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STRESS CORROSION CRACK PROPAGATION

J. C. Scully*

ABSTRACT

Stress corrosion crack propagation in a susceptible alloy occurs as a re-
sult of a series of complem interactions between a deforming alloy surface
that is mostly covered with a f2lm and the envivonment in the region of
the crack tip. The deformation at the crack tip enables reaction to occur
between bare surface alloy and the emwivonment, a process that will result
frequently both in metal dissolution and hydrogen absorption. One or both
of these events is responsible for crack propagation. Two kinetic processes
control the crack propagation rate: (i) the deformation rate at the crack
tip which will be determined by mecharical and metallurgical factors, in-
cluding the testing avrangement, and (ii) the repussivation and dissolu~
tion characterisiics of the metal surface and electrolyte. The corrosion
current flowing results directly from the interaction of the two processes
and increases logarithmically with inerease in deformation rvate. The
interdependence of mechanical end electrochemical reactions is emphasised
by the observation that the maximun stress eorrosion velocity may depend
either on Jdiffusion within the ¢ sting environmment, or on the creep char-
acteristics of the alloy. Such general concepts are applicable both to
high strength allioys, e.g., Al and Ti alloys, and to the lower strength
alloys, e.g., 18Cr - 10 steels and 70Cu - 30Zn brasses. Examples of
repassivation kinetics, crack velocity measurements and fractograkpic
twestigations which illustrate these concepts are drawn from these and
other alloy systems.

INTRODUCT ION

Stress corrosion crack propagation can occur in a wide variety of alloys
exposed to numerous environments, both agqueous and non-aqueous. The
whole subject of stress corrosion c¢racking has been the subject of many
investigations and many conferences [t - 5]. [t occupies a prominent
place in the corrosion literature, Cases of stress corrosion failure are
observed in all the major alloy systems. While in most practical examples
failures occur in water or steam contaminated with chloride ions, failures
¢an occur in high purity water, e.g., Inconel [6], and in many other envir-
onments, e.g., organic liquids [7], gases [8], molten salts [9], liquid
metals [10], and solid metals [11]. It is not always clear whether fail-
ures in alloys in so many different environments arise from as many dif-~
ferent causes but it is clear that there is no one common mechanism of
environmentally-assisted ¢racking. In recent years ostensibly similar
environmental cracking phenomena have been observed in many non-metallic
materials, e.g., glasses [12], ceramics [13] and organic polymers [14].
For the sake of both brevity and ¢larity, in this paper it is intended to
confine mechanistic considerations to failures that can occur in alloys
* Department of Metallurgy, The University of Leeds, Leeds LS2 9JT,
England.
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in either aqueous or methanolic environments. [t is intended also that this

paper succeed the previous Plenary Lecture of the 3rd Conference [15] which
reviewed much of the previous literature.

Stress corrosion cracking in alloys can be considered as the most localized
form of corrosion. Why the corrosion is so localized is not fully under-
stood. The earliest suggestion [l6], that there is a pre-existing path

for preferential corrosion, is the siwplest and does appear to be applica-
ble to certain cases of intergranular cracking. For 70Cu - 30Zn brass in
15N NHi solutions [17], mild steels in NO5  solutions [18] and o Ti alloys
in CHiOH/HCL solutions [19], for example, preferential intergranular cor-
rosion occurs, to some extent at least, in unstressed specimens under open
circuit conditions and in each case it is stimulated by anodic polarization.
Why such preferential corrosion takes place has not been established but

it is generally assumed to result from the segrega i

cion of unspecified im-
purities to the grain boundaries. Where the corrosion of the grain bound-
aries in unstressed specimens is only slight it appears that one function
of the stress is to break repeatedly the corrosion films that form and
reduce corrosion by a blocking action. The degree of protection afforded
by such films appears to vary even for a single corrosion product and is
dependent upon the composition of the environment in which it forms. Cuz0
formed in neutral ammoniacal solutions, for example, appears to be more
protective than Cu,0 formed in highly alkaline solutions [20]. In this
case the difference may arise from differences in film porosity between
the Cu,0 formed at the two pH values, although po
cal and compositional factors must not be ignored. [ven in such simple
of cracking a pre-existing path is not the only important part
racking mechanism.

