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ABSTRACT
Slow crack growth durihé SCC of 7075 aluminum has Been shown

to comprise b.oth-k an electrochemical and a méchanic’al component.
These findings prométed a review of several possible mechanical models,
and seven pos sible controlling thermally-activated processes. Since no
existing interpretation could sétisfy all of the observations, an empirical
model was developed. The conclusion is that slight Arnodifbication‘ of many
existing proposed mechanisnﬂs_ couldkexplain the general ﬁeatures of SCC
but that any theoretical model must contain some aspect of the mechani-

cal rupture process.
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INTRODUCTIQN :

Stress corrosion cracking problems in higfl stréngth aluminum élloys
has resulted in many inve‘stigations and almost as many questions and
theories. | Some of the following questioris.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‘rvocess mandate a combined chemical and

mechanical process?

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

mechanical components?

Can a single therfnally-activatéd méchanism be associated with

the SCC process in high strength aluminum alloys?
Although no one program could hopé to answer all of these, recent(i)
results have clearly defined the mechanical aspect of the SCC mechanism.
Base.d on these findings several models were reviewed, hbwever no
existing interpretation could 'satisfy all of the bbservations and. hence an

“empirical model was developed.

Thermally-Activated Nature of the Process

Béfore specific models ai‘e’ discuésed, it is first useful to consider
the kinetics of the growth procéss. Sedriits, et al. (2) have suggested
that crack growth rates as rapid as 0.0002 in. /min are not inconsistent
with an an‘odic dissolution prbcess. In a recent investiéation, (1) crack

growth rates as high as 0. 07 in. /min at 68°C and 0. 006 in. /minrat room



temperature were observed which would tend to eliminate any meéhanism
dependent entirely upon anodic dissolution. However, invokiﬁg a com-
bined chemical and rupture process allows most of the features of most
mechanisms to be rationalized. The absolute rﬁagnitude of the growth
rate procesé is not particulérly 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 I'ange.fi'om 10. 4 to 11. 9 kcal/mol with the average Valﬁg being 11. 2.‘
kcal/mole. This-valde was essentially independent of stress intensity
factor. This is's'igrii.fica;lt since it suggests that the s;;;.me thermally -
activated mechanism is controlling from the start to the end of the crack
propagation staie.

To seé if this might be a true activation energy, apparent activa-
tion energy data for SCC in sevefal'aluminum alloys are vpresented in
Table 1. It is seen that although values ranging from 10-40 kcal/mol
have been reported, most of the vdata éuggest.a value of about

10-14 kc_al/mol. * Part of the discrepancy is due to the different types

“After this paper was originally submitted, a recent review article by
Speidel(é) came to our attention. In short transverse specimeans tested
under plane strain conditions, two regions of crack velocity were observed:
Region I- a' strongly stress-intensity dependent region with an-apparent
activation energy of 27 kcal/mole; Region II - a stress-intensity inde-
pendent reg1on where the apparent activation energy was 4 kcal/mol.
The data in Part I of this study did not conform to either of these situa-
tions. Considering the dependence of da/dt on K2, the relatively high
K levels 1nvest1gated 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 act1vat101 energies
for all speCLmen 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

lég_ te vs. 1/T could be steeper than it should be if only crécking were
considered‘ a‘nd anomalously high activa.tion energies would be me‘asured.
This effect would be least likely to manifest i_t.self at the h_ighest stresses
wherev c'raqk nucleation would be c'o‘nsideragly»easier. In fact, for |

Helfrich's data, (3) the highest stress level gives an activation energy

(l(). 9 k.c_a.'l/m‘_o'l) that is closest_to those observed by other investigators.

Furthermore, cue might expect that if crack nucleation by some electro-
chemical procezsé 15 considerably easier forjone condition as compared
to another, as in the case of the two conditions studied by Romans and
Cr:‘-ivig, (4) then the more resistant one might be expecte’d‘to give a higher
apparent activation‘energy, a‘s' is the case. Thus,~ the o,nly rea'lb
anomalous result in Table 1 is the 40 &cal/mol value cited by Tromans
and Pathanla( ) for Al-6Zn-3Mg near 80° C. Ifa value of about
12kcal/mol is taken as being typical of the true activation energy, it is
appropriate to consider what thermally-activated ‘mechanismé might be
responsible. -

(7)

In general, several mechanisms such as anodic dissolution and

(8-9) that have already been associated with the SCC

hydrogén diffusion,
of aluminum alloys, are presented. .Also, a number of fnechani;:al

mechanisms such as creep and grain boundary sliding, which might



control the plastic flow characteristics and hénce be the rate-détermining
mechanism of the rupture process, are considered. As seen in Table 2,
eight mechanisms, some of which are interrelated, are listed. Al_though
the range of activation energies is about 10 to 89 kcal/mol, there are a
Clusﬁer of activation energies in the appropriate.ra age of 10-15 kcal/mol.
Since all of these mechanisms cannot be considered in detail, a brief
statement about each one will be given with some additional amplification
of mechanisms II and VIII.

