’

_ XEROX

N TECHNICAL REPORT No. 2°
i M
14 to
\: THE OFFICE OF NAVAL RESEARCE
Contract NONR 609(28)
» ; A UNIFIED STRUCTURAL MECHANISM FOR INTERGRANULAR AND
| TRANSGRANUILAR CORROSION CRACKING
by
W.D. Robertson and A.S. Tetelman
. ‘ Reproduction in whole or in part is permitted
‘ T - for any purpose of the United States Government
e
B
et

Hammond Metallurgical Laboratory
Yale University ‘

&00603,405¢ - New Haven, Conn.

December, 1960

Best Available Copy




ABSTRACT

A uni. :4, structural mechanism is proposed to explain‘the phenomena of

intergranular and transgranular stress corrosion cracking. The dependence of

failure on composition and stress in copper alloys and in

stainless steels is

analyzed in terms of two general conditions: (1), a chemically reactive path

and (2), a mechanism of concentrating stress across the reactive path.

Intergranular fracture in a chemical environment is considered in terms of
g

the normal stress distribution at the head of a group of dislocations piled up

against a grain boundary. Ii is shown that the ‘available

with the proposed model with respect to (1), a grain size

ing fault energy, which defines the number of coherent iwin boundaries per grain

data are consistent

dependence (2), stack-

and thereby the stress concentration at the boundary and (3) the existence of

an endurance stress, approximately equal to the macroscopic yleld stress, below

which the stress concentration at the boundary is iusufficient 1o cause fracture.

The nucleating sites for transgranular fractiwe in si

polyerystalline éggregates that fail transgranularly, are

Y

Lomer barriers. A'detailed crystallographic mechanism of

which depends on (1), orientation wiih respect %o applied s

strength of the bvarrier, which is related to the stacking
‘ Al

able data are consistent with ihe model in predicting the

ngle érystals, and in
shown to be Cotirell-
fracture is proposed
tress and (2), the
fault energy. Avail-‘

composition dependence

of transgranular fracture and, in favorable cases, lhe plane of Iracture. The.

same mechanism is capable of explaining the dependence oin composition and plastic

demonstrated witl copper alloys.

of the transition from intergranular io tLransgranvlar fractuve, which .is




A UNIFIED STRUCTURAL MECHANISM
FOR
INTERGRANULAR AND TRANSGRANULAR CORROSION CRACKING

W. D. Robertson¥ and A. S. Tetelman¥*

Introduction

As a result of recent investigations the gap between théoeretical and apparent
strength of materials has diminished considerably, and & detailed mechanism of
strengthening processes is emecrging. However, in operational terms, sirength
implies load carrying capaclty &t indéfinite time (reliability) and, unfortunately,
it is not always possible to take full advantage of tlhe apparent strength.‘ Weakeniﬁg
processes that ae functions of time, temperaturc, a:d environment may limit operatiné
conditions to a small fraction of apparent strongih.

Among *he most insidious and catastrophic of weakening processes are various
manifestations of intergranula: and transgratular covrrosion cracking phenomena.
Untll the present time the complexiiy of thesé processcs, and uncertainty concerning
their relationship to the siructure-dependent mecharical properties of materials,
has delayed the emergence of useful generalizations that can be emplioyed to predict
the behavior of materials in a given chemical environment. - This state of affairs is
changing rapidly and it now appears that the problem can be stated in terms that pro-

vide a basis for predictious and for experimenial verificatliou.

Definition of the Problem

Discussion will be linmited to: (a) homogencous, face centered cubic solid
solutions, and (b) chemical factors that can be condensed into an inclusive term,

"specific reactivity", withou!, detailed congideratlon off reaction sinetlcs.

*¥Department, of Matallurgy, Yale University, lNew Haven, Counectlcut
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Within these limits, the three most signiticant phenomena requiring explanétion’
are:

(1) The dependence of intergranular ecracking on the type and concentraﬁion

of alloying components, for example, in copper solid solutions.

(2) Composition dependence, and crystallographic characteristics of

transgranular cracking, for example, in austenitic stainless steels. 
(3) The dependence of the transition from intergranular to transgranuiar
cracking in a polycrystalline aggregate, on composition and plastic
strain, for example, in copper alloys.
Reduced to the simplest terms, it appears that a large mass of empiricai in-
| formation concerning these phenpmena may be unified and reduced to two necessary
and sufficient conditions for stress corrosion crackiné.
(1) The existence of a structural path at which the intensity of chemical
reactivity is high, relative to the surrounding matrix. |
(2) A mechanism for concentration of a normal stress across the path of
chemical reactivity. |
It will be shpwn that the connecting link between composition, stréin and ‘
reactivity is the stacking fault energy, which defines the structural characteris-
tics of the deformation processﬂthat iﬁ‘a prerequisite for failure by stress cor-
rosion cracking.

Definition of Structure Dependent Reactivity

This term was defined and iliustratedlin a previous A.S.M. Seminar,(l) and
-further elaborated by Robertson and Bakish.(e) The‘essential ideas resulting
from this work may be summarized in the following manner:

(1) The term "structural sites" in a face centei.d cubic metal or alloy

does not refer to crystal structure but to: (a), imperfections or

discontinuities within individual crystals of a polyerystalline
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aggregate, inherited from growth history or produced by subséqpent de-~
formation, and (b), to the grain boundary separating adjacent drystals.
(2) Specific reactivity at structural sites denotes first, that chemical |
reaction between an alloy and a given enviroﬁment is nucleated at sites
that can be characterized by a structural specification (for exﬁmple,
the angular tilt defining a grain boundary) and, secondly, that the
linear rate of penetration of reactiocn (em/sec), parallel with a
' planar defect, or line defect, is large relative to the corresponding
penetration through the adjacent lattice. This description of a chém-.
ical reaction removing one, or more, components of an alloy thét is un-
stable with respect to its envirommer* is identical with the concept‘of
short circﬁit diffucion paths in the reverse process of adding a com-
ponent to a metal or alloy b& diffusion from fhe surface.

The trace of a grain boundary at the external surface of a pure metal, at
equilibrium with its vapor phase, becomes a gréove et which the dihedrél anglé e ié
defined by equilibrium between the energy of the free surface and the grain boundary
energy. If the system is made unstable, for example by removing metal vapor with av
vacuum pump, the dihedral angle is preserved while metal atoms are removed more or
less at random from both the free surface and the surface of the groove, as indicated
by the dotted line parallel to the surface in Figure 1. Similar behavior océurs vhen
a polyérystﬁlline pure metal is exposed to an aqueous oxidizing énvironment.

In an alloy that is unstable with respect to itsvenvironment; such as‘cbpper-
gold in an oxidizing medium like ferric chloride, conditidns are quite different. .
Chemical reaction is nucleated at a discontinuity, perhaps a grain boundary; but,
'only the more reactive component is oxidized and remcved from the lattice, éopper ip
vthis case being oxidized to a soluble cuprous ion accompanied By reduction of ferric

ion. This reaction leaves a sponge of residual gold on the surface, which operates



FIGURE CAPTIONS

Figure 1. Equilibrium dihedral angle, 6, at a grain boundary trace in a 'pure
metal, which is preserved as the surface evaporates to the level
of the dotted line in a dynamic vacuum.



/’:
’ ) S _L___,f._.

