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STRESS~CORROSION BEHAVIOR OF ALUMINUM-LITHIUM ALLOYS
IN AQUEOUS SALT ENVIRONMENTS

P. P. Pizzo

San Jose State University
San Jose, California 95192, U.S.A.

R. P. Galvin and Howard G. Nelson

NASA Ames Research Center
Moffett Field, California 94035, U.S.A.

The stress-corrosion susceptibility of two powder~metallurgy (P/M)
alloys, Al-Li-Cu and Al-Li-Cu-Mg; two mechanically attrited (M/A) alloys,
Al-Li-Cu and Al-Li-Mg; and two wrought, ingot alloys, X-2020 and AA7475,
are compared. Time-dependent fracture in an aqueous sodium chloride environ-
ment under alternate~immersion condition was found to vary significantly
between alloys. The stress~corrosion behavior of the two powder-metallurgy
processed alloys was studied in detail under conditions of crack initiationm,
static crack growth, and fatigue~-crack growth. A variety of stress-—
corrosion tests were performed including smooth-surface, time=~to-failure
tests; potentlostatic tests on smooth surfaces exposed to constant applied
strain rates; and fracture-mechanics—~type tests under static and cyclic
loads. Both alloys show surface pitting and subsequent intergranular corro-
sion. Pitting is more severe in the magnesium-bearing alloy and is associ-
ated with stringer particles strung along the extrusion direction as a result
of P/M processing., Both alloys were found to resist stress—corrosion crack
extension at low and moderate stress intensities under conditions of both
static and cyclic (high-mean stress) loading. Fatigue~crack growth at low-
mean stress is shown to be somewhat environment- and microstructure-
sensitive, These results are supported by relevant fractographic and
metallographic observations and are discussed in terms of the potentially
active stress-corrosion processes.
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Introduction

Aluminum-lithium alloys offer the advantages of higher strength and
stiffness at low density than existing aerospace alloys. The specific bene~
fits of Al-Li alloys include a potential 207% increase in both the stiffness-
to-weight and strength-to~weight ratios. However, little is known about the
environmental durability of the Al~Li alloys, particularly when they are
exposed to chloride-containing aqueous solutions. Such conditions have
caused service problems with the conventional 2000 and 7000 series alloys.
Cause for concern in Al-Li alloys is the active lithium-bearing phases which
can form. The presence of these active phases at such locations as grain
boundaries could result in a significant environmental sensitivity. The
present investigation examines these effects and, in particular, the stress-
corrosion behavior of Al-Li alloys under a variety of applied: electrochemical
and mechanical conditions. The purpose of this investigation is not to
explore the influence of a single parameter but rather to expose the alloys
to a broad range of conditions in order to establish those conditions that
may limit the durability of the alloys.

Experimental

Materials and Specimens

Five different Al-Li alloys were investigated having either ingot,
powder-metallurgy (P/M), or mechanically alloyed (M/A) product forms. Also
investigated was the commercial, ingot aluminum alloy AA7475. The nominal-
composition and specific product form of each are shown in Table I. Emphasis
in the present study was on the two Al-Li-Cu alloys processed using the con-
ventional powder-metallurgy technique. Their compositions are similar except
one contains the addition of 1.4% magnesium. Because the stress-corrosion
behavior of these two alloys was studied extensively; a number of specimen
configurations were required, as will be discussed. The study of the two
(M/A) Al-Li alloys, the ingot X-2020 Al-Li alloy and the ingot AA7475 alloy,
was limited; they were used primarily to compare the influence of composition
and process history and to provide comparison with previously published
stress—~corrosion data.