For other examples of cracking, e.g., intergranular cracking of high
strength steels [21] and the transgranular cracking of austenitic stainless
steels [22], @ brasses [23] and o Ti alloys [24], no such pre-existing
path exists No preferential corrosion occurs in unstressed specimens.
iklendtLOﬂ% of susceptibility have therefore centered around the concept
that the dislocations ceated by the action of the stress provide a reac-
tive path [25, 26}, possibly for reasons centering around the highly lo-
culized, solute enrichment at dislocations. Cracking on {111} planes in
austenitic stainless steels [27] and o brasses [28] has been observed,
which is consistent with a simple picTuru of preferential attack on pile-
ups of dislocations but cracking on {210} [29] and {100} [30] planes in
austenitic steels has not been explained, Details of fracture mechanisms
on an atomistic level are not available for such systems.

The cracking mechanism may not be due to either a pre-existing path or a
path continually created by dislocation movement but from the local absorp-
tion of cathodically discharged hydrogen. It appears to be responsible
for cracking in high strength steels [21] and transgranular cleavage
cracking in a Ti alloys [24], and recent work has indicated a critical

role for hydrogen in Mg alloys [31] and Al alloys [32]. Where Il is
responsible for inducing crack growth by cleavage, the localized aspect

of the corrosion process may not be so necessayy. The corrosion may be
quite widespread, as in marageing steels [33], with the local stress
causing the hydrogen-charged lattice to break.

In the elucidation of stress corrosion mechanisms the fine detail of a
particular sequence of events remains to be determined, as these bricef
introductory remarks have indicated. On a somewhat higher scale, howev
a general picture has emerged which appears to be near to physical re 1llty
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In the Sections below this general picture is described, then the two
important aspects are considered separately. Finally, some detailed
specific points about individual systems are discussed and an attempt is
made to focus attention upon important questions that need to be answered.

THE GENERAL PICTURE

(he complexity of cracking mechanisms has long been recognized. Both
electrochemical and metallurgical variables are important but in compli-
cated interdependent ways. In recent years, in ovder to attempt a con-
ceptual explanation, much attention has been focused upon the sequence of
events occurring at the tip of a propagating crack. A simple, rather
general, schematic model has been put forward [34] which represents an
cxtremely simple picture of what is a very complicated series of events,
vet which leads to experiments which provide some insight into cracking
mechanisms.

The simple description of the events at the tip of a propagating crack,
drawn schematically in Figure 1, has been described previously [34]. In

a4 quite general way it is env1srged that at the tip of a crack, plastic
deformation occurs. The plastic deformation results in the creation of

a plastic zone which will increase or decrcase in size or remain of a con-
stant size, depending upon the experimental arvangement. The necessity for
vielding to take place before crack propagation can occur has been shown
very clearly by experiments on single crystals [35, 36}. During crack
propagation the volume of plastically deforming metal ahead of the crack
tip results in a continually changing configuration of the tip surface.
This is caused by creep processes appropriate to the temperature of the
test and can be described by a tensile strain-rate at the crack tip. It
serves to cause the continual creation of fresh metal surface. On many
alloys, e.g., stainle steels, Al and Ti alloys, the metal surface is
covered by a passive film. In other alloys, e.g., Fe and Cu alloys, the
film cannot be so described but the film forming on these surfaces per-
form much the same function as the passive films: they serve to reduce
the rate of reaction from what it would be between the environment and the
bare surface created by the local deformation. Such events of film frac-
ture and repair are depicted schematically in Figure 1 by an emergent slip
step Fracturing a thin film, although it must be emphasized that deforma-
tion may be more complicated than is represented by a single emergent
step. In a general sense, any process that creates fresh metal area can
be included. The failure by shear of non-stress corroded metal ligaments
remaining in the cracking plane [22] or the rapid cleavage of a section
[19] would be examples of such processes. The morphological aspects of
fracture may be of considerable importance. It might be supposed, for
example, that the larger the cleavage length that is created during frac-
ture, the more difficult it would be for that part of the surface to re-
passivate since the whole dynamic process of crack propagation consists
conceptually of fresh metal area being created more rapidly than it can

