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CARNEGIE-MELLON UNIVERSITY

Effect of Microstructure on the S8tress-Corrosion
Susceptibility of an_Al-Zn-Mg Alloy

Anthony J. DeArdo, Jr.

Abstract

The effect of microstructure on tha susceptibility of a high purity
Al-6,8% Zn - 2.3% Mg alloy to stress-cotrosion cracking in an aqueous
salt solution (3.5 wt % NaCl) has been studied. The results of testing
a series of specimens having controlled microstructures and the same
yield strength of 40,000 psi indicate that the susceptibility to stress-
corrosion i8 controlled by the type, size and spacing of the matrix pre-
cipitate through the effect on these precipitates on the deformation pro-
cess, Although the width of the precipitate free zone appears to have no
effect on susceptibility, the grain boundary precipitate seems to influence
susceptibility in certain cases. Supporting evidence for these observa-
tions has been obtained by light and electron microscopic examinations
cf deformed specimens and by fractographic studies. A model is proposed

which explains many experimental observations.




Intrcduction

Alloys of the Al-Zn-Mg type possess high yield and tensile strengths,
however, the full strength potential of these alloys has not yet been real-
ized because they suffer from a verv high degree of stress-corrosion suscep-
tibility. It is unfortunate, but true, that the maximum degree of susceptibil-
ity occurs in those microstructures which exhibit the highest yield strengths.
With these facts in mind, it is understandable that the stress-corrosion pro-
blem has received much attention especially in the last few decades when
technology has demandecd materials with inzreasingly higher tensile proper-
ties.

Stress-corrosion in Al-Zn-Mg alloys is a rather peculiar phenomenon
in that it is a cracking process which requires a susceptible alloy, a certain
type of microstructure, a tensile stress and exposure to particular
types of environment. Despite intensive research over the last few decades,
the mechanism of stress-corrosion cracking in Al-Zn-Mg alloys remains ob-
scure. In particular, the role of microstructure in controlling this phenomenon
has been the subject of wide controversy. Because failure both in air and in
aqueous envirorments generally proceeas along an intergranular path, many
investicators have focussed their attention on the precipitate distribution in
the regicn of the grain boundaries. This region displays three prominent fea-
tures: (1) the equilibrium precipitates lying along the grain boundary, (2) a

precipitate free zone (P.F.Z.) and (3) precipitates in the grain interior. All

1.




2,

three features can show considerable variations depending on the heat treat-
ment to which the allo* s subjected. by careful selection of the heat treat-
ment, each of these features may be independently controlled to a greater or
lesser extent. However, it is extremely difficult except undec severely limited
conditions to produce a given variation in one feature without a concomitant.
ch;nge in the other two. This fact has not always been realized and is in part
responsible for the lack of agreement on the role of microstructure during stress-
corrosion cracking.

Several authors(l -4) have postulated that the presence of P.F.Z.'s has
a deleterious effect on the stress-corrosion resistance of these alloys. The
main contention of these inv~astigators is that the P.F.Z.'s act as mechanically
weak paths through the material in which detormatior processes such as slip
are most likely to occur and that the preferential nature of this deformation

(1) while subscribing

ultimately leads to crack initiation. Thomas and Nutting
to this general view have further suggested that maximum susceptibility will
result when the equlllbriﬁm precipitates along the grain boundary are continuous
thus preventing slip from one grain to another and concentrating the slip with-
in the P.F.Z.

(5,6) consider that the presence of a P.F.Z. has

In contrast, other authors
no effect on the stress-corrosion resistance, but that, in fact, this phenomenon
is controlled by deformation processes occurring within the grain interior which

in turn is controlled by the type, size and distribution of precipitates within

the matrix.
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3.

The purposes of the present investigation were to identify which of the
microstructural fcatures control susceptibility and to determine how this con-
trol was effected. To achieve these goals, a study was conducted to-duter-
mine the stress-corrosion properties of an Al-Zn-Mg alloy in wﬁich both the
P.F.Z. width and the matrix precipitate present in the microstructure were

varied under controlled conditions.




Literature Review

2.1 Physical Metallurgy of Al-Zn-Mg Alloys

2.1.1 Precipitates

It has been well established that there can be two equilibrium precipt -
tates in the Al-Zn-Mg system depending upon the composition of the solid solu-
(7)

tion and the temperature of decomposition™ °.

If the alloy is fairly concentrated and the temperature of decomposition
is high (above 190°C) the T phase (AlZn)49 Mg32 will be in equilibrium with

(7-9) (10,11)

the solid solution . This phase has a cubic structure with a = 14,16

and an orientation relationship with the matrix of:
(100)T|| (112),, (001)T|| (1i0)A1(8'12).

The more commonly observed equilibrium precipitat'e observed in this
systefn is Man2 which is referred to as 1. This phase is in equilibrium with
the solid solution in dilute alloys when the aging temperature is relatively low.
The 7 phase is believed to be hexagonal in structure. There is some slight
disagreement regarding the lattice parameters of 1. The following parameters
have been previously reported: a = S.ISR, c= 8.488(13); a= S.ZIR, c= 8.602(14);
as= 5.232, c= 8.572(15) and a = 5.17R, c= 3.502(16) . Reported orientation

relationships of the 1 phase with the matrix are:

Orientation A (10.0).n 1 (100),,. (00.1),n I (011)A1(12)
Orientation B (10‘0)11 I} a10),,. (Oo‘l)n I (lh)Al(lZ)
Orfentation C  (10.0), || 121),),  (00.1)p I (lll)Al(lz)

8

Orientation D (10.0)1] Il a30),,. (00.1),n Il Q10),, .

