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FOREWORD

This report was prepared by Kaiser Aluminum & Chermical Corporation,
Department of Metallurgical Research, Spokane, Washington, under Contract No,
NAS8-20285, "Development of a Rapid Stress-Corrosion Test for Aluminum Alloys",
for the George C. Marshall Space Flight Center of the National Aeronautics and
Space Administration, The work was administered under the technical direction of
the Propuision and Vehicle Engineering Laboratory, Materials Division of the
George C. Marshall Space Flight Center vith T, S. Humphries acting as project

manager.



ABSTRACT

A new acceierated laboratory test was developed for characterizing the stress-corrosion
performance of aluminum alloys 2024, 2014, 2219, 7075, 7079 and 7039. This test is based
on continuous immersion of chemically etched and stressed C-ring or tensile round specimens
in a 1% NaCl~2% KzCrz O, solution at pH =4 and 60C ( 140F ). For most purposas, the
salt-(di)chromate solution ( SDS ) test can be completed in one v-2ek, after which a simple
visual or low-power microscopic examination of the spe~imen surface will reveal whether
cracking did or did not occur. This represents considerable improvement over longer and more
corrosive tests, where examinations of metallographic sections are ofien required to determine
the nature and cause of failure.

The applicability and limitations of the developed test were demonstrated through
correlation with exposures in marine and industrial environments and with laboratory tests
conducted by alternate immersion in 3,5% NaCl solution, The SDS test promoted short-
transverse failures in susceptible tempers of 2024, 2014 ar.c’ 2219 at essentially the same stress
levels as those which caused failure in outdoor environments or 3.5% NaCl alternate immersion,
The SDS test also offered some improvement over the 3.5% NaCl alternate immersion test in
promoting low stress-level failures of alloy 7039, but not at the lowest stresses which caused
failure in either the marine or industrial environments, Alloys 7075-T651 and 7079-T651
behaved similarly; at low stresses, specimens were more prone to failure in the outdoor
environments or in 3.5% NaCl alternate immersion than in the SDS test. This detracted
somewhat from the general usefulness of the salt-(di)chromate solution test as a means of
predicting the natural environment performance of these aluminum alloys. But, the deficiency
was more than compensated for by the speed, non-corrosiveness, and simplicity associated
with the SDS test -- particularly, as compared with 3.5% NaCl alternate immersion,

The salt-(di)chromate solution test also showed considerable promise as a method for
rapidly separating artificially aged tempers of 2024, 2219 and 7075 which differed in their
susceptibility to short-transverse stress=corrosion cracking. At appropriate levels of applied
stress, the SDS test ranked the relative susceptibilities of underaged and peak-aged tempers
of 2024 and 2219 and overaged tempers of 7075 in the same order as 3.5% NaCl alternate
immersion, Moreover, both tests showed the same high resistance to stress=corrosion cracking
in overaged tempers, which included 2024-T6, -T851, 2219-T62, -T851, -T87 and 7075-T7351,
But more important, the SDS test accomplished these separations in seven days as compared
with a 30-day exposure in 3.5% NaCl alternate immersion,

A brief study of the initiation of stress-corrosion cracking in aluminum alloys showed
that cracking started at grain boundaries in 2024-T4, 2219-T37 and 7075-T651 exposed to an
acidified (pH=0.5) salt-(di)chromate solution at 30C. On the other hand, constituent particles
were preferred sites for crack initiation in 7039-T64 exposed to a boiling TM NaCl solution and
in 2024-T4 or 2219-T37 immersed in a 6% NaCl-2% Kz Crz O, solution at pH=4 and 60C, It
appeared that cracking of alloy 7039 was preceded by corrosion attack at constituent particle~
matrix interfaces; wheraas apparently only the constituents were attacked prior to crack initiation
in 2024 and 2219, When corrosion attack did not occur at either the grain boundaries or con-
stituent particles, eg, 7075-T651 immersed in salt-(di)chromate solutions at pH=4 and 30C or
60C, chemical etching apparently served the same purpose in initiating stress-corrosion failure,
These results prompted the suggestion that the environmental dependence of stress=corrosion
cracking in aluminum alloys may be related, in large measure, to both how and where cracking
is initiated,
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DEVELOPMENI OF A RAPID STRESS-CORROSICN TEST

FOR ALUIMI4UM ALLOYS
Final Summary Report

By

W. J. Helfrich

INTRODUCTION

The objective of this research was the development of an accelerated stress=~
corrosion susceptibility + st for aluminum alloys which could be completed in one
week or less. The appl. bility of the test was to be establishe (1) through
correlation with conventional laboratory and outdoor exposure tests and published
data, and (2) by comparison with the threshold stresses obtained in conventional
stress=coirosion tests and natural envirenments, 1t was also the objective of this
study to gain additional insight into the processes which contribute to stress=corrosion
cracking of aluminum alloys.

Qur approach was to characterize in detail the short~transverse stress=corrosion
performance of several representative 2000 and 7000 series alloys. During the first
year of effort, we concentrated on the commercially importani tempers of clloys
2024, 2219, 7075 and 7039, Outdoor exposures of these alloys we:+ started in
marine and industrial environments, Laboratory tests were conducted in 3.5% NaCl
alternate immersion. And, for the most part, we completed the exploratory
continuous imm: ssion tests in salt~(di)chromate solutions over the range =f gH=1 to 7
and temperatures of 30C to 100C, These latter studies provided the foundation for
specifying the conditiens under which stress~corrosion tests for a wide range ot alloys
could be conducted. There remained for consideration the selection, if possible, of
the unique conditions of solution make=up, pH and temperature which would form the

basis for developmer.t and evaluation of an accelerated test, Most of the work



NO. MS PR 68~75
PAGE NO, 2

conducted during this past year was devoted to these tasks.

QOther work conducted during this past year included comparison tests of C=ring
and tensile round specimens in 3.5% NoCl alternate immersion and salt=(di)chromate
solutions. In addition to the 2024, 2219, 7075 and 7039 tested previously, we
included alloys 2014-T651 and 7079-1651; anticipating that the developed test might
be applicable to these alloys as well. A considerable number of tests were performed
on alloys 2024, 2219 and 7075, artificially aged to exhibit a range of short=transverse
stress—corrosion performance in 3.5% NaCl alternate immersion. The results of these
tests provided a basis for separating materials of borderline and maximum resistance
to stress—corrosion cracking in salt=(di)chromate solution tests. And, finally, we
briefly considered the factors affecting the initiation of stress=corrosion cracking in
2024, 2219, 7075 and 7039 when subjected to various corrosive environments and test

conditions.
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I. MATERTALS AND SPECIMENS
Materials

The majority of our stress=corrosion tests were performed on plant-fabricated
plate of the following alloys and tempers of commercial interest:

2024-T351, -1851, -T4, -T6

2014-T651

2219-T42, ~-162, -1351, -1851, -137, -187
7075-T651, ~T7351

7079-T651

7039-T64, ~T61, ~T6E132*

Table I gives the chemical compc itions, tensile properties, and, where
appropriate, the electrical conductivities for these test items, The data are typical
of the respective alloys and tempers and indicative of proper heat treatment in all
cases. We remind the reader, however, that the results of our siress=corrosion tests
must be interpreted in the light of tests performed on one or two lots of each item.

In addition to the items listed above, we conducted a number of stress=corrosion
tests on 2024-T4, 1351, 2219~T42, -1351, -T37 and 7075~T651 plate artificially aged in
the laboratory to exhibit a range of susceptibility to short=transverse stress=corrosion
cracking. Table Il gives the schedule of heat treatments ( the aging times are in
addition to the 13-hour heat-up to the aging temperature ), the tensile properties
and the electrical conductivities for these test items.

Specimens

Smooth specimens ~= C=rings and tensile rounds == were employed in this

*  -T6E132, experimental armor-plate temper == Aluminum Company of America.

-Té64, armor=plate temper == Kaiser Aluminum.
-T61, temper for cryogenic and non-fired pressure vessels == Kaiser Aluminum.
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study. The short=transverse C=rings ( Figure 1) were 0.75 inch wide, with a 0,948~
inch outside diameter and a 0.060~inch wall thickness. The fixture used for stressing
C-rings is shown in Figure 2,

Figure 1 shows the two methods employed to prevent galvanic interaction between
the C-ring and the 2024 alloy machine screw used to apply the stress. A solution of
5% polyethylene in paraffin wax formed a very durable coating on specimens tested
at room temperature. However, because this wax formulation softens at temperatures
in the range of 50C to 60C, hemispherical ceramic bushings were placed between the
aluminum machine screw and the C=ring specimens tested at elevated temperatures
and in the ai:nosphere.

The 2-inch long, % ~inch diameter tensile specimen and the 6061 aluminum alloy
frame used to stress this specimen are shown in Figure 3. The components of the frame
are assembled and the nuts tightened sufficiently to hold the specimen in place.
Inward movement of the wedge-shaped side pieces induces axial fensile stress in the
specimen ( Figure 4 ). Again, in those tests conducted at room temperature, the
polyethylene~paraffin wax coating was used to prevent galvanic interactions between
the specimen and the components used to apply the stress ( Figure 3 ). Anodizing the
internal threads of the retaining nuts on the frame proved effective in insulating the
specimen from the frame in repeated elevated temperature tests of specimens stressed
at loads up to 45,000 psi. Undoubtedly, the successful use of the ‘anodic coatings was
related to the non=corrosiveness of the salt=(di)chromate solutions employed in our
accelerated tests. We would not recommend, nor did we use, this system in instances

where excessive corrosion attack of aluminum was anticipated.
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Fig-ire 2

FIXTURE FOR STRESSING C-RING SPECIMENS
C-rings ore stressed with this tool. The outside diameter is reduced
by applying a force directly to the C-ring along the axis of the
through-bolt. The change in diameter along this axis is read directly
from a dial micrometer which contacts the edge of the C-ring adjacent
‘o the machine screw head. When the required daflection for the
desired stress is reached, the nut is tightened,
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1/2X
Figure 3
TENSILE ROUND STRESS-CCRROSION SPECIMEN
AND STRESSING FRAME
Left: #&=inch diameter tensile specimen und components of the
stressing frame,

Upper Right: Assembled frame with specimen os it appears before
stressing .

Lower Richt: Stressed specimen and frame coated with 5% poly-
ethylene~paraffin wax.
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Figure 4
SYNCHRONOUS LOADING DEVICE FOR STRESSING
TENSILE SPECIMENS

Axial loading of the tensile specimen is achieved by synchronous
inward displacement of the side .cribers of the stressing frame.
Strain in the specimen is measured with a si-ain goge extensometer
{ shown attached fo the specimen ) and strain indieator { not shown).
A specimen, assembled in a frame and .eady for stressing, is shown
in the foreground.
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Prior to testing, each specimen was etched for 30 seconds in 5% NaOH solution
at 170F. This was followed by desmutting in cold concentrated HNOj; for 15 to 30
seconds with a final hot water rinse. This procedure gave a quick check of proper
short=transverse orientation of the C-ring specimens and a clean water-break=frea
surface. The etch also removad surfuce cold work introduced during the machining of

the specimens.
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I, STRESS-CORROSION TESTS IN NATURAL ENVIRONMEMTS

During the first year of effort on this coniract, stress=corrosion tests of alloys 2024,
2219, 7075 and 7039 were initiated at (a) the marine exposure site, Battelle Memorial
Institute, North Florida Research Station, Daytona Beach, Florida, and (b) an industrial
exposure site, McKees Rocks Industrial Park, Pittsburgh, Pa. The purpose of these tests
was, of course, to provide the necessary background data for comparison with results
obtained in laboratory tests. It was also our purpose to show that different outdoor
environments are not necessarily equally effective in promoting stress—corrosion cracking
of any one alloy or temper.