/ N\




Figure 2. Illustrating relative rates of penetration of reaction parallel and
perpendicular to a grain boundary; (a) Cu-Ni-Si alloy in ammonia (3)
and (b) brass in mercury at 150°C. (%)



3




e

as a local cathode at the reacting site, accelerating subsequent reaction whiéh’
proceeds rapidly down the boundary plane and, more slowly, normal to the boundary
plane, Thus, the originally homogeneous alloy is made locally heterogeneous by
selective removal of one component, and reaction proceeds éontinuously along the
structural path.

The relative linear penetration rates, parallel and perpendicular to the
reacting surface, are shown in Figure § for a grein boundary in a copper alloy
exposed *o ammonia(3>, and for brass in mercury(u) at 15000. In both eXamplesv
the trace of the original boundary is still evident at the center 1ine of rgaction
product and, clearly, the relative rates parallel and perpendicular to the boundary
plane differ by more than an order of magnitude.

The differences in chemical behavior at grain boundaries in a pure metal ahd
in an alloy have been investigated by Bakish and Robertson(s). Grains and grain
boundaries were separated by masking one or the other with orgenic resin to‘about
0.5 mm of the boundary of each of two electrodes, and the change in galvanic po-

. tertial between grains and grain boundaries was observed in pure ¢ »per and in
CuBAu, immersed in ferric chloride. As shown in Figure 3, the potentigl difference
between grains and grain boundaries in copper increases to a maximum while the
boundary grocve is forming, and subsequently falls to zero when fhe equilibrium

. configuration is attained; in Cu3Au the potential differencé remains congtant, ih-
dicating that reaction at the boundary continues indefinitely, and subseqpeﬁt
mieroscopic observétion.confirms this conclusion. |

Specific reactivity at structural sites has been illustrated by a grain
boundary, but any structural discontinuity may function in the same mannef. The
magnitude of the discontinuity, sucﬁ as the angle between adjacent gfains, aﬁd/or
the amount of strain energy concenfrated at the site by dislocations piled up

against the discontinuity (varrier), determines the degree of reactivity for‘a



Figure 3. Galvanic potentials of grains and grain boundaries in pure copper
and in CujAu illustrating that reaction at the boundary of a pure
metel ceaSes when the equilibrium groove is attained,in contrast ‘
with the alloy in which the potential difference, and the reaction (1‘5) ‘
at the boundary, continue indefinitely. After Bakish and Robertson.
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.particular system of alloy and environment. However, it is important to realizé

that high reactivity is not a sufficient condition for cate. phic failure. A
certain amount of stress, directed across the reactive path, is also required.'

Stress Concentration

A group of n dislocations piled up against a barrier by an effective shear
stress ( q;:-— T ) constitutes & stress concentration n times the effective shear
stress. In addition to the shear stress there is a field of normal stress in the

vicinity of the barrier that has been investigated analytically by Stroh(6), as &

"function of the aungle © and distance r from the barrier. Stroh concludes that the

. ] . AP
maximum normal stress occurs across a plane at 70 to the slip plane, and diminishes
-2

with distance from the barrier as /1 . In terms of the length L of an array

of n dislocations under an effective shear stress ( G4 - 9 ), the maximum normal

stress is: G- = T-T) /—)’/2.
TA % ( * ° (—/_7:

wvhere O,  is the applied shear stress and O, is the "frictional” stress

associated with the forest of dislocations threading the slip plane, and the

Peierls force required to move a dislocation through a perfect crystal. Since,

under a shear stress, a blocked slip line resembles a freely slipping crack, Stroh
has put this expressioﬁ into the Griffith criterion for fracture, leading to the
result that a ecrack will nucleate only when | |
s ( CEL’—'G:;) >/15 G
where G is the rigidityAmodulus.;.
Furthermore, by identifying the maximum stress with the fracture stress, and,

(7)

following Eshelby et al‘ “, orne quarter of the grain diameter as the effective
length L of the blocked slip line, Stroh(e) and Petch(9) have Jerived the re1atibn-

ship between the stress for transgranular cleavage and the grain size d as;

_ -’/z,
=0+l -



Figure i,

Maximum normal stress, &,,, at the head of a group of dislocations
piled up at & grain boundary, oriented with respect to the slip plane
s0 that the plane of maximum normal stress coincides with the boundary

plane.
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where oz' is the stress for cleavage fracture, and k contains the surface encrgy
associated with the formation of the cleavage surfaces. Both Petch(g) and Low(lo)
have found that this relationship describes tﬁe grain size dependence of trans-
crystalline cleavage fractures in low carbon steels.

The essential results of Stroh's analysis(6), for an isotropic medium,‘are
schematically illustrated in Figure 4. For the purpose of describing intergran-
luér fracture in face centered cubic alloys, the grain boundary plane has been
oriented with respect to the slip plane so that it coincides with the plane of
maximim normal stress.

A piled up group of dislocations concentrated at a barrier does not neceé-
sarily produce cleavage. Instezd, the shear sitress concentration associated with
the piled up group may be large enough to produce slip in au adjoining grain, re-
sulting in the inhomogeneous plastic deformation described as a Luder's band.
Wonen d;bluuutiuus in an adjoining grain are pinned down by impurity étoms, or can-~
nol move easily because of a large Peierls force, all of thé ceoncentrated stress
i the tip of a group can be used to form = crack; complete cleavage results pro-
vided the crack can propagate. Therefore, cleavage occurs most easily in alloys
containing interstitial solutes which can pin the dislocations, aﬁd at low tem-
’poraturcs where the Pclerls' foree i largect.

Since face centered cubic alloys contaln very small amounts of interstitial
impuritieé, and since the Peierls' force is small in these structUres because of
gde cloce packing of atome, cleavage fracture is not obsérved (in the absence of
2 chemical envirohment). Tne stress associated with a piled up group can always
‘beirclaxed by plastic deformation rather than by cleavage. Since the stress’

necescary to nucleate a crack is proportional to the sguare root of the surface
(11) '

aenerpy, which has been defined by Gilman as the total energy consumed in pulling

Lhe: 1wo erack ifuces aparl, the basic problem is one ol determining how the presence
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of a chemical enviromment lowers the amount of energy required to cause cracking;
and/or raises the stress for yielding in the vicinity of the pile up so that stress
concentrations arc not reclaxed by plastic deformation.

In the cese of intergranular cracking, the fracture path is defined by the
corroded grain boundary. It is not hard to imagine that the boundary can be
weakened so that small stress concentrations at the boundary can provide the
énérgy to cause fracture. 1In the case of transgranular cracking, the choice of a
fracture path is not so obvious, and it is necessary to postulate a more esoteric

mechanism to explain the experimental observations.