Sy

1

==

Mi-_-




5.
'rhackery(17) has recently found other orientatinon relationships bei:we,ont

N and the matrix. They are listed below:

Orientation 1  (12.0),, || (IL)AI, (00.1),rl | (IIO)A1
Orientation 2 (12 .O)n || a11) AL’ (30.2)1‘ Il (110),,
Orientation 3 (15.0)1] || (lmm' (20.1)1‘. I (121),,

Orientation 4 (12.0)1] 1l (1i1)Al, (10.4)1] 1 (i10),,

A

Orientation 5 (00.1)1‘ | ain,, (10.0)1‘ Il (110)

| ,-
Orientation 6 (10.0)1‘ I (100), (00.1)1‘ || to1n),, -

[ ‘

Precipitates of the first four orientations were reportedly lath shaped

lying on the {111} Al with their longitudinal axes lying within 25° of <110>A.1'

S vasiar §
L 1

Precipitates of orientation 5 were either hexagonal or rounded platelets, lying

H on {111}Al with the basal plane of the 1| parallel to {III}M.. Precipitates of
f! orientation 6 formed as elongated eight-sided platelets on { IOO]M. No evi-
| dence of the previously reported orientations C and D was found.
; J Another result of Thackery's work was the confirmation of the existence
(18)

’ of a recently reported phase which has been labeled X phase. This phase

appeared to have a hexagonal structure with a = 2.67R and ¢ = 4.90&

Cornish and Day(1 % have also recently reported finding X phase.

' There are two metastable phases in this system. The first, 1’, forms

during aging at intermediate and low temperatures. This phase is also hexa-

gonal with lattice parameters a = 4.962 and ¢ = 8.682(13’20) . Thomas and

Nutting(l) have shown that this phase nucleates on {111} Al and this result is

in accord with previous X-ray results of other workers(lz'ls'zn . There is

. seafl A
= . " L
'i&;‘ﬁ ¥ Qf'.?‘.
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(1,8,22)

evidence that thin plates of 1|’ are coherent with the matrix in the

[lll]Al. Thackery could not confirm the existence of 1|’ from the results of
his work. Guinier-Preston (G.P.) zones represent the other transition phase
in this system. Transmission microscopy and X-ray studies have shown that

the G.P. zones are spherical, ordered and coherent with the matrix

There i3 some controversy over the habit plane of the G.P. zones. Graf(2 1 and
others(lz) show that the [IOO]AI seems to be the habit plane while Mondolfo

(24) has noted that

et al. (13) present evidence that it might be the {lll]m. Graf
the size of the zones appeared to depend on the Mg content of the alloy.

2.1.2 Microstructures

The Al-Zn-Mg system can exhibit many different microstructures depend-

ing on the alloy composition and the heat treatment employed. This review will

pertain to ternary compositions in the range of 4 to 8 w/o Zn and less than 4 w/o

Mg.

(26) from a study of directly quenched

It has become evident recently
specimens that there is av change in the mechanism of precipitate nucleation
below a certain temperature. This has been labeled the G.P. zone sclvus tem-
perature, TG.P. , and derotes the upper temperature limit of this metastable
phase. Specimens quencned and aged above TG.P. showed microstructures
typical of heterogeneous nucleation while specimens quenched to and aged be-
low T showed microstructures typical or homogeneous nucleation. Lorimer

G L 2 P L 2
and Nicholson(zs) have noted that there was a refinement of the precipitate

(1,12,23-25)

I
fi
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7.

distribution of the order of 103 when lowering the quenching and aging tempera-
ture 10°C. (This temperature decrement traversed TG.P.)
It is possible to characterize, in principle, the microstructures observed

in Al-Zn-Mg on the basis of the type i heat treatment employed:

Type I:  Microstructures generated by quenching to a temperature
above TG P. and aging at that temperature.

Type II: Microstructures generated by quenching to a temperature
below TG _P. and aging at that temperature.

Type III: Microstructures generated by quenching to a temperature
below but aging above T

G.pP.’

Type I Microstructure

The first type of microstructure (Type I) has not been extensively studied
since it is not of practical value. It is clear that the nucleation of precipitates
in this type of microstructure is heterogeneous in nature, At very high aging

temperatures ; T or 1|, depending on the composition, are precipitated at grain

(26)

boundaries and dislocations . At lower temperatures, (T,n >T> TG p." where

TT\ is the 7 solvus temperature) lath type precipitates typical of N or 1/ are

(26)

found . It is not clear whether these precipitates are 1’ or 1N (possibly form-

ing from 3’).

’

a -
There is evidence supporting a sequence of precipitates ( SUperEaty asat

(9,21)

+T' -« + T) during high temperature aging but these observations were

sat

made on microstructures of type III and so the question of whether a sequence

of precipitates would obtain in the absence of G.P. zones remains unanswered.

g i e

o< R
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Type I microstructures can be summarized as containing few large, inco-

herent and widely spaced precipitates which have been nucleated in a hetero-
geneous manner.

fl‘ype II Microstructure

The second type of microstructure has received much attention because it
is this microstructure which achieves the high strength characteristic of Al-Zn-

Mg alloys. As the time of aging below T increases, a series of precipitates

G.P.
appears:
- & + -
asupersat. al . G.P. zones (spherical, ordered)
Y I +1.
asat n clsat. N

The formation of G.P. zones has been studied extensively in Al alloys.

This research has been stimulated by both academic and practical {viz. mechan-

ical property) considerations.