be repassivated. The fresh metal surface generated will exhibit at least
one of two possible reactions: (i) metal dissolution, and (ii) hydrogen
absorption. Both of these reactions are important in stress corrosion
crack propagation in different alloy systems. The occurrence of either
of these reactions, and the rates of each, will be determined by the value
of the electrochemical potential of the bare metal surface. The rate of
either reaction, and possibly the ratio of the two, will change as film
growth occurs on the metal surface.
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igiatép%%*%Yatlon proc?§s is of primary importance since the amount of
o t§euhd?bc§ by cgrroslon, measurable as the current flowing over a preriod
timenggpgoggilgrtlgg g coulomb?c flow [37],'w11} be dependent upon the
s COulo“}“ Vc\}e 11}m to repair .It the time is short then the number
Byl mbs paaflng may be insufficient to cause a further increment of
the'¢o§§§:§25 1E€??f arrest will then occur. If the time is too Long then
e o coulgébzh‘ wil{\gccgr on too broad a front, corresponding to a
sy wi]lwhe~ 2 IDI?XLQbS of that necessary for crack growth. The
r JoTie wilrori ?r?igi.blunzed and then'a t%ssure, an elongated pit, and
ruliy pfttjnﬁ Qil? f %’%kkf, IE yhe repassivation time is infinitely Long
2 TRet 6fodjow0,cg?ge L%blj For stress corrosion cracking to occur as
BE OF o critiégi igtxon 1 can be argued that the repassivation time must
6F wxno: proﬁéyﬁtj»ngFT’ neither too sho?t nor too long. If the main cause
iy £ e neéé 6??r1£1h¥4rogen gbsorptloy then the length of the repassi-
Eirs requived %Or :}{ %.?bOYE ? Lertaln‘m}n%mum value, corresponding to the
tled. The Sitﬁq{»&le metal to absorb sufficient hydrogen to become embrit-
e 1 £y of‘th;.éné WLLL}@epend to some extent upon both the hydrogen per-
tor wil) uonrfo} T{im3p$~t11m anq 1ts conduction properties since the lat-
Allowiné for—théq;]Z'fiaﬁharge Qt hydrogen atoms on the film surface.
b expe&ted that\;( 1‘ic?ent p01ntsf wh%ch must all be considered, it can
et - inSuffiL; sle} 1ap}d_a repassivation will still cause crack arrest

S€ ans telent hydrogen has been absorbed.

ézgsisézpis gziirfp§ton of the events at the tip of a propagating crack
area and the “;tYJl; that-?§e1r§te of creation of fresh metal surface
rosion crack ;;oe—of o SpAsslvation o coupled together in a stress cor-
e relzes roltthg%tlgn procc' - The creation of fresh metal surface
flechani cat énd m?t}insfl? stralnjratc at”the surface which will be both a
S e varigf;‘lg?glcal v§r1able. Ihg repassivation rate is an elec-
fions Suéh.as su;é‘% L%B] bu?l%t may be affected by metallurgical varia-
Bifficguery oo {?c?‘gomp051txou, cleavage step length (as already
—rr affecr‘tﬁé . ;.%gn quazly be argued tht electrochemical events
di sclutiéﬁ f&r ?L?(LO? ot,ire§h metal surface. The removal of atoms by
as a resﬁlt)of eaf_fmpﬁgi mfy.@uad to @ higher localized deformation rate
that the %éparqtiéltr~(%bLOLaLLOHAmOVQment' Thus it must be borne in mind
el@CtrOChémicél é,?_Ot_Lh? meChaH}Cﬂl and metallurgical factors from the
of the Crack{nr idCEOr% is c?nvenlent for examining individual variables
0GR Which rg iairOL?S>'b9?<ft may not always give an unequivocal answer
i tariaag crackin : m;cﬁdnleLC analyses. Fn some examples of stress cor-
behaviong of'ag)uAS'«edStf the phenomenon is a conjoint one. The creep
HONCEeping i 1?§olyfngrmetgl and thq repassivation behaviour of a
prOPagatibnac;ndi{"md{ eaxh'he different from that exhibited under crack
The 3 existeﬂcé ‘}on>t While the 9xt9nt of‘such differences, or even
behaviours se & cannot be gauged, it is useful to consider the two

E barately and that is what is done below.