A Model for Intergranular Corrosion Cracking

The proposed model for intergranular crécking is schematicall& illustrated
in Figure 5. It 1s assumed uhat.a certain number of surface grains are ofientedi
so that the resolved shear streés activates sources lying on planes a£ an angle‘to'
a boundary such that the component of normal stress causes fracture across ﬁhé chem-
ically reacting boundary plane. When the crack has opened, stress is relieved and
dislocations run into the crack. Unlike cleavage at low temperatures where crack
growth is limited only by the velocity of an elastic wave, the grain boundary
crack in normally ductile slloys advances slowly, and probably never gets #ery far
ahead of the diffusion limited corrosior process. Thus the growth of a macroscopic
crack, ultimately extending along the length of one or more boundarieé, may be
visualized as a sequence of steps involving stress concentration, reaction down

the boundary planes, fracture with local relaxation of stress,.follow¢d by‘con-’

-

tinuéd reaction and fracture at a new site further from the free surface. Under a .
Sfoicicntly large applied slresgs the individual steps in the proceSs may, of coursé,
be indistinpuishable but, nevertheless, the growth rate is probably limited by the

rate of the chemical reaction rather than by thé mechanical process of cracking and,

when the reactlive enviromment is removed, the crack comes to rest. The major



Figure 5. A model for intergranular corrosion cracking involving stress concentra-
tion at reacting grain boundaries followed by fracture due to the com-
ponent of normal stress operating across the boundery plane.
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supporting evidence for this model is:

1)

3)

The required combination of angles between slip plane and boundaries,
occurring close to the surface, is a relatively rare event in a three
dimensional aggregate with the result that tﬁe number of boundaries
that fracture may be expected to be small. This is, of course, in
accord with the observations and is probably responsible for much»of
the scatter of experimental data.
The model requires some small plastic deformation of surface grains,
in order to produce the necessary stress concentration, as a pre-
requisite to intérgranular failure. This condition implies a lower
limit of applied stress below which cracking will not occur in a
time short compared with intergranular corrosion in the abéence of
stress. This condition corresponds to a 0 éalled "endurance limit",
wvhich is shown in Figure 6 for a number of copper alloys. |
Furthermore, the observed endurance stresses are approximately
equal to the macroscopic yield stréssés, which is consistent with the
proposed model; the only exception is 70-30 brass, whiéh is also ex-
ceptional in not exhibiting any well defined endurance stress. In
evaluating these data, it must be recalled that the tests afe con-
ducted at constant tensile load, and that general corrosion processes
are proceding simultaneéusly at rates depending on composition: both
of the latler qualifications leéd to an increasing stress during‘the
tect instead of a constant stress.
Finally, if this model corresponds to reality, the proceés muS£ be
dependent on grain size, or some unit of length, L, defining the“
number of dislocations piled up at a boundary. - This number, in turn,

determines the magnitude of the stress concentration and hence Lhe



Figure 6. Apparent tensile stress-time to fracture charecteristics of copper
alloys in ammonia indicative of an "endurance stress" for inter-
granular corrosion fracture.

Courtesy of Chase Brass and Copper Co., Research Laboratory.
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macroscopic yield stress. Assuming the intergranular penetra@ion.of

- mercury to depend on the same structural processes involving barriers,
one may use the data on the fracture stress of brass in mercury, which
is shown in Figure 7, along with the data for similar specimeﬁs of
brass in ammonia, in terms of the time to fracture at constant apparent
stress, (replotted from the data of Edmunds).(lz) Reéently, data has
become available for transgranular fracture of stainless steel(l3) in
Mg012 as a function of grain size; this data has been included in
Figure 7 for subsequent discussion concerning transgranular frééturé.
Clearly, a relationship does exist between_grain size and intérgranular
fracture which is of a form consistent with a dislocation process of
stress concentration.

However, when the problem is considered in terﬁs of barriers in an annealed
polycrystalline aggregate, an interesting issue arises. Crain size in face centered
cubic alloys is normally measured without regard to annealing twins;(lh) but, twin
houndaries are effective barriers to thc passage of dislocationSSlS) as shown in
Figufe 8, and their presence will reduce the number of dislocations piled up at a
grein boundary and hence the siress concentration. As a result, annealing twins
can play an important part in the stress corrosion process, even though their own
chemical reactivity is low when the material is in the annealed condition. Therefore,
it may be anticipated that the susceptibility of lwo alloys of. the same nominal grain
size may be different (assuming equal chemical reactivity), iepehding on the number
of twins per grain. Since a coherent twin boundary corresponds to qne break in the
correct stacking order'éf zQIIZ{ planes, as indicated by an arrow in the seqpenée

ABCABCBACDBA | | |
. N »
while a stacking fault corresponds to two breaks in the sequence it is not unreasonable

ABCACABCABC
oA



€ T. Fracture stress of 70/%0 brass in mercury (12), time for failure of
70/30 brass in,amponia(12) end fracture stress of 18-8 stainless
steel in M3012\13 a3 a function of grain size.
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Figure 8,

Arrays of dislocations piled against grain boundaries and ccherent
twin boundaries in an age hardening Cu-Ni-Si alloy.“59
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to suppose that a stacking fault has twice the energy of a coherent twin boundafy.
We then expect that the density of annealing twins should be greater in elloys of
" low stacking fault energy than in alloys of high stacking fault energy. Slnce the
stackihg fault energy is a sensitive function of composition,( comparison of
different alloys must be made ih terms of a grain size that has been corrected for
the number of twin boundaries.

The number of annealing twins per grain in copper alloys is shown in Figufé 9,
obtained by counting the number of twin boundaries per grain after tensile strain
and recrystallization; about 40O grains were counted in each alloy. It is evident
that a substentiel grain size correction is necessary when comparing the fracture
characteristics of different alloys or, indeed, any property depending on barriers
to dislocation motion. | |

Figure 10 shows a comparison of the fracturelcharacteristios of two copper
silicon alloys, of the same nominal grain size, fractured in an ammonia environ-‘
ment. First of all, it is noteworthy that the yield siress of the two alloys is
quite different. While some of this difference results from an increased solution
hardening with increasing silicon content, the smaller effective grain‘size in the
3% alloy is also important. Secondly, as in the case of the alloys presented in
Figure 6, the endurance 1imit and the yield stress are almost identical for each of
the two silicon alloys, indicating that some‘plAStic deformation is a prereqpisitef
fof fracture. However at a stress of say 30,000 psi, which is greater than the

jeld stress and hence sufficient to cause dislocation pilc up in both’alloys, the
0. 5% 5111c0n alloy is much more susceptible than the 3% silicon alloy. Although |
this difference might be atiributed to dlffezences in react1v1ty, 1t seems more
reasonablé to attribute it to the smaller distance between barriers produced by
the higher twin density (Figure 9) in the 3% alloy. These results are consistent '
with those presented in Figure T where it is observed thét for one alloy, ét one

stress level, the lee fox failure increases with decreasing grain size.




Figure 9. The number of annealing twins per grain in copper-silicon, copper-tin
end copper-zinc alloys. .
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Figure 10,

Stress-time to failure characteristics of two annealed copper-
silicon alloys of the same nominal grain size but different
members of twins per grain. Fracture data Courtesy of Chase
Brass and Copper Co., Research leboratory.
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In summary, the proposed mechanism for intergranular corrosion cracking
involves the two factors:
1. preferentiscl and rapid chemical attack along the plahe of the
boundary which significantly reduces lhe fracture stress of the

boundary plane and,

2. a concentration of normal stress across the boundary plane produced

by dislocation pile ups.