For Mechanism I, a d;ssolution rate was picked to account for.
almost all of the crack growth at th'e.lowest stress intensity values,
whe e about 80 percent of t'ﬁe growth appearad to be a non—ruéture |

process. This is comparable to an exchange current density of about

(7)

~ ' :
o . N . N . -
Lamp/em®™, which, in conjunction with the standard rate equation,

gives activation energizs of about 10, 3-14. 4 kcal/mol. The range in
activation energiecs was determined considering an increasing number
of active dissolution sites which could be produced by either emerging

dislocations, vacandies, di-vacancies, or impurity atoms, as enhanced

s . . {10
by deformation at the crack tlp.( )

. . ' . o i 8-9) .
Considering mechanism II, several mvestlgators( ) have sug-

zestad hydrogen iavolveament in the SCC process. Particularly interesting
. . _ . . . . . {(14)

was the location of hydrogen in grain boundaries by Haynie and Boyd.

Autoradiographic analysis of specimens cathodically charged in a

tritiated solution showed definite concentrations of hydrogen at the grain

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

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

N3
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stress-induced hydrogen migration provided concentrations in slip bands

(11)

dur‘ing tensilé deformation. Haynie and Boyd'é conclusion was that

" hydrogen rhay be involvéd in the SCC mechansim by abéorbing into grain
"boundarie.s. and a'cceler.ating localized attack tﬁrough either a cation
gradient effect or .b.y a non-uniform distribution of profons. _ In. eithér :
casev, the pfes’ence of hydrogen might be thought of as efféctivély reduc-
ing the activation énergy for al;lodic dissolution. Hence, the diffusion of .
hydrogéﬁ could be the thermally -activé.teci méchanism controlling localized
corrosion. Some evidence of the hydrogen éffect has been obtained by '
Tromans and P.afhénia(s) who showed that crack i'ncub.ation times could
‘be decreased b‘y a factor of two or three through é cathodic cﬁafging .
treatment Just hefore the actual SCC test. However, if the hydrogen was
a]AIO\;/éd-to' evolve cluring a delay time, there was no decrease in the

crack incubation time. Objections to the hydrogen mechanism have been

3)

r::Li'sed(1 on the basis that various aluminum alloys may be cathodically
prdtected' even when. hydrogen is evolved as a cathodic reaction product.
Howévef, a hydrogen mechanism is not necessarily inconsistent with .
cathodic protéctio’h. All that one has to state is thét an vappropriate
potential _for dissolution is a necessary ingredient. Given this, the:
hydrogen rnay 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 and hence no SCC takes place. This was further_vsugge_sted by

Tromans and Pathania(S) 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 cfacking to occur.

(11)

The effect discussed by Haynie and Boyd is in connection with

. S 14) . e e
a corrosion mechansim suggested by Dlgnam( ) wherein the diffusivity

+++._in the oxide film could be the rate controlling process. Thus,

of Al
it is possible that ionic diffusion alone could be the thermally—é&:tivated
process. As shown under mechanism III,vhowever, an actiﬁtion enefgy
of 36.8 kcal/mol is way too high unless this value can be reduced by
considerably more than half through'a‘ vacancy mechaﬁism. A si»milar.
statement is applicable to mechanism IV. |

Mec.hanical processes such as cre_ep.(V)' and atm'osphére-drag
control of yielding (VI) are only specualtioné but could conceivébly con-
trol either the dissolution part (through the proauétion of dissolution
sites) or the ruptufe part of the process. One interesting point is that
creecp of p-ure aluminum is'cgl)ntrol‘led by a cfoss slip mechanisfn in the

(15)

range of 0 to 100°C while creepjof an Al-3.2% Mg alloy has an anom-

alous rise in the acti\}ation energy neaf 60°C. It is thoﬁght that th];.S
large activation energy is a sum of two energies, that for cross Slip and
that for activation of dislocations from théir étmosphefes. (15) Whether
or not this rise in activation energy .is connected to the anomalous in-
crease in activation energy found by Tromans and Pathania(s) at 80°C

in an 'Al—Z.n-Mg alloy is unknown. However, it is known that in Al-Mg
alloys,‘ the activation energy for the Portevin Le-Chatelier effect, which
is an étrﬂosphere -drag mechanism, is héar leéal/mol up to about

(16)

40° C, Although atfnosphere drag could not be serioﬁsly considered’
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in the bulk of fully aged specimens, it is .possi‘ble that this could be an
effect in partially aged specimens, particulaf];y in or at the PFZ.
Considering mechanism VII, grain boundary diffusion could affect
either dissolution rates or mechanical action at the grain boundar?.
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
controlled mechanism, one obtains 14.7 kcal/rn_oi. (17) This leads to
mechanism VIi v‘vhe.re grain boundary sliding,- as controlled by a vacancy-
climb méchanism, might be the dominant deformation mechanism ir_1 thg
gra.i,h boundary' region. Although most authors(18_19) have suggested
that grain boundary sliding, as an efféctive creep rneché.nism, éhould be
r\”:'l.r.:ga.ted to temperatures above 0.5 Tm, Garéfalo(zo) ccv)hside.’t“'s‘ that it
migilt be effective as 10w.as 0.3 Tm. One must also consider that de-
formation at a crack opening is considerably different than creep under
a uniform stress ficld. The accomoidatibn in the matrix reqﬁiréci to
allow grain .b_ounda,ry sliding in a tensile specimén VCO‘\_lld be considerably
greater than that re-@uired for c'ra:ck propagé.tion. ‘In fact, oné could
have a very soft denuded zone opening up as ti'xe crack aavances with
almost no matrix ‘deformation. It has Béen sﬁown that fracture at room
temperature in thé absence. of'a corrosive en\iironment car.1."be associated
(21) |

with grain boundary shear wherein the controlling mechanism might

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

(22)