REPASSIVATION AND STRAIN-RATE EFFECTS

?i;i?;rzezﬁngf 5%21 ?f Fh? role of repassivation kinetics is shown in
SpEsinans oF anTifbyt;lmyld? to previously reported work [15]. Tensile
lis5a, spomis & ﬂh : : }oy ﬂcr§.$tr§1ne@ to fal}uro at different cross-
tion in Wh;ch r;tqﬁ?»tFQ? f??s{le Festlpg Machine. In the aqueous solu.-
crosshead speeds Lepymcfb g o CEACKING oocurs over a narrow range of
). TH bl methqnoingé at.}ow vglues(repa§51vgt10n is possible, (Curve
oeeurs over b mu;h w%z solutlon,.ln which titanium corrodes, cracking
tion is possibi vider rangeMOf crosshead‘spgcds because no passiva-
Possible, (Curve B). The exact variation of such results will be
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affected by both metaliurgical and electrochemical factors.

The rate at which fresh metal area is created will be determined by the
effective surface creep rate of the alloy which, in the simplest analysis,
mist be assumed to either equal to or directly proportional to the bulk
creep rate. The observed changes in crack velocity with change in the
stress intensity factor, K, can be explained by the effect of K upon the
effective strain-rate at the crack tip. There is much direct evidence
that the strain-rate at the tip of a crack is the main mechanical variable
controlling cratk velocity. A number of examples can be cited. In aus-
tenitic stainless steels in MgCl, solutions at 154-60°C it has been shown
[41] that constant stress conditions result in a constant crack velocity.
Constant K specimens of Al alloys give constant crack velocities [42]. 1t
has been shown [43] for Cu-Be alloys that both the crack velocity and the
associated fractography are dependent ot upon the absolute value of K but
upon the rate at which K is changing, K. Results on steel in HCO3 /CO%~
solutions [44] and Mg-Al alloys in C1 /Cr0%° solutions {45] give the same
result: cracking is strain-rate dependent. This is the main mechanical
factor that controls crack velocity.

The relationship between K and log V has been reported for glasses, metals
and polymethacrylate, as previously summarized [15]. Similar results on
Al203 in Hp0 have been reported [46]. A schematic diagram is shown in
Figure 3. Explanations of why K should affect the chemical reaction res-
ponsible for crack propagation have centered upon the crack sharpening cri-
terion of Charles and Hillig [47], the induced diffusion of species as
described by Liu [48] and the creation of reactive sites, stemming perhaps
from the work of Hoar [49]. Tt is simpler and probably truer to consider
there is a general explanation: namely that K is responsible for its
effect upon velocity by its effect upon the crack tip strain-rate. Such
an effect has been demonstrated for a Ti alloy [50], a brass [28, 51] and
an austenitic stainless steel [52] as well as for the examples already
described [41 - 45].

In a Ti-0 alloy, the crack velocity in a CH3OH/HC1 solution depends upon
the applied crosshead speed as shown in Figure 4 [40]. The velocity for
cach point was measured over 4 or 5 successive 2 and 3 mm intervals and
was constant. A typical series of results is shown in Table 1. Lowering
the crosshead speed immediately after the initiation of cracking resulted
in a fall in crack velocity corresponding to the value that would have
been obtained in a single lower crosshead speed test [50]. In an aqueous
NaCl solution the results in Figure 5 show that below a certain crosshead
speed cracking was not observed, a result already described in Figure 2.

The use of double crosshead speed tests showed that the absence of cracking
at low crosshead speeds was due not merely to difficulties in nucleation but
to difficulties in maintaining propagation. If the crosshead speed was low-
ered below the minimum value for which cracking was observed in single cross-
head speed tests crack arrest occurred immediately. This result emphasized
that the effective strain-rate at the tip of a propagating crack must be
above a certain value in order to prevent repassivation, a value that has
been designated €, [37]. With reference to Figure 3, it may be claimed

that Kygee, when it is observed, would appear to be that value of K which
produces a value of & equal to ér- For a given material and temperature

the strain-rate at the crack tip will be dependent upon K. Variation in
Kisce for an alloy, therefore, will depend only upon the type of environ-
ment in which testing is done, a point that emphasizes that Kygee is an
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§2¥;€023in;déuc:??taﬁt, §nd.not a material constant. It is necessary to

