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ABSTRACT

A review of the existing theories for the mechanism of stress-corrosion cracking
indicated that the electrochemical- mechanical theory was most consistent with existing
data for stress-corrosion cracking in high-strength aluminum alloys. However, ex-
perimental crack-kinetics studies dd not reveal fast fracture stepG which would be
associated with such a mechanism. The cracking rates were well within the limits pre-
dicted by an electrochemical mechanism.

A statistically designed experiment to study the effects of metallurgical variables
on stress-corrosion cracking behavior of high-purity 7039- and 7079-type alloys has
revealed several important facts. Stress-corrosion-cracking susceptibility is a function
of the stress noriiial to the grain boundaries rather than a function of the applied stress
on these materials in thin sheet and plate form. Compensation for this effect was
necessary before the effects of other metallurgical variables could be determined.
Chromium-alloy additions, silver additions, a more severe than normal solution heat
treatment, overaging, and the combination of silver and overaging or the combination
of chrrmium and the more severe solution heat treatment were all beneficial to the
stress-corrosion cracking resistance of these alloys. Corrner additions were
detrimental.

The combined results of electrochemical, autoradiographic, electron- transmission,
and electron-replica studies strengthen the belief that cathodically produced hydrogen
dissolved in strained grain boundaries is essential for the initiation of stress-corrosion
cracking in these alloys. Based on these results a mechanism is proposed. This pro-
posed mechanism involves the absorption of cathodically produced hydrogen into tensile-
strained, mechanically weak (alloy-depleted zones) grain boundaries. The hydrogen
acts to reduce the activation energy for anodic dissolution of the metal and thus accel-
erates the localized corrosion at the grain boundaries perpendicular to applied tensile
stresses.
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A FUNDAMENTAL INVESTIGATION OF THE NATURE OF STRESS-
CORROSION CRACKING IN ALUMINUM ALLOYS

by

F. H. Haynie, D. A. Vaughan, D. I. Phalen,
W. K. Boyd, and P. D. Frost

INTRO DUC TION

Since World War II there has been an ever-increasing demand for higher perfor-
mance characteristics in aircraft. These demands have been met partially with the use
of high-strength aluminum alloys and by designing so that their strength properties are
optimized. The increased use of these materials has been accompanied by an increase
in service failures by stress-corrosion cracking. Although several alloys and tempers
have been developed which have increased resistance to stress- corrosion cracking,
these materials do not always meet the design criteria specified for a particular use.
One of the problems associated with the development of alloys which meet the design
criteria and also are not susceptible to stress-corrosion cracking is that the mechanism
of stress-corrosion cracking is not fully understood.

The objective of this research was to study the mechanism of stress-corrosion
cracking in the 7039- and 7079-type alloys. Particular effort was devoted to determining
the effect of cathodically produced hydrogen on the mechanism of stress-corrosion
cracking.

SUMMARY

Existing theories for the mechanism for stress-corrosion cracking were reviewed.
The electrochemical mechanism based on existing anodic paths (not strain induced) does
not explain the strong stress dependence of the time required for initiation of stress-
corrosion cracks, nor does it explain the fact that alloys susceptible to stress-corrosion
cracking are not necessarily susceptible to intergranular corrosion. A purely mechani-
cal mechanism is not applicable because cracks can be stopped by cathodically poliriz-
ing susceptible materials. The surface-energy mechanism has proved not to be "ppli-
cable because under conditions where stress-corrosion cracking has time to ocuLr, the
stress-grain size relationship predicts a negative surface energy which is impusoible.
The electrothemnical-mechanical mechanism could be applicable if fast fracture steps
occur during the cracking process. However, the latter mechanism was proved not &?-
plicable because experimental crack-kinetics studies revealed no fast fracture steps,
and the rates of cracking were well within the limits predicted by an electrochemical
mechani sm.

Besides the crack-kinetics studies, the experimental work consisted of
metallurgical- variable studies, electrochemical studies, autoradiographic studies,
precipitate-phase studies, fracture-face morphology and surface- reaction studies, and
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microstreas studies. Statistically designed experiments in the metallurgical variable
studiec showed that stress-corrosion-cracking susceptibility is a function of the stress
normal to the grain boundaries rather than the applied stress in high purity 7039- and
7079-type alloys in thin sheet and plate form. Con-mpensation fir this effect was made
before the statistical significance of other metallurgical variable effects in the experi-
inent was determined. Chromium-alloy additions, silver-alloy additions, solution
heat treatment for longer times at higher than normal T6 treatments, overaging, and
the combination of silver and overaging or the combination of chronium and the more
severe solution heat treatment were all beneficial to the stress-corrosion-cracking re-
sistance of these particular alloys. The addition of copper was detrimental.

The results of the electrochemical studies indicated that cracking occurred in a
high-purity ternary Al-Zn-Mg alloy only when the combination of tensile stress, anodic
currents, and cathodic currents was present. Cracking did not occur when any one of
the three conditions was absent. Autoradiographic studies indicated that hydrogen
concentrates at tensile- strained grain boundaries of stress-corrosion- susceptible alloy*
of the 7039 and 7079 type. Both the results from the electrochemical studies and the
results from the autoradiographic studies were based on a relatively few experiments,
the primary purpose of which was to develop techniques. However, the consistency of
these results as well as results from fracture-face morphology and surface-reaction
studies strengthens the belief that cathodically produced hydrogen dissolved in strained
grain boundaries is essential to the initiation of stress-corrosion cracks in these alloys.

This work has led to the advocation of a mechanism for the initiation of stress-
corrosion cracks in these alloys. This mechanism involves the absorption of cathod-
ically produced hydrogen into strained, mechanically weak (alloy-depleted zones) grain
boundaries. The hydrogen acts to reduce the activation energy for anodic dissolution of
the metal and thus accelerates the localized corrosion at the grain boundaries perpen-
dicular to applied tensile stresses.

REVIEW OF THEORY

The various previously proposed theories for the mechanism of stress-corrosion
cracking range from purely mechanical mechanisms to purely electrochemical mecha-
nisms. Modifications and combinations of these two basic mechanisms have evolved to
make them more consistent with the observed behavior of stress-corrosion cracking.
The four theories that will be discussed are (1) the electrochemical theory, (Z) the
mechanical theory, (3) the electrochemical-rmechanical theory, and (4) the surface-
energy theory.

The Electrochemical Theory

Many of the phenomena associated with stress-corrosion cracking can be ex-
plained by an electrochemical mechanism. This theory is based on the assumption that

the material must be susceptible to selective corrosion along miore or less continuous

paths, and a condition of sustained tensile stress on the surface must be acting in a
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direction tending to pull the metal apart along these paths( l )*. The action of stress
during the propagation stage is more easily visualized than it is during the initiation
stage. Stress concentration at the root of a crack strains the metal beyond the yield
point, breaks any protective oxide film that may have formed, and exposes the anodic
basis metal to the corrosive environment. (2) The "cracks" should grow principally in
a direction perpendicular to the effective maximum tensile stress but may be restricted
to either zones of weakness or highly anodic paths or both.

Zones of weakness and preferred anodic paths may result from microsegregation
of solute atoms. More complete segregation results in the formation of separate
phases. These conditions are present in alloys that are susceptible to intergranular
corrosion in the absence of stress. However, in recent years it has been noted( 3 ) that
materials susceptible to stress-corrosion cracking are not necessarily susceptible to
intergranular corrosion. This leads to the conclusion that susceptible anodic paths in
these materials result from the action of sustained tensile stresses.

Alloy systems which form passive films and may be pitted in certain environments
are generally susceptible to stress-corrosion cracking in those environments. This
generalization has led some investigators( 4 , 5) to believe that the initiation stage is the
process of breaking down the passive film. The localized breakdown of the passive film
exposes anodic basis metal and creates a high cathode-to-anode area ratio. The rupture
of the passive film may be caused by reaction with the environment (pitting corrosion)
or by the mechanical action of stress. In the first case, the time required to form pits
can partially explain the observed "incubation" period for the initiation of stress-
corrosion cracks. In the second case, if the stress is high enough to rupture the oxide
film, initiation should occur immediately. If the stress is not high enough to rupture
the film, cracking should not initiate. Neither case is able to explain the strong stress-
dependence of the length of the incubation period associated with the initiation stage of
stress- corrosion cracking.

The electrochemical theory fails to explain why materials susceptible to inter-
granular corrosion do not necessarily stress-corrosion crack, nor why materials sus-
ceptible to intergranular stress-corrosion cracking are not necessarily susceptible to
intergranular corrosion in the absence of stress. The theory is not consistent with the
strong stress dependence of the "incubation" period associated with the initiation of
stres s- corrosion cracks.

The Mechanical Theory

The initiation and propagation of stress-corrosion cracks by purely mechanical
means may be explained by two separate processes. In fact, many proponents of the
mechanical theory concede that the initiation stage may be an electrochemical reaction.
However, mechanical mechanisms by which cracks can initiate will be discussed.

Since the length of the incubation period prior to crack formation is strongly
stress dependent, the movement of dislocations may be involved. Dislocations may
stack up along slip planes at free surfaces. The accumu Ated strosses associated with
these dislocations should eventually exceed the forces asso iated with the free surface
and cause coarse slip. Swann( 6 ) has correlated coarse slip with the breakdown of

ORefere 8 listed at and of report.
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protective oxides and the initiation of transcrystalline stress-corrosion cracking. Inter-
granular cracking may be the result of weak alloy-depleted zones at grain boundaries.
Slip would thus be restricted to these zones. Grain-boundary slip then could result in
crack initiation at triple points(7 ) (intersections of th.. ee grain boundaries).

Most materials that are susceptible to stress-co:. rosion cracking are not normally
brittle, although brittle fracture appears to be associated with the phenomenon. Even in
relatively brittle metals, plastic deformation on a microscopic scale precedes brittle
fracture. (8) The Orowan modification of Griffith's theory states that the energy required
to do plastic work is so much greater than the energy required to create a new surface
that new-surface energy can be neglected. (8) Expressed ndathematically,

2(1)

where C is the stress required to start the unstable propagation of a crack, c is the half
length of the crack, E is the modulus of elasticity, and p is a plastic-work term.

In a ductile material, the stress concentration at the root of a crack is lowered by
local yielding of the material to form a greater root radius. Therefore, the material at
the root of the cra0ck must be embrittled before the crack can propagate by a mechanical
mechanism. The similarity between hydrogen embrittlement and stress-corrosion
cracking suggests that hydrogen, as a corrosion product, may diffuse into the highly
strained metal ahead of a crack and cause the otherwise ductile material to become
brittle. (9)

The purely mechanical mechanism is inconsistent with several observed charac-
teristics of stress-corrosion cracking. The most striking inconsistency is that stress-
corrosion cracking can be accelerated by applying an anodic current and stopped by
applying a cathodic current. Another inconsistency is that the rate at which mechanical
cracking or ductile fracture should occur is much faster than the observed rates for
stress-cor'osion cracking. These two inconsistencies alone make the purely mechan-
ical mechanism theory for stress-corrosion cracking unacceptable.

The Electrochemical- Mechanical Theory

This proposed mechanism is a combination of the two previously discussed theo-
ries. Alternating slow and fast propagation rates are assumed to be by electrochemical
and mechanical mechanisms, respectively. Thus, the observed cracking rate is the
average of these alternating steps. Edeleanu( I 0 ) has observed transgranular stress-
c~rrosion cracking in which cracks passed through heavy slip bands and were generally
held up at light ones. The sudden appearance of faint "ghost" cracks usually preceded
the gradual creation of obvious cracks generally perpendicular to the applied stress. A
slow sidewise motion of cracks along operative slip planes was felt to be by an electro-
chemical mechanism. Vontana, commenting on this paper, suggested that the observed
"Shosts" may be caused by subsurface cracking.

