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The Mechanical Nature of Stress-Corrosion 
Cracking in Al-Zn-Mg Alloys 

W. W. Gerberich* and W. E. Wood 
".' ~-~· . 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory and 
Department of Materials Science and Engineering, College of Engineering; 

University of California, Berkeley, California 94720 

ABSTRACT 

A detailed study of rapid stress-corrosion-cracking (SCC) in a 

7075-T6 aluminum alloy has allowed separation of the mechanical and 

chemical contributions. This was accomplished by combining scanning 

electron microscopy, stress-wave emission and crack growth rate 

observations as a function of test temperature. These established an 

activation energy of 11.2 kcal/mol, a stress-intensity squared dependence 

of crack growth, and a range of 20-80 percent integranular dimpled 

rupture on the fracture surfaces. 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 existi:ng proposed mecha-

nism could explain the general features of sec but that any theoretical 

model must contain some aspect of the mechanical rupture process found 

in the present study. 

Presently an assistant Professor of Metallurgy, University of 
Minnesota, Minneapolis, Minnesota 55455. 
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INTRODUCTION 

The case for the type of stress-corrosion-cracking (SCC) mechanism 

in aluminum alloys has oscillated between those who advocate a purely 
. . ' 

electrochemical dissolution process(l-5) and those who advocate a com

bined electrochemical-mechanical process. (6- 9 ) From an electrochemical 

viewpoint, most explanations involve localized dissolution at anodic sites 

such as precipitate parti'cles, e.g. Mg;Zn2 , or emerging slip bands within 

the precipitate free zone (PFZ). A combined mechanism adds in some 

discontinuous brittle or ductile rupture process so that the overall 

mechanism is an alternating two-step process. A subset problem area has 

been whether or not the PFZ width of high-strength aluminum alloys plays 

a major role in the process. (lO-l2 ) Although considerab.le work has been 

done on electrochemical and PFZ aspects, there has been relatively few 

quantitative attempts to determine the extent of micro-mechanical 

contributions to sec except for the theoretical model proposed by Krafft 

and Mulherin. (8 ) 

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 process mandate a combined chemical 

and mechanical process? 

If so, what are the relative contributions of chemical and 

mechanical components? 

Can a single thermally-activated mechanism be associated with 

the sec process in high-strength aluminum alloys? 

Although no one program could hope to answer all of these, the following 
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study of 7075 aluminum was designed to attempt a detailed definition of 
I 
I 

the mechanical aspect of the SCC mechanism. Fiirst, a recrystallization 

treatment to aid in providing a reasonable grain-boundary path and a low 

pH solution were utilized to promote rapid SCC. Second, the initiation 

stage was eliminated by starting with a pre-fatigue cracked, edge-notched 

specimen. Third, crack propagation rates were determined a:s a function 

of stress intensity factor to obtain a better mechanical description of 

the growth process. Fourth, tests were run at a relatively constant 

stress intensity level as a function of test temperature to define the 

activation energy of the thermally-activated mechanism. Finally, a 

stress-wave emission (SWE) technique to monitor any discontinuous crack 

jumps and scanning electron microscopy were utilized to separate out 

mechanical and chemical contributions to the growth process. 

EXPERIMENTAL PROCEDURE 

The 7075 aluminum alloy was first cold rolled from .080" to.o6o" in 

thickness and then solution heat treated at 500°C for 3 days and quenched 

in water at 82°C, resulting in a cooling rate of about 65°C per second~(l3 ) 

The material was then aged for 5 days at 88°C to a -T6 temper which has 

been reported(l4) as leading to an increased susceptibility to stress 

corrosion cracking. 

To verify' the properties of the as-received alloy as well as the 

cold worked and heat treated alloy, standard tensi~e tests were done. 

For the SCC tests, single edge notched specimens were machined with their 

tensile axis perpendicular to the grain orientation of the sheet. The 

specimen geometry selected. is that given by Brown· and Srawley, ( 15 ) for 
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which the stress intensity factor may be given in terms of load, P, crack 

length, a, thickness, B, and width, W, by 

Pal/2 
K = y BW 

with Y being the finite width correction factor, 

(1) 

Y = J.Q9- 0.41 (n/W) + 18.70 (a/W) 2 - 38.48 (n/W) 3 + 53.85 (a/W) 4 (la) 

The SEN specimens were pre-fatigue cracked in a tension-tension fatigue 

machine at. a ~K of 13 ksi-in1/ 2 to introduce a crack in approximately 

15,000 cycles. 

The sec tests were done. in a 3.5% NaCl solution with A1Cl
3 

added to 

lower the· pH of the solution to less than two. In order to determine the 

crack growth rate as a function of temperature, the NaCl + A1Cl
3 

solution 

was heated to a controlled temperature, and then allowed to flow slowly 

through a plastic tubing and past the notched area of the SEN specimen. 

A thermometer was inserted into the tubing close to the specimen in order 

to actually measure the temperature of the solution as it passed the 

specimen. 

Elastic stress waves are caused by the discontinuous growth of a 

crack before catastrophic failure. By using a suitable piezo-electric 

transducer attached to the specimen grips, these emissions can be 

detected, if they are within the sensitivity range of the instrument. 

The stress wave emission technique developed by Hartbower et aL(l6-lB) 

has been used to study the, behavior of slow crack growth propagation in 

SEN specimens, and provides an extremely sensitive method for monitoring 



-4-

streRs-wnve em:isRion produced by discontinuous crack growth. The complete 

instrumentation and test apparatus is shown schematically in Fig. 1. As 

the signal is the result of a very small amount of energy being released 

by a discontinuous crack movement, it is necessary to amplify it and to 

filter out extraneous noise. After the test was over the taped· signal 

was played back at 7-1/2 ips (at one-half speed and thus one-half of the 

highest recorded frequency) , so as to be well within the frequency 

response of the galvanometer (5kHz) utilized in the recording oscillo-

graph. The resulting gain of the system comprising the charge amplifier, 

voltage amplifier, and the recorder amplifier of 1 to 3, was approximately 

112,500. 

Standard metllographic techniques were used to examine the microstruc-

ture of the as-received material in comparison to the cold worked and heat 

treated material. The scanning microscope (SEM) employing secondary 

electron emission at 25 kV was used to study the fracture surface of the 

specimens over a range of magnification from 200X to 20,000X. 

EXPERIMENTAL RESULTS AND OBSERVATIONS 

Typical microstructures, as shown in Fig. 2, indicate the as-received 

material contained about 250 grains across the thickness, or a grain width 

of about 12.5 microns. After cold rolling and heat treating there were 

about 70 grains across the thickness or a grain width of about 22 microns. 

The grain le~gth did not change between the·two conditions and averaged 

about 100 microns. Five tensile tests each of both conditions gave the 

average results in Table 1. 
·I 
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sec tests were done at different load levels for short intervals of 

da · 
crack growth so that both K and dt could be determined. Due to the 

geometry of the SEN specimen, the stress intensity level increases and 

the crack grows. Thus, for these tests, the initial value, K , and the . . ' I . 0 I 

I . . I 
final value, Kf, were calculated and an average value assumed. In order 

that there be only a small change in the stress intensity during the 

test, the tests were run long enough so that there would be a relatively 

small amount of crack growth. This also had the advantage of allowing 

little time for additional corrosion of the exposed fracture surfaces. 

The specimens were then broken by loading at 0.13 in/min so that the 

amount of slow crack growth could be determined. Fig. 3 shows a log-log 

plot of the stress intensity versus the slow crack growth rate. The 

slope of the curve, determined by a least square analysis on an IBM co~-

puter, was found to be equal to 2. No crack growth was observed (after 

328 minutes) at a stress intensity of 9250 psi-in1 / 2 . 

Tests were performed to determine the .dependence of the slow crack 

growth rate on the temperature of the environment. The results are given 

in 'l'able 2 and shown in Fig. 4 for three different stress intensity 

levels. Again, a least squares analysis was done to determine the best 

curves that could be drawn through the data points. From the equation 

da Ae-Q/RT (2) 
dt = 

the activation energy, Q, can be computed from the slope of the curves. 