2% the. Srack ff er qualifying aspgct Qowever. What controls the behaviour
i tﬁose.gflflnot the regas§1vgt19n chgracteristics of the bulk solu-
il Compositjle v;lgTe of llqulq meeﬁlately adjacent to the crack
i1k Solution‘qs ‘Lpn of 11% volume o? liquid may differ from that of the
hydrolyes ;s a);( f result of hde01y31s, etc. [53 The relative rates of
Criticél degiézar; Eolbe a Ygry important factor. The attainment of a

b iy e méincg Xir?IYSLstLS an abso]ute‘necessity for crack initia-
process. Tt is ngin;b is qufl}y important for maintaining the cracking
and camek tip ;o'uf_\nown wh%F type of dependency is found between velocity
Bl veloc;r: qjgn}c§gposltlop.. All that has been reported are varia-
vty "y and bu composition changes, e.g. in Al [42] and Ti [54]

The simi i \ " .
ence m&géaglty between Figure 3 and both 4 and 5 is clear but one differ-
Velécitv wae commented upon. In the crosshead speed tests a 'plateau'
arise§ }romsangffgbsgrve?: _Iudthe plane strain specimens the plateau
) e trusion limited chemical reaction [15 ;
specimens e o al : 1. In the sheet
wfth ?ﬁ:~“;qmlgymd in the crosshead speeds mixing of the bulk solution
£o5 Bhe r;i‘gt}on at the crack tip would occur to a greater extent than
cell woufdrg,er plan?.%Fral“ specimens. The establishment of an occluded
this Cnn%idec-m?re 41ff1cu1t for the thinner specimens. Consistent with
SolutjoHKVj;rdt}?n is the type of dependence of plateau velocity upon
Plaﬂe‘CtrafAcZ;lty obse;ved in Ege two different types of specimens in
= 2 s Specimens e r Ti . - . .
Shecimens Vyy « n-0-16 H(Iﬂa th‘fﬁl e aé;msl o] Tiereny for dhiw
i s X L2V, where 18 € plateau velocity 3 ¢
highest velocity that was measured. L k ocity or the

The influence of atpain. .
steels h::n;:eﬁfei;rglﬁéréte’uP?n crack velocity in austenitic stainless
is Calculatéd {53} m1£%~ ;?~a.slmple test {yom which the average velocity
with the meaqureS’i,,‘ibu,tb gre shown in Figure 6. This can be compared
. C&ntileverNbeam crac vtloc1t1e§ 1n’the same type of material tested in
applied Stréss‘in ifra?%e@ePt [4}]. Fhese are plotted as a function of
sasly WhiCh‘Cr?ckliu}b~{’ln which two plateau regions can be seen on
fronts whon e ;egt r?nu}lng occurfed 50 that there were four propagating
is similar tg s }1 Zfs stoppeg. The upper‘plateau velocity (16 pum/min)
caused by s limiteﬁ ?.Ezu velocity shown 1n.blgure 6. It is probably
The Causs of fhé 1; i{ u§%o? control reaction for the corrosion process.
hardening o e ;.WET plateau is not known_but may be caused by the work
rate is ﬁﬂintainegpfthfn fre??lég a 51tuat}on in which a constant strain-
on « brass in ammo i,(}xo rack tip. Tdentical results have been observed
in cantilever Lo nica _solutlons [28}. A low velocity plateau is observed
oF Fofatic StraigT.?pe01meﬁs but not in SEN specimens subjected to a series
highly dUCtilé\allngCS: Ip? conclusion to be drawn from results on FCC
a plateau velee. s ys WItP‘nLgh work hardening rates, therefore, is that
reaction or o ¥ Tay arise elther.from a diffusion-limited chemical

Oom a constant crack tip strain-rate condition.

REPASSIVATION CHARACTERISTICS

Much of 5 i e i
Mt il Op;gepziziiz—faté‘work d1§cussed in the preceding section was done
£ 1 fractu;é wif} %0?1101. While the results do fit a model of repeated
Bl c; Lpddquate‘repa§sxvqt10n, it must be emphasized that
n ) e a))rntrfl of‘a LOSt-lS of extreme importance, either where
e 1l 4. wiSiédoaC]‘to a cracking mechamism is being attempted or
condi Blons If e Fovuompu?e several alloys or several heat treatment
S. - 1S just as important to specify the electrochemical potential
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of a specimen as it is to establish the correct criteria for plane strain
Principally, the value of the potential will control at loast

conditions.
(a) the dissolu-

3 important reactions, which have already been described:
tion rate, (b) the hydrogen ion discharge rate, and (c) the repassivation
rate. Since the significance of the repassivation rate, has been dis-
cussed in the preceding section, the characteristics of the process are now

ly.