Tests of those alloys and tempers which were most susceptible to stress~corrosion
cracking, ie, 2024-T4, ~T351, 2219~T42, -T351, ~137, 7075-T651 and 7039-Té4,
-T61 and -T6E132, were terminated after 450 days' expasure at the marine site and 505
days' exposure at the inland i’ndusfria! site. Failures have not been observed during these
periods in 2024~T6 or ~T851 stressed at 50 ksi, 2219-T62, ~T851 and -T87 stressed at 35,
45 and 55 ksi, respectively, nor in 7075-17351 stressed at 50 ksi. Therefore, tests of
these alloys will be continued, and the results will be reported after a minimum of two
years' exposure,

Marine Exposures

For the most part, a 450~day exposure ot the Daytsna Beach, Florida marine site
was sufficient to demonstrate susceptibility to shart -t -insverse stress=corrosion cracking
in 2024-T4, -T351, 2219~T42, -T35, =137, 7075 - 551, and ail tempers of 7039, The
data presented in Toble III show that stresses of upwards of 10 ksi were effective in
promoting failure of the copper-bearing alloys and 7039-T61 and =T6E132, whereas

7039-T64 failed aof the lowest applied stress of 5 ksi,
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Industrial Exposures

As shown in Table 1V, the industrial environment was nof nearly as effective
as the marine environment in promoting failures of 2024-T4, -T351 or 2219-T42,
-T351 and =-T37 at low levels of applied stress, even though the period of exposure
was 50 days longer in the industrial environment. In a like manner, 7075-T651 was
somewhat less prone to failure in the industrial environment at stresses of 10 and
15 ksi. And, while it appeared that failures of 7039 did not occur as rapidly in the
industrial environment, failures occurred with much grec'er frequency ut an appliad
stress of 5 ksi. In fact, at low stress levels the difference noted in the performance
of 7039-Té4, ~T61 and ~T6E132 exposed io the marine ervironment simply did not

exist in the industrial environment.

These results, while neither new or startling to those familiar with the stress-
corrosion performance of aluminum alioys in natural environments (Refs 1 & 2 ),
again demonstrate that stress=corrosion performance is dependent upon the eavironment,
Certainly, this is an important observation which cannot be overlooked in the
development and use of accelerated loboratory stress=corrosion tests for aluminum

alloys.
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I, ACCELERATED STRESS-CORROSION TESTS
IN LABORATORY ENVIRONMENTS

The most reliable measures of susceptibility to stress=corrosion cracking cre
obtained from natural environment exposures =~ preferably made under the cenditions
of exposure and stress that the alloy would encounter in final use. In most instances,
however, this is simply not very practical. Moreover, we have just seen that
prohibitively long periods of exposure are required to insure that failure will or will
not occur in ceutdoor exposures. As a result, laboratory tests, which greatly
accelerate the rate of failure, must be used.

3.5% NaCl Alternate Immersion Tests

Alternate immersion in 3.5% NaCl solution is used most frequently in
accelerated laboratory tests of aluminum alloys. If is an effective test for many
alloys und, therefore, it provided much of the background data needed for the
development of a test based on the use of salt~(di)chromate solutions., The procedures
for conducting the 3.5% NaCl alternate immersion tests were described in our First
Annual Summary Report. Briefly, the test consists of 10 minutes' immersion anc.

50 minutes' emersion of specimens in a 3.5% NaCl solution at room temperature.

C-Rings. Our First Annual Summary Progress Report contained the results of
3.5% NaCl alternate immersion tests on shorf=transverse C=rings of 2024~T4, =T6,
-1351, -T851, 2219-%i2, -T62, =1351, -1851, =137, -T87, 7075-T651, =T7351
and preliminary results for 7039-T64, ~Té61 and =T6E132. Durirg this past year, the
tests of 7039 were completed and additional testing was performed on short-transverse

C-rings of 2014=Té51 and 7u79-T651. All these data are compiled in Table V.
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For the purpose of this discussion, it is sufficient to note that the 202476,
~T851, 2219-T62, ~1851, ~T87 and 7075-T7351 showed the expected high resistance
to stress~corrosion cracking. When failures occurred, they were associated with
relatively long periods of exposure and high initial levels of stress. ihe rema’ring
alloys and tempers were, however, susceptible to short-transverse stress=corrosion
cracking; with failures occurring swoner and with greater fiequency at hiyh initial
stress levels. As the initial levels of stress decrec:ad, the failure times and the
frequency of failures also decreased, suggesting an uj proach to un endurance limit
or threshold stiess below which cracking would not occur.

Unfortunately, with the exception of alloy 7039, the determination of
threshold stresses in alternate immersion testing was quite subjective. If failure of
the copper=-bearing alioys, ic, 2024, 2219, 2014, 7079 and 7075, was not detected
during the first week or so of testing, subsequent failures went undetected because
of excessive general surface corrosion. As a result, the majority of the low stress—
level failures in susceptible tempers of 2024, 2219 and 7075 and in 2014=T651 and
7079-T651 were detected solely on the basis of metallographic examination of
" specimen cross sections. This did not entirely remove the subjectiveness inherent in
alternate immersion testing, since we still questioned whether failures had occurred
in the 2024~T4, ~T351, 2219-T42, -T351, =T37 ind 7075-Té51 specimens initially
stressed at 5 ksi; intergranular attack of both the compression and tension surfaces of
the C-rings was so extensive as to preclude adequate separation of the stress=
corrosion cracking and general intergranular attack.

Alloy 7039, essentially copper=free, exhibited excellent resistance to general
corrosion in 3.5% NaCl alternate immersion. As a result, we had littie difficulty

in visually determining whether or not fuilure had occurred. Moreover, most of the
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failures took place during the first 180 days of testing. As such, it appeared that
a 365-day exposure was more than sufficient to characterize the performa: ce of
alloy 7039 in 3.5% NaCl alternate immersion. However, 3.5% NaCl alternate
immersion was not completely effective for testing 7039; at low levels of applied
stress, specimens were more prone to failure in outdoor exposures than in alternate
iramersion festing.

I is well known that artificial aging of 2024 and 2219 and overagng of
7075-T6 results in marked improvement in their stress=corrosion performance. Thus,
as shown n Table VI, artificial eging of 2024 eight hours or more at 375F resulied
in a significant increase in stress=corrosion resistance, in that failures did not occur
during the 30~day test. Suis;equent metallographic examination did reveal,
however, that even the overaged 2024 was still susceptible to intergranular attack.
As such, we concluded that an applied stress of 40 ksi was too high to allow fine
separations in the performance of peak-aged and overaged tempers of 2024.

Naturally aged and underaged tempers of 2219 were highly susceptible to
stress=corrosion cracking in 3.5% NaCl alternate immersion. Metallographic
examinations revealed some tendency for grain boundary corrosion of the 2219-T42 +
12 hours at 375F specimens, but the overaged tempers were completely free of
intergranular attack. The 2219-T351 aged 8 to 18 hours af 350F and 2219-T37 aged
12 to 24 hours at 325F were also immune to stress=corrosion cracking. Except for
deep pitting, metallographic examination of the C-rings failed to reveal any
evidence of grain boundary attack in these items.

Specimens of 7075=T651 and =T651 + 2 hours at 350F were visibly cracked
after a brief exposure to 3.5% NaCl alternate immersion testing. However, because

of the excessive general surface corrosion, it was not until after the 30~day test
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that metallographic examination revealed intergranular attack of the 7075-Té51
specimens that had been aged an additional four hours at 350F. All evidence of
intergranular attack disappeared with further overaging of the 7075, suggesting that
the aging time of six hours at 350F was sufficient to impart the high stress~corrosion
resistance associated with the =173 temper.

Tensile Rounds. Most investigators feel that the advantage in testing tensile

specimens is that losses in tensile strength can be used to separate the effect of
general corrosion from that due to corrosior. with superimposed stress ( stress~corrosion
cracking ). The per cent loss in tensile strength of a siressed and corroded specimen
is given by:

TSp = TSs

o 1
% LTS, T

x 100 (1)

and the per cent loss in tensile strength of an unstressed and corroded specimen by:

TS, - TS
% LTS, = ——2X 4 100 (2)
TS

The per cent stress=corrosion cracking in u stressed and corroded specimea is

then expressed as:

% LTSg =~ % LTS,

O, = 3

% SCC % LTS, (3a)
or

TSy = TS
o/, = —
in terms of:
TSs = tensiie strength of a siressed and corroded specimen.
TSy = tensile strength of an unsiressed specimen corroded for the same
time as the stressed specimen,

TSy, = tensile strength of an unstressed and uncorroded specimen, tensile

tested upon completion of the stress=corrosion test.
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The % SCC facior, also referred to as the stress~corrosion index ( Refs 3 & 4 ),
supposedly represents that fraction ( per cent ) of the total per cent loss in tensile
streagih of a stressed specimen due to stress=corrosion cracking. As such, calcu~
lating a % SCC factor for 3.5% NaCl alternate immersion tests might possibly remove
some of the subjectiveness inherent in determining if stress did or did not influence
corrosio:: perfermance. Several reasons can be given why this should not be so. When
a stressed specimen fails during the corrosion test, the fracture stress ( TSg ) is undefined.
It is patently incorrect to assume that the fracture stress bears any relation to the initial
applied stress == if for no other reason than the net section stress on the tensile specimen
increases with corrosion attack, regardless of the type of aftack ( Ref 4 ).

It is also unreasonable to assume that the difference between losses in tensile
strength of stressed and unstressed specimens gives an absolute measure of the damage
caused by siress~corrosion cracking. That is, no sirple matbemafical expression, such
as that given by Equation (3a ), will allow a separation of the loss in tensile strength
due to stress~corrosion from that due to general corrosion. To do so, one must assume
that the deteriorating effects of general corrosion and stress=corrosion cracking on
tensile strengths are strictly additive. When, in fact, the opposite is more likely
nearer the truth; generai corrosion processes have a moderating effect on stress=
corrosion cracking. This was particularly evident in 3.5% NaCl alternate immersion
tests of alloys and fempers exhibiting high resistance to stress=coirosion cracking.

If corrusion of aluminum clloys is dependent upon stress ( stress=corrosion
cracking ), then after a given test period we expected a decrease in the loss in fensile
strength of stressed specimens ( % LTS ) with decrec ng applied stress. In general,
this was not observed in tests of alloys and tempers exhibiting h.gh resistance to stress=

corrosion cracking. As shown in Table VII, the per cent loss in tensile strength of
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stressed 2024=T851 and 2219~T87 specimens increased with decreasing applied stress;
whereas in tests of 2024-T6, the initial increase in % LTS; was followed by a
decrease in % LTS with decreasing siress. Furthermore, while the % LTSs of
2219-T62 ond ~T851 seemed to decrease with decreasing applied load, only in tests
of 2219-T851 and 2014-T451 did it appear that stress significantly affected the loss
in tensile strength.

For the most part, tests of 7075-T7351, 7079-T651 and 7039-T64, =T61 and
=T6E132 also failed to demonstrate a stress dependence of loss in tensile strength.

Of course, it was unfortunate that most of the failures in 7079-T651 went undetected,
ie, until complete rupture of the specimen had occurred. As aresult, we had no
relicble measure of the loss in tensile strength of stressed specimens. Similarly, in
tests of 7039 where general corrosion was not expected to interfere with the detection
of stress=corrosion cracking, the tensile specimen often ruptured completely before
fine cracks could be detected.

Other analyses of these data, such as relating the per cent stress=corrosion
cracking factor (% SCC ) to the applied stress, were complicated by the fact that
the per cent loss in tensile strength of unstressed specimens was more often greater
than that in stressed specimens. Cenainly, this can hardly be regarded as an
expected result, If anything, these results merely demonstrate the variability
associated with alternate immersion tests and the probable influence of small changes
in the depth and shape of corrosion attack on the fracture strength of a & ~inch diameter
tensile specimen., Originally, these analyses of losses in tensile strength were intended
to apply in tests of Al~Mg alloys, which exhibit excellent resistance to general
corrosion in most chloride-bearing environments ( Ref 5 ). The excessive general

corrosion of copper-bearing alloys in 3.5% NaCl alternate immersion may, therefore,
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mask the influence of stress on corrosion performance == particularly in those tempers
which exhibit high resistance to stress—corrosion cracking. Assuch, we might expect
that analysis of losses in tensile strength would have greater meaning and significance
if general corrosion processes were minimized during stress=corrosion testing. Some
support for this hypothesis was obtained in stress—corrosion tests of tensile specimens in
salt~(di)chromate solutions.

