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ABSTRACT 

Slow crack growth during SCC of 7075 aluminum has been shown 

to comprise both an electrochemical and a mechanical component. 

These findings prompted a review of several possible mechanical models, 

and seven possible controlling thermally-activated processes. Since no 

existing interpretation could satisfy all of-the observations, an empirical 

model was developed. The conclusion is that slight modification of many 

exist£ng proposPd mechanisms could explain the general features of SCC 

but that any th,_~or('ti.'~<ll model must contain some aspect of the mechani-

ca.1 rupture proceHs. 

,'. 
-"This research was performed at the Inorganic Materials Research 
Division, Lawrence Berkeley Laboratory, and Department of Materials 
Science and Engineering, College of Engineering, University of Calif- -
ornia, Berkeley, California 94720 . 
......... ' .. 
"""Presently Associate Professor of Materials Science, University of 
Minnesota, Minneapolis, Mn 55455, and Assistant Professor, Oregon 
Graduate Center, Beaverton, Or. 97005, respectively. 



-1- LBL-2230 

INTRODUCTION 

Stress corrosion cracking problems in high strength aluminum alloys 

has resulted in many investigations and almost as many questions and 

theories. Some of the following questions were posed a decade or more 

ago but still remain unanswered to a large degree: 

What is the role of the PFZ? 

Do the kinetics of the p.rocess mandate a combined chemical and 

mechanical process? 

If so, what are the relative contributions of the chemical and 

mechanical components? 

Can a single thermally-activated mechanism be associated ""ith 

the sec process in high strength aluminum alloys? 

Although no one program could hope to answer all of these, recent( 1) 

results have clearly defined the mechanical aspect of the SCC mechanism. 

Based on these findings several m.odels were reviewed, however no 

existing interpretatinn could satisfy all of the observations and hence an 

empirical model was developed. 

Thermally-Activated Nature of the Process 

Before specific models are discus sed, it is first useful to consider 

the kinetics of the growth process. Sedriks, et al. (2) have suggested 

that crack growth rates as rapid as 0.0002 in. /miD. are not inconsistent 

with an anodic dis solution process. . In a recent investigation, (1) crack 

growth rates as high as 0.07 in. /min at 68" C and 0.006 in. /min at room 
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temperature were observed which would tend to eliminate any mechanism 

dependent entirely upon anodic dissolution. However, invoking a com-

bined chemical and rupture process allows most of the features of most 

mechanisms to be rationalized. The absolute magnitude of the growth 

rate process is not particularly illuminating in itself. Its variations 

with temperature does indicate something about the thermally-activated 

process. The apparent activation energy for the process was determined 

to Tange from 10. 4 to 11. 9 kcal/mol with the average value being 11. 2 

kcal/mole. This value was essentially independent of stress intensity 

Lietor. This is signi.ficant since it suggests that the same thermally-

Zlct.i.vated mechanisrn is controlling from the start to the end of the crack 

propagation stelLe. 

To see if thls might be a true act ivation energy, apparent activa-

tion energy data for sec in several aluminum alloys are presented in 

Table 1. It is seen that although values ranging from 10-40 kcal/mol 

have been reported, most of the data suggest a value of about 
,,-

10-14 kcal/mol. "" Part of the discrepancy is due to the different types 

~t# 

"'After this paper was originally submitted, a recent review article by 
Speidel(6) came to our attention. In short transverse specimens tested 
under plane strain conditions, two regions of crack velocity were observed: 
Region 1- a strongly stres s -intensity dependent region with an apparent 
activation energy of 27 kcal/mole; Region II - a stress-intensity inde­
pendent region where the apparent activation energy was 4 kcal/mol. 
The data in Part I or this study did not conform to either of these situa­
tions. Cons ide ring the dependence of da/ d't on K2, the relatively high 
K levels investigated, the essentially plane stress situation, and the 
large amount of ductile rupture involved, the present study should be 
regarded as Region III. This may not significantly alter the conclusion 
reached from Table 1 since either Region III of the growth process is 
represented here or the specimens were not short transverse .. Never­
theless, it points out the necessity of determining whether Region I, II 
and III growth processes exhibit different apparent activation energies 
for all specimen orientations. 
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of tests and parameters utilized in measuring the activation energy. The 

problem with measuring total time to failure is that one mechanism. 

(e. g. pitting) might lead to crack nucleation and another might be con-

trolling crack propagation. Thus, for crack incubation in smooth samples, 

a disproportionate amount of time might be necessary at low temperatures 

as compared to high temperatures. As a result,. the curve of 

log t f vs. liT could be steeper than it should be if only cracking were 

considered and anomalously high activation energies would be measured. 

This effect would be least likely to manifest ~tself at the highest stresses 

where crack nucleation would be considerably easier. In fact, for 

Helfrich's elata, (3) the highest stress level g;ves an activation energy 

_(L6.? k.cCl:l/m.ol) th.aJ is closest_to those observed by other investigators. 

Furthermore, one lnight expect that if crack nucleation by some electro-
J 

che mical proce;3 s is conside rably easier for one condition as compared 

to another, as in the case of the two conditions studied by Romans and 

Craig, (4) then the more re sistant one might be expected to give a higher 

apparent activation energy, as is the case. Thus, the only real 

anomalous result in Table 1 is the 40 kcal/mol valu'e cited by Tromans 

and Pathania (5) for AI-6Zn-3Mg near 80° C. If a value of about 

l2~cal/mol is taken as being typical of the true activation energy, it is 

appropriate to consider what thermally-activated.nechanisms might be 

responsible. 

In general,· several mechanisms such as anodic dissolution(7) and 

hydrog~n diffusion, (8-9) that have already been associated with the SeC 

of aluminum alloys, are presented. Also, a number of mechanical 

mechanisms such as creep and grain boundary sliding, which might 
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control the plas tic flow characte ristic s and hence be the rate -determining 

;nechanism of the rupture process, are considered. As seen in Table 2, 

eight mechani sms, some of which are interrelated, are listed. Although 

the range of activation energies is about 10 to 80 keal/rrlOl, there are a 

cluster of activation. energies in the appropriate ra~ge of iO-iS kcal/mol. 

