strength and that the strength
level is dependent on oxygen content {17). From Trans, ASM 62 (No. 2), p. 399, Fig. 1;
copyright 1969 by the American Society for Metals, Used by permission.

Aluminum additions to titanium increase both modulus and strength and
decrease density. Such an attractive combination of properties causes aluminum
to be a common constituent of commercial alloys. The increase in yield strength
produced by aluminum is shown in Fig. 7, from which the following poinis may
be made. Rapid solid solution strengthening occurs up to 5%, and further in-
creases in strength may be accomplished in alloys containing »6% Al by precipi-
tation of the a; phase. The influence of oxygen appears to be additive to that of
aluminum as may also be seen from Fig. 7. However, there is a practical limit to
aluminum additions, as alloys containing approximately 11% aluminum exhibit
virtually no ductility and very low toughness rven in the absence of as-precipi-
tates. The limit is lowered to about 8% aluminum if the az-phase is precipitated
durina the heat treatment procedure. High aluminum contents have an even
greater adverse influence on the stress corrosion properties of alloys, as will be
demonstrated in the section on metallurgical variables, and thus there has
been a tendency in recent aiioy devi'pment work to reduce the aluminum
content of alloys to less than 6%.
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Beta-Phase Svstems. The variety of phuse structures that may be produced in
these systems is reflected in the wide range of inechanical properties that may be
produced. In order to provide a generalized description, we shall utilize the
titanium-molybdenwmn system as an illustration. The variation in mechanical
properties with molybdenum content is shown in Fig. 8. For material quenched
from the 3-phase field, the following points may be made:

¢ The hexagonal martensite is relatively soft—typical of the substitutional
niartensites in most titanjum atloys. However, the ductility of such structures
tends to be low.

® A minimum in yield strength occurs near the boundary between the ortho-
rhombic martensite and the retained 8 phase. This low strength is coupled with
large ductility which is typical of titanium alloys that undergo stress-induced
transformations.

e The retained § phases which contain high molybdenum contents exhibit
intermediate strengths and ductility.

STRAIN TRANS

HEXAG. MaRrT| CRTHO. METASTABLE
MART
100} L >—0—8
N—e—"] uTs

T\

40;

STRESS (ksi) OR ELONGATION %
g
R

u.
0r ELONG.
R i . 1.
5 0 15 20 75
% MOLYBOENUM

Fig. 8. Variation of mechanical properties and phase structure of §
quenched Ti-Mo alloys {13].
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The above behavior is similar in many other binary alloy systems, although it
should be noted that orthorhombic martensite and stress-induced transforma-
tions do not oceur in all systems.

All of the structures in Fig. 8 can be tempered to produce a+3 dispersions, or
such dispersion may be generated directly by suitable treatments. The me-
chanical properties of such mixtures depend on the volume fraction, mean free
path, and particle size of the precipitate. In general, the small particle sizes and
high volume fractions of precipitate result in high yield strengths, although there
is little guantitative understanding of the strengthening proces:. To give one
example. Figs. 9a and b illustrate the a-particle sizes in a Ti-8Mn alloy aged at
400°C (750°F) and 700°C (1300°F); the yield strengths of these structures are
200 and 90 ksi, respectively. Coupled with increases in strength in these a+p
dispersions are the usual decreases in ductility parameters and fracture tough-
ness. However, although this is a general correlation, one additional factor must
be noted. It was observed in the early stages of titanium alloy development that
acicular a+f microstructures developed from martensitic starting structures
exhibited lower values of tensile elongation compared to an equiaxed a+g
dispersion; thus such structures tended to be avoided in practice. Subsequently it
was shown that in certain alloys acicular structures have superior fracture tough-
ness properties compared to equiaxed structures, and this observation has led to
the development of f-processing techniques discussed in more detail on pp. 321
and 322. The maximum strength level achievable in titanium alloys (240 ksi)
occurs in alloys treated to produce fine f+a structures, although the usual
complex compositions of the alloys coupled with additions of f-eutectoid cle-
ments makeas structural analysis difficult.

Finally, in this section we shall discuss briefly the influence of the w phase
and intermetallic compounds (-eutectoid type) on mechanical properties. The
«w phase can be formed quite easily in many experimental and commercial
alloys, although it is not utilized in alloys as a strengthening agent. This phasce
produces large increases in strength and modulus, but these potential benefits are
more than offset by decreases in ductility and toughness. The degree of strength-
ening is again related to the particle size and volume fraction of the precipitate,
yield strengths in excess of 220 ksi being achievable. When the w phase is
present after quenching from the p-phase field, its influence depends on the
solute atoms present. For example, in titanjum-molybdenum alloys which
undergo a strain-induced transformation the phase produces little strengthening,
while in quenched titanium-manganese alloys the phase results in intermediate
strength levels and low ductilities. In all systems aging to produce the w phase
causes the strength to increase; it appears from limited data that fracture tough-
ness decreases with aging but tends to remain constant after a certain w-phase
particle size is reached. The chief concern with the w phase in practice is its
development during service or processing exposure at intermediate temperatures
in alloys containing the § phase. If this occurs then the changes in properties
(both mechanical and dimensional) lead to poor material performance. The «
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phase is not developed intentionally as a strengthening agent in titanium alloys
at this time; however, some experimental work has demonstrated that a+5 aging
followed by low-temperature aging to develop the w phase (see Fig. 5) can result
in useful increases in strength coupled with appreciable ductility. It remains to
be demonstrated that these treatments produce superior propertics to the con-
ventional g+a dispersions.

A few alloys utilize intermetallic particles formed in eutectoid systems as a
basis for strengthening: Several high-temperature alloys contain silicon which
results in the formation of sificides; these particles probably produce some
strengthening but also serve to prevent grain growth at service temperature. The
Ti-2.5Cu alioy is an example of one which utilizes compound formation as 4
strengthening precipitate, although the strength level at room temperature is not
much higher than that cf interstitially hardened commercial-grade titanium. in
this alloy and in Ti-13V-11Cr-3Al, compound formations can tend to embrittle-
ment if large amounts of the intermectallic phase are formed at the grain
boundaries of the alloys.

Commercial Titanium Alloys

The above sections serve as a background v discuss the behaviour and prop-
erties of commercial titanium alloys - such an introduction is necessary, as many
titanium alloys contain both a- and B-stabilizing elcments. Thus, the transforma-
tional characteristics and mechanical properties exhibit a combination of the
above effects. We shall use as a basic classification of titanium alloys two
characteristics- the equilibrium phase structure present at room temperature and
the product phases formed on quenching from the §-phase field.

The starting point is (commercially) pure titanium, an a-phase alioy. From
this is derived a series of a-phase alloys, the commercial grades of titanium which
are essentially titanium oxygen alloys, and the solid solution type alloys con-
taining aluminum, tin and zirconium, ¢.g., Ti-5A1-2.58n and Ti-SAI-5Zr-5Sn.

It has been noted that the maximum practical aluminum content that can be
tolerated in titanium is about 8% Al (The current commercial fimit s aboit
0%.) The alloy Ti-8A)-I1Mo-1V contains both a and § phases, although the
former predominates. As the amount of g-stabilizing elements is increased and
the aluminum content is decreased, the proportion of § phase present in the
structure increases. Thus a series of a+f type of titanium alloys may be cited,
e.g., Ti-8Al-1V-IMo, Ti-6Al-4V, and Ti4Al-3Mo-1V, in which the a phase pre-
dominates but decreases in volume fraction progressively through the series.
These anoys form hexagonal martensites on quenching from the S-phase field,
although a sinall amount of retained § phase may also be present in Ti-4Al-
IMo-1V. A final factor of importance in both the a+3 and f+a alloys is that in
complex alloys solute elements tend io partition themselves between the two
phases. Thus a-phase stabilizing elements concentrate in the a phase and likewise
f-phase stabilizing elements tend to segregate to the § phase. This can render a
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phase sus cptible to stress corrosion cracking even though the overall alloy
composition appears to be outside the susceptible range.

No fully stable g-phase alloy is produced commercially. but several alloys
contain sufficient g-stabilizer or cutectoid elements to retain a metastable phase
on quenching from the g-phase field; for example, Ti-13V-11Cr-3Al, Ti-8Mo-8V-
3AlL-2Fe, or Ti-11-5Mo-67r-4.58n (note, however, that these alloys contain the o
stahilizers aluminum or tin). In such alloys, the g phase predominates and is the
matrix phase - thus we designate them f+a alloys.

A rather iadistinct boundary exists between the 3+a ¢ J a+ alloys perhaps
best exemplified by the alloy Ti-6Al-2Sn-4Zr-6Mo, which ¢« rtains large amounts
of both a- and 3-stabilizing elements. In this alloy the quenca product is ortho-
thombic martensite, and suborgne fenipeinsg produces o Sra type of struc-
ture.

This alloy classification is summarized in Table 1. A more complete descrip-
tio: of the phase structure and properties of some commercial titanjium alloys is
given on pp. 309-333. In the following section, these properties are sum-
marized and an account given of conventional heat-treatment procedures.

- e
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Table t. Titanium Alloy Ciassification
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9Note that the boundary between a+f and g+a alloys is not well defined.

In Table 2 typical room-temperature mechanical properties are shown for
several commercial alloys in diffcrent heat-treatment conditions. It should Le
emphasized that this table is not intended for the purpose of rating alloys, since
the properties shown are not minimum design-allowable values. With the excep-
tion of density, any one property possibly could be improved by slight composi-
tional or heat-treatment variations.

Reference is made in Table 2 and also in the section on metallurgical variables
to standard heat treatments given to titanium alloys, which are denoted mill
annealed (MA), duplex anncaled (DA), solution treated and aged (STA), etc.
Schematical representations (Figs. 10 through 15) and brief descriptions of such
heat-treatment procedures are given in the following sections.
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Table 2. Some Typical Physical and Mechanical Properties of
Commercial Titanium Alloys
. *K oo
mhick. He urs rvs g Ko 0 g o
Alloy ness Treat- ksi ksi O or K. - i th/
ment T ksiNfin|see p cuin
ksi /i
a Alloys
Ti-T0A 0.50 aA-AC 102 B3 25 123 33169 x 109 0,163
0.50 aA-WQ 106 85 22 128 34 17.0 0.163
0.50 STA 103 82 25 1i3 39 170 0.163
0.50 gA-WQ 101 76 23 105 70 164 0.163
u.s0  3STA 102 77 22 96 48 16.7 0.163
Ti-5A1-2.58n 0.50 o«A-AC 134 126 19 88 30 19.6 0.162
0.50 «A-WQ 135 124 17 103 27 18.3 0.162
Q0.5 STA 139 129 19 83 23 18.3 0162
0.5 BA-WQ 140 126 14 119 37 16.8 0.162
Ti-5AL-5Zr-58n 0.5 oA-AC 128 ti6 17 83 50 17.2 0.162
0.5 aA-WQ 127 110 17 101 67 17.0 0.162
0.5 STA 128 119 17 g3 34 17.5 0162
ati Alloys
Ti-8Al-1Mo-1V 0.050 MA 155 Ws 15 30 185 x 108 0158
0.050 DA 145 135 12 160 50 18.0 0.158
0.5 MA 155 145 10 48 20 18.5 0158
0.5 DA 145 135 12 100 32 18.0 0.158
Ti-6Al4V 0.060 MA 144 137 15§ 150 110 16.0 0.160
0.060 DA 140 133 18 150 110 16.0 0.160
0.060 STA 167 160 13 9s 65 16.5 0.160
0.060 g-STA 165 155 7 LA 65 16§ 0.160
0s MA 144 137 15 60 38 16.0 0.160
0s DA 140 133 18 70 52 16.0 0.160
0.5 STA 167 160 13 47 28 16.5 0.160
0.5 gSTA 165 155 7 7 45 16.5 0.160
Ti4Al-3Mo-1V 0.050 MA 135 125 14 170 130 16.0 0.163
0.050 DA 13§ 125 12 190 145 16.0 0.163
0.050 ,-STA 155 140 7 120 100 16.5 0.163
0.050 MA 135 125 14 115 105 16.0 0.163
050 DA 135 125 12 125 120 16.0 0.163
0.50 p-STA 155 140 7 95 70 16.5 0.163
Tr-SAI-6V-28n 0.50 MA 165 157 14. 60 20 16.0 0.164
0.50 DA 160 146 12 80 25 15.5 0.164
0.50 ST1A 180 170 6 45 30 16.5 0.164
0.50 gSTA 165 15 9 70 45 16.0 0.164
Ti-7TAl4Mo 0.50 MA 157 144 9 73 3 17.0 0.162
0.50 STA 191 167 1. 16 26 17.0 0.162
IMI 680 0.5G gl +DA 190 166 7 44 28 18§ 0175
IM1 700 0.50 DA 200 180 7 20 10 168 0.164
0.50 STA i85 i65 8 20 10 16.5 0.164
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Table 2. Some Typical Physical and Mechanical Properties of
Commercial Titanium Alloys—Continued

X
Isec
Thick- X0 yrs rys, | Ko ) E F
Alloy Treat- . e orkg, . o/
ness o ksi ksi % ki i, Roee psi cu in
* ksi \Jin. §

l-6Al-2Sn4Zr-2Mo 050 STA 173 152 10 53 27 16.0  0.164

Ti-6Al-28n4Zr6Mo 050 MA 177 160 14 55 2 170 0.169
050 DA iRs 150 8 80 45 17.0  0.169

Bgta Alloys

Ti-13V-11(r-3Al 050 BST 125 120 10 >100 35 14.5x10°0.176
050 BSTA 170 160 4 170 30 i5.5 0.176

Ti-11.5M0-6Zr4.58n  0.50 p-ST 115 80 28 - - 14.5 0.184
0.50 gSTA 85 [70 9 65 25 15.5 G..34

Ti-8Mo-8V-3A1-21¢ 0.50 BST 121 119 28 - - 145 0..75
0.50 B-STA 187 181 § 50 31 155 0.175

Ti-3A1-8V-6Cr4Mo4Zr 0,50 3-ST 126 120 20 - - 15.0 0.174

0.50 @-STA 205 193 oS5 50 37 160 0174

*3.8% salt water

Heat Treatment of Commercial Alloys.* Various classes of commercial atloys
may b given any of the following heat freatments either by the mietai producer
or by the fabricator.

{a+B) Ai s, Mill annealing for a4 aliovs consists of (a) forming to size, (b)
heating to 1..50°F (730°C) and soaking 4 hr, and (¢) furnace cooling to room
temperature. This treatment is often specified for Ti-6:1-4V; the mill annealing
treatment fo: other a+f alloys may differ. Mill anncaling gencrally produces a
fine-grained e quiaxed o+ micrustructure (see Fig, 10). The volume fraction of
the § phase depends on the composition of the alloy and the anr.caling tempera-
ture. In alloys containimg high percentages ot Al »nd Sn, furnace couhng causes
the precipitation oi v; in the a phase; o is usually not resohvahle under the
Ofiival wncioscope.

Duplex annealed alloys are (a) forr.:d to size, (b) heated to 1750°F (955°C)
and soaked 10 nan. (¢) air cooled to room temperature, (d) heated to 1250°F
(675°C) and soaked 4 hr, and (e) air coole 1 to room temperature.

There are apparently severil other dupsev-annealing treatments in use at the
present time. The duplex anneal for Ti-8Al-1Mo-1V consists of reheating mill-
annealed material to 1450°F 4nd then either air cooling or water quenching it.
under the optical micioscope little difference can be discerned between MA and
DA microstructures.

*Throughout thie chapter, the wouence of a+g denotl. s a pred. snantly o structute, and,
convetsely., g+a denote < & predonuns atly @ structure.




PHYSICAL METALLURGY OF TITANIUM ALLOYS 265
2,000 —
 _ _ __________BTRanses :]
—1,000
1,500 f~
- —{800 .
£ 5
g ¥
T 1000~ ~{ 600 g
= J a0 &
o
\_4 200
o |
R TIME ——ep

(a) Schematic representation

(b) Optical microstructure (courtesy of
R. E. Curtis)

Fig. 10 Mill anneal (or Ti-6 A4V,

e SECEA S e CNT




266 TITANIUM ALLOYS

In alloys such as Ti-6Al-4V and Ti-4Al-3Mo-1V the duplex annealing treat-
ment is similar to that shown in Fig. 11. During the first annealing treatment the
§ phase partially decomposes, forming fine plates of a phase. In the second,
low-temperature anneal, the volume fraction of the § phase decreases but is more
enriched in §-stabilizing elements (such as V and Mo).

Solution treated and aged (STA or a+3 STA) alloys are (a) formed to size, (b)
heated to 1750°F (955°C) and soaked 10 min, (c) water quenched, (d) heated to
1000°F (540°C) or 1250°F (675°C) and aged 4 hr, and (e) air cooled to room
temperature.

It can be seen from Figs. 11 and [2 that the temperature and time cycles for
these two treatments are similar. The basic difference is that the material is
water quenched after the first high-temperature anneal and thus the § phase does
not decompose by diffusional processes but transforms to martensite. On sub-
sequent aging at temperatures between 1000°F (540°C) to 1250°F (675°C), the
martensite decomposes t~ form fine (a+g)-phase dispersions while the primary
phase is relatively unaftected.