The stopping and starting of mechanical cracking is more easily explained for
intergranular stress-corrosion cracking, The fast-propagating crack may be stopped
by grain-boundary precipitates or by a change in the angle of the grain boundary with
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respect to the direction of the applied force so that the stress normal to the grain bound-
ary is lowered below a level at which the crack can propagate. The slow electrochem-
ical reaction continues the crack through these obstacles until the mechanical mecha-
nism is again favorable.

Engell and Bsumel( 1 0 ) have presented evidence to support this theory. The inter-
granular stress-corrosion cracking of mild steel in a boiling calcium nitrate solution
was characterized by rapid steps in elongation of the test specimen, which was accom-
panied by anodic jumps in corrosion potential. Electrode-potential jumps have also
been correlated with audible "pops". (11) The "pops" were taken to be the cracking
sound that should accompany the sudden energy release associated with brittle fracture.

Parkins( 1 2 ) has shown that the rapid-elongation steps observed for mild steel at
solution boiling temperatures are not necessarily associated with cracking. A constant
strain rate stress-strain curve for this material at 115 C shows a discontinuous "saw
tooth" yielding phenomenon. He believes that the potential change was due to exposure
of fresh metal by the gross yielding of the specimen. However, another explanation
for the potential change is possible. Engell and Blumel(10) noted that "A cloud of gas
bubbles emerges from all the cracks every time a new one is formed. " The gross
yielding of the specimen dislodges hydrogen bubbles from the cracks, which exposes
very active metal at the roots of all the cracks. The popping sound may also be attri-
buted to the bursting of hydrogen gas bubbles from cracks.

The electrochemical-mechanical theory can be made to agree with the observed
behavior of stress-corrosion cracking of aluminum alloys. Where one part of the
theory is not applicable, the other is. Thus, the two parts complement each other only
if the applicable characteristics are considered. The combination of theories to make
a more consistent theory is similar to including additional terms in an infinite- series
equation. A better fit of data may be obtained by including more terms. Thus, there
is the possibility that the electrochemical-mechanical theory is in empirical rather
than theoretical agreement with observed stress-corrosion cracking behavior.

The best test of this theory may be obtained from crack kinetics data. If the
crack-propagation kinetics for high-strength aluminum alloys are discontinuous, i.e. ,
have extremely fast and slow steps, this theory may be applicable. However, if the
kinetics are relatively continuous, the theory is not applicable to this alloy system.
For this reason, crack-kinetics studies were included in this research program.

The Surfaie- Energy Theory

The surface-energy mechanism is not applicable to the initiation of stress-
corrosion cracks. Therefore, either microcracks must already be present or the
cracks must be formed by some other mechanism. While there is no reliable evidence
thmt- Griffith cracks exist in unstressed meta!s, microcracks can be produced by plastic
deformation. (8)

This theory is based on the Griffith crack mechanism for brittle fracture. A
lowering of the energy required to form a new surface by the adsorption of specific ions
should result in a nhorter unstable crack length. Coleman et al.(13) have shown that
the fracture stress in a corrosive environment has a grain-size dependence which fits



the Petch-Stroh dislocation model for the generation of a crack nucleus for brittle frac-
ture. The slopes from these measured relationships were used to calculate surface
energies that were much lower than the surface energy between the metal and its vapor.
These results were assumed to be ample evidence that the surface-energy mechanism
is applicable to stress-corrosion cracking. It was also postulated that desorption of
negative ions when cathodic currents are applied could account for observed electro-
chemical behavior.

While surface-energy lowering may contribute to stress-corrosion cracking, it is
practically impossible to make the theory completely consistent with observed stress-
corrosion cracking behavior. The data of Coleman et al. (13) were obtained by a rapid-
loading-rate method. Parkins(I 2 ) has shown that if the.strain rate is low enough for
true stress-corrosion cracking to occur, the fracture-stress, grain-size relationship
predicts an impossible negative surface energy. He has also shown that the Petch rela-
tionship is applicable to ductile tearing as well as brittle fracture.

EXPERIMENTAL WORK

The experimental work consisted of seven phases: (1) metallurgical-variable
studies, (2) crack-kinetics studies, (3) electrochemical studies, (4) autoradiographic
studies, (5) precipitate-phase studies, (6) fracture-face-morphology and surface-
reaction studies, and (7) microstress studies. Each phase of the work was relatively
independent of the other phases. However, the same high-purity alloys were used in
each case. Thus, the results of these independent experiments should be consistent.
While the results of the independent experiments may be consistent with one or more
of the several possible mechanisms for stress-corrosion cracking, the possibility that
the combined results are consistent with more than one proposed mechanism is much
,so.

Metallurgical- Variable Studies

The effects of eight variables on the stress-corrosion cracking susceptibility of
high-purity 7039- and 7079-type alloys were determined. These variables are chro-
mium, silver, and copper content, stress level, stress direction, solution heat treat-
ment, cold work, and aging treatment. The design of the experiment for seven of these
variables is shown in Figure 1, and the variable levels are given in Table I. The
blank spaces represent the combination of conditions tested. Only one fourth of the full
design was performed so that the amount of testing could be reduced considerably. The
effect of stress was determined by performing the experiment at two different stress
levels.

The use of a statistically designed two-level factorial experiment makes it p, ssi-
ble to vary all the studied variables simultaneously and still have a sample size of
half the total number of tested specimens. It is not necessary to hold all but one
variable constant in order to study the effect of that one variable. Interaction effects
between variables may also be determined by analysis of variance. Appendix A gives
an example of the analysis of variance of a factorial design experiment.
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TABLE I. VARIABLE LEVELS FOR TWO-LEVEL FACTORIAL DESIGN

Level
Variable . 0

Chromium 0.2% None
Silver 0. Z% None
Copper 0.6% None
Stress direction Long transverse Short, transverse
Solution heat 880 F - 4 hr 860 F - 1/4 hr

treatment
Cold work 5 reduction None
Age 5 days at room temperature, 8 hr at 350 F

followed by 48 hr at 240 F

Casting aud Fabrication of Alloy.

The experiment shown in Figure I requires 32 different combinations of the tested
variables. Four different alloy compositions are required. The desired and actual
chemical compositions of the alloys used in this study are given in Table IU. The alloys
with copper and with chromium were already available in sheet and plate form from
work performed in fiscal year 1965(14). All of the alloys contained zinc, magnesium,
titanium, and aluminum. Hereafter, these alloys will be identified by their composition
variables rather than by their complete compositions.

Two alloys were cast which contained silver. One contained only silver in addi-
tion to the basic alloy and the other contained copper, chromium, and silver as addi-
tions. These alloys were fabricated and heat treated to conform to the experimental
design shown in Figure 1 and Table I. The schedule of heat treatment is given in
Table m.

Tensile Properties

Long-transverse tensile properties were determined for each material in the
0. 065-inch-thick sheet. The results are given in Table IV. A platen-speed of 0. 02 inch/
minute was used throughout each test until rupture occurred. Stress- strain data were
obtained by means of a 1-inch-gage extensometer. Yield strength, proportional limit,
and modulus of elasticity were calculated from the stress- strain data.

Analysis of variance showed that most of the effects of the variables studied were
insignificant The large within-sample variation suggests a marked influence of vari-

ables not studied in the experimental design. The heat-to-heat variation in zinc and
magnesium content was not considered in this experiment, and it is well known that this
variable has a strong effect on the strength of this type of alloy. The only variable
studied that had a significant effect on the yield strength was the difference in the aging
treatments. Aging at the higher temperature reduced the yield strength.

I



TABLE II. COMPOSITION OF ALUMINUM ALLOYS TO BE USED TO STUDY
METALLURGICAL VARIABLES

Chemical Composition, weight percent
Alloys Fe Si Cu Mg Mn Zn Cr Ti Ag

With copper (High-purity 7079-type alloy without chromium)
Desired .. .. 0.6 3.3 -- 4.3 -- 0.1 --

Actual 0.01 0.01 0.56 3.09 N.D.* 3.55 N.D. 0.09 N.D.

With chromium (High-purity 7039-type alloy)
Desired .. .. .. 3.3 -- 4.3 0.2 0.1 --

Actual 0.03 0.01 N.D. 2.93 N.D. 4.55 0.19 0.09 N.D.

With silver (High-purity 7039-type alloy with silver replacing chromium)
Desired .. .. .. 3.3 -- 4.3 -- 0.1 0.2
Actual 0.01 0.01 0.005 3.08 0.005 4.15 0.005 0.11 0.20

With copper,
chromium, and
silver (High-purity 7079-type alloy with silver added)

Desired .. .. 0.6 3.3 -- 4.3 0.2 0.1 0.2
Actual 0.05 0.03 0.60 3.23 0.01 4.29 0.21 0.10 0.19

ON. D. w none dteced.

Preparation of Specimens

The 0. 065-inch-thick materials were machined into 4. 5 x 0. 5-inch long-transverse

specimens. The 0. 25-inch-thick materials were machined into short-transverse speci-

mens having the dimensions shown in Figure 2. The shallow groove on the face of this

type specimen was designed to produce a uniform tensile stress when the legs of the

specimen were compressed. This particular specimen design allowed 1/4-inch or

thicker plate to be tested for stress-corrosion-cracking susceptibility in the short-

transverse direction.

The long-transverse specimens were hand polished and then buffed with jewelers

rouge on a cloth wheel. The shallow grooved surfaces of the short-transverse speci-

mens were only polished with jeweler's rouge on a cloth wheel. Each specimen was

washed in a detergent solution, rinsed, immersed for one minute in a strong NaOH
solution at room temperature$ rinsed, dipped for S seconds in concentrated nitric acid,

rinsed in distilled water, and wiped with acetone. Thereafter, the specimens were

handled with clean cotton gloves.