Lastly, we note that while the analysis of losses in tensile strength were not
particularly useful in these 3.5% NaCl alternate immersion tests of 2024, 2219 and
7075, the 2024-T6, -T851, 2219-T62, ~T851, ~T87 and 7075-T7351 again
demonstrated high resistance to stress=corrosion cracking. The failures of 2024-T6
tensile rounds at upwards of 35 ksi stress probably indicate some tendency toward stress
corrosion, which was also detected in 3.5% NaCl clternate immersion tests of C-rings.
On the other hand, failures in 2014-T651, 7079-T651 and 7039 ( all tempers ) must
be attributed to stress=corrosion cracking. In fact, complete rupture of the tensile
specimen finally proved to be a reasonably effective measure of whether or not stress~
corrosion cracking of these alloys occurred in our 3.5% NaCl alternate immersion
tests.

In general, artificial aging of 2024 and 2219 or vveraging of 7075 reduces
their resistance to general corrosion. However, 7075-T651 and the naturally aged
and underaged tempers of 2000 series alloys are quite prone to infergranular attack
in 3.5% NaCl alternate immersion. The intergranular attack has a greater
deteriorating effect on mechanical properties and, therefore, for any given period
of exposure, losses in tensile strengths decrease with artificial aging of 2024 and
2219 and overaging of 7075, We do not show this in Table VIII, because the un-

stressed specimens were removed from test whenever a corresponding stressed specimen
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failed. These data do show, however, that the losses in tensile strength can be large
in 3,5% NaCl alternaie immersion testing.

Because the losses in tensile strength of 2000 and copper-bearing 7000 series
alloys tested in 3.5% NacCl alternate immersion can be excessive, it was quite
difficult to determine to what extent artificial aging affected the stress=corrosion
behavior of 2024, 2219 and 7075. This can be seen in Table VIII. Admittedly, in
the underaged temper of 2024 and 2219, losses in tensile strength of stressed specimens
were consistently greater than the losses in unstressed specimens. From this, we
soncluded that stress=corrosion cracking must have coniributed in large measure to
the losses of tensile strength, It was interesting to note, however, that with the
exception of the 2024~T4 aged four hours at 375F, residual tensile strengths of stressed
specimens of underaged 2024 and 2219 were smaller than the initial applied stress. ‘Ne
can only interpret this as proof that no fixed relationship exists between the tensile
breaking stress and the net section stresses which contributed to failure. Moreover,
the fact that tensile overload failures did not occur suggests that through-section
yielding accompanied stress=corrosion cracking, with the net result that the notch-
fracture strength was not obtained.

The most reasonable measures of the effect of artificial aging on stress=corrosion
performance of 2024, 2219 and 7075 were (a) whether tensile fracture did or did not
occur during the 30-day alternate immersion test, and/or (b) the time required for
complete failure. In this context, we obtained quite reasonable agreement between
tests of C=rings and round tensile specimens. As in the tests of C-rings, overaging
of 2024 apparently did not completely eliminate the tendency for intergranular attack
and stress=corrosion cracking at an applied siress of 40 ksi. The performance of over -

aged 2219 was also similar in both tests, with the expected freedom from cracking in
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2219-T42 aged 24 and 36 hours at 375F and 2219-T351 oged 12 and 18 hours at 350F,
Tensile overload failures did occur in the 2219-T37 peak aged ( 12 hr at 325F } and
overaged ( 18 and 24 hr at 325F ), but for the most part, it appeared that adequate
stress=corrosion resistance was obtained in 2219-T37 aged 12 hours or more at 325F,
And, finally, the 7075-T651 aged an additional six hours or more at 350F also
showed the expected freedom from cracking in the 30-day alternate immersion test,

Continuous Immersion Tests in Salt=(Di)Chromate Solution

Our first annual summary report described the phenomenological effects of pH
and temperature on the stress-corrosion behavior of aluminum alloys in salt=(di)chromate
solutions. A considerable number of experiments were performed in en atfempt to
define the optimum conditions of temperature and pH for an accelerated stress~corrosion
test of alloys 2024, 2219, 7075 and 7039, Our preliminary findings indicated that no
unique condition of pH and temperature would be suitable for testing all of these alloys.
We gave brief consideration to the use of an impressed ( anodic } current test in a
neutral salt=(di)chromate solution., And, while this test looked quite promising, it
was finally abandoned in favor of free~cortosion tests which are easier to conduct and
somewhat more suited to testing large numbers of specimens.

We selected NaCl = KzCrz20O» solutions for this study, on the premise that minimal
general corrosion would be desirable in an accelerated stress~corrosion test. The majority
of our preliminary fests were conducted in solutions containing 2% KzCrzO7 and upwards
of 5% NaCl, Since these solutions exhibited an unadjusted pH of 3.7 to 4.0, this
appeared to be a convenient range of pH to begin further studies on the development
of solutions for use in a free-corrosion stress=corrosion test. Moreover, a solution con=
taining 6% NoCl and 2% KaCrzO7 at pH=3.7 and 60C had proved quite effective in

causing rapid failure of susceptible tempers of 2024, 2219 and 7039. This same solution
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had not proved effective as an accelerated cracking medium for 7075-Té51. But
we soon discovered that by simply lowering the salt concentration to 1% NaCl,
rapid stress=corrosion cracking could be induced in 7075-Té51 as well. As a result,
most of our effort concentrated on continuous=immersion stress=corrosion tests
conducted in a 1% NaCl = 2% Kz CrzO~ solution at pH=4 and temperature of 60C*
‘( see Appendix ). In the following sections, we discuss the advantages and limita-
tions of this solution in tests of 2024, 2219, 2014, 7075, 7079 and 7039.

C-Rings. As shown in Tab'e IX, a 1% NaCl = 2% KzCrz0» solution at pH=4
and temperature of 60C was quite effective in promoting rapid short=transverse cracking
in 2024-T4, -T351, 2219-T42, -1351 and =T37 C-rings stressed at 10 ksi and above.
By comparison, the stress=corrosion performance of 2024-T6, -T851 and 2219-T62,
-T851 and -T87 was much better, Failures of 2024~T6 and ~T851 were observed
only in specimens stressed at 50 ksi. This was expected from our 3.5% NaCl alternate
immersion tests of C=rings, as was the performance of the 2014-T651, which fciled
25 a result of stress=corrosion ciacking at lower applied stresses than did the 2024-Té
and =T851. However, in contrast to the alternate immersion tests, little general
corrosion of these 2000 series alloys ocrurred during the 7=day exposure to the
salt=(di)chromate solution. This facilitated the detection of cracking, if any, in
the artificially aged tempers of 2024, 2014 and 2219. For example, compared with
a 7=day 3.5% NaCl alternate immersion test, the salt=(di)chromate solution caused
very little general attack of 2024-T6, 2014-Té51 or 2219-T851 ( Figures 5, 6 & 7 ).

Moreover, as shown in Figures 5 and 6, when cracking occurred in the 2024-Té and

% Solutions made up on a weight basis with reagent grade chemicals and distilled

water exhibited an unadjusted pH=3.7. A final pH=4.0 was obtained wiih the
addition of a few drops of TN NaOH solution,
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(a) (b) (c)
50 ksi, NF 7 days 40 ksi, NF 7 days Unstressed, 7 days

2.5X%
Figure 7
SURFACE APPEARANCE OF 2219-T851 SHORT-TRANS'/ERSE C-RINGS
Specimens a and b tested seven days in 1% NaCl = 2% KzCr2O5 soiution at pH=4 and
temperature of 60C, Applied stress as noted. NF = no failure in test period. Specimen ¢,
unstressed, seven days 3.5% NoCl alternate immersion.
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2014-1651, it was easily distinguished from the [imitad and random general surface
corrosion. Thus, provided that a 7=~day test in the 1% NaCl = 2% KzCraO» solution
would also separate 2024 and 2219 tempers of borderline and max ium resistance to
stress=corrosion cracking, its use for this purpose should be preferred to the more
corrosive 3.5% MNaCl alternate immersion test.

Table IX shows that highly stressed spacimens of 7075-T651, 7079-T651 and
7039 ( all tempers ) were susceptible to short=transverse stress=corrosion cracking in
the 1% NaCl = 2% KzCrzO» solution. If it were merely our purpose to demonstrate
this susceptibility, adequate response was obtained in these tests. And, at least for
alloy 7039, this test was more aggressive than 3.5% NaCl alternate immersion.
Moreover, because failuics were not observed in 7075~-T7351, we believed ti.at the
salt=(di)chromate solution test could prove useful for separating 7075 tempers of
borderline and maximum resistance to stress~corrosion cracking.

On the other hand, the 1% NaCl = 2% KzCrzO7 solution did not prove very
useful for predicting the natural envirenment peiformance of 7075, 7079 and 7039 at
jow stress levels. In the Daytoria Becsh marine atmosphere, 7075-T651 failed at an
applied stress of 10 ksi. This was 10 ksi lower than that required for failure in the
salt=(di)chromate solutien., Both the Daytona Beach marine environment and the
Pittsburgh industrial environment were effrctive in cousing failure of 7039-T64 at
stresses at least 5 to 10 ksi fower thar that required for failure in the laboratory test.
Alloy 7079~T651 was not iusted in a natural environw .. But, based on the
performance obtained in 3.5% NaCl aliernate immersion tests, 7079=T651 stressed
at 10 ksi should have failed in the salt-{di)chromate solution. However, it didn't,
and only one failure of 7079-T651 occurred at 20 ksi. These deviations from the

performance observed or expected in natural environments detracted somewhat from
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the general usefulness of the 1% NaCl = 2% Kz Crz0~ solution in accelerated tests
of 7C 5, 7079 and 7039. As a result, some effort was expended during this past
year to obtain more aggressive conditions for accelerated testing of these alloys.

We knew, from some of our previous studies, that boiling salt solutions were
very effective in causing short-transverse failures of alloy 7039. We also
recognized that boiling salt-(di)chromate solutions would induce rapid failure in
7079-T651 and, dependent upon the NaCl concentration, in 7075-T651 as well.

Significantly, a boiling 0.5% NaCl = 2% KzCrz0~ solution at pH=4 proved
to be one of the most effective tests for 7079 and 7039 == particularly, as shown in
Table X, at applied stresses of 5 and 10 ksi. However, the boiling solution test
offered no real improvement over tests conducted af 60C in causing failure of
7075-T651 stressed at 10 ksi. In fact, excepting the single failure of 7075-T651 at
10 ksi, the longer times required for failure at 20 and 30 ksi suggested that the boiling
0.5% NaCl - 2% KzCr=0+ solution was even less aggressive ~han the 1% NaCl ~
2% KaCrzO7 solution at 60C. Moreover, subsequent tests showed that the boiling
0.5% NaCl = 2% K2Crz0~ solution was completely ineffective in promoting failures
of overaged tempers of 7075, ie, - T651 + 2 and 4 hours at 350F, which were quite
susceptible to stress=corrosion cracking in 3.5% NaCl alternate immersion and in the
1% NoCl = 2% KzCrz07 solution at 60C.