Since all of these mechanisms. cannot be considered in detail, a brief 

statement about each one will be given with some addi.tional amplification 

of mechanisms II and VIII. 

For Mechani.sm I, a dissolution rate was picked to account for 

almost all of the crack growth at the lowest stress intensity values, 

whe I'e about 80 percent of the growth appear~d to be a non-rupture 

p roce s s. Thi s is cornparable to an exchange current density of about 

J ,1lnp/cITI 
2 , wh idl, in conj llnc tion with the standard rate equation, (7) 

gives activation t.~n,~rgi·3s of about to. 3-14:. 4 kcal/mol. The range in 

activation energic!~l was deternl.ined considering an increasing number 

of active dissoilltinn si.tes which could be produced by either ernerging 

dis locations, vacanl:le s, di -vacanci.~s, or itnpuri ty atoms, as enhan.ced 

by d.eformation at the crack tip. (10) 

Considering mechanism II, several investigators(8-9) ha~/,~ sug-

gesL~cl hydrogen itl.volvement in the sec proc.~s'3, Particularly interesti!1g 

was the location of hydroge:-l in grain boundaries by Haynie and Boyd. (1 :1) 

Auto radiographic analysis of specimens cathodically charged in a 

tritiated solution showed definite concentrations of hydrogen at the grain 

boundaries of a stressed AI-4 Zn-3 Mg specimen but not in an unstressed 

one. Later, Forster, et al. ("12) used the same technique to indicate that 

-. 
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stress -induced hydrogen migrati.on provided concentrations in slip bands 

during tensile deformation. Haynie and Boyd' ~ (11) conclusion was that 

hydrogen may be involved in the see mechansim by absorbing into grain 

'. 
boundaries and accelerating localized attack through either a cation 

gradient effect or by a non-uniform distribution of protons .. In either 

case, the presence of hydrogen might be thought of as effectively reduc-

ing the activation energy for anodic dissolution. Hence, the diffusion of 

hydrogen could be the thermally-activated mechanism controlling localized 

corrosion. Some evidence of the hydrogen effect has been obtained by 

T romans and Pathania (5) who showed that crack incubation times could 

. be decreased by a factor of two or three through a cathodic charging 

treatment just before the actual see test. However, if the hydrogen was 

al1ow~d to eVOlVl! during a delay time, there 'Was no decrease in the 

cra:ck incubation U me. Objections to the hydrogen mechanism have been 

raised(13) on the basis that various aluminu~ alloys may be cathodically 

protected even when hydrogen is evolved as a cathodic reaction product. 

However, a hydrogen lnechanism is not necessarily inconsistent with 

cathodic protection. All that one has to state is that an appropriate 

potential for dis solution is a nece s sary ingredient. Given this, the 

hydrogen may be the rate controlling factor 'With respect to see. If the . 

potential is too cathodic, then even though there may be a considerable 

amount of hydrogen present, the potential conditions for dissolution are 

not met and hence no see takes place. This was further suggested by 

Tromans andPathania (5) who ran a control specimen with respect to. 

their previous hydrogen charging experiments. They demonstrated that 
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cathodic charging during the SCC test retarded crack initiation and con-

cluded that conjoint action of stress, dissolution and hydrogen were 

necessary for cracking to occur. 

h f d b . d B d( 11). . ." . h Tee fect discusse y Haynie an oy 1S 1n connection Wlt 

a corrosion me chansim sugge sted by Dignam (14) whe rein the diffusi vity 

of Al+++ in the oxide film could be the rate controlling proce s s. Thus, 

it is possible that ionic diffusion alone could be the thermally-activated 

process. As shown under mechanism III, however, an activation energy 

of 36.8 kcal/mol is way too high unless this value can be reduced by 

considerably more than half through a vacancy mechanism. A similar 

sta!:erne~t is applicable to mech.anism IV. 

Mechanical proces ses such as creep (V) and atmosphere -drag 

control of yietfling (VI) are only specllaltions but could conceivably con-

trot (~ither the dissolution part (through the production of dissolution 

sites) or the rupture part of the process. One interesting point is that 

creep of pure alurninum is controlled by a cross slip mechanism. in the 

range of 0 to 100') C(15) while creep of an Al-3.20/0 Mg alloy has an anom-

alous rise in the activation energy near 60"C. It is thought that this 

large activation ene rgy is a sum of two energies, that for eros s s lip and 

that for activation of dislocations from their atmospheres. (15) Whether 

or not this rise in activation energy is connected to the anomalous in­

crease in activation energy found by Tromans and Pathania (5) at 80 0 C 

in an AI-Zn-Mg alloy is unknown. However, it is known that in AI-Mg 

alloys, the activation energy for the Portevin Le -Chatelier effect, which 

is an atmosphere -drag mechanism, is ~ear 12 kcal/mol up to about 

40° C.(16) Although atmosphere drag could not be seriously considered 
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in the bulk of fully aged specimens, it is possLble that this could be an 

effect in partially aged specimens, particular~y in or at the PFZ. 

Considering mechanism VII, grain boundary diffusion could affect 

either dissolution rates or mechanical action at the grain boundary. 