considered bri

Repassivation has been examined by a number of workers who have used
tentiostatically controlled specimens subjected to tensile strain-rates
or to surface scratching techniques, {56 - 59]. 1In relation to stress
corrosion cracking, interest lies both in the effect of a constant strain-
rate and in a diminishing strain-rate. The latter situation might corres-
pond to the period of time immediately following an increment of discon-
tinuous crack growth when the volume of metal in front of the tip is under-
going plastic relaxation. In the general case, the rate of passive 1
growth on a metal surface, monitored electrochemically, decays logarithmi-
cally: log i o - log t, [60]. On a surface that is deforming plastically
the fresh surface generated during that period will consist of a large
number of increments of new surface which have been generated over the
period of time between the beginning of yielding and the stopping of the
straining of scratching. The sum total of currents generated will appear
to decay more rapidly than the general case since at any period of mea-
surement most of the surface will already be filmed to some extent. The
summation of a series of log i increments can be expected to show that
[61]. This relationship has been found for 18Cr-10Ni steel

log 1 o - ¢,
in HCL [61], and Al in NaCl [62]. A typical result is shown in Figure 3,
[61]. The repassivation constant, 3, measured as the logarithmic decay

in the current as a function of time, is affected by alterations in the
electrochemical conditions, C1~ concentration, temperature, etc. The
variation of B with potential is shown in Figure 9, [61]. The slowing
down of the repassivation rate at the active and passive ends of the pas-
sive range of the potential corresponds to the potential approaching the
region of the passive-to-active transition and the pitting potential re
pectively. It is in both such regions that cracking might be anticipated
since, from the description of the propagation process outlined in Figure
it is in those regions that repassivation kinetics are rapidly changing.
It can be expected that in such regions the critical delay time in the
repassivation process might be observed, probably within some very narrow
potential range. That cracking in 18Cr-10Ni steels in MgCl, solutions
occurs within a potential region just below the pitting potential has been

reported, [63].

From the observed log i/t relationship, the relationship between strain-
rate and steady-state current can be predicted as £/log i, [37] and this
has been widely observed in Al, [64]; Fe, [65]; 60Cu-40Zn brasses, [e6];
18Cr-10Ni steels at room temperature, [58]; and at 154°, [67]. This rela-
tionship is an important observation since it provides an immediate con-
nection between the mechanical and electrochemical events occurring at

the tip of a propagating crack: the rate of decay of the tensile strain-
cate (plastic relaxation) determines the rate of change of the rate of the
chemical reaction at the crack tip. From this relationship a simple
analysis can be made, [37] on the assumption that an increment of crack
growth occurs when a certain amount of charge, Q, flows (Q = i.t).

At room temperature many metals, [68], exhibit a creep strain, €, related

to time, t, as:
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€ =k log t (1)
where k is a constant.

From (1):

< de 8 s
but since Pl log i where i is the current flowing,

k :
T« log i (3)

On ?h@ assumption that increments of crack growth occur over very long
periods of time in comparison to the decline of the creep rate, the latter
will pe almost constant for the major part of the time in whicﬁ the incre-
ment 15 occurring. This almost constant ctreep rate is likely because the
stresslon the remaining cross section of a cracking specimen will increase
very little for sach small increment of crack growth. As the érreés’riqes
E?e constant k will increase and from equation (3) log i will iﬁrréése o
gne time for incremental growth will decrease accordiégly as log—t qinée
(log 1 + }Qg t) is comstant. In this rather simple way the velocit}.is
shown to increase logarithmically, corresponding to Region I cracking, on
t&e assumption that dissolution is causing cracking. ﬁhere Cracking ;riseq
dlrectiy’frow causes not associated with dissolution such a relationshi \
between log i and strain rate will not apply. Instead, a con%iant etrﬁgn
hypo?hesis might be applied in which €3 might be definéd as the additisnal
strain reqyired to cause an increment of crack growth. Providcdvrhat k
increases in proportion to the increasing stress, since £/log t z-k with
increasing k cracking for a fixed value of strain, i, will occur aé time
LnFervals that decrease logarithmically. This is a 3éry §imple énalysis
whlch‘@ay apply to the various forms of embrittlement encountered in non-
mgtallxc examples of environmental cracking as well as to hydrogen embrit-
tlement of metallic materials where a Region I cracking is bbserQed. -