There was |:ttle doubt that the boiling G.5% NaCl = 2% KzCrzO5 solution was
a more aggressive test for 7079 and 7039 than the 1% NaCl = 2% KzCr2O5 solution
at 60C. It was somewhat too severe, however, for realistic comparison with natural
environments. Only the 7039-Té64 failed at an applied siress of 5 ksi in both marine
and industrial environmenis. Moregover, on the basis of 3.5% NaCl alternate immersion

tests, we had no reason to expect natural environment failures of 7079-T651 at a stress
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of 5 ksi. Since the temperature of the salt—(di)chromate solutions determined if, or
how rapidly, cracking would occur in 7079 and 7039 at low levels of stress, there
was little doubt that a test temperature between 60C and 100C would yield better
correlation with tests in natural environments. However, this approach would not
soive the problem of obtaining better correlation with the performance of alloy
7075-T651 in a marine environment. If anything, it appeared that the salt=(di)
chromate solution tests were better suited to separaring alloys and tempers which
simply differed in their susceptibility to short=transverse stress=corrosion cracking,
and not as a test which would also promote failures of these same alloys and tempers
at the same stresses as could be obtained in outdoor exposures.

Tests in 3.5% NaCl alternate immersion demonstrated that 2024-T4 and -=T351
and the =T4 and =T351 tempers artificially aged for four hours at 375F were highly
susceptible to short-transverse stress~corrosion cracking. Longer aging treatments
resulted in significant increases in short~transverse stress=corrosion resistance, in that
failures did not occur during the 30~day test. But subsequent metallographic examina-
tions of the unfailed specimens stressed at 40 ksi revealed that even the =T6 and ~T851
tempers were susceptible to intergranular attack.

Identical performance of the 2024 was observed in the 1% NaCl = 2% KzCraO«
solution at pH=4 and 60C and 3.5% NaCl alternate immersion tests ( Table V1), except
that salt=(di)chromate solution promoted faster failure of the underaged tempers. Well-
defined cracking was not observed ir items artificially aged for eight hours"or more af
375F, but there wos evidence thai the C=rings stressed at 40 ksi had suffered some
intergranular attack. Figures 8 and 9 illustrate the change in the mode of corrosion
attack on 2024 as the period of artificial aging was extended, Compared with the

singularity of cracking in the naturally aged and underaged ( + 4 hr at 375F ) specimens,
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+ 4 hr at 375F + 8 hr ot 375F
40 Lsi 40 ksl

+ 12 hr ot 375F + 16 hr gt 375F (~16)
40 ksi 40 ksi

2X
Figure 8
SUURFACE APPEARANCE OF 2024 (~T4 + AA ) C-RINGS STRESSED AT 35-40 K81
AND TESTED IN 1% NaCl = 2% K.Crz0O, SOLUTION AT pH=4 AND 60C
Aging period and applied stress as noied. Specimens from plate oged 8, 12 and 16
hours at 375F were fractured in o slow berd test ofter completing seven days in the
salt={di)chromate solution.
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+ 4 hr at 375F
40 ksi

+ 85 br at 375F + 12 hr ot 375F { ~1851 §
40 ksi 40 ksi

2X
Figure ¢
SURFACE APPEARANCE OF 2024 (-T351 + AA ) C-RINGS STRESSED AT 35-40 KSI
AND TESTED IN 1% NaCl - 2% KzCrz07 SOLUTION AT pH=4 AND 60C
Aging period and applied stress as noted, Specimens from plate aged 8 and 12 hours
at 375F were fractured in slow bending after seven days in the salt=(di)chromate
solution,




NO . MS PR 68-75
PAGENO. 31

multiple sites of intergranular attack (qtcurred in specimens aged eight or more hours
at 375F. Moreover, as shown in Figures 8 and 9, when these unfailed specimens
were subjected to a slow bend test®, sufficient intergranular attack had occurred
during corrosion testing to initiate fracture across the apex of the C-rings.

Interestingly, in addition to the effects of artificial aging, the initial level
of applied stress also influenced the mode of corrosion on 2024 tested in the
1% NaCl - 2% KeCraO7 solution { Figures 10 through 13 }. For example, specimens
of 2024-T4 or ~T251 aged four hours at 375F and stressed at 30 ksi were visibly cracked
ofter brief exposure to the solt-(di)chromate solution ( Figures 10 & 11 ). However,
at a stress of 20 ksi ( Figures 12 & 13 ), crocking was replaced by a random ond super-
ficial type of corrosion which apparently was unrelated to the fact that this temper
was susceptible to stress—corrosion cracking. This superficial corrosion attack persisted
in all of the artificially aged 2024, becomiry somewhat more random with longer periods
of aging and lower levels of applied stress.  Yet, curiously enough, the random
corrosion of the artificially aged 2024 was often confined to the tension surface of the
C=ring, with little or no artack of the compression surface —- suggesting that under
certain conditions, corrosion of aluminum alloys is a stress-activated process.

Not only was the salt=(di)chromate solution test more aggressive thon 3.5% NaCl
alternate immersion in ccusing failures of susceptible tempers of 2219, but it was also
a more discriminating test ( Table VI ). All of the underaged and peck-aged rempers
failed rapidly, ie, =T42 to ~T42 + 12 hr ot 375F, -T351 to ~T351 + 8 hr ot 350F, and
=137 to ~137 + 12 hr ot 325F. On the other hand, all of the overaged tempers,
particularly -T62, -T851 and ~T187, exhibited complete freedom from both stress-

corrosion cracking and intergranular attack.

*  Upon termination of the 7-day test, the specimens were washed with cold concen-

trated nitric acid to remove the :mall amount of cccumulated corrosion product. They
were then slowly compressed in o vise to obtuin o "permanent set”, or in the case of
2024, to cause fracture
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+4-hr ot 375F + 8 hr ot 375F
30 ksi 30 ks

+ 1Z hr ot 375F + 16 hr ot 375F ( -T6 )
30 ksi 30 ksi

2X
Figure 10
SURFACE APPEARANCE OF 2024 ( =T4 + AA ) C-RINGS STRESSED AT 20 KSI
AND TESTED IN 1% NaCl = 2% KzCrz07 SOLUTION AT pH=4 AND 60C
Aging period and applied stress as noted, Specimens from plate aged 8, 12 and
16 hours at 375F were exposed for seven days in the salt=(di)chromote soluiion
with no fai'ure,
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+ 4 hr at 375F
30 ksi

+ 8 hr at 375F + 12 hr at 375F ( ~T851 )
30 ksi 30 ksi

2X
Figure 11
SURFACE APPEARANCE OF 2024 ( -T351 + AA ) C-RINGS STRESSED AT 30 KSI
AND TESTED IN 1% NoCl - 2% K.Cr.O» SOLUTION AT pH=4 AND 60C
Aging period ond applied stress as noted. Specimens from plate aged 8 and 12
hours at 375F were exposed for seven deys in the - -‘di)chromate solution with
no fallures,
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+ 4 hr at 375F + 8 hr ot 375F
20 ksi 20 ksi

+ 12 hr ot 375F + 16 hr at 375F ( -T6 )
20 ksi 20 ksi

2X
Figure 12
SURFACE APPEARANCE OF 2024 { -T4 + AA ) C~RINGS STRESSED AT 20 K&1
AND TESTED IN 1% NoaCl - 2% KoCroO» SOLUTION AT pH=4 AND 60C
Aging period ond applied stress as noted. Specimens from plate aged 4, 8, 12
and 16 hours at 375F were exposed for seven days in the salt=(di)chromate
solution with no failures.
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+ 4 hr at Z/5F
20 ksi

+ 8 hr at 375F + 12 hr at 375F (-7851)
20 ksi 20 ksi

2X
Figure 13
SURFACE APPEARANCE OF 2024 (-T351 + AA ) C-RINGS STRESSED AT 20 KSI
AND TESTED IN 1% NaCl - 2% KuCr207 SOLUTION AT pH=4 AND 60C
Aging period and applied stress os noted. Specimens from plate aged 4,8 and 12
hours ot 375F were exposed for seven days in the salt-{di)chromate solution with
no failures,
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The surface oppearances of the 2219 C-rings aofter salt~(di)chromate solution
testing are pictured in Figures 14, 15 end 16. A marked transition from stress-
corrosion cracking to a complete absence of cracking wos apparent in the peak~aged
to overaged tempers, eg, no failures occurred in the 2219-T42 + 24 hr or 36 hr at
375F, 2219-T351 + 12 hr or 18 hr ot 350F, or 2219-737 + 18 hr or 24 hr ut 325F, In
fact, in contrast to the highly stressed 2024-T6 and -T851, all of the unfailed 2219
specimens subjected to slow bending performed in a completely duciile manner,
indicating that the random general corrosion of the tension surface of the C-rings
was quite superficial. There was, however, slightly more general cerrosion of the
2219-T42 + 24 hr to 36 hr at 375F { compared Figure 14 with Figures 15 and 16 ).

We feel that this may reflect more homogeneous precipitation in the -T851 and ~T87
tempers { cold worked 3% and 9%, respectively ) as compared with the -Té2 temper
{ no cold work ).

The solt=(di)chromate solution test did not prove very effective in promoting
stress—corrosion cracking of 7075-T651 at low stresses, But, as we have shown,
cracking can be very rapid, provided the applied stress is high enough. As shown
in Table /1, a stress of 45 ksi induced rapid failure in two overaged tempers: ~T651 +
2 hr at 350F and -TA51 + 4 hr at 350F, but not in material overaged six hours or more
ai 350F. Assuch, the performance of 7075 wos quite similar in both the salt=(di)
chromuta solution and 3.5% NaCl alternate immersion tests,

Hovnover, compared with 3.5% NaCl alternote immersion testing, the salt=(di)
chromats .ziution test was much less corrosive toward 7075, There was no deep pitting
of the specimen surfaces and, as shown in Figure 17, cracking was readily detected
under low-power microscopic examination, The limited cracking ond rondom surface
corrosion were apparently unique to the 7075-T651 specimens aged an additional four

hours at usUF.



NO. MS PR 68-75
PAGE NO. __ 37

2219-T42 + 6 hr ot 375F + 12 he at‘ﬁi?SF
20 ksi 35 ksi 35 ksi

+ 24 hr ot 375F +36 hrat 375F ( ~T62 )
35 ksi 35 ksi

2X
Figure 14
SURFACE APPEARANCE OF 2219 ( -T42 + AA )} C-RINGS STRESSED «T 20-35 KSI
AND TESTED IN 1% NaCl = 2% KoCrzO» SOLUTION AT pH=4 AND 60C
Aging period and opplied stress os noted. Specimens from plate aged 24 and 36 hours
at 375F did not fracture in slow bending ofter seven days in the salt=(di)chromate
solution,
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2219-135) + 4 hr at 350F + 8 hr at 350F
30 ksi 40 ksi A0 ksi

+ 12 hr ot 350F

+ 18 hr at 350F ( -T851 )
40 ksi

40 ks

2X
Figure 15
SURFACE APPEARANCE OF 2219 ( -T351 + AA ) C-RINGS STRESSED AT 30-40 KSI
AND TESTED IN 1% NaCl-2% KeCroO7 SOLUTION AT pH=4 AND 60C
Aging period and applied stress as noted. Specimens from plate aged 12 and 18 hours
at 350F did not fractuie in slow bending after seven days in suli- {di)chrenate - 'uton.
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2219=137 = & hr gt 3J5F + 12 hr ot 325F
as 45 ksi 45 Lsi

+ }8 étf ﬂt&zﬁ? ‘(_24 %r at 325? {'?8?}
o kel 45 Lsi

2X
Figure 16
SURE! ZF APPEATANCE OF 2219 ( =T37 + AA ) C-RI!' (G5 STRESSED At 35-45 K&
AND TESTED IN 1% NaCl = 2% KzCrz0» SOLUTION AT pH-4 AND 63C
,\ging pe-iod end applied siress us noted. Specimans fr.m plate aged I8 and 24 hours
ot 325F did rot fracheoz in s = v bending ofter seven days in salt=(di}chromate solufton,

w0
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7075-1651 + 2 hr at 350F + 4 hr t 350F
45 ksi 45 ksi 45 ksi

HI%E23

+ 6 hr ot 350F + 8 by ot 350F + 10 hr ot 350F
45 ksi 45 Lsi 45 ksi

Z2X
Figure 17
SURFACE APPEARANCE OF 7075 { ~T651 + AA ) C-RINGS STRESSED AT 45 rSi
AND TESTED IN 1% NaCl - 2% KoCroOy SOLUTION AT pH=4 AND 607
Aging period and applied stress as noted. Specimens from piate aged 6 to 10 hours
at 350F were virtually unottocked ofter seven days in the sait-{di)chromate solution.
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We suggest thot more extensive cracking may be observed at higher stresses, eg, 50 to
55 ksi; and, in this range, the test may be more diseriminating. Certainly, since there
is little general carrosion in the sali=(di)chromate solution, higher stress could be
employed without the danger of incurring failures due to tensile overload.