Although activation energies for grain boundary diffusion of impurity 

atoms are listed in Table 2, the grain boundary self diffusion of Al would 

be represented by a similar value. In fact, assuming a vacancy-diffusion 

('17) 
controlled mechanism, one obtains 14.7 kcal/mol. This leads to 

mechanism VII where grain boundary sliding, as controlled by a vacancy-

climb mechanism, might be the dominant deformation mechanism in the 

gra.in boundary region. 
(18-19) 

Although most authors have suggested 

that grain botmda rysliding, as an effective creep mechanism. should be 

r,d.egatl!d to ternperalllres above 0.5 Tm, Garafalo(20} considers that it 

might be effective as low as 0.3 Tm. One must. also consider that de-

formation at a c rack opening is considerably different than creep under 

a uniform stress field. The accomodation in the matrix required to 

allow grain boundary sliding in a tensile specimen could be considerably 

greater than that required for crack propagation. In fact, one could 

have a very soft denuded zone opening up as the crack advances with 

almost no matrix deformation. It has been shown that fracture at room 

temperature in the absence of a corrosive environment can' be associated 

with grain boundary shear(21) wherein the controlling mechanism might 

be a form of grain boundary sliding. In addition, Mullendore and 

Grant(22) show some evidence of room temperature grain boundary 

sliding in polycrystalline aluminum. Thus, if one could assume that , . 
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grain boundary sliding is the thermally activated process, a vaq"tncy­

difius ion controlled climb mechanism would give an activation energy 

of 14.7 kcal/mol. Evidence of a mechanically controlled proce s 5 comes 

from so~e fatigue crack propagation studie s by Wei {23} who ,indicated 

that the range of apparent activation energies obtained in aqueoussolu-

tions were similar to those obtained in dry gaseous environments. 

Clearly, some additional studies of crack growth under static load con­

ditions on some fairly simple aluminum alloys in both aqueous solutions 

and dry gaseous environments are required to determine the actual 

thermally activated mechanism. 

As a summary statement to this general discussion, i tis suggested 

that any proposed sec model should incorporate the following features: 

(:L) A crack nuclear mechanism: This could consist of a 

mecltdnical rupture at the PFZ or an electrochemical 

dissollltion at anodic sites. 

(2) A tirne -dependent growth process: A thermally activated, 

process is necessary which either controls the rate of 

dissolution or the rate of tearing. 

(3) A mechanical jump process: This actually might Occur at 

two levels in two different ways - - a Ilcleavage" or ductile 

tearing process during the slow growth electrochemical 

stage: a "cleavage" or ductile tearing process during the 

s tre s s -intensity dependent rapid growth stage. 

In the following sections, a number of stres s -corrosion-cracking models 

will be reviewed with respect to these features. Since it has been 
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clearly shown that see in this metal environn:ent situation is a combined 

process, those models dealing exclusively with electrochemical aspe~ts 

will not be emphasized. 

see MODELS 

PFZ Model 

Many see models have been proposed(2, 24-28) which incorporate 

the precipitate-free zone as a dominant feature, either because of pre-

ferred dissolution or ease of me.chanical rupture. IIi any of these, the 

crack growth ra te may be given by 

da / d t ~ f (K) g (T ) ( 1 ) 

The stress int,~nsi.ty parameter, f(K), can be rationalized in terms of 

either the number of anodic dissolution sites or the size of the mechan-

ieal jump, both of which would increase with increasing stress intensity. 

Because of the mechanical nature of the see process determined in a 

previous study, (1) the latter interpretation will be favored. The func-

tional dependence on temperature, g(T). is a rate reaction equation 

which may be dependent upon hydrogen diffusion, vacancy diffusion 

and/or dissolution kinetics. For the time being, a phenomenological 

treatment will suffice and for a constant temperature g(T) is given by 

m. This leads to a formulation similar to 

da/dt = m(K-K 1)2 nuc (2) 
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except for the mis sing parameter, K . I" Equp.tion (2) is the result of nuc t 

dead weight loaded specimens of an Al-Zn alloy.tested in air(21);where 

6 -11[ ]-1 rn was a constant of X10 psi-min , K was the applied stress 

intensity and K 1 was the stress intensity at which cracks first 
nuc 

started growing under a rising load test. This latter value was essen-

". 
tiallya measure of how resistant the PFZ '" was to crack nucleation. A 

derivation based upon plastic energy dissipation in the grain boundary 

region gave 

(
<p \\ 1/2 '" 

K = -::r ,I E'" 1.. E 
nucl u 

/ 

(3) 

where <p is a constant, d is the grain size, E~:< is the fracture strain 

in the grain boundary region of width, 1.., and E is the modulus of 

elasticity. Considerable data for 400 and 1000 f.1. grain sizes supported 

eqllations (2) and (3). For clarity, just the calculated curves are shown 

in l!'ig. 1. In addition, the data of a recent investigation(1) are shown. 

Using an approxim;:tte value of 15, 000 psi-in 1/2 for Krscc and letting 

K rsec := Knucl' it is seen that an identical equation to equation (2) fits 

the present data in Fig. 1 with the exception t.1,.at m' is about m/4. 

One might expect growth rates in a sec environment to be greater than 

those in air even though this is not the case in Fig. 1. However, the 

character of the precipitate and PFZ in these tWo cases is entirely dif-

ferent, e. g., Mg, Cr, Cu and Fe may allow considerable strengthening 

of both the PFZ and the matrix of 7075 as compared to an Al-Zn binary 

,'. 
"'In this context, the PFZ width involved includes the whole region sur-

rounding the precipitate plus precipitate free zone. 

-. 
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alloy. This is manifested in the yield strengths 'which were 47,500 psi 

fo~ the Al-250/0 Zn alloy(21) and 56,800 psi for the 7075-T6 of this study. 

Thus, there is no ~ priori reason to expect these tsvo sets of data to be 

completely consistent. The prominent feature is that both crack growth 

mechanisms may be described by the same general mechanical equation. 

Furthermore, the character of the dimpled rupture surface s in the 

grain boundary regions of the present study are identical to those ob­

served for the Al-25% Zn(21) fractured in air. 