The two P/M Al-Li-Cu alloys were received as extruded, rectangular-
section, round-cornered bars approximately 12.7 mm thick and 65 mm wide.
After solution treatment, the microstructures of both alloys were character-
ized by columnar-arrays of small, recrystallized grains and stringer parti-
cles lying parallel to the longitudinal axis of the bar (extrusion direction),
as shown in Figure 1. The mean area density and mean spacing of the stringer
particles on a transverse section of the bar are approximately 0.2 um~? and
7 um, respectively. It is the spacing of these stringer particles that
appears to control both the size and shape of the columnar recrystallized
grains (Fig. la). The approximate grain diameter is 4 pym and the grain
length is approximately 16 um, for a length-to-diameter ratio of 4:1.

A number of specimen types having various orientations were machined
from the P/M Al-Li-Cu alloy bars, as shown in Figure 2. The coordinate
system used in this figure to describe orientation is according to ASTM
Standard Test Method E399. The orientation of each test specimen is described
by a two-coordinate system: the first refers to the direction of the normal
to- the anticipated crack plane and the second to the direction of crack prop-
agation. As can be seen, specimen configuration and orientation vary widely,
as dictated by the specific test objective. The test requirements, including
the specific specimen configuration to meet the test objective, will be dis-
cussed below.




The two M/A Al-Li alloys
(Table I) were received as
extruded, square-section, round=-
cornered rod approximately 19 mm
wide. The detailed physical
metallurgy of these alloys has been
documented elsewhere (1). Briefly,
their microstructure is character-
ized by columnar grains aligned
parallel to the extrusion direc-
tion. The approximate grain diam-
eter is 0.4 um and the grain length
is about 1.5 um for a length-to-
diameter ratio of 4:1. Aluminum
oxide and carbide particles having
a total volume content of about 1.5%
were randomly distributed throughout
the microstructures. Tuning-fork
specimens (as depicted in Fig. 2)
having an L=-S orientation were
machined from the bars.

Alloy X-2020 (Table I) was
received as a wing-skin obtained
from a retired U.S. Navy RA-5C
aircraft. The spanwise (wing-tip
to wing-tip) direction of the skin
was assumed to be the longitudinal
direction of the original rolled I
plate. The microstructure of the :
alloy was found to consist of very B
large, pancake-shaped grains, as ST . , ;
shown in Figure 3a. The mean grain s T -
diameter is about 0.2 mm, with a e T e T
typical thickness of about 0.03 mm. RS ‘

Tuning-fork specimens (Fig. 2) B
having the orientation T-S were ) . ) S
machined from the plate. Lo . ‘ )

The AA7475 alloy (Table I) was PR
provided by Kaiser Aluminum, oL - .
Pleasanton, California (Heat 182767) T - ':?,:: o ///
in the form of 8.9-cm-thick forged I ]
plate. The microstructure consisted R 50 um
of large-pancake-shaped grains C
approximately 0.25 mm in diameter
and 0.02 mm thick (Fig. 3b). Tuning-~ Fig. 1. The columnar grain structure
fork specimens (Fig. 2) having a T-S of the P/M processed Al-Li-Cu alloys
orientation were machined from the (a) columnar grains in material
as-received plate. etched by Barker's reagent and illu-

minated by polarized incident light
Heat Treatment (b) stringer particle array illumi-
nated by nonpolarized light.

All alloys were either solution-
treated or fully heat treated before
specimen fabrication, with the exception of the tuning-fork specimens from
the P/M-processed alloys and the X~2020 wing-skin material. In the P/M-
processed alloys, residual stresses resulted in excessive distortion, and,
thus, a stress relief was required. The stress relief consisted of a 30-min
exposure at 450°C, while the material was clamped, followed by an air cool.
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Fig. 2. Orientation of P/M Al-Li-Cu alloy specimens (per ASTM E399).

After fabrication, the tuning-form specimens were solution-~treated and
quenched in ice water. Approximately 0.38 mm of material was removed from
both specimen outer surfaces by polishing with various emery papers. The
AA7475 alloy, originally in the -T7351 condition, was heat treated by Kaiser
Aluminum to the -T6 condition. '

A summary of various heat treatments given the alloys under investiga-~
tion (Table I) together with their resultant mechanical properties is shown
in Table II.