Tensile Rounds. Compared witl 3.5% NaCl alternate immersion testing, losses

in tensile strength of unstressed specimens show that only minimal general attack of
2024, 2219 or 7075 occurred in the 1% NaCl = 2% KeCrz207 solution ( Table XI'). All
of the unstressedspecimens were subjected to the full 7-day test. If the unstressed
specimens had been removed when the corresponding stressed specimens failed, generdl
corrosion simply would not have influenced loss in tensile strength. As it was, small
losses in tensile strenyth of unstressed specimens were limited to the artificially aged
2024 and overaged 7075. Therefore, when failures did occur in the stressed specimens,
we had much greater assurance that fativre was a resuit of stress=corrosion cracking and
not simply tensile overload due to generai corrosion attack.

In general, the tensile round tests of artificially aged 2024 paralleled the results
obtained with C-rings. As shown in Table XI, a stress of 40 ksi was not uniquely
suited to separating the p .¥armance of peak-aged and overaged tempers of 2024, An
applied stress of 35 ksi resulted in failure of the underaged tempers but not in 2024-T6
or =T851. Obviously, if adequate separations of siress=corrosion performance are to be
achieved in o practical test, it will be necessary io test alloy 2024 at both the 35 and
40 ksi stress levels,

As in the tests of 2024, failure of alloy 2219 in the 1% NaCl = 2% KoCr207
solution was dependent upon the period of artificial aging. Moreover, as observed in
previous tests, overaged tempers of 2219 were considerably more resistant to stress=corrosion

cracking than was 2024 af comparablz levels of applied stress. Interestingly, in tests
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of either the =T42, =T351 or ~T37 temper series, the transition from susceptibility to
resistance to stress=corrosion cracking occurred cfter 12 hours® artificial aging. The
results for the artificially aged =T42 and -T37 tempers differed somewhat from
previous tests of C~rings ( Table VI ), where tkis transition occurred in the ~T42 +
24 hr at 375F and in the =137 + 18 hr at 375F.

Finally, the susceptibility of the 7075~T651 temper an- ~T651 + 4 hr at 350F
and the relative immunity to stress—corrosion cracking of the ~T651 + 6 hr at 350F, as
predicted from 3.5% NaCl alternate immersion tests were borne out in the salt-(di)
chromate solution tests ( Table XI ). But again, the tensile specimen gave somewhat
different results than did C-rings ( Table VI ), as indicated by the singular failure
in the group of =T651 + 4 hr at 350F tensile specimens. Granted that there is some
variability associated with all stress~corrosion tests, the results for the overaged 2219
and 7075 suggest that the C-rings may have been more decisive indicators of stress=—

corrosion performance in salt~(di)chromate solution tests.
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Iv. STUDIES OF THE INITIATION OF
STRESS-CORROSION CRACKING

We have frequently commented on the minimal general surface cor:osion on
specimens exposed to salt=(di)chromate solutions at pH=4 and 60C. Mosr conspicuous
was the lack of evidence, either metallographic or loss in tensile strength, for
intergranular attack in unstressed specimens of alloys which were quite susceptible to
intergranular stress~corrosion cracking. This raises the interesting question == if any
alloy is not suséepfib!e to intergranular attack, how does intergranular stress-
corrosion cracking start? It would be futile to attempt to answar this question after
a specimen fails, because cracking and even the most limited general corrosion
virtually obliterate the associated metal structure at the environment=specimen inter-
face. As a consequence, we had to make our observations, not only before
extensive damage to the specimen had occurred, but also during the interval before
cracking started.

Hunter ( Ref 6 ) has made direct observations of stress=corrosion cracking in
aluminum alloys using optical microscopy. The experimental technique is simple,
but there are limitations to this approach for studying crack nucleation. Specimens
must be sufficiently flat to satisfy the limited depth of focus inherent in optical
microscopy. As a result, C=rings or tensile rounds cannot b easily tested. More=
over, the limited field of view at reasonably high optical magnification precludes
the possibility of selecting an area for examination which will eventually contain a
crack, Consequently, there is virtually no chance of okserving a crack as it forms
or of photographically recording the area of crack initiation.

For metallographic studies requiring a resolution of not greater than ubout
0.02 micron, the dry=siripped plastic replica method is simple, rapid, 1erroducible

and does nof require destruction of the sample. One replica gives almost 100%
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cow'arage of a surface. Also, if tensile bars or C-rings are tested, the replica converts
a cylindrical surface into a flat one, greatly facilitating observations with the light
microscope. Finally, ofter a replica is made, further testing on a specimen is
immediately possible. If several replicas are made during testing, one can trace back
in time the initiation and propagation of cracks in any given area of the specimen.

Our first obzervations of the initiation of stress=corrosion cracking were made
on 7039-T64 short~transverse C-rings exposed to a boiling 6% NaCl solution. The
upper tension surface of the specimen was metallographically polished and then
electropolished to remove the last trace of scratches. Replicas were taken from these
polished surfaces before testing ( specimen stressed but unexposed ) and periodically
during testing until cracking was cbserved visually.

Figure 18 shows the sequence of events leading to the formation of a stress—
corrosion crack in 7039-Té4 exposed to a boiling 6% NaCl solution. Of particular
interest is the constituent particle at A, Figure 18(a), which was the site for
formation of a stress—corrosion crack.

During the first 1-minute exposure to the boiling salt solution, Figure 18(b),
general darkening occurred at the constituent=matrix interface, This darkening is
believed to be associated with electrochemical attack. Also note that a small crack
appeared in the constituent purticle at B, Figure 18(b). It is suggested that this
crack must be associated with local separation of the constituent particle from the
matrix and, therefore, represents an incipient stress~corrosion crack.

During the next I-minute exposure to the boiling salt solution, Figure 18(c),
extensive cracking occurred at the constituent-matrix interface. The constituent

complet=iv >*ad from the matrix at several points, and a definite crack was
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Figure 18
INITIATION OF SHORT=TRANSVERSE STRESS-CORROSION CRACKING OF 7039-764

inuous immersion in boiling IN NaCl

»

%

C-ring stressed ot 35,000 psi and subject to cont

solution for total elapsed times, t.
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propagated along the adjacent grain boundary. The stained area at C is probably
associated with egression of reaction products from the stress=corrosion crack. A
total of four minutes' exposure to the boiling salt solution resulted in the formation
of numerous stress=corrosion cracks, and the area shown in Figure 18 is representa=
tive of only a small fraction of the total damage to the specimen. Yet, we noted
that all observable cracks were, or could be, associated with constituent particles.

Apparently, however, constituents are not always a.sociated with crack
initiation. Hunter ( Ref 6 ) noted that cracking of 2219-T37 and 7075-Té in an
acid ( pH=1 ) Na”|~AlCl; solution started at grain boundaries == en entirely
reasonable con-iusion, since unstressed specimens were also attacked preferentially
at grain boundaries .n this highly aggressive solution. Obviously, either crack
nucleation is different in different alloys or, for any one aiioy, crack nucleation is
dependen® upon the acidity, chemistry or temperature of the environment to which
the alloy is exposed. The results of our latest experiin.iis tend to support the
latter hypothesis.

Figure 19 shows short=transverse siress=corrosion cracking in 7075-T651
expused to a 0.3% NaCl = 3.6% CrO3z ~ 3% KzCrzO> solution at pH=0.5 and 30C.
This is a highly aggressive solution, as attested to by the rapid nucleation of cracks
in a period of less than 1.5 minutes. Significantly, there was no association
between the constituent particles and stressmcorrosion cracking in this alloy ( Figure
19b ). Nor were consrituent particles related to stress=corrosion cracking in 2024-T4
or 2219-T37 exposec to this same solution. These observations are, thereforz, in
agreement with those of Hunter; grain boundaries are preferred sites for crack
initiation in 7075-T6 and 2219-T37 in highly acid solutions == ‘nterestingly, of quite

different chemical makeup. Presumanly , cracking of 2024=T4 in an acid NaCl~AlCiy
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Figure 19
INITIATION OF SHORT-TRANSVERSE STRESS~CORROSION CRACKING
OF 7075-T651
C=ring stressed at 35 ksi and exposed to a 0.3% NoCl =~ 3,6% CrOs - 3%
KaCr:O» solution ot pH=0.5 and 30C for total elapsed times, t.
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Figut 20

INITIATION OF SHORT-TRANSVERSE TRESS~CORROSION CRACKING
OF 2219-137

C-ring stressed at 35 ksi and exposed to a 6% NaCl - 2% KaCrzO» solution

at pH=4 and 60C for total elapsed times, t. ( Series of photomicrographs

are continued on facing poge.)
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solution would start at grain boundaries as weil. It appears, therefore, that the
propensity for selective grain bondary attack »f these alloys in acid media dictates,
in large measure, the mode of crack nucleation.

In this context, it would seem reasonable that crack nucleation might be quite
different in media which are not so effective in initiating intergranular attack, eg,
the salr=(di)chromate solLtions at pH=4 and 30C. Figures 20 and 21 show that this
is indeed the case. Figures 20(a), 20(b) and 20(c) ( see page. 48 and 49 ) show the
initial stages of corrosion of 2219-T37 in a 6% NaCl - 2% KzCrzO» solution™ at
pH=4 and 5QC before crack nucleation occurrad, Int~restingly, the cerrosion attack
was zonfined alme:t entirely to constituent particles; the attack hecoming more intense
with longer exposure. Finally ( Figure 20d, page 49 ), o crack formed; but in this
instance, cracking was associated with the constituent particies, Simiiarly, as shown
in Figure 21, stress=c srrosion cracking of 2024-T4 in the salt={di)chromate solution
also appeared to srart at a constituent particle | Figure 21c } == but only after an
initial period of pre=-corrosion of this sama constituent ( Figure 21b ). Thus, at least
for allavs 2024-T4 and 2219-T37, cracking occurred at constituents which were subject
to electrcchemical attack. The attack of constituent particles similarly preceded
stress—corrosion cracking of 7039-T64 in a boi''nag 6% NaCl solution. However, in
this instance, it app-ared that the attack was more !ccalized at constituent particle=~
matrix interface. .

There remained for consideration comparative tests of a'loys 7039-Té4 and
7075-Té651 in the salt=(di)chromate solutions. Time did not permi: a thorough study,

but preliminary results obiained with 7075~T6 deserve brief mention, since they relate

*  The salt conceniration of the salt=(di)chromate solution was increased to 670 NaC,

merely to shorten the times required fo initiate stress-corrosion cracking.
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Figure 21
INITIATION OF SHORT-TRANSVERSE STRESS=CORROSION CRACKING
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OF 20z4-T4

C-ring stressed at 35 ksi and exposed to a 6% NaCl = 2% KoCrz0- solution

at pH=4 and 80C for total elapsed times, t.
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to our discussion of accelerated stress~corrosion tests. As before, the C=rings
received a metallographic polish and final electropolish to remove surface scratches.
The polished specimens were then stressed at 45 ksi, replicated, and exposed to

(a) a 1% NaCl =~ 2% Kz2CrzO> solution at pH=4 and 60C, and (b) a 6% NaCl - 2%
K2CrzO7 sclution at pH=4 and 30C. Previous experience led us to believe that testing
for one or two hours in either of these solutions would result in stress—corrosion crack-
ing of the 7075. But, after two days' continuous immersion of duplicate specimens in
these media, we discontinued testing with rio failures of the 7075-Té651.