In contrast to the large amount of work done on the formation of G,P.
zones in binary Al alloys, viz. Al-Zi, Al-Ag and Al-Cu, relatively little work
has been donie in Al-Zn-Mg. This is probably due to the problems involved in

analyzing the diffusion in the ternary alloy. Panseri and Federighi have inves-

ticated the kinetics of G.P. zone formation in Al-10% Zn(27) and Al-10% Zn -

0.1% Mg(ze) alloys. bSince the two alloys exhibited qualitatively similar kinetic

behavior, much of the fundamental work done on the binary alloys would appear

to apply to Al-Zn-Mg. Previous work performed on the binary alloys Al-Zn(27) '

(29,30) (31,32)

and Al-Cu has shown that in each case the low temperature,

Al-Ag
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isothermal decomposition of the solid solution is accompanied by the formation
of clusters. These clusters or G.P. zones are very small and are the cause of
the unexpected increase in resistivity which has been noted during the initial

(33)

stages of aging . The G,.P. zones initially form and grow at very high rates

and the shape of the transformation curves indicates that there is no activation
. (33)
barrier vo the formation of these zones .
There is much experimental evidance indicating the very important effect

(1) have

of vacancy concentration on the kinetics of clustering. De Sorbo et al.
shown that specimens of Al1-Cu which had been quenched directly to and aged at
0°C had a much higher rate of cluster formation than did specimens which had
the quench interrupted at 200°C. Cold work introduced prior to aging at 0°C was
shown to increase the clustering rate of specimens having had an interrupted
quench but did not affect the clustering rate of directly quenched specimens.
These observations were explained on the basis of the vacancy concentrations
present in the spacimens (31) . In directly quenched specimens, most of the va-
cancles in equilibrium at the solution temperature are retained during the ¢uench
and hence a large excess of vacancies is available to assist the diffusional
clustering process. When the quench is interrupted at 200°C, however, vacan-
cies are annihilated at grain boundaries and dislocations, fewer vacancies are
retained and the rate of clustering ii; consequently reduced. The cold work in-
troduced prior to aging in specimens having had an interrupted quench supposedly
increased the vacancy concentration (point defect generation by dislocations)

and this allowed the clustering rate to increase. Cold work was not expected

to aid the kinetics of clustering in directly quenched specimens since these
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specimens were already supersaturated with vacancies.

The kinetics of clustering in Al-Cu have been shown to be extremely

rapic necessitating a diffusion coefficient approximately 107 greater than the
(32)

coefficient obtained by :° ~xtrapolation of high temperature data . This in-

(34)

consistency led to the excess vacancy theory originally proposed by Zener

(35) (31)

and has subsequently been developed by Federighi and DeSorbo

explain most of the experimental facts concerning the kinetics of clustering.

The excess vacancy theory uses
E

Dy = A exp(- k'rrmA exp (- kTS)

to explain the high clustering rate instead of the usual

DC = A exp - (E +EF)

where

DCu = diffusion coefficient of Cu in Al

A = a constant
Em = activation energy for vacancy migration

EF = activation energy for vacancy formation

T A = aging temperature

T, = solution temperature.

S
The addition of small amounts of Mg to an Al-10% Zn alloy has been
(28)

shown by Panseri and Federighi to have perceptible effects on the kinetics

of clustering. Their results show that Mg not only lowers but also seems to

et al, to

——

_ ==
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stabilize the kinetics of clustering, viz. reduces the effects of varying the'
solution and aging temperature.

(28) conclude that there is a strong binding energy

Panseri and Federighi
between Mg and vacancies (~ 0.5 eV) so that practically all vacancies are
coupled to Mg atoms. They also note that the Mg - vacancy couples are quite'
mobile at room temperature.

Polmear(3 6)

has investigated the low temperature aging behavior of Al-Zn-
Mg alloys. His results show that hardness was strongly dependent upon the Mg
content of his material. He found, for example, that after identical aging treat-
ments an Al-Zn alloy showed an increase of 19 V.P.N, over the quenched value
while the same alloy containing 0.08% Mg showed an increase of 55 V.P.N.
over the quenched value. Polmear has determined the C-curve behavior of his
ternary alloys and indicates that the intersections of his C~curves are related

to metastable equilibrium lines. This implies that each phase initially precipi-
tated during a sequence of isochronal aging treatments should have its own C-
carve. Polmear showed that there can be one of two phases initially present
depending on the aging temperature. G.P. zones represent the low temperature
phase while the phase initially present at higher temperatures is probably 'n' c
He also determined the compositional dependence of T G.P.which increased
linearly with Zn content at constant Mg content. At very low Mg contents (0.08%
Mg), only G.P. zones were present and this is understandable since the a’ (fcc)
phase in Al-Zn only appears at temperatures (~ 275°C(33)) higher than the

(36)

highest temperature used by Polmear. The results of Polmear and Panseri
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(28)

and Pederighi are compatible since the latter authors showed that Mg re-

tarded the kinetics of clustering in Al-Zn and Polmear showed that the incuba-

tion time for Al-8% Zn was much shorter than that for the ternary.

(37)

Townsend and Osiecki have investigated the kinetics of G.P. zone

. formation in an Al-7% Zn-1% Mg alloy using a technique similar to that of

(36) . Their experiments consisted of determining C~-curves for the de-

Polmear
composition of the solid solution for both direct quenching and interrupted
quenching conditions. Their results strongly indicate that below the nose of
the C-curve the initial vacancy concentration has no effect on initial zone for-
mation. Above the nose of the curve, however, the initial formation of G.P.
zones was strongly dependent on initial vacancy concentration. These results
indicate that perhaps the dependency of the initial clustering rate on the va-
cancy concentration in Al-Cu suggests that the aging temperatures used in the
Al-Cu investigation were above the nose of the Al-Cu C~-curve.

One final comment is deemed necessary concerning the technique used

2
(28) is based on

to determine C~-curves. This technique fi-st used by Hardy
measuring the incubation time of aging using hardness determinations. Although
the results of this technique are undoubtedly valuable, one must keep in

mind that the incubation time i8 a function of the sensitivity of the hardness test.

Stated another way, G.P. zones grow from the time of decomposition of the solid

|| netam

)

--' e
i
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solution but the hardness is affected only when the zones reach some critical
size. This incubation period is therefore not the start of clustering but the time
to reach a certair.. detectable size of clusters,

(39) have shown that, in principle, G.P. zones can

Lorimer and N::holson
sometime act as. nuclei for N’ during isothermal aging. They show that at any
aging temperature “Ta' the 5.P. zones of size greater than the critical nucleus
size of 1/ at Ta(dcma) can act as nuclei for 1’. There is little doubt that this
concept closely approximates the truth a!though there are no direct experimen-
tal observations supporting it in type Il microstructures. As will be shown
later, however, this concept of G.P. zones acting as 1’ nuclei has been indi-
rectly confirmed in the type III and should therefore also apply in the case of
type II microstructures. There has been little if any work done in varying the
type 1I microstructures although, in principle, some work in the area of inc.eas-
ing the maximum strength at a given aging temperature could be accomplished.