Test Conditions

A variety of test conditions were used, including constant and alternat-
ing exposure to the test enviromment, aerated and deaerated aqueous 3.5% NaCl
and synthetic sea water test environments, free corrosion and applied elec-
trochemical potentials, and smooth and flawed specimens of different orienta-
tions. The objective was to expose the alloys to a variety of electrochemi-
cal and mechanical conditions in order to encourage and identify any

environment-enhanced crack initiation and crack-growth process that might
occur in service.

Alternate~Immersion Tests. Alternate~immersion tests were performed on
tuning~fork specimens primarily to establish the sensitivity of the alloys
to crack initiation under free corrosion-potential. Specimens were either
loaded to a constant load or a constant deflection and maintained using an
appropriate bolt and platen assembly. The load required to establish an ini-
tial outer-fiber tensile stress was determined from the respective elastic
equation for a cantilever beam. For initial outer-fiber stress levels of
55 Ksi or greater, the constant displacement tuning-fork specimens were usu-
ally strain-gauged to provide a more positive method for determining the
applied stress. Using the respective value of modulus of elasticity, the
outer~fiber stress was determined from measured strain. Specimens displaced
to initial outer-fiber stress values less than 55 Ksi were not instrumented.




Table I. Chemical Composition and Product Form of the Aluminum Alloys Studied
Composition, wt % ppm
Alloy Nominal alloy composition
Product form

Li Cu Mg Zr Si Fe Mn Zn Ti Cr Be Ca Na
Base, P/M 12.7 by 65 mm, round 2.6 1.4 0.006 0.09 0.03 0.06 0.005 0.02 0.03 0.002 0.005 3 2
Al-Li-Cu corner, rectangular

: section bar
Mg-bearing P/M 2.6 1.4 1.6 0.09 0.03 0.05 0.005 0.02 0.03 0.002 0.005 3 1
Al-Li-Cu-Mg
Mechanically 19 by 19 mm, round 2.5 - 1.0 - - - - - - - - - -
alloyeda corner, square
Al-Li-Mg section rod
Mechanically 3.0 2.1 - - - - - - - - - - -
alloyed?
Al-Li~Cu
x-2020P Wing—-skin from retired 1.3 4.5 <0.01 - 0.05 0.12 0.70 0.06 0.05 - - - -
aluminum RA-5C U.S. Navy
aircraft

AAT7475 8.9-cm-thick plate - 1.4 1.9 - 0.04 0.05 0.001 5.4 0.03 0.24 - - -
Al-Li-Cu-Mg

Carbon determined by combustion/thermal conductivity is 1.21%; oxygen determined by inert-gas fusion is 0.021 wt %.

These concentrations result from the mechanical alloying procedure and can be assumed to be similar in both the copper-

and magnesium-bearing alloys.
bAdditionally, the alloy X-2020 contained 0.21 wt % cadmium.



X-2020 Those specimens were displaced under
stroke control in a servohydraulic
mechanical test system to a load
commensurate with the target outer-
fiber stress as determined by the
respective elastic equation for a
cantilever beam. The resulting tine
gap was measured using a feeler
gauge accurate to 12 um. The speci-
mens were then removed and a bolt/
platen assembly was used to attain
the desired tine closure. Alternate-
immersion tests were performed in
accordance with ASTM Standard G44 in
aerated 3.5% NaCl solution or syn=-
thetic sea water (ASTM Specifica-
tion D1141). 1In this procedure,
specimens are maintained "wet" for
10 min and allowed to dry for 50 min;
the cycle is then repeated. Details
AA 7475 of the alternate-immersion procedure
have been described previously (2).