In this mechanism, the concentration of alloying elements is directly
impor£ant when the chemical reactivity is influenced by cormposition, and in-
directly important because it affects the siress conceuntration by reguléfing the
denéity of annealing twins and hence the number of dislocations that can pile up
at a boundary. Similarly, stress is indirectly important in providingkstrain
energy, whicﬁ'increases the chemlical reactivity, and direcily important in satis-
fying the'Griffith eriterion f'or fracture across an ermbrittled boundary tlane.
Since the Qriffith criterion ca: only be satisfied if siress is concentfated in
and near the boundary plians by piled up groups of dislocatioﬁs, a minimum amount
of plastic deformation is necessary and, accordingly, there is a lower limit,

approximately equal to ihe macroscopic yield stress, below which fracture does not

cceur,

A Model for Transgranular Corrosion Cracking

1) Nucléation of Slress Corrosion Fracture in Single Crystals

Only a-relatively limited number of experiments have been performed with
| . . ,
single crystals. Wassermann(l{), Edmunds<l“), and Denhard(l8) have studied 70/30
‘ 19} - ;
brass erystals; Bakish and Robertson( 9 investigated single erystals of CugAu;

Reed and Paxton(Qo)have recenltly studied cingle crystals of austenitic stainless

steels of three diffcrent compositions (18-9, 20-12, 20-20 Cr/Ni).
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In all of these investigations the axis of the crystals and of the applied
tensile stress were randomly oricnted with respect to the principal crystallographic
directions. Under these circumstances, the macroccopic path of fracture ig generally
observed to be normal to the tensile axis but, over short distances, there is some
evidence for a crystallographically defined plane of fracture which is also observed
occasionally in transgranular cracking of polycrystalline specimens. Denhard(lB)
obtained some evidence which was interpreted as fracture on {ilf& planes; Reed and
Paxton(éo)identified {ioé} as a fracture plane in Fe- 20% Cr- 20% Ni steel while
fractures observed in Fe-20% Cr- 12% Ni and Fe-18% Cr - 9% Ni (Type 304 stainless
steel) were not obviously assoclated with any specific plane. Bakish ana Robertson(l9)
also concluded that the macroscopic plane of fracture in Cu3Au waé not clearly defined
with respect to a definite crystallograpliic plane, though craclk nucleatiorn always
t external traccs of slip clusters. In summary, the observations are

suiding privcipie has previously been proposed.

3

G
C“!

certainly divergent, and n
Following ihe general principlec enunciated in +the introduction, it is necessary
to identifys (1., u chemically . »active path and (2), barriers at which sufficient
stress can be concentrated o salisfy the Griffith criterion and nucleate a‘c*ack.
Recons;deuation of the problem in ﬁhese terms leads Lo the conclusion that the
specific reactive path has_in fact been observed in single crystals of Cu3Au by Bakish
and Robertson(zl). Diécrdered crystals, obtained by quenching after a homogenizing
anneal of 300 hours at 850°C, werc strained in tension about 5% and immefSed in 2%
ferric chloride for three months. The chemical reuctivity of specifie struectural
sites lying in surface iraces of slip clusters is shown on the external face of a
crystal in Figure 1lb. These recactive sites do nol rvepresent nd ; vidual dislocution
pits but, more probably, =i regates of disiocations which are rcspénsible fo: pre-
ferential reactiﬁity in their vieinity. ‘The reaction, beginning at the surface,

propagales into the volume of ihe erystal along o <§Ld>’ d:r«nt o, schematically
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illustrated in Figure lla. A polished but unetched section of the crystal, cut
parallel with the slip plane, is shown in Figure llec where two essentially contin-
uous lines of attack are clearly evident, together with at least one line croséing
at 60° which corresponds to a secondary <§l@7 directicn, seen in the {ilﬁ?

plane of polish. The reaction has evidéntly moved rapidly along thé line of dis- .
continuity and spread normal to the line, producing a cylindrical voliume of ma-
terial from which copper has been selectively removed and which is sufficiently v
large in radius to have been intersecicd by the plane of polish { :£_2° to {}1i§ e
That the lines along which reaction has occurred are, in fact, <ild> direcﬁions
is shown in Figure 114 in which twec additional sets of slip traces, produced by com-
pressing the crystal after sectioning, are shown to form a 60° triangle with one of
the lines of chemical reaction. Il appear:z that the necessary reactive sites have
been observed in a single crystal and it remains to define the mechanism of stress.
concentration at these specific crysiallograp“ic cites.

It is proposed that the sites of reaction, shown in Figure ll,yare aséociated
with the Cottrell-Iomer barfier(zz), and specifically with the <:110:> sessile
dislocation and the two stacking fault ribbons that lie at the intersection of two
operating Tﬁlé% planes. ;ndgpendent’evidence that barriers of this type cah be
. ereated at small strains has recéntly been obtained by Meakin and Wilsdcrf(23)for
brass crystals strained in the easy glide regiou, slightly beyond the piastic limit.
Thus, it is not too surprising that they are observed in th@ CuaAu erystals similarly -
strairied in the easy glide range, Fufthermcre, Swann and Nutting (éu);have cbtained
electron micrographs which show that chemical atltack at stacking faults,pfdduced in
copper alloys by small strains, can readily occur provided that the right chemical
environment has heen chosen,

The cryctal ncomo}ry in chown in Figure 18 whove the twe L/ﬁﬁlfiiljl dis-

locations are represented by thelr stacking Jaull ribtons which tind them to the




Figure 1l. CusAu single crystal strained 5% and immersed for three months in 20%
FeClaqe. (a) crystallographic planes represented by the micrographs;
(v) chemically reactive sites lying in traces of slip clusters on the
external surfaces; (c) a eross section parallel with the slip plane
showing reaction along (llO} directions; (d) traces of slip lines
introduced by deformation after sectioning crystal 2l), ‘ ‘
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line of intersectidn and to the sessile 1/6a, [@ld] at the‘intérsecticn of the
twb slip planes, in accordance with the following reactions.

Lomer (25)first pointed out that an edge dislocation, moving on a (111) plane
in a face centered cubic erystal, with Burgers vector l/2aw [E&ﬁ:] will be attracted
to an edge.dislocation of vector 1/2a [bli:] moving on a (111) plane. At the 1ineka

of iulersection of the two slip planes, the dislocations can combine according to

Frank's rule:
1/2e [10I + 1/2a @11] —> 1/2a [110] @)
and create a new edge diélocation whose vector 1/2a [?lé] and line [?Ié] lie in the
(001) plane. Since the (001) is normally not a slip plane for face centered cubic
metals, the dislocation cannot move easily.
Cottrell(26)then showed that the dislocation may become sessile by dissociating
into three partial dislocaticns: | | o
1/2a [110:{ - 1/6e [115:( + 1/6a [:112] + 1/6a CllO] - (2)
Two of these partials are repelled away frcem the line of intersection., The disloca-
tion of vector 1/6a [}Jﬁ:]moves into the (111 plane, while that of vector 1/6a [;lé]
mnoves inﬁo the (113) plane. This movemenf creates ctackirg fault ribbons in the two
| slip planes, és chown in Figure 12a. Alternatively, if the original dislocations
were dissociated into partials
1/2a C101] ~> 1/6a [115] +  1/6a [2?1‘_] ' (2)
1/2a [011] —> 1/6a [112] 4+ 1/6a }:‘1'21] o
the sessiie dislocation may be formed by the direct corbination of the second dislo-
cation of each peir
1/6a [ﬁﬂ + 1/6a [1‘211 — 1/6a [110]
with the remaiﬁing-partials Jjoined to the line of the sessilé dislocaiion by stécking
fault ribbons, giving the came configuration as produced by equation 2 aﬁd shown in

FMigure 12, 1In analyzing all dislocation combinations ihat can produce the sessile,




Figure 12,

Crystal geometry of the Cottrell-Lomer Barrier and its relation to the

fracture plane. (a) showing the two partial dislocations, 1/6afil?],

repelled from the l/6a/E.lO] sessile dislocation to a distance deter-

mined by the stacking fault energy; the stacking fault ribbons have

reacted with the enviromment to produce a cylindrical vclume of dis-
ordered alloy. (b) edge dislocations have accumulated at the lire

of intersection to form a cavity dislocation nucleating a crack lying
in the (LlO) plane. ' '
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Friedel(27)finds that the arrangement will be most stable Qhen ail dislocatiens

- involved are of e« * type. In a detailed calculation of the barrier streﬁgth of,’
Cottrell-Lomer combinations of dislocations, Stroh(gs)has shown that the stress on
the sessile increases as dislocations, emitted from a s;urce on the‘slip piaﬁe,

" pile up behind it. When the stress due to the pile up of n dislocations behind
the barrier is sufficiently high, the barrier may give way by recombination (the
reverse reaction of 2), or by dissociation (the reverse reaction of L) and’s1ip
will again occur on the (111) and (111) planes.