The average value of the apparent activation energy was found to be 11.2 

kcal/mole ± 1.3 kcal/mole. 
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Stress wave activity was observed in all the tests where slow crack 

growth occurred. Fig. 5 shows some representative oscillogram recordings 

of the monitored waves and Table 3 indicates the dependence of the a.mpli
i 

tudJ and frequency of the stress waves on the stress intensity. Due to 
I 

the~,.sensitivity of the system, the bubbles forming by th~ reaction of the 

env:ironment with the material, produced a. noise, which at elevated tem-

peratures made it impossible to distinguish betwee:rt real stress waves and 

the wave produced by the bubbles. Even at 48°C the noise of the bubbles 

made it impossible to ident:ify the stress waves. However, at 33°C and 

below, bubbles did not significantly raise the background noise, and 

allowed stress waves to be observed as a function of stress intensity. 

For example, Fig. 5 shows that the background noise level is negligible 

compared to the stress waves observed during sec tests. The number of 

stress waves per second taken from data stored on the tapes, is only of 

the major waves. The real SWE activity might possibly be somewhat higher, 

involving more low energy waves. The average amplitude of the stress 

waves for each test was obtained from the amplitude_ of the six biggest 

waves in a given time interval. 

Qualitatively then, the SWE observations show that as the stress 

intensity increases, the frequency-and amplitude of the stress waves 

increases. Estimates of the incremental area swept out by the crack have 

been made by Gerberich and Hartbower. (l6) Quantitatively, a relationship 

between the incremental crack growth and stress wave activity has been 

suggested by Gerberich, et al. ( 19) Based on experimental work·on an 

Al-Zn-Mg alloy, he derived a semi-empirical relationship of the form 

,_ 
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g = ( 3) 

where g is the amplitude of a stress wave, ~A is the incremental area 

swept out by a crack as associated with one stress wave, e is the distance 

between loadingpins, Cis a constant of about .02, and E is Young's 

modulus. By carefully calibrating the instruments shown schematically in 

Fig. 1, the amplitude of the stress waves can be expressed in terms of g. 

For the settings used in these tests a stress wave amplitude of 1.9 inch is 

equal to .0008 g. Table 3 shows the calculated values of ~A for differ-

ent stress intensity levels based on equation (3). · 

Next, consider the metallographic observations. Fig. 6 shows repre-

sentative macroscopic fracture features for all the tests .. Indicated on 

the figure is the pre-fatigue cracked region (A-B), the slow crack growth 

region (B-C), and the unstable crack growth region (C-D) .. Figs. 7-10 

show the microscopic details of the fracture sUrfaces. At low temperatures, 

the time of the tests was longer, and therefore the solution was in con-

tact with the fracture surface for longer periods of time, thus destroying 

many of the fine details. This made it difficult to find any areas of 

dirnplE~d rupture thut might hrtve been present ini t.ially. However, at high 

temperatures with shorter exposure times to the environment, fine detail 

can be observed. Fig. 7 shows the two general types of morphology ob-

served: (A) a relatively flat smooth surface and (B) a dimpled rupture 

type surface. A comparison of Figs. 8 and 9 shows that as the stress 

intensity level increases, the amount of dimpled rupture also increases. 

The dimpled regions represent discontinuous jumpingor tearing of the 
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material, as compared with the relatively flat surfaces which might be 

indicative of continuous electrochemical dissolution. Besides the two 

general characteristics of the fracture process, there were also some 

artifacts on the fracture surface due to fracture of precipitated salts. 

For example, Fig. 10 (A-B) clearly shows one region of a test specimen 

containing what seemed to be deposits of the solution. This was verified 

by taking the solution, drying it on a nickel plate, and examining it 

under the scanning electron microscope. As seen in Fig. 10 (C-D), the 

features of the residue are perfectly smooth with no texture present; the 

cracks in the residue are formed as the solution dries and the salt 

shrinks. Comparing Fig. lO(C) to lO(B) at the same magnification strong-

ly indicates that this feature is not characteristic ,of the fracture sur-

face'and is merely a result of fractured salt crystals. 

DISCUSSION 

Th .. . t. t . ( l-5 ) f . 1 1 , t h . . 1 ose 1nves 1ga ors avor1ng a pure y e ec roc em1ca process 

have considered how either matrix slip bands or a preferred slip in the 

PFZ might assist anodic dissolution. On the other hand, there are 

those (2o) ·who h t d th t · b d · k · 1 t d ave sugges e a a gra1n- oun ary crac 1s nuc ea e 

mechanically, and then propagates by an electrochemical mechanism or, 

alternatively,( 2l) is nucleated by an electrochemical mechanism and then 

propagates mechanically. Various modifications of these with the influ-

ence of precipitate particles as the dissolution site have also been 

(14) 
proposed. A recent review of most of these mechanisms has been pre-

(2) 
sented, and thus a reiteration will not be attempted here. However, 

it is useful to reconsider those mechanisms with respect to the present 

findings. 
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F'ir::>t, one can state unequivocally from this study, that: 

(1) The site for the SCC process is in or at the interface of the PFZ. 

(2) A thermally-activated mechanism controls the rate of crack growth. 

(3) The crack growth rate increases with increasing stress intensity. 

(4) Fractographic and stress-wave emission studied show that the crack 

growth process is discontinuous, with mechanical rupture being a 

significant part of the growth mechanism. 

All mechanisms are compatible with the first point. The second point 

suggests a thermally-controlled corrosion and/or diffusion process, which 

is also comput i.ule with all mechanisms. 'l'he third point would be a little 

difficult to understand if only an electrochemical dissolution process 

were involved. One could argue that with higher stress intensity factors, 

there are more sites, e.g., greater frequency of slip bands, and hence 

more rapid anodic dissolution. However, in lieu of additional evidence, 

it is more satisfying to consider that the excess mechanical energy 

results in larger amounts of mechanical rupture. At least for the pre-

sent investigation, the previous point is clarified by the fourth point 

which definitely confirms the discontinuous, mechanical feature of the 

:~;cc process . 

Mechanical Nature of the Process 

In light of the present findings, it is useful to consider why the 

mechanical aspect of the sec mechanism has previously been rejected. 

Probably the most formidable argument is that. there has been little 

evidence on the fracture surfaces to suggest a mechanical fracture pro

cess. Jacobs( 7) did report having evidence of mechanical rupture, but 
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:the corrosive nature of the "dimples" seemed to sev~ral others( 22 ) to 

make this evidence inconclusive. In a similar set of experiments on a 

. . (10) 
Al-Zn-Mg alloy, Sedriks, et al. reported no evidence of microvoid 

coalescence in the stress-corrosion areas. However, they did find dimpled 

rupture ,<;m the part of the specimen that failed by the rapid mechanical 

.. ··.·.· .. I . 
fracture :that terminated the test. Even though this rapid fracture part 

of the sUrface was exposed to the environment for some time, the dimples 

observed in that area were not attacked by corrosion. They then argued 

that if dimples existed in the sec part of the fracture surface, these 

also should not have been corroded and hence should have been detected by 

eithe;r scanning electron microscopy or fractography. They therefore .con-

eluded that since no microvoids were in evidence, then the process must 

be purely anodic dissolution. The salient point of their argument is 

that the dimples forming under rapid crack growth would be as likely to 

corrode as dimples forming under sec conditions, given equal time of 

exposure to the environment. However, there is no evidence to this 

effect and in fact, it is more likely that the conditions just behind a 

slowly growing crack would be more conducive to corrosion attack. Both 

the potential and the pH conditions would be considerably 4ifferent from 

an unstressed, completely exposed fracture surface. Moreover, the pre-

sent stu~ has definitely established the fact that microvoid coalescence 

may be an integral part of the sec mechanism in 7075-T6 aluminum. Thus, 

it is probable that Jacobs( 7 ) did observe microvoid coalescence associated 

with SCC. The fact that the microvoids were heavily corroded suggests 

that in many previous cases, obliteration of the true fracture surface· 
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details may ho.ve led some investigators to conclude, erroneously, that 

the mechanism was entirely devoid of any mechanical process. 