Beta-solution treated and aged (8-STA) alloys are (a) formed to size at
temperatures above the § transus or heated to 2000°F (1095°C) and soaked 1
hr., (b) water quenched, (c) heated to 1000°F (540°C) or 1250°F (675°C) and
aged 4 hr, and (d) air cooled to room temperature.

Normal 8-STA treatments consist of solution treating (as shown in Fig. 13} at
a temperature above the § transus followed by water quenching to form a fully
martensitic structure. On subsequent low-temperature aging (tempering), fine
(a+f)phase structures are produced. A second atf solution treatment is often
used after the fust § treatment; if this is employed, material may be air cooled
fiom the B-phase field. It is also possible to incorporate § processing into this
heat-treatment schedule. Material is worked to the desired shape at a tempera-
ture above the 3 transus. Working may then be followed by a water quench and a
low-temperature temper, as for §-STA. Alternatively, the material can be air
cooled from the finishing temperature, which results in a coarse Widmanstatten
(a+pB)-phase structure.

Beta and 3+a Alluys. These alloys inay be either solution treated (¢ ST) or
solution treated and aged (STA). Metastable S-phase alloys are sclution treated
above the § transus (Fig. 14) and then either air cooled or water quenched. The
microstructure consists of equiaxed grains of £ ..ase.

Solution treated and aged (8-STA) alioys, after solution treatment, are
generally aged at temperatures within the (8+a)-phase field (see Fig. 14).

At the lower aging temperatures, the microstructure consists of fine Wid-
manstitten plates of a phase (composition X) in a f-phase matrix (composition
Y). The w phase might form on cooling {rom the aging temperature and cause
embrittlement.

The more conventional heat treatment for commercial metastable 3-phase
alloys is to both sclution treat and age below the transus temperature. Such a
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IFig. 11. Duplex anneal for Ti-6Al14V.
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Fig. 14. Schematic representation of g-ST heat treatments for meta-
stable g-phase alloys.

heat treatment produces higher yield strength but somewhat lower toughness
than §-STA material.

Alpha-Phase Alloys. Alpha annealing in the a-plase field (Fig. 15) (aA-AC,
aA-WQ, STA) produces an equiaxed grain structure irrespective of cooling rate.
Little microstructural or property variations, however, can be achieved by
changing the heat treatment of a-phase alloys. Small amounts of residual im-
purities, such as iron, can stabilize up to 5% f phase, and transformation in this
phase can influence mechanical and stress corrosion properties. For example,
decomposition to (B+w)-phase structures ¢an lower stress corrosion resistance.
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Fig. 15. Schematic of g ling and a a ling in & alloys.
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In alloys such as Ti-5AI-5Zr-5Sn and Ti-5AI-2.58n, the « phase may also
decompose during slow cooling or low-temperature aging to form a+asy struc-
tures. Neither (8+w)- nor (a+ajz)phase structures can be resolved under the
optical microscope.

Beta annealing (§ A-WQ, -STA) is done by solution treating alloys in the
B-phase field (Fig. 15) and then water quenching, producing a microstructure of
100% massive martensite. When such structures are aged (tempered) at low and
intermediate temperatures, recovery and recrystallization occur. In some alloys,
the ay phase may form during tempering.

Step cooling (SC) is a heat treatment in which alloys are cooled from the
annealing temperature to some intermediate temperature, at which they are held
for some time before being cooled to room temperature. This is not a com-
mercial heat treatment but has been used to induce SCC susceptibility for ex-
perimental purposes.

Interstitial Elements in Vitanium Alloys

In the previous sections, the phase transformations and mechanical properties
were described for titanium alloys containing substitutional elements. However,
the smaller elements dissolve interstitially in titanium alloys, the most important
being oxygen and hydrogen. Boron is usually considered an undesirable element
especially in (B+a)-type alloys as it causes large reductions in toughnress.

Oxygeii. The oxygen element is present in all commercial alloys: the various
grades of commercially pure titanium are based essentially on the Ti-O system.
The Ti-O phase diagram is complex, but the element is not present in suffi-
cient quantities in commercial titanium alloys to form any of the super-
lattices or compounds that occur at higher oxygen levels. Oxygen may influence
phase transformations; for example, being a potent a stabilizer, it raises the §
transus of alloys. Further it influences the transformation kinetics and extends
the stability fieid of the az phase in Ti-Al alloys. The element produces con-
siderable solid solution strengthening as described above and concurrently re-
duces ductility and fracture toughness. This behavior is accentuated at low
temperatures, which has led to the development of extra-low-interstitial (ELI)
grades of titanium alloys for cryogenic and other applications.

Contamination of titanium alloys by oxygen can occur at elevated tempera-
tures (1200°F) where the rate of scale formation is rapid. Further, the oxide is
soluble in the metal, and thus there is often no clear-cut metal-oxide interface as
occurs in, for example, aluminum alloys. Thus the surface layers of a titanium
part may be high in oxygen and exhibit different properties than the interior of
the material.

Hydrogen. The titanium-hydrogen system is of the p-eutectoid type, and at
low temperatures titanium hydride (TiH,) is precipitated. The solubility of
hydrogen in titanium at room temperature is very low, and hydrogen in solid
solution precipitates as the hydride. (Note that the hydrogen solubility limit
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may be reduced by plastic deformation of the alloy.) In S-phase alloys, the
solubility is higher yet, and very large hydrogen levels are required tor hydride
formation.

Althougli hydrogen does not influence the tlow strength of alloys ap-
preciably, it degrades fracture toughness. This degradation is known as hydrogen
embrittlement. Two forms of embrittlement occur in titanium alloys [18]:

® Fast-strain-rate hydrogen embrittlement (FSRHE) is most often observed
in a-phase alloys during impact testing at {cw temperatures. This form of em-
brittlement may occur in {a+f) and (3+a)-phase alloys; however, much higher
hydrogen concentrations are nc mally required.

® Slowstrain-rate hydrogen embrittlement (SSRHE) is most often observed
in (a+f)phase alioys but may also occur in other alloy types. Such embrittle-
ment is observed only at very low applied strain rates or under static loading,
and this characteristic forms the basis for the distinction between the two
phenomena.

The latter form of embrittlement occurs by the nucleation and growth of
cracks and is a time-dependent process. Little further work on SSRHE has been
performed (at least on useful commercial alloys) since a review [18] was
published in 1962. Hydrogen contamination of a+g alloys does not influence
Kisee [19,20] %

5.3 Corrosion of Titanium and Its Alloys

The purpose of this section is to describe briefly the corrosion properties of
titanium alloys in common environments and under conditions which limit their
usefulness. The section specifically excludes stress corrosion, which is reserved
for section 5.4. Several reviews cover the general chemistry of titanium and the
corrosion properties of the material in detail [21-25].

General Behavior

Titanium is a highly reactive metal which forms compounds with oxygen,
nitrogen, the halogens, carbon, boron, etc. The reactions are in several cases
explosive, e.g., titanium with drv chlorine, and in all cases liberate a considerable
quantity of heat This general reactivity of titanium is modified at low tempera-
tures by the presence of a tenacious, protective oxide film. In fact the corrosion
properties essentially reflect the conditions under which this film is removed or
becomes nonprotective. The oxide film can also be ruptured by mechanical
methods, e.g., stresses (above the yield stress) or abrasion, and in such cases the
ease and rate of oxide formation or rehealing of the film determine the corrosion
properties.

*Dissolved hydrogen can cause slow cracking under sustained stress in the absence uf a resc-
tive environmer. |20}. Fhis phenomenon may be of practical importance. (Editor.)
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Gases

Titanium forms a multiplicity of oxide phases with oxygen, e.g., Ti2O. TiO,
Ti; O3, and TiO3; many of these phases are structural modifications of other
oxides. In most cases at least the outer layer of an oxide film has the composi-
tion and structure of rutile, TiO3. Under certain temperature and pressure con-
ditions titanium can react explosively with pure oxygen. The reaction with air,
which is usually less violent, is of importance in determining the formation and
breakdown of the protective surface film. At elevated temperatures the surface
fi'~ on titanium may have the composition TiO;, but the oxygen level varies
continuously into the metallic substrate. The contaminated layer can be quite
thick (1 to 10 mils), and as this layer is brittle it may crack under load. Further,
if the contamination is not removed before a subsequent heating cycle, tne
oxygen penetrates deeper into the materia) on reheating. This form of con-
tamination is a problem at temperatures above 1200°F, and significant scaling
may occur above 1400°F. The depth of penetration by oxygen (for a constant
time and temperaturc) increases with the solute content in an alioy, the degree
of contamination being approximately proportional to che total solute content.

Reaction with nitrogen takes similar form as that with oxygen, although the
nitride is less stable than the oxide.

Hydrogen is absorbed almost reversibly above approximately 600°F up to the
composition TiHj. Reaction also occurs with hydrogen gas at room temperature
to produce the hydride, although the oxide film must be perforated for this
reaction to occur. In hydrogen, as in several other gases such as chlorine and
sulphur dioxide, reaction is suppressed by the presence of maisture, which main-
tains the integrity of the oxide film,

Aqueous Solutions

The corrosion behavior of titanium and its alloys in aqueous solutions is
determined by the pH, electrochemical potential, and the ionic species present,
among other factors. This corrosion behavior is summarized in Fig. 16, which
shows the stable titanium species and corrosion behavior (passive, active, and
pitting) in various regimes of potential and pH. The information such as that of
Fig. 16 may also be plotted according to the convention of Pourbaix, as shown
in Fig. 17 [26].

Titanium and its alloys do not undergo either general corrosion or pitting in
reutral or nearly neutral solutions, even those containing chloride, at room
temperature unless the potential is moved artificially in the positive direction, as
«hown in Fig. 16. If the temperature is raised to 270°F, however (the exact
tzmperature depends upon the concentration of chloride and the composition of
the alloy), titanium and its alloys are susceptible to crevice corrosion.

In acidic solutions, the corrosion behavior of titanium and its alloys depends
on the nature and strength of the acid as well as > temperature. Titanium is
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incompatible with anhydrous red fuming nitric acid and may react explosively.
As shown in Figs. 16 and 17, titanium is soluble in acid solutions, forming Ti3*
ions which thereby leave the surface of .he metal unprotected and reactive, a
matter which may be of importance in SCC.

Hydrogen can be absorbed by titanium and its alloys from acidic aqueous
solutions, e.g., HCl, H3S04, and HF. Such absorption at room temperature does
not lead usually to embrittlement of the bulk titanium, as the hydride is re-
stricted to the surface layers. At 200 to 400°F, however, hydrogen pickup and
embrittlement have been observed in nonoxidizing conditions. Hydrogen pickup
is promoted by surface contamination by iron.

5.4 Stress Corrosion Cracking Behavior
Introduction

The SCC test methods utilized for titanium alloys depend quite strongly on
the environment to be evaluated; for example, smooth specimens are the pre-
dominant type used in hot salt SCC studies, while precracked specimens are
utilized extensively in aqueous SCC evaluations. Test methods ihat employ such
prescribed specimens are described in detail in Chapter 2. Note that such tech-
niques avoid the problem of crack nucleation, a factor that may merit recon-
sideration in certain 2pplications as titanjum becomes more widely used. In the
following sections we shall comment on the test techniques and crack nucleation
problems in the various environments discussed. In the presentation of data,
emphasis will be placed on the threshold stress-intensity value for the onset of
cracking Kjgoc (where this parameter is real). The velocity of cracking is irn-
portant in the SCC problem; therefore, we shall describe the cracking rates
observed in the various environments and how these rates are changed by the
external conditions. The general methods of representing SCC data are shown in
Fig. 18, for both smooth specimens (Fig. 18a), and precracked specimens (Fig.
18b, ¢, and d).

In general there are two methods of presenting results from precracked speci-
mens. First, the initial stress intensity factor K| is plotted vs time to failure in a
specific environment. This plot is used to define a threshold stress intensity
K)sce for those systems for which a true threshold appears to exist. Second,
crack velocity V is plotted against stress intensity K, which can also define
Kjsce that is the value of K at which the crack velocity goes to zero. From these
different types of data, these are two ways of describing or defining suscepti-
bility: first, the absolute vafue of K. and the ratio of Kisce/Kic.* and second,

*Aithough this ratio has been widely used, it has no merit over reporting absclute values,
and it has the disadvantage of incorporating the considerable errors which may easily
occur in the K. determination, especially in *itanium alloys. (Editor)
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the velocity of cracking at various stress intensity levels. The velocity vs stress
intensity approach was first used for analyzing subcritical crack growth in glass
[27], steel (28], and brass [29}, and was subsequently extended to titanium
alloys {30,31}. Generally, three stages may be exhibited in a V vs K plot (Fig.
18c¢); regions 1 and 111 are strongly stress intensity dependent, whereas region Il
is virtually independent of K; i.e., a plateau velocity exists. (Typical V-K curves
for titanium alloys observed in aqueous solutions are shown in Fig. 18d.)
in the following sections we attempt to separate the many variabies influenc-

ing SCC into three main groups. These are mechanical effects, environmental
effects, and metallurgical effects. Some difficulties arise with such a division
since most of the variables are interrelated. Therefore, before this division is
made, we will list the environments in which SCC of titanium alloys has been
observed. These are aqueous solutions, organic liquids, hes salt, nitrogen te-
troxide (N304), red fuming nitric acid (RFNA), molten salts, liquid metals, and
gases. A discussion of SCC in these environments is given under “Environmental
Variables.” We also classify the titanium alloys that are susceptible to SCC into
three basic types:

® « alloys, including a+f alloys, in which only the a phase is s* sceptible
to transgranular SCC (in aqueous solutions).

® j alloys, including $+a alloys, in which only the § phase is susceptible to
transgranular SCC (in aqueous solutions).

¢ Alloys of the f+a type which are subject to intergranufar SCC (in
aqueous solutions).

in the following discussion of SCC of titanjum alloys we will use specific

cxamples of alloys and heat treatments that best illustrate the phenomenon
under consideration. The “model systems” we have chosen are shown in Table 3.
Relative terms such as ‘“very susceptible to SCC” are used in the text. For
example, a “very susceptible™ afloy in aqueous solution would exhibit SCC in
distilled water, a low Kjsco in salt water, and cracking rates of about 1072

cm/sec.
Table 3. Phase Susceptibility of Selected Titanium Alloys
a-Phase Susceptible Alloys B-Phase Susceptible Alloys
a& Phase a+B Phase B+ Phase B Phase

Ti-Al Ti-8Al-8Mo-1V Ti-8Mn Ti-13V-11Cr-3Al
Transgranular

Ti-5Al1-2.58n Ti-6Al4V Ti-11.5Mo-6Zr-
4.5Sn (Beta 11I)
Intergranular

Ti-5A1-5Z1-5Sn
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Mechanical Variables

Stress Concentrations. Most a alloys when tested as smooth specimens in
neutral aqueous solutions do not exhibit SCC, and the initial discovery of SCC
in precracked samples of Ti-7Al-2Nb-1Ta tested in seawater came as a surprise
both to the users of titanium and to the scientific community. Indeed, one major
derospace company reevaluated its alloy selection for a supersonic aircraft on the
basis of the results of this type of test. 1t had been thought prior to the results
on precracked specimens that o titanium alloys were immune to both general
corrosion and SCC in such environments, although susceptibility of Ti-13V-
11Cr-3Al had been observed earlier [32}.

The presence of a notch is often stated to be a requirement for SCC in
aqueous solutions [33]. This is not a necessary requirement for all alloys in aque-
ous solutions and is certainly not a necessary condition for all environments. Thus,
titanium alloys that are susceptible to SCC can be divided into two general
types.

® Those which experience SCC in any solution even without a stress con-
centration. These are mostly § alloys such as Ti-13V-11Cr-3Al and Ti-8Mn.
However, this classification also includes some a and a+f alloys which can be
very susceptible to SCC, e.g., Ti-8Al-1Mo-1V.

® Those which will not experience SCC in certain environments without
notches or cracks.

Figure 19 is an attempt to show schematically where a stress concentration (a
notch or notch plus precrack) would be required.

® Type 1 Behavior: Specimens require a fatigue crack to indicate sus-
ceptibility to SCC; e.g., duplex-annealed Ti-6Al4V in neutral aqueous solu-
tions.

® Type 2 Behzvior: Specimens may have a fatigue crack or a machined
notch to indicate susceptibility to SCC; e.g., mill-annealed Ti-8Al-1Mo-1V in
neutral aqueous solutions.

® Type 3 Behavior: Susceptibility to SCC is apparent on testing smooth
specimens;e.g., Ti-8Al-IMo-1V, Ti-8Mn, and Ti-13V-11Cr-3Al in neutral aqueous
solutions.

Thickness Effect. Soon after the discovery of SCC in aqueous solutions, it
was found that the level of susceptibility in a and a+8 alloys was dependent
upon specimen thickness {34]. Typical results are shown for Ti-6Al-4V and
Ti-8Al-1Mo-1V in Fig. 20a, where it is apparent that susceptibility decreases
with decreasing specimen thickness. Thus, it can be concluded that there is a
critical specimen thickness, f.,;; , where SCC does not occur, as shown sche-
matically in Fig. 20b. The value of t.,is, can be different for each alloy and in
fact may not be exhibited if the alloy is very susceptible. For example, Ti-
6Al-4V with a very low Kjs.. in thick sections (0.5 in.) exhibited the same value
in thin sections (0.01 in.) (see p. 300). Furthermore, for an alloy that exhibits a
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thickness effect, the value of 1.,;; may be changed by (a) prefesred orientation,
(b) loading rate of the test, and (¢) heat treatment.