Grant 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 vacancy-
diffusion controlled climb.mechanism would give an activation energy
of 14.7 kcal/mol. Evidencé of a mechanically cdntrolled process comes
from sorlne fatigue crack propagation studies byAWebi(23) who .indicated
that the range of apparent activation energies obtained in aqueous solu-
tions were similar to those obtained in dry gaseous environrﬁents.
Clearly, some additional studies of crack growth under static load con-
ditions on some fairly sim‘ple aluminum alloys in both aciueous solutions
and dry gaseous environments are required to determine the é.é:tua.l‘
thermally activated mechanism.

As a summary stafement to this»geﬁeral discussion, it is sﬁggested

that .any proposed SCC model should incorporate the following features:
| (1) A crack nuclear mechanism: This could consist of a
“mechunical rupture at the PFZ or an électrochemical
dissolution at anodic sites.

(2) A tirne—(lgpendent growth process: A thermally activated
process is "neces.sary which either controls the rate of
dissolution or the rate .df téaring.

(3) A mechanical jump procesvs: This aé;til.ally mig.ht occur at
two levels in two different ways — - a ”Clealvage”'dr. ductile
tearinbg process during the slow growth ele‘ctrochemical
stage: a "cleavage" or ductile tearing process during the
stress-intensity dependent rapid growth stage.

In the following sections, a number of stress—cofrosion-cracking niodels

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

¥
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clearly shown that SCC in this metal environment situation is a combined
process, those models dealing exclusively with electrochemical aspects

will not be emphasized.

SCC MODELS
PFZ Model _
Many SCC models have b‘een proposedtz’ 24_28) which incorporate
the' pr'ecipitate-free zone as a dominant featui‘e, either because of pre-
ferred dissolution or ease of mechanical ruptxg.lre.. In any; of thesé, the

crack growth rate may be given by -

| da/dt = £(K) g(T) (1)
The stress iﬁten si.fy parameter; f(K), can beA rationalized in terms. of
either the number of anodic dissoiution sites or fhe size of the mechan-
ical jump, both of which would increase with.ihcreas-ing stress. intensity.
Because of the rnechanical nature of the SCC process determined in a
previous sfudy, (1) the latter interpretation wili be favored. The funé-
tional dependence on témpefature, g(T), is a rate reaction equation
which may be dependent upon hydrogén diffusybion, vacancy aiffusioﬁ
and/or dissolution kinetics. .For the time being, a bhénomenological

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

m. This leads to a formulation similar to

da/dt = m(]:q-Kmml)2 (2)
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!
except for the missing parameter, K . Equation (2) is the rgsult of

(21)

nucl ‘
dead weight loaded specimens of an Al-Zn alloy tested in air where
m was a constant of 6X1O'11[psi—min]-i, K was the applied stress
ir.ltensi.ty and Knucl Was the stress intensity at which cracks first
started growing under a rising load test. This latter value was essen-
tially a meésure of how resistant the PFZ* was to crack nucleatio_n. A
derivation based upon plastic energy dissipation in the grain boundary
region gave v :
' ® “1/2.

nucl \d / € LE | o (3)
/

where ¢ is a constant, d is the grain size, €* is the fracture strain
in the grain boundary region of width, £, and E is the mod!;llus of

elasticity. 7C0nsi’derable data for 400 and 1000 p grain sizes supported
equations (2) and (3). For clarity, just the calculé.ted curves are shown

(1)

in Fig. 1. In addition, the data of a recent investigation' ' are shown.
Using an approximate value of 15, 000 psi-ini/2 for KISCC and letting

= K it is seen that an identical equation to equation (2) fits

KISC C nucl’

the present data in Fig. 1 with the exception that m'

is about m/4
One might expect growth r'at.es in a SCC envirbn‘mént to be greav’celr than
those in air even though this is not the case in Fig. 4. Howeve‘r,v the .
character (Sf the precipitate and PFZ in th'eseitWo cases is.enti'r.ely 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 thé yield streng;ths which were 47,500 psi
for the Al-25% Zn alloy(zll) and 56,800 psi for the 7075-T6 of this study.
Thus, there is no jalp_r_io_ri reason to expect these two sets of data to be |
completely consistent. The prominent feature is that bo.thvcrack growth
mechanisms may be described by the same general mechanical_equatioﬁ.
Furthermore, the character of the dimpled r\ipture surfaces in the
grain boundary regions of the present study are identical to those ob-
served for the Al-25% Zn.(21> fractured in air.

= KISCC gavé a reasonable

As discussed before, making K~
/ nucl
fit to the data of this investigation in Fig. 141. One physical interpre-
tation of this would be that a certain stress intensity is necessary to
nucleate fracture in the grain boundary region, thereby breaking the
oxide film, before anodic dissolution could proceed. This is some-
what different than the models proposed by Thomas and Nutting,'(24)
who suggested preferred anodic dissolution at the PFZ; by Pugh and

(27)

Joues who suggested mechanical crack propagation in the weak.

e . .
(28 29)_ who considered a film-rupture

PFZ; and by McEvily, et al.
fhechanism. | In one way or another ail three of these phenomena
could be invélved. The first concept c‘.ould be involved as the ‘rate
determining step in controlling g{(T) while the ‘sec.ond concept could
be related to the excess méchanical drivirig-férce, (K-KISCC)Z, for
crack jumps in the PFZ. Finally, the last concept could be con-
cerned with the stress i.ritensi'ty 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, fhe film thickness would be of
a rie_gligible size compared to the actual crack movement consisting
of a2 combined dissolution and ductile-tearing process.