As discussed before, mak~ng Knucl :::; Krscc gave a reasonable 

fit to the data of this investigation in Fig. 11. One physical interpre-

tation of this would be that a certain stress intensity is necessary to 

nucleate fracture in the grain boundary regi9n, thereby breaking the 

oxide film, b(~f.ol'e anodic dissolution could proceed. This is some­

what different than the models proposed by Thomas and Nutting,(24) 

who suggested [J1"eferred anodic dissolution at the PFZ; by Pugh and 

Jones (27) who suggested mechanical crack propagation in the weak 

PFZ; and by McEvily, et al. (28-29) who considered a film-rupture 

mechanism. In one way or another all three of these phenomena 

could be involved. The first concept could be involved as the rate 

determining step in controlling g(T) whi.le th,e second concept could 

be related to the excess mechanical driving !orce, (K-K
ISCC

)2, for 

crack jumps in the PFZ. Finally, the last concept could be con­

cerned with the stress intensity to rupture the oxide film so that dis­

solution could proceed. Note, here, that this is considerably dif-

ferent than the normal film-rupture process wherein the crack pro-

pagation process is controlled solely by the thickness of the brittle 
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film. In the present interpretation, the film -thickness would be of 

a negligible size compared to the actual crack movement consisting 

of a combined dis solution and ductile -tearing proces s. 

The major difference between the present interpretation and the' 

ano.dic dis solution interpretation is that the effect of PFZ width is con-

sidered to be a mechanical effect. After crack nucleation, the actual 

stress -interisity effect is probably large enough to provide sufficient 

mechanical energy to make the crack grow. Thus, given t\vo specimens 

at the same stress intensity level with different PFZ widths, the more 

crack-resistant the PFZ, the more anodic dissolution necessary before 

n"lechanical growth takes place. In this way the crack growth rate and 

hence the time to failure could be drastically altered by the PFZ width. 

To t,ee if this rnechanical interpretation was viable, some results of 

" 1 . I 1 (,~ 6 ) 1 d ::'ecn cs, et a, . were ana yze·. They demonstrated that by increas-

ing the PFZ width of an AI-5. 3 Zn-2. 5 Mg alloy from about O. 04p. to 

O,35p., they could increase the time to failure in a 3,5% NaCl environ-

ment by a factor of eight. It is shown in Appendix A that the present 

mechanical interpretation gives the time to failure by 

) rK -K J 
lln lK £ _K

nucl 
. 

. 0 nucl 

K . 1 nuc 
K -K f nucl 

K nucl ~ (4) 

where Ko and K
f 

are initial and final stress intensities. It is seen 

that this equation has the right general form since either an increase 

in applied stress or a decrease in the resistance of thePFZ, 1. e., a 

decrease in K l' would decrease the time to failure. Also, it may be nuc 

noted that if the initial stress intensity is not sufficient to nucleate a 

-' 
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crack in the PFZ, the solution is imaginary and if K =K l' the failure o nuc 
. . -12 -2 -1 

time is infinite. This equation, along witharvalue of m::::: 10 (psi min) , 

gives the agreement shown in Fig. 2. 

This unusually good agreement would normally be justification for 

embracing this model except that DeArdo and Townsend(30) have recently 

repudiated the PFZ interpretation of Sedriks et al. (26) Utilizing a 

similar AI-Zn-Mg alloy, they not only varied the PFZ width, but also 

the matrix precipitate morphology while keeping the PFZ width constant. 

They were thus able to demonstrate that Seesusceptibihty was more a 

function of matrix and grain boundary precipitation rather than PFZ 

width. They claimed that since Sedriks, et a'l. (26) varied both PFZ 

width and matrix precipitate simultaneously, the real reason for the 

ob se rved variation in failure time was the difference in matrix precipi-

ration which affects the matrix deformation mode and hence the sec 

sllsceptibility according to Speidel. {31} Although it is clear that such 

Zl. claim is reasonable for .crack incubation, it is not so clear with res-

pect to crack propagation. As the approach considered herein is only 

applicable to see, additional tests on microstruCtures similar to those 
l 

studied by DeArdo and Townsend should be evaluated with respect to 

crack propagation rates under controlled stress intensity conditions. 

Presently, it must be recognized that although a PFZ model can give 
I 

the right trend in see susceptibility, this is quite possible fortuitous to 

a large degree. 
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. Jacobs 

Jacobs(32) assumed that crack propagation occurred hy a series 

of chemical.:.mechanical steps between MgZn2 particles, wherein the 

chemical step included anodic dissolution of the MgZn2 , particle and the 

mechanical step was of a. brittle type between particles. Jacobs was 

right in general terms about the discontinuous nature of the see process, 

as was Dix(33) much earlier, but the details of hi s model do not encom-

pass many of the present observations. Assuming fOr the moment that 

this model is correct, consider the average forward distance the crack 

moves. This may be assessed at two extremes: (1) where the crack 

takes a unit step forward involving the simultaneous fracture of all grains 

and (2) where cracking along each grain is independent of the other grains 

sO that for a unit growth of the crack front, B/W subjumps are involved 

where W is the grain width. Although the first extreme is fairly un-

("ealis ti.c, i.t give s an excellent cor re spondence between the a ve'rage 

jump distance and the spacing between MgZn
2 

particles. For exaf:l!.ple, 

taking da/ dt to be 2. 7XlO - 5 in. / sec and .6.t . to be O. 5 sec, the jump dis­
s 

-5 tance is 1. 35XlO in. For aU of the data in Table 3, the average value 

-5 
is about 1. 32XlO In. or about O. 33fJ. which is very close to the spacing 

. . 

between MgZn
2 

particles (0. 36p.) observed in replica and transmission 

electron micrographs published by .Jacobs. (32) However, this agreement 

is undoubtedly fortuitous since it would require that all growth is mech-

ani cal in nature which clearly is not the case from the fractographic 

evidence. Furthermore, it is difficult to rationalize the crack front 

moving as an entity over such a short distance. The second extreme is 
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thus probably a more realistic assessment. This will be discussed in 
, 

more detail under the proposed model .section \yhere it is shown that 
~ 

the average unit step, /. t' (Table 3) is probably an order of magnitude 

larger than the spacing between MgZn2 particles. ?urthermore, as seen 

in Table 3, the number of SWE/sec increases very rapidly with the 

amount of dimpled rupture observed, so that it is likely that the SWE 

are from the rupture regions and not the corroded regions. Thus, the 

SWE observed are probably not associated with discontinuous brittle 

fracture events but rather with discontinuous ductile rupture events. 

Next, several models will be considered which do include relatively 

large scale mechanical jumps. 