Specimen Orientation. It will be shown in the sections on metallurgical vari-
ables and stress corrosion fracture that many titanium alloys fail by a cleavage-
like process in many environments. As such processes occur on specific planes, it
is obvious that the average orientation of these planes with respect to the tensile
axis will influence the measured degree of susceptibility. Such = preferred orien-
tation effect is most pronounced in the a and a+f alloys for which the cleavage
plane is about 15° from the basal plane [35]. In 8 alloys the cleavage plane is
[100], and thus the anisotropy of properties is normally less pronounced.

After certain mechanical and thermal treatment procedures, a+f alloys in
sheet or plate form exhibit a pronounced texture of the a phase in which the
basal planes (0001) are aligned parallel to the rolling direction and nonaal to the
top and bottom surfaces ot the sheet or plate. The influence of specimen orien-
tation on the SCC susceptibility of a highly textured Ti-8Al-1Mo-1V plate is
shown in Fig. 21 [36]. It can be seen that specimens selected so that the general
cracking plane is paralle]l to the basal planes exhibit the most susceptibility
(curve C in Fig. 21), while specimens that have the general cracking plane aligned
normal to the basal planes exhibit much higher K5 levels. In highly susceptible
a+f alloys the influence of texture becomes less pronounced and SCC occurs
irrespective of specimen orientation [37].

The presence of a strongly preferred orientation in titanium alloys is also
important in stress corrosion testing. For example, when using the DCB speci-
men, advantage may be taken of the preferred orientation to restrict the propa-
gating subcritical crack to the general cracking plane, as in Fig. 22a. in contrast,
if preferred orientation is not considered when selecting a specimen orientation,
the crack may deviate immediately from the general cracking plane and break
the arm off the DCB specimen, as in Fig. 22b.

The thickness effect described in the previous section may also result from
the relationship between specimen orientation and texture in the a phase. It has
been proposed that effective local plane strain conditions can still be obtained in
very thin sheet if the specimens are selected so that the individual « grains, in
highly textured sheet, are unfavorably oriented for slip. Such a situation was
considered to result in sufficient constraint to cause inhibition of plane stress
conditions [38].

Some titanium alloys, iv.t2d in certain environments, exhibit an intergranular
fracture mode. With such alloy-environment combinativie, usucss there ie
strongly preferred grain direction such as the short transverse direction in alu-
minum alloys, no anisotropy of SCC results of the type discussed above would
be evnected in an cquiaxed structure.

Strain Rate Effects. Loading procedure may influence markedly the results
from stress corrosion tests of precracked specimens [39-44) ; for example, it has
been reported that Ki,.. in the alloy Ti-6Al-4V could be increased 30% by de-
creasing the rate of loading. This effect of loading rate is strongly dependent on
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Fig. 22. Influence of texture on crack propagation in DCB specimens of a or atg slloys,
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284 TITANIUM ALLOYS

alloy composition [41]. For example, the effect appears (s be quite pronounced
in Ti-11.5Mo-67r-4.5Sn [45]. but is less marked in Ti-8Al-1Mo-1V.

A different aspect of test procedures has been evaluated in a number of a and
a+f sg..imens that were either (a) loaded in air prior to adding the 3.5% NaCl
soiution, or (b) loaded in the 3.5% NaCl solution [39]. It was found that in
alloys showing intermediate susceptibility, e.g., Ti-6Al-4V and Ti-70A, higher
Ksce values were obtained by test procedure (a). In alioys which exhibit cither a
very low or very high degree of susceptibility, little or no difference in Ky
was observed between the two test procedures. This type of behavior is repre-
sented schematically in Fig. 23.

Preloading Effects. Two aspects of preloading will be considered; first, the
influence of local load application, and s~cond, overall prior deformation of
material.

The influence of either fatigue loading on the nucleation of cracks or a prior
monotonic overload on an existing crack is of importance in testing, design
analysis, and life prediction. It has been shown that the fatigue precracking
stress-intensity level (K4x) has little influence on the subsequently measured
Kisce value of this level is low (about 20 ksi v/in.). The more important case
where Kjsoo is relatively high (60 to 80 ksi +/in.) has not been investigated at
this time. Monotonic preloading to a level K| which is greater than K. also has
little influence on the Kjys. determined if Kisc. is low. It has been shown,
however, in material with a higher Kz, level that the measured value is raised
by preloading above K5, often approaching the preload level.

The influence of prior cold work of titanium alloys on subsequent SCC
behaviors has not been widely studied, as most titanium alloy mill products are
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Fig. 23. Schematic of the influence of aluminum content and
type of loading on the measured Ky value {39.40}.
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delivered in the annealed or STA condition. The limited data on the influence ot
cold work on SCC is presented in the section on metallurgical vaniables. For
alloys such as Ti-70A, K. is lowered by cold work, and Kjg( is first lowered
and then raised by successively greater amounts of cold work. Data on other a
and one a+f alloy .ndicate that cold work slightly increases the K|z level [39].

Summary. It should be emphasized that many of the above observations on
mechanical effects are applicable only to neutral aqueous solutions. In other
environments, such as those which cause region I crack growih behavior, the
mechanical effects described above may have only a minor influence. Further-
more, the above discussion on mechanical effects is concerned primarily with
changes in Kjysc. values. Virtually no data are available on the influence of these
factors on crack propagation kinetics. [t is probable that preferred orientation
will modify crack growth behavior.

Environinental Variables

In this section the many environments that have been shown to cause SCC of
titanium alloys will be considered separately. Within each subsection an attempt
is made to isolate the individual factors that operate in a specific environment.

SCC in Aqueous Solutions. Some titanium alloys in certain heat-treatment
conditions are susceptible 1, SCC in distilled water. Examples are Ti-8Al-
1Mo-1V (3C), Ti-5A1-2.58n, and Ti-11.5Mo-6Zr-4.58n (STA). The SCC informa-
tion generated in distilled water gives a basis for comparing the effects of con-
centration and specificity of ions in solution.

Titanium alloys do not exhibit region I type crack growth kinetics in neutral
aqueous solutions. Tests have been performed over sufficient time periods to
allow detection of crack growth rates of 10”7 cm/sec, but no such cracking was
observed. The slowest crack velocity which has been detected is 1076 cm/sec,
but in general the cutoff crack velocity is about 10~ 3 cmy/sec. Thus it is con-
cluded that in neutral aqueous solutions a threshold (K. ) exists below which
cracks will not propagate.

Effect of lon Additions. The halide anions C17, Br~ and I” are the only ions
that have been shown to either (a) accelerate cracking in alloys susceptible to
SCC in distilled water or (b) induce susceptibility in alloys immune to SCC in
distilled water. The additions of other anions produce neither of the above
effects and may in some cases inhibit SCC [43,46) . Examples of such neutral or
inhibiting ions are NO; 7, SO}‘ ,OH", CrO}'. and POi . The ability of these
jons to inhibit SCC depends on the alloy and its heat treatment (see Effect of
Concentration, below).

The influence of cation type in Ci™, Br™, and I~ solutions can be divided on
the basis of their position with respect to titanium in the electromotive series.
Cations less noble than titanium, e.g., Na, K, Li, etc., have no influence on SCC
behavior. Cations more noble than titanium may influence SCC behavior. For
example, the Kygcc in Ti-BAl-1Mo-1V may be raised by CuCl; additions [47];
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however, this effect is strongly dependent upon heat treatment in this alloy
[48].

Lffect of Concentration. Increasing the concentration of CI™, Br, or I~
usually increases the velocity of cracking. The influence of concentration on
Kisee i1s more complex since it is dependent upon the alloy and its heat treat-
ment. In general K. is lowered by increasing C1™ concentration, although the
decrease is small in very susceptible alloys.

In concentrated solutions the velocity of cracking varies as C1/4 1o C1/2 (44,
49}, and this exponent is independent of alloy type, heat treaiment, and frac-
ture mode. The position and cxtent of this relationship, however, are dependent
on such variables, and in less concentrated solutions the relationship between
crack velocity and concentration is more complicated. Figure 24a summarizes
schematically the velocity dependence in aqueous halide solutions. Highly sus-
<optible material (curve A) shows a velocity plateau. Material with intermediate
susceptibility (curve B) exhibits downward deviations of velccity at very low ion
concentrations; material with relatively low susceptibility (curve C) is immune in
distilled water and therefore a discontinuity is observed in the concentration
dependence. This behavior is also reflected in the variation of Kz with con-
centration, as shown schematically in Fig. 24b.

The addition of anions other than C1-, Br™, and [~ to distilled water tends to
reduce sus:eptibility to SCC. The extent of such reduction is again dependent on
the susceptibility of the material in distilled water. Considering the same ex-
ample as that used in Figs. 24a and b, the effect of other ion additions on crack
velocity is shown schematically in Fig. 25. Thus, in highly susceptible alloys
(curve A), very high anion concentrations are necessary to reduce the velocity of
cracking. In contrast, in materials that exhibit intermediate susceptibility in
distilled water, SCC can be prevented by relatively small additions of these other
anions (curve B).

Effect of Potential. In this section, only neutral, high-conductivity aqueous
solutions containing Ci™, Br™, or i~ ions will be treated. The effects of potential
must be considered in practice as titanium alloys are often coupled to other
metals when incorporated into a structure.

The variation of cracking behavior in three solutions with potential for
duplex-annealed Ti-8Al-1Mo-1V is shown in Fig. 26 [43,50]. The following
points are apparent in this figure and are in general true for all susceptible alloys
studied to date:

® The crack-initiation load reaches a minimum at about -500 mV (SCE)
in C17-containing solutions.

® The open-circuit potential of titanium alloys in 3.5% NaCl and seawater
(about -800 mV SCE) is slightly more negative than the initiation load mini-
mum (- 500 mV),

® A region of cathodic protection may exist at potentials more negative
than - 1000 mV. It should be noted that complete cathodic protection appears
to be achievable only in alloys which are immune in distilled water.
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® A region of anodic protection may exist with Br™ and Cl™ solutions,
especially the latter, but not with [7solutions.

There is an approximately linear relationship between potential and average
crack velocity (V) for solutions containing C17, 17, and Br~ ions [48, 49},

Effect of pH. In contrast to neutral aqueous solutions, titanium alloys exhibit
both region | and region N types of crack growth in concentrated (>7 M)
halogen acid solutions. Thus in these solutions it may not be possible to define a
Kisce value. The acidity of the solution influences the Kis.c value, as can be
seen in Fig. 27, which shows that the value is reduced [30] at molarities above
about 107!, This is approximately the acidity reported at the tips of growing
stress corrosion cracks where the bulk corrodent is neutral sodium chloride.

In highly acidic solutions, region Il crack propagation velocity is virtually
independent of potential [40], and no cathodic protection is possible in such
solutions {44].

Little work has been performed to determine effect of alkaline solutions on
either crack initiation or crack propagation. Some studies have indicated bene-
ficial effects of increasing alkalinity |43] . others have failed to find such effects
[51}.

Effect of 1 mperature. The critical stress intensity for crack initiation (K3,¢¢)
in Ti-8Al-1Mo-1V in neutral 3.5% NaCl does not vary with temperature {52}.
(In les= susceptible alloys K¢ might be lowered by increasing the temperature
but this does not seem to have been studied.) The velocity of cracking in 3.5%
NaCl is strongly temperature dependent. An Arrhenius plot of the limiting crack
velocity of {equivalent to either region II or lia velocity) indicates an activation
energy value of Q = 5.6 kcal/mole [53].

SCC in Organic Liquids. The failures of the Ti-6Al44V Apollo pressure vessels
during proof testing with dry, reagent-grade methanol stimulated intensive re-
search in the late 1960’s to investigate SCC of titanium in organic iiquids. Much
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of the background mtormation and major findings of this research effort has
been summuarized [S4]. Another review summarizes the more recent work on
the subject [SS].

In the tollowing sectinns, the organic solvents are grouped as alcohols, halo-
genated hydrocarbons, and miscellaneous solutions.

Aleohols. Two types of SCC behavior i methanolic solutions have been
distnguished on the basis of tatlure wode {5657

o Intergranular failure, which occurs in pure titanium and all alloys. Such
cracking requires the presence of halogen, e.g., 0.3 ppm 1™,

® Transgranular failure, which usually occurs in alloys also susceptible to
aqueous SCC.

This classtfication will serve as a basis for discussing the variables which influence
SCC in methanolic solutions.

1. Intergranular Failure Mode. The first observation of intergranular attack in
titamum alloys was made using methanol plus bromine solutions [58]. Subse-
quently 1t was demonstrated that methanolic solutions ~ontaining HCI or H;SO4
cause SCC in both titanium and zirconium [59,60]. Recent work has indicated
that scveral factors influence intergranular failure, and a separation of these
factors 1s attempted below.

The time to failure of smoorh specimens of commercially pure titanium
(Ti-35A) can vary considerably with the impurity content of methanolic solu-
tions [61}. Cracking oceurs in this material only when the concentration ex-
ceeds 10°® N HCL The water content of methanolic solutions influences time to
tailure in this and other materials. (See also Ref. 60).

A potential more negative than - 250 mV (Ag/AgCl) prevents cracking of CP
titanium 1 neutral methanolic solutions {62

2. Transgranular Failure Mode. Alloys such as Ti-8Al-1Mo-1V exhibit a tran-
sition from intergranular cracking in region 1 to transgranular cracking in region
Il i many environments. In addition to the complex cracking behavior ex.
hibited by the alloy Ti-8Al-1Mo-1V, the alloy Ti-11.5Mo-6Zr4.5Sn fails by
intergranular cracking in region Il in neutral aqueous solutions and also in
methanol <Kl solutions [63]. Thus, it is perhaps useful to classify the cracking
behavior of alloys on the basis of the stress dependence of cracking rate.

Little work has been perfurmed on the influence of the degree ot methanol
purity on region Il type growth. However, it has been establishe¢ that the
inhibiting effect of water additions on SCC initiation will not be observed if the
aiivy is susceptible 10 SCC in distilled water.

In general, additions of Cl, Br, and I increase the rate of region I{ cracking,
again independent of the form in which they are added. Other additions, such as
NO; and SOf ", appear to prevent cracking [50]. Howeve,, insufficient work has
been performed to demonstrate the extent or generality of these »ffects.

Several workers have demonstrated that cracking can be prevented in neutral
methanolic solutions by applied potentials of - 1000 to - 1500 mV (SCE). The
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velocity of region 11 cracking is accelerated by anodic potentials, and the range
of K over which rapid cracking occurs is extended by such potentials.

It is generally agreed that increasing the temperature of methanolic solutions
also increases the velocity of cracking, an activation energy of about § kcals/
mole having been measured {64].

No investigations have been performed on pure titanium in anhydrous alco-
hols. However, cracking occurs in smooth specimens ui Ti-8Al-I1Mo-1V and Ti-
6Al-4V in anhydrous ethanol [65.66]. Cracking in ethylene glycol was also
observed in the Ti-8Al-1Mo-1V alloy, but not in the Ti-6AlI4V alloy [66].

The SCC behavior of Ti-8Al-1Mo-1V in a number of alcohols is summarized
in Fig. 28. It can be seen that the methanol and ethylene glycol produce very
low values of Ky, ... Increasing the chain length of the alcohols to four carbon
atoms increases Ky, to = 40 ksi v/in., above which K¢ remains constant. In
addition, it was shown that K. was not sensitive to the type (primary, second-
ary. etc.) of alcohol {67].

Halogenated Hydrocarbons. SCC testing in halogenated hydrocarbons appears
to have been conducted only on alloys. Cracking has been detected in carbon
tetrachleride, methylene chloride, methylene iodide, trichlorethylene, trichloro-
fluoromethane, trichlorotrifluoroethane, and octafluorocyclobutane. There is no
evidence in the literature that pure titanium is susceptible to SCC in any of these
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Fig. 28. Apparent threshold stress intensity (Kigee in 360 min) for Ti-8Ak1Mo-1V tested
in alcohols with increasing number of carbon atoms. (K refers to a threshold for slow
crack growth in an inert environment, perhaps caused by internal hydrogen) [67]. From
Proceedings of Conference on Fundamental Aspects of Stress Corrosion Cracking, 1969,
p. 687, Fig. 1, copyright by the National Association of Corrosion Engineers, Used by
permission,
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organic liquids. Further, in some cases a notch or precrack is required for SCC to
occur,

Carbon Tetrachloride (CCly ). The first reports of cracking on CCly noted that
Ti-8Al-1Mo-1V exhibited a cracking behavior similar to that observed in 3.5%
NaCl sulution [S0,68]. Subsequently, ¥-K relationships were established for
Ti-8Al-1Mo-1V [64]. These results showed that (a) the region Il cracking rate in
pure CCly is almost two orders of magnitude faster than in pure methanol and
almost an order of magnitude faster than in distilled water; and (b) the apparent
region 1 type growth does not continue below 1076 cm/sec and thus a Kjgcc can
be defined for Ti-8Al-{Mo-1V in this environment. It should be noted that the
Kisce value of this alloy in CCly is similar to the value observed in 3.5% NaCl
solution,

Freons. Freon is a DuPont registered trade name for fluorinated hydro-
carbons. The common varieties are Freon TF (CyCl3F3). Freon MF (CCI3F),
and Freon C318 (C4Fg). Most investigations on these solvents have been con-
cerned with determining Ks.. thresholds. Table 4 summarizes the results of
several investigators. From this table of approximate values, it is obvious that
rather variable behavior has been observed, which in some cases may be due to
the short testing times. In general, alloys appear to be less susceptible in the TF
grade of freon.