The major difference between the present interpretation ana,thve'
anodic dissolution interpretation is that the effect of PFZ width is con-
sidered to be a mechanical effect. After .crack nucleation, the acfual
stress-intensity effect is probably large enoﬁgh to pro%zide sufficient
mechanical energy' to make the crack grow. - Thus, given ﬁvo specimens-
at the same stress intensity level with different PFZ widths, the more
crack—resisfant the PFZ, the more anodic dissolution necessary before
mechanicéi growth takes place. In this way the crack growth' rate and
hence the timle to“failure could be drastically. altered by the PFZ width.
To see if this mechanical interpretation Was viablé, some results of.

(;1())

Sedriks, et al. were analyzed. They demonstrated that by increas-
ing the PFZ width of an Al-5.3 Zn-2.5 Mg alloy from about 0. 04y to
0. 35u, they could increase the time to failure in a 3. 5% NaCl environ-

ment by a factor of e‘ight. It is shown in A’ppendix A that the present

mechanical interpretation gives the time to failure by

, MK.-K K_. K .
£, = 2 1 f “"nucl. nucl N nucl (4)
t =2 PR T KR KK
0"mrm ! o "~ nucl 7f “'nucl o “nucl

where 'KO and K. are initial and final stress intensities. It is seen

f
that this equation has the right general form since either an increase
in applied stress or a decrease in the resistance of the PFZ, i.e., a

decrease in Knuci, would decrease the time to failure. Also, it may be-

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 KoK Le1? the failure

time is infinite. This equation, along with afvalue of m = 10—12(psi-2min)"l,

1

gives the agreement shown in Fig. 2.
This unusually good agreement would normally be justification for
embracing this model except that DeArdo and TOWnsend(3O) have recently

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

Utilizing a
similar Al-Zn-Mg alloy, they not only varied ‘the 'PFZ- width, but also
the matrix pr'ecip’itate morphology while keeping thé PFZ width constant.
They were thus able to demonst’ra;té thaf SCC susceptibility was more ‘a
function of matrix and grain boundary precipiéation rathér_ than PFZ
width. They claimed that since Sedriks, et al. (_26) varied both PFZ
width and matrix precipitate simultaneously, the real reason fox; the
observed variation in failu.re time was the difference in matrix precipi-
tation which affects the matrix deformation mode and her.l‘ce the SCC
susceptibiiity acdording to Speidel. (31) Although it is clearv th‘atvsuch'

a claim is reasonable for .crackincubati'on, it is not so 'clear with res-
pect to crack propagation. As the approach considered herein is only
applicable to SCC, additional tests‘ on“rnicr?sf;ru'ctufes. similar_t.o those

. studield by DeArdo and Townsend should be evaluated with resée_ct to
crack.prdpagatio.n rates under controlled _stresé inten.sity co-ndit.ionsv._
Presently, it must be recognized that altho;zg'h‘ a PFZ model can give
the right trend in SCC susceptibility, this is quite pos sible fortuitous to

i

a large degree.
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~Jacobs
Jacobs(32) assurﬁed'that crac.k propagation occurred by a series
of Chemicél-‘-mechanical steps between ManZ particles, whe'rein.the v
chemical step included anodic dissolution of the Manz, parti;lé and the
mechanical step was of a brittle type between particles. Jacobs was
right in general terms about the discontinuous nature of the SCC process,
as was Dix(33) much earlier, Abut the d_.eta.ilséf his rﬁodel do not eﬁcom-
pass many of the present observations. Assu’rning for the moment that
this model is correct, consider the average forward distance the crack
‘moves.. This may be ass.ess'ed‘vat two extrerﬁes: (1) where the crack
takes a unit step foi*ward_ involving the simu‘ltaﬁeous fracture of all gfains
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. | Althoﬁgh the first exfremé is fairly un-
realistic, it gives an exc'elleﬁt correspondence between the average |
jump distance and the spacing between ManZ pgrticle’s. For.eXafhple,
taking da/dt to be 2. 7X107° in. /sec and_Ats- to be 0.5 sec, the jump dis-
: . ’ /
tance is 1. 35X10-‘E_’ in. For all of the data in Table 3, the average value
is about 1. 3'>2><10—5 in. or abéut 0.33p Which is very cloée to the spacing
between Mgth pariticles (0. 36#) obser.ved in replica aﬁd tr‘ahsmission |

(32)

electron micrographs published by Jacobs. Heowever, this agreement
is undoubtedly fortuitous since it would require that all growth is mech-
anical in nature which clearly is not the case from the fractograph‘ic

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 wheére it is shown that

the average unit step, £,, (Table 3) is probablf an order of mégnitude

¢
larger than the spacing between ManZ_ particlés. Furthermore, as seen
ianable 3, the number of SWE/sec incfeases very rapidly AWith fhe
amount of dirﬁpled rupture observed,. so that it is 1ikeiy that the SWE

are from the rupture regions and not the cérroaed regions. Thus, the
SWE observed are probably not associated witﬁ discontinuous brittle
fracture events but rather with discontinuous ducfile 'rt‘xpture events.