Duplicate specimens w re stressed to each of two levels, 50 and 80 percent of the
0.2 percest offset yield strength for each of the different material conditions. The long-
transverse specimens were stressed in constant deflection in four-point-loading jigs.
These jigs wore painted 61-T6 aluminum with glass and ceramic loading points to pre-
vent metclto-mtal contact. The deflections required to obtain the desired stresses
were sal, "te " - g the following equation:

y F(3L 2 - 4A2])
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TAIE IV. LON-TEANSVM TENSU 6PwrTL8S OF EXPIMENTAL AUOYS
(0. 065-INCH NET)

Modulus
Elongatioo Yield Sftmnb Tensile of

Heas Tmnen in 1 Inch. (0. 2% Offset). Strenth. ptoprdoml laticity.
Alloy Sutlon AVe PercesK Pdi P Limit, pi 106p

Wih Cu
60 F 1/4t 350OF 8hr 22 36,600 M.500 25.500 10.8

0OF I/4br 350 O hr 18 38.000 54.100 31.500 10.1
Cold rolled 5 peuoe

880F 4 hr 24 48 br 18 53.200 63.500 43,400 9.8

880 4 hr 240 F 48 r 12 50.000 64.000 37,300 10.1
Cold wiled 5 pecent

Wilk Qr
we 0F1/2r O S r 48 8 No curve 96.000 No curve --
(Proeiow beat m 5 82.000 86.000 61.000 9.8

80 P 1/4 , 240 F 48 r 8 80,000 88.000 60,000 9.7

Cold idled 5 percem

890 4k Sr OF 35 i 12 59,000 66. 5M 39.000 10.2

OUOF4hs 350 8 14 56.000 64.000 40,000 9.9
Cold miled 5 pecent

Wih Q-Ag-C
80 F 4 t 240 P 48 w 7 72.500 80,200 59.000 10.45

9 71.500 80,200 56.500 10.1

NO P4 br 240 F 48 it 12 72.000 80,000 53.000 10.3
CAM iled 5 percent 9 73,000 80.000 55.000 10.0

S0F 1/4 br 30 F 8 tbr 9 50.900 65.000 39.800 10.5
9 49.000 64.300 39,800 10.0

6OP 1/4 br 350 P 8 hr 10 46.400 61.500 31.400 10.1
Cold ralled 5 perct 8 46.400 60. 500 29,000 9.9

WithAg
SO P 4 hr 30 F 9 hr" 12 51.500 60.000 38.500 10.1

12 55.000 63,000 35,500 10.4

M0F4 PI 350 p ahr 60.000 59.800 38. 00 10.0
C wdled & Spcem 12.6 52.000 61. 00 40.00O 9.5

S0 F1/41t S40 F 48 1 77 66000 72,000 .50, 9.7
7 No curve 71,900 No curve --

10 F1/41w 240 46 9 70.000 76,500 10,300 10.5
. Sp O 9 68,000 74,000 51.000 9.8

11
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where

y P deflection in izuches

F,= desir-ed stress, pli

a u beam length in ijq¢hes (3, 68)

A = distance betwntn In'ner and outer load points
in inc hes 9 , 34), :1

E = Modulus of elasticity in psi (assumed to be
10.4 x 106 for all alloys)

D = specimen thickress in inches (measured for

each specimen).

A relationship between strain on the grooved surface and the deflection at the ends of the
legs was determined for the short-transverse-type specimen with the use of strain
gages, With this information and a typical stress-strain curve for this type alloy sys-
tern, the relationship between stress and deflection to produce stresses at 50 and 80 per-
r-ent of the yield strength was determined. This relationship was

y =KF,

where

y = deflection at the ends of the legs in inches

F = desired stress in psi

K= 3.9 x 10- 7 and 4.0 x 10- 7 for 50 and
80 percent, respectively.

These ape/zimens were then stressed by compressing the legs with nut- and -bolt fittings.
The deflections were measured to within 0. 001 inch. All but the face of each short-
transverse specimen was isolated from the solution with a fast-drying rubber-base
coating.

Stress-Corrosion Testing Procedure

A total of 128 specimens were subjected to alternate immersion (10 minutes in
and 50 minutes out) in 3. 5 percent NaCl solution. The solution was made from distilled
water and reagent-grade NaCl. During the period out of solution the specimens were
forced-air dried. Distilled water was added periodically during the rest period to
make up evaporation losses.

During the first week of exposure the specimens were examined several times a
day. Puring the remainder of the first month they were examined daily. Thereafter
the examinations were less frequent. The time of observation of the first sign of a
crack was recorded for each failed specimen. Long-transverse specimens were ex-
amined visually while the short-transverse specimens were checked with a 30X binocu-
Jar microscope.

13



The results are given in Table V. Many of the specimens had not failed during the
test peried, which obviated the use of standard mathematical analysis-of-variance tech-
niques shown in Appendix A. Booth and Tucker( 1 5 ) have suggested that stress-corrosion
cracking endurance has a log-normal distribution. If such is the case, analysis of
variance may be accomplished by plotting the log endurance as a function of the expected
probability. The expected probability is based on the number of specimens tested at
each level and the ranking of a particular failed specimen. The probability that any one
specimens in a sample of 64 will be the first to fail is 1/64. Since it is assumed that
expected probability is equivalent to some function of the log endurance, the first speci-
men should fail some time during the period from 0 to a time equivalent to 1/64 proba-
bility. The median of this period represents the best estimate of the time to failure of
the first specimen or at 1/128 probability. The best estimates of the probabilities of
subsequent failures are

Probability = I+ N- I
128 64

where N is the ranking of the particular failure.

Re suits

The Effect of Stress. The applied stress levels to which the specimens were sub-
jected varied from 16 to 65 ksi. Thus there were actually many more than the two
stress levels needed in the factorial design. However, for each material there was a
"high" and a lov" stress based on 80 and 50 percent of the yield strength, respec-
tively. Before the effects of all the other variables could be determined, the effect of
stress had to be established and the endurance values adjusted to a common stress
level,

Prestley(16 ) has worked with a two-dimensional mathematical model which shows

that the effect of specirmen orientation on the resistance to stress-corrosion cracking of

aluminum alloys is due to the alignment of elongated grains. This idea has been ex-
panded to a three dimensional model.

It was hypothesized that stress-corrosion-cracking susceptibility is a function of
the stress normal to the grain boundaries rather than the stress applied to the speci-
men. The normal stress can be determined if the grain shape and the applied stress t

are known. It was assumed that an elongated octahedral structure approximates the

grain shape. The applied stresses on each material were known. Based on a force
balance on the assumed grain shape (Appendix B), the relationship between normal
stress and applied stress is

Normal stress bZ2

Applied stress a2 b2 + c2(a2 + b2 )

where a, b, and c are the relative dimensions of the grain axes. The a-dimension is
parallel to the applied stress.

Photomicrographs were made for representative conditions for each experimental

alloy in the factorial-design experiment. The average grain dimensions were deter-

mined from 10 to 30 measurements in each direction, From these average grain

14
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dimensions and the applied stresses, the approximate stresses normal to the grain
boundaries were calculated for each condition. These data are given in Table VI.

At stresses well above the streas-corrosion-cracldng endurance limit (stress
level below which stress-corrosion cracking will not occur), the log of the stress-
corrosion-cracking endurance should be inversely proportional to the stress level. Ex-
pressed mathematically,

dInt K
do

where t ts the stress-corrosion cracking endurance, 0 is the stress level and K is a
constant. This relationship has been empirically determined by Gruhl(17). It serves
as a basis for determining the effect of stress in this experiment.

The stress-corrosion cracking endurances for the "low" and "high" stresses are
plotted as separate functions on log-probability paper in Figure 3. If the "low" and
"high" stresses were two constant values rather than ranges of values, according to the
assumed mathematical basis, the functions should be two parallel straight lines. Be-
cause the high and lc;w stress levels are not single values, only a small portion of the
two functions are straight lines. The average stresses normal to the grain bou.ndaries
for the first nineteen specimens to fail were 22 and 33 ksi for the low and high stress
levels, respectively*. Thus, d V in the stress-time equation is 11 ksi. The parallel
portions of the functions in Figure 3 show that the low stressed specimens last nine
times longer than the high stressed specimens. The natural log oi nine is approxi-
mately 2. 2, which is dlnt in the assumed relationship. The resulting constant K in
terms of the stress difference in ksi is therefore 2. 2/11 = 0. 2.

Values for K around 0. 2 were used to adjust endurances for the low and high
stress levels to correspond to a common stress level of 30 ksi. A perfect correlation
would give straight lines that coincide. The closest approach to coincidence was ob-
tained with a value for K of 0. 18. The degree of coincidence decreased when values
smaller or larger than 0. 18 were used. * The degree of coincidence obtained for a val-
ue of K of 0. 18 is shown in Figure 4.

At stresses near the threshold stress level, actual stress-endurance data deviate
from the logarithmic re!ationship. This behavior accounts for inability to obtain a per-
fect correlation. The endurance values at the low stress level were further corrected
to account for this deviation so that the two lines coincided. This additional correction
is therefore the difference between the two lines at the expected probability for the par-
ticular ranked failure. The resulting adjusted values of stress-corrosion-cracking
endurance at 30-ksi stress normal to the grain boundaries are given in Table VII. These
values were used in the analysis of variance of the remaining variables.

Effect of Direction of Stress Application. The adjusted endurances in Table VII for
long-transverse and short-transverse specimens were ranked and plotted as a log
function of the expected probability. These data are shown in Figure S. The 95 percent

No. In the 3 g, ss f e Rsept the ftr 33 spectmew wore used to calculate the average atis levels. Thus, values Irrele-
vmn 4o the inOar pOtIom Of the cUrves we used. The Meulting value of K of 0.96 was used to plot the low and high stres
levels at 20 and 40 81. tepOctvely. fWin which a second estimate of K was dtewonined to be 0.33. Since de defgee of fit
actually diverge with incrsiang values of K rather than converMs as Originally expected, the fiat estimate was better than the
seond.
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TABLE Vt. "STRESSES NORMAL TO THE GRAIN BOUNDARY

ApplivilSari-sa Re'solved Stream Normal to
(50 and tI0 Perce~nt of Yi~.~l Grain Dimensions Theorcticai Grain

Alloty Condirn) kai a, inch b, inc-h c,' inch Boundarivw(Wl ki

With C.-

L'I . (CW. OA it) 0. 00888 0,00327 0. 00611Z 4
30 6

L 1. OA 20 4
303 6

4LT. Sl IT, CW 40 0.00840 0.00316 0.00860 4.4
25 2.8

LT. SI IT 28 2.8
40 4.4

ST. CWOA' 20 0.003a5 0.0061S 0.01095 13
30 20

ST.,OA 20 13
30 20

ST.SIIT a8 0. 0044 0. 0064 0.0129 16
40 26

ST,SI11T. CW as 16

40 26

ST.SIIT,OA 30 0.00138 0.0036 0.0163 26
45 39

ST. SI IT, W.OCA 30 26
46 39

ST 40 35
6S 5?

ST, CW 40 35
68 57

LT. 40 0.0036 0.00135 0.0163 4.6
65 7.15

LT, -:W 40 4.6
65 7.5

LT.SIIT,OA 30 3.4

Lr. SlIT, CW 30 3.4
48 5

With Cr.Am-Cu

LT. OA as 0.00562 0.002 0.0147S 3
40 4.5

LT.SIIT 35 4
60 6.7

LT. SIIT, CW 35 4
60 6.7

LT,CWOA as2 3
40 4.5

STSHT,CW 35 0.0021 0.00395 0.00905 26
60 44

ST,SHT 35 36
60 4S

ST, CW, OA a s 0.0009s 0.00355 0.01235 23
40 37

ST. OA as 23
40 3

With AS

Lt,SHT,0A as 0.0063 0.00475 0.01011
40 1

LT,SHT,CW,OA a5 S
40 13

LT,CW 35 0.00526 0054 0.00955 17

LI' 3 37
LT 3s?1

ST,6341,CW,OA as 0.006 0.010? 0.036 36
40 26

S?,634?,OA as 16
40 26

ST 35 0.0063 6.03 6.015 36
55 41

ST',CW 35 36
55 41

iatAlauers cmtfta AI.Mg-Za-Ti wit tWe additions of stated:i LT - long tveesvevs. ST shoret wamsverse, WT? -
NOr 4 hi, CV 6 poeast odd rafled, OA - 4over *god) 21076 hr. IS ame .sovlse asteid the alliy. were sollte
hat tilil & 80 or 14 la sd gven noT6 vO, commstttcg ol days 8 e ams on vatu,.e 0villsby 4hlitat
240 7.

lb) Valuers calculateod from thM grais diamcela ad Qs esqwates. In test.
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confidence limits for the short-tranaverse specimens were established around the median
of the specimens failed rather than the median of the total number of specimens in the
sample. However, the standard deviation for the total sample was used. Atthe median
the confidence limits are *ksb/n, where k is a constant, a is the estimate of the stan-
dard deviation, and n is the number of specimens failed. The estimate of the standard
deviation is graphically determined from the plot and is the difference between the log
endurances at 16. 2 and 50 percent probability. The constant k is taken from t tables and
is based on the desired confidence and the number of degrees of freedom, which is the
number of failed specimens minus one. At pls or minus one standard deviation from
the median the limits are expanded by fks//AZn. In Figure 5 the endurances for the long-
transverse specimens lie well within the 95 percent confidence limits for the short-
transverse specimens. Therefore, on the basis of stress normal to the grain bound-
aries, there is no significant difference in stress-corrosion-cracking susceptibility of
specimens stressed in the long-transverse direction and specimens stressed in the
short-transverse direction. This behavior supports the original hypothesis that stress-
corrosion-cracking susceptibility is a function of stress normal to the grain boundaries
rather than the applied stress. It also suggests that the observed differences as a
function of stress direction based on the applied stress are related to the grain shape
rather than other metallurgical variables. It should be noted that these tests were per-
formed on thin plate and sheet materials. Metallurgical variables which may accompany
low cooling rates normally associated with thick sections were not introduced.