Of course, it might be argued that the present data represent a 

relatively unique case and that this situation is not characteristic of 

other aluminum alloys. However, it is significant that the crack growth·. 

rate dependence on stress intensity is nearly identical to the K2 depend

ence observed by Tetelman and McEvily( 23 ) for Al-5. 5Zn-2 .5Mg in a neutral 

NaCl solution. The only difference was that the present growth rates 

were faster by a factor of four. Nevertheless, this is consistent with 

(24) . . . 
the fact that McHardy et al reports a factor of four decrease J.n time 

to failure for 7057-T6 stressed in an NaCl + AlCl
3 

solution where the pH 

is less than two as compared to a neutral NaCl solution. 

One further argument for the mechanical nature of the SCC process · 

is the comparison of crack growth rates in air to those obtained in salt 

solutions. From dead-weight loaded specimens of an Al-Zn alloy tested in· 

air,(l9) it was found that the crack growth rate increased as the crack 

length increased. The stress and crack length data were converted to 

stress intensities and a functional dependence of crack growth rate on 

stress intensity was found to be 

2 da/dt = m (K-K ) nucl . ( ~). ' 

where m was a constant of 6xlo-11[psi2-minF1 • K w:as the applied stress· .. · 

intensity and K 
1 

was the stress intensity at which cracks first started nuc 

growing during a rising load test. This latter value was essentially a 
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measure of how resistant the PFZt was to crack nucleation. A derivation 

based upon plastic energy dissipation in the grain boundary region gave 

K =(id)l/2 £* ~ E nucl 
(5) 

where~ ls a constant, dis the grain size,£* is the fracture strain in 

the grain boundary region of width, ~' and E is the modulus of elasticity. 

Considerable data for 400 and 1000 ~ grain sizes supported equations (4) 

and (5). For clari~y, just the calculated curves are shown in Fig. 11. 

In addition, the data of the present investigation are shown. Using an 

approximate value of 15,000 psi-in
112 

for KISCC and letting KISCC = Knucl' 

it is seen that an identical equation to equation (4) fits the present 

data in Fig. 11 with the exception that 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. 11. However, the character of 

the precipitate and PFZ in these two cases is entirely different, 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 alloy. This is 

manifested in the yield strengths which were 47,500 psi for the Al-25% Zn 

alloy(l9 ) and 56,800 psi for the 7075-T6 of this study. Thus, there is 

no .!!. priori reason to expect these two sets of data to be completely con-

sistent. The prominent feature is that both crack growth mechanisms may 

be described by the· same general mechanical equation• Furthermore, the 

t In this context, the PFZ width involved includes the whole region 
surrounding the precipitate plus precipitate free zone. 
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character of the dimpled rupture surfaces in the grain boundary regions 

of the present study are identical to those observed for the Al-25% Zn(l9 ) 

fractured in air. This does not mean to suggest that SCC is purely a 

mechanical process as this is obviously not the case. These results, 

however, do strongly suggest the necessity for incorporating a mechanical 

rupture feature into any proposed sec mechanism. 

Thermally-Activated Nature of the Process 

Before specific models are discussed, it is first useful to consider 

the kinetics of the growth process. S . (5) 
edriks, et al. · have suggested 

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

with an anodic dissolution process. In the present investigation, crack 

growth rates as high as 0.07 in./min at 68°C and .006 in./min at room 

temperature were observed which would tend to eliminate any mechanism 

dependent entirely upon anodic dissolution. However, invoking a combined 

chemical and rupture process allows most of the features of most mecha-

nisms to be rationalized. The absolute magnitude of the growth rate pro-

cess is not particularly illuminating in itself. Its variation with 

temperature does indicate something about the thermally-activated process. 

Th,e apparent activation energy for the process was determined to range 

from 10 to 12.5 kcal/mol with the average value being 11.2 kcal/mole. As 

shown in Fig. (4), this value was essentially independent of stress 

intensity factor. This is significant since it suggests that the same 

thermally-activated mechanism is controlling from the start to the end of 

the crack propagation stage. 
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To see if this might be a true activation energy, apparent activation 

energy data for SCC in several aluminum alloys are presented in Table 4. 

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 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 anothermight be controlling crack propagation. 

Thus, for crack incubation in smooth samples, a disproportionate amount 

of time might be necessary 'at low temperatures as compared to high temper-

atures. As a result, the curve of log tf vs. 1/T cquld be steeper than it 

should be if only cracking were considered and anomalously high adivation 

energies would be measured. This effect would be least likely to manifest 

itself at the highest stresses where crack nucleation would be considerably 
(27) . 

easier. In fact, for Helfrich's data, the highest stress level gives 

an activation energy (16.9 kcal/mol) that is closest to those observed by 

other investigators. Furthermore, one might expect that if crack nuclea-

tion by some electrochemical process is considerably easier for one condi-

tion as compared to another, as in the case of the two conditions studied 

by Romans and Craig,( 2B) then the more resistant one might be expected to 

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

anomalous result in Table 4 is the 40 kcal/mol value cited by Tromans and 

Pathania( 26 ) for Al-6Zn-3Mg near.80°C. If a value of about 12 kcal/mol 

is taken as being typical of the true activation energy, it is appropriate 

to consider what thermally-activated mechanisms, might be responsible. 

' -
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In general, several mechanisms such as anodic dissolution( 29 ) and 

hydrogen diffusion,( 30- 31 ) that have already been associated with the sec 
:~·'\iio··~ 

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

nisrns such as creep and grain boundary sliding, which might control the 
I 

plastic flow characteristics and hence be the Tate-determining mechanism 

of the rupture process, are considered. As seen in Table 5, eight mecha-

nisms, some of which are interrelated, are listed. ·Although the range of 

activation energies is about 10 to 80 kcal/mol, there are a cluster of 

activation energies in the appropriate range of 10-15 kcal/mol. Since 

· all of these mechanisms cannot be considered in detail, a brief statemen:t 

about each one will be given with some additional amplification of mecha-

nisms II and VIII. 

For Mechanism I, a dissolution rate was picked to account for almost 

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

about 80 percent of the growth appeared to be a non-rupture process. This 

is comparable to an exchange current density of about 1 amp/cm
2

, which, 

in conjunction with the standard rate equation,( 29 ) gives activation 

energies of about 10.3-14.4 kcal/mol. The range in activation energies 

was determined considering an increasing number of active dissolution 

sites which could be produced by either emerging dislocations, vacancies, 

di-vacancies, or impurity atoms, as enhanced by deformation at the crack 

t . ( 32) 
lp. 

C .d . h . II 1 . t• t ( 30-3l) h t d. ons1 er1ng mec an1sm , severa 1nves 1ga ors ave sugges e 

hydrogen involvement in the SCC process. Particularly interesting was the 

location of hydrogen in grain boundaries by Haynie and Boyd.( 4) Auto-

radiographic analysis of specimens cathodically charged in a tritiated 
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solution showed definite concentrations of hydrogen at the .grain bound-

aries of a stressed Al-4 Zn-3 Mg specimen but not in an unstressed one. 

. (33) 
Later, Foster, et al used the same technique 'to indicate that stress~ 

induced hydrogen migration provided concentrations in slip bands during 

t ·1 a f t' LI · a. B a'' (4 ) 1. · th t h a ens1 e e erma 1on. .ayn1e an oy s cone us1on was a y regen 

may be 'involved in the sec mechanism 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 pre-

sence of hydrogen might be thought of as effectively reducing the activa-

tion energy for anodic dissolution. Hence, the diffusion of hydrogen 

could be the thermally-activated mechanism controlling localized cerro-

sion. Some evidence of the hydrogen effect has been obtained by Tromans 

and Pathania ( 26 ) who showed that crack incubation times could be decreas-

ed by a factor of two or three through a cathodic charging treatment just 

before the actual SCC test. However, if the hydrogen was allowed to 

evolve during a delay time, there was no decrease in the crack incubation 

time. Objections to the hydrogen mechanism have been raised( 34 ) on the 

basis that various aluminum alloys may be cathodically protected even 

when hydrogen is evolved as a cathodic reaction product. However, a 

hydrogen mechanism is not necessarily inconsistent with cathodic protec-

tion. All that one has to state is that an appropriate potential for 

dissolution is a necessary ingredient. Give;n this, the hydrogen may be 

the rate controlling factor with respect to SCC. 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 



-17-

and hence no SCC takes place. This was further suggested by Tromans and 

(26) Pathania who ran a control specimen with respect to their previous 
:~~.,~ 

hydrogen charging experiments. They demonstrated that cathodic charging 

during the SCC test retarded crack initiation and concluded that conjoint 

tiction or stress, dissolution and hydrogen were necessary for cracking to 

occur. 