Krafft-Mulherin 

This moclet(34) assumes that there is a c"ritical ligament size, d
T

, 

involved in ductile fracture instability and that the condition for fracture 

of this ligament may be reduced by chemiCal attack around the periphery 

of the ligament. In Appendix B, the appropriate plastic flow parameters 

are determined and a fit to this model yields as a reasonalbe approxi-

mation that 

(5) 

where V is the dissolution rate or chemically'-~ontrolled attack rate. s 

Although it is shown in Appendix B that d
T 

agrees very well with the 

average unit jump distance given in Table 3, this model can be objected 

to on two grounds. First, it may be shown that equation (5) gives a 
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U/(K
CR 

-K)} dependence of crack growth rate which is considerably dif-

2 
ferent than the K dependence observed in this investigation, and 

reported by Tetelman and McEvily. (35) Secondly, if the electrochemi-

cally-controlled portion of the SCC mechanism is associated with V " s 

equation (5) is clearly in violation of the present study. Calculation of 

da/dt in terms of V showed that for the stress intensity range of this 
s 

investigation, equation (5) would give da/dt to range from about,lOO to 

500 V. This is contrary to the present findings which indicated that 
s 

the rupture and corrosion contributions were nearly equal in magnitude. 

McClintock-Irwin 

Whereas Krafft and Mulherin' s model (34) is based upon an elastic 

s tre ss distributi on. lvf.cClintock and Irwin (36 ) have considered a fracture 

mode L based upon \:dastic -plastic conside rations. Although little use of 

. . 

this has been macle with respect to stress~corrosion-crackirig mechanisms, 

Gerberich, , et a]. have applied it to the case of embrittlement mechanisms 

arising from interstitial diffusion of hydrogen(37) and carbon(38) in high 

strength steels. This model essentially states that there is a critical 

microstructural unit, £ '!<, which fractures when the fra'cture ductility, 
,," 

€"', is exceeded within the unit. In terms of the stress intensity, this 

jump distance for conditions intermediate to plane strain and plane stress 

may be approximately given by 

n ,!< 
x. = 

2TTU Ee: 
ys 

." '.' 
(6) 
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If one can describe the thermally-activated mechanism to give the 

secondary incubation time between jumps, ~t t then the crack growth 
s 

rate is given by 

I 

da/dt = -,-
2rra E€ "-~t 

.( 7) 

ys s 

2 
Although this equation gives the correct K dependence of growth rate, 

it suffers from the same deficiency as the previous model in that there' 

is not a sufficient descri.ption of the corrosion-dependent velocity com-

ponent. 

~mpirical Model 

Rather than a.ttempt to create a model based upon many ~ priori 

aRB umptions, ;:he fl)JLowing treatment \vill only describe what has been 

observed experimentally and so will not define the actual mechanism. 

It \.vill, however, describe the step-wise proce;ss which must be an· 

integral part of any postulated mechanism. First, the average time it 

takes for the whole crack front to mOve one unit step will be determined; 

then the individual mechanical and chemical components of the unit step 

will be calculated; and finally the thermally-activated mechanism will 

be treated. 

In the above discussion, it was suggested that the way in which the 

crack grew might be in subunits about a grain size in width. If this is 

the case, then for the crack to move one unit distance across the whole . . 
thickness, B/W subjumps are involved. In the SWE measurements, each 
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I 
subjump is represented by a stress wave. Thus, the secondary incuba-

tion time for one unit step of the whole c rack front, 
.'. 

c,.t '.' , is given by 
.5 

(8 ) 

Considering that the average grain width is about 22fJ., the l540fJ. thick . . . 

5pecimenswould give 70 subjumps per unit step. Using equation (8) and 

c,.t measurements from Table 3, results in the 6.t~:< values given in s . . . s 

Tc.ble 3. Considering the step size, it is obvious that the total unit step, 

i 
. t' 

is made up of chemical, 

giving 

1. , and mechanical, 
c 

it = 1. + 1.. 
c J 

1. j' components, 

(9) 

On<~ can separa t;> the components by utilization of the approximation of 

the dirnpled ruptllr!:! fraction, R, estimated from the scanning electron 

. (J) ~. ., h nllcroscopy. £0 Il'st, It IS apparent t at 

1. = [{l/R)-1] 1. . 
C J 

(10) 

Secondly, to obtain the average value of 1. t' one simply multiplies the 

average crack growth rate by the secondary incubation tiITle for the 

whole crack front giving 

it = (11 ) 

COITlbining equations (12-14), it is seen that 

i. = R(da/ dt)6.t':< 
J s 

( 12) 
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1. may be obtained from equations (10) and (12). 
c 

In this manner, the values of 1. , 1.. and 1. were obtained as given in 
t J c . 

Table 3. It is seen that 1. t is nearly equivalent to the grain size width 

and that 1.. increases with stress intensity. One final determination 
J 

was an experimental estimate of the subjump width. If every SW E is 

associated with a subjump, then the size of this SWE should be repre-

sentati ve of the area of ductile rupture which is 1.. in length. The width 
J 

is simply t::.A/1. j which from Table 3 gives the width to range from 4. 7 

to 10. 4f.L. Within the accuracy of the experimental measurements and the 

applicability of the stress wave emission analysis(21) to very small jumps, 

it is not unreasonable to take the average jump width to be approximately 

a grain width {2ZfJ.}. Note that this strengthe~s the original assumption 

ilt the start o.f this :~ection. 

These findi[\l~S may be incorporated into a model as depicted by 

ITig. 3. Each sl.lbj'ltnp is represented by a chemical and mechanical part 

that totals a grain bOLtndary width by a grain boundary width in area. 