CRITICAL POINTS

The Role of Hydrogen

The role of absorbed hydrogen has been emphasized during the last few
yearg, as indicated in a recent review [69]. In Ti, Al and Mg Alldys
embrittlement experiments have all shown identical results. Pre—éx osed
unstressed specimens when fractured in air showed fractures similarptg
those obrained in stress corrosion tests, Deliberate delays Befweén expo-
sure and‘fracture, sometimes above ambient temperatures, have %hoéé a 5
restoration of mechanical properties. All these effects can bé attr;buted
to the absqrption and desorption of dissolved hydrogen. Typical rééﬁlts
are shawn 1p'Figures 10 - 12, which show the change in mecﬂaﬁjcal p;O)efm
ties Eor_a Ti~0 alloy exposed to CH30H/HC1 solution and the aﬁ%ociateg
changes in fractography {401. Upon aging the amount of transgfanﬁlar
cleavage caused by hydrogen is gradually reduced and eventuall} does.not
occur. In Al alloys hydrogen has been detected as being desorbed durih¥
the intergranular fracture of embrittled specimens [70]. Recovery Fromb
the embylttled condition has been examined at different temperatu}eé

Such evidence for the possible role of hydrogen in the crack propagééion
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process is in apparent contradiction to simple considerations of the vari-
ous kinetic processes, which have been analyzed with reference to the impor-
tant ratio D/V where D is the hydrogen diffusivity and V is the maximunm
observed crack velocity. For Ti and Al alloys the value of D appears to

be too low to emable hydrogen atoms to embrittle the zone in front of the
crack tip. 1t has been suggested [70] that since the matrix solubility

for hydrogen is low it may become saturated and thereby permit rapid diffu-
sion of hydrogen down grain boundaries at rates 107 greater than in the
matrix of Al alloys.

There are two possible ways of reconciling such differences. First, in the
zone undergoing plastic deformation the diffusivity of hydrogen may be
increased. A model involving dislocation sweeping of hydrogen atoms has
been proposed [71] which would enhance diffusivity. In support of such a
model, radicactive tracer studies of tritium in an austenitic stainless
steel have shown [72] that plastic deformation can cause an increase in

the hydrogen transport rate. Secondly, the analysis employing D/V is for

a crack propagating through only metal embrittled by hydrogen and this may
not always represent the correct situation. It has been argued [73] that
for Ti alloys, for example, cracking is initiated by the interaction of
absorbed hydrogen with the deforming lattice but the resulting cleavage
crack, once initiated, propagates into the non-embrittled lattice until
arrested by a barrier, e.g., a grain boundary, across which it cannot trans-
late. This has been called a "long range" effect [73]. If such an effect
exists it would remove one of the difficulties of the kinetic problems
posed by a D/V analysis.

Many of the difficulties of analyzing the role of hydrogen arise from the
problems of analyzing absorbed hydrogen. More radiotracer studies [74] and
measurements of local concentrations [75] are required in order to provide
quantitative data about the various proposed mechanisms. For high strength
steels, Ti and Mg alloys, and possibly, for Al alloys, hydrogen may play a
critical role in the cracking mechanism, as has been described above. Fur-
ther progress in elucidating the atomistic mechanisms of such embrittlement
processes and the precise causes is urgently requirved.

The Role of Microstructure

The reasons for the transgranular cracking of FCC alloys received much
attention from electron microscopists 10 - 15 years ago, [25, 26]. 'The
necessity for co-planar arrays of dislocations in susceptible alloys is
recognized. Since that time little further progress has been made. The
full explanation for the type of fractograph obtained in austenitic
stainless steels on either a coarse [76] or fine [77] scale is still awaited.
The adverse role of P and N upon susceptibility [26] is of industrial im-
portance but has not been elucidated. The fractography of 70Cu-30Zn brass
has been little examined [28]. The transitions from transgranular to
intergranular and why either occurs are both difficult to explain and
require methodical examination, including perhaps the possible role of
minor constituents. Preferential corrosion has been attributed to the
occurrence of zinc-rich regions, and while this may be correct, the role
of minor constituents in austenitic stainless steels at least indicates
the need to consider them for brass also. Structural considerations have
been questioned in recent work on ferritic stainless steels [78]. These
are immune in MgCl, solutions at 154° C but become susceptible when

1%Ni is added. ‘Transgranular cracking is then observed which resembles
fractographically cracking in austenitic grades. Any proper under-
standing of cracking mechanisms might be expected to be able either to
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hardening characteristics are important since they will determine the value
of log i and also the ability of a lattice to arrest & propagating cleavage

crack.