Constant-Immersion Tests. Crack
initiation under constant immersion
was studied using both constant-
displacement tests and slow-strain-
rate tests on smooth specimens.
Constant-displacement tests were
performed on tuning-fork-type speci-
mens (Fig. 2). Specimens were masked
s0 as to leave an exposed surface
area of approximately 0.5 cm? on
each tensile surface of the specimen
and loaded to a constant displace-
ment. The specimen was made the
working electrode in a standard
polarization cell containing aqueous
3.5% NaCl solution deaerated by
helium. After a minimum l-hr expo-

Fig. 3. The grain size and distri- sure under open-circuit potential,
bution of (a) X-2020 and (b) AA7475 the working electrode was brought to
aluminum alloys. a preselected potential, and the

.. potential was maintained until the
specimens failed or the immersion was interrupted.. Specimen failure dis-
engaged the potentiostat, thus preserving metallographic and fractographic
data. Although the cross-sectional area of the tines of the.tuning-fork
specimens are reduced during long-term exposure, a concomitant drop in load
on the specimen will also occur under constant-displacement conditions. It
was determined that these dynamic changes combine to yield an approximately
constant outer-fiber stress in the specimen, even after long exposure times.

Slow-strain-rate tests were performed on straining electrode specimens
(Fig. 2). These are essentially standard, flat, smooth tensile specimens
which were strain gauged and masked so as to leave an exposed surface area
of about 0.5 cm® on one side of the gauge section. As in the constant-
displacement test, the specimen was made the working electrode in a polari-
zation cell. Tests were conducted in deaerated 3.5% NaCl solution, under
potentiostatic control, over a range of ‘strain rates from 10~* to 10”% s7%t,




Table IT. Typical Mechanical Properties of the Al-Li Alloys Studied

P/M processed Al-Li-Cu?

Mechanically Alloy X-2020¢  AA74759
Base alloy ors Mg-bearing alloyed Al-Lib
Property Und Peak— O rien=— Under— - Peak— Over As Reheat- Reheat-
nder— FPeak- Over- tation Under ea VeI~  A1-Li~Cu Al-Li-Mg received treated treated
aged aged aged aged aged aged
Yield stress (0.2% 385 460 420 455 520 435 640 600 545 517 430
offset), MPa
Ultimate tensile 490 550 490 570 600 550 642 604 580 572 496
stress, MPa i
Strain to fracture, 3.5 3.0 5.0 3.5 3.5 4.0 <0.25 0.50 - 1-3.5 4-6 12.5
A
Fracture toughness 12 -9 8.5 T-L 9.5 8.5 7.5 - - 21 31 —_
Kq; MPa-m'/2 33 — 23 L-T 20.5 17.0 11.5 - — - - =
— 18 — L-S - 15.5 - 7 10 - — —

11 10 — S-L - -— 9 - -— - - 34

?1) Tensile data from 6.4-mm-diam standard tensile specimens; fracture toughness from 12.7-mm thick, 25.4-mm compact ten-
sion specimens (L-S) oriented. 2) Base alloy specimens solution treated at 515°C for 1 hr then cold-water quenched.

3) Mg-bearing specimens solution treated at 555°C for 1 hr then cold-water quenched. 4) Under-, peak-, and overaged
conditions for base alloy: 10, 26, and 200 hr at 170°C, respectively; for Mg-bearing alloy: under-, peak-, and over-
aged conditions are 5, 26, and 50 hr at 190°C.

1) Tensile data from 1.7-mm thick flat tensile coupons; fracture toughness from 12.7-mm square séction, four—point bend
specimens, (L-S) oriented. 2) Al-Li-Cu heat treated at 560°C for 1 hr, cold-water quenched, and aged at 170°C for 2 hr.
3) Al-Li-Mg heat treated at 520°C for 1 hr, cold-water quenched, and aged at 170°C for 2 hr.