Since the mos t highly stres sed points are the grain-boundary triple 

points, it is mos t likely for the chemical part to start at these sites and 

hence there is an accentuated degree of corrosion depicted at these 

junctions. At low stress intensity, a relatively large amount of chemical 

attack precedes a relatively small ductile rupture step while the relative 

amounts are reversed at high stress intensitles. This is logical since 

it is known that an increasing volume fraction of holes decreases the 

fracture ductility ~uring the rupture of relatively soft materials. (39) Ii 

one wanted to invoke a critical fracture strain criteria over the whole 
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region, it may be sho\vn via equation (6) that increasing the number of 

holes by greater chemical attack should decrease the fracture strain 

from 0.66 (K = 48,300 psi-in 1/2) to 0.18 (K = 25,400 psi-in 1/2). Alter-

natively, one could invoke a strain energy criterion such that high stress 

iutensities. It is next appropriate to describe these experimental ob-

servations in terms of stress intensity factors so that a more quantita-

tive treatment is possible. 

First, it is necessary that no growth occurs at stress intensities 

less than K rscc . In terms of the applied stress intensity and K
ISCC

' 

a reasonable first approximation for 1. is 
c 

p. 
c 

Since ~ t - w, it fol.luws from equation (9) and (13) that 

i, 
J 

(13 ) 

( '14) 

Ir'.. Fig. 4, it is seen tliat equation (13) and (14) represent the data 

reasonably well. In the relatively small stress intensity increment 

where P. -w, the physical significance of these equations are questionable 
c 

but it will soon become apparent why these particular representations 

were chosen. With this rough description of £. .arid J." it is next 
c J 

possible to consider the thermally-activated mechanism. Alt...l-tough the 

real situation is not known, a tentative assumption is that a hydrogen 

diffusion analysis is appropriate. Since the activation energy for this 

mechanism is similar to others in Table 2. this may differ from several 
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other approaches by only a constant. For the moment, assume that , 

hydrogen must diffuse a distance 1.. 
c 

to maintain the corrosion process. 

Furthermore, assuming some proportionality to [Dt] 1/2, it follows that· 

n [.,:<] 1/2 
x. :::: Q D.6.t . 

c s 
(15 ) 

Using the second estimate of Q and Do for hydrogen diffusion in Table 

.. 1C 

2 and the values of .6.t" from Table 3, it was found that a value of 
s 

Q :::: 4 gives about a factor of two agreement with the eXperimental values 

of.e from Table 3 and the calculated values from equation (13). 
c 

Phy;;ically, a constant of four could be interpreted in terms of a thin 

s l.olh uf hydrogen being created at the surface, wherein 1. 'is about the 
c 

furthest in a sm,tll amount of hydrogen could diffuse in a time .6.t*. 
s 

rlol.V(!ver, be:3idl~s the difficulties in. depicting the physical reality of 

'-'III'll a pro'-,'''w ':' .~ ._ c. • "-' _, v .... ) adequate assessment of potential gradient (stress) 

and concentration gt'adient effects have not been made. Although this is 

pos :1ible, it is pre rna lure until greate r physical evidence of a hydrogen 

mechanism is a vailabl.:::. Furthermore, in keeping with the degree of 

accuracy represented by the other estimates, equation (15) is reasonable. 

With a value of four for Q', combining equation (13), (14) and (15) gives 

.,. 
"'The actual electrochemical proce s s is more than likely a series of 
events within a region 1.. c' For example, consider a number of defects 
i.n an oxide film as produced by stress concentrations at either emerging 
slip bands or second phase particles. These sites could act as nuclei 
for the reaction of aluminum with hydroxyl.ions to produce hydrogen. In 
this case, the constant might be proportional to the square root of 
such sites. 



da/dt ;::: 
/. +/.. 

c J 

,6.e:< 
s 

.,..22-

64D e-Q / RT 
o 

w (16r 

It rnay be shown that this equation rnatches the data of this investigation 

within about a factor of two. Considering its general forrn, one can see 

that it is equivalent to equation (2) if m is taken as 64D/wK
ISCC 

2, In 

Appendix A, equation (2) was utilized to derive the time to failure in a 

SCC test. A similar derivation can be accornplished utilizing equation 

(16) which leads to 

where the equatL:m is purposely put in terrns of Krscc ' Kf and Ko/Kr 

Taking K
f 

as Ilnity, the general form of the equat ion is depicted in Fig. 

5 for several values of KISCC/Kf' Although detailed results could not 

be found to substantiate the general shape of these curves with respect 

to alurninum alloys, such curves are found for stress-corrosion-crack­

ing"behavior of titanium alloys. (40) 

In summary, the SCC rnechanism at the precipitate-free-zone of 

alurninum alloys is an extraordinarily complicated process. No simple 

one parameter analysis can be generalized to explain the phenomena 

observed. Although phenomenological models can be derived which 

adequately describe the crack propagation behavior~ interpretation of 

the actual mechanism does not necessarily follow. The present analysis 

has not particularly rejected the general aspects of anyone theory and, 

in fact, some a spects of mechanical rupture models have been revitalized. 
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It is hoped tha~ the pre sent study has clarified Som.e areas where further 

information is needed before more exact models of see behavior in 

aluminum alloys can be evolved. 
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APPENDIX A 

i 

Dependence of Time to Failure on Precipitate Free Zone {PFZ}· 

The first as sumption here is that the nucleation stres s intensity 

for the first crack at a grain boundary is synonymous with the K
ISCC 

value. The second assumption is that Sedriks, Slattery and Pughl s (26) 

specimen configuration can be treated as an infinite plate and that a 

stress intensity analysis can be utilized to establish crack growth rates. 

Both parts .of this second as sumption are very marginal because the 

specimen ~ection was only 1/4 ... inch wide and the applied stre s s was 

80 percent of the yield strength. For initially Viery short cracks where 

a« W, the infinite plate analysis may not be too unrealistic, but the very 

high 3tressutili.'~c1 rnakes assignment of quantitative stress intensity 

fac/ors dubious at best. Nevertheless, it is instructive to derive the 

reLttionshipand COn1.pare it to the data. 

From the di sellS sion in the text, it was found that the crack 

growth rate might be approximately given by 

.. 2 
da/ dt = m(K-K I}· nuc . 