Additions of chlorine do not reduce Kysc values for Ti-6Al-4V from those
obtained in pure grades of freon.

From the kinetics of subcritical crack growth of Ti-6Ai4V in Freon TF, an
apparent region 1 is observed, and therefore very slow crack growth may occur
below K values normally listed as threshold levels [72].

Table 4. Variation of K5 in Several Grades of Freons

Heat Ky, Kisce,

Grade Alloy Treatment ksi /in. ksi Jin. Ref.
TF Ti-6Al4V STA 50 50 69
TF Ti-6Al4V STA 40 33 70
TF Ti-6Al4V MA 59 52 69
TF Ti-SAlL-2.55n MA 67 30 69
TF Ti-8Al-1Mo-1V STA 80 44 69
TF Ti-8Al-iMo-1V MA 30 <23 69
MF Ti-6Al-4V STA 40 23 71
MF Ti-6Al4V MA 59 <25 69
MF Ti-SAl-2.58n MA 67 23 69
MF Ti-8Al-1Mo-1V MA 30 23 69

C318 Ti-5A1-2.58n MA 67 <49 69
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Other Halogenated Organics. Ti-8Al-1Mo-1V heat treated to a rather low
toughness level exhibited a small degree of susceptibility (Kysee/Kic = 25/40 =
0.63) when tested in trichlorethylene [69].

Two alloys, Ti-BAl-1Mo-1V and Ti-5Al-2.5Sn, have been shown to exhibit a
small degree of SCC susceptibility in inhibited trichlorethylene. However, Ti-
5Al1-2.58n showed a larger degree of susceptibility (Kjsco/Kic =28/70=0.4)in
the uninhibited solvent [69].

Cracking of Ti-8Al-1Mo-1V has also been observed in methylene chloride and
in methylene iodide [50].

Miscellaneous Solutions. Kiscc values have been reported for Ti-8Al-1Mo-1V
and T°-0Al4V in various other organic solvents. Examples are shown for Ti-
6Al4V in Table 5 below [71].

Table 5. The Variation of K5.. of Ti-6AI4V
Tested in Two Solvents

. Heat Kjc, Kisce, °

Environment Treatment  ksiJi. ki /i Temperature (" F)
Monomethylhydrazine STA 40 33 80
Monomethylhydrazine STA 40 30 105
Aerozene 50 STA 40 34 70
Aerozene 50 STA 40 32 85

The SCC behavior of Ti8Al-1Mo-1V in a series f alkanes is shown in Fig. 29.
It can be seen that Kjsc is independent of both the chain length of the alkane
and its state (i.e., whether gas or liquid).

SCC in Hot Salts. In the late 1950’s considerable consternation was caused by
the premature failure of a titanium alloy during creep testing. This failure was
traced to cracking caused by small amounts of NaCl originating from fingerprints
or the specimen. Many laboratory investigations were conducted after this
observation, and it has been clearly demonstrated that SCC can occur in many
titanium alloys stressed in contact with certain salts at elevated temperatures. It
should be noted, however, that no service failures attributed to hot salt SCC
have been reported.

The most comprehensive data compilation on hot salt SCC can be found in a
review [6] and a symposium [7]. Some of the salient points from thes: and
other sources are listed below.

1. Various test techniques have been used to evaluate susceptibility of ti-
tanium alloys to hot salt cracking. The most common are the following:




204 FTTANIUM ALLOYS
100 p—m——m
™ — 300

80 le _
e WY T19 by
Ny - TisALIMo TV
> D~ 1YS 123KS! £
R 8 - % (SG) E
> —200 =
! >
- -
2 % § /— VAPOR AlR ]
o 8 g
Z wl ° X z
é B 8 ) o O™ é
e - —{100 ¥
L Kisce a

20 (3.6NaCI-WATER)

Py VS TS WSS U U TN N NS VS W S
0 2 4 6 8 10 12

C ATOMS (ALKANES)

Fig. 29. Apparent threshold stress intensity (Kjsce in 360 min) for Ti-8Ak1Mo-1V tested
in normal alkanes with increasing number of carbon atoms [67]. ¥rom Proceedings of
Conference on Fundamental Aspects of Stress Corrosion Cracking, 1969, p. 686, Fig. 6,
copyright by the National Association of Corrosion Engineers. Used by permission.

a. Evaluation of tensile properties at elevated temperatures and at room
temperature after exposure. Apparently the presence of a precrack does not in-
fluence hot <alt cracking.

b. Evaluation of bend properties in which there are two general types.
First, self-stressed specimens are heated to the required temperature, exposed for
various times, then cooled and tested in compression at room temperature. Sec-
uind, sheet specimens are externally loaded at the exposure temperature and the
following properties determined:

o Tine for first visual observation of cracking and/or time to failure.

® Properties of specimens machined from the exposed sheet and tested at
room temperature.

It should be noted that exposed specimens may be completely or partially
coated with salt, and that another test variable is the method of applying the salt
coating. The reader is referred to Ref. 7 for typical examples. It is not surprising
from the variability of test techniques, the method of application of salt coat-
ings, and the possible differences in exposure conditions, that a farge degree of
scatter is observed in the results.

2. CI°, Br~. and 1~ salts hove been shown to cause hot salt cracking [73],
while F- salts [75] and hydroxides do not. The severity of attack has been
correlated with the cation type of C1” salts, as follows: MgCly (least severe),
<SrCl; <CsCl <CaCly; <K(1 <BaCly <NaCl <LiCl (most severe) [75].

3. The role of water in hot salt cracking is not well established. Most warkers
have concluded that water is essential for cracking to occur {33,76,77]. Some
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results indicate that water accelerates cracking but may not be essential to the
overall degradauon ot properties [75]. There is also evidence that excess water
can retard cracking |76,

4. The eftec. .~ -aygen on hot salt cracking is even less well established than
that of wuter. Most workers have studied the effect of oxygen pressure by
reducing the overall pressure ot the system. It has been shown that reducing the
pressure to 10 microns eliminated cracking in Ti-5A1-2.5Sn 33}, and a similar
reduction in susceptibility under reduced pressure has been observed in Ti-8Al-
IMo-1V |78]. 11 is possible, however, that such reductions in overall pressure
lower both the moisture and oxygen content of the system, and thus the results
couid be regarded as ambiguous.

5. In general, increases of both stress and temperature increase hot salt crack-
ing. The kinetics of hot salt cracking have not been established due to experi-
mental difficulties.

Several workers have reported that titanium alloys suffer a degradation of
room-temperature mechanical properties after high-temperature exposure in
NaCl. Despite a lack of evidence of cracking in Ti-8Mn during high-temperature
exposure, tensile specimens cracked on subsequent straining at room tempera-
ture {79] . Smooth tensile specimens of Ti-8Al-1Mo-1V exposed to hot salt condi-
tions (100 hr at 850°F at o = 50 ksi) were tested at room temperature. There
was a dramatic reduction in percent elongation if the specimens were tested at
slow strain rates as shown in Fig. 30a but the effect occurs only below approxi-
mately 200°F (Fig. 30b).

6. Unalloyed titanium is not susceptible to hot salt stress corrosion cracking,
but all alloys exhibit some degree of susceptibility. A rating of alloy suscepti-
bility has been made [81]. The highly susceptible alloys are Ti-SAI-2.5Sn,
Ti-7A1-12Zr, Ti-SAl-58n-5Zr, Ti-8Al-1Mo-1V, and Ti-8Mn. The intermediately
susceptible alloys are Ti-5Al-58n-5Zr-1Mo-1V, Ti-6Al-4V, Ti-6Al-6V-2Sn, Ti-SAl-
2.75Cr-1.25Fe, and Ti-3Al-13V-11Cr. The most resistant alloys are Ti<4Al-
3Mo-1V, Ti-2.25Al-1Mo-11Sn-5Zr-0.258i, and Ti-2Al1-4Mo-4Zr. Not ail workers
may agree with this classification. It has also been reported recently that some of
the g alloys, such as Ti-11.5M0-6Z5r4.55n and Ti-8Mo-8V-3Mo-2Fe, are rela-
tively resistant to hot salt SCC [82].

Surface treatments that inhibit hot salt cracking are described in section 5.6.

SCC in Nitrogen Tetroxide. Nitrogen tetroxide (N3Oq4) is an oxidizer used
with hydrazine rocket fuels in space and missile applications. Early studies of the
behavior of titanium and its alloys in N2Oy4 indicated that no corrosion prob-
lems were to be expected. In 1964, however, a Ti-6A14V pressure vessel con-
taining a high-purity grade of N2Oy4 failed during proof testing [3]. This unex-
pected failure once again stimulated a number of research projects. The resuits
of these early studies are summarized in Ref. 83, and the major conclusion was
that cracking occurred in red N3O4 but not in green NyO4. Typical composi-
tions of these two varieties are shown in Table 6 [84}.

]
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Table 6. Typical Composition of Two Grades of Nitrogen Tetroxide

Component Red N10s, Green N2Qg,

% %

N;04 99.99 99.26

NO (Lab. A) — 0.81-0.86

NO (Lab. B) - 0.72

H,0 0.05 0.05

Cl as NOCl 0.001 0.001

CO, 0.028 0.045

Oxygen 0.006 0.002

Particulates (mg/litcr) 2. 31
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The essentiai difference is tnat no nitric oxide (NO) is present in red N3Oy4.
Furthermore, it contains a higher free oxygen content.

Early work established that the incidence of SCC was increased when higher
purity (red) NpOg4 was substituted for the lower purity (green) N7O4. Thus,
susceptibility can be eliminated in red N3Oy by the addition of NO or Hy0. The
latter addition essentially increases the amount of NO and eliminates free
oxygen. Green N>O4 will promote cracking if pressurized with oxygen; such
pressurization essentially converts green N2O4 to red N3O4. The addition of
NOC1 to green Ny O4 does not cause cracking ot titanium alloys.

Only a limited amount of work has been performed on the influence of
temperature on cracking in N3Oy4. Such evidence as is available shows that the
time to failure of smooth specimens [85]) and the Kz, [86] decrease with
increasing temperature.

SCC in Red Fuming Nitric Acid. In the early 1950's it was found that ti-
tanium and its alloys underwent a pyrophoric reaction in red fuming nitric acid
(RFNA). The SCC studies in this medium up to 1957 are summarized in Ref. 1.
As little work appears to have been conducted after this period, only a brief
synopsis of the important features of the phenomenon will be given.

Commercially pure (CP) titanium and all alloys tested to date crack in RFNA
containing 20% NQ;. Reducing the NO; content to none. eliminates the sus-
ceptibility of CP titanium, but not that of the alloys Ti-8Mn and Ti-6Al4V. The
addition of 2% water eliminates susceptibility in all alloys. The military specifi-
cation for RFNA is 82 to 85% HNO3, 14% NO,, and 2.5% H,0.

Most kinetic studies in RFNA have been concerned with general corrosion
rather than stress corrosion. Thus, there is only a small amount of data on the
rates of cracking in this environment. Furthermore, there are apparently no
quantitative data on the influence of stress, although the observations of crack-
ing near sheared edges of sheet materials indicate an effect.

SCC in Molten Salts. Molten salts are used or may be used in heat-treating
baths, fast breeder yeactors, descaling baths, and battery research. Thus, if ti-
tanium is under consideration for use in or treatment in such environments, a
knowledge of its SCC hehavior is essential. From a more fundamental stand-
point, studies of SCC in molten salts may bridge the gap between hot salt
cracking and aqueous SCC.

Ti-8Al-1Mo-1V is apparently the only alloy to have been tested in molten
salts. In a LiCl + KCl eutectic mixture, smooth tensile specimens loaded to a
stress level of 10 ksi failed in about | hr. However, if specimens were made
cathodic, then the failure time doubled [75].

Subsequently it has been shown that both region I and region 1l behavior are
exhibited by Ti-BAl-1Mo-1V tested in molten LiCI-KCl eutectic at 375°C
(706°F). The Kjyce value (if such a threshold exists in this environment) is <9
ksi v/In. under these conditions [87].

Cracking has also been shown to occur in two other moiten inorganic salts.
No cracking of Ti-8Al-IMo-1V has been observed in pure molten nitrates, but
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additions of CI7, Br™, and 1 caused cracking. In contrast, additions of F~,
which can only be added in small concentrations, did not cause cracking.
Limited work on molten hydroxides containing C1~ or [~ has shown that crack
propagation can occur in Ti-8Al-IMo-1V. The rate of cracking, however, is con-
siderably slower than in nitrate salts containing equivalent concentrations of
halide ions [87].

Cracking by Liquid and Solid Metals. Titanium and its alloys can be cracked
by several liquid metals. The first liquid metal cracking problem in service was
the reported cracking of Ti4Al4Mn compressor disks ini the XJS4 engine [2].
Such cracking originated from cadmium-plated bolts attached to the component.

The general-corrosion and stress-corrosion behavior of titanium alloys in
liquid metals was summarized in Ref. 83. At that time it had been demonstrated
that cracking could be induced by silver braze alloys and mercury. Certain other
liquid metals also degraded the properties of titanium, including cesium and
gallium. However, in many cases such pioblems arise from general corrosion
rather than stress corrosion.

The metals that are known to cause cracking in titanium and its alloys are
discussed below.

Cadmium. The titanium alloys known to be susceptible to cracking in liquid
cadmium are Ti4Al-4Mn, Ti-8Mn, Ti-13V-! 1Cr-3Al, and Ti-50A.

Cadmium-plated, smouoth tensile specimens suffered dramatic reductions in
percent elongation and some reduction in ultimate tensile strength in the
temperature range 620° to 750°F [88]. It was postulated that the critical stage
was the penetration of the titanium oxide by the liquid cadmium. Tests were
conducted on smooth tensile specimens of TI-S0A in liquid cadmium, and the
variations of the strain at fracture with temperature and strain rate were
measured [89]. A strain-rate-dependent brittleness occurs similar to that found
in other systems [90].

Cracking has been observed in Ti-8Al-1Mo-1V and Ti-6Al4V in the tempera-
ture range 100° to 600°F and therefore has been designated solid cadmium
embrittlement [91]. Necessary conditions for failure were considered (o be
intimate contact of the cadmium with the base metal and an applied tensile
stress. It was also proposed that the titanium alloy must plastically deform,
although this condition has not yet been conclusively demonstrated.

Mercury. The following titanium alloys are known to be cracked by liquid
mercury [92,93]): Ti-75A, Ti-13V-11Cr-3Al, Ti-6Al4V, Ti-8Al-1Mo-1V, and
Ti8Mn. Most of the published information on this subject is based on observa-
tions of crack initiation on bend specimens. In recent work V-K relationships
were established for Ti-8Al-1Mo-1V. Both regions ! and Il may be exhibited, and
the range of velocity is extremely large, the region II plateau velocity of the
step-cooled (Slg) condition being greater than 10 cm/sec |64]. The threshold
levels were < 19 ksi v/in. and dependent upon heat treatment condition.

Silver. As with cadmium embrittlement of titanium alloys, problems with
silver-plated components were first encountered in a compressor stage of a jet
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engine and arose from a silver-plated steel bolt in contact with a Ti-7Al4Mo
compressor disk. The failure of the disk was attributed to the formation of AgCl
and its interaction with the titanium. in later experiments, it was shown that
AgCl is 3 more aggressive stress corrosion agent than pure silver or, in fact, NaCl.
Pure silver and silver braze alloys cause cracking of titanium alloys such as
Ti8AI-1Mo-1V, Ti-7Al<4Mo, and Ti-5Al1-2.58n. The test temperatures above
which cracking by silver has been observed were 343°C (650°F) for the silver
braze alloy and 469°C (875°F) for pure silver. Since both these temperatures are
well below the melting points of both the materials, these observations are
thought 1o be additional examples of solid metal embrittlement [94,95].

Zinc. Limited data indicate that titanium alloys can be cracked by solid zinc
under the same conditions as those found for solid cadmium cracking [38].

SCC in Gaseous Environments. A number of technologically important ele-
ments and compounds in gaseous or vapor form have been found to give rise to
SCC in titanium alloys, as summarized below.

Chlorine Gas. Ti-8Al-1Mo-1V will crack in moist chlorine at 288°C (550°F)
[96], and cracking can occur in many binary titanium alloys exposed to moist
chlorine a1 427°C (800°F) [97].

Hydro:ren Chloride Gas. The time for crack initiation in U-bend specimens of
Ti-8Al-1Mo-1V in HCl gas decreased with increasing test temperature for a con-
stant pressure of HCI gas of one atmosphere. Additions of about 5 to 6 mole %
water to the system increased the time for crack initiation by a factor of ap-
proximately two. Cracks formed in HCI are similar to those which occur in hot
salt [98].