©1) Tensile data from 6-mm thick flat tensile coupons; fracture toughness from 12.7-mm thick, 25.4-mm compact tension
specimens, (T-L) oriented. 2) Material solution treated at 515°C for 1 hr, cold-water quenched, then aged 18 hr at
170°C. ' '

1) Tensile data from 6-mm thick flat tensile coupons; fracture toughness from 12.7-mm thick, 25.4-mm compact tension
specimens, (S-L) oriented. 2) Heat treatment of the AA7475-T7351 plate to the -T6 condition resulted in an electrical
conductivity decrease from 437 TACS to 32% IACS.



Crack propagation under constant-immersion conditons was studied using
fatigue precrack, double-cantilever-beam (DCB) specimens; square beam, four-
point bend specimens; and compact-tension (CT) specimens (as shown in
Fig. 2). The DCB specimens were used to study static crack growth and were
maintained under constant-displacement by bolt loading. The details of the
test procedure are discussed elsewhere (2). In all cases, the value of the
initial applied stress intensity, K%, was at least 1.2 times greater than
the maximum stress intensity used during fatigue precracking. Specimens were
immersed, loaded, and held in a static 3.5% NaCl solution, exposed to labora-
tory air, for predetermined times up to 1.4 yr. Final crack length was
determined by specimen compliance and fractography.

The square beam, four-point bend specimens were used to study fatigue
crack growth at high values of mean-stress intensity. The specimens were
initially fatigue precracked in air to a ratio of crack length to specimen
width (a/w) of about 0.35. Before fatigue precracking, the specimen side
surfaces were polished to 1 um diamond and the specimen was masked such that
the crack mouth and a rectangular strip along the anticipated crack path on
one side of the specimen were exposed. This allowed for potentiostatic con-
trol along the region of the crack mouth. The specimen was immersed in
helium deaerated 3.5% NaCl solution and loaded to a minimupg stress intensity,
K®, equal to 90% of the maximum cyclic stress intensity, T» to be applied.
Tﬁe initial value of Kj was always at least 1.2 times greater than the
maximum stress intensity used during fatigue precracking. After about 2 hr
of constant immersion at the free corrosion-potential, the specimen was
driven more noble, inducing anodic dissolution. These potentials ranged
from -0.790 to -0.850 V (sce) and induced an anodic current of about 2 to
50 uyA. Specimens were ramp-loaded under load control to the predetermined
Ky, over a lO-min period, at which time the load was rapidly dropped (within
3 sec) to KI’ and the cycle repeated.. Grack-opening displacement was moni-
tored using a clip-gauge, and compliance data were used to assess crack
extension. After a minimum of 20 cycles, specimen compliance was reassessed
to determine whether crack extension had occurred. At increments of no less
than 3 hr, the stress intensity values were increased, with K% remaining
at 907 of Ky. In this manner, an attempt was made to induce environment-
enhanced fatigue-crack growth at high mean-stress intensities.

Compact tension (CT) specimens (Fig. 2) were used to assess environment-—
enhanced fatigue-crack growth at low mean-stress intensities. Specimens were
fatigue-tested at a minimum-to-maximum-load ratio, R, of 0.1, using a sinu-
soidal waveform, in either laboratory air or in an aqueous 3.5% NaCl solu~-
tion, using an intermittent drip technique. That is, the salt solution was
introduced into the fatigue crack through a cotton-cloth syphon placed adja-
cent to one face of the compact-tension specimen. The cotton was kept moist
by capillary feed from a 500-ml reservoir of NaCl solution and by intermedi-

-ate drip feed from a second 500-ml reservoir through an appropriate needle
valve and Luggin capillary tube. Tests were performed under load control
using a servohydraulic mechanical test system employing computer feedback

and control. Using both compliance and load data for the compact-tension
configuration, the computer was programmed to maintain a constant value of
alternating stress intensity factor AK over a preprogrammed range of crack
extension. The minimum range of crack extension for determination of steady-
state crack growth rate behavior was 0.75 mm. The usable data acquisition
range was from 0.32 to 0.60 of the crack-length to specimen-width ratio
(a/w). Data were acquired at each 50 um of crack extension.