Both the recombination and the dissociation process depend on tﬁe width of
the stacking fault ribbon Jjoining the extended dislocatioﬁs at the sessile, since
a constriction in the ribbon is the first step in either process. The width of
the ribbon depends sensitively on the stacking fault energy and accordingly, metals
o£ alloys with low stacking fault energies will have widely extended dislocetions.

Therefore, more disiocations can be piled up behind a barrier in a metal such ae

copper or silver (low'stacking fault energy) than against a barrier in aluminum

or nickel (high stacking fault energy) before breakdown occurs.

Taking these and other factors into account, Stroh(28)has calculated the

7

meximum number of dislocations that the harrier can withstand at room temperature,
under a stress of 1 ké/mm?, to be 500 in copper and 200 in aluminum. Although this
number is quite large (and depends on the size of “he dislocation’core vhich is not
precisely known), Stroh has emphesized that crack initiztion willknot occur {in the
absence of a reactive enviroument) because the important qpantify in spontanecus
crack initiation is n g~ . In copper, this quantity is 0.12 at room temperature;
or an order of magnituge less than the value of n O~ = 1.5 required to initiate

A9

a crack.

There is another process which can occur and which may tend to keep the

number of piled up disloecations well below 500. This procecs is the crosg slip
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.of serew dislocatiqns piled up behind the barriers, and the subsequent rearrangement
bf the edge components that are left behind to form defbrmation tands. Seeger(és)
and his éo-workers have developed & model for this process bascd on the principle
that increasing'deformation during the line=ar work hérdening stage produces an
| Increasing number of piled up groups, each'containing ghout 25kdislocations. Cross
slip, rather than barrier breakdown was postulated as the more favored process from
considerations of the stress on the leading screw dislocation, which was assumed to
be the same as that on the Cottrell-Lomer sessile just sahead of it. Since thé re-
pulsive forces that must be overcome to form the counstriction are higher for thé
'Cottrell-Lomer partials than for the leading screw, the screvw may recombine and
cross slip out of the piled up group.
In summary, barriers to dislocation movement exist in the crystal and are

created by plastic deformation, even at small plastic strains. The strength of

the barrier, and hence the number of dislocations that can piie vup 5ehind it. is
primarily a function of the stacking fault energy which, itself, is s function of
the type and composition of the metal or alloy involved.

At the site of the Cottrell-Lomer Ptarrier in the crystal the strain energy

of the piled up group of dislocations, and the stacking fault energy of the partial
dislocations, provide a2 site for preferential chemical reactivity directed along
+~he line of the barrier. Employing the concept of sfructural reactivity, as pre-
viously defined, a cylindrical volume of alloy may be expected to react Vith a
suitable environment along <ild>> directions, and to spreéd slowly normal to the
line of the barrier, as shown schematically in Figure 12a, which correspondsxin‘ali
;espects to the structure dbservéd in Gu3Au and illustrated in Figure 1ll. As
reaction proceeds and a component of the alloy crystal is removed from the lattice
by chemical oxidation and diffusion to the free éurface, the vacancies that remain

condense to form a cavity or, at leasi, a disordered slructure through which
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dislocations cannot move freely to destroy the barrier by recombination or cross
slip processes. The cavity also acts as a trap where edge dislocations, moving'on}
either or both slip planes, can coalesce tc form a cavity Qislocationvof-Burgexs
vector nb which is, in fact, the nucleus of a crack. Such a crack is shown
schematically in Figure 12b, lying in the (110) plane bisecting the two operating
slip planes from which the disiocations combined to form the Cottrell-Lomer bar:ier.
| The initial growth of a crack produced by dislocation coalescence in & cavity
hastbeen treated by Cottréll(3o). Following his model for'the most i&eéi case, we’
suppose that the two -@.ll}; planes which initiate the crack are oriented symet-
‘rically at an angle of 54° 44t to the épplied tensile stress (Figure 12b). The n |
.dislocations originally piled ﬁp béhind the sessile, run into the cavity and pro-
duce a cavity dislocation of Burgers vector nb where b is the Burgers vector of the
individual dislocation.- The crackiof length ¢ then extends normal td the applied
stress, along the (110) plane. Similarly, if the stress O shown in‘Figufe 12b'v
were rotated by 90°, the crack would extend along tkhe (001) plane. Following
Cottrell(30), the energy of the crack W is given by:
G b I, (4R +2¥C = m(1=V) o< _gmpc
W = God (1) Tnbe (e
2C1=V) | 2 G 2

where the first term is the energy of the stress field of the cavity dislocation,

R being the effective radius of the field. The second term is the surface energy

of the crack faées, and the third term is the elastic energy of the crack in fhe‘

applied stress field. The fourth term, whiéh is the most important term when crack

gfowth is considered, is the work done by the applied stress in opening up the crack.
The eqpiiibrium lengths of the crack are.defined by the condition that %¥§1:=C?Q

Taking the derivitive, in the case when both dislocations and an applied stress are

présent, and solving for the crack lengths, shous that the crack will begin to

spread when

Cm =27

o~
Y
RS
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On é microscopic scale, the fracture process occurs oﬁ crystallogréphic'
planes, defined by the direction of the epplied stress-relative to erystal
orientation, and relative to the planes that operate to produce Cottrell-Lomer
barriers. Evidence for crystallographically defined cracks should be available,
and it is. However, it appears frpm the preceding analysis of the problem that
coﬁpletely satisfactory evidence will be forthcoming only when investigations are
conducted with crystals oriented with respect to the axié of tensile stress so
that specific erystallographic processes can be directly evaluated. fhe mechanism

outlined above predicts a - {Jth% or @_OOB type fracture plane only when ‘the |

crystal is oriented so that equal numbers of dislocations plle up on each of the

two 1lli} planes. For a randomly oriented crystal, this situation may not exist,
and the fracture plane would then be the one with the greatest normal stress across
it, produced by the unsymmetrical dislocation arrangement at the Cottrell-Lomer lock.

In the most extreme case, where dislocations are piled up on only one {Eli} plane,

, : ‘ ‘ )
the fracture plane would be 700 from the ~{§l€}- plene, in accordance with Stroh's(6'

analysisv&escribed previously. Since another {iléﬁ ,plane'is at 700 to the slip
pléhe, cracking on a {Eli} type plane could occur, énd observations fo this effect
hﬁve been reported by Denherd in crystals of alpha brass(18>.