Obviously, there was an essential difference between these tests of polished
specimens and previous fests performed on caustic-etched specimens. In fact, when
the unfailed polished specimens were etched and returned to salt—(di)chromate
solution testing, failure of the 7075-Té51 occurred in less than two hours. Considera-
ble difficulty was experienced in replicating the caustic-etched specimens. At this
point, therefore, we can only speculate on the reasons for these resulis. Since
selective attack, either at grain boundaries or constituent particles, did not occur on
the polished specimens exposed to the salt={di)chromate solutions, quite possibly pre=
corrosion by etching served the scme purpose in initiating cracking. Once the
initiation stage hud been breached, the sali=(di)chromate solutions readily supported
the corrosion processes leading to stress-corrosion cracking of 7075-T6. In this context,
we can begin to see the reasons for the variations in performance of any clloy in differ-
ent environments or of different alloys in a single environment. Given only a limited
number of possible modes for crack initiation™, it is quite obvious that there would

exist only a limited number of environments which would cause failure of any one alloy.

*  Surface-flawed or pre=~cracked specimens excepted. Of course, it is possible that pre=-
corrosion ( etching ) produces surface defects which can be likened to cracks. A low
toughness material such as 7075-Té might, therefore, be expected to undergo stress=
corrosion cracking in a wider range of environments than would have been predicted
on the basis of tests of "smooth" specimens.
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We might also expect that an even smaller number of environments would be capable
of producing failures in all aluminum alloys == as observed experimentally. Thus,
in the development of accelerated stress=corrosion tests, some consideration must be

giv-a to crack initiation and the manner in which test environments influence crack

initiation.
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DISCUSSION

Interest in the development of accelerated stress=corrosion tests for aluminum
alloys is not new. More than 20 years ago, alternate immersion, spraying, and
continuous immersion in solutions of sedium chloride, sodium chloride~hydrogen
peroxide, sodium chloride~sodium chromate, acidified salt-dichromate and even
dilute sulfuric acid were advocated for use in accelerated tests of aluminum alloys
\ Ref 7 ). In recent years the number of tests has increased to the point where,
today, there exist as many accelerated tests ( Refs 2, 4, 8, 9, 10 & 11 ) or modi-
fications of these same tests as there are aluminum alloys which are susceptible to
stress~corrosion cracking.

This intense interest in the de\;elopment of new tests shows that one major
objective == predicting the natural environment performance of aluminum alloys =~
has yet to be achieved in a single test. Not even the 3.5% NaCl alternate immersion
test, which has gained the widest acceptance for this purpose, is completely effect-
ive for all aluminum alloys. Failure of alloy 7039 occurred in outdoor exposures at
stresses 5 fo 15 ksi lower than that required for failure in 3.5% NaCl alternate
immersion. Lifka and Sprowls ( Ref 2 ) obtained the same result, not only for alloy
7039, but 7079-T6 as well; at low stresses, failures of these alloys were less likely
to occur in alternate immersion than in atmospheric exposures.

We can offer only one reasonable explanation as to why the performance of
7079-T651 might differ from that of other Al-Zn~Mg-Cu alloys in alternate immersion:
alloy 7079 contains less copper and, therefore, exhibits better corrosion resistance
than such alloys as 7178 or 7075. At least for Al-Cu, Al-Cu~Mg and Al-Zn-Mg-Cu
alloys in 3.5% NaCl alternate immersion, it would be impossible to exclude copper

ions from the test solution. And, since dissolved copper accelerates the stress~corrosion
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cracking of these alloys ( Refs 12, 13 & 14 ), it might be expected that general
dissolution in an alternate immersion test would, by and large, determine their
stress~corrosion behavior. This would explain why alternate immersion tests which
promote greater general corrosion attack of copper-bearing alloys also appear to

be more effective in causing stress=corrosion cracking of these same alloys (Ref 15).
Since our 3.5% NaCi alternate immersion tests were more corrosive than those
conducted by Lifka and Sprowls { Refs 2 & 15 )*, it may not be too surprising that
we experienced little difficulty in promoting failures of 7079-T651 at stresses as low
as 10 ksi.

These same arguments cannot reasonably be expecred to explain the behavior
of copper—free alloys, such as 7039, in alternate immersion tests and marine or
industrial environments. On the other hand, some understanding of this behavior
may be found in noting that 3.5% NaCl alternate immersion tests were not as
effective as a marine environment which. in turn, was not as effective as an
industrial environment in causing failures of 7039. Conversely, most copper~
bearing alloys were just as likely, if not more prone, to fail in alternate immersion
tests than in a marine environment; however, they were least likely to fail in an
industrial environment. This reversal in the stress=corrosion behavior of these alloys
indicates that while 3.5% NaCl alternate immersion tests may in some ways approxi=
mate the corrosive conditions of a marine environment, they bear little likeness to
those existing in an industrial environment. Thus, the reason why the alternate
immersion test was least effective in promoting failures of 7039 may be accounted for

simply by the inherent differences between laboratory and natural environments.

* Lifka and Sprowls 3.5% NaCl alternate immersion tests of 7079~Té were conducted
in solutions made up with New Kensington tap water ( Ref 2 ). In general, these
tests are far less corrosive than tests conducted in solutions made with distilled
water.,
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This point also appears relevant in the case of accelerated tests performed in
salt=(di)chromate solutions.

Results presented in the preceding sections showed that a 1% NaCl - 2%

Kz Crz07 solution at pH=4 and 60C would not be suited to the task of prediciing

the natural environment stress=corrosion performance of alloys 7075~1T651,
7079-T651 or 7039-Té4. With due regard for the very marked differences between
the chemistry of the salt=(di)chromate solution and that of natural environments,
these results cannot be regarded as entirely unexpected. However, since there was
virtually no general corrosion attack of these alloys in the salt=(di)chromate solution,
it is also quite possible that this test was simply not aggressive enough. Our limited
studies of the initiation of stress=corrosion cracking of 7075-T6 in salt-(di)chromate
solutions lent some support to this hypothesis == chemical etching was necessary for
failure. And, since it appeared that the initiation of stress=corrosion cracking wos
in some way sensitivie to this etching or geneial corrosion aftack at high levels of
stress, it might be even more sensitive to general corrosion at stresses approaching
the endurance or threshold stress.

Interestingly, the salt=(di)chromate solution test promoted rapid failures of
suscepiible tempers of 2024 and 2219 at the lowest stresses which caused failure in
environmental exposures. Furthermore, it offered some improvement over 3.5%
NaCl alternate immersion tests in promoting faster failures of 2014-T651 at low stresses,
"n this sense, the salt=(di)chromate solution test appears to be one of the most
effective tests yet developed for these 2000 series alloys. Certainly, for the purpose
of separating tempers of alloy 2219 on the basis of their relative susceptibilities to
short=transverse stress=corrosion cracking, the salt=(di)chromate solution offers

considerable improvement over the standard 3.5% NaCl alternate immersion test or
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tihe 3.5% NaCl = 0.7% CrOjz = 1% KzCrz20~ alternute immersion test developed by
Sprowls et al (Ref 11 ).

This latter test, which is simply a modification of the standard alternate
immersion test, was shown to be useful for separating susceptible and resistant
tempers of alloy 2219 in much the sume order as did 3.5% NaCl alternate immersion.
But, it also suffered from the inherent deficiency of 3.5% NaCl alternate immersion
and most acid ( pH=1 ) salt=(di)chromate solutions. It was too corrosive., It produced
excessive general surface attack of the test specimens and increased the difficulty of
determining the cause of failure. This was not a probiem with tests conducted in the
1% NaCl = 2% K=Crz07 solution ot pH=4 and 60C. And yet, without being too
corrosive, the salt=(di)chromate solution test appears to be equally, if not more,
effective in separating borderline and resistant tempers of 2219 than either the
standard 3.5% NaCl or the acidified salt=(di)chromate alternate immersion tests.

The salt~ii)chromate solution test also shows promise as a method for
characterizing the short=transverse stress~corrosion performance of overaged tempers
of 2024 and 7075. Again, the absence of general corrosion attack of the test
specimens facilitated the separation of tempers representing borderline and maximum
resistance to stress=corrosion c.acking. The salt=(di)chromate solution tests of
artificially aged 2024, which included fhe ~T¢ and =T851 tempers, were particularly
interesting. In these tests, intergranular attack at sufficiently high stresses gradually
changed to a random and superficial corrosion attack at lower levels of applied siress,
It is generally recognized that intergranular corrosion of aluminum alloys is sensitive
to stress, but these results tended to provoke the suggestion that general corrosion
processes can be stress~activated as well ( Ref 16 ).

Finally, because of the minimal general corrosion attack of aluminum alloys
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in the salt={di)chromate solution, we feel certain that caustic etching of the
specimens is necessary for reproducible response in th’s test. ( See Appendix ). The
use of the etch does not complicate the test, In fact, it may reduce the variability
associated with most stress=corrosion tests in assuring complete removal of oils,

residual oxides and smeared metal introduced during the machining of the specimens.

STATUS
The investigation conducted under contract NAS8-20285 has been completed
with the writing of this report. However, the atmospheric exposures initiated during
the'firsf year of effort will be continued. A supplemental letter report on the results

of these tests will be submitted later.
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TABLE 11
TENSILE PROPERTIES AND ELECTRICAL CONDUCTIVITIES OF
2024, 2219 AND 7075 AFTER ARTIFICIAL AGING

Alloy~Temper and Long Transverse t - Conductivity, 2
Aging Treatment 1S, ksi YS, ksi El, %in 2 in. % 1ACS
2024-T4 ( 777021) 66.5 45,2 16.0 30.5
+ 4 hr at 375F 70.4 64.2 8.7 37.5
+ 8 hr at 375F 70.4 65.1 7.0 39.4
+12 hr at 375F 70.4 64.2 7.2 40.0
+16 hr at 375F 70.4 63.1 7.0 40,1
(-16)

2024-1351 ( 863642) 66.6 48.0 13.0 30.0
+ 4 hr at 375F 70.5 64,2 8.0 36.3
+ 8 hi at 375F 70.7 65.6 7.0 38.4
+12 hr at 375F 69.9 64.1 6.5 38.8
{ -1851)

2219-T42 ( 142081) 50.6 22.4 24.8 28,7
+6 hr at 375F 63.4 44,4 12,5 31.8
+12 hr at 375F 63.4 45.7 11.8 32,6
+ 24 hr at 375F 61.7 42.9 11.0 33.1
+ 36 hr at 375F 60.4 40.1 10,0 33.4
(~T62)

2219-T351 ( 142101) 54,2 37.3 20,0 28.4
+ 4 hr at 350F 70.3 55.6 12,0 30.5
+ 8 hr at 350F 70.8 57.2 9.0 31.4
+ 12 hr at 350F 70.3 56.7 9.0 31.8
+ 18 hr at 350F 70.0 55.8 9.0 32.2
( ~1851)

2219-T37 ( 142091) 57.3 43.4 15.0 28.5
+6 hr at 325F 71.9 59.0 1.5 30.3
+12 hr at 325F 73.4 61.8 10,0 31.2
+ 18 hr at 325F 72,4 61.3 8.8 31.6
+24 hr at 325F 72,2 60.8 8.8 32.1
(~187)

7075-T651 ( 830882 ) 80.6 69.6 8,2 30.6
+ 2 hr at 350F 77.6 66.7 9.5 35.9
+ 4 hr at 350F 76,0 65,0 10,0 37.3
+6 hr at 350F 74,6 63.2 10,0 38.0
+8 hr at 350F 73.0 61.0 10.0 38.6
+ 10 hr at 350F 72,1 60.0 10,0 38.7
( -17351)

' Avg of duplicate long-transverse tensiles, 0.500-in. diameter, 4-D gage length, 1/4 T position,
Avg of measurements taken on 3-inch centers over top and bottom surfaces of the plate,
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TABLE 111
STRESS-CORROSION PERFORMANCE OF 2024, 2219, 7675 AND 7039
IN THE MARINE ATMOSPHERE OF DAYTONA BEACH, FLORIDA
( 0.948-inch short-transverse C-rings, etched 30 sec in 5% NaOH at 170F,
desmutted in cold conc HNO3 .)