The effect discussed by Haynie and Boyd( 4) is in connection with a 

corrosion mechanism suggested by Dignam(35 ) wherein the diffusivity of 

+++ Al in the oxide film could be the rate controlling process. 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 consi-

derably more than half through a vacancy mechanism. A similar statement 

is applicable to mechanism IV. 

Mechanical processes such as creep (V) and atmosphere-drag control 

of yielding (VI) are only speculations but could conceivably control 

either the dissolution part (through the production of dissolution sites) 

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

of pure aluminum is controlled by a cross slip mechanism in the range of 

0 to 100°C( 36 ) while creep of an Al-3.2% Mg alloy has an anomalous rise 

in the activation energy near 60°C. It is thought that this large activa-

tion energy is a sum of two energies, that for cross slip and that for 

(36) activation of dislocations from their atmospheres. Whether or not 

this.rise in activation energy is connected to the.anomalous increase in 

activation energy found by Tromans and Pathania( 26 ) at 80°C in an Al-Zn-Mg 
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alloy is unknown. However, it is known that in Al-Mg alloys, the activa-

tion energy for the Portevin Le-Chatelier effect, which is an atmosphere

drag mechanism, is near 12 kcal/mol up to about 40°C.( 37 ) Although at-

mosphere drag could not be seriously considered, in the bulk of fully aged 

specimens, it is possible that this couldibe aneffect in partially aged 

specimens, particularly 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 imp{u.ity 

atoms are listed in Table 5, the grain boundary self diffusion of Al would 

be represented by a similar value. In fact, assUllling avacancy-diffusion 

controlled mechanism, one obtains 14.7 kcal/mol. ( 38 ) This leads to 

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

climb mechanism, might be the dominant deformation mechanism in the grain 

boundary region. 
(39-40) . . ' 

Although most authors have suggested that grain 

boundary sliding, as an effective creep me~hanism, should be relegated to 

temperatures above 0.5 'I'm, Garafalo( 4l) considers that it might be effec- · 

tive as low as 0.3 'I'm. One must also consider that deformation at a crack 

opening is considerably different than creep under .a uniform stress field. 

The accommodation 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(l9) 
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wherein the controlling mechanism might be a form of grain boundary 

sliding. 
·. (42) 

In addition, Mullendore and Grant show some evidence of 

room temperature grain boundary sliding in polycrystalline aluminum. 

Thus, if one could assume that grain boundary sliding is the thermally 

activated process, a vacancy-diffusion controlled climb mechanism would 

give an activation energy of 14.7 kcal/mol. Evidence of a mechanically 

controlled process comes from some fatigue crack propagation studies by 

Wei ( 43 ) who indicated that the range of apparent activation energies 

obtained in aqueous solutions were similar to those obtained in dry 

gaseous environments. Clearly, some additional studies of crack growth 

under static load conditions on some fairly simple aluminum alloys in 

both aqueous solutions and dry gaseous environments are required to deter-

mine the actual thermally activated mechanism. 

As a summary statement to this general discussion, it is suggested 

that any proposed sec model "should incorporate the following features: 

(1) A crack nucleation mechanism: This could consist of a 

mechanical rupture at the PFZ or an electrochemical 

dissolution at anodic sites. 

(2) A time-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 "cleavage'' or ductile 

tearing process during the slow growth electrochemical 

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

stress-intensity dependent rapid growth stage. 
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In the following sections, a number of stress-corrosion-cracking models 

will be reviewed wlth respect to these features. Since it has been 

clearly shown that sec in this metal environment situation is a combined 

process, those models dealing exclusively with electrochemical aspects 

will not be· emphasized. 

SCC MODELS 

PFZ Model 

. ( 1 3 5 10 20 45) 
Many sec models have been proposed ' ' ' ' ' which incozi>orate 

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

ferred dissolution or ease of mechanical rupture. In any of these, the 

crack growth rate may be given by 

da/dt = f(K) g(T) (6) 

The stress intensity parameter, f(K), can be rationalized in terms of 

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

ical jump, both of which would increase with increasing stress intensity; 

Because of tpe mechanical nature of the sec process determined in the 

present study, the latter interpretation will be favored. The functional 

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 for- · 

mulation similar to equation (4) except for the missing parameter, K 1 • nuc 

As discussed before, making Knucl = Klscc gave a reasonable fit to the 

data of this investigation.in Fig. 11. One physical interpretation of 

this would be that a certain stress intensity is necessary to nucleate 
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fracture in the grain boundary region, thereby breaking the oxide film, 

before anodic dissolution could proceed. This is somewhat different than 
"l) 

;1,,~-l_.i};..rrf-?; ( ) 

the models proposed by Thomas and Nutting, 1 who suggested preferred 

. . (20) 
anodic dissolution at the PFZ; by Pugh and Jones who suggested mechan-

ical crack propagation in the weak PFZ; and by McEvily, et al.< 45-46 ) 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} while the second concept 

2 
could be related to the excess mechanical driving force, (K-KISCC) , for 

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

with the stress intensity to rupture the oxide film so that dissolution 

could proceed. Note, here, that this is considerably different than the 

normal film-rupture process wherein the crack propagation process is 

controlled solely by the thickness of the brittle film. In the present 

interpretation, the film thickness would be.of a negligible size compared 

to the actual crack movement consisting of a combined dissolution and 

ductile-tearing process. 

The major difference between the present interpretation and the 

anodic dissolution interpretation is that the effect of PFZ width is con-

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

stress-intensity effect is probably to provide sufficient mechanical 

energy to make the crack grow. Thus, given two specimens at the same 

stress intensity level with different PFZ widths, the more crack-resistant 

the PFZ, the more anodic dissolution necessary before mechanical growth 

takes place. In this way the crack growth rate and hence the time to 
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failure could be drastically altered by the PFZ width. To see if this 

mechanical interpretation was viable, some results of Sedriks, et 1 
(10) 

a . 

.. were analyzed. They demonstrated that by increasing the PFZ width of an 

Al-5.3 Zn-2.5 Mg alloy from about 0.04JJ to 0.35JJ, they could increase the 

time to failure in a 3.5% NaCl environment by a factor of eight. Utiliz-

ing equations (1) and (2), it is shown in Appendix A that the present 

mechanical interpretation gives the time to failure by 

K K 
_;;::nu.:=.;;;.cl::::......_ + nucl 
K -K K-K f nucl o nucl 

(7) 

,where K
0 

and Kf are initial and final stress intensities. It is seen 

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

in applied stres~ or a de9rease in the resistance of the PFZ, i.e., a 
. I 

decrease in K 
1

, would decrease the time to failure. Also, it mey- be nuc 

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

a crack in the PFZ; the solution is imaginary and if K =K 1 , the o nuc 

failure time is infinite. This equation, along with a value of 

10- 12 ( ·-2 · )-l · t.h . t h . F' 12 ps1. m1.n , g1. ves e a.greemen s own 1.n 1.g. • 

This unusually good agreement would normally be justification for 

embracing this model except that DeArdo and Townsend( 47 ) have recently 

repudiated the· PFZ interpr~tation of Sedriks et al. (lO) Utilizing a 

f;limilar Al-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 SCC susceptibility was more a func~ion 

of matrix and grain boundary precipitation rather than PFZ width. They 

claimed that since Sedriks, et al.(lO) v~ried both PFZ width and matrix 
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precipitate simultaneously, the real reason for the observed variation in 

failure time was the difference in matrix precipitation which affects the 

matrix deformation mode and hence the sec susceptibility according to 

Speidel. (ll) Although it is clear that such a claim is reasonable for 

crack incubation, it is not so clear with respect to crack propagation. 