Next, several models will be considered which do include relatively

large scale mechanical jumps; ' '

Krafft-Mulherin

This moclel(?)(&) assumes that there is a critical ligament size, dT’

involved in ductile fracture instability and that the condition for fracture
of this ligament may be reduced by chemical attack around the periphei‘y
of the ligament. In Appendix B, the appropriate plastic flow parémeters
are determihed and é fit to this model yields as a reasonalbe approxi-
mation that

' - 41/2
64v _E[2md ]

da/dt= (5)

E[deT] 1/2- 8K

where Vs is the dissolution rate or chemically-controlled attack rate.

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 groﬁnds. First, it may be shown that equation (5) gives a

I3
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CR-K)} dependence of crack growth rate which is considerably dif-
ferent than fhe K2 depend.encevobserve.d in this‘investigation, and
reported by Tetelman and McEvily. (33) Secondly, if the electrochemi-
‘cally-controlled portion of the SCC mechanism is associated with Vs
equation (5) is clearly in violation of the present study. Calculation of
da/dt in terms of Ve showed that for the stress inten'sity.range of this
investigation, equation (5) would give da/dt to range from about.100 to
500 Vs' This is c'ontrary to the present ﬁhdings which indi‘cateci that

the rupture and corrosion contributions were nearly equal in magnitude.

McClintock-Irwin

Whereas Krafft and Mulherin's model(34') is based upon an elastic
stress distribution, MecClintock and Irwin(36) havé considered a fracture

model based upon ¢lastic-plastic considerations. Although little use of

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

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

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

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

0

microstructural unit, £, which fractures when the fracture ductility,

sl

€", is exceeded within the unit. In terms of the stress intensity, this
jump distance for conditions intermediate. to plahe strain and plane stress

may be approximately given by

,Q* - K - ' ‘ (6)

%)
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If one can describe the thermally-activated mechanism to give the
secondary incubation time between jumps, Ats, then the crack growth
rate is given by

2
K.

= A7)
270 Ee At
ys 5

da/dt =4%/at_ =

. : . 2 ‘
Although this equation gives the correct K~ dependence of growth rate,
it suffers from the same de.ficiency as the previous model in that there
is not a sufficient description of the corrosion-dependent veloéity com-

ponent.

Empirical Model

Rather. than attempt to create a model based upon many a priori
assumptions, the tollowing treatment will only describe Vv'hé.t has been
observed experimentally and so will not define the actual mechanism.
it will, however, describe the step—wise procéss which must be an.
integ;‘al pért of any postulatéd mechanism. Fir'ét, the average time it |
takes for the whole crack front to move oﬁe unit Step will be determinea;
then the individuél fnechaniéél and cherﬁical components of the unit step
will be calculated; and finally the thermally-activated mechanism will
be treated.

In the above discussion, it was suggested fhat 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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. t
subjump is represented by a stress wave. Thus, the secondary incuba-

tion time for one unit step of the whole crack front, At:, is given by
At = At_(B/W) - (8)

Considering that the average grain width is about 22y, the 1540p thick
specimens would give 70/subj1_1mps per unit stép_. Using equation (8) and
Atsv measurements from Table 3, resﬁlts in the, Ats values givgn in
Ta.bie 3. C_on'sidering the step sizev, it is obvious that the total unit step,
12 ¢ is made up éf- chemical, ﬁc, and mgchanical, ﬂj, components,
giving : - e

Po= 1+ L. - (9)
(One can separats the componehts by utilization of the approximation of
the dimpled rupture l’ractio_n, R, estimat.ed from the. scanniné electron

{1)

microscopy. First, it is apparent that

1 = [0/R)-1] e 10y
Secondly, to; obtain the averag.e value of ﬁt, one simply multiplies the

average crack growth rate by the secondary incubation time for the

whole crack front giving

'zvt = (da/dtyatt EENEEY

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

L, = R(da/d_t)m: | (12)

~
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and as a last step, £c may be obtained from equations (10) and (12).

In this manner, the values of JZt, ﬂj and»ﬂc \yere obtained as g;iren in
Table 3. It is seen that lt is nearly equivéignf to the g‘rain size width
and that lj increases with stress intensity. One final determination.
Loem , Was an experimental esfimate of the vsubjump width. If every SWE is

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

’ sentative of the area of ductile rupture which is Ej in length. : Thé width
is simply AA/Ej w.hich.from Table 3 gives the width to range fforﬁ 4.7
to 10. 4p. Within the éccuracy of the experit.'n'ental"measurements and the
(21)

applicab.ility of the stress wave emission analysis to very small jumps,

it is not.unreasonable to take the ave‘rlage jump width to be approximately
a grain width (2Zp). ‘Note that this stfengther;_s the original assumption
at the start of this section,