{A-1} 

For ease of integration, it is convenient to put da in terms of K .. From 

the infinite plate solution, 

and thus, for constant stress, 

da = 
2KdK 

2 a iT 

(A-2) 
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Combining A-1 and A-3 and integrating, the time to failure may be 

obtained from 

ltI dt = ZK 
dK (A-4) 

This finally reduces to equation (7) in the main text. Of course, this 

only is v:alid for K > K l' since for stress intensities less than 
o nuc 

Knucl= Krscc ' there would be no crack growth. Sufficient iniormation 

wa.s not available(Z6) to assign good valu~s to all of the parameters but, 

as an exercise, first order approximations were made. For these thin 

sheets tested to 80 percent of yield, a plane stress situation exists and 

thus K£ would be associated with the plane stress fracture toughness. 

A reasonable va.;lte for the alloy used by Sedriks, et al. (Z),' which had 

a considerably lO\llt~r yield strength (48,000 psi) than peak-aged 7075-T6, 

o , I r - 70 000 ,0' 0 1 I Z rTh 10 d 38 500 . C 1S \.f - , p.,t -In. . e app 1e stress was , pSt. on-

side ring a half crack several grain diameters in length and a plastic 

zone correction, one calculates a value of Ko approaching 30, 000 

psi_in. 1/z. Although this value seems high, it must be emphasized 

that Sedriks, et al. (Z) observed three stages in their stress corrosion 

tests. Load relaxation and dormant stages made up the bulk of the test 

duration while a third stage was associated with crack propagation. By 

the time the third stage of failure initiated, some cracking could have 

occurred and thus a value of K near 30,000 psi-in. 1/2 may not be too 
.0. 

unrealistic. Values for K 1 were calculated from equation (3). To 
nuc 

accomplish this, an estimate of cp .... 1500 was determined from the 

Al Z f d f 
o. .. (21) 

- n racture ata 0 a preVIOUS Investlgatlon. This value is much 
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larger than that calculated from theoretical considerations and includes 

a multiplication factor on the PFZ width. The reason for this is that 

the grain boundary fracture region is not located wholly within the PFZ 

but extends to a cons ide rable distance on both sides of it. A value of 
,0, 

f'" was taken as 0.30, which is typical of many aluminum alloys; the 

grain size. d, was 125f.l or 0.005 inches; and the modulus of elasticity 

was 1 O. 5X 1 06 psi. These values inserted into equation (3) gives K 1 
nuc 

for any particular PFZ size. For example, a O.1!J. PFZ gives Knucl 

equal to 6800 psi -in. 1/2. The remaining parameter needed to calculate 

time to failure from equation (4) is the value of m. A value of 

m ~1O-12(psi2_mi.n1-1 gave the best fit to'data, which, as is indicated 

J.n Fig. 2 accurately represents time to failure as a function of PFZ. 

One migl" criticize this as simply a curve fitting procedure. 

However, as a nl)hj in added proof, it came to our attention after this 

<lllalys is was done. Lha t Sedriks. et a1. (2) had published some crack 

propagation data from single-edge-notch (SEN) specimens of the sa.me 

rna te.t"ial. To make a: realistic comparison, the value of m should be 

that just .associated with crack propagation. For the curve -fitting in 

Fig. 2, the best value of m was used to fit the total time to failure, 

which included both incubation, t
1

, as well as propagation, t , times. 
p 

Since, according to Sedriks, et a. , (2) t1 ,., 3tp ' it is realistic to use a 

value of m that is three times as great when just considering crack 

X - [. -2 ] -1 propagation. Using a value of m ~ 3 10 12 psi -min and stress 

intensity values calculated for the SEN configuration, the comparison of 

equation (A-i) to the observed crack growth rates are shown in Fig. A-1. 
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Since the data were obtained by differentiatiflg the time versus crack 

length curves presented by Sedriks, et a1., (2) their accuracy could 

easily be off by a factor of two. 

APPENDIX B 

Krafft-Mulherin Model 

Since the terminology utilized by Krafft and Mulherin is rather 

lengthy, the reader is referred to the original paper(34) for a detailed 

description. Plastic flow parameters (E
T

, u
T

' EE' Ep, B
T

, EA , a, Ef, 

and E L ) were determined from a tensile stress-strain curve using the 

procedure outlined by Krafft a.nd Mulherin. A plot of e/a versus 1/E
L 

shown in Fig. B - oJ i.ndicated that as a first approximation, 

(B -1) 

whert! d
T 

is l(raf£t' 3 process zone size. At e /a = 1, 1/E
L 

is about 

eight so that feR is about 0.125. To derive a simple equation for the 

crack velocity, an approximation to the SEN specimen, which was 

rea.sonably valid for the crack length range covered in the present 

program, gave 

K - 3U[a] 1/2 (B-2) 

Utiliz ing this stres s inten sity approximation, a de ri vation for crack 

velocity was made assuming that the process zone size was small com-

pared to the crack length. This gives 
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da/dt (B -3) 

where V is the rate of dissolution. Equation (B-3) is essentially 
s 

identical to Krafft and Mulherin's equation (5). Since d
T 

is supposedly 

an independent parameter, the value of d
T 

can be determined from the 

critical stress intensity and E
CR

' In a dry air test, KCR was deter­

mined to be 51, 500 psi-in. 1/2 and in conjunction with an ECR of 0.125, 

d T ::: {irr)(KCR/ECRE)2 = 2.5X10-
4 

in. or 6.3(i. Comparing this to the 

average forward jump distance observed at low stress intensity levels 

(Table 3), this is in excellent agreement. Using this value of d
T 

and 

combining equations (B-1) and (B-3), it may be shown that 

da/dt .. : 

1/2 
(1'1 V s E[2rrd

T
] I 

. 1':[2nd
T

] 1/2 _ 8K 
::::: 1 26.4X1=05 

4.12X10:' - 8K 

(B-4) 

For computation purposed, E was taken as 10.5X10
6 

psi, d
T 

was 

2 -, / I 0 .; 4 . I IT .. .. 1/2 . • J,,,.. In. ;:tne '\. 1.S ln pSl-ln. unlts. 
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Table 1- }.ctlvarior: energies for SCC - observed. 