As the approach considered herein is only applicable to sec, additional 

tests on microstructures similar to those studied by DeArdo and Townsend 

should be evaluated with respect to crack propagation rates under con-

trolled stress intensity conditions. Presently, it must be recognized 

that although a PFZ model can give the right trend in sec susceptibility, 

this is quite possibly fortuitous to a large degree. 

Jacobs 

Jacobs( 7 ) assumed that crack propagation occurred by a series of 

chemical-mechanical steps between MgZn
2 

particles, wherein the chemical 

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

cal step was of a brittle type between particles. Jacobs was right in 

general terms about the discontinuous nature of the sec process, as was 

Dix( 6 ) much earlier, but the details of his model do not encompass 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 unrealistic, it 
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gives an excellent correspondence between the average jump distance and 

the,f:3pacing between MgZn2 particles. For example, taking da/dt to be 

2.7 xlo-5 in./sec and t.t to be 0.5 sec, the jump distance is 1.35 x 10-5 
s 

in. For all of the data in Table 3, the average value is about l. 32 x 

10-5 in. or about 0. 33ll which is very close to the spacing between MgZn2 

particles (0.36ll) observed in replica and transmission electron micro

graphs published by Jacobs. (7 ) However, this agreement is undoubtedly 

fortuitous since it would require that all growth is mechanical in nature 

which clearly is not the case from the fractographic evidence. Further-

more, it is difficult to rationalize the crack front moving as an entity 

over such a short distance. The second extreme is thus probably a more 

realistic assessment. This will be discussed in more detail under the 

proposed model section where it is shown that the average unit step 

(Table 6) is probably an order of magnitude larger than the spacing 

between MgZn2 particles. Furthermore, as seen in Table 3, the number of 

SWE/sec increases very rapidlywith the amount of dimpled rupture ob-

served, 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 con-

sidered which do include relatively large scale mechanical jumps.· 

Krafft-Mulherin 

·. ( 8) 
This model assumes that there is a critical ligament size, ~' 

involved in ductile fracture instability and that the condition for 

fracture of this ligament may be reduced by chemical attack around the 
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periphery of the ligament. In Appendix B, the appropriate plastic flow 

parameters are determined and a fit to this model yields as a reasonable 
. 't.~:t.;. ~-

approximation that 

da/dt 
64VsE [2ndT]l/2 

::: 

E[2n~] 1 /2 - 8K 
(8) 

where V is the dissolution rate or chemically-controlled attack rate. 
s 

Although it is shown in Appendix B that dT agrees very well with the 

average unit jump distance given in Table 6, this model can be objected 

to on two grounds. First, it may be shown that equation (8) gives a 

{1/(KCR-K)} dependence of crack growth rate which'is considerably differ-

2 ent than the K dependence observed in Fig. 3 and reported by Te,telman 

ru1d McEvily.( 23 ) Secondly, if the electrochemically-controlled portion 

of the SCC mechanism is associated with Vs, equation (8) is clearly in 

violation of the present study. Calculation of da/dt in terms of V s 

showed that for the stress intensity range of this investigation, equa-

tion (8) would give da/dt to range from about 100 to 500 V . This is 
s 

contrary to the present findings which indicated that the rupture and 

corrosion contributions were nearly equal in magnitude. 

McClintock-Irwin 

Whereas Krafft and Mulherin's model( 8 ) is based upon an elastic 

stress distribution, McClintock and Irwin( 48 ) have considered a fracture 

model ·based upon elastic-plastic considerations. Although little use of 

this has been made with respect to stress-corrosion-cracking mechanisms, 

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



-26-

arising from interstitial diffusion of hydrogen( 49 ) and:carbon(l7) in 

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

critical microstructural unit, ~*,which ~ractures when the 

fracture ductility, e:*, 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 

(9) 

If one can describe the thermally-activated mechanism to give the second-

ary incubation time between jumps, 6t , then the crack growth rate is s . 

given by 

da/dt = ~*/6t s = (10) 
2no Ee:*6t ys s 

Although this equation gives the correct K2 dependence of growth rate, 

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

is not a sufficient description of the corrosion-dependent velocity 

component. 

Empirical Model 

Rather than attempt to create a model based upon many a priori · 

assumptions, the following treatment will only describe what has been-

observed experimentally and so will not define the. actual mechanism. 

It will, however~ describe the step-wise process 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; 
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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 

subjump is represented by a stress wave. Thus, the secondary incubation 

time for one unit step of the whole crack front, ~t:, is given by 

~t* = ~t (B/W) 
s s 

(11) 

Considering that the average grain width is about 22~, the 1540~ thick 

specimens would give 70 subjumps per unit step. Using equation (11) and 

~ts measurements from Table 3, the ~t: values are.given in Table 6. Con

sidering the step size, it is obvious that the total unit step, ~t' is 

made up of chemical, ~c' and mechanical, ~j' components, giving 

~' = ~ +~ 
t c j 

(12) 

One can separate the components by utilization of the approximation of 

the dimpled rupture fraction, R, estimated from the scanning electron 

microscopy. First, it is apparent that 

(13) 

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

average crack growth rate by the secondary incubation time for the whole 

crack front giving 

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

~j = R(da/dt) ~t: (15) 

and as .. a last step, t may be obtained from equations ( 13) and ( 15). In 
c 

this manner, the values of ~t' tj and ~c were obtained as given in Table 

6. It is seen that tt is nearly equivalent to the grain size width and 

that t. increases with stress intensity while t decreases with stress 
J c 

intensity. One final determination was an experimental estimate of the 

subjump width. If every SWE is associated with a subjump, then the size 

of this SWE should be representative of the area of ductile rupture which 

is t. in length. The width is simply ~/t. which from Tables 3 and 6 
J J 

gives the width to range from 6.6 to 32.2~. Within the accuracy of the 

experimental measurements and the applicability of equation (3) to very 

small jumps, it is not unreasonable to take the average jump.width to be 

approximately a grain width (22~). Note that this strengthens the orig-

inal assumption at the start of this section. 

These findings may be incorporated into a model as depicted by Fig. 

13. Each subjump is represented by a chemical .and mechanical part that 

totals a grain boundary width by a grain boundary width in area. Since 

the most highly stressed points are the grain-boundary triple points, it 

is most 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 intensities. This is logical since 

it is known that an increasing volume fraction of holes decreases the 
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fracture ductility during the rupture of relatively soft materials. ( 50) 

If one wanted to invoke a critical fracture strain criteria over the 

whole region, it may be shown via equation (9) that increasing the number 

of holes by greater chemical attack should decrease·the fracture strain 

irom.0.66 (K = 48,1300 psi-in1 / 2 ) to 0.18 (K = 25,400 psi-in1/ 2 ). Alter-

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

stress intensities could tear relatively large bridges as compared to 

low stress intensities. It is next appropriate to describe these experi-

mental observations in terms of stress intensity factors so that a more 

quantitative treatment is possible. 