Metallography

Metallography was performed to evaluate the character of stress-
corrosion cracking in the various alloys. Standard metallographic techniques




were used. Keller's etch, diluted to different concentrations according to
the nature of the reactivity of each alloy, was used for standard immersion
etching. The mechanically alloyed Al-Li alloys were most active in that they
were etched during final polishing (0.3 um alumina) by exposure to water. A
6:1 dilution of standard Keller's etch provided optimum etching of the M/A
Al-Li; 3:1 for P/M Al-Li-~Cu, 4:1 for X-2020 aluminum and full-strength for
the AA7475 -<T6 aluminum. It is of interest to note that in the case of the
P/M Al-Li~Cu alloy, selective etching of shear-deformation bands was
observed. The effect was not immediate, but occurred from 5 to 12 hr after
etching with Keller's reagent; the effect was reproducible. This phenomenon
is further discussed in the Results section.

Some specimens were electropolished in Barker's reagent, and polarized -
light illumination was employed to examine the grain structure of the various
alloys. Electropolishing was performed at 40 Vdc in a solution of 5 ml of
48% HBF, and 200 ml of distilled water; a current density of about 200 mA/cm?®
resulted.

Results

Alternate-Immersion Tests

Alternate~immersion tests were performed under free corrosion-potential
in aerated NaCl solutions on all six of the study alloys. The results of
these tests are presented in Figure 4 for the P/M Al-Li-Cu alloy in 3.5% NaCl
solution and synthetic sea water; in Figure 5 for the P/M Al-Li~Cu-Mg alloy
in the same two solutions; in Figure 6 for the two M/A alloys in synthetic
sea water; in Figure 7 for the X-=2020 alloy in synthetic sea water; and in
Figure 8 for the AA7475 alloy in synthetic sea water. These figures show the
condition of the specimens (failed, cracked, or unaffected) after various
times at different stress levels. For comparison, the free corrosion-
potentials (with respect to the standard calomel electrode) are given in
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Fig. 4. Alternate-immersion data Fig. 5. Alternate-immersion data
for the P/M Al-Li-Cu alloy. for the magnesium-bearing P/M alloy.
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Fig. 8. Alternate-immersion data P/M Al-Li-Cu alloys was explored in
for the AA7475-T6 aluminum allqy. the alternate~immersion tests. Com-

parison of the underaged, peak-aged,
and overaged conditions for the P/M Al-Li-Cu and P/M Al-Li-Cu-Mg is provided
in Figures 4 (Al-Li-Cu) and 5 (Al-Li-Cu-Mg). The stress-—corrosion resistance
is found to increase with aging time for the three conditions investigated,
the underaged material having the shortest lifetime. The overaged specimens
either took longer to fail or remained unfailed after prolonged exposure.
This difference in stress-corrosion resistance as a function of aging time
appears to be greater at higher applied stress (Figs. 4 and 5).

Multicrack initiation on the tensile surface of failed tuning-fork speci-
mens typical of both P/M Al-Li-Cu alloys is illustrated in Figure 10. Stress
corrosion cracks representative of those found are depicted in Figure 11.
Intergranular cracking was neither found on the compression-side of tuning-
fork tines nor on exposed, nonstressed surfaces. Metallographic examination
showed no secondary cracking of the failed M/A Al-Li-Cu specimens. The sur-
faces of the M/A Al-Li-Mg alloy specimens were only mildly pitted for expo-
sures up to 1000 hr. Similarly, the exposed surfaces of the X2020-T6 speci-
mens were uncracked and only mildly pitted.
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Table III. Representative Free Corrosion-
Potentials of Tuning=-Fork Specimens in the
Alternate-Immersion Tests