Effects of Other Variables and Interactions Between Variables. Analysis of vari-
ance was performed on the remaining direct-variable effects and the interaction effects
between two variables. Many of these effects proved to be statistically insignificant.
However, several of the effects were significant. Figure 6 is an example of the graph-
ical presentation of data of one of these significant effects. Although the 95 percent
confidence limits of the two levels overlap (cross-hatched area), the best-fit liles and
the data points of the two levels are not mutually inclusive. Therefore, in this example,
the addition of silver has a significant beneficial effect. Table VIII gives the pertinent
data obtained from similar plots for the significant variables. Variable and interaction-
variable effbcts not listed in this table were found to be insignificant.

Crack-Kinetics Studies

A method was devised by which the cracking kinetics could be studied. This was
accomplished by recording the change in strain on load cells (strain-gage-instrumented
bolts) compressing the legs of cracking short-transverse specimens (Figure 7). Prior
to the stress-corrosion-cracking-kinetics experiments, a correlation was obtained be-
tween the depth of a crack and strain on load cels compressing the legs of the cracked
specimen.

20
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TABLE VIII. SIGNIFICANT VARIABLE EFFECTS

Number of

Endurance, hours Specimens
Variable and Level At Median -s Failed Effect

Chromium
Without 78 2 41
With 0. 21% 1900 80 23 Beneficial

Silver
. Without 170 2.7 41

With 0. 2% 2100 39 23 Beneficial

Copper

Without 600 23 33
With 0. 6% 380 4 31 Detrimental

Solution Heat Treatment
860 F 1/4hr 150 2.7 36
880 F 4 hr 2100 46 28 Beneficial

249F 48 hr 240 6.6 39
350 F 8 hr 5200 15 25 Beneficial

Interaction Between Chromium and Solution
Heat Treatment or Between Silver and Age

Without Chromium
860 F 1/4 hr, or
Without Silver
240 F 48 hr 180 3.3 39

With 0.2 Cr 880 F
4 hr, or with
0.2 Ag 350 F
8 hr 3300 39 25 Beneficial
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FIGURE 7. LOAD-CELL COMPRESSING LEGS GF A CRACKED,
SHORT- TRANSVERSE SPECIMEN

Calibration

Four load cells were numbered one through four. Three short transverse speci-
mens machined from 0. 25-inch plate of commercial 7079-T6 alloy were numbered one
through three. Specimens were strained by tightening the load cells to deflections of
0. 01, 0. 02, and 0. 03 inch at the load cells. Each specimen was strained in this man-
ner by each load cell, and replicates of six measurements of strain on the load cells
were taken.. These measurements established that Load Cell I was defective and that
Load Cells 2, 3, and 4 had different sensitivites. It was also found that different speci-
mens did not affect the strain measurements.

A slot 6 mils wide was cit in the center of the groove of each specimen to a depth
of 7 * 2 mile. Load Cells 3 and 4 were used to strain each specimen. Replicates of
six measurements were taken. The slts were deepened to 16 * I mile for Specimen I
and 28 * 3 mils for Specimens 2 and 3. Load Cells 2, 3, and 4 were used to measure
strain on each specimen. The slots on Specimens 1 and 3 were further deepened to
43 l and 37 * I mils, respectively. Strains were measured on Specimen 3, using
Load Cells 3 and 4. Strains at all deflections of Specimen I were too low to measure.

Analysis of variance at slot depths of 0, 7, and 37 mile, deflections of 0. 01, 0. 02,
and 0. 03 inch, and Load Cells 3 and 4 showed that slot depth, deflection, and load-cel1
variables were highly significant. The total interaction of variables was relatively insig-
nificant. These minor interaction effects were probably due o the expected linear de-
pendence of load-cell-difference measurements on strain. That is, the differenc.x be-
tween measurenients on different load cells are directly proportional to the strain,
which is in turn dependent on slot dept), and deflection.

25
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The estimated two standard deviations or 95 percent confidence limits are
*34 Ain. /in. of strain and are independent of the value of strain. The best fit of the data
(over 300 measurements), when forced to pass through 0 strain at sero deflection, is
given by the following equation:

S a (50-X) [D + 8. 87D2 - 355D 3 ]
50

where

S = strain in Ain. /in.

c a load-cell factor

X = slot depth in mils

D = deflection at the load cell in inches.

The load-cell factors are:

(Z = Load Cell 2 = 6830

a3 = Load Cell 3 = 8280

L4 = Load Cell 4 = 7170.

For a particular deflection and load cell the equation rearranges to give:

X a50 (1 - aS),

where A is a constant for the deflection effect.

By using the factors for Load Cell 2 and a deflection of 0.032 inch, the results of
these data obtained from artificial cracks may be compared with data previously ob-
tained on an actually cracking specimen. (14) The results are:

S a 201 (50-X) * 450

for the artificial-crack data, compared with

S 204 (50-X) 950

as measured on a single stress-corrosion-cracking specimen. The band for the actual-

crack data lies well within the confidence limits for the artificial-crack data. There-

fore, the strain-crack depth relationship determined from artificial cracks can be used

with confidence to measure stress-corrosion crack-growth rates.

Z6



Short-transverse specimens wer btrained by deflecting the logso"h a load ceUl

made by inserting a strain gage in a bolt (see Figure 2). The strain on the face of the
specimen is proportional to the deflection according to the relationship

= 330, 00y y 7 8 0

where
e strain, p.in. /in.

y = deflection at the load t.: 11, in.

This calibration line was determined by measuring the strain on strain gages mounted
in the faces of specimens as a function of deflection.

Re sults

Five short-transverse specimens (a high purity 7079 T6 alloy) were stressed by
compressing the legs with the calibrated load cells. These specimens were placed in a
IN NaCl solution containing 27. 6 g/l AIC13 with a pH of 3. 5. The solution was at room
temperature (approximately 74 F). The strain was recorded on an instrument with a
full-scale deflection of 1000 pin. /in. and a chart speed of 4 inches per hour. With the
particular load cell used in this experiment, the total change in strain during cracking
was approximately 100 pin. /in. The instrument was insensitive to changes in strain of
less than 5 Oin. /in. per inch. Consequently, the cracking kinetics first appeared to
proceed in a series of jumps of 5 /in. /in., indicative of an electrochemical-mechanical
mechanism. However, when an oscilloscope was used to determine the rate of these
jumps in strain, it was found that the kinetics were fairly slow and continuous and that
the jumps were due to t;he insensitivity of the recording instrument.

Figure 8 shows stress-corrosion-cracking kinetics of short-transverse speci-
mens strained at diffair'nt levels. Curves 1, 3, 4, and 5 were obtained from strain
data i.sing the re'.ordinj instrvun.ent. Curve 2 was obtained from strain data from a
timed series of picture, of oscilloscope traces (Figure 9). Calculations of crack depth
were 1e on an unstrained-to-strained deflection of 7. 5 crn on the oscilloscope grid.
The tr *c: seed was 12 cm/min. Figure 9 is indicative of the continuous nature of the
cracking OtOsd.

T 4h rtr:.sured cracking rates and the variables which appear to affect crack kinet-
ics are cp i Jed in Table IX.

Each 'of the above specimens was observed during the cracking process at 30X.
Hydrogen bubbles were observed buriitir from cracks. This phenomenon was exam-
ined inmore detail at a higher magnificaLion.

The grooved surface of a short-transverse specimen was buffed with jewelers
rouge on a cloth wheel (a metallographic or electrochemical polish could not be used
because it would have changed the geometry of the specimen), Some machining
scratches were not removed. Figure 10 conaists of a series of pictures at 80X. Fig-
ures 10a and lOb show the difference in the surface appearance before and after
deflecting the specimen 0. 030 inch at the bolt. The greater contrast around machining
marks in Figure 10b indicated increased plastic flow along these lines. Figure 10c
shows the specimen 2 minutes after immersion in INNaCl - 27.6 g/l AIC1 3 solution
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FIGURE 6L OSCILLOSCOPE TRACE (50 SECONDS) SHOWING CONTINUOUS DECREASE IN STRAIN
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(pHi 3. 5). The darkened places were points of corrosion. After the initial attack, there
appeared to be no further activity at these points. Figures 10d, 10e, and 10f show the
progress of a stress-corrosion crack. Inr Figure 10d, the crack appears as an S-shape
in the center of the bubble. The gray spot just below the bubble is a series of tiny
bubbles which evolved during the exposure of the film (approximately 15 seconds). In
Figure 10e, the crack has progressed to just below the bubble. Figure 10f shows the
appearance of the crack after it has progressed across the picture (taken 46 minutes
after exposure). Figure 10g shows that plastic deformation apparently preceded
cracking.

TABLE IX. DATA COMPILED FROM STRESS-CORROSION-
CRACKING- KINETICS STUDIES

Strain Across
Deflection Short- Crack

at the Transverse Estimated Number of Time for Growth
Load Cell, Face, Stre s s, Main Initiation, Rates,

Specimen in. pin. /in. 1000 psi Cracks min mm/hr

1 0.030 9900 A780 57.5 1 5 1.676

0. 108
1.250

2 0.030 9900 780 57.5 2 90 0.504
1.040

3 0.025 8250* 780 55.0 3 151 0.292
0. 038
0. 182

4 0. 020 6600 *780 47.5 5 577 0. 078
0.584
0. 076
0. 543

5 0.015 4950 *780 42.0 3 1276 0.050
O. Z04

Figure II is a photograph of the face of Specimen 3 from Table IX. Figure IZa

is a photograph of a cross section taken at the mark shown in Figure 11. Figure 12b is
a photograph of the same general cross section ground down several thousandths of an
inch. These two figures show that the cracking progressed faster below the surface
than it did on the surface. Thus, it appears that stress-corrosion cracking is favored
by the complex state of stress of an internal crack and the local environment within the
crack. The plastic deformation which appeared to precede the crack was probably the
result of ductil. tearing above a subsurface crack.
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Electrmhemical Studies

An apparatus shown in Figure 13 was designe and constructed whic9 made it pos-
sible to separate the effects and interaction effects of anodic and cathodic currents and
strain. Figure 14 is a schematic diagram of the wpparatus as used in one experiment
One side of a strained sheet tensile specimen could be polarized anodically while the
opposite was being polarized cathodically.

A high purity ternary Al- Zn-Mg alloy which is highly susceptible to stress-
corrosion cracking was used to study the electrode-kinetics effects. Two basically dif-
ferent types of solutions were used in this study. A one normal sodium sulfate solution
inhibited with 0. 00SN sodium chromate was selected as a solution that does not nor-
mally promote stress-corrosion cracking in this alloy. A 3. 5 percent NaCl solution
containing 27. 6 g/l ACI3 adjusted to a pH of 3. 5 was selected as i. solution that nor-
mally causes rapid stress-corrosion cracking.