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

less than KIScc· In terms of the applied stress intensity and KISCC' a 

reasonable first approximation for J1, is 
c 

Jl, 
c "" 

KISCCW 

2 (K-KISCC) 

Since Q.t - W, it follows from equations ( 12) and ( 16) that 

t. ~ 
J 

(2K-3KISCC)W 

2 (K-KISCC) 

( 16) 

(17) 

In Fig. 14, it is seen that equation (16) and (17) represent the data 

reasonably well. In the relatively small stress intensity increment 

where t - W, the physical significance of tpese equations are question
c 

able but it will soon become apparent why these particular representa-

tions were chosen. With this rough description of Jl,c and Jl,j' it is next 

possible to consider the thermally-activated mechanism. Although the 
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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 5, this may differ from several 

other approaches by only a constant. For the moment, assume that hydro-

gen must diffuse a distance R. to maintain the [corrosion process. Fur-. c 

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

1 ~ a[DAt*] 1/ 2 (18) 
c s 

Using the second estimate of Q and D for hydrogen diffusion in Table 5 
0 

and the values of At* from Table 6, it was found that a value of a = 4 . s 

gives· about a factor of two agreement with the experimental values of R. 
c 

from Table 6 and the calculated values from equation (16). Physically, 

a constant of four could be interpreted in terms of a thin slab of hydro

gen be.ing created at the surface, wherein R. is about the furthest in a 
c 

small amount of hydrogen could diffuse in a time At*. However, besides 
s 

. t the difficulties in depicting the physical reality of such a process, 

adequate assessment of potential gradient (stress) and concentr.ation 

gradient effects have not been made. Although this is possible, it is 

premature until greater physical evidence of a hydrogen mechanism is 

available. Furthermore, in keeping with the degree of accuracy repre-

sented by the other estimates, equation (18)is reasonable. ·with a value 

t The actual electrochemical process is more than likely a series of 
events within a region R. • For example, consider a number of defects in 
an oxide film as producea 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 n 
such sites. 
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of four.for a, combining equations (16), (17) and (18) gives 

da/dt "' 
11. +11. 

c j 

* llt 
s 

64D e-Q/RT 
0 

w (19) 

It may be shown that this equation matches the data of this investigation 

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

that it is equivalent to equation (4) if mistaken as 64D/WKISCC2 In 

Appendix A, equation (4) was utilized to derive the time to failure in a 

SCC test. A similar derivation can be accomplished utilizing equation 

(19) which leads to 

[

K -K ] 

ln (:;}S:::rscc - (20) 

where the equation is purposely put in terms of KISCC, Kf and K
0

/Kf. 

Taking Kf as unity, the general form of the equation is depicted in Fig. 

15 for several values of KISCC/Kf. Although detailed results could not 

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

to aluminum alloys, such curves are found for stress-corrosion-cracking 

(51) behavior of titanium alloys. . 

In summary, the sec mechanism at the precipitate..:free-zone of alumi-

num alloys is an extraordinarily complicated process. No simple one 

parameter analysis can be generalized to explain the ph~nomena observed. 

Although phenomenological models can be derived which adequately describe 

the crack propagation behavior, interpretation of the actual mechanism 

do~ not necessarily follow. The present. analysis has not particularly 
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rejected the general aspects of any one theory and, in fact, some aspects 

of mechanical rupture models have been revitalized. It is hoped that the 

present study has clarified some areas where further information is 

needed before more exact models of SCC behavior in aluminum alloys can be 

evolved. 



Table 1. Mechanical properties of 7075~T6 aluminum 

Yield Strength 
(0.2% offset) 

(psi) 
Ultimate Strength 

(psi) 

As received material 71,500 ~ 1100 80,700 ~ 400 

Rolled, solution 
H. T. , and aged · 56 , 800 + 1200 79,000 .~ 1200 

% Elong. 
( 1. 0 in . gage ) 

11.6 + 1.6 

15.2 + 1.8 

% Reduction 
of area 

28 + 8 

26 + 3 

-. 

::~ 

L, 
w 
1 
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'l'able 2. sec data from crack propagation tests. 

Test Time Crack· Crack Growth 
Temp. Stress Intensities Increment Increment Rate 

T K Kf K ~t Mi da/dt 

(OC) ( ~ . 1/2) ( . . 1/2) AVE· 1/2 
(min) (in.) . (in. /min) ps1-1n. ps1-1n. (psi-in. ) 

10 36,100 39,500 37,800 4'"(.0 .o48 .0010 

23 45,400 50,700 48~050 14.8 .070 .0047 

23 44,700 50,000 47,400 5.2 .070 .0135 

23 34,700 38,500 36,600 19.3 .070 .0036 

23 36,500 38,500 37,500 21.4 .043 .0020 

23 32,200 36,800 35,500 14.7 .055 .0037 

23 27,600 40,000 33,800 73.0 .270 .0037 

23 31,700 34,700 33,200 25.5 .065 .0026 

23 24,000 27,500 25,800 26.0 .090 .0035 

23 23,800 26,300 25,000 47.0 .077 .0016 

23 21,800 25,700 23,800 60.0 .110 .0018 

32 46,900 49,900 48,400 5.2 .045 .0086 

33 35,100 35,500 35,300 6.7 .025 .0037 

33 23,800 25,000 24,400 7.6 .040 .0052 

43 34,400 37,600 36,000 4.2 .063 .0150 

43 25,600 27,500 26,500 9.4 .050 ~0053. 

43 25,300 26,500 25,900 5.3 .045 .0085 

48 47~700 51,500 49,600 1.4 .055 .0402 

53 34,800 38,800 36,800 2.8 .070 .0250 

53 24,900 28,500 26,700 7;5 .090 .0120 .. 

53 24,6oo 27,400 26;ooo 11.4 .080 .0070 
62 26,200 25,200 25,700 0.8 .010 .0122 

62 25,300 25,300 25,300 1.2 .025 .0220 

68 47,300 48,700 48,000 1.1 .076 .0724 

73 36,100 37,300 36,700 0.9 .045 .0500 

73 25,500 25,600 25,550 1.0 • 020 .0200 . 

73 24,600 24,400 24,500 0.75 .020 .0267 
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Table 3. Stress-wave and fractographic observations. 

K . . 1/2 
AVE' ps1.-1.n. SWE/sec 

25,400 23 2.0 
; 

36',200 33 6.6 

48, 300 23 11.0 

K . . 1/2 AVE' psl.-l.n. da/dt, in./secx105 

25,400 2.7 

36,200 10 

48,300 12 

flt , sec 
s 

0.5 

0.151 

0.091 

Dimple Rupture, % 

20 

33 

80 

g, 
SWE2Ampp tude , 2 6 ft/sec x10 , t.A, in. x10 

2.3 0.24 

3.6 0.18 

5.7 0.16 



Table 4. Activation energies for SCC - observed. 

Activation 

Material(a) 
Test Type of Parameter Energy 

Investigator Condition Solution Test Measured kcal/mol 

Al-22Zn - Ethanol - . 11-12 

Tromans Notched 
tl 

incubation 
and Al-6Zn-3Mg - Ethanol round 11-12 

Pathania( 26 ) 
time 

3% NaCl + 
tensile for 12-14 (b) Al-6Zn-3Mg - 2.5% K2Cro4 bars crack 

Al-6Zn-3Mg 3% NaCl + nucleation -40(c) - 2.5% K2Cro4 
I 

Al-4Zn-2.8Mg 
w 

s( d) 3.5% NaCl Smooth 0\ 

14 I 

Romans (Fe-Cr-Mn-Cu) pH-6 tensile and tf 
C-ring time and Al-4Zn-2.8Mg 3.5% NaCl . (28) R(d) to Craig (Fe-Cr-Mn-Cu) pH-6 C-ring 19 

failure 

Helfri-ch ( 27 ) 
Al-4.2Zn-2.5Mg 3.5% NaCl 

(Fe-Cr-Mn-Cu) T64 
pH-6 C-ring tf 16.9-20.4 

Present Al-5.6Zn-2.5Mg- 3.5% NaCl + Single-edge 

study 1.6cu(cr .... Fe) T6 
AlC13 ~ pH-1.5 notch tensile da/dt 10 - 12.5 

(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. _ 
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Table 5. Activation energies - possible mechanisms 

Activation 
Energy 

Mechanism Q, kcal/mol 

I. Anodic 
Dissolution 10.3-:-14.4 

II. Hydrogen 
Diffusion 

III. Al ions 
in Al2o

3 

IV. Bulk self
diffusion· 

V. Creep: in Al 
in Al-3.2% Mg 

VI. Serrated 
yielding in 
Al-Mg 

VII. Grain
boundary 
diffusion: 
Cu in Al 

Zn in Al 

VIII. Grain
boundary sliding 

11-13 
10.9 

36.8 

28.7 

28 
28-80 

9.7-12.9 

12.8 

-11-17 

TeiiJ.perature 
Range 

Investigated, °C 

-25 

570 to 630 
450 to 600 · 

280 

239 to 547 

0 to 100 
-30 to 120 

-40 to 40 

200 to 325 

340 

>0.3T 
m 

Comments References 

Based upon2 
i-1 amp/em (29) 

(30) 
(31) 

(4,25) 

(52) 

(36) 
Peak at -60°C (36) 

Impurity dif-:-
fusion by ( 27 ~53) 
vacancy mech. 