The 1)’ - 1 transition takes place at very long aging times and is charac-
terized by the loss of cohierency of the semicoherent ‘n' as well as a change in
lattice parameter(ls) . Little additional information is available since this
transformation has not been extensively stucdied. It would appear likely that
the 1 would nucleate from the 1’ or perhaps T’ is simply an underdeveloped
form of 1.

The region of the microstructure near the grain boundary is interestinq.

since there is a zone free of precipitate adjacent to the grain boundary. There
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- ceived the most study in recent years. Hirano and Takagi

14.
are two explanations of the existence of the precipitate free zone (P.F.Z.) de-
pending on the details of the heat treatment. The P.F.Z. occurring in type II

microstructures has been shown to result principally from solute denudatlon(lg‘

zs)whlle the P.F.Z. in type III microstructures is mainly due to vacarcy deple-
. The P.F Z. in type II microstructures is due to the competitive
growth of grain boundary precipitates and G.P. zones. These P.Y.Z. are on the
order of 2002 and this figure is probably determined by the vacancy concentra-
tion gradient (and its ef ect on diffusion of solute to the grain boundary) in the

region of the grain boundary.

Type III Microstructure

The third type of microstructure (where T <T Taqe) has re-

G.P. €
(9)
have studied the

quench

precipitation in an 8 w/0 Zn - 4 w/o Mg alloy over a range of aging tempera-
tures and have found that above 230°C only the T phase (as well as a) exiats.
In the range of 200°C to 230°C, they found the sequence

. ! ’
a +T'«a+T,.
0"supex‘au:u = “gat

This confirms the results of earlier X-ray experiments of Gmf(2 1 . Below

200°C they found the sequence

a ~a’"+G.P.zones~a’+T '~ a+T.
supersat

The only direct observation of this T phase was made by Embury and
(8)

who have shown that the T phase nucleates heterogeneously at
(24)

Nicholson

grain boundaries and dislocations. Graf reports that below 300°C the T

phase is not precipitated directly but iz preceded by 1.
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The current state of knowledge concerning the formation of precipitates in

type III microstructures is mainly due to Nicholson and his colleagues Embtry.‘"

40) (26,39) . Their work was initiated by the fact that the dispersion

and Lorimer
of matrix precipitate could be neither adequately predicted nor explained by the
application of classical metallurgy princip’es. It was noted that solute super-
saturation arguments previously considered to be the controlling factor in pre-

(41,42) could not explain many experimental observations.

cipitate distribution
In particular, they mentioned that supersaturation arguments can not explain:

(1) the presence of P.F.Z.c which occur adjacent to grain boundaries; (2) mi-
crostructures having different degrees of precipitate dispersion although dscom-
posing under similar solute supersaturations and (3) quenching rates, time

spent at room temperature before aging, the rate of heating to the aging tempera-
ture and the presence of trace elements all affecting the precipitate dispersion
although none of these appreciably affect the solute supersaturation.

(39)

Lorimer and Nicholson have proposed a model that does explain this

anomolous behavior. In effect, they say that not only is there a sequence of
precipitates but also that I’ can nucleate on certain G.P. zones which exceed
a minimum size. Their model postulates that upon quenching to a temperature 'Ib

below the T . G.P. zones form from the solid solution, the size distribution

G.Pl

of which depends upon Tb and the time at Tb. Upon upquenching above TG P
T L] L]

to Ta' those G.P. zones having reached a size greater than dc °, related to

the critical nucleus size of 1’ at Ta' will act as nuclei for 1}’. It may be con-

cluded from this investigation that the larger the G.P. zones before upquenching,

1

1

1

g
e
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T
the finer the distribution of I’ (more G.P. zones exceed dc 3 therefore more

nuclei) . It should be clear that any factor which varies the G.P. zone size
distribution would also necessarily vary the 1\’ distribution. The quenching rate
affects the G.P. zone distribution by its effect on the vacancy concentration
while variations in the heating rate would allow the sizes of zones to vary.
Trace elements can affect the precipitation process by either stabilizing the

(8)

thereby preventing a loss of vacancies to grain

(26)
G.P. °

One of the most impcertant results of the work of Lorimer and Nicholson

solute atcm/vacancy clusters

boundaries or by changing T
(26,

ag)was that they showed that the dispersion of matrix precipitate can be con-

trollad by controlling the size distribution of G.P. zones. In general, the

larger the G. P. zones grown below T, , the finer the distribution of 1/ upon

P

upquenching to Ta(> TG .P.') .
' (8) (43)

Embury and Nicholson' * as well as Taylor have shown that the forma-

tion of a P.F.Z. in a type IIl microstructure is caused by a vacancy rather than

a solute depistion at the grain boundaries as previously postulated(44) . Embury

and Nicholson'®

say that the high supersaturation of vacancies of solution
tveated and quenched material would be first reduced at the strongest va-
cancy sinks viz. grain boundaries and dislocations. The vacancy concentration
in the bulk of the grains would rstain a supersaturation of vacancies anchored