Hydrogen. One of the first titanium hardware problems involving hydrogen
was the failure of titanium fittings in a liquid hydrogen storage tank. Failure was
attributed to the reaction between titanium and hydrogen gas formed during
temperature cycling. It was proposed that the fittings perforated by the forma-
tion and subsequent spalling of titanium hydrides [99]. The reaction between
hydrogen and titanium metal and some alloys was strongly dependent upon the
purity of the hydrogen and the nature of the metal or alloy surface [100]. Oiter
factors that influenced hydrogen pickup were hydrogen pressure, time, tempera-
ture, and alloy composition. Microstructural analysis showed that hydrogen
pickup was relatively umform, i.e., layers of hydride were formed at the surface
and penetrated inward. One Ti-6Al4V specimen showed extensive pitting after
exposure to hydrogen only when stressed. The stress in this one example acted
to assist the spalling of the hydride layers, thus allowing further reaction.

More recently, the reaction of gaseous hydrogen with a series of metals and
alloys, including titanium, has been studied [101]. Most of the data from these
studies were unpublished, but the following is a summary of the most pertinent
results (102-104]:

® Hydrogen gas can cause slow crack growth in titanium alloys, e.g., CP
titanium, Ti-6Al4V, and Ti-5Al-2.58n.

® The fracture surfaces show many similarities to aqueous SCC failures.
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® No hydride has been detected on the fracture surfaces. (There is, however,
some controversy on this point.)

® The maximum degrading influence of hydrogen is observed at 0°C (32°F)
in Ti-0Al4V, aund its influence decreases as the temperature is either raised or
lowered.

® The maximum degrading influence of hydrogen occurred in materials with
an acicular structure.

® Velocity of cracking < 10°3 cm/sec has been observed.

From these results there appear to be some similarities between SCC in
liquids and in hydrogen gas. However, some of the compositional and micro-
structural effects appear to be different; therefore, any direct comparisons must
await the pubhication of the details of these studies.

Methanol Vapor. Methanol vapor has been reported to promote SCC in Ti-
8Al-1Mo-1V [105]). Embrittiement occurred in both pure titanium and Ti-5Al-
2.55n in the presence of methanol vapor without an applied stress. No cracks
were observed during or after exposure, and the embrittiement was detected on
later tensile testing. Fracture in embrittled regions of ;pecimens was intet-
granular. The embrittlement could be removed by vacuum annealing [106}.

In comparing the behavior of U-bend specimens of pure titanium and Ti-8Al-
IMo-1V in methanol liquid and methanol vapor, it was found that methanol
vapor was the more aggressive environment, the time to failure in methanol vapor
was inversely proportional to the volume of the closed system, and the suscepti-
bility to methanol vapor was inhibited by ammonia or water.

Humid Air (>50% RH). Crack propagation has been observed in laboratory
air, in very susceptible alloys, but there have been no systematic investigations in
which crack growth rate has been measured in air of varying humidity.

Metallurgical Variables

In the previous section it was shown that cracking can occur in titanium
alloys exposed to a wide varicty of environments. The essential question for the
user of titanium alloys is what can be done about a potential SCC probiem. In
some systems the problem can be controlled by relatively simple environmental
modification (e.g., N2O4), or exclusion of the environment (e.g., cadmium,
mercury). However, in other environments, which include the most important
case of aqueous solutions, control is preferably exercised by metallurgical
methods. Therefore in this section we shall concentrate on the behavior of
titanium alloys in aqueous solutions, specifically in seawater or solutions with an
equivalent chloride concentration.

The section is divided into three parts. The first part describes in general
terms the factors which have been shown to influence the SCC susceptibility of
titanium alloys. The second part then takes the more important commercial
alloys and gives a more detailed description of their SCC behavior. (One probiem
inherent in such an analysis is the very large degree of scatter in results observed
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in one material. In order to reduce such scatter to a reasonable level, a detailed
knowledge of the factors which influence susceptibility withir a given alloy is
required. Armed with such knowledge, it should be possible to eliminate or
minimize SCC susceptibility by tight control of composition, melting, process-
ing, fabrication, and assembly.) The final section deals with some trends in alloy
development and indicates the authors’ thought*" on how titanium alloys might
be further improved.

Generalized Description

Alpha Alloys. The critical factor in determining susceptibility of an a alloy to
aqueous SCC is the composition of this phase. Second-order parameters include
phase structure, texture, and grain size. The most important elements that in-
duce SCC susceptibility of the a phase are aluminum and oxygen. Other ele-
ments, such as tin, have an additive effect to these elements but are not usually
present in sufficient quantity in commercial alloys to exert a separate influence.

It has been established that a critical aluminum content (about 5%) must be
exceeded for SCC to occur in aqueous solutions [30,107}. This critical com-
position is approximately the same for the transition from intergranular to trans-
granular cracking in methanolic solutions [44,57,108]. The influence of alumi-
num content on Ky is shown in Fig. 31. At the higher aluminum contents a;
(Ti3Al) can precipitate during low-temperature aging, which both lowers K5
and increases the velocity of cracking. There is limited information on the in-
fluence of volume fraction and particle size of the ay phase on SCC suscepti-
bility. From the few results available, it can be concluded that the lower the
aging temperature (which increases the volume fraction of ay) the lower the
Kjsce and the higher the velocity of SCC. Recovery of stress corrosion properties
occurs at aging times approaching 500 hr at 650°C (1200°F) in a Ti-7Al alloy
{109].

Studies ot the SCC behavior of binzry Ti-O alloys have shown that suscepti-
bility occurred at oxygen contents between 0.2 and 0.4% [110]. Similar results
have been obtained on various grades of CP titanium, for example Ti-SOA (0.12,
03) exhibits a Kjc and Kiscc of approximately 60 ksi v/in., whereas Ti-70A
(0.38, 03) with a Kjc of 100 ksi v/in. can have a Kj;. as low as 30 ksi Vin.
{39}.

It has been reported that aluminum and oxygen have additive effects on
susceptibility to SCC, aithough this conclusion was based on results from
(a+p)-phase alloys [110].

The effect of oxygen level and aging on SCC kinetics in Ti-Al-O ternary alloys
is shown in Fig. 32 [111]. In as-quenched specimens the 0.05% oxygen ailoy
was immune to SCC in 0.6 M KCi. Increasing the oxygen content to 0.15%
induced susceptibility, which was accentuated by further increasing the oxygen
level to 0.3%. Aging in the (ata)-phase field caused the 0.05% oxygen alloy to
become susceptible and promoted SCC in the higher oxygen alloys. These results
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support the conclusion that aluminum and oxygen additions are additive in
increasing susceptibility.

Increasing the tin content of a alloys generally decreases the resistance to
SCC. This may be deduced from the behavior of Ti-5A)-2.58n and T.-3Al-5Zr-
58n with respect to binary Ti-5Al alloys.

There is little information in the literature on the effect of other elements on
a-phase susceptibility. However, the following qualitative statements can be
made. Zirconium possibly reduces susceptibility to SCC, as is evident by com-
paring the results of Ref. 39 for Ti-5Al-2.5Sn and Ti-5Al-5Zs-5Sn. The only
report on the influence of silicon is for a proprietary alloy (Ti-4Al-4Mo-
28n-0.25S8i), in which susceptibility has been attributed to the presence of inter-
metallic compounds containing silicon [39].

The martensites in a wlloys are susceptible to SCC (Fig. 33), although the
Kjsce value may be slightly higher than that for equiaxed structures.

p

10
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Fig. 33. Variation of applied stress intensity Kj; to critical
stress intensity K. ratio with time to failure for martensitic
structures in Ti-6Al4YV and Ti-5A1-2.55n tested in 3.5% NaCl
{30}.

Both grain size and texture are known to influence Kysc. in a alloys, but
there are no comprehensive studies of these factors. A few examples are noted in
the following sections on specific commercial alloys.

a + B Alloys. In most alloys that belong to this group and exhibit SCC in
aqueous solution, only the a phase is susceptible. The criticai parameters for
such a phases are the same as those listed above; thus the susceptibility is
determined by the aluminum, oxygen, and tin contents. An examplie is shown in
Fig. 34 in which the increasing susceotibility in the alloy series Ti4Al-3Mo-1V,
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Ti-6Al4V, and Ti-8Al-I1Mo-1V is evident. In alloys of this type the alloying
elements are partitioned between the a and § phases, and the aluminum content
of the a phase may be considerably higher than the average composition; for
example, the a phase contains >5% Al in mill-annealed Ti4Al-3Al-IMo. The
influence of texture of thc « phase on SCC susceptibility has been described in
the section on specimen orientation and illustrated for the alloy Ti-8Al-1Mo-1V
in Fig. 21. Grain size in equiaxed o+f structures is not a large factor in deter-
mining susceptibility, as it cannot be varied (independently) over large ranges.
The major difference in the behavior of atf alloys and comparable a alloys is
in the behavior of the martensitic and tempered martensitic (or acicular) struc-
tures, Martensitic structures produced by quenching from above the § transus are
virtually immune to SCC, as illustrated for Ti-6Al4V in Fig. 33. Tempering the
martensite to produce acicular o+ dispersions (which may also be produced by
slower cooling rates from the p-phase field) resuits in material susceptible to
SCC. However, such microstructures exhibit higher fracture toughness and Ky;c¢
levels, as illustrated for Ti-6Al4V in Fig. 35. This effect is utilized in g-process-
ing techniques used for several atf alloys, but such processing is not effective in
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all alloys. Materials with limited susceptibility in the equaxed (e.g., mill-
annealed) condition such as Ti4Al-3Mo-1V exhibit improvements only at the
highest strength levels [39]. In alloys with a high degree of susceptibility, for
example, those having high alumiium or oxygen contents such as Ti-8Al-1Mo-
1V, the inherent susceptibility of the alloy overrides the potential benefits of the
acicular structures

g+ a Alluys. Two types of susceptibility to SCC can occur in f+a alloys, and
in fact both types may occur in the same alloy in different heat treatment
conditions.

Intergranular cracking occurs in +a alloys for which the dominant variable is
microstructure. The critical structure is an equiaxed f phase containing a
fine Widmanstatten dispersion of the a phase. As this form of SCC was recog-
nized relatively recently, the following generalizations are based on limited data.

The volume fraction of the a phase and the details of the dispersion (e.g.,
a-plate size) influence susceptibility. Thus, for the alloy Ti-11.5Mo-6Zr4.58n,
the Kysc levels fall as the aging temperature is reduced; for example Kyscc was
24 ksi \/in. after aging at 900°F and was more than 60 ksi v/in. after aging at
1150°F. The influence of solution treatment temperature (and also § phase grain
size) has not been studied in detail. It has been shown, however, that heat
treatment above and below the § transus has little influence on Ky, in
equiaxed f structures. Intergranular failure has been detected in a wide variety of
alloys (Ti-8Mn, Ti-11.6Mo, Ti-11.5M0-6Zr4.58n, Ti-8Mo-8V-3Al-2Fe, and
Ti-3A1-8V-6Cr4Mo-4Zr), which indicates that the effect is relatively general, and
no clear-cut compositional influence is evident. However, preliminary work has
shown that for the same strength level Kjs.. increases slightly in the series
Ti-11.5Mo-6Zr~ SSn, Ti-8Mo-8V-3Al-2Fe, and Ti-3A1-8V-6Cr4Mo<4Zr, which
may offer a suggestion of some compositional dependence. Finally, let us note
that in some alloys, e.g., T18Mn [64] and Ti-6Al-2Sn4Zr-6Mo [114], both
intergranular and transgranular SCC have been observed after specific heat treat-
ments. Both intergranular and transgranular SCC have not been observed in a
given alloy after a single heat treatment. Heat treatments leading to intergranular
separation of the § phase are shown in Table 7.

Table 7. Alloys and Heat Treatments Resulting in
Intergranular Separation of the f-Phase Matrix

Alloy Aging Temperature
Ti-11.5Mo-6Zr4.55n 482°C-650°C (900°F to 1200°F)
Ti-8Mo-8V-3Al-2Fe 454°C-538°C (850°F to 1000°F)
Ti-11.6Mo 500°C (932°F)

Ti-8Mn 400°C (752°F)
Ti-13V-11Cr-3Al 590°C (1094°F)
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Fig. 36. Variation of crack-initiation load Kjs, with solution-treatment or aging
temperature in Ti-8Mn. Specimens were water quenched from the solution-treatment
or aging temperature and the resulting phase structures are indicated [115].

Transgranular cracking occurs in a limited number of S+ allovs in which the
B phase is susceptible and the a phase is immune. Such cracking can also occur in
metastable § retained after cooling from temperatures above the § transus. The
dominant variable for this form of SCC is the composition of the § phase,
although there are considerably fewer data for such systems than for the a
alloys. Manganese content is important, the critical level being about 10%. This
figure was deduced from the high susceptibility of a (quenched) Ti-16Mn alloy
and from aging studies of a Ti-8Mn alloy which is immune in the quenched
condition {40,115]. Figure 36 illustrates the latter point and shows that the
Ti-8Mn alloy becomes snsceptible when aged in the (S+a)-phase field which
results in enrichment of the § phase in manganese. Results for a lower tempera-
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ture aging treatment are shown in Fig. 37, from which it can be seer that the
B+w structure is immune to SCC, which is true for all alloys containing such
dispersions investigated to date. The Ti-8Mn alloy does exhibit some suscepti-
bility when a S+a structure is generated; however, in this case the failure is
intergranular. It has been concluded that some f-stabilizing elements do not
promote SCC susceptibility. This has been shown directly for Ti-Mo alloys in
which the metastable 8 phase in Ti-12Mo and Ti-18Mo is immune to SCC [40,
114}. Work on commercial and experimental a+§ alloys indicates that vanadium,
tantalum, and niobium do not produce susceptible 8 phases.

k13
Ti-8Mn
O AR
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Fig. 37. Variation of crack-initiation load for specimens for Ti-8Mn quenched from
900°C and aged at 400°C, tested in air and 0.0 M KCl at ~500 mV. The phase
structure of the alloy is also indicated [115].

Commercial Alloys. This section describes the general characteristics, critical
parameters, and reported properties for some of the more important titanium
alloys. (Some high temperature alloys utilized in gas turbine applications are not
included.) The alloy Ti-6Al4V is described in some detail with the object of
providing a relatively complete description of its SCC properties—and to account
for the wide ranges of values encountered in the literature.

Such detailed descriptions cannot be attempted for all alloys due to lack of
data. In presenting property data for such alloys, we have usually selected one
set of seif-consistent results which indicate essential features of alloy behavior.
Most of the data reported are for intermediate material thicknesses (< 0.5 in.).
This is perhaps unfortunate, as it means that several of the K, values are invalid
in that the thickness criterion is not met (see Chapter 2). The values employed
by an engineer must be dictated by the thickness of material to be used. It
should also be noted that other properties may be influence by variation of ma-
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terial thickness; for exampie, the homogeneity, preferred orientation, and grain
shape are con:trolled by the reduction of an ingot to the finished product size. In
reality even more information is required for a complete evaluation of an alloy
than that given below. For example complete chemical, mechanical, dimen-
sional, directional, microstructural and environmental details are required to-
gether with specific features of the test techniques used.

Alpha-Phase Alloys. Of the commercial-purity grades of titanium, the low
interstitial grades Ti-35A and 1i-50A are not susceptible to aqueous SCC; thus this
discussion will concentrate on Ti-70A. This alloy contains up to 0.4% oxygen,
which determines SCC susceptibility. The alloy cortains up to 0.5% iron, which
ruay stabilize up to about 4% f§ phase.

In the absence of iron the alloy Ti-70A should not show a marked hea*
treatment response, as it is essentially a simple Ti-O alloy. However the presence
of iron in the alloy results in the 8 phase being present after low temperature
treatments. Further the 8 composition may be adjusted by solution temperature
to a state where the w phase may form on cooling or low temperature aging. The
B transus (0.4% oxygen) is about 1740°F, and the product of quenching from
the § field is hexagonal martensite a’. The w phase may be formed on slow
cooling from the f-transus temperature to 1200°F. The volume fraction of the w
phase decreases on raising thc solution treatment temperature, but the tendency
to form the w phase increases as the phase contains less iron. The influence of
texture, grain size, composition, and thickness on properties has not been
studied.

Tests of Ti-704. Composition: 0.380, 0.007N, 0.03C, 0.007H, and 0.38Fe.
Specimens: notch bend fatigue precracked, fracture, WR orientation. SCC tests
in 3.5% NaCl. Results are shown in Tables 8a and b, the latter showing the effcct
of hot and cold working [39].

Two grades of Ti-SAI-2.5Sn are produced, an ELI grade (C.12 maximum
oxygen and low iron) and a standard grade (0.2 oxygen, 0.5 iron, 0.3 man-
ganese). The alloy has good weldability and can be utilized over a relatively wide
1ange of temperatures, from cryogenic (ELI-grade) to gas turbine temperatures.
The composition ranges of the two grades are shown below. The higher oxygen
content of the standard grade makes it more susceptible to SCC.