One side of an unstressed specimen was exposed to the sodium sulfate solution

and anodically polarized for 3 hours at -0. 500 volt with respect to a Hg-iHgzSO 4 refer-
ence electrode until the current was steady at 1. 16 #ja/cm2 . The corrosive NaCI solu-

it tion was then placed on the opposite side of the specimen and a constant 116 pa/cm2 of
cathodic current wan applied to this exposed surface. After 13 hours, the anodic cur-
rent on the side exposed to the sodium sulfate had increased to 3. 48 p&a/cm 2 . The
specimen was then stressed in tension to approximately 30 ksi. Within 5 minutes the
specimen started to crack.

A second specimen was exposed to anodic polarization in the sodium sulfate solu-
tion and stressed in tension to approximately 50 ki. The opposite side was not ex-
posed to the corrosive salt solution nor the cathodic charging. The specimen did not
stress-corrosion crack within 11 hours.

A third specimen was cathodicaily charged for 17 hours on the side exposed to the
corrosive NaCl solution. The specimen was then stressed to approximately 30 ksi.
There was no cracking for 23 hours. The sodium sulfate was placed in the opposite cel)
and that side was polarized anodically. Almost immediately there was an indication of
crack initiation. Table X summarises the combinations of conditions which were tested
and the results.

TABLE X. RESULTS OF ELECTROCHEMICAL STUDIES

Tensile Stress Tensile Stress
Anodic Charging Cathodic Charging Applied Not Applied

Yes Failed No failure
Yes No No failure No f.lure

Yes No failure No failure
No No Not tested; Not tested;

no failure no failure
expected expected

The only failure occurred when stress, anodic charging, and cathodic charging
were all present. The significance of these results will be fully covered in the
discussion.
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Autoradiographic Studies to Detect Minute Amounts of
Tritium Absorbed Because of Tensio Stress

Several specimens of a high-purity ternary Al-Zn-Mg alloy, which is susceptible
to stress-corrosion cracking, were electropolished in a phosphoric-chromic- sulfuric
acid solution. Some specimens were stressed by constant deflection in four-point-
loading jigs. Others were not stressed. These specimens were subjected to different

exposure conditions. Some specimens were cathodicaily charged while others we :e
not. Tritiated water was added to some electrolytes.

The electrolyte consisted of 125 ml of 1 N NaZSO 4 . In addition, the radioactive
solution contained 100 millicuries (5 ml) of tritiated water.

A summary of the different exposu :e conditions is given in Table XI. The higher

current densities caused caustic attack of the aluminum. Thus, the lower current den-
sities for longer exposure were more satisfactory.

TABLE XI. DATA FOR DIFFERENT CONDITIONS IN AUTORADIOGRAPIUC STUDIES

Length of

Current Dtra'ion oi Film

Current, Density, Electrolysis, Exposure,

Condition rna uIa/cm 2  hr hr

Stressed (40 ksi) 1.5 120 4. 7 16

Unstressed 1.5 150 4.5 16

Stressed (40 ksi) 1.25 100 4. 5 16

Unstressed 1,0 100 4.5 16

Stressed (40 lksi) 0.65 50 3.5 2., 60

Unstressed 0.5 50 3.5 2, 60

Stressed (40 koi) 0.65 50 6 3, 60

Unstressed C.5 50 6 3, 60

Lighter (20 ksi), 0.65 50 6 3, 60

stressed
Unstressed 0.5 50 6 3, 60

No H 3 , urnitre sued 0. 5 50 6 2, 60
No H 3 , stressed 0.65 50 6 3, 60

(40 ksi)

After exposure to the solution under the various conditions of charging, each

specimen was cleaned. A 1-micron film of VYNS (a Bakelite Co. trade designation for

a poly inyl polymer applied in a solution) followed by a 1-micron film of collodion
was applied to each specimen to prevent the possibility of the aluminum reacting with

the halides in the autoradiographic film. A Kodak Autoradiographic Stripping Plate

AR. 10 waii then applied to the specimens and exposed for the times indicated in

Table XI. The film was developed for 3 minutes in D-19 and fixed for 3 minutes in a

Kodak acid fixer.

Figure 15 is typical of the autoradio~raphs obtained by this method. The four

pictures represent four different types of environmental exposure. Pictures .. and b

show the difference between stressed and unstressed specimens cathodically charged
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in a tritiated solution. The dark line in b is caused by heavy expostire of the film above
a stress-corrosion crack. The small black spots along the grain boundary at the top of
the picture are also caused by exposure of the film. Neithet of these phenomena is
present in the unstressed specimen. Pictures c and d represent controls which were not
exposed to tritiated water. A crack is present in picture d; however, heavy exposure of
the film above the crack is not evident. The difference between pictures b and d is at-
tributed to the presence of tritium in the grain boundaries of the specimen charged in the
tritiated solution. The presence of tritium indicates that hydrogen should be present in
even greater concentrations because of the difference in sizes of the two atoms.

The cracking of the specimens was not desired, nor was it expected in a sodium
sulfate solution. The cracking behavior was attributed to a decrease in pH of the small
volume of solution caused by some cathodic dissolution of the metal. The cracking may
have been avoided by using a larger volume of solution and lower current densities or
by coating the tensile side of a bent specimen and charging only the compression side.
Cracking should be avoided because, if the VYNS film separating the metal from the
autoradiographic film is broken the metal will react with the halides in the film and give
a false exposure picture similar to picture b. For this reason, it is felt that the black
dots along the uncracked grain boundaries are more indicative of the presence of hydro-
gen than is the dark black line above the crack. The significance of these results will
be discussed later.

Precipitate- Phase Studie s

Transmission electron micrograpfli - (Figure 16) have shown that both com-
mercial and high purity 7079-T6 alloys coutain intragranular as wefl as intergranular
precipitates. The high purity alloy was less susceptible to stress-corrosion cracking
in the long-transverse direction than was the commercial-purity alloy. The high-purity
alloy contained fewer intergranular precipitates than did the commercial-purity alloy.
hi all cases, the intergranular precipitate was present as individual particles rather
th.an &.* a continuous phase in the grain boundary. The major compositional differences
bet;,een the two alloys were that the high-purity alloy contained less iron and silicon
and xnv" r chromium than did the commercial p',e.Aty alloy.

A",' upts to identify the precipitate pnases by X-ray and electron-diffraction ex-
r,: ia itn of bulk specimens were not successful; hence, transmission-electron-

0li faction studies of thin sections were performed. As no intragranular precipitate
was present in a ternary Al-Mg-Zn alloy, this .,lloy was used to investigate the inter-
granular precipitate. Solution and overaging heat treatments were carried out on speci-
mens of this alloy to decrease and increase, respectively, the amount of the inter-
granular precipitate phase. Figures 17a, 17b, and 17c are transmission electron
micrographs of the ternary Al- Mg- Zn alloy in the following conditions:

(1) T6 condition

(2) T6 conditio. plus a solution treatment of 1 hour at 860 F followed by
a cold (60 F) water quench

(3) T6 condition plus further aging of I hour at 350 F, followed by a cold
(60 F) water quench.
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12. 250X J12741

a. T6 Treatment

12, 250X 112841 19, 250X J17790

b. TO Treatknent Plus Solution Treatment, c. TO Treatment Plus Overaging 1 Hour
I Hour at 880 F at 3507F

PIGURI17. TRANSMISSION ELECTRON MICRW-RAPHS OF THE TIRNARY AI-M8-Zn ALLOY PREPARED
IK THE INDICAflV TRIATMENrS

41



The solution treatment (Figure 17b) decreased the amount of but did not com-
pletely remove the intergranular precipitate, while overaging (Figure 17c) increased
the width of the grain boundary none and the sime of 'the intergranular precipitate. The
precipitate-free areas adjacent to the larger intergranular precipitates in Figure 17c
result from solid-solution depletion as the precipitate grows.

Specimens having these treatments were tested for stress-corrosion cracking
behavior under an applied load of 32.4 ksi. The same load was also used in testing
other ternary Al-Mg-Zn alloys in the T6 condition, where it represented about 50 per-
cent of the yield strength. Thus, the 32. 4-kai loading of weaker solution-treated and
overaged specimens is undoubtedly greater than 50 percent of their yield strength.

Under the 32, 4-ksi loadt all the cold-water- quenched specimens failed within
167 hours, while hot-water-quonched specimens (all in the T6 condition) failed in from
362 to 1673 hours. [ Cracks formed in the overaged specimen (Treatment 3) in less
time (84 hours) than in specimens with the T6 treatment. ] One of the solution- treated
specimens (Condition Z) failed in 800 hours, while another specimen has not failed in a
similar exposure time. The endurance time of 800 hours represents a significant im-
provement over the 167-hdur lifetime of specimens in the T6 condition.

Transmission-electron-diffraction data have been obtained for the intragranular
precipitate in the high-purity 7079 alloy. However, these dta do not correspond to
those previously reported for precipitate phases in this type of alloy. A consideration
of the solid-solubility relationships between the major elements in 7079 alloys and the
available diffraction data for the intermetaflic phases present in the appropriate binary
and ternary systems suggests that a likely precipitate would b'3 eCuZn4 . Unfortunately,
X-ray data obtained from an 8OZn-ZOCu alloy did not agree with diffraction data ob-
tained from the 7079 alloy.

The experimental problems encountered in transmission electron diffraction of
thin foils include:

(1) 1 imited volume of specimen (very few Orecipitate particles were

available for diffraction)

(2) The possible interference of surface films.

The significance of these results will be discussed later.

Fracture- Face- Morpholoy. and Surface- Reaction Studies

The fracture-surface morphologies of solution -treated (I hour at 860 F) and over-
aged (I hour at 350 F) ternary AI-Zn-Mg alloys which failed by stress-corrosion crack-
ing In 800 and 167 hours, respetively, were examined. 3oth fractures were inter-
granular, but differed in that the fracture face of the overaged specimen (shown in
Figuro 18a) contained a large number of precipitates, while little evidence of precipi-
tates was observed in the solution-t-eated alloy (Figure 18b). These results are in
agreement with the transmission electron rnicrographs shown in Figure 17 and further
emphasise tbo obseTvation that intergranular precipitates contribute to grain-boundary
weakness and, thus, to stross-corrosion-crckng susceptibility ir Type 7079 alloys.

42 L



875OX J13263
a. overaged I Hour at 350 P

8760X J13814
b. Solution Treated I Hour at 860 IT

FIGURE 18. ELrTftON M'CIOGRAPHS OF STRSS-CORROSION4 FRACTURE FACES IN THE OVZRAGEI AND
SOLUTION -TREATED TERNARY Al-Zn-Mg ALLOY
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Experiments have shown short-transverse specimens of the high-purity Type 7079
alloy to be susceptible to stress-corrosion cracking. This alloy does not contain ap-
preciable amounts of intergranular precipitate. Microscopic examination of the fracture
face in the short-transverse specimen (Figure 19) showed the fracture to be relatively
flat, with small changes in elevation from one grain to another. No definite sequence of
structural features across the fracture face was observed. Instead, the rough areas,
smooth areas, pits or tunnels, subgrain attack, and steps at grain boundaries were
present in varying degrees across the entire fracture face. The flatness of the fracture
results from the small orientation difference between adjacent grain boundaries.