D -0.23 cm2/sec 
0 measured from rate (54) 

of thickening of 
grain boundary 8 
allotriomorphs. 

Based upon D - (55) 
0.2 cm2/sec 0 

Q increases with 
increasing Zn 

Activation 
energy based 
upon vacancy 
diffusion(38) in 
the grain boundary. 

(39-41) 
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Table 6. ·Units involved in growth process. 

* .. 
KAVE ~t .R.t .R. .R.j M/.R.j s c 

. . l/2 psJ.-l.n. . sec . in.x1o4 
(ll) . Xl04 l.n. (]J) in.x1o4 (JJ) in.x1o4 (]J) 

.. , .· 

25,400 
.. : ·. ~ . . . 

9.45 (24) 7.56 (19.2) 1.89 (4.8) 12.7 (32.2) < ~ 3_5 
I 

110.68 
I 'i . ! I 

36,200 .• ,10.7 (27) 7.12 (18) 3.56 (9 1.0) 5.1 (13). 

48,300 6.4 7.62 (19.4) 1.52 (3.9) 6.10 (15.5) 2.6 (6.6) 
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APPENDIX A - Dependence of 'Time to J:t'ailure on Precipitate Free Zone (PFZ) 

The first assumption here is that the nucleation stress intensity 

for the first crack at a grain boundary is synonymous with the KISCC 
. I . 

value. The second assumption 
,. ' (10) 

is that Sedriks,,Slattery and Pugh's 
I , 

specimen configuration ~an be 
J 

treated as:an infinite plate and ·that a 

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

Both parts of this second assumption are.very marginal because the speci-

men section was only 1/4-inch wide and the applied stress was 80 percent 

of the yield strength. For initially very short c·racks where a «W, the 

infinite plate analysis may not be too unrealistic, but the very high 

stress utilized makes assignment of quantitative stress intensity factors 

dubious at best. Nevertheless, it is instructive to derive the relation-

ship and compare it to the data. 

From the discussion in the text, it was found that the crack growth 

rate might be approximately given by 

2 da/dt = m(K-K ) nucl 

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

From the infinite plate solution, 

K2 = 

and thus, for constant stress, 

da = 

2 a 1ra 

2KdK 
2 a 1T 

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

obtained from 

(A-1) 

(A-2) 

(A-3) 
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2K dK (A-4) 

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

only is valid for K > K since for stress intensities less than ;o nucl' 

Knucl = KISCC' there would be no crack growth. Sufficient information 

. ( 10) was not ava1lable to assign good values 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 Kf would be associated with the plane stress fracture toughness. A 

reasonable value for the alloy used by Sedriks, et al.( 5), which had a 

considerably lower yield strength (48,000 psi) than peak-aged 7075-T6, 

is Kf = 70,000 psi-in. 1/ 2 The applied stress was 38,500 psi. Consider-

ing a half crack several grain diameters in length and a plastic zone 

correction, one calculates a value of K approaching 30,000 psi-in. 1/
2 

·. 
0 

Although this value seems high, it must be emphasized that Sedriks, et 

al. ( 5 ) observed three stages in their stress corrosion tests. Load re-

laxation and dormant stages made up the bulk of the test duration while 

a third stage was associated with crack propagation. B.y 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 unrealistic. 
0 

Values forK 
1 

were calculated from equation (5). To accomplish this, nuc 

an estimate of ~ - 1500 was determined from the Al-Zn fracture data of a 

previous investigation. (l9) This value is much larger than that calcu-

lated from theoretical considerations and includes a multiplication fac-

tor on the PFZ width. The reason for this is that the grain boundary 
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fracture region is not located wholly within the PFZ but extends to a 

considerable distance on both sides of it. A value of £* was taken as 

0.30, which is typical of many aluminum alloys; the grain size, d, was 

6 
125~ or 0.005 inches; and the modulus of elasticity was 10.5 x 10 psi. 

These values inserted into equation (5) gives K 
1 

for any particular 
I , nuc · · 

PFZ size. For example,' a 0 .1~ PFZ gives K l equal to 6800 psi-in •1 / 2 
· nuc 

The remaining parameter needed to calculate time to failtire from equation 

( -12 2 ]-1 7) is the value of m. A value of m "' 10 [psi -min gave the best 

fit to data, which, as is indicated in Fig. 12 accurately represents time 

to failure as a function of PFZ. 

One might criticize this as simply a curve fitting procedure. 

However, as a note in added proof, it came to our attention after this 

analysis was done, that Sedriks, et al. ( 5 ) had published some crack pro-, . 
I 

pagation data from single-edge-notch (SEN) specimens of the same material. 

To make a realistic comparison, the value of m should be that just as so-

ciated with crack propagation. For the curve-fitting in Fig. 12, the best 

value of m was used to fit the total time to failtire, which included both 

incubation, t 1 , as well as propagation, tp, times. ·Since, according to 

Sedriks, et al. ~ 5 ) t
1 

- 3 t , it is realistic to use a value of m that is p . 

three times as great when just considering crack propagation. Using a 

value of m "' 3xl0~12 [psi-2 -min]-l and stress intensity values calculated 

for the SEN configuration~ the comparison of equation (A-1) to the ob-

served crack growth rates are shown in Fig. A-1. Since the data were 

obtained by differentiating the time versus crack length curves presented 

by Sedriks, et al.~ 5 ) their accuracy could easily be off by a factor of two. 
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APPENDIX B- Krafft-MulherinModel 

Since the terminology utilized by Krafft and Mulherin is rather 

1 th th d . f d t th . . 1 . (B) f d t "1 d eng y, e rea er .l.s re erre o e or1.g1.na paper or a. e al. e 

descfiption. Plastic flow parameters (e:T, aT, e:E, e:p, ST' e:A, o, S, and 

~) were determined from a tensile stress-strain curve using the procedure 

outlined by Krafft and Mulherin. A plot of S/o versus l/e:
1 

shown in Fig. 

B-1 indicated that as a first approximation, 

E[2'1fd~]l/2 
a ;a - ----:-;/=-'K-- (B-1) 

where dT is Krafft's process zone size. At S/o = 1, l/e:1 is about eight 

so that e:CR is about 0.125. To derive a simple equation for the crack 

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

valid for the crack length range covered in the present program, gave 

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

Utilizing this stress intensity approximation, a derivation for crack 

velocity was made assuming that the process zone size was small compared 

to the crack length. This gives 

da/dt == ~ v [21T~Jl/2 [·· aE .J 
3 s . a . . a(a-a) . . . . 

(B-3) 

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

tical to Krafft and Mulherin's equation (12). Since.~ is supposedly an 

independent parameter, the value of ~ can be determined from the criti

cal stress intensity and e:CR" In a dry air test, KCR was determined to 
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be 51,500 psi-in. 1 /
2 

and in conjunction with an £CR of 0.125, ~ = 

(1 .)( . )2 . -4 . 2 1T KCR/£CRE = 2 .. 5 x 10 . 1~ ~ or 6. 3J.L Comparing this to the average 

forward jump distance observed at low stress intensity levels (Table 6), 

this is in excell-ent agreement. Using this value Of dT and combining 

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

da/dt (B-4) 

6 -4 For computation purposes, E was taken as 10.5 x 10 psi, ~was 2.5 x 10 
. d K . . . . 1/2 "t 1n. an 1s 1n ps1-.1n. un1 s. 
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Fig. 1 

Fig. 2 

.Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 
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FIGURE CAPTIONS 

:.Schematic illustration of the experimental setup used to perf6rm 

sec tests and monitor stress wave emissions. 

Typical microstructures of 7075 aluminum sheet. (A) and (B) as 

received material, (C) and (D) after cold rolling from .080" to 

.060" in. thickness, solution heat treating and quenching. 