Standard Grade ELI Grade
Al 4.0-6.0 4.7-5.6
Sn 2.0-3.0 2030
Fe 0.50 0.1.0.2
Mn 0.30 -
0 0.20 0.12
C 0.15 0.08
N 0.07 0.05

.y
L e pr————
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Theoretically Ti-5A1-2.58n is an a alloy. However, the iron and manganese
content causes up to about 5% 3 phase in the structure of the standard grade. The
alloy is not considered heat treatable, although some modification of properties
can be accomplished (see Table 9). The 8 transus is about 1925°F. The product
of quenching from the 8 field is hexagonal martensite. The alloy contains suffi-
cient aluminum and tin to form the a phase at temperatures below approxi-
mately 1120°F. (Note that this temperature will depend on exact composition.)
This phase has a strong influence on both K. and Kygc. The w phase can form
in the # phase; the transformational behavior is similar to that of Ti-70A. In-
creasing grain size reduced Ky (see Table 9). Little intormation on the in-
fluence of texture of thicknesss has been generated for the alloy.

Tests of Ti-5A41-2.55n. Composition: 5.6Al, 2.65n, 0.39Fe, 0.160, 0.007H
(standard grade). Specimen: notch bend, fatigue precracked, fracture WR orien-
tation. SCC tests in 3.5% NaCl. Results are shown in Table 9 {39]. Composition:
S.1Al, 2.5Sn, 0.19Fe, 0.007N, 0.0940 (ELI grade). Specimen: DCB fracture WR
orientation. SCC tests in 3.5% NaCl, Results are shown in Table 9 {116].

The o alloy Ti-5A1-5Z¢-5Sn is somewhat similar to the Ti-SAL-2.5Sn (ELI
grade), exhibiting good weldability and elevated temperature properties. The 8
transus is about 1820°F. The product of quenching from the 8 field is hexagona}
martensite. The a phase contains sufficient aluminum and tin to precipitate the
@2 phase (phase boundary position unknown but probably about 1050°F).
There is evidence that increasing grain size reduces Ky, and that hexagonal
martensite is equivalent to a large grain size. There is limited evidence that plate
does not show such extreme texture as some other a- and (a+g)-type alloys.

Tests of Ti-5A1-5Zr-558n. Composition: 5.3Al, 5.18n, 5.3Zr, 0.05 Fe, 0.006N,
0.10. Specimen: notch bend, fatigue precracked, fracture WR orientation. SCC
tests in 3.5% NaCl. Results are shown in Table 10 {39].

atf Alloys. In this section we shall present data on several alloys but con-
centrate on the alloy Ti-6Al4Y, the most important commercial titanium alloy.
The variety of phase structures and heat treatments possible on atf alloys is
1ouch greater than the a alloys, and only the most important treatments and
structures will be described.

The super a alloy Ti-8Al-1Mo-1V exhibits good combinations of strength,
modulus, weldability, and density. However, the extreme stress corrosion sus-
ceptibility in aqueous solutions has rendered it virtually obsolete. Although
probably more work has been performed on this alioy than all other titanium
alloys, we shall only briefly describe its characteristics here.

The 8 transus is about 1930°F. The product of quenching from the g field is
hexagonal martensite; possibly orthorhombic martensite may be produced from
the § phase by quenching in the range of 1560 to 1650°F. Compasition of the a
phase is such that a; may form readily at temperatures below 1250°F. This
phase has a very large influence on the Kj. and Ky, value. Utilization of
quenched and tempered structures offers some improvement over annealed
structures. This alloy often exhibits extreme transverse preferred orientation.

el Lol
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Some (proprietary) processes were developed in the mid 1960’s to produce more
random textures but appeared to produce limited improvements.

Tests on TVi-8Al-IMo-1V. Composition: 7.9Al, 1.1V, 0.95Mo, 0. 00. Speci-
men: DCB, fracture WR orientation. SCC tests in 3.5% NaCl. Results are shown
in Table 11 [64].

The most important and widely used titanium alloy is Ti-6Al-4V. Sever:l
grades are produced including ELI and standard grades: in many thick-section
products thc oxygen level may be increased (to about 0.2%) in order to attain
specific strength goals. The yield strength in the alloy can be varied between
(approximately) 100 and 170 ksi by controlled heat treatments, and it exhibits
relatively good elevated temperature properties. Although in certain heat treat-
ments the alloy can be cold formed, hot or creep forming is often utilized to
produce the required shapes. The alloy exhibits good hardenability and welding
characteristics.

The § transus is about 1820°F, and the product of quenching from the § field
is hexagonal martensite (a’). As the solution treatment temperature is reduced
below the § transus the primary a phase is retained on quenching. However, the
§ phase will transform to martensite at temperatures as low as 1550°F. A second
form of martensite (possibly orthorhombic) may form between 1550 and
1600°F. The 3 phase is retained on quenching from 1500°F but undergoes a
stress-induced transformation at room temperature resulting in good formability
properties.

Aging treatmenis are based on tempering of martensitic-type structures.
Either super- or subtransus treatments are used, although it is usual to use a
second, subtransus, treatment after a supertransus treatment. The selection of
the solution treatment and aging temperature and time depends upon the spe-
cific strength requirement. Aging at fow temperatures (about 1000°F) results in
the highest strength levels; lower strength and higher toughness may be produced
by aging at 1150 to 1350°F. If the material is subsequently exposed at lower
temperatures, 300 to Y00°F, further precipitation of the & phase may occur
within the g phase. The w phase does not form in this alloy. If the alloy has high
aluminum and oxygen, the a; phase may form in the a phase.

Figure 38 is a compilation of K., Kisc~.and yield-strength data for the alloy
Ti-6Al-4V in the form of plate, extrusions, and forgings 0.5 to 1.5 in. thick. This
figure, if nothing more, illustraces the rather extreme variation of properties that
may be exhibited by one material. If the use of this or any other alloy is
contemplated in a situation where SCC may be a problem then the internal
variables which influence the Kjyz.. value must be known and controlled. A
separation of these variables is attempted in the following paragraphs. To isolate
one variable means that ali others must be held constant, and unfortunately this
is not always possible.

The critical compositional factors of the alloy are the oxygen and aluminum
contents, Figures 39a and b illustrate the effect of oxygen level on Kj. and
(optimum) Kjsco after two heat treatments—which means of course different
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strength levels. High aluminum contents also lead to a reduction in Kjg.. The
B-stabilizing elements vanadium and iron are Yeneficial: increasing the amount of
these elements increases Kygec-

As noted in the section on thickness effects, the thickness of otf alloys
appears to influence the Kjsc. value. Such an influence is inferred from the
comparison of (as received) plate and sheet material. In one series of experi-
ments it has been demonstrated that if the Kysc. value is low in plate material,
then no increase occurs as the thickness of the plate is reduced, as shown in
Table 12. It would be of interest to measure the Kygc. variation with thickness
in material with an intermediate Ky value (about 50 to 60 ksi Vin. )in thick
sections. At this time it appears probable that the superior properties of thin
sheet Ti-6Al-4V may be attributed in part to the lower oxygen content and more
random texture of sheet material.

Table 12. Effect of Thickness of Mill-Annealed
Ti-6Al4V on Ky, and K2

Thickness, in. Kie, ksi \/in. Kisce, ksi Jin.
0.98 579 21
0.70 60.0 19
0.50 61.3 21
0.25 90.0 17
0.125¢ 93.2 22
0.125¢ - 22
0.050 - 19

IMechanical properties:
UTS = 155.6 ksi
YS = 1479 ksi
Elong. = 13%
RA =34.5%

bErom Ref. 119
CSingle-edge, notched, tension specimens; the remainder were precracked bend
specimens. WR orientation.

As the a phase is the constituent susceptible to SCC in Ti-6Al4V, it is
obvious that the preferred orientation or texture of the material with respect to
the loading direction will exert an influence on the SCC susceptibility. The
important question is what governs the development of texture in this material,
and unfortunately no really comprehensive answer can be given. It appears that
such factors as the processing temperature, the reduction accomplished during
working, and the finishing temperature all influence texture. The following state-
ments are based on results for Ti-8Al-1Mo-1V [38) and ooservations on Ti-
6Al4V (117, 118] which are summarized in Fig. 40.
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Fig. 40. Schematic of the influence of processing on texture and SCC properties.

® Processing in the f-phase field often leads to the development of the a-
phase texture shown in Fig. 40a. Such a texture leads to relatively isotropic
properties and relatively high values of Ky,c.

® Processing through the atf transus offen leads to the development of the
texture shown in Fig. 40b, which leads to poor transverse SCC values (and very
anisotropic mechanical properties).

® Processing at lower temperatures (1500 to 1700°F) often leads to the
development of crystallographic texture shown in Fig. 40c, which is typical of
some sheet material, However, such processing results in an equiaxed structure
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(grain morphology) unless a f-solution treatment i8 used subseguently; thus, the
toughness properties and SCC resistar «c of the material processed at the low
temperature are usually lower than §-processed material.

® There is evidence that f-heat treatment modifies the preferred orientation
developed during prior processing, tending to produce a more random crystal-
lographic texture.

Data on other product forms are less complete. From limited data it seems
possible that extrusions and forgings may exhibit somewhat more isotropic
properties and higher K- values.

Most Ti-6Al4V is relatively homogeneous on a macroscopic scale; however,
regions of gross a-phase segregation have been observed (e.g., Ref. 120). Such
a-phase regions persist at most scales of structural examination and are often
called a-stringer structures or banded structures. In annealed material the banded
or a-stringer structures have not been shown to have a marked influence on
SCC properties. It has been suggested that residual stresses present in such
regions may lower Kjg.c.

At the microstructural level several factors have been shown to influence SCC
properties. The general superiority of acicular microstructures over equiaxed
microstructures has been described above, although it must be reiterated that
this effect is most pronounced in alloys with intermediate 0.1 to 0.15 oxygen
contents. The exact details of the acicular microstructure are important, as
follows:

1. The prios B-grain size should be as small as possible; i.e., tight control of
the solution treatment and of hot working schedule must be exercised.

2. The a-plate or grain size should be small. This is related to the f-grain size
and subsequent aging treatments.

3. The precipitated 8 phase should be distributed as a continuous film around
the a-phase grains.

4. In high aluminum- and oxygen-containing alloys, heat treatment which
forms the ay phase should be avoided [38,117].

As may be seen from Fig. 38, there is in general an inverse relationship
between strength and both toughness (K)c) and SCC resis.ance (Kgc¢). Thus for
the best combination of SCC properties at a given strength ievel, the composi-
tion, texture, and microstructure have to be optimized. The exact selection is
also dictated by other property requirements. For example f-processed material
exhibits inferior formability characteristics and often lower strength levels than
(artf)-processed material.

Material that has been § processed ‘o produce an acicular structure is often
solution treated again in the ortf region a.d water quenched. The cooling rate
from the first g-processing treatment influe.ices subsequent fracture toughr.ess
properties-air cooling producing higher values than water quenching. The
following are illustrative examples for Ti-6Al-4V containing intermediate oxygen
levels after heat treatment designed for specific applications.
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For structural applications requiring high toughness and intermediate strength
[19}:

Heat

Treatment UTS YS Ko Kisce
1900°F 30 min AC+

1725°F 30 min WQ+ 158 142 86 58

1250°F 4 hr AC

For structural applications requiring high strength in compression:

Heat

Treatment UTS YS K. Kisce
1900°F 30 min AC+

1725°F 30 min WQ+ 180 160 65 49
1000°F 4 hr AC

For sheet material requiring good toughness and high formability:

Heat

Treatment UTS YS K¢ Kisce
1725°F 30 min AC+

1250°F AC } 150 143 70 53

A comprehensive analysis of data from a large number of plates of Ti-6Al4V
has resulted in the development of an empirical equation for the prediction of
Kisee [117,118). This was derived from a regression analysis of data after the
delineation of critical factors and takes the form:

Kisce = 405 - 26207 - 9.2A1 + 389V + 2.11(MR),

where the compositions are in weight % and the microstructural rating (MR)
varies betwecn U (podr) and 20 (excellent). The latter factor includes the factors
listed above—g-grain sizc a-plate size, and B-phase distribution—but is a some-
what subjective parameter. The equation is derived for one heat treatment,
B-processed + mill anneal, and thus further work is required to extend it to all
strength levels. Further modifications to include the influence of texture, phase
formation, and the presence of iron are also required. The standard deviation of
predicted values from observed values was approximately 10 ksi v/in.

The variation of Kiscc in the alloy Ti-6Al4V in 3.5% NaCl solutions is
relatively well understood and thus by careful control of processing and manu-
facturing techniques, the material can be used in salt water. All the above factors
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are interrelated to some extent, and thus all factors must be recognized and
controlled.

The alloy Ti-6Al-6V-2Sn is similar to Ti-6Al4V but can be heat treated to
higher strength levels and exhibits good hardenability. The alloy contains iron
(0.35 to 1.0%) and copper (0.35 to 1.0%). The oxygen level is controlled to
between 0.12 nd 0.2%.

The 8 transus is about 1725°F, and the quench product is hexagonal mar-
tensite; the § phase is retained on quenching fram about 1550°F. For the highest
strength levels an (a+6)-ST (1650°F) treatment is employed followed by water
quenching and aging at 1000 to 1100°F. The strength of mill-annealed material
is greater than that of Ti-6Al4V. The aluminum content of the a phase may
permit the formation of the ay phase.

Tests on Ti-6A41-6V-25r. Composition: 5.6Al, 5.6V, 2.1Sn, 0.8Fe, 0.75Cu,
0.1500. Specimen: notch bend, fatigue precracked, fracture WR orientation.
SCC tests in 3.5% NaCl. Results are shown in Table 13 [39].

The versatife alloy Ti4Al-3Mo-1V can be heat treated to a wide range of
strength levels but does not exhibit good hardenability in thick sections. The
alloy is quite resistant to aqueous SCC at all strength levels. Little is known of
tire influence of composition on SCC. Oxygen levels are not called out in specifi-
cations, The § transus of the alloy is about 1750°F; the quench product is
hexagonal martensite with some retained §. The § phase is retained on quenching
from about 1550°F. Aging the martensite structures result in a+3 dispersions.
The composition of the retained f-phase is such that it can be aged (below about
750°F) to precipitate the w phase. Conventional heat treatments utilize anneal-
ing (producing equiaxed a+f structures): a+f STA treatments at 1650-1725°F
WQ with subsequent aging at 110-1200°F (producing equiaxed a martensite,
tempered to a+f); or B-ST treatments at about 1800°F and tempering (pro-
ducing acicular art+g).

Tests on Ti-4Al-3Mo-1V. Composition: 4.5Al, 3.3Mo, 1.0V, 0.1100. Speci-
men: notch bend, fatigue precracked, fracture WR orientation. SCC tests in 3.5%
NaCl. Results are shown in Table 14 [19].

Ti-6Al-2Sn4Zr-6Mo is also related to Ti-6Al4V, but the more complex com-
position is reflected in the wider variety of phase structures and properties that
can be produced. Little information is available on the influence of minor com-
positional changes in SCC susceptibility.

1t is difficult 10 give a concise account of the transformation and resulting
properties that can be produced in this alloy. The following is a brief description
of the major points. The B transus is about 1800°F, and the product of quench-
ing from the B field is orthothombic martensite. Tempering of this structure
results in fine a-phase precipitates. The limit of stability of the 8 phase is uxn-
known, although the § phase retained on quenching from about 1550°F will
undergo a stress-induced transformation. The retained § phase can be strength-
ened by aging it at lower temperatures to precipitate the « phase. As the a phase
contains high aluminum and tin concentration, the az phase can form at low
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temperature aging. Thus the material can be utilized in a mill-anraaled type
structure in which the behavior is analogous to Ti-0Al4V or a quenched and
tempered condition in which behavior resembles that of Ti-11.5Mo-6Zr4.55n.

Tests on Ti-6Al1-2Sn<4Zr-6Mo. Composition: 5S9AL, 6.0Mo, 4.0Z7, 1.9S8n,
0.090. Specimen: tapered DCB, tracture WR orientation. SCC tests in 3.5%
NaCl. Results are shown in Table 15 [114].

Bta Alloys. As noted above, two SCC separation modes have been detected in
such alloys. Thus the first part of this section will be concerned with the inter-
granular failure mode with emphasis on the alloy Ti-11.58n-6Zr4.58n for which
most data are available. The second section will discuss briefly an alloy in which
transgranular separation of the § phase occurs.

Ti-11.5Mo-6Zr-4.58n exhibits a range of attractive mechanical properties. In
the quenched condition the inaterial undergoes a stress-induced transformation
resulting in excellent formability. Quenching and tempering treatments can be
employed to produce yield strengths >180 ksi, and the alloy exhibits good
hardenability. There is no evidence that variations of chemistry within specii.-
cation influence SCC properties. (Inadvertent boron contamination may result in
general embrittlement.)

The g transus is about 1400°F but is raised by increasing the oxygen content.
The product of quenching f is retained 8, which is immune to SCC. Either § or
B+a (1350°F) solution treatments can be used. The (8+a)-ST can be heat treated
to higher strength levels. The aging temperatures employed range from 900 to
1160°F (8 hr at 900°F is conventional), to produce f+a dispersion. Aging of
B-ST material at temperatures 2800°F results in w-phase precipitation.
Equiaxed 8 structure containing the a phase are susceptible to SCC, while f+w
structures are immune.