The fracture-surface morphology at and near the site of crack initiation was in-
vestigated for three materials (Commercial 7079, Al-Mg-Zn-Ti-Cu, and Al-Mg-Zn-Cu)
in the T6 condition, after the first evidence of cracking was visible on their exposed
surfaces. Electron micrographs obtained by replicating the fracture surface of the
cracks are shown in Figures 2Oa, 20b, and 24c. These fracture surfaces, which are
very near the apex of the crack, are quite fiat, with pits and tunnels on the grain faces
extending into the fracture surface. The pit and tunnel structure is similar to that ob-
served at the apex of cracks of extensively cracked specimens.

Electron-microscopic examination of the ternary Al-Zn-Mg alloy after cathodic
charging (Figure 21) indicated that the experimental conditions employed (5 vol /
arsenic- saturated H2 S0 4 at 0. 02 amp/cmZ for 35 minutes) result in localized attack
similar~to that observed near the apex of a stress-corrosion crack. Less severe con-
ditions (IN Na2 SO4 inhibited with 0. 1 percent sodium silicate at 2 x 10-4 amp/cm2 ) did
not cause tunnels after cathodic charging for 12 hours as can be seen in Figure 22. The
observed pits in Figure 22, for this specimen, formed as a result of some etching dur-
ing the initial electropolishing of the specimen. The background structure, consisting
of small bumps which were not present after 35 minutes of charging, suggested the be-
ginning of a surface reaction. A specimen of the ternary Al-Zn-Mg alloy, stressed at
48,000 psi and cathodically charged in the IN Na2SO4 + 0. 1 percent sodium silicate
electrolyte, showed intergranular cracking in 19 hours.

This suggested that corrosion-produced hydrogen may play a significant role in
the stress-corrosion cracking of aluminum alloys. To further define the role of hydro-
gen in stress-corrosion cracking of 7079 alloys, the effect of atomic hydrogen on the
structural properties of these materials was studied.

Hydrogen charging of specimens was accomplished by cathodic treatments in an
arsenic-saturated 5 volume percent HZSO4 electrolyte at 0, 02 amp/cm2 . The ternary
Al-Mg- Zn alloy (susceptible to baeesa-corrosin cracking) and the high-purity 7079
alloy were cathodically charged while stressed by applied loads equal to 75 percent of
their ultimate strength. Intergranular failure io the ternary alloy occurred after ap-
proximately 20 hours, while the higt-purity alloy stressed in the long-transverse
direction showed no cracks after charging for 66 hours. (Stress-corrosion cracking
failures without charging arm not expected in this solution.)

The grain-boundrery fracture path resulting from hydrogen charging is shown in
Figure 23 to extend compi3tely scross the specimen. 'The grain-boundary surface is
irregular. Electron micrographs illustratig the various types of roughness are pre-
sented in Figure 24.

Studies of the effect of hydrogen on internal structures were performed by cathod-
ically charging an unstressed thin section of the ternary AI-Mg- Zn alloy in the T6
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50X L16557
a. Light Micrograph

875OX J13887
b. Electron Micrograph

FIGUR 19. LIGHT AND ELECTRON MICR1)GRAPHS OF STRUSS-CORROSION FRACTURE FACE IN A SHORT -
TRANSVERSE SPECIMEN OF THE HIGII-PURITY 7u79 ALLOY
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IN11313 7079 ALLOYS
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875OX 713532

FIGURE 21. ELKCTRDN MICROGRAPH OF THE TERNARY Al-Zn-Mg ALLOY CATHODICALLY CHARGED IN

5 VOL %. ARSENIC-SATURATED Hi2 S04 FOR 35 MINUTES AT 0. 02 AMP/CM2

87S0X 113738

FIGURE 22. ELECTRON MICROGRAPH OF A TERNARY Al-Zn-Mg AUAT)Y CATHODICALLY CHARGED IN
IN N&gS04 +0. 1 PERCENT SODIUM SILICATE AT 2 x 10-4 AMP/CM2 FOR 12 HOURS
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Compression Edge Ttninn Edqc

FIGURE 23 LIGHT MIC.ROGRAPH or FRACTURE FACE IN THEM TERNARY Al-Mg-Zn ALWY CATI-KDICALLY
CHARGED TO FAILURE
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FIGURE 24. ELECTk)N MICROGRAPHS OF TH-E FRACTURE FACE OF THE TERNARY Al-Mg-Znl ALLOY
CATHCVICALLY CHARGED TO FAILURE
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condition, Figure 25 in a transmission electron micrograph of the thin section after
cathodic charging for 2 seconds. It can be seen that the grain boundary is not attacked.
Also in this particular area, there appears to be a region adjacent to the boundary that
dcfers from the bulk of the grain. Away from the boundary, the grains appear to have

been broken into a subgrain structure by hydrogen charging, with pits forming in the
subgrain boundary. In addition to this substructure, broad strain contour lines are
present in all areas of the hydrogen-charged foil. Prior to charging, these strain con-
tour lines were very narrow, indicating that charging introduces additional strain, It is
possible that this strain results from hydrogen entering the subgrain boundaries. Simi-
lar broadening of the strain contour lines, and in some areas subgrain boundaries, was
observed during corrosion of thin foils, indicating that the cathodic portion of the cor-
rosion reaction may be equivalent to hydrogen charging, Even though the hydrogen may
diffuse out during the evacuation of the microscope, the change it has cuased in the s..ruc-
ture of the metal is apparent. Specimens were also charged in the less severe inhibited
NaZSO4 soluticn for times up to 23 hours at high and low current densities and then
examined by optical microscopy and by X-ray diffraction. No gross structural or phase
changes were detectable except for a pitting-type corrosion when high-current densities
were employed. Furthermore, the X-ray diffraction data show no evidence for exapnsion
or strain in the aluminum lattice, indicating that if hydrogen enters the grains there is
little or no chemical bonding and the interstitial sites are sufficiently large to accommo-
date hydrogen atoms. Therefore, the reaction of 7079 alloy with cathodically generated
hydrogen may be limited to a solution in the grain-boundary zone.

The hydrogen-ion-metal reaction was investigated by a method (metioscopy) which
provides observation of surface characteristics of the aluminum alloy. Electrons
emitted from the specimon as a result of bombardment by high-energy hydrogen ions
are accelerated by a high voltage, magnified as in an electron microscope, and projected
onto a screen or photographic plate, thus providing a magnified image of the specimen
surface and reaction thereon. As the hydrogen ion reacts with metals and phases dif-
ferently, the bombardment results in a variation in electron emission. Also, the sur-
face of the specimen is cathodical]y etched by the high-energy ions permitting a char-
acterization of the subsurface structure of the material being examined.

For this ihvestigation, a specimen of the ternary Al-Mg-Zn alloy was examined
after an electropolish and very light etch. Hydrogen was-chosen as the ion gas because
of its possible relationship to stress-corrosion cracking in this material. The following
experimental conditions were employed:

Cathode voltage: 38 kv
Ion Beam: hydrogen at 19 kv and 10 pa
Operating pressure: 3 x 10 - 4 mm Hg

Micrographs of typical structures observed are shown in Figuires 26a and 26b.
Pits seen in the grain on the right side of these figures are not typical but were chosen
as convenient markers for repositioning the specimen so that the same area could be
photographed at selected time intervals. After 28 minutes of hydrogen-ion bombard-
merit (cathodic ctch) the initially smooth grains begin to exhibit some iurface roughness
as shown in Figure 26a. A thin zone of slightly higher emnission than the matrix is seen
along the left side of the grain boundary, while a shallow trough appears to be present
along the right side of this grain boundary. Also, precipitate particles are seen in the
grain boundary. Further etching (86 minutes) enhances these structural Jeatures as
seen in Figure 26b. The black zone along the grain boundary, which is enlarged in
Figure 26b, results from a shadow cast by the boundary being higher, than the adjacent

grains. Figure 27 shows a higher magnification view of the grain boundary seen in
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FIGURE 25, TRANSMISSION ELECTRON MICROG;RAPH OF A THIN SECTION OF THE TERNARY Al-Mg-Zrn
ALLOY AFTER CATHODIC CHARG ING FOR 2 SECONDS
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960X a. 28 Minutes M-3 90OX b. 86 Minutes M-6

FIGURE 26. ELECTRON-EMISSION MICROGRAPHS OF THl-E TERNARY Al-Mg-Zn ALLOY EXPOSED TO

HYDROGEN-ION BOMBARDMENT FOR THE INDICATED TIMES

C400X M-10

FIGURE 27. ELECTRON- EMISSION MICROGRAPH- OF THE TERNARY

Al-Mg-Zn ALLDY EXPOSED TO HYDROGEN IONS
FOR 16i3 MINUTES

5Z



Figures 26a and 26b. The circle in the center of Figure 27 is the image of the electron-
beam aperture, and not a part of the metal structure. Surface undulations are now seen
to be in the form of oval-shaped islands and stringers with variable emission, while a
high-emission zone at the grain boundary is clearly visible. Black areas to the right of
the grain boundary are shadows resulting, as mentioned above, from the grain boundary
being in relief with respect to the adjoir.ing grains. Based on the emission efficiencies
of aluminum, magnesium, and zinc with hydrogen ions, an area of high emission would
be rich in aluminum and/or magnesium and lower in zinc. The significance of these
results will be presented in the discussion section.

Microstress Studies

Previous experience has shown that local grain-to-grain variations exist in a
nominally uniform stress or etrain field. The possibility that such stress concentra-
tions might be significant in the explanation of some aspects of stress corrosion led to
the present investigation.

In the present study, the surface strains in the aluminum were determined by
bonding thin photoelastic coatings to the surface and photographing the fringe pattern
resulting from applied loads. The coatings were then removed and the aluminum speci-
mens were returned for tests in a corrosive environment.

The nroposition tested by these procedures is: Does the specimen form corrosion
cracks at points of local maximum stress as indicated by the photoelastic tests" If so,
this would indicate that (a) scatter in time-to-failure at one nominal stress level,
(b) relative insensitivity to nominal stress level, and (c) crack initiation at points not
coincident with points of calculated maximum nominal stress might be due in part to
these local grain-to-grain stress concentrations.

The alloy used in this test is a high-purity ternary Al-Zn-Mg alloy in the T6 con-
dition. The grains had roughly equa] length axes and the average grain diameter was
approximately 1/16 inch. Four specimens were prepared. Specimen I was tested in a
tensile machine giving the proportional limit 49. 000 psi, 0. 2% offset stress 56, 000 psi,
and ultimate tensile stress 57, 200 psi.

Sheets of photoelastic material 0. 010 inch thick were cemented to the top surface
of constant-bending-moment Specimens 2, 3, and 4. When viewed in polarized light the
relative retardations of the light, as measured by the color of the transmitted light, were
proportional to the difference of principal strains in the plane of the specimet s'iirfare.
These specimens had cross sections that were 0. 50 inch wide and 0. 22 inch thick and
were subjected to constant bending moments by four-point loading, the constant-monent
span being 5. 5 inches. Photographs of Specimens 2 and 3 were taken at nomixial stress
levels of 20,000 and 40,000 psi, and of Specimen 4 at 15,000 and 30,000 psi. Y"6cal no-
load photos were made of all three specimens.

It should be noted that some permanent deformation was induced in Specimens 2
and 4 during these tests. On reviewing the history of these ,pecimens, it was found
they were subjected to a straightening procedure, involving temperatures of perhaps
400 F for up to 2 hours. As a result, considerable overaging occurred, lowering the
yield stress to between 25,000 to 30,000 psi.
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The birefringent coating was removed by mechanically peeling the sheet plastic
away from the epoxy cement and degrading this cement by the application of 70 percent
concentrated nitric acid. It was also found practical to speed up the epoxy removal by
scraping the surface with a wooden stylus.-

Th. order of colors of the photoelastic coatings under polarized light correspond-
ing to increasing principal strain difference was yellow, then red, then blue. Grains
with the most highly strained surface planes were those grains with a bluish tone.
Points of highest shear strain were noted for each specimen.