by the Mg atoms. Figure 1 schematically illustrates their postulated vacancy

profiles under different solution treating and quenching conditions. They

— =

ey




|
i

WACANCY
CONCENTRATION

.
____________ b - —f -f = f =

---se-
1
'
'
|
|
|
|
'
|
|
()
H

! DISTANCE

T T

Figure 1. A comparison of the vacancy concentration profiles for various
solution treatment, quenching and aging conditions. The P.F.Z. widths
depicted are (a) solution at 510°C, water quench, age at 135°C, (b) so-
lution at 510°C, water quench, age at 180°C, (c) solution at 465°C, wa-
ter que C;‘l, age at 180°C and (d) solution at 465°C, oil quench, age at
180°C. (8
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suggest that specimens given a low quench rate wculd have more vacancies
diffusing to the grain boundaries causing lower vacancy concentrations in the
immediate vicinity of the boundaries than specimens given faster quenches.
Upon aging at some elevated temperature, Embury and Nicholson assume that a
critical vacancy concentration (permitting the formation of G.P. zones of the
critical size) is necessary for the nucleation of the matrix precipitate and the
combination of this critical vacancy concentration and the above mentioned
vacancy concentration gradient leads to the formation of the P.F.Z. as indicated
in Figure 1. There is some experimental evidence indicating that the P.F.Z.
can be attributed to vacancy concentrations. 3Both the P.F.Z. and the size and
distribution of matrix precipitate arz strongly dependent upon quenching rate (8) c
Slower quenches result in both wider P.F.Z2.s and larger, more widely spaced
precipitates than faster quenches. These observations might be explained by
considering the expected differences in vacancy concentrations.

The addition of certain trace elements such as Ag to Al-Zn-Mg alloys has
created a finer distribution of matrix precipitate and nearly eliminated the

(45,46) (47)

P.F.Z. . Nicholson has suggested that this could be caused by the

Ag acting to stabilize the vacancy profile and preventing a large vacancy flow

(8)

to the grain boundaries. Embury and Nicholson present other experimental

observations that strongly support the hypothesis that the P.F.Z. is caused by
vacancy rather than solute depletion. For example, a microstructure containing a

P.F.Z. formed by aging at 180°C was reaged at 135°C. They(e) found that the
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second age had caused precipitation within the original P.F.Z. and this new
P.F.Z. was identical to that formed in material aged only at 135°C. The wi;lth
of the P.F.Z. was shown to be independent of aging time although the grain
boundary precipitate had coarsened with aging time. The P.F.Z. width was
also shown to be dependent on the solution treating temperature (initial vacancy

concentration) .

Several other workers have found results similar to those of Embury and

)
Nicholson regardi..g the effects of solution temperature(43'48’ and quenching

rate(19’49) on both the P.F.Z. width and the dispersion of matrix precipitate.

(19)

Cornish and Day have recently studied the precipitation occurring in

the vicinity of grain boundaries in an Al-Zn-Mg alloy and thelir results substan-
tiated the claims of Nicholson et al. It seems well established that P.F.Z2.8
in type II microstructures are due to both a solute and vacancy depletion while

in type III they are due to a vacancy depletion in the grain boundary region.
There is evidence that grain boundaries can act as vacancy sinks. Previous

work with pure aluminum that has been solution treated, quenched and aged

has shown that voids(so) and dislocation loops of both the faulted(s 1) (Frank)

(51,52)

and prismatic types can form as a result of a supersaturation of vacan-

cies. The type of defect that forms appeared to depend on the solution treating

temperature, quenching rate and aging temperature. One result of this work(so-

52) that is pertinent to this present discussion is the fact that there were re-

gions free of these defects, viz. voids and loops, in the vicinity of both grain

5 )



19.

boundaries and dislocations. These observations have been explained on the
basis that since grain boundaries and dislocations are notent vacancy sinks,
the vacancy supersaturation in regions adjacent to grain boundaries and dislo-
cations would be reduced and these regions would not be expected to contain

voids and dislocation loops.

2.2 Stress-Corrosion of Al-Zn-Mg Alloys

2.2,1 Variables Affecting Susceptibility

The Al-Zn-Mg system has been a source of much frustration to metal-
lurgists for nearly 50 years. This frustration exists because the same micro-
structures that have exhibited high yleld and tensile strengths have also been
extremely susceptible to stress-corrosion cracking.

This disturbing situation was first documented by Rosenhain et al. (53) in
1921 when they showed that certain Al-Zn-Mg alloys possessed both high
strength and high susceptibility to stress-corrosion. Sanders and Mussner(54)
later showed that corrosion was a significant factor in the cracking of Al-Zn-Mg
alloys under an enduring load.

In the nearly 50 years since this initial work was reported, there has
been an intensive effort made on the part of many workers to understand and
thereby possibly eliminate the problem of stress-corrosion in Al-Zn-Mg alloys.

Most of the historical research was concerned with determining what

factors influenced stress-corrosion and in order to gain ins!ght into the pheno-

menon, variables such as composition, phases present, trace elements, stress

—
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level, grain size and testing temperature were examined. One of the few non-
controversial conclusions that has been reached as a result of this work was a
workable definition of stress-corrosion of aluminum alloys, viz. that stress-
corrosion is a cracking process requiring a susceptible alloy, specific micro-
structures, a sustained tensile stress and exposure to a particular environ-

ment (S 5) .

In the first attempts to understand the phenomenon, investigators tried to
establish a correlation between susceptibility and alloy composition. Hansen

l.(56'57) found that dilute alloys with less than 6% (Zn + Mg) were resis-

et a
tant to stress-corrosion after a wide variety of heat treatments. They also
found that higher alloying (including Mn) resulted in extreme susceptibility un-
less aging was performed either at room temperature or above 100°C. The ten-
dency for increased susceptibility with increased alloying was substantiated

(58,59) who again noted that aging above 125°C re-

by Siebel and Vosskuhler
sulted in low susceptibility. These authors also showed that Cu, Mn and Cr in
small amounts led to a decrease in susceptibility. Chadwick et al.(so) have
studied the stress-corrosion behavior of a series of ternary compositions and
found no correlation between susceptibility and the equilibrium rhase field in
which the composition existed although they did find the general trend that sus-
ceptibility increased with alloy content. Later work in stress-corrosion has

dealt with the effect of trace elements on the susceptibility of Al-Zn-Mg alloys

of compositions based on commercial alloys. The element receiving the most
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(45,61) (62)

and later Elkington and Turner have shown

that small amounts of Ag ( 0.3%) not only increased the mechanical properties

of Al-Zn-Mg alloys hut also slightly decreased the susceptibility to stress-cor-

(60)

rosion. Chadwvick et al. have also shown that while individual additions of

Cu, Mn and Cr in small amounts did not appear to increase stress-corrosion re-

sistance, Cu when added with Cr or with Cr and Mn did appear to reduce sus-

(60)

ceptibility. The results of Chadwick et al. were compatible with those due

to earlier work of Dix(ss) .
The effect of stress level on susceptibility has been investigated by

(60) . A portion of their results is shown in Figure 2 which re-

Chadwick et al.
veals the effect of composition as well as stress level on susceptibility. These
authors have also shown that when a commercially pure base rather than pure
base material is used, a grain refinement is achieved. This fine grain material
was less susceptible to stress-corrosion than was coarse grained.