Alloy~Temper Applied
( Lot No. ) Stress, ksi F/N Days to Failure >

2024-T4 (777021) 40 5/5 2(5)

n 30 5/5 2,5(2),13(2)

n 20 5/5 2(2), 5, 8, 13

" 15 5/5 2, 14(2), 450(2)

" 10 4/5 14, 450(3)

" 5 0/5 NF 450
2024-T351 (863642) 40 5/5 2(5)

" 30 5/5 2(3), 5(2)

" 20 5/5 5(3), 12(2)

n 15 5/5 142), 16(2), 450

" 10 5/5 14, 33, 200, 450(2)

" 5 0/5 NF 450
2219-T42 {142081) 20 5/5 2(2), 8(2), 15

" 15 5/5 2(2), 21, 450(2)

" 10 5/5 8, 16, 450(3)

" 5 0/5 NF 450
2219-T351 (142101) 30 5/5 2(2), 8, 13(2)

" 20 1/5 28

" 15 3/5 450(3)

. 10 05 NF 450

" 5 0/3 NF 450
2219-T37 (142091) 35 4/5 2(3), 13

" 30 4/5 2(4)

" 20 2/5 16, 450

" 15 5/5 450(5)

" 10 2/5 450(2)

" 5 /5 NF 450
7075-T651 (830882) 50 5/5 2(5)

" 40 5/5 2(5)

" 30 5/5 2(5)

" 20 5/5 2(5)

" 15 5/5 2(5)

" 10 5/5 7, 13, 14(3)

" 5 0/5 NF 450

T°F, 1= Number of failures/number of specimens tested, *4

® Time to failure (number of specimens failed). Tests initiated 5 Oct 1966. Specimens in
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TABLE 111 (CONT'D)

Alloy-Temper
( Lot No. )

7039-T64 ( 353251)

Applied

Stress, ksi

40
30
20
15
10

5

40
30
20
15
10

5

40
30
20
15
10

5

40
30
20
15
10

5

F/N*

5/5
5/5
5/5
5/5
5/5
5/5

5/5
5/5
5/5
5/5
5/5
2/5

5/5
5/5
5/5
5/5
3/5
0/5

5/5
5/5
5/5
4/5
2/5
0/5

Days to Failure®

1(4), 2

1(4), 2

2,5,7,13, 33

1, 21, 42, 44, 103

2, 35, 40, 124, 159
208, 222, 258, 313, 348

2(5)

239, 7(2)

2, 13, 56(2), 58

90(2), 96, 194(2)

244, 251, 271, 293, 450
450(2)

2(4), 7

2,72, 8,9

2(2), 69, 159, 271
271, 313, 350, 383(2)
313, 450(2)

NF 450

2,7, 803

8, 12, 19, 26, 44

159, 194, 208, 222, 258
258, 293(3)

450(2)

NF 450

Y F/t = Number of failures/number of specimens tested.

® Time to failure ( number of specimens failed ). Tests initiated 5 October 1966,

Specimens in test 450 days as of 29 December 1967,

NF = No failure in test period,
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TABLE 1V
STRESS-CORROSION PERFORMANCE OF 2024, 2219, 7075 AND 7039
IN THE INDUSTRIAL ATMOSPHERE OF PITTSBURGH, PA.
( 0.948<inch short-transverse C-rings, etched 30 sec in 5% NaOH at 170F,
desmutted in cold conc HNO3, )

Alloy-Temper Applied
( Lot No. ) Stress, ksi F/N? Days to Failure®
2024--T4 ( 777021) 40 5/5 505(5)
" 30 3/5 505(3)
" 20 2/5 505(2)
u 15 1/5 505
" 10 0/5 NF 505
" 5 0/5 NF 505
2024-T351 ( 863642 ) 40 5/5 505(5)
. 30 5/5 505(5)
" 20 3/5 505(3)
" 15 1/5 505(1)
" 10 0/5 NF 505
" 5 0/5 NF 505
2219-T42 ( 142081 ) 20 1/5 505
" 15 0/5 NF 505
" 10 0/5 NF 505
M 5 0/5 NF 505
2219-7T351 ( 142101) 30 3/5 505(3)
2 20 0/4 (a) NF 505
" 15 0/5 NF 505
" 10 0/5 NF 505
" 5 0/5 NF 505
2219-T37 ( 142091 ) 35 3/5 260(2), 505
" 30 3/5 505(3)
z 20 1/5 505(1)
" 15 0/5 NF 505
" 10 0/5 NF 505
" 5 0/5 NF 505

Y F/N = Number of failures/number of specimens tested.
(a) One specimen of this variable was lost during testing.
® Time to failure ( number of specimens failed ). Tests initiated 13 October 1966,

Specimens in test 505 days as of 1 March 1968.
NF = No failures in test period.
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TABLE IV (CONT'D)

Alloy-Temper Applied
( Lot No. ) Stress, ksi _E_[_I:l_l Days to Failure®
7075-T651 ( 830882 ) 50 5/5 92(3), 119(2)
" 40 5/5 92(2;, 119(3)
" 30 5/5 92(2), 119, 260(2)
" 20 5/5 119(2), 260, 505(2)
" 15 4/5 505(4)
" 10 2/5 505(2)
" 5 0/5 NF 505
7039-T64 ( 363251 ) 40 5/5 14(3), 21(2)
" 30 5/5 14, 21, 43(3)
" 20 5/5 21, 43, 86(2), 92
" 15 5/5 43, 86(2), 92(2)
" 10 5/5 21, 92, 119(2), 260
" 5 4/5 260(4)
7039-T64 ( 742101 ) 40 5/5 14(2), 21(2), 43
" 30 5/5 86(4), 92
" 20 5/5 86, 92(4
" 15 5/5 119(4), 260
" 10 5/5 260(5)
" 5 5/5 368(3), 505(2)
7039-T61 (742101) 40 5/5 14, 86(3), 92
" 30 5/5 21, 86(3), 92
" 20 5/5 8¢, 92, 119, 260(2)
" 15 5/5 260(5)
" 10 5/5 260(5)
" 5 4/4 (a) 260(2), 328, 368
7039-T6E132 (105108) 40 5/5 43(5)
" 30 5/5 86(4), 92
" 20 5/5 86(5)
" 15 5/5 86(2), 119, 260(2)
" 10 5/5 260(5)
" 5 4/4 (a) 368(2), 505 (2)

* F/N = Number of failures/number of specimens tested.
(a) One specimen of this variable was lost during testing.

2 Time to failure ( number of specimens failed ), Tests initiated 13 October 1966,
Specimens in test 505 days as of 1 March 1968,
NF = No failures in test period,
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TABLE V
STRESS-CORROSION PERFORMANCE OF 2024, 2219, 2014, 7075, 7079
AND 7039 C-RINGS =-- 3.5% NaCl ALTERNATE IMMERSION
( 0.948-inch short~transverse C-rings, etched 30 sec in 5% NaOH at 170F,
desmutted in cold zonc HNQj3 ., )

Alloy-Temper Applied
( Lot No. ) Stress, ksi F/NY Days to Failure®
2024-T351 (863642) 40 9/9 <1(9)
" 30 9/9 <1(9)
" 20 9/9 < 1(9)
" 15 2/9 1, 2(2), 3(2), 4(3), 30
" 10 7/9 4(2), 5, 6, 90(3)
" 5 0/9 NF 90
2024-T851 ( 863642) 50 7/9 4(3), 6, 90(3)
" 45 3/9 1, 5, 60
" 40 3/9 5(2), 60
" 35 0/9 NF 90
. 30 0/9 NF 90
2024-T4 ( 777021) 40 9/9 < 1(9)
" 30 9/9 <1(9)
" 20 9/9 <1(6), 1.5(2), 2
" 15 6/9 2(2), 3, 920(3)
" 10 3/9 90(3)
" 5 0/9 NF 90
2024-76 ( 777021) 50 9/9 2, 3(4, 42, 60(2
" 45 7/9 1, 3, 43), 60(2)
n 40 2/9 7(2)
" 35 0/9 NF 90
" 30 0/9 NF 90
2219-T42 ( 142081) 20 5/5 1.5, 2, 6(3)
" 15 5/5 6, 12(3), 14
" 10 5/5 15(5)
" 5 0/5 NF 30
2219-T62 ( 142081 ) 35 0/5 NF 30
" 30 0/5 NF 30
" 25 0/5 NF 30

Y F/N = Number of failures/number of specimens tested.

® Time to failure ( number of specimens failed ). NF =No failure in the test period.
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TABLE V (CONT'D)

Alloy-Temper Applied
( Lot No. ) Stress, ksi F/N* Days to Failure®
2219-T351 ( 142101) 30 o5 <1(5

n 20 5/5 <1,1, 2, 32

" 15 5/5 2, 12(2), 15, 20

" 10 5/5 15, 23, 30(3)

" 5 0/5 NF 30
2219-1851 ( 142101) 50 1/5 30

" 45 0/5 NF 30

u 40 0/5 NF 30

" 35 0/5 NF 30
2219-T37 ( 142091) 35 5/5 < 1(5)

" 30 5/5 <1@3), 2, 6

" 20 5/5 <1(3), 15, 20

" 15 5/5 1, 3, 15(3)

" 10 5/5 15, 30(4)

" ) 0/5 NF 30
2219-T87 ( 142091) 55 3/5 30(3)

u 50 2/5 30(2)

" 45 2/5 30(2)

" 40 0/5 NF 30
2014-T651 ( 347131) 30 5/5 3, 30(4)

" 20 3/5 30(3)

" 15 0/5 NF 30

" 10 0/5 NF 30

" 5 0/5 NF 30
7075-T651 ( 830862 ) 50 9/9 1 hr(9)

0 40 9/9 1 hr(9)

" 30 9/9 1-2 hr(9)

u 20 9/9 1 he(5), 2 hr, 10 hr(3)

" 15 9/9 5hr(3), 6hr, 10hr(d); 4d

" 10 9/9 1,14, 30, 32, 40(2),60,90(2)d

" 5 0/9 NF 90d
7075-T7351 ( 830882 ) 50 3/9 90(3)

" 45 0/9 NF 90

" 40 0/9 NF 90

" 35 0/9 NF 90

! 30 0/9 NF 90

' F/N = Number of failures/number of specimens tested,
2 Time to failure ( number of specimens failed ). NF = No failure in the test period.
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Alloy-Temper Applied

{ Lot No. ) Stress, ksi

7079-T651 ( 331661) 30
] 20
" 15
1} 'IO
" 5

7039-Té4 ( 363251 ) 40
" 30
n 20
" '|5
n ]0
1] 5

7039-T64 (742101) 40
" 30
] 20
! 15
" ]O
n 5

7039-T61 (742101 ) 40
n 30
1] 20
" 15
" "O
] 5

7039-T6E132 (105108) 40
1] 30
" 20
" 15
n 'IO
" 5

F/N*®

5/5
5/5
5/5
4/5
0/5

9/9
9/9
9/9
6/9
1/9
0/9

9/9
8/9
5/9
1/9
1/9
0/9

9/9
é/9
0/9
0/9
0.9
0/9

9/9
9/9
3/9
0/9
0/9
0/9

Days to Failure®

<12, 1, 3, 8
4, 5(2), 9, 13
17(2), 28(3)
90(4)

NF 90

1,2, 52, 6,70, 9

8, 9(3), 11(2, 14(2), 21

13,18, 21(7), 24, 45,79, 85, 133
18,50, 91, 94, 121, 231

211

NF 365

9, 23, 33(4), 35, 40, 74

48, 50, 54, 61, 82, 84, 103, 287
48, 54, 128, 188, 334

68

194

NF 365

22, 29, 41, 42, 48, 63, 82(2), 84
48, 97(2), 121, 314(2)

NF 365

NF 365

NF 365

NF 365

19,22,27,33,36,42,48,57,74
36,48,82,89,121(2), 138,153, 250
275, 314, 334

NF 365

NF 365

NF 365

Y F/N =Number of failures/number of specimens tested.