These findings may be incorporated into a 'mo&el as depicted by
Elg 3. Each subjump is répresented by a chemical and mechanical part
, that totals a grain :boundary‘width by a grain Eoundary'width in area.
Since the most highly stressed points are the grain-boundary triplé
points, it is most likely for the chemical part to start at these sites and
hence there is an accentuated deg'revé' of éorrosi_on depicted at these
junctions. At low stress intensity, a relatively large amount of chemical
attack precedes a relatively smail ductile rupture step while the relative
amounts are reversed at high stress intensities. ’fhis is logical since

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

(39) If

-

fracture ductility during the rupture of relatively soft materials.

one wanted to invoke a critical fracture strain criteria over the whole
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region, it may be shown via equatio.n (6) that increasing.the number of
holes by greater chemical attack should decrease the fracture strain
from 0.66 (K = 48, 300 psi-in™/?) to 0.18 (K = 25, 400 psi-in'/?). Alter-
natively, one could invoke ‘a strain energy criterion such that high stress
intensities, It is next appropfiate to describe these experimental ob-
servations in terms of stréss intensity factors so that a more ciuantita-
tive treatment is possible.

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

less than K In terms of the applied stress intensity and KISCC’

ISCC* ‘ |

a reasonable first approximation for £ c is

Kicer ~w
Lot orm—y - (13
: *TISCC ' : v

Since ﬂt~ w, il follows from equation (9) and {13) that"

L
J (K-Kisec)

In Fig. 4, it is seen that equation (13) and (14) représent_the déta
reasonably well. In the relativély small stress intensity incfément
where £ W the physical éignificance of thesé equations are Questionable
but it will soon become apparent why these pa;ticular representation.s
were chosen. _With this rough description of ZC and ij, it is next
possible-to consid_e_f the th'e_rmally—activated mechan.'ism.' Although the
real situation is not kﬁown, a tentative assumption is that a hydrogen
diffusioﬁ 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 !ZC_ to maintain the corrosion process.

Furthermore, assuming some proportionality' to [Dt]l/z, it follows that -

¢ = olpact]¥? O (43)

" Using the second estimate of Q and D, for hydrogen diffusion in Table

2 and the values of At: from Table 3, it was found that a valu.e of

a =4 givés about 5 factor of two agreement with the experimental values
of .lZC from Table 3 and the calculated values from equation (13).
Physically, a constant of four could bé'inferpreted in termvs df a thin
slalr) of hydrogen beix&g created at the surface, wherein JZC 'is aboﬁt the
f.;Ll.L‘!'.l'l(:St‘in a sm;lel'a_"r.nount of hyd roge.n could diffuse in a time At:.
l?m‘u'/s:ver, besides the difficulties in depicting the phjsical reality of
such a process, adequate a.ssessmezilt of potential gradient (stress)

and concentration gradient effects have not been made. Although this is
possible, it is premature until greater physical evidence of a hydrogen
mechanism 1is availabie. Furthermore, Ain keeping with the degree of
accuracy represented by the other estirﬁates, eqtiation .(15) is reasonable.

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

“The actual electrochemical process is more than likely a series of
events within a region £_.. For example, consider a number of defects
in 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. o
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Ji +1j K 6 Doe

= fe— -1

At Kisce

da/dt =

It may be shown that this equation matchés the data of this investigation
within about a factor of two. Considering its general form, one can see
that it is equivalent to equation (2) if m 1is taken as 64D/WKISCCZ. In

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

SCC test. A similar derivation can be accomplished utilizing equation

(16) which leads to

2 Ke-Kisce - Kisce Kisce
t,x K In - + - (17)
£ ISCC e KK _
o K -K f "TISCC o) K .- .
' K /S Fsce o &,/ %1 Kisce

where the equation is pgrposely put in terms of KISCC’ Kf and Ko/Kf’
Taking K, as unity, the general form of the equatioﬁ is depicted in Fig.
5 for several values of KISCC/Kf' Although detailed results couid not
be found to substantiate the general shape' of these curves with respect
to aluminum alldys, such curves are found for stress—corrosion-cfa;k—
ing behavior of titanium alloys. (20)
_ Iﬁ summary, the SCC mechanism at-the précipitafé-free-zone of
aluminu'rn alloys is an extraordinarily complicated process. No simple
one parameter analysis can be generalized to explé.in the phenomena
observed. Although phenomenological' modeis 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 any one theory and,

in fact, some aspects of mechanical rupture models have been revitalized.
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B

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 é.lloys can be evolved.
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APPENDIX A

Dependence of Time to Failure on Pr‘ecipi}tate Free Zone (PFZ)

The fir-st assumption here is that the nucleation stress intensity
for the first crack at a grain boundary is synonymous with th..e KISICC
value. The second assumption is that Sedriks, Slattery and Pugh sA(Zé)

specimen cohfigur’ation can be treated as an infinite plate and that a
stress intensity analysis can be utilized to est_a.biish crack growth rates.
Both parts.of this second aésumpti-oﬁ »aré very marginal because the
specimen section was only 1/_‘1~inch wide and the applied 's‘tress was
80 percent of the yield strength. For initiélljr very short cracks wheré
a<<W, the infinite plate analysis may not be too unrealistic, but the very
high stress utili~ad makes assighment of quantitative stresé irllte.nsity :
f;;n:t.ors dubious at best. Nevertheless, it is instructive td derive the
rel;itionship and compare it to the data.