There is limited evidence that K¢ depends on sheet thickness. For exaiiple
B quenched specimens aged for 8 hr at 900°F exhibit K s, values of 40 ksi v/in.
in 0.08 in. sheet and 24 ksi v/in. in 0.5 in. plate.

Tests on Ti-11.5Mo-6Zr<4.58n. Composition: 10.7Mo,4.12Zr, 4.6Sn, 0.03Fe.
0.130. Specimen: DCB or notch bend, fracture WR orientation. SCC tests in
3.5% NaCl. Results are shown in Table 16 [63,121}.

1t should be noted from Table 16 that the equiaxed structures are susceptible
to SCC. Two me hods of eliminating such susceptibility have been suggested.
First, the critical microstructure feature has been proposed to be the formation
of a continuous film of a phase at the g-grain boundaries. Thus it is possible that
by selecting, for example, double aging treatments, this film could be eliminated
along with SCC susceptibility. The authors are unaware of any direct demonstra-
tion of the effectiveness of such methods. Second, as the critical structure occurs
at the grain boundaries, modification of grain shape could eliminate SCC sus-
ceptibility in some directions. By employing hct working processes below the §
transus, such microstructural modifications can be accomplished, and the result-
ing grain shapes are not dissimilar from those produced in aluminum alloys
{Chapter 3). From Table 16 it can be seen that such operations eliminate SCC




‘PAOOIY = IV
‘parooINE = DMy

06< 86 £0 SL o wpip + ¢ paxeinby oV 4,0€81 ‘
e} {1y $7) 43,0011+
apynupadaayu] St 18 €0 oLl 0 Wpim +f paxeinby OMm 4,0£81
JJs o1
unuwt ysuaiivid Nsudiew
AquoyIoyuQ 06< $6 €0 stl arquiopoyuQ Om 1,0£81
o 04 1eMotoe + (S4 #7) 4,001 1+
3 91 43 £0 sel o paxetnby oM 4,088
-
M .:o:mEuo.*w:mb
=) pacnpul §8alLs 01 NP
Z  y3uans patk mop Ao 8¢ 37 €0 Sp g+o paxeinby OM 3,0581 m
= \
= pajoos dars+ i
‘uoniendidard 0T 19 €0 14! § + 2o paxunby Pasladal Y :
Tp 01 anp I8ty
Uy ASE2153p AION (teouue )
9z s £0 ovl g4o paxaaby PoAIIRI SY M ,
w15y 1/ 15y ut = PuIUNDAL] _.__ 4
Syious Y sty . m.vm; 0oy ssouyongL SSILIS aunona g asoyd 03y ,
‘ . paIg /
€ ¢
- OWGUST-1Zt- V911 Jo sansadold 'ST AQeL N

APRIGT N g B




329

SCC BEHAVIOR

N L A ]

‘payoudnb-aatem = DM

"PACONY = IV,

(14 8) 4,006+
sajendioaid o4gf om (1) 4 5L€t+
*D)S 01 aunwiw 0s< 1S $0 891 pazifreisAinaiupy PaNIOM 104
aendivasd o jo sazs IV (14 8) 4,006+
" JJS 01 3|qndassng 97 0 §0 Tl om] + ¢ paxeinby Om (14 1) 3,05¢€!
(14 001) 4,00L+
"J)S O3 aunusug < 1z $0 914 4 paxemby OM (14 %) 4,001
C sajendoad (4 001) 4,051 1+
oL 001< S0 9t1 v4g poxemby Om (4 %) 4,005t
. 4 sarendioaid (74 001) 4,006+
IS 01 AN aaosnS ¥ 59 ) 151 04 paxemby OM (Y %) 34,0091
saresdioard (14 8) 4,006+
L9t 0$ S0 991 4 paxemby Om (U %) 3,009t
wN sy urN sy ul o > pludUIDAL]
Syuny 981y .0¥ 40 oy ‘ssuyNY | “w“w amionys 3vid 109K

USS #179-0WS 1 111 JO saniadolg "9y AqeL

P R




330 TITANIUM ALLOYS

susceptibility at least in the WR direction. The susceptibility in the short trans-
verse direction has not been determined at this time. (It is possible that this
method also eliminates grain boundary films of the a phase, but this possibility
has not been investigated.)

The alloy Ti-8Mo-8V-3Al-2Fe is similar to Ti-11.5M0-6Zr4.58n, although the
higher B-stabilizer content leads to some modification of the phase tranforma-
tions. The alloy exhibits excellent hardenability and can be heat treated to high
strength levels.

The 8 transus is about 1350°F. The 8 phase is retained on water quenching or
air cooling. The § phase does not undergo a stress-induced transformation at
room temperature. Aging of the retained f-phase is usually performed at tem-
peratures from 900 to 1100°F, in which range the & phase is precipitated. Aging
at temperatures below about 650°F results in a phase separation, § = §137,
causing considerable strengthening. This structure, as with g+w mixtures, ap-
pears immune to SCC. The authors are unaware ot any compositional or proc
essing data which have been related to SCC susceptibility. It is probable that
the hot working techniques described for Ti-11.5Mo-6Zr4.58n would also be
effective for this alioy.

Tests on Ti8Mo-8V-34l-2Fe. Composition: 7.8Mo, 8.1V, 2.9Al, 2.0Fe,
0.090. Specimen: DCB, fracture WR orientation. SCC tests in 3.5% NaCl. Re-
sults are shown in Table 17 {63].

Ti-8V-6Cr4Mo-4Zr-3Al is similar to the alloy just described. It has excellent
hardenability and can be heat treated to very high strength levels (>220 ksi
yield).

The 8 transus is about 1340°F, The § phase is retained on water quenching or
on relatively slow cooling. The alloy is hardened by precipitation of the a phase
at temperatures from 900 to 1100°F. Precipitation at lower temperatures has
not been studied in detail, although it is possible that a phase separation, § =
B1+B2. occurs. The SCC fractures are inte:granular afier low temperature aging
but may be transgranular in material aged at higher temperatures, possibly due
to the chromium content of the allcy.

Tests on Ti-8V-6Cr4Mo-4Zr-3Al. Composition: 3.4Al, 8.2V, 5.8Cr, 3.9Zr,
4.0Mo, 0.090. Specimen: notch bend, fracture WR orientation. SCC tests in
3.5% NaCl. Results are shown in Table 18 [122].

Ti-13V-11Cr-3Al is nearest to a stable §-phase alloy that is produced com-
mercially. In the all B.phase condition it is very formable but can be strength-
ened to high strength levels by aging. Cold work plus aging treatments can
develop strengths as high as 230 ksi. The § transus is about 1240°F (0.05% O)
but can be higher (up to 1300°F) with high oxygen contents. The § phase is
retained on cooling to room temperature even at relatively slow rates. The yield
strength of the S phase can be increased from 130 to 180 ksi by cold working.

Aging at temperatures between 800 and 1000°F results in a-phase precipita-
tion. Prolonged aging (100 hr at 1000°F) can cause the formation of TiCry
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which reduces the toughness of the afloy to rather low levels. Aging at tempera-
tures below szbout 600°F causes a phase separation within the § phase (8 -
B1+62).

The § phase is susceptible to SCC. and thus the grain size of the phase could
be expected to influence Kyg.. Limited evidence indicates that the larger the
grain size the lower the Kjs¢. value. The influence of cold work on Kz, does
not appear to have been studied.

Tests on Ti-13V-11Cr-3Al Composition: 3.3Al, 13.2V,10.3Cr, 0.100. Speci-
men: notch bend or single-edge-notched, fatigue precracked, fracture WR orien-
tation. SCC tests in 3.5% NaCl. Results are shown in Table 19 {31,63].

Considerably more data are available than those listed above both for some of
the alloys listed and for other experimental and commercial alloys. We have tried
to demonstrate the critical parameters which are involved in determining the
SCC behavior of titanium alloys in salt water. The points covered should be
applicable to other alloys of the same type. Less is known of the influence of
metallurgical parameters on SCC in other environments, but from an engineering
point of view, metallurgical methods of avoiding the problem are of less interest.
One possible exception is the (potential) hot salt problem in which at least some
of the metallurgical factors are similar to those found ift aqueous solutions, but a
detailed analysis is not possible at this time.

Metallurgical Methods of Improving SCC Properties

Compositional and Microstructural Methods. An example of an alloy develop-
ment program undertaken with the object of producing material with adequate
strength coupled with good SCC resistance has been performed within The
Boeing Company [123]. The essential concepts of ti.e program were as follows.
It had been shown at its inception that titanium alloys could not tolerate high
aluminum contents, and therefore this alloy element was held below 5%. Fur-
ther, molybdenum and vanadium were known to be beneficial elements, and
these were added. Additions of f-eutectoid elements were made to provide addi-
tional strengthening and also to study their influence on SCC susceptibility. The
results obtained on the most successful alloys developed are shown in Fig. 41,
which demonstrates that considerable improvements were achieved. However,
the reader who has followed the discussions on metallurgical variables to this
point will no doubt see that there are some additional subtleties which must be
considered.

Other microstructural and compositional modifications that could be antici-
pated to improve SCC properties are based on the observation that transgranular
SCC occurs in alloys in which slip is concentrated in narrow bands—so-called
planar slip. If deformation could be made to occur in a turbulent manner (mul-
tiple crossslip), it is possible that SCC resistunce would be improved. The
essential difficulty is to provide hard stable partictes, which usually cause such a
modification of slip morphology in a titanium-rich matrix. Some progress on a
fundamental level has been made-for example, additions of the (expensive)
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element gallium to Ti-Al alloys can result in the formation of TipGa particles
which improve at least the ductility properties, although other properties have
not been studied. Perhaps systems based on carbides, borides, and rare-earth
elements may prove a more prac.ical method of achieving the desired disper-
sions.

More Macroscopic Methods. It has been shown that thermomechanical proc-
essing of at least one S+a alloy can result in improved SCC properties. Such
processing no doubt could be applied to similar alloys with the object of pro-
viding high-strength material coupled with adequate toughness and SCC resist-
ance. However, such processing may result in the same condition as that found
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Fig. 41. Strength, toughness, and stress corrosion resistance of some experimental Boeing-
developed alloys (0.5 in. thick, WR orientation, 3.5% NaCl) [123].
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in wrought aluminum products, i.c. susceptibility to SCC only in the short
transverse direction. It is possible that hot working could aleo be useful in a+f
alloys, although this does not appear to have been studied directly. Most alloys
of this type are given further heat treatments after working which essentially
remove the structure caused by hot work.

The development of composite materials has been a very active field in recent
years, no doubt due to the availability of boron, carbon, and other fibers.
Problems are encountered with such fibers in titanium alloy matrices due to
their extreme reactivity. Recently methods and alloys have been developed
which reduce the extent of fiber-matrix reaction. However, such materials have
not reached the stage of development where the SCC properties are of conceis.
Likewise, directional composites produced by controlled solidification processes
(such as Ti-Si alloys) are in the early development stages.

One other macroscopic method of producing composite structures in ti-
tanium alloys is by the utilization of diffusion bonding techniques. Such
methods are eminently suitable for titanium alloys, as these alloys can be readily
joined by diffusion bonding. Development work on armor plate is in progress
utilizing very high strength alloys (such as f+w structures) bonded with high
toughness material. This approach could conceivably be extended to composite
or sandwich materials which would couple high strength with SCC immunity.

5.5 Stress Corrosion Fracture

This section describes the characteristic (racture features observed in titanium
alloys that have failed under SCC conditions. Such a description may prove
useful in diagnostic analyses of the fracture of titanium alloys both under labora-
tory and service conditions. It should be noted that fracture surfaces from
service failures may be complex due to such factors as discontinuous failure due
to variable applied loads and the superposition of variables other separation
modes by corrosion, fatigue, eic. ““Brittle-failure™ of titanium alloys can occur
by mechanisms other than SCC, such as the pickup of hydrogen at elevaied
temperatures and the resultant hydrogen embrittlement at lower temperatures.
Titanium alloys (incorrectly selected) may exhibit cleavage failure at cryogenic
temperatures. These failure modes are not described in the following paragraphs.

Topology of Fracture

Nearly all stress corrosion failures exhibit macroscopically flat fracture faces.
However, if cracking is transgranular, the inclination of the crack plane to the
principal stress axis depends upon the degree of preferred orientation. Crack
branching may also modify the direction of cracking.

Thin titanium alloy specimens often tend to exhibit a mixture of ductile
tearing and environmentally assisted crack growth. Such areas might be separable
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into shear lips at the specimen surface and a flat central portion. When these
conditions prevail, velocity measurements tend to be unreproducible.

In previous sections the V-K relationships have been separated into the dif-
ferent regions 1, 11, and I1L. in these regions a wide variety of fracture topologies
may be exhibited, depending on alloy composition. microstructural factors,
environment, and stress level. In Fig. 42 an attempt is made to relate the fracture
topologies resulting from environmentally assisted crack growth in titanium
alloys to a “‘generalized™ V-K plot. Thus, in most cases crack growth occurs in
region | by intergranular separation (A), in region Il by transgranular cleavage
(C), and in the supercritical region (Ky-) by microvuid coalescence (E) There-
fore, there are two transition regions:

® Between regions [ and H, mixed intergranular and transgranular fracture is
observed (B).

‘» Between Region 1l and unstable (fast) fracture, mixed transgranular cleav-
age and dimpled fracture is observed (D).

There are some exceptions to this generalized description of fracture, and
thus Fig. 42 must be regarded as an oversimplification. These exceptions for
difterent environments are discussed below.

Fracture in Aqueous Solutions. In most titanium alloys, SCC in neutral
aqueous solutions occurs by transgranular cleavage. Examples of such failures are
shown for an « alloy (Ti-10Al) and p alloy (Ti-16Mn) in Figs. 42 (C) and 43,
respectively. In two-phase atff or f+a structures, the fracture topology may be
modified, especially if one phase is immune to SCC, as is often the case in
commercial alloys. These modifications to the fracture surfaces are shown in
Figs. 44a and b for Ti-6Al4V and Ti-8Mn, respectively. The immune phases
normally fail in a ductile manner, and there is evidence that they can act as
crack-arrest sites. As mentioned earlier, transgranular cleavage cracking of ti-
tanium alloys occurs on or near specific crystallographic planes. Figure 45
summarizes cleavage-plane determinations for a alloys in aqueous and other solu-
tions. It is clear that the cleavage plane of the a phase is 14 to 16 deg from the
basal plane, although there is some scatter in the actual indices of the plane. Less
work has been performed on establishing the cleavage plane for 8 alloys. SCC
occurs on the (100} planes in Ti-13V-11Cr-3Al [36]. The crack topologies in the
Ti-Mn alloys ulso appear consistent with this fracture plane.

The occurrence of only transgranular cleavage during the SCC of all the a
alloys, as well as several of the g alloys in neutral aqueous solutions, is consistent
with the “generalized” cracking behavior shown in Fig. 42. However, in certain
heat-treatment conditions, some of the § alloys fail by intergranular separation
of the type shown in Fig. 46. A fine Widmanstitten a-phase precipitate in
B-phase matrix appears to be a requirement for such cracking. Such failures have
been observed in the alloys and heat treatments of Table 7 {45,63}).

It must be noted that the ranges for aging temperatures may be more ex-
tensive than those listed above.
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No region 1 behavior is observed for these alloys in neutral aqueous solutions.
In contrast, region I crack growth does occur in concentrated acidic solutions. In
such solutions, however, it has not been demonstrated that cracking is inter-
granular [40].

A final point concerning aqueous solutions is that the extent »f the transition
region D (in Fig. 42) appears to be dependent upon the halide-ion concentration;
the higher the concentration, the narrower the transition region.

Fracture in Methanolic Solutions. Two types of fracture behavior are ex-
hibited by titanium alloys in methanolic solutions; both are dependent on the
stress (or K) level and the alloy composition. The first type is observed in alloys
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Fig. 42. Schematic of fracture topology observed in the various regions of the SCC velocity
vs stress intensity curve, Region A. Intergranular separation typical of region | crack growth.
Example: Scanning electron micrograph of Ti4 Al tested in methanol (x 500) [34]. Region
C. Transgranular cleavage failure typical of region Il type growth. Example: Ti-8A[ tested in
3.5% NaCl (courtesy of R. R, Boyer). Region E. Dimpled failure typical of supercritical
crack growth, Example: Ti-11.5Mo-6Zr4.55n [45]. Regions B and D are transition regions.
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Iig. 43. Stress corrosion failure observed in region 11 type
crack growth for Ti-16Mn alloy tested in 0.6 M KCl1 {40} .
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(b) Ti-8Mn showing cleavage of the g phase [127]
I'ig. 44. Stress corrosion fractures in two-phase alloys in which one phase is immune.