2 Time to failure ( number of specimens failed ). NF =No failure in the fest period.
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TABLE VI

STRESS-CORROSION PERFORMANCE OF 2024, 2219 AND 7075 GIVEN VARIOUS
AGING TREATMENTS -~ C-RINGS IN 1% NaCl-2% KaCrz O, SOLUTION AND

3.5% NaCl ALTERNATE IMMERSION

(0,948-inch short-transverse C-rings etched 30 sec in 5% NaOH at 170F, desmutted
in cold concentrated HNO3 . )

30 Days'
Alternate Immersion
in 3.5% NaCl Solution

Applied at 24C (75F)

Alloy-Temper Stress, Time to
( Lot No. ) TS/YS* ksi F/N?3 Failure®
2024-T4 ( 777021) 66/45 35 3/3 16(3) hr
+ 4 hr at 375F 70/64 40 3/3 16(3) hr
+8 hr at 375F 70/65 40 0/3 (a)

+ 12 hr at 375F 70/64 40 0/3 (a)
+16 hr at 375F (-T6) 70/63 40 0/3 (a)
2024-T4 (777021) 66/45 30

+ 4 hr at 375F 70/64 30

+ 8 hr at 375F 70/65 30

+12 hr at 375F 70/64 30

+16 hr at 375F (-T6) 70/63 30
2024-1351 (863642) 67/48 35 3/3 16(3) hr
+ 4 hr at 375F 70/64 40 3/3 16(3) hr
+ 8 hr at 375F 71/66 40 0/3 (a)
+12 hr at 375F (-T851)70/64 40 0/3 (a)
2024-T351 (863542) 67/48 30

+ 4 hr at 375F 70/64 30

+8 hr at 375F 71/66 30

+12 hr ot 375F (~T851) 70,/64 30

2219-T42(142081)  51/22 20 3/3 1(2), 3d
+6 hr at 375F 63/44 35 3/3 113 d
+12 hr at 375F 63/46 35 0/3 (a)

+ 24 hr at 375F 62/43 35 0/3 NF
+36 hr at 375F (-T62) 60/40 35 0/3 NF

7 Dzys' Continuous
Immersion in 1% NaCl-
2% Kz2Cra Oy Solution
at pH=4 and 60C (140F)

F/NZ

3/3
5/3
0/3
0/3
0/3

3/3
3/3
0/3
0/3
0/3

3/3
3/3
0/3
0/3

3/3
3/3
0/3
0/3

3/3
3/3
3/3
0/3
0/3

Time to
Fail ure®

1(3) hr
2(3) hr
(b)
(b)
(b)

1(3) hr

1, 3(2 he
NF
NF
NF

1(3) hr
2(3) hr
(b)
(b)

1(3) hr

3, 18(2) hr
NF
NF

2(3) hr
17" -
N.
NF

' Tensile strength/Yield strength, ksi. Average of duplicate long=transverse tensiles, 0.500~=inch
diameter, 4-D gage length, 1/4 T position.
® Number of Failures/Number of Specimens Tested,

® Time to failure ( number of specimens failed ). NF = No failure,

(a) Intergranular attack detected metallographically,

(b) Visual evidence of intergranular attack, Spe-imens fractured in slow bending,



TABLE V" (CONT'D)

NO. MS PR 68-75
PAGENO., __ 73

30 Days'
Alternate Immersion
in 3.5% NaCl Solution

Applied at 24C \/5F)

Alloy-Temper Stress, Time to
( Lot No., ) 18/Ys* ksi F/N? Failure®
2219-7351 (142101) 54/37 30 3/3 18(3) hr
+ 4 hr at 350F 70/56 40 33 22(3) hr
+8 hr at 350F 71/57 40 0/3 NF
+12 hr ot 350F 70/57 40 0/3 NF

+ 18 hrat 350F (-T851) 70/56 40 0/3 NF
2219-T37 (142091)  57/43 35 3/3 14(3) hr
+6 hr at 325F 72/59 45 3/3 22(3) hr
+12 hr ot 325F 73/62 45 0/3 NF
+18 hr at 325F 72/61 45 0/3 NF
+24hr ot 325F (-T87) 72/61 45 0/3 NF
7075-T651 (830882) 81/70 45 3/3 7(3) hr
+2 hr at 350F 78/67 45 3/3 17(3) hr
+ 4 hr = 350F 76/65 45 0/3 (a)
+6 hr at 350F 75/63 45 0/3 NF
+8 hr at 350F 73/61 45 0/3 NF
+10 hr ot 350F 72/60 45 0/3 NF

(-T7351)

/

7 Deys' Continuous
Immersion in 1% NaCl-~
2% KzCrzQ4 Solution
at pH=4 and 60C (140F)

Time to
F/N2 Failure®
3/3 2(3) hr
3/3 17(3) hr
33 1. 22 d
0/3 iNF
0/3 MF
3/3 2(3) hr
3/3 17(3) hr
3/3 1, 2(2)d
0/3 NE
0/3 NF
3/3 2(3) hr
3/3 42), 5hr
a3 2,3, 7d
0/3 NF
0/3 NF
0/3 NF

' Tensile strength/Yield strength, ksi. Aver.ge of duplicate long-transverse tensile, 0,500~inch
diameter, 4-D gage length, 1/4 T position.

® Number of Failures/Number of Specimens Tested.,

® Time to failure ( number of specimens failed ), NF = No failure.

(o) Intergranular attac - detected metallographically,
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NO. MS PR 68-75
PAGE NO, 78

TABLE IX
STRESS-CORROSION PERFORMANCE OF 2024, 2014, 2219, 7075, 7079 AND
7039 IN A 1% NaCi-2% KzCraO, SOLUTION AT pH=4 AND 60C
( 0.948<-inch short~transverse C-rings etched 30 sec in 5% NaOH at 170F, desmutted
in conc HNQ3.)

Alloy-Temper Applied
( Lot No. ) Stress, ksi F/N* Time to Failure®
2024-T4 (777021) 35 3/3 30(3) min
20 3/3 60(2), 90 min
10 2/3 20(2) hr
5 0/3 NF7d
2024-T16 (777021) 50 2/3 2,7d
40 0/3 NF 7 d
30 0/3 NF7d
20 0/3 NF7d
2024-T351 (863642) 20 3/3 60(2), 90 min
10 1/3 20 hr
5 0/3 NF7d
2024-1851 (863642) 50 2/3 1, 2d
40 0/3 NF7d
30 0/3 NF7d
20 0/3 NF7d
2014-T651 (347131) 30 3/3 1(3) d
20 3/3 1, 3(2 d
10 0/3 NF 7 d
2219-T42 (142081) 20 3/3 90(3) min
10 2/3 90(2) min
5 0/3 NF7d
2219-T62 (142081) 35 0/3 NF7d
2219-T351 (142101) 30 3/3 90(3) min
20 3/3 90(3) min
10 2/3 17 hr, 7 d
5 0/3 NF7d
2219-T851 (142101) 50 0/3 NF7d
40 0/3 NF 7 d

Y F/N = Number of Failures/Number of Specimens Tested,

® Time to failure ( number of specimens failed ). NF =No failures in test period.



NO. MS PR 68-75
PAGE NO, 79
TABLE IX (CONT'D)

Alloy-Temper Applied
( Lot No, ) Stress, ksi F/N* Time to Failure®
2219-T37 (142091) 30 33 90(3) min
20 3/3 90(3) min
10 2/3 17(2) hr
5 0/3 NF7d
2219-T87 (142091) 50 0/3 NF 7 d
40 0/3 NF7d
7075-T651 (830882) 30 33 1(3) hr
20 2/3 2, 3(2) hr
10 0/3 NF7d
5 0/3 NF7d
7075-17351 (830882) 50 0/3 NF 19 d
40 0/3 NF 19 d
7079-T651 (331661) 30 3/3 1,8, 11d
20 1/3 4d
10 0/3 NF 15d
7039-T64 (363251) 40 3/3 2, 3(2) hr
20 2/3 1,7d
10 1/3 17 d
5 0/3 NF 21 d
7039-T64 (742101) 40 3/3 8(2), 19 hr
25 2/3 1, 3d
15 2/3 7, 10d
10 0/3 NF 21 d

Y F/N = Number of Failures/Number of Specimens Tested.

® Time to failure ( number of specimens failed ). NF = No failures in test period.



SRECEDING PAGE BLANK }NOT FILMED. NO. MS PR 68- 75
PRECEDIN PAGE NO. 80

TABLE X
STRESS-CORROSION PERFORMANCE OF 7075, 7079 AND 7039 IN 0,5%
NaCl-2% KaCrz O, SOLUTION AT pH=4 AND 100C
(0,948~inch short~transverse C-rings etched 30 sec in 5% NaCH at 170F,
desmutted in conc HNOQOg, )

o o o e Ay e s e

Al loy-Temper Applied :
( Lot No. ) Stress, ksi F/N* Time to Failure®
7075-T1651 (830882) 45 3/3 1, 2, 3br
30 3/3 3(3) hr
20 3/3 5(3) d
10 1/3 7d
5 0/3 NF 7 ¢
7075-17351 (830882) 50 0/3 NF7d
40 0/3 NF7d
7079-T651 (331661) 20 3/3 30, 45 min; 2 hr
10 3/3 19(2) hr; 2 d
5 3/3 12, 2d
7039-T64 (363251) 20 3/3 3, 4, 5 min
10 3/3 10(2), 12 min
5 3/3 20, 70 min; 2 hr
7039-T64 (742101) 20 3/3 40, 50, 60 min
10 3/3 100(2) min; 18 hr
5 2/3 1, 2hr; NF7 d
7039-T61 (742101) 20 3/3 20, 50, 60 min
10 3/3 2, 18(2) hr
5 2/3 18(2) hr; NF7 d
7039-T6E132 (105108) 20 3/3 30(2), 40 min
10 3/3 2, 18hr; 1d
5 3/3 18 hr; 2(2) d

Y F/N = Number of Failures/ Number of Specimens Tested.

2 Time to failure ( number of specimens failed ). NF = No failures in test period.
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APPENDIX

PROCEDURE FOR CONDUCTING THE
SALT-(DI)CHROMATE SOLUTION TEST

This test is based on continuous immersion of specimens in a 1% NaCl-2% K2CrzQ»
solution at about pH=4 and a temperature of 60C ( 140F ), The solution is prepared on a
weight basis using reagent grade chemicals and distilled water. As prepared, the solution
should exhibit an unadjusted pH in the range of 3.7 to 4,0, If not, the pH should be brought
within this range with additions of I N HCl or T N NaOH solution,

The te~: solution must be contained in an inert vessel, preferably glass, which will
withstand the operating temperature of 60C. Provisions should be made for maintaining the
temperature within + 1C of 60C for the best reproducibility of test results, It is not necessary
to reflux the vessel, but a suitable cover should be provided to minimize evaporation losses,
Distilled water is added periodically to zompensate for any losses which occur,

The recommended exposure period for the salt=(di)chromate solution test is seven days,
but this period may be extended for several weeks with no danger of excessive general corrosion
attack of the specimens. Failure of highly stressed susceptible alloys and tempers generally
occursduring the first few hours of testing. Therefore, specimens should be inspected at
least once during the first four hours' exposure and twice a day thereafter,

Reliable performance in this test necessitates chemical etching of the unstressed
specimens, Specimens should be immersed for 30 seconds in a 5% NaOH solution at 75C
( about 170F ), desmutted in cold concentrated HNOg for 15 to 30 seconds, with a final

rinse in hot tap water,