From _the discussion in the text, it was found tha.t the crack

growth rate might he approximately given by

da/dt = m(K-‘Knud)Z__- o (A-i)

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

the infinite plate solution,

-K2 = 0223 o (A-2)
and thus, for constant stress,
_ 2KdK - o
da = —T— o ) (A'3)
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v
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Combining A-1 and A-3 and integrating, the time to failure may be

¢ K
£
f at = / i K ak (a-9)
o K - 0Cmm(K-K ,
nu .

o cl)

obtained from

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

only is valid for KO>K since for stress intensities less than

nucl’

K there would be no crack growth. Sufficient information -

nuclE KISCC’
was not available(26) to assign good ,valués to all of the parameters but,
as an exercise, first order approximations'were made. For the.se thin
sheets tested to 80 percent of yield, a plane stress situa.tion exists and
‘t‘hus K¢ would be associated with the plané stress fracture toughness.

A reasonable va.ue for the alloy used by Sedriks, et al. (2),'which had

a considerébly lower yield strength (48, 000 psi) than peak-aged 7075-T'6,
ig I(f = 70,000 psi-in, 1/2. Tﬁe applied streés was 38, 500 psi. Con-
sidering a half crack several grain diameters 1n length and a plastic
zone correction, one calculates a value of Kd approaching 30, OOO‘.
vpsi—in.'i/z. Although this value. seems hig-h, it must be emphasized
that Sedriks, et al. (Z)bbserved three stages in their stress corrosi.on
tests. ILoad relaxation and dormant stages made up the bulk of the test
duration while a third stage was associated with créck propagation. By
the time the third stage of failure initiated, sorne crackiﬁg con;ld have
occurred and thus a value of KO nea1;730, 000 psi-in. 1/2 may not be too
unrealistic. Values for Knucl were calculateé from equation (3). .T.o
accomplish this-, an estimate of' ¢ ~1500 was determined frofn the B

(

Al-Zn fracture data of a previous investigation. 21) This value is much
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larger thén that calculated from thg:ofetica]. coﬁSiderations and includes
a multiplication factor on the PFZ width. The reason for this is that
the grain boundary fracture region is not located ;\v_holly within the PFZ
but extends to a; considerable disfance ‘on both sides of it. A value of
€* was taken as 0.30, which is typical of many alumiﬁum alloys; the
grain size, d, was 125u or 0.005 inches; and theb modulus of elasticity
Wa‘s .10.5><106 i)si. These values inserted into equation (3) gives K

nucl

for any particular PFZ size. For example, a 0.1y PFZ gives Knucl
equa'l 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 = -10-1Z[psiz—mi.n} -1 gave the best fit to'data, which, as isvind.icated
m Fig. 2 ac-curately represents time to failure as a function of PFZ.

| One mig}?? criticize this és simply a curve fitting p.rocedure;
I--[on,véx./er, as a4 nofe in added proof, it came to our attention after this

(2)

;.n.naly‘sis was done, that Sedriks, et al. had published some crack
propagation d.ata from single-edge-notch (SEN) specimehs of the same
1f1atébial. | To make a realistic comparison,‘thg value of m should be
that just ,ass'ociate.d with crack propagation. f‘ér 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., as well as propagation, tp’ times.

I,
Since, according to Sedriks, et a., (2) tI ~3tp, it is realistic to use a
value of m that is three times as great when just considering crack
. . ' - =2 -1
propagation. Using a value of m = 3X10712{psi “-min] and stress

intensity values calculated for the SEN configuration, the comparison of

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

(2)

length curves presented by Sedriks, et al., ~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

- . . . . 9 e
description. Plastic flow parameters (F.T, Op» €pr €ps Ops €40 g, 9,

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

procedure outlined by Krafft and Mulherin. A plot of 8/0 versus 1/€L_

shown in Fig. B-1 indicated that as a first approximation,

o E[deT]1/2 , .
6/0 ~ iR (B-1)

where dT' is Krafft's process zone size. At 8 /G = 1, 1/€L is about

eipht so that € is about 0.125. To derive a simple equation for the

CR
crack velocity, an approxirﬁation to the SEN specimen', which was

reasonably valid for the crack length range covered in the present

program, gave
2
K ~30{a]¥/2 (B-2)
Utilizing this stress intensity approximation, a derivation 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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/2
: 2wd C =
sLa o(7-G)

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

wIOO

da/dt =

identical to Krafft and Mulherin's equation (5). Since d.. is supposedly

T

an independent parameter, the value of d'I' can be determined from the

critical stress intensity and € In a dry air test, K was deter-

1/2

_ CR’ CR
mined to be 51,500 psi-in. and in conjunction with an €

2

CR of 0.125,

1 -4, 4 . .
dp = (Zﬁ)(KCR/€CRE) = 2.5X107 " in. or 6.3p. Compamng this to the
average forward jump distance observed at low stress intensity levels

(Table 3),this is in excellent agreement. Using this value of dp and

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

- ' 1//2 L ,
| 61V E[2rd,] | 26.4X10° Vv (B-4)
da/dt = 172 = = - 8
ﬁizndT] - 8K 4.12X10° - 8K ‘
6