The temperature of stress-corrosion testing has been showr to be a very
important variable. Wasserman(64) observed that for each 10° increase in tem-
perature in the range 10°-70°C, the time to failure is shortened by more than a

(65)

factor of 10. Gruhl later confirmed this observation by reporting that in the

same temperature range a 1° increase in temperature reduced the life of speci-

mens by about 5%.

2.2.2 Theories of Stress-Corrosion Cracking in Al-Zn-Mg Alloys

Several theories have been proposed concerning the stress-corrosion of
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susceptibility
Alloy Zn

WZ1 7.34
Wz2 7.31
WZ3 7.41
WZ4 7.13
WZ5 7.15
XWA 7.27
XWB 7.04
XwC 7.05

SPECIMEN LIFE, HOURS

Co..positions (w/o0)

Cu
0.29
0.13

- N

1.38
1.32
1.40

0.28

0.27
0.28

2400

:); of stress level and composition on stress-corrosion

Fe St
0.01 .01
0.01 .015
0.015 .02
0.02 .05
0.005 .03
0.02 .04

Heat Treatment: 460°C, 30 min., WQ to RT, aged 18 hrs. at 125°C.,
Stress -Corrosion Test: Specimens sprayed three times daily with 3% NaCl solution.
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Al-Zn-Mg alloys. The first was a general theory presented by Mears et al.(es) 5
Their theory, basically electrochemical in nature, states that corrosion occurs
along localized paths (grain boundaries) producing fissures. A stress concen-
tration is created at the root of these fissures which magnifies the component of
stress normal to the path. This stress concentration increases as the fissure
grows or if the radius of the fissure tip decreases. When this stress concen-
tration reaches a sufficient level, the fissures open further exposing unfilmed
metal to the environment and an accelerated rate of attack would then be expec-
ted until protective films are reformed. The fissure continues to grow under the
action of corrosion. An increased rate of penetration occurs because of the
mutually accelerating effects of stress and corrosion. Dix(es) later applied
this general theory to the stress-corrosion of Al-Zn-Mg alloys. He noted that
the precipitates in this system were anodic to the surrounding material and' that
the zones adjacent to grain boundaries would be expected to be cathodes since
they were denuded of solute(67) . The anodic path was therefore depicted as
being the grain boundaries containing small precipitates adjacent to a large
cathode (Dix's depleted zone). The mechanism of crack growth was presented
as the sequential process of mechanical tearing of the denuded zone followed

(63)

by dissolution of other grain boundary precipitates. Dix suggested that

susceptibility would decrease if precipitation along crystallographic surfaces

could be prevented.

Another predominately electrochemical theory has been proposed by

=3
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McEvily et al. (3,68) . These authors state that stress-corrosion will occur in

materials when the combination of stress and environment produce a situation
where a film forms which protects against general corresion but which is not
mechanically strong enough to prevent localized rupture under the intluence of
stress. This model uses the P.F.Z. as the active path for stress-corrosion,

(69)

These authors, as well as Thomas , note that cold work prior to aging reduces

susceptibility by jogging the grain boundary (partial recrystallization) and elimi-

nating the P.".2. 3788 MoEvily et a1, 68 h

2@ shown that in the absence of
stress, the grain boundaries are cathodic to the graln‘ interiors (specimen at
-0.84vV + S,C.E.) while in the presence of stress the boundaries are anodic,
They also note that the environment (halide ions) can aia stress-corrogion by
being incorporated into the oxide thereby weakening it and also by interfering
in the repair procass of ruptured oxide. The crack growth mechanism is a two
stage process: (a) the formation followed by the rupturing of oxide film at the
crack tip and (b) the plastic deformation of the ductile substrate and the arrest
of the crack by plastic blunting. OJnce the crack has stopped, the film reforms
and then is fractured due to creep in the P.F.Z. These authors think that most

of the crack advance would occur during the blunting process. McEvily et al.(s'

68) present f.actographs showing striations on the fracture surface. These

authors claim that this is direct evidence of a two-stage cracking process where

the strictions are the locations of the arrest of the advancing crack.

(63,66)

Although the electrochemical theory of Dix et al. and the film
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(3,68)

rupture theory of McEvily et al, are important contributions in the study

of the stress-corrosion of Al-Zn-Mg alloys, they do not begin to explain all of
the chservations in this area. Probably the most important failure of these
theories is that they can not adequately explain the well documented effect of

(70) (71)

microstructuie in stress-corrosion. For example, Miekle and Pugh have

shown that any one alloy can exhibit a wide variety of stress-corrosion be-
havior depending on what particular microstructure is being tested. This rela-
tionship between susceptibility and microstructure is shown in Figure 3.