The coating was stripped from each specimen and the surface cleaned with nitric
acid, followed by a distilled-water wash, and a wipe with benzene. All three specimens
were stressed to 40 ksi by four-point loading and exposed to 3. 5 percent NaCl by alter-
nate immersion. After 40 hours a stress-corrosion crack had initiated in the specirrCn
which was not overaged. The point of initiation di, t correspond to any of the pre-
viously noted points of highest shear strain. On the contrary, the point of initiation was
between two grains whose grain boundary was very nearly perpendicular to the applied
stress. The specimens which were overaged and had exhibited gross localized plastic
deformation did not crack within 3 weeks.

DISCUSSION OF RESULTS

The results of the independent phases of study will first be discussed separately,
then the consistency of the results will be discussed.

Metallurgical- Variable Studies

This phase of the experimental work revealed several new facts and also con-
firmed other facts which were not wiell established. Because this work was done as a
statistically designed experiment, these observed facts have statistical significance.

It was shown that for these thin sheet and plate materials, grain shape alone is
responsible for the anisotropic stress-corrosion cracking behavior of these aluminum
alloys. (It should be noted that other metallurgical variables caused by low cooling rates
may contribute to this behavior in thick wrought sections. ) Stress-corrosion cracking
susceptibility proved to be a function of the stress normal to the grain boundaries rather
than the applied stress on a specimen. This is true because there was no significant dit-
ference in stress-corrosion cracking behavior between short-transverse and long-
transverse specimens when the results were adjusted to common levels of stress normal
to the gritin boundaries. The ratio of the normal stress to the applied stress was found
to be a function of the grain structure and was approximated by assuming the grains to
be elongasted octahedrons.

It is believed that the techniques used in this study to eliminate the effects of grain
structuze and stress level are new. It is also believed that this or some similar proce-
dure must be performed before meaningful results can be obtained from the comparison
of stress-corrosion-cracking susceptibilities of different alloys.

54



Table VIII summarizes the metallurgical variable effects found to be statistically
significant in this varticular experiment. The addition of chromium was expected to be
beneficial. However, it was not known if this effect was limited to the long-transverse
direction due to its prevention of grain growth or if some other metallurgical effect was
present. Because the effect was still significant when the effect of structure and stress
level were eliminated, it can be concluded that chronum has an additional beneficial
metallurgical effect in these alloys.

There has been some controversy over the beneficial effects of silver in aluminum
alloys. This work proves the statistical significance of the effect on stress-corrosion
cracking behavior in the particular alloys used. The direct beneficial effect of silver
on stress-corrosion-cracking behavior is of the same order of magnitude as that of
chromium. However, it is possible that interactions between silver and other metal-
lurgical variables may be more beneficial than chromium interactions with other vari-
ables. In this experiment, two significant interaction effects were not separable.
These were the interaction between silver and aging treatment and the interaction be-
tween chromium and solution heat treatment. The addition of silver and an overaging
treatment was beneficial or the addition of chromium and a longer, higher temperature
solution heat treatment was beneficial. Based on general principles, both effects are
possible. The more severe solution heat treatment should make more of the chromium
go into so lid solution. This should result in more intragranular precipitate nucleation
sites which should be beneficial. On the other hand, silver knay delay diffusion of zinc
and magnesium to equilibrium precipitate sites when theLse m.loys are overaged, which
should aloo be bereficial.

The addition of copper is detrimental to the stress-corrosion cracking resistance
of these particular alloys. The effect is more pronounced for short times than it is for
long times, This behavior may indicate that the acceleration of pitting corrosion by
copper results in the acceleration of the initiation of stress-corrosion cracks.

A more severe solution heat treatment than normally used is beneficial. The
upper limit for the temperature is a function of the melting temperature of the lowest
melting phase. The time at temperature is an economic factor rather than metal-
lurgical. This may not be true for all aluminum alloys because of undesirable grain
growth which may accompany long solution heat treatments. Also, if relatively insolu-
ble inclusions are present, other metallurgical variables may limit the time for solution
heat treatment.

Overaging reduced the susceptibility of these alloys to stress-corrosion cracking.
However, this beneficial effect is counteracted by a considerable loss in tensile prop-
erties. It may be possible to select aging temperatures and times for alloys containing
silver so that the tensile properties are equal to or better than the tensile properties of
presently available connercial alloys in the standard T6 condition.

Crack-Kinetics Studie s

The relatively inexpensive method developed to study crack propagation gives
results compatible with those obtained by the previously used resistance-grid method(14).
The observed crack growth rates were continuous, which rules out the electro-
chemical-mechanical theory as an applicable mechanism. The rates were well within
the limits predicted on an electrochemical mechanism. The rate of cracking de-
creased with a decrease in the original applied streso. The number of cracks initiated
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in any one specimen generally increased as the original stress decreased. This may be
the result of the stress dependence of the stress-corrosion cracking initiation timc.
The longer the initiation period for the first crack, the greater the probability that other
cracks will initiate.

The bursting of hydrogen bubbles from very small cracks indicates that either
extremely severe environmental conditions exist within the crack or that the potential
difference between the root of the crack and the walls of the crack is sufficiently large
to cause decomposition of water, or both. It is very likely that the pH of the solution
within the crack is very low and the oxygen concentration is too low to contribute to the
healing of oxide film at the rout of the crack.

Electrochemical Studies

The observations of this study are based on a small number of experiments which
were conducted while a new technique was being developed. More work is needed to
establish with certainty the possibilities these experiments have suggested. The fact
that the only failure of a tensile-stressed specimen occurred when both anodic and ca-
thodic charging were present is a strong indication that both reactions must occur on a
specimen that stress corrosion cracks. In this particular experiment, it is believed
that the cathodically produced hydrogen diffused through the metal along grain bound-
aries to the anodic side. Hydrogen dissolved in the stressed grain-boundary material
appare, tly decreases the activation energy for the dissolution of the metal by the anodic
reaction.

Auto radiographic Studies

These experiments were also few in number and were primarily concerned with
the development of a technique. However, the results indicate that hydrogen is present
in higher concentrations at grain boundaries of stressed materials that are susceptible
to stress-corrosion cracking than in the same material unstressed. Stress apparently
preferentially increases the solubility for hydrogen at the grain boundaries.

Precipitate- Phase Studies

Intragranular precipitates are present in alloys containing chromium and are not
present in the high-purity ternary Al-Mg-Zn alloy. This is a stiog indication that
these particular precipitates are rich in chromium. Intergranular precipitates are
present in the ternary alloy. The possible combinations of compositions are therefore
limited, and it is believed that these precipitates are MgZn 2 . Whcn copper is present,
other compositions are possible and probably are present. However, C-CuZn 4 was
ruled out as a probable precipitate.
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Fracture-Face Morphology and Surface-Reaction Studies

The morphology of the wall of a stress-corrosion crack adjacent to the crack root
is similar in appearance to a polished surface that has been subjected to a severe ca-
thodic charge. This particular appearance does not hold true for the entire crack wall.
The wall farther away from the crack tip has an appearance of a surface that has been
anodically charged. This behavior indicates that the cathodic current required to pro-
duce the anodic current which causes crack growth is supplied by the wall of the crack
just adjacent to the crack root. This cell within the crack therefore acts independently
of reactions on the surface and on the wall of the crack away from the crack root.
Thero. is probably another cell between the latter part of the crack wall and the outside
surface which causes anodic dissolution of the crack wall.

Transmission electron micrographs indicate that hydrogen does alter the internal
structure of these alloys. However, X-ray diffraction was unable to detect such struc-
tural changes, One possibility is that hydrogen is dissolved into interstitial sites and
does not cause gross structural changes. Also when under stress, structural changes
caused by hydrogen may '- zonfined primarily to grain boundaries. Such changes might
be difficult to detect by X-ray diffraction.

The metioscopy technique of direct observation of a surface reacting with high-
energy ions revealed that a zone at the grain boundary was low in zinc content in an
alloy susceptible to stress-corrosion cracking. This is further proof of the existence
of a grain-boundary depleted zone in a susceptible material.

Microstress Studies

Only one o. thre or0t.1isAns in this experiment stress-corrosion cracked. This
is too small a sample for establishing a definite mechanism. However, the results
indicate that stress-corrosion-cracking susceptibility is a function of the stress normal
to the grain boundaries rather than the shear atrain.

Consistency of the Results of the Independent Studies

The beneficial effects of chromium may be attributed to formation of intragranular
rather than intergranular precipitates in these alloys. Silver is known to decrease the
tendency for the formation of depleted zones. (18) Its beneficial effect on stress-co rro-
sion cracking behavior may therefore be attributed to this metallurgical characteristic.

Although the results obtained from the electrochemical, autoradiographic, and
transmission studies are not conclusive when presented alone, the consistency of the
combined results strengthens the belief that cathodically produced hydrogen concen-
trates at tensile-stressed grain boundaries and reduces the activation energy for the
anodic dissolution of the metal.

The 'results of the single microstress experiment are consistent with the effect
of stress determined in the metallurgical variable studies, where 128 specimens were
tested.
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The consistency of all these independent rsults suggested a possible mechanism
for the initiation of stress-corrosion cracks in these particular alloys.

PROPOSED MECHANISM FOR THE INITIATION OF
STRESS CORROSION CRACKS

Stress-corrosion cracking in high- strength aluminum alloys occurs at grain bound-
aries. There is little doubt that for those alloys susceptible to both intergranular corro-
sion and stress-corrosion cracking, the failure is by an electrochemical mechanism.
However, for those alloys that are not susceptible to intergranular corrosion, the action
of stress must produce active grain boundaries before an electrochemical mechanism
can initiate cracks. The following proposed inechailism is applicable to the initiation of
stress-corrosion cracks in thes- particular alloys and should also contribute to the ini-
tiation of stress-corrosion cracks in alloys susceptible to intergranular corrosion.

Depleted zones in precipitation hardening alloys should be mechanically weaker
than the main part of the grains. These zones are expected to plastically deform at
relatively low stresses; however, their extremely small volume restricts the total amount
of flow that may occur. Thus, small notches should form at grain boundaries. The
material at the root of a notch is in a triaxial state of stress and has a higher hydrostatic
stress component than does the grain which is subjected only to a uniaxial tension stress.
If we assume that the change in notch geometry in the mechanically weak zones is such
that the flow stress is maintained but not exceeded, the hydrostatic- stress component
will equal the applied stress less two-thirds of the flow stress for the weak material.
The hydrostatic stress component on the grains is one third of the applied stress.

The difference in the hydrostatic stress components between the grains and grain
boundaries will cause a small difference in strain energy which will be relieved by ab-
sorbing an interstitial such as hydrogen. When equilibrium is reached, more hydrogen
will be in solution at grain boundaries than within the grains in order to balance out the
effect of the difference in the hydrostatic stress components and make the total free-
energy change be zero. An interstitial solute such as hydrogen should reduce the activa-
tion energy for the dissolution of the metal. This does not alter the equlbrium potential
but increases the exchange current for the equilibrium between metal and metal ions,
which in turn shifts the position of the anodic potential-current curve.