FFor computation purposed, E was taken as 10.5X10° psi, d.,. was

T
1/2

5 mvan=4% . . . .
2.5540 " in. and K is in psi-in. units.
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Table 4. Activation energies for SCC - observed.
Investigator Material(a) Condirtion Test TYpe of Parameter Activation
Solution Test Measured Energy
kcal/mol
Al-22Zn - Ethanol 11-12
Tromans o t -
and o Al-6Zn-3Mg - Ethanol ~ Sotehed 1o 11-12
Pathania : : round rncubation
Al-6Zn-3Mg - 3% NaCl + ¢ 1 time (b
2,5% K,CrO, ‘ensue 12-14'P)
2 4 : for
: bars crack
Al-6Zn-3Mg - 2% NaCl + Q)
: 2.3% K,CrO, nucleation ~40' ¢
Al-4zn-2.8Mg s 3.5% NaGl Smooth | 14
Romans (Fe-Cr-Mn-Cu) pH ~6 tensile te
and "
and 4) C-ring time
Craig! Al-4Zn-2.8Mg  o(d) 3.5% NaCl g to
(Fe-Cr-Mn-Cu) pH =6 C-ring failure 19
-4.2Zn-2.5M /5% NaCl C-ri | 16.9-20.4
Helfrich(3) Al,-4,2Zn 2.5Mg T64 3.5% NaCl C-ring te 16.9 ‘0
: : (Fe-Cr-Mn-Cu) pH ~6
Present Al-5,6Zn-2.5Mg-- "3,5% NaCl + Single edge .
study (1) 1.6Cu(Cr-Fe)  L° AlCls,pH . Poteh da/dt 10.4 - 11.9
~15 tensile

(a)

(b)
(c)
(d)

Compositions in wt. %; () indicates less than one pei‘cent for each element,
Temperature range 0 to 30°C,

Temperature near 80°C.

details given.

'S temper provided low resistance tc_i SCC and R temper provided high resistance; no other

L=

bl 2
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Table 2. Activation energies- possible mechanisms

Activation Temperature
Energy Range . :
Mechanism Q, kcal/mol Investigated, ° C Comments References
I. Anodic 10.3-14.4 ~25 ' Based upon (7) |
Dissolution i~1 amp/cmz
II. Hydrogen 11-13 570 to 630 . Dg~0.02 cm-/sec (8)
Diffusion 10.9 450 to 600 D_~0.21 cm?%/sec (9)
III. Al ions 36.8 280 - (11, 41)
in A1203 ‘
IV. Bulk self- | | -
diffusion 28.7 239 to 547 | - - (42)
V. Creep: in 28 0 to 100 - (15)
*21.1@'“1 Al-3.2% g gg . .30to 120 = Peak at ~60~C (15
VI. Serrated | © Impurity dif- _
yieclding in 9.7-12.9 -40 to 40 fusion by vac- (3, 43)
Al-Myg : ancy mech. :
VIL Grain- . Dgy~0.23 cm?/sec
boundary : _ measured from rate -
diffusion: 12.8 200 to 325  of thickening of = (44)
Cu in Al : _ * grain boundary 6
allotriomorphs.
Zn in Al . ~44-17 340 " Based ypon Do~ (45)
0.2 cm /sec
Q increased with
increasing Zn
VIII, Grain- -+ Activation
boundary 14.7 >0. 3Tm energy based . (18-20)
sliding - : upon vacancy dif-

fusion (17) in the
grain boundary.
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Table 3. Stress-wave and fractographic observations.

1/2

Kaver pSi.-in. T,°C SWE/sec Ats, sec R]j;zisclee’ ”

25, 400 23 2.0 0.5 20

36,200 33 6..6 0. 151 33

48, 300 23 11.0 0. 091 80

K‘Ave,’ psi-in. 1/2 da/dt, in. /sec><'105' g ft/gz.g Xf}gz{?li’c‘:’de{n. 2)(106
25, 400 2. 2.3 0.078
34,200 10 3.6 0. 085
48,300 12 5.7 0.113
Fave 1/2 Aq;.v. " ey Y AA/?
psi-in. sec. in, 210 () in, X140 () in, X10 “(p) in, X410 “(p)
25,400 35 9.45 (24) 7.56 (19.2)  1.89 (4.8) 4.1 (10.4)
36,200 10,7  10.68 (27) 7.12 (18) 3.56 (9.0) 2.4(§,n
48,300 6.4 7.62 (19.4) 1.52 (3.9) 6..10 tiS,S) 1.9 (4.7)
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Figure Captions

Fig. 1 Stress corrosion crack growth rate vs applied stress intensity.
Fig. 2 Time to failure vs the precipitate free zone width.
Fig. 3 Model showing the two component nature of SCC for both low

and high applied stress intensities. IC represents. the segment of
crack growth as.sociated with electrochemicaﬁl dissolution, _a_nd ,(Zt.
repreéents a single increment of crack growth which comprises
both £_ and L. |

Fig. 4 Crack movement vs applied stress intensity for the individual.
and combined components of'crack growth. EJ. = méchaniéal move -
ment,. ‘Qé = electrochemical movement.

I.i"i.g.v 5 The eftect of the ratio of the initial stress intensity,‘ KO,

Lo the plane stress fracture toughness, Kf’ on the time to failure
prediéted by equétion 20 in the text.

Fig. A-1 Stress 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,

to the true stress, O, vs the ldngitudinal strain, € (Aftei‘ the

L
Krafft-Mulherin model(®)),
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LEGAL NOTICE

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.
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