One such experiment employing symmetrically oriented crystals has béep

performed by Bakish(jl)with Cu3Au single crystals which were strained in bending

about é ‘<§l@7 direction after immersion in ferric chloride for one month. The

erystal geometry is shown in Figure 13a and the fracture surface produced by stress

normal to & {}1@5 plane is shown in Figure 13b. This surface exhibits all the

charaéteristics associaﬁed with & completely brittle fracture, including cleavage

steps. A Laue pattern'taken normal to the fracture surface has the symmetry of a
<§ld:7 axis and shows reessonably sharp spots, indicative ot very little plastiec

deformation. To the besti ol the authors' knowledge, this is the only case where



Figure 13. Fracture on a 1;15} plane in a Cu
in 2% Fer for one month followe
317,

Bakish (

Au single crystal after immersion
é by bending ebout a <llo> axis.
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completely brittle behavior has been observed in a normaily ductile material, and

thus the mechanism postulated in Pigure 12 appears to have been verified by a direct
experiment. Furthermore, the traces of macroscopic cracks on a ?{5163’ surface and
Au single crystal, shown in Figure 14, are at 607 and at

3
f35° respectively to the slip traces, consistent with a {;lds fracture plane.

a {}lis " surface of a Cu

The observations repofted by Reed and Paxton(ao), indicating a 1?0@3
fraétnre plane in one stainless steel alloy (Fe-ZOCr-zoNi) can be accounted for,
in all essentials, in terms of the same erystallographic mechanism of stress con-
centration, since the stress system shown in Figures 12b and i3é can be rotated 90°,
meking it normal to a {iOdE plane. In the other two alloy crystals investigated
by Reed and Paxton (Fe-20Cr-12Ni and commercial stainless steel type 304) random
orientation of crystals produces an apparentl& random set of fracture planes, except
in one erystal of type 304 stainless steel which is oriented near <§10>> and iu

which the pole of the fracture plane is only about 10° from the <1lq> axié.

I
J

2) MNucleation of Transgranular Cracking in Folycrysialline Aggregates

Transgranular crécking occuis in austenitic stainless steels when they are ex-
posed t0 an environment containing chlorides. Hdwever, before any general mechanism
oflcracking bhenomena in these alloys can be deduced from avéilable infdrmation, it
is necesszary to considef some of the special characteristies of these‘alloys.

1. The existence of a chemically passive surface strongly influences ihe
structure dependent reactiviiy. The elongated pits that are observed

in association with slip lines (40)(32) uay be caused by the destruc-

through the film. In the same connectio:, passivity 1s sensitively
dependent on composition, which may lead to ambiguous coneclusions
when comparing different alloys with respect te their susceptibility

to4cracking.




Figure 1lk. Macroscopic cracks produced by ferric ch_'Loridev on two surfaces of ths
same Cushu crystal: (a) {113  surface and (b) a (ll(% surface.
o ; Bakish and Robertson.(19) ‘
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2. The iron-chromiuﬁ ~ nickel ailoys in the range‘of 16 to 20% Cr énd
7 to 15% Ni are more or less unstabie with regard to the body cen-
tered cubic phase. Transformation by a martensitic mechanism to a
hexagonal close packed structure and(33) (3h)or to the stabie body
centered cubic phase(martensit@rmurcmcur in the viecinity of réom
temperature on a {?liﬁ habit plane(3u), since bo‘t:h.M.s and My are
dependentfon the concentration 6f nickel and nitrogen(3$). The

presence of the hep or bee structure in the fec matrix may in-
fluence reactivity and subsequent failure by stress corrosion
eracking processes; also, the shear associated with the transfor-
mation may destroy locally the chemical passivity and, since the
hebit plane is 11X , it is difficult to Aifferentiate strain
prodﬁced by slip from that due to the transformation. HoweVer,
alloys with a sufficient concentration of nickel (about 20%) fail
by transgranular cracking in a temperature range‘well above My so
the transformation in these alloys, at least, may be excluded as &
necessary part of the mechanism and ithe resuits may be more easily
interpreted. |
Since intergranular cracking can be eliminated by heat treatment, or control
of composition to prevent carbide precipitation at grain boundaries, £rgnsgranular
cracking of a polycrystalline aggregate nmét be ascribed to processes operating
within individual crystals that do not significantly affect the reactivity of grain
bcundarﬁes,»ﬁut can and do lszad to fracture in chlofide environments. . Two e#amples
of the crjstallographic features of transgranular cracks in stainless ste;l are

shown in Figure 15: Figurc 15a, rcpréscnting commercial stainless steel (Type 304),

exhibits reaction at what.apbear to be surface traces of martensite on 1§li§

plenes and, in the center of ihe micrograph, cracks on some other plane. Figure 10t




Figure 15. Corrosion cracking of austenitic stainless steels (a) type 304 and
(b) high purity Fe-18% Cr-20% Ni alloy.
Courtesy of H.R. Copson and Frances lang, International Nickel Company.
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representing a high purity Fe-10%Cr-20%Ni alloy in which the fcc phasc is completely

stable, éhqws cracks that change direction at twin boundaries but which are not par-

allel to the twin boundary traées indicating that while following some crystallo-
graphic pattern, the cracks are not associated with a -{;li% plane., It may also
be noted that Denhard( )observed cracks in Type 304 stainless steel which were

parallel with the diagonals of the cubic etch pits. The observations were inter—

preted to mean that cracks follow a {illg plane but, of course, the same diagonal

relationship would be observed if the cracks were paraliel to a {}l&k plane,

| ~That transgranular failure in iron-chromium-nickel stainless steels follows
a trend with composition that is consistent with the stacking fault energy of the
alloys is demonstrated in Figurc 16. As the stacking fault energy increases with
inereasing nickel content (twiné per grain decreasing) the number of dislocations g
that can be piled up behind:the Cottrell-Lomer barrier decreases, and the stress to
form a crack increases according tc equation (6). Thcrefore, susceptibility to

“transgranular cracking should deerease with irncreasing stacking fault enérgy, and

Figure 16b ‘shows that this prediction is borne out. In making this compafison it
is aésumed that chemical reactivity remains essentially constant over ihe'range of
nickel concentration, and it is the strength, and possioly elso the number, of
'barriers that is changing with stacking fault energy. It shculdvbe pointed out

that exactly the opposite composition behavior (susceptibility increasing with

sclute concentration) is exhibited in the transgranuiar cracking of cbpper alloys,
in conformity with the fact (Figure 9) that the stacking fault energy decreases
(twins per g;aiﬂ‘increasing) with the addition of zine, silicon, and tin and most
other alloying elements éxcept nickel. 1In fact, nickel is one of the few alloying
edditions that significantly rcduces the susceptibility’to failurc'of‘both.copper

alloys and stainless steels.

g




Pigure 16. Comparison of the dependence of stacking fault energy (twins per grain)
‘ and transgranular failure of approximately 17% Cr. stainless steels on
nickel concentration. :
Data for time to failure from H.R. Copson(36)
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Finally, it should be emphasized that this model for transgranular cracking
predicts that a minimum applied stress will bé required for fracture, since dis-
iocatinns have to be moved into the cavity in crder to form a crack, and a tensile
component of stress will be reqpiréd in order to get the crack movirg and keep it
moving. In accordance with this prcdiction; endurance limits are observed for
transgranular cracking.

Summarizing the preceding ideas regarding the nucleation of transgranular
cracking, it can Be said that (1) the evidence provided by optical and eleciron
microscopy (2), the dependence of craéking susceptibility on relative stacking
fault enefgies and (3), the identification of both {ild} and {iod} planes as
fracture planes are all in accord with the proposed model; nahely, that crack

initiation is produced by coalescence of dislocations at chemically reactive

Cotirell-Lomer barriers.