Stress corrosion crack growth rate vs applied stress intensity 

for room temperature tests of 7075~T6 aluminum. 

Stress corrosion crack growth rates vs temperature for three 

levels of applied stress intensity for 7075-T6 aluminum 

Oscillogram recordings of stress waves during room temperature 

SCC tests of 7075-T6 alilminum. (A) backgroUnd noise due to the 

testing machine ~d environment, no load appiied, (B) SCC test 

with K = 25,400 psi-in. 1 / 2 , (C) SCC test with K = 36,200 psi-in. 1/ 2 , 

(D) SCC test with K = 48,300 psi-in. 1/ 2 . 

Macroscopic fracture features of SCC test specimen. (A-B) pre .. 

fatigued region, (B-C) slow crack growth region, (C-D) unstable 

crack growth. 

Scanning electron micrographs illustrating the two different 

types of fracture surfaces observed in the slow crack growth 

regions of a SCC specimen tested at K = 37,000 psi-in. 112 . 

(A) relatively flat fracture surface indicative of anodic dis-

solution, and (B) dimpled rupture fracture surface indicative 

of discontinuous jumping, or tearing. 



Fig. 8 

Fig. 9 

Fig. 10 

Fig. 11 

Fig. 12 

Fig. 13 

Fig. 14 

Fig. 15 
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Scanning electron micrographs of a SCC specimen tested at an 

applied stress intensity of 26,740 psi-in. 1 / 2 . 

Scanning electron micrographs of a SCC specimen tested at an 

applied stress intensity of 49,600 psi-in-
112

. 

Scanning electron microgr,aph showing a residual deposit of the · 

test solution. (A) and (B) deposits on the actual fracture 

surface, and (c) and (D) deposits evaporated on a nickel plate 

for comparison. 

Stress corrosion crack growth rate vs applied stress intensity. 

Time to failure vs the precipitate free zone width. 

Model showing the two component· nature of SCC for both low and 

high applied stress intensities. t represents the segment of 
c 

crack growth associated with electrochemical dissolution, and 

tt represents a single increment of crack growth which comprises 

both tc and tj. 

Crack movement vs applied stress intensity for the individual 

and combined components of crack growth. 

movement, t = electrochemical movement. 
c 

t = mechanical 
j 

The effect of the ratio of the initial stress intensity, K , 
0 

to the plane stress fracture toughness, Kf, on the time to 
I 

failure predicted by equation 20 in the text. 

Fig. A-1 Stress corrosion crack growth rate vs.applied.stress intensity 

for different precipitate free zone widths. 

Fig. B-1 The ratio of the s~ of the true stress-true strain curve, a, 
to the true stress, .a, vs the longitudinal strain, €

1
• (After 

' ( 8) 
the Kraff-Mulherin model ). 



·a·.,_ o . . - . , •' 

HEATING 
UNIT 

p 

t 

p 

ENDEVCO ACCELEROMETER 
I MODEL 2234E 

CHARGE SENSiTIVITY 
59.5 PC/o 

[J 

CHARGE 
AMPLIFIER 

I 
I 
I 
I 

VOLTAGE 
AMPLIFIER 

BANO PASS 
FILTER i 

' l 

AI'11PEX SP-3 
TAPE 

RECORDER 

fo o· 

~~ 

00 

FREQ. RESP. 
40KHz 

ATI5ips 

:Tc 
HIGH PASS·:3000cps 

TAL GAIN 

1
oF SYSTEM 

I 112,500 

STRIP 
CHART 

VISICOROER 
MODEL 1108 

GALVANOMETER 
AMPLIFIER 

--~-----

Fig. 1 

1-

i 
I 

I 

OSCILLOSCOPE 

I 

I 

--_I 

XBL 708-6421 

I 
\J1 
0 
I 

.'--



-51-

f<r 
1
100p

1 

·>· 

..{\ .. . \. 
XBB 708-3810 

Fi g. 2 



c 
E 

......... 
c 

4J 
"0 

......... 
0 
"0 -

0.001 

NO 
CRACK 

GROWTH 

1 

-52-

0 

20 30 40 50 60 70 

XBL708- 6422 

Fig. 3 



c 

~ 
c 
~ --"0 

......... 
0 
"0 -

-53-

- 3 I OAvE - 11.2,.10 col mole 

XBL708-6417 

Fig. 4 



-54-



-55-

8----

·~ I I . 2 CM. 
XBB 709-4179 

Fig. 6 



-56-

XBB 709-4176 

Fig. 7 



-57-

XBB 708-3813 

Fig. 8 



-58-

XBB 708-3814 

Fig. 9 



-59-

Fig. 10 

1 2p I 

XBB 709-4178 



0.01 

c 

~ 
c: 

0.001 

-60-

I 
I 

I 
9 
I 
I 

REF. (t9} 

I o da/dt = m (K-Krucll 
· I m =6.0xKr"(psi2...in]-l 
10 0 

I 
od(Sb 

I 
I o 

I o 
0/ 

0 
I 
~ PRESENT DATA 

0 
/ da/dt = m'(K-Krsccl

2 

I Kiscc "' 15,000 psi-inV2 

I m'"' 1.5-xlo-ll[psi2-in] -I 

I 
I 

o' I 
100 200 

XBL 721-5914 

Fig. ll 



.. ·, 

~ 40 
:.l 
0 
..c 

--~ 
w c ... )._ 

~ 
_J 

<r 
l.l.. 

0 
1-

w 
~ 
1-
0 
td 
> cc 
w 
(() 

c:1 
0 

30 

20 

10 

0 
0 

-61-

0 O.~TA O~J AI-Zn:-Mg ALLOY 
TESTED IN 3"/o NoCI 

; (REF 5) 

CALCULATED-
EO. {7) 

0 

0.1 0.2 0.3 
PFZ WIDTH, J.L 

Fig. 12 

0.4 0.5 

XBL 721-5915 



-6?-

LOW STRESS INTENSITY HiGH STRESS INTENSITY 

GROWTH 

r1 
__ j __ l __ ~~~ 

XBL 721-5916 

Fig. 13 



-63-

30~------~------~------.-------,-------~ 

25 

I 
I 

. i :t.. 20 
.._.. 
z 
w 
~ 
w 
> 15 
0 
:a: 
~ 
u 
<X 
0:: ·u 10 

5 

I. 
Ave. w- 22JL 

I EQ. (17) 

I 
I 

Kiscc I 0 

0~------~--~----~----~--------~------~ 
0 10 20 30 40 50 

APPLIED STRESS INTENSITY, K, psi .. inV2x ro-3 

XBL 721-5917 

Fig. 14 

i. 



-64-

0.8 

0.6 
0.6 

-·:S:: 
.......... 
·0 
~ 0.4 

0.4 

0.2 
Kzscc/Kt = 0.2 

0~--------~------~--~~------~--------~ 
0.01 0.1 I 10 100 

TIME TO FAILURE, tf, arbitrary units 

XBL 721-5918 

Fig. 15 



-65-

· Sxi0-2 ~------~------~--------~--~--~-~------

0 0.04J.1 PFZ} 
c EQ (A-1) 

E 0.35,u PFZ 

' 0 c 
.. 

w 10-3 
t 
0:: 

::r: 
0 1- 0 3 

0 
a: 0 
(!) 

~ 
0 u 

<t 
0:: 
u 

0 
0 0.04 J.1 PFZ} 
0 0.35 }J. PFZ REF. {S) 

to-4 ~------~------~--------~------~------~ 
26 30 34 38 42 ·46 

APPLIED STRESS INTENSITY, K, _psi-inl/2 x I0-3 

XBL721-5919 

Fig. A-1 

\ 



5 

4 ---

lb 
......... 3 

IQ) 

2 

-66-

0 

8 I 
at -==- = I , - - 8 

(J .GL 

:. EcR - 0.125 

QL-------~------~--~--~--~----~----~ 
0 10 20 30 40 50 

1/EL = E.j27TdT /K. 

XBL 721-5920 

Fig. B .... l 

. . 



r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 

0 



.,, 

TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY; CALIFORNIA 94720 

'I 

"" 