Most current theories of stress-corrosion deal with the role of microstruc-
ture in thé stress-corrosion of Al-Zn-Mg alloys. It is interesting to note that
the quest for the understanding of the role of microstructure in stress-corrosion
began simultaneously with the acceptance of modern transmission electron mi-
croscopy as a tool of metallurgical research. Since stress-corrosion cracks ad-

(63,72)

vance along intergranular paths in Al-Zn-Mg alloys, most investigators

have focussed their attention in the regions near the grain boundaries. Thase

(1,8,19)

regions have peen shown to exhibit three distinct features: (1) the grain

Loundary and grain boundary precipitates, (2) the P.F.Z. adjacent to the bound-
ary and (3) the precipitate in the matrix.

| At the present.time each of these microstructural features is held respon-
sible for stress-corrosion by different groups of investigators. The first group,
thé deo'cates of the P .F.Z., imply that susceptibility is due to the presence

per se. of the P.F.Z, (1,2,4) . Other investigators (3,68) have implied that the
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P.F.Z. would affect cracking rates but would not in itself cause succeptibility.
The advocatec of the P.F.Z. base their theory on two main assumptions: (1) that
there is p.eferential plastic flow in the P.F.Z. and (2) that deformed material is
anodic to undeformsd material. Although the first assumption is questionable,

there is some evidence that the second might be tx‘ue(73 /74) . Thomas and Nut-

(1) (2)

ting proposed similar models relating the P.F.Z.

and ;ater Pugh and Jones
to susceptibility. These models suggest that due to the difference in strength
between the P.F.Z. and the matrix, preferential plastic flow would be expected
in the P.F.Z2. Since this deformed P.F.Z. is anodic to the matrix, dissolution
of the P.F.Z. would occur producing stress concentration effects which would
cause further plastic flow and the process would continue. It was assumed(z)
that the electrochemical stage was most important because the mechanical stage
(which depends on the difference in strength between the P.F.Z. and the matrix)
could not explain the observations presented in Figure 3. The results of recent

(4)

work have been considered by Sedricks et al. to show *that a reduction in the

.P.F.Z. width results in an increase in susceptibility. They note that these re-

sults indicate that a dissolution model is likely since a decrease in what they
consider to be the anodic area has led to an increase in susceptibility. Sedricks

et al.(4) suggest that the role of stress is to make the P.F.Z. anodic to the

grain interior.

(75)

Another group of investigators, viz. Jacobs and Kent

(76) , suggest that

the grain boundary precipitates are responsible for stress-corrosion suscepti-

(1)

bility. Actually, the model proposed by Thomas and Nutting might also be
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(1)

classified with this group since they'’ suggest that at maximum hardness (and
according to them simultaneous maximum cusceptibility) the grain boundaries

are covered with a film-like precipitate which inhibits slip transfer across the
(76)

boundaries., Although Kent does not propose a model, he did note that an in

crease in the size and spacing of grain boundary precipitate correlated with a

decrease in susceptibility. The model due to Jacobs (75) was propounded to ex-

plain the difference in susceptibility of a commercial 7075 alloy in the T6 (maxi

mum hardness and very susceptible) and the T73 (overaged and not susceptible)

conditions. Jacobs 75) noted that the T6 treatment retained dislocations from

(77)

the quench while the T73 treatment did not. In previous work, Jacobs found

that in the absence of stress,the corrosion behavior of the tWo treatments was
identical. In both cases (T'6 and T73), the process consisted of the dissclution

(75) the initiation stage is

of grain boundary precipitates. In Jacobs' model
identical for each microstructure, viz. the dissolution of grain boundary pre-
cipitate at a free surface. This pit would cause a stress concentration which in
the case of T6, with the dislocations present, would be sufficient to fracture
the grain boundary precipitate-matrix interface but in T73 would only cause
plastic flow. The propagation of the crack in T73 postulated by Jacobs is

(2)

similar to that proposed by Pugh and Jones" ', viz. the cycle of deformation

accelerated corrosion, causing a stress concentration, causing deformation ac-

(75)

celerated corrosion. Jacobs notes that T73, having a higher dislocation

mobility, would be more efficient at blunting a propagating crack. He also
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notes that since the T6 structure had a lower dislocation mobility, it would be
less efficient (than T73) in blunting a crack and the crack formed at the precipi-
tate would then be able to run along the boundary until it impinged on the next
precipitate. This process would then repeat until final fracture occurred.

Jacobs assumes that the propagation of the crack between the precipitates is
deformation assisted corrosion and therefore would be the slow step in the cycle.
It seams that the cracking rate in model would depend on the size and
spacing of the grain boundary precipitates and that the iindings of Kent(n) are
therefore compatible with this model.

Therthird group of investigators disregard the effects of the P.F.Z. as
wellras the grain boundary precipitate noting that there is a strong correlation
between sﬁsceptibility and deformation substructure. This group feels that the
size, type and distribution of matrix precipitate actually controls susceptibility

(78,79)

through its effect on deformation processes. Gruhl et al. have reported

that the highest susceptibility occurs when an Al-Zn-Mg alloy is hardened by
(6) (5)

G.P. zones. Speidel' ’ and Holl ™" have shown a strong correlation between
susceptibility and deformation substructure. In general, their results indicate
that microstructures exhibiting localized slip after deformation are susceptible
to stress corrosion while unsusceptible microstructure show a more homogeneous
type substructure. They have also shown by direct observation that there is no
preferential slip in the P.F.Z.. This fapt appears to invalidate the P.F.Z,

theory since preferential slip in the P.F.Z. is a pasic tenet of that thedry.
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(6,80) has proposed a model to explain how the susceptibility of

Speidel
an alloy depends upon the microstructure (Figure 3). This model assumes that

the effective stress which pushes dislocations against the grain boundary is

where Ta is the applied shear stress and 1-0 is the friction stress. TS is con-
sidered to consist of four terms

=7 -t +71. +
T, =T, - g trg trgg t Tp)

where
e = stress due to elastic interactions with other dislocations
fs = gtress due to intersection of dislocations
fss = stress due to solid solution hardening
T = stress due to precipitation hardening.
p
Speidel(6'80) notes that dislocations can shear G.P. zones thereby lower-

ing Tp and raising fe. He states that Tp will increase in the underaged condi-
tion as the aging time increases to maximum hardness. The stress concentration
n T (n is the number of dislocations in the pile up) at the head of the pile-up
would therefore be expected to increase as the time of aging increases up to
maximum hardness. Speidel explains the decrease in susceptibility with larger
aging times by suggesting that at these times there is an increasing volume
fraction of particles that cannot be sheared and this would lead to lower stress
at the grain boundaries. Speidel notes that the role of microstructure in stress-

corrosion is to vary the stress concentration at the intersections of slip bands

mn e e gt mnt e o
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and grain boundaries by varying 'rp.