(0001)

(1ol n

Ti-7-2.1 (WATER)

Ti-8Al {AIR AND SALT SOLUTION)

Tr-81.1 (METHANE CARBON TETRACHLORIDE)
Ti-8-1.1 (HEXANE)

7i-6-2.5 {SALT SOLUTION)

T1-0.38% 0 (SALT SOLUTION}

[ Nl - N}

Fig. 45. Central portion of unit stereographic trungle of the HCP projection showing the
experimentally determined positions of the transgranular cleavage plane. The left side is
(1120) zone, the right side is the (1010) zone [125].
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Iig. 46. Intergranular SCC of Ti-11.5Mo-6Zr4.5Sn aged 100 hr at
900°F and tested in 0.6 + KC1 (X 200) (region I type growth) [45].

not susceptible to SCC in aqueous solutions (e.g., Ti-50A); such alloys show
intergranular separation in the methanolic solutions, and cracking may occur in
the absence of stress [55,57,60,108]. The application of stress accelerates
cracking, but the intergranular failure mode is unchanged and remains inde-
pendent of stress level. A typical example is shown in the scanning electron
micrograph in Fig. 47. Such behavior is considered (by the authors) to correlate
with region 1.

The second type of fracture behavior, region 11 growth, is generally observed
in alloys that are susceptible to SCC in aqueous solutions (e.g., in alloys con-
taining 5% or more aluminum, In such alloys both intergranular and trans-
granular fracture are observed in methanolic solutions [55,57,108]. The
general appearance of the transgranular, cleavagelike failure and the habit of the

Fig. 47. Intergranular separation of Ti-8A! tested in
methanol (X425).
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cleavage plane [125] are essentially the same as those observed in aqueous
solutions. Region | type growth occurs by intergranular separation [64] and is
thus consistent with the “generalized™ behavior shown in Fig. 42. Although both
intergranwar and transgranular cracking have been observed by several workers
on smooth specimens of titanium alloys, it is only recently that the dependence
of cracking mode on stress intensity has been established [64]. The cleavage
plane in the o phase is the same as that observed in aqueous solutions {128,
129].

There are three possible exceptions to the *“‘generalized” behavior shown in
Fig. 42, all of which occur in § alloys. The fracture mode in Ti-16V and Ti-20Mo
has been reported to change from transgranular cleavage to intergranular separa-
tion if the grain size is decreased from 100 to 50 um or if the coarsegrained
material is deformed [62]. In addition, intergranular separation observed in fine
(B+a)-phase structures in some metastable § alloys tested in aqueous solutions
also occurs during region I crack growth in methanolic solutions (Fig. 49, Ref.
63). It has been reported that Ti-i1.5Mo-6Zr4.5Zn (Beta IlI) fails trans-
granularly at low stress intensities in methanolic sclutions [92].

Fracture in Other Organic Liquids. The fracture topology and cleavage plane
of Ti-8Al-1Mo-1V in a number of organic liquids have been found to be similar
to thuse observed in aqueous and methanolic solutions [67].

One possible deviation from the “generalized” behavior shown in Fig. 42 is
that, on testing Ti-8Al-1Mo-1V in carbon tetrachloride, no intergranular failure
is observed in region 1 [64]. Furthermore, the transgranular failure in CCly is
characterized by very flat and featureless cleavage facets [130].

Again the cleavage plane in the a phase is the same as in aqueous and
methanolic solutions [125]. There is a scarcity of data on the fracture behavior
of B alloys in organic liquids.

Fracture in Nitrogen Tetroxide. The fracture of Ti-5A1-2.58n in N2O4 occurs
by both transgranular and intergranular separation modes [106]. The trans-
granular mode has the typical cleavagelike appearance. A more detailed study on
the nature of cracking in N>O4 has been performed |52] where a series of
alloys, mostly of the o and «+§ types, was investigated. While cracking in Ti4Al
was entirely intergranular, cracking in Ti-8Al occurred by both intergranular
separation and a transgranular cleavage mode. Additions of 3-stabilizing elements
such as vanadium to either Ti4Al or Ti-8Al produced more transgranular cleav-
agelike failures. Furthermore, there was some evidence that the mode of crack-
ing in the Ti4Al4V alloy was dependent on stress intensity; at low K levels
intergranular failure was observed, and at high K levels transgranular failure
occurred. These observations are therefore consistent with the “‘generalized”
fracture behavior shown in Fig. 42. It must be emphasized, however, that the
V-K relationships are not known for N2O4 environments.

Fracture in Red Fuming Nitric Acid. There are very few data on the fracture
topology behavior of titanium alloys in RFNA. Some limited work performed
on Ti-8Mn indicates that cracking is predominately intergranular [1].
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Fracture in Hot Salts. The details of fracture path analysis after hot salt
testing are not as well established as those for other environments due to the
corrosive nature of hot salts. The crack path depends upon the alloy composi-
tion. For example, in Ti4Al-3Mo-1V cracking was shown to be predominantly
intergranular, while in Ti-5A1-2.58n both intergranular and transgranular crack-
ing were observed. It has been shown that cracking in Ti-8Al-1Mo-1V and Ti-
6Al4V is predominantly intergranular [76,131-134]. There is no information
on the influence of stress, if any, on the fracture hehavior of titanium alloys in
hot salt environments. The fracture path appears to be dependent upon heat
treatment in « alloys. For example, in material solution treated above the §
transus, cracking is predominantly transgranular, while i1 material treated below
the transus, fracture is predominantly intergranular.

Cracking of a series of a and a+8 alloys is predominantly intergranular when
tested in magnesium chloride at 154°C {135].

Fracture in Molten Salts. Ti-8Al-1Mo-1V is the only alloy that has been tested
in molten saits, and in this alloy cracking occurs by a transgranular cleavage
mode in region 1l [64]. The cleavage plane nas not been determined accurately,
but preferred orientation effects indicate that it is the same as that observed in
aqueous solutions and organic liquids. At this time, the fracture mode in region |
has not been determined.

Fracture in Liquid Metals. There is only a limited amount of data on the
fracture mode of titanjum alloys in liquid metals. The fracture of Ti-8Al-1Mo-1V
in mercury conforms with the generalized behavior illustrated in Fig. 42. Thus,
region II crack growth occurs by transgranular cleavage; at low K levels (in
region I) cracking is predominantly intergranular {64].

All other observations of liquid-metal-induced cracking have beer uhtained
from tests in which V-K conditions were not well defined. For example, it has
been shown that both Ti-50A {89] and Ti-13V-11Cr-3Al [48] fail by inter-
granular separation in liquid cadmium. Ti8Al-IMo-1V and Ti-6Al4V tail by a
mixture of transgranular and intergranular cracking after embrittiement by solid
cadmium [91].

In contrast to its behavior in liquid cadmium, Ti-31V-11Cr-3Al fails by u
predominantly transgranular mode in liquid zinc [48].

Crack Branching

General Behavior. Crack branching (or bifurcation) was first recognized dur-
ing studies of the propagation of unstable (fust fracture) cracks in glass and
plastic materials [136]. A similar phenomenon also occurs during subcritical crack
growth and has recently been systematically investigated in a variety of materials
[137}. Two types of branching are distinguished:

1. Microbranching, in which the crack front splits into several local cracks
with separation distances of the order of a grain diameter.

L2
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2. Macrobranching, in which the crack separates into two or more macro-
scopic components that tend to diverge. Rules proposed for macrobranching are

a. The existence ot a region I behavior,

b. A stress intensity Kg = 1.4 K,,, where Kg is the stress intensity for
macrobranching and Kp is the stresy intensity for the initiation of plateau be-
havior (Fig. 48).

¢. The existence of a relatively isotropic microstructure <r SCC sus-
ceptibility.

|
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Iig. 48. Schematic of the dependence of micro and macro crack branching on
the K level. Kp, 13 the onsct of region |I plateau behavior. K g is approximately
1.5 times K at the onsct of macrobranching [137].

There appears to be no detailed analyses for microbranching behavior, al-
though it is a common occurrence in SCC, especially in region lla type growth
(Region la is shown in Fig. 18.)

Crack branching modifies and complicates the determination of K values, and
its occurrence can lead to incorrect determinations of Kygeo [137].

Branching in Titanium Alloys. An example of crack branching in Ti-11.5Mo-
6Zr 1.58n is shown in Fig. 49. This micrograph was taken from a SEN specimen
tested in 0.6 M LiCl in methanol under increasing stress intensity. [t can be seen
that cracking can be divided into three regions: region X, in which the crack is
relatively straight but with a few microbranches; region Y, in which profuse
microbranching occurs; and region Z, where the crack divides macroscopically
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X: Region with some microbranching

Y: Profuse microbranching

Z: Macrobranching with some
associated microbranching

. 3 " ‘» ) v,
by kg ;
§ Fatigue crack !

Iig. 49. Morphology of cracking in Ti11.5M0-6Zr-4.58n aged 100 hr at 900°F
and tested in 0.6 M LiCl in methanol at - S00 mV {63],
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into two components. Since cracking is intergranular and the grain structure is
equiaxed, this is an example of propagation in an isotropic material.

Branching also occurs in § alloys that fail by transgranular cracking, as the
three {100} type cleavage planes are sufficient to allow relatively isotropic be-
havior. An example for Ti-8Mn is shown in Fig. 50. In a alloys, however, trans-
granular cleavage occurs on planes ncar {OOOI} and thus the situation is more
complicated. Macroscopic crack branches with large angular separations are
therefore impuossible, especially in materials with a high degree of preferred
orientation. However, macrobranching has been observed in some a alloys: an
example is shown for Ti-7Al-1. SMo-0.5V in Fig. 51. In such alloys the angle
between the crack branches is controlled by the relationship of specimen orien-
tation to the preferred orientation. Finally, it should be noted that micro-
branching is very prevalent in many a alloys, pussibly because of the extensive
region [1a bebavior.

5.6 Additional Factors and Prevention of SCC

This sectivn examines briefly the use and service cxperience gained with
titanium alloys over the past decades and the influence of manufacturing proc-
esses on SCC.

Service Experience

Titanium alloys are used in diverse fieids ranging from outer space to the
circus ring. The bulk of material used at this time is in gas turbine engines in
which the use of alloys is limited by high temperature mechanical properties
rather than by SCC resistance. It is possible that if the operating temperatures
are increased, hot salt SCC problems may be encountered. In this and other
applications which for high strength titanium alloys are almost entirely restricted
to aerospace usage, titanium has been remarkably free from SCC problems.
Some examples (and possible examples) are histed below:

® Turbines. Problems with cadmium-plated parts (liquid- or solid-metal
cracking). Also probiems with silver-plated parts (due to hot salt SCC by AgCl).

® Rocket Pressure Vessels, etc. Apollo tank failures in N2O4 and methanol.
Minuteman 1l rocket cases; these failures may not be assigned to SCC with
certainty.

e Airplanes. No failures have been reported that were caused by SCC, al-
though such failures were encountered in initial SST hardware constructed of
Ti-8Al-1Mo-1V.

® Marine. One case of SCC tailure of a propeller casting has been reported,
initiated by high cycle corrosion fatigue.

The reasons for the excellent service record of titanium alloys (when com-
pared with high strength aluminum alloys and steels) can be attributed to several
factors including:
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I'ig. 50. Macrobranching in Ti-8Mn (MA) tested in 0.6 M KQ at 500 mV |48},
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ROLLING DIRECTION
- -

DIRECTION OF
CRACK PROPAGATION

Fig. 51. Macro- and microbranching in Ti-7Al-1.5M0-0.5V tested in 3.5% NaCl (open
circuit) [34].
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® Less titanium is used (cost is a factor).

® Where it is used the stresses are usually relatively low,

¢ Humid air and water are much less aggressive environments toward ti-
tanium alloys than salt water; this is not true for high strength steels and alumi-
num alloys.

¢ Corrosion pits, which often act as SCC crack nucleation sites in structures,
do not form in titanium alloys at room temperature.

o Titanium alloys exhibit good fatigue-crack nucleation and crack-growth (at
low K levels) properties.

¢ Most titanium alloys have relatively high K. levels, and no (slow) region
| type crack growth is expected in neutral aqueous environments.

To take some extreme examples, and assuming long time exposures (i.e., the
kinetics of crack growth are not important), we can compare the high-suscepti-
bility materials 4340 steel (280 ksi), 7079 T651 aluminum alloy, and Ti-8Al-
IMo-1V MA titanium alloy. As a basis of comparison the ratio (yield strength/
density) Kig.o is used from which the following rating results: Aluminum 3500,
steel 9300, titanium 17,500, which demonstrates perhaps the merit of a high and
real Kygc value. (However if a cost factor were also included the titanium alloy
would rate last.) The comparison of more resistant alloys is difficult, as the
kinetics of crack growth are a much more important factor in determining the
life time of a structure.

The following sections attempt to provide the engineer with additional in-
formation on factors which may influence the service performance of titanium
alloys. It should be pointed out that the accurate characterization of the
mechanical and chemical environments experienced by a structure is an essential
prerequisite to an entirely rigorous approach to material selection from labora-
tory data, and such characterization is alm-st never available. Further, the points
made can only be regarded as indications ... potentiai problems as they are not
based on service experience.

Residual Stresses

In addition to any externally applied stresses, other stresses can be present in
structural parts due to forming and shaping, heat treatment and manufacturing
procesces. The origin of such stresses and stress-relieving procedures are sum-
marized in Ref. 138. Probably the most important influence of residual stresses
in titanium alloys is the loss of properties under a reversed stress (the Bausch-
inger effect, which is quite large in titanium alloys). However, residual stresses
could influence SCC behavior in two ways. First, it has been shown that com-
pressive surface stresses (produced by peening) can be beneficial in reducing hot
salt SCC [92]. Second, residual tension stresses could lead to unanticipated SCC
problems, as local stresses may be amplified to values well above design stresses.
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Crack Nucleation

All structures are designed to operate under elastic loads, and thus in many
titanium alloys some form of stress concentration is required for the nucleation
of a stress corrosion crack in aqueous environments. Such concentrations may be
produced in several ways as discussed below.

}. Material imperfections. No manufacturing process is perfect and most
structural materials contain impertections which may be potential cracks—the
larger the structure the more likely that imperfections are present.

2. Design and mechanical damage. Many structures contain holes, reentrant
angles, etc., and such regions may act as potential crack-nucleation sites.
Furthermore, poor machining techniques and accidental damage could lead to
long shallow surface flaws; it should be noted that such flaws are both common
and potentially very damaging.

3. Fatigue cracks can be formed if a structure is subject to cyclic stressing.
These cracks usually nucleate at the sites listed in 1 and 2. The growth of fatigue
cracks in a corrosive environment is a complex process and lies outside the field
of this monograph. 1t is obvious that such cracks could act as very effective SCC
nucleation sites.

4. Corrosion. The general corrosion resistance of titanium ailoys is excellent
in many environments (p. 273). However, titanium alloys can undergo crevice and
pitting corrosion. Crevice corrosion occurs at elevated temperatures in the
presence of C17, Br~, or1” jons, and the concentration of these ions and the crevice
geometry also influence the rate of attack.

Joiining

In most structures of titaniuim alloys the material wilf be joined to other parts
of the structure. Some factors relevant to SCC in such assembled structures are
listed below:

1. Welding. Most a and a+f titanium alloys can be welded successfully. f+a
alloys present welding problems, but technology in this field is improving and
some f alloys are considered weldabie. For example, a German space vehicle
contains a welded hemispheie of Ti-13V-11Cr-3Al. Electron beam, tungsten
inert gas (GTA or TIG) and metal inert gas (GMA or MIG) methods are the most
widely used welding processes. As the risk of contamination is high, welding is
normally carried out in either argon or vacuum. Porosity and contamination by
oxygen and hydrogen are potential problems that could influence subsequent
SCC behavior, but these may be avoided by careful welding procedures. 1t has
been shown that very high residual stresses are present after welding; for ex-
ample, longitudinal stresses of >60 ksi have been measured in Ti-6Al-4V at the
weld centerline [139]. Most welded structures are given postweld heat-treatment
cycles, the exact details of which depend upon the alloy. Heating to 1000 to
1600°F for 15 to 60 min is the most common practice. Finally, it should be
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noted that the weld metal and the heat-affected zone will have different micro-
structures from the base metal, and these microstructures will be further
maodified by a postweld heat treatment. Heat treatment should be designed to
circumvent undesirable phase structures; for example, slow cooling of Ti-SAl-
2.5Sn may result in the precipitation of the a; phase and thus increase SCC
susceptibility.

Examples of the influence of welding on SCC resistance are shown in Fig. 52.
It can be seen that in most cases weld metal has slightly lower toughness
properties with respect to the base metal and that properties are restored after
subsequent heat treatment. The extent of the property changes is dependent on
the alloy and possibly on the method of welding {140].
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Fig. 52. Environmental cracking characteristics of a MIG weldment of the titanium
alloy Ti-6AI6V-2Sn-[Ci-0.5Fe {140].

2. Brazing,. Titanium alloys can be successfully brazed with a wide variety of
braze alloys, e.g., TiCu-Ni, Ti-Zr-Be, Al, etc. There appear to have been no
reports on the subsequent SCC behavior of brazed structures. The problems
encountered with silver braze alloys in turbines {90] may serve to illustrate the
problems that can arise from other metals in titanium structure.

3. Mechanical joints. Titanium fasteners have been used relatively widely in
airplane and aerospace applications. For example, as early as 1953 the B-52
bomber utilized a large number of titanium fasteners. The most common
fastener alloys are commercial purity titanium and Ti-6Al4V although some of

the new f+a phase alloys such as Ti-11.6Mo-5Zr4.5Sn are being considered for.

this application due to their superior driveability. Titanium fasteners have per-
formed well in service, and no faitures attributable to SCC have been reported.
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