3) Transgranular Crack Growth and'Ultimate Failure

The problem of final crack growth and fracture is o cemplicated one in normelly -
britile materials; it is even more complicated in the case of ductiie materials which
become brittle upon exposure to a reactive environmeni. In the latter casé, account
v'must be taken of the fact that failure occurs in time under static loading, and the

fact that the reacting envirnnment must be present at all times or duetility will be

restored,
The preceding sections have shown that when a:zzifL.Ei ¥ ,- the crack formed
: 2
by dislocation coalescence will begin 10 spread, where ¥is the energy consumed

in pulling the two faces ol the crystal apart. Since the exposed faces of a growiﬁg
crack react with the environment, the energy of' the spontaneous chemical reaction, Z&b,
is available for the propagation of a crack, thereby diminishing the energy required

from Yf tov( 7{"7ﬂb). With respect to the rate of this process, interatomic bondss
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near the crack tip go through all-stages of streﬁéhiné until they finally break andm‘
it seemé unlikely, therefore, that the rate can be limited by the rate of the actuai
chemical reaction at the leading edge of the crack. However, in order to get %o the
reaction sité, molecules of reactant must diffuse along the, surfaces separating Sides‘
of the crack, and products may be‘reqpirca to diffuse out of the crack; nmlthef dif-
fusion process is exceptionally fast and protably both of them limit the rate of |
erack growth, | |

Another factor that limits crack growth is the losgs of energy due to piastic
deformation at the crack‘tip. Gilman (ll)has considered this problem in the case of
cleavage in normaliy britt.e materials, and his analysis shows that if the surface
energy 5’ of the crack faces is small, the stress necessary to propagate a crack
will also be small. (See equation 6). Since the propagation strecs will be small,
‘the stresses af the crack tip will be kept low and little plastic flow willyoccur.
Therefore, the energy expended in plastic deformation, }%Jdepends directly on the
energy consumed in making the crack faces. IYP also depends on the yield stress of
the matefial and, according to Gilman,(ll)

€,= KSbv (= )
P
where K is e cconcstant and 7j? is the yield stress. In a reactive env1ronment
¥ may be replaced b,y ( 5~%p )and bffls correspondingly xreduced to
| Yo (¥-%2) k L (32,)

‘If, on the other hand, the environment is removed, 5' will increase and eventuallv
the crack wiil sfop. Furthermore, chemical reactions on the surface will hlnder
dislo;ation motion by disordering the lattice, and ihus prevent ;urface sources
from operating. This effect will raise the yield siu 7%? aﬂd accordingly lower To .

It should be pointed out that as the crack advances, surface roughness will |
oeeur if the crack wanders off ithe planc on which i1 initiated. The ‘large crack

observed in Figure 14 doec noi follow one planc, bul spreads across the crystal

e e o P
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}moving essentially perpendicﬁlar to the applied stress. The feason for the absenéé‘
cf a well defined'cleavage plane, and the observation that most cracks run perpén«
‘dicular tblthe applied stress, lies in the facl that there is no preferréd‘cleavage
plane for face centcred cubic cr&stals when they are fracfﬁrcd in a reactive enwifon—v
ment. Following Gilman's(ll) analysis that the cleavage plane is the plane that
requires the least force for crack propagation alpng i1, this plane should be‘thé

) U
one of lowest surface energsy. However, ony amall diflerenccs in 'D that exist
. - 4 ‘

important. Therefore, the fracturé planc wili be the one thet is normal to the
stress axis, sincle less stress will be reqniréd vhen all of the stress is resolved
normal to the fracture plane. If the plane normal 1o the stress axis is a ~-{;lqzr
or a {EOQB' s we might expect completle cleavage siuce these are the plgnes ot
which the.crack can fofm most easiiy. In all other cases, “he dis1ocation arrange-~
ment at the Cottrell-Lomer lock will probably be unsymmetricallresulfing in crack
‘aucleation on a plane that is not normal tu the applied siress, and the érack‘will
eventually curve around to allign itself normal to the stress axis. Under these
cifcumstances, complete cleavage is noit expected nor is it observed. PSince a érack
growing normal to the applied siress axils will probably uot follow a crystallographic
plane, (except in the most, symmetric case- Fimue 13) it will develop & stepped .
tiern, which will expend more energy in proportlic: Lo the additional arca of the
cteps, and eventually come Lo rest., |
~ Furthermore, wher a cracl propagates in a.polycvystalline alloy, a certain
amount of energy will be consumed as the crack moves ilwough a grain boﬁndary, and
susceptibility should decrease with decrcasing grain size. We atiribute the grain
cize deperdence of susceplibility (shown in Figure ' dor stainless steel i
nc;;inm‘chloridc) to the propagation stage rather thes L0 the nucleation stapge, sinece
it is the Cottrcil-Lomer barrier, and not. the grain boundary, that serves as the

nucleation nite for Lransgramdar fodiuee.
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Finally, since cracks propagate through regiqns containing slip bands, whefe
the dislocation density is highest, we would expect that thcéc bands serve as final
resting places for the cracks. Figurc 1% does show that microcracks, which foilow
along {§1d3 planes and have not aligned themselves pefpéndicularvto the spplied
_stress, do end up in slip bands, while Figure 13 shows that the traces of iilgg
slip planes roughen the cleavage surface.

As a crack advances through a slip band, it will! pass close by p
groups containiﬁg ioo few dislocations for erack nucleatioun. Under these conditions,

- the stress at the crack tip could be sufficient to trigger this piled up group,
either by acting on its source to produce more dislocations, or by inéreasiné the
normal stress O~ in equation (6). This behavior would account for the “"side
stepping"” of cracks at slip bands'observed by Edleanau(37).

Qur model predicts that [allure eveutually occurs by the linking up of cracks
that have nﬁéleated on plghes consistent with the dislocation arrangement at the

‘barriérs and the aspplied siress, bui have propagaied perpendicularl; to the applied

stress. * In alloys which have been pre-strained small anounts before exposure, the

A

<

number of cracks will be small, especially in siugle crystals strained in the casy
glide ra;ge, hecause only a feﬁ barriers will have formed and not all of these will
have sufficiently large groups piled up behind them foﬁ crack initiatioﬁ; However,
the distance these cracks can iravel will be large sitce the slip line density, and
‘ﬁhus thé dislocatioh density, ahead of them wﬁil bp small., As a result,'less enersgy
will be consumed by tearing. In heéviiy cold worked alloys, both the number of
barriers and the size of the ﬁrcups behind thoem shoutd bu‘large, sd thét many era
should form, butl more slowly, since the ra%e of chemical attack at cach reaction
siﬁe will be less than when tLhere are few reactive sites. Obéervations to this
cffc&L have bccn‘reporfed b‘ Hines and I ..(38) However, these cracks will t
> ! ‘a0 by Hinco an 0Lt o Howevesr, ullese cracks will no
Lhroueh wcgiouu of high dislocatio;

be able to grow very far heeause they must poan 4

density.




Figure 17.

Variation of time to fracture with amount of prev:Lous could worklng
for specimens of an 18-8 Ti steel tested in boiling 42% M Clo
solution. Aftez J.G. Hines(39) ‘




Pigure 17. Variation of time to fracture with amount of previous cold working
-for specimens of an 18-8 Ti steel tested in boiling 424 MsCl,
solution. After J.G. Hires(39)
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At some intermediate'degree of pre-strain, conditions should be such that the alloy

will be most susceptible, and we should expect a maximum in a curve of susceptibility

—

s. amount of prior cold work. These predictions are borne out in a curve presented

by J.C. Hines(39)at the AIME symposium on stress corrosion cracking, for 18-8 stain=

lesé steel exposed to magnesiuwm chloride aflter varying amounts of prior cold work.
His'curve, preseﬁted in Figure 17, shows an'interesting feature in that pre;strain
is more important in producing maximum susceptibility (minimum time to féil) for
this alloy tested at a stress of 5000 psi. than at 14,000 psi. This fact can élso be
explained by our model since it is O = 2% that determines initial créck growth,

mi- | |

At low stresses n must be large and more prior cold work is required, but at higher
stresses the value of n is not so critical since this relationship will be satisfied
for the n obtained by only small amounts of prior strain. Thus, the variation of

susceptibility with prior strain should diminish with increasing stress.