In summary, the literature has revealed many important results concerning
the relationship between microstructure and susceptibility of Al-Zn-Mg alloys
to stress-corrosion cracking. It is clear that a controversy exists as to the
exact role of microstructure in stress-corrosion. While it appears disturbing
that there i1s such little agreement among the various authors, the controversy is
euaslly understood. The lack of agreement arises mainly because of the relation-
ship among the metallurgical features of the microstructures that have recently
been investigated. Most of this recent woark has dealt with the effect of changes
in one of the microstructural features (viz. P.F.Z., grain boundary and matrix
precipitates) on susceptibility while neither controlling nor accounting for the
concomitant changes in the other features. Although the situation appears
hopeless, superficially at least, the work done by Nicholsoi et al. (8,26,39,40)
has provided insight irto the relationship between the P.F.Z. and the matrix
precipitate. Using this relationship and simultaneously accounting for varia-
tions in grain boundary precipitates, it seemed as if a series of microstructures

could be generated that might, after stress-corrosion testing, resolve the con-

troversy in the literature.
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¢ Experimental Procedure

3.1 Material

The composition of the alloy used in this investigation was Al-6.8 wt %
Zn-2.3 wt % Mg with less than 0.01 wt % Si, Fe, Cu, Mn, Cr, Ni and Ti. This
material was purchased from the Aluminum Company of America in the form of
‘ 0.040 inch thick sheet. A portion of this sheet was subsaquently further re-
duced to 0.010 inch thick sheet.

3.2 Heat Treatments

All high temperature heat treatments (viz. pre-solution and solution treat-
ments) were performed in air using a resistance wound, vertical furnace. The
temperature in this furnace was controlled to with + 5°C and the constant-tem-
perature zone was long enough to completely enclose the specimens.

There has been little work done in determining the varicus important tem-
peratures in this system. Nevertheless, it was possible to estimate the critical
temperatures of this alloy from the literature. The solidus temperature for this

' (9,81)

composition is approximately 370°C while the M solvus is approximately

(9) (9,26,36)

250°C and the G.P. zone solvus is approximately 170°C
All specimens were given a pre-solution treatment consisting of 30 minutes
} at 430°C, followed by 1 hour at 530°C, followed by air cooling to room tempera-
' ture., This treatment was deemed necessary to ensure a uniform grain size,

some degree of homogenization and complete recrystallization in the material,

This last aspect was considered important since Holl(82) has demonstrated that

Y
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'larqe variations in precipitate distribution can be obtained in specimens having
different degrees of recrystallization prior to aging.

The solution treatment given all specimens consisted of holding the speci-
mens for one hour at 465°C, followed by an oil quench to room temperature.

Temperature controlled silicone oil baths were used for all aging treatments
except those at 100°C when boiling water was used.

The temperature of the oil baths was maintained to within + 1°C of the de-
sired aging temperature.

The heat treatments employed in this investigation resulted in a mean

grain diameter of approximately 0.5mm.

3.3 Obtaining the Microstructures Necessary for the

Stress-Corrosion Investigation

It was apparent. from the literature that a wide variety of microst. uctures
(type III) could be obtained through heat treating. It also seemed possible to
generate an ideal series of microstructuras which, after being tested for stress-
corrosion susceptibility, would establish which microstructural feature (viz.
P?.F.Z., grain boundary or matrix precipitate) controls the phenomenon, These
results might also be expected to resolve the controversy in the literature. This
ideal series of microstructures would have to have the foilowing qualifications:

(A) Two microstructures with the same P.F.Z. wiuth and grain bound-

ary precipitate but having different matrix precipitate.

(B) Two microstructures with the same grain boundary and matrix

precipitate but having different P.F.Z. widths.
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(C) Two microstructures with the same P.F.Z. width and matrix pre-
cipitate but having different grain boundary precipitate.

Unfortunately, it does not seem possible to satisfy all three conditions
with one alloy. While conditions (A) and (B) perhaps could be satisfield with
one alloy, it would not seem possible to fulfill condition (C) with one composi-
tion since the solute necessary to effect a change in the grain boundary precipi-
tate would necessarily come frcm the matrix and thereby violate the constraints
of condition (C). However, all three conditions might be satisfied by more than
one alloy.

It was decided that heat treatments should be developed to approximate

conditions (A) and (B) and although the grain boundary precipitates would be

allowed to vary, they could be observed and taken into account in the analysis. ,
The heat treatments designed to vary the width of the P.F.Z.s and the
matrix precipitates are shown in Figure 4. These treatments were based on the

(8.40) (26,39

work of Nicholson and his colleagues Embury and Lorimer

In all three heat treatments, specimens were oil quenched to room tempera-
ture and this fairly slow quench was used to establish a large vacancy depleted
region adjacent to the grain boundaries. Heat treatment 1 was designed to give
a wide P.F.Z. and a relatively coarse distribution (relatively large particles and
large interparticle spacings) of matrix precipitates. Specimens were therefore
upquenched to Ta = 180°C after only 30 seconds at room temperature.

In heat treatment 2, the 1 hour age at TB = 100°C was given to allcw time
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for the growth of G.P. zones within the vacancy depleted region and also to
cause a large number of G.P. <ones within the grain interior to achieve a size
greater than dC HIHe . Consequently, the structure expected on aging at
180°C would have a narrow P.F.Z. and a fine aistribution (relatively small par-
ticles and small interparticle spacings) of matrix precipitates.

Heat treatment 3 was an attempt to obtain # narrow P.F.Z. and a distribu-
tion of precipitates within the matrix closely resembling that ¢f heat treatment
1. The 3C seconds at room temperature followed by 20 minutes at 180°C was
given to est<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>