Investigator Material (a) Condition 'Test Type of Parameter Activation 
Solution Test Measured Energy 

kcal/mol 

Al-22Zn .2thanol 11-12 
Tromans 

Notched 
t 

and (5) Al-6Zn-3Mg Ethanol 
1 

11-12 
incubation Pathania round 

Al-6Zn-3Mg 3% NaCl + tensile 
time 

12 -14 (b) ? -1J1 K C 0 -.j 0 ~ 2 l' 4 
bars 

for 

Al-6Zn-3Mg ':;:l/,;, Na Cl + crack 
. -40( c) ') -.:r v C 0 nucleation <-. :J;O "\'2 l' 4 

Al-4Zn-2.BMg S (d) 3.5% NaCl Smooth 14 

Romans 
(Fe -Cr -Mn-Cu) pH -6 tensile t

f 
and 4 

and 
time 

Craig( ) Al-4Zn-2. BMg R(d) 3.5% NaCl 
C-ring 

to 
failure 

(Fe -Cr -Mn-Cu) pH ~6 C-ring 19 .. 

Helfrich(3) AL-4.2Zn-2.5Mg T64 
.aJ. 3.5,0 NaCl C -ring t

f 
·16.9-20.4 

(Fe -Cr -lvIn-Cu) pH -6 

Present 
Al-5.6Zn-2.5Mg- 3,5% NaCl + Single edge 

da/dt study(1) 1.6Cu(Cr -Fe) 
T6 

AlCl3. pH 
notch 10.4- 11. 9 

- 1.5 
tensile 

(a) Compositions in wt. %; ( ) indicates less than one percent for each element. 

(b) Temperature range 0 to 30° C. 

(c) Temperature near 80° C. 

(d) S temper provided low resistance to SCC and R temper provided high resistance; no other 
details given. 

'. 

I 
w 
~ 
I 
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Table 2. Activation energies- possible mechanisms 

Mechanism 

1. Anodic 
Dis solution 

II. Hydrogen 
Diffusion 

III. Al ions 
in AI20 3 

IV. Bulk self­
diffusion 

V. Creep: in 
Al in AI-3.2% 
M g 

VL Serrated 
yi1dding in 
AI-l'vlg 

v U. Grain­
boundary 
diffusion: 
eu in Al 

Zn in Al 

VIII. Grain­
boundary 
sliding· 

Activation 
Energy 

Q, kcal/mol 

10.3-14.4 

11-13 
10.9 

36.8 

28.7 

28 

28-80 

9.7-t2.9 

-t 2. 8 

~11-17 

14.7 

Temperature 
Range 

Investigated, 0 C Comments References 

~25 

570 to 630 
450 to 600 

280 

239 to 547 

o to 100 

-30 to 120 

-40 to 40 

200 to 325 

340 

>0.3T 
m 

Based upon 
i ~1 amp/cm2 (7) 

2 . 
Do .... 0.02 cm / sec (8) 
Do-0.21 cm2/sec (9) 

Peak at -6 O~C 

Impurity dif­
fusion by vac­
ancy mech. 

(11, 41) 

(42) 

( 15) 

( 15) 

(3, 43) 

D o -0.23 cm2/ sec 
measured from rate 
of thickening of (44) 
grain boundary e 
allotriomorphs. 

Based ~pon Do'" (45) 
0.2 crn 1 sec 
Q increased with 
increasing Zn 

I Activation 
energy based. (18 -20) 
upon vacancy dif-
fusion (n) in the 
grain boundary. 
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Table 3. Stress-wave and fractographic observations. 

K .. 1/2 
A 

,psl-ln. 
ve 

25,400 

36,200 

48,300 

I" /.. 1/2 
''\.A ' pSl-ln. ve 

2'),400 

36,200 

48,300 

l<Ave 
.61:"; 

s 
1/2 ps I-ln. sec. 

~~5, ,too 35 

36,200 10.7 

48,300 6.4 

T,OC SWE/sec .6.t ,sec Dimple 
s 

Rupture, % 
23 2. 0 0.5 20 

33 6. 6 0.151 33 
, . 

23 11. 0 0.091 80 

5 SW ~ Amplitude, 6 da/dt, in. /secX10 
g, it/sec X10~, .6.A, in. 2X10 

2. 7 2.3 0.078 

10 3.6 0.085 

12 5.7 O. 113 

£t .e c p. .6.A/J. j J 
in.><10

4
{f-L) in.Xt0

4
(iJ.) 

L!. 
in.X104(p.) in. X 10 4(f-L) 

9.45 (24) 7.56 (19.2) 1.89 (4.8) 4.1 (10.4) 

10.68 (27) 7.12 (18) 3.56 (9.0) 2.4 (6.1) 

7.62 (19.4) 1.52 (3.9) 6.10 (15.5) 1.9 (4.7) 
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Figure Captions 

1 Stress corrosion crack growth rate vs applied stress intensity. 

2 Time to failure vs the precipitate free zone width. 

3 Model showing the hvo component nature of SCC for both low 

and high applied stress intensities. f represents the segment of c 

crack growth associated with electrochemical dis solution, and 1. t 

represents a single increment of crack growth which comprises 

both.P. and 1. .• 
c J 

Fi.g. 4 Crack movement vs applied stress intensity for the individual 

and combined components of crack growth. 

tnent, 1. = electrochemical movement. c 

.P.. = mechanical move­
J 

Fig. 5 The effect of the ratio of the initial stress intensity, K o ' 

to the plane ~:;It:ess fracture toughness, Kf' on the time to failure 

predicted by eq uation 20 in the text. 

Fig. 1\-1 Stre:3s corrosion crack growth rate vs applied stress inten-

sity for different precipitate free zone widths. 

Fig. B-1 The ratio of the slope of the true stress-true strain curve, e­
to the true stress, 0, vs the longitudinal strain, E

L
. (After the 

Krafft-Mulherin model(8)). 
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