The Trausition from Intergranular to Transgranular Fracture

Except for stainless steels in magnesium chloride, the mode of fracture in a
polycrystalline aggregate may be either intergranular or transgranular, and both
modes are frequently found in the same specimen. For the purpose of a mechanistic

analysis of the transition from one mode to another only data that distinguish

between the two modes are useful. Unfortunately, such data do not appear to be

available‘and, therefore, a limited investigation was undertakcu for the immediate
purpose of evaluating the appiication of the preceding ideas.

To study the transition from one mode to another, and its dependence on com-
position (because of stacking fault energy change with composition).and plastic

deformation, it is necessary to establich a criterion that discriminates between

inter and transgranular cracking. A possible criterion is the fraction of grains

containing transgranular cracks, per wunil area of cxposed surface. Complete inter-
granular Tailure will then be represcnted by zero and complete transgranulaer failure

Ly ounliily.
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A qualatative evaluation of the transition in copper-zinc alloys was made‘by

straining four annealed slloys in tension to “he onset of necking (374 strain in

:2 inches) and subsequently exposing the alloys to ammonia vapor under an applied

tensile stress of 25% of the stress required to produce 37% strain in each‘alloyf
The results are represented in Figure 18 by microstructures superimposed on a
schematic diagram illustrating the composition dependence of the transiﬁion ffom
ranular to transgranular cracxing, at coustant plastic sbratu.

The transition in copper-zinc alloys occurs at scmething less than 20% zinc
for a prior plastic strain of 37%. The transition, for a given alloy type, is
dependent on plastic strain and of course, moves to higher or lower compositions

in .accord with smaller or larger strains, respectively.

These observations, of a change in fracture mode from intergranular to trans-

granular that depends on prior deformation and siscking fault energy, are con-~

sistent with the models presented above. Intergranular fracture igs favored at

small strains because few Structﬁral_sites of reactivity exist, and most df the
corrosion occurs at the boundary; it is also favored in alléys of high stacking
fault energy because mors dislocations can be piled up at the bbundary when the
annealing twin density is low. Transgranular fracture will be favored at higher

strains and in alloys of low stacking fault ene:rgy because more barriers exist

which can servéfés reactive sites, and mofe dislocatio&s éan‘be'piléd up behiﬂd

any one of them. |
‘Bimilar experiment: have'nqt‘yet been performed with copper-silicon alloys,

but there is sufficient experimental cvidence to predict the result indicated

by the dashed line in Figure 18. T, accord with ihe cvidence, the data in

Pigure 9 indicate that small silicon contents paisc the twin density by a large

amount.




re 18, Transition from inler- to transgranular failure in copper-zine
strained 37% in tension prior to exposure o ammonia atf 25% of
stress required to produce the plastic strain. The dov.ed iine
represents a prediction for copper-nilicon alloys. Biress-cracking
experiment. performed by E.G. Grenier, Chasc “Brass and Copper researci
ILaboratories.
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This analysis also explains the observation(ho)thap ;nnealed copper zinc
al]oys,-which normally fail intergranularly, fail transgranularl& prévided 1%
'silicon, tin, or aluminum have been added to them. These additions simply reduce
the staéking fault cnergy to the point where the small ;train associated with a
constanp lqad test or with a constant deformation test (a bent beam) is sufficient
to produce transgranular cracking. The mixed transgranular and intergranular

. failures are, of course, only intermediate cases between ihese extremes defined

by composition and sirain.

Discussion of Alternative Mechanisms

‘In the preceding tireatment of the precblem of stressvcorrosion crackiﬁg an’
étiempt has been made to assemble the most significant feétureo of the phenomén
in.a framework of a few essehtial principles; namely, (. reactivity at specific
sites that can be characterized in structural terms, (2) stress concentration at
these sites and (3) stacking fault energy which definec the mode of deformation
and the magnitude of the stress that can be concenﬁrated at baifiers in é crystal
or in a polyecrystalline éggregate.

Forty (hl)originally proposed a model which depends on reactive sites along
slip 1ines.and where crack formation occurs by the ccalescence of dislocations at
these sites. Howevér, this model does not accouni for a susceptibility dependence
‘on‘prior.deformation, or s change in fracture mode from intergranular to trané-
granuler ihat depends on composition énd prior strain. Furthermore, it does not
predict the dependence of susc;ptibility on stacking fault energy; a dependence-
which the preéeding discussion has shown to be very important.

Various connections béfween stacking faults and stress cracking have heen
previously suggested by Paxton ct. al.,(ug)BassetL and Edeleanu(MB)and Swann and
(2k)

Nuliing Paxton suggesis Lhet the connection is vbiluined Uhrough the fact
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that the stress required to force one dislocation through another depeﬁds on the
width of the faulted ribbon joining two partials and therefore the loecal strésses
are unrélieVed by plastic deformétion while the corrosion crack éontinues to grow
as a result of this stress at sites that are otherwise unspecit'ied. Both Bassett
and Edeleanu, and Swann and Nuttiné, suggest that the composition dépendence of
stress cracking'in copper &alloys is controlled by the segregation of soluté atoms
at the stacking fault, following Suzuki's(hh)model for =olid sclution hardeﬁiﬁg.‘
The principal evidence for this suggesfion is that the faulted structure observed
by Swann and Nutting in copper-silicon and copper-germanium alloys is‘unreéctive
in an electropolishing solution of nitric acid and methyl alcohol, whereas stacking
faults in copper-zinc and copper-aluminum alloys are attécked in this solution.
Swann and Nutting attiributed the differences in reactifity to differences in
segregation tendenéies in each‘of the alloys.®

One obvious difficulty with the latter interpretation is that none df these
alloys stress crack in the nitric acid-methyl alcohol ervironment, whereas a;l

d completely in ammonia, for example see
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Figures 6 and 10, by intergranular cracking in che annealed condition and by tfans-
granular cracking after plastic deformation. Thus, while solute segfegation to
stacking faults may be a sufficient{ condition for fallure, there is no definite"
evidence that it is a necessary one. The situation is auélagous to the case of
solute segregation at grain boundaries which has been proposed(MS)to explain
intergrarular reactivity.

Alternatively, it seemz that the fuull is lmportiaut primariiy tihrough its
control of the structural mechanism of deformation, which def'ines the limi£ of the
doucentration of stress (and strain energy). With respect‘to intergranular cor-
rosion crackiﬁg, it seems that this musl be so since Lhe twins and faults exist

only within the crystal. In transgranular cracking, the existence of barriers has
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_ been demonstrated and their characteristies, particulerly with respect to stress

concentration, are certainly controlled by the stecking fauit energy; the reactivity
of the crystal in the vicinity of'these faults would seem 1o be associated with both
thé strain energy concentrated at the site and also with the structure of the fault
which, being é hep staékiﬁg sequence, is unstable (réactive) with respect to the

fee matrix.
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