CONCLUSION

The previous lecture [15] reviewed the atomistic mechanisms that may be
operative during stress corrosion crack propagation. In this paper great
emphasis has been placed uon a more general picture arising from the

creep processes at the crack tip. In particular, such an analysis provides
a direct connection between the electrochemical and metallurgical events
occurring at the crack tip, either of which may exert control over the
propagation kinetics. The importance of examining this connection has

been closely argued since cracking arises from the interaction of two
competing rate processes: repassivation and creep. Additional phenomenolo-
gical aspects concerning the creation of reactive sites and the absorption
of hydrogen are of importance also but if the balance between the two rate
processes is such as to produce rapid repassivation then cracking will not

occur.
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Table 1 Variation in Crack Velocity Across Specimen Width in 3 wt.% NaCl

Aqueous Solutions Over Successive Intervals /,—/’////’”
CHS Distance from Notch G : [j’////////
; _— Lrack Velocity
A . m/sec SSm—
a5 0-2 0.103 A B
;"‘o 0.105 =
5-8
811 0.107 i
0.108 P
11-13 0.15
. 0-2 0.208 N
2-5 0.211
5-8 0.216
8-11 0.22 C D
11-13 0.230
2 0-2 0.362
2-5 0.380
5.8 3
5-8 0.395 Figure 1 Schematic Diagram of the Sequence of Events Occurring at the
8-11 P g g i
11-13 3'??6 Tip of a Propagating Stress Corrosion Crack
|~ .46
(A) The Tip of a Crack. The Surface is Covered by a Protective
S 0-2 0.45 Film. P is a Slip Plane
2-5 0.465 (B) The Slip Plane Undergoes a Shear and a New, Unfilmed,
5-8 0.48 Reactive Surface is Created
8-11 0.47 (C) Corrosive Attack Occurs on the Reactive Surface While
11-13 0.52 Repassivation Begins on the Outer Edge. The Morphological
Aspects of the Attack may vary from Alloy to Alloy and it

is not Necessary that Attack Occurs Preferentially Along
the Slip Plane

(D) Repassivation Occurs but not Until Sufficient Corrosion
Attack and Plastic Deformation have Occurred to Ensure
that an Increment of Crack Growth Occurs and Will Recur

Table 2 Th? ;ufluence of Stress Upon Crack Velocity in Double CHS Tests.
Initial CHS 5 nm/min. Final CHS 0.5 wm/min.

Stress atzchanging Velocity Under Initial Velocity Under Final
N/ mm cls ©cHS
mm/sec mm/ sec
661.4 0.46 0.105
134.1 0.45 0.103
907.5 0.46 0.29
595.2 0.46 0.102
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Figure 3 Schematic Diagram of Stress Corrosion Crack Velocity V Against
Figure 5 Stress Corrosion Crack Velocity in a Ti~-O Alloy in a 3 wt.%

Stress Intensity Factor K [15]
Aqueous NaCl Solution as a Function of Crosshead Speed
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Figure 10 The Effect of Aging Time Upon the Elongation to Fracture of a

Ti-O Alloy After Exposure to MeOH/HCL. At Room Temperature and

75°C the Elongation Increases Rapidly within 24 hr whereas at
the Temperature of Liquid Nitrogen the Elongation is Reduced

s

Figure 11 Fracture Surface of a Ti-0 Alloy Exposed for 2 hr in MeOH/HC1
and then Fractured in Air. A 3-Zone Fracture, Intergranular,
Cleavage and Fluting and Dimple can be seen. SEM x 400
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Figure 12

Fracture Surface of a Ti-0 Allo
and Fractured in Air after 20 Days.
granular and Dimple

Yy Exposed for 2 hr in MeOH/HC1

A 2-Zone Fracture, Inter-
s can be seen. SEM x 400

128



User
Rettangolo