It is reasonable to assume that the displacement between the anodic curve on the
grain boundaries and the anodic curve on the grains is a function of the ratio of the
hydrostatic stress components. This ratio is

30- ZK hydrostatic-stress component ratio, (2)

where 0 i the applied stress and K is the flow stress of the weak zone material. For
any given potential, the ratio of the anodic current at the grain boundaries (igb) to the
anodic current on the grains (ig) is

!Lb f(30 -ZK) (3)
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This ratio applies when equilibrium is reached; however, the rate at which equilibrium
is approached is coixtrolled by the diffusion of hydrogen into the grains and grain bound-
aries. Because of the extremely small area ot the grain boundaries, most of the hydro-
gen in the grain boundaries will arrive by diffusion through the grains. An exact solu-
tion to this unstea -state-diffusion problem may be impossible. However, a function
often involved in unsteady-state-diffusion problems may be used as an approximation.
This relationship is

L
2

c GDt
c = (4)

where c and c. are instantaneous and equilibrium concentrations of hydrogen at the grain
boundary depleted zones respectively, L is the average distance of diffusion through the
grains, D is a diffusion constant, 0 is the applied stress, and t is the time. This ap-
proximate solution meets the boundary condition

c = 0 at t = 0 c=c o at t = co (5)
3 c oc
F-= 0 as t-0 5F= G att = oo

The right side of Equation (4) may be used ad a time-dependent correction factor for
Equation (3). We now have

i~ 
L 2

13b ._ f ( 3a- 2K) D
e2) (6)

The difference in anodic current density at the grain boundaries and at the grains
is a measure of the tendency for localized corrosion such as stress-corrosion cracking.
This difference is

L2

(ig b = -g g y 30 - 2K "e - (7)

The transition from the initiation to the propagation stage of stress-corrosion
cracking is a continuous process that is a function of the change in the crack geometry
and the environment within the crack. Equation (7) will not be applicable to the propa-
gation stage. Thus, we may arbitrarily define the initiation stage as that portion of the
process to which Equation (7) is applicable, limited by a particular crack depth which
is equivalent to some constant number of coulombs per unit area. The exponential term
in Equation (7) can be approximated by the first two terms in the equivalent infinite
series. The tot&l amount of current flow to initiate the crack is

' g{[ t i(t - (8)
Y (igb  i)dt = ig )1(t - to) - OD -ig to

to

where to is some minimum time below which a purely mechanical fail-are mechanism is
applicable. When K is small with respect to G and t is not much greater than t., the
stress time for crack initiation relationship simplifies to
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OYa- blnt , (9)

where a and b are constants. However, when a is small, and t is large, the other terms

cannot be neglected and a complex relationship results which predicts that the stress-
corrosion-cracking endurance will approach infinity as the stress is lowered to the flow
stress of the weak depleted zones. The flow stress K represents the stress below which
no stress -corrosion cracking will occur.

Once the crack is initiated, the conditions become much more favorable for an

clectrochemical reaction. The stress on the walls of the crack become negligible,
which results in an increased potential difference between the walls of the crack and the
crack root. Precipitation of corrosion products at the .mouth of the crack leaves the
solution within the crack more acidic. The lowering of pH provides more hydrogen ions

for the rate-controlling cathodic reaction and increases the solubility of aluminum in

aqueous solution. The reaction within the crack, therefore, becomes autocatalytic.

This theory appears to be consistent with stress-corrosion-cracking behavior.
The following pred dons based on this theory agree with facts observed during the
course of this research:

(I) Metallurgical variables which decrease the probability of weak depleted
zones in high-strength aluminum alloys should increase the resistance

to stress-corrosion cracking.

jZ) Shear stresses at weak grain boundaries will cause slip rather than in-
crease the hydrostatic stress component; therefore, stress-corrosion
cracking susceptibility is a function of the stress normal to the grain
boundaries rather than the stress applied to the specimen.

(3) Because hydrogen must be present to make the grain boundaries more
active and the crack progresses by anodic dissolution of the metal, both

anodic and cathodic reactions must be present on the metal.

(4) Crack-propagation kinetics should be continuous rather than discontinuous.

(5) At equilibrium conditions (for a high- strength aluminum alloy susceptible
to stress-corrosion cracking stressed in tension in a corrosive environ-

ment) there should be a higher concentration of hydrogen at the grain

boundaries than in the grains.

CONCLUSIONS

Existing theories for the mechanism for stress-corrosion cracking in our opinion

do not satisfactorily explain the observed behavior of high-strength aluminum alloys.
The only fairly consistent theory prior to this investigation was the electrochemical -
mechanical theory. The crack-kinetics studies did not reveal any fast fracture steps

which would be necessary for such a mechanism. Also, the observed continuous crack

rates were well within the limits predicted by an electrochemical mechanism.
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Intergranular stress-corrosion cracking in these 7039 and 7079 type alloys is a
function of the stress normal to the grain boundaries rather than the applied stress.
This fact must be considered if meaningful comparisons of streso-corrosion cracking
susceptibilities of different alloys are to be made. An elongated octahedral structure
proved to be a good approximation of grain shape. This approximation made it possible
to eliminate the effects of stress and grain shape so that alloys of different composition
could be compared.

The addition of chromium, the addition of silver, severe solution heat treatment,
overaging, and the combination of silver and overaging or the combination of chromium
and severe solution heat treatment were all beneficial to the stress-corrosion-cracking
resistance of these alloys. The addition of copper ,as detrimental.

The combined results of the electrochemical, autoradiographic, electron-
transmission, and replica studies are consistent with the proposed mechanism for the
initiation of stress-corrosion cracks. This mechanism involves the absorption of cath-
odically produced hydrogen into strained mechanically weak grain boundaries. The
hydrogen acts to reduce the activation energy for the anodic dissolution of the metal and
thuis accelerates the localized corrosion at the grain boundaries perpendicular to applied
tensile stresses.
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APPENDIX A

The two-level factorial design experiment is an excellent nethod for determining
which variables have an effect on the outcome. The significanc,: of each effect can be
determined by analysis of variance.

As many variables as possible that may be expected to have an effect on the out-
come should be included in the original experiment. In order to simplify the following
example, only three variables will be used.

Suppose that one alloy contains silver and another does not, and in addition, that
the effects of cold working and overaging are to be studied. The following nomenclature
is then assigned:

A+ Alloy with silver A- Alloy without silver
B+ With cold work B- Without cold work
C+ With overage C- Without overage

The factorial design is:

A+ A-

B+ B- B+ B-

C+

C-

This experiment requires eight entirely different sets of conditions. In order to
determine the within-sample error more accurately, it is -wise to replicate each condi-
tion. It is thus necessary to perform a minimum of 16 separate tests. In this particu-
lar example, the outcome is the log of the endurance of each stress-corrosion specimen.

A+ A-

B+ B,- B B-

1.86 2.54 2.01 3.02
C+

1.95 2.43 2.32 2.89

1.65 2.32 1.98 Z. 56
C-

1.73 2.25 1.87 Z.60
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Each response can be identified by its location. For example, YA+B+C+ has two re-
sponses, which are 1.86 aidjl, 95. They can be further subscripted as YA+B+C+ and

7A+B+C+Z. -The error sum of squares for the experiment is:

A,*B:LC*/ 2 z
EiX (jk) 1~ '2 Zu Y(ik)jiljlkI (,=I £ I

Each pair of responses must be squared, then added, and also added then squared. For

example, the responses for A+B+C+ would be treated in.the following manner:

(1.86) Z + (1.95)2 - 1/2 [ 1. 86 + 1. 95] Z .010

Each of these figures is then summed, to give the error sum of squares, which in this
example is 0. 14. The error degree of freedom is (2-1) x 8 w 8. The 2 is the number of
times the response is replicated, the I is for each different condition, and the 8 is the
number of conditions.

In studying the effects of variables it is mathematically easier to work with dif-
ferences between levels rather than with means at each level. The difference is re-
ferred to as a contrast.

A IA-

where

= the contrast or effect of silver

N = the number of tests, which is 16

y+ a any response in the A+ columns

y_ a any response in the A- colunuis.

A A A A A
B and C are calculated in a similar manner. The interactions AS, AC, BC, and ABC
use the same procedure, except the signs for the responses are determined by products
of the signs fo the variables. For example, (A+) (B+) is A(+) and (A+) (B+) (C-) is
ABC-. For AS, A+B+ is (+), A+B- is (-), A-B+ is (-), and A-B- is (+). The absolute
value of each response remains the same. Each effect or contrast has (2-1) degrees of
freedom. The 2 is for the replication, and the I is for each condition.

Each contrast is squared and multiplied by the number of tests (16) to obtain the
sum of squares. Table A-I shows the values as they are used in analysis of variance.

F is the ratio of the sum of squares of the effect to the error sum of squares. An
F distribution table shows that for 1 degree of freedom for the greater sum of squares
and 8 degrees of freedom for the lesser sum of squares, the 5 percent and 1 percent
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levels of Fare 5.32 and 11.25, respectively. Thus, in this example, there is less than
1 percent probability that the B effect is caused by random error. On the other hand, the
remainder of the effects are not significant.

TABLE A-1. ANALYSIS OF VARIANCE

Sum of Degrees of
Effect Contrast Squares Freedom F

-0. i568 0.393 Ilk
A
B -0.3275 1.716 1 12.25

+0. 1287 0.265 1 1.89
AB +0.0337 0.018 1 0.129

AC -0.025 0.010 1 0.071

BC -0.013 0.0028 1 0.020
ABC +0.0188 0.0056 1 0.040

Error 0. 14 8

If this were a true problem, it would show that materials without cold work were
not as susceptible to stress-corrosion cracking as materials with cold work. The addi-
tion of silver and overaging had no significant effect. Note that this is a hypothetical
example.

Each time an additional variable is to be studied, twice as many experiments must
be performed to complete the two-level factorial design. When many variables are in-
volved, the number of experiments becomes prohibitive.

Fractional replication can be used to reduce the amount of testing. When this is
done, the -,mount of information that can be obtained fi am the experimeit is also reduced.

The example of the factorial design with three variables will be used. However,
the negative side of the ABC contrast will not be tested for.

A+ A-

B+ B- B+ B-

1.86 3.02
C 1.95 

2.89

!32 1.98

2.2S 1.87
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With the previous method for analysis of variance it is found that ABC cannot be
obtained, because the negative values are missing, and that contrasts A = BC, B = AC,
and C = AB. In this particular example, an assumption that all the interaction effects
are unimportant is correct and it is possible to arrive at the same conclusions 1:at 'ere
obtained from the full factorial design experiment. In some cases, it may be that the
interaction effects are much greater than the effects of the main variables, in which case
an aneur-ption would lead to drastically wrong conclusions. It is wise to have some idea
about the effect of interactions before fractional replication is used.
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APPENDIX B

Assumne an elongated octahedral crystal.

0C

Assume that stress is applied parallel to a and calculate the fraction of stress
acting perpendicular to the faces. Resolve forces

F

I1 ' F1 b/Z b

b

x a/2 ab
b/2 aZ 02  2h/Z + ?

c/zF" c/2 -C CVaZ +b~ Z

F" bc
F - a~b2 + cZ-(aZ + b2)

The dimensions a, b, and c reprexent relative grain dimensions, with the a-dimension
parallel to the applied stress. Stress a is the force, F, acting on a unit area, A, of
cross section.

The refore: nra FA

A applied

A similar calculation shows that

A be
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Thus:

Capplied azbZ +c(az b2 )
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As a result of these studies, an electrochemical theory for the
mechanism of stress-corrosion cracking which involves the strain induced
absorption of hydrogen is found to be consistent with the observations.
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