Alloy Heat treatment Vg, V¢

P/M Al-Li-Cu Underaged -0.800
Peak-aged ~-0.738

Overaged -0.763

P/M Al-Li-Cu-Mg Underaged ~0.765
Peak~-aged -0.750

Overaged -0.808

M/A Al-Li-Cu 2 hr at 170°C -0.785
M/A Al-Li-Mg 2 hr at 170°C -0.854
AAT7475 -T6 -0.746
X-2020 -T6 =0.763

A1l potentials measured with respect to
the standard calomel electrode in flow-
ing sea water solution (per ASTM Speci~-
fication D1141); standard deviation is
typically 0.035 vde for a given alloy/
heat-treatment condition.
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Fig. 10. Multicrack initiation on
the tensile surface of an Al-Li-Cu
alloy tuning fork specimen after
84-day alternate~immersion exposure
in aqueous 3.5% NaCl solution.

Fig. 9. A comparison of the stress-
corrosion susceptibility of the
alloys investigated.
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The size of the deepest inter-
granular cracks occurring in the P/M
Al-Li~Cu alloys (Fig. 11) was typi-
cally 0.38 mm; this depth is com-
parable to the critical flaw size
estimated from the known fracture
toughness of these alloys (Table II).
Since low fracture toughness pre-
cludes the growth of sharp cracks
beyond approximately 0.3 mm, the
life of the P/M Al-Li-Cu tuning-fork
specimens is essentially limited by
crack-initiation events. ‘

Constant-Immersion Tests

Crack Initiation. Crack ini-
tiation under selected electrochemi~-
cal conditions was investigated
using the tuning-fork specimens of
the P/M alloys. Tests were conducted
under constant displacement and with
potentiostatic control in a deaerated
3.5% NaCl solution. Two tests on the
P/M Al-Li-Cu alloy are in progress,
both at an electrochemical potential
of -0.790 V (sce) and at an initial
outer~fiber stress of 424 MPa. After
2000 hr (well beyond failure in
alternate-immersion tests (Fig. 4))
neither specimen has failed. Inspec~
-tion has revealed some localized
corrosion along stringer particles,
but gross pitting has not been
detected. This electrochemical
potential is in the anodic passiva-
tion regime.

Fig. 11. Stress corrosion cracks in
the Al-Li-Cu-Mg alloy; transverse
section of tuning fork tine (a) SEM
micrograph of a surface crack

(b) optical micrograph of a second
crack indicating the intergranular,
multibranched fracture path.

Similar tests were performed on
the magnesium-bearing P/M alloy.
Two tuning~fork specimens were ini~-
tially stressed to 403 MPa, and one
, was exposed to an anodic potential
of «0.800 V (sce) and the other to a cathodic potential of -1.015 V (sce).
The average specimen current density for each test was approximately the
same — about 50 uA/cmZ. Both specimens failed within 1200 hr. This failure
time is substantially longer than that observed at a similar stress level
under alternate-~immersion test conditions (Fig. 5). Metallographic examina-
tion of the specimen that failed under anodic polarization revealed second-
ary branch-cracking similar to that observed in the alternate-immersion
tests (Fig. 11). A cell-current and temperature excursion accompanying
failure of the P/M Al-Li-Cu-Mg specimen tested under cathodic polarization
obscured efforts to document the failure mode.

Slow~strain-rate tests were performed in an attempt to identify polari-
zation conditions that may induce crack initiation in the P/M Al-Li-Cu alloy.
The results of these tests, shown in Figure 12, have been reported elsewhere
(2). As can be seen, a ductility loss is only observed at an anodic poten-
tial at which passive film-formation occurs in the deaerated 3.5% NaCl
solution. A current density of no more than 5 pA/cm® is involved in this
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passivation process and localized
pltting occurs at the stringer par-
ticles. Eventually, large randomly
spaced pits develop from stringer
particle pits, and subsequent
fracture occurs. Intergranular
cracking is associated with the
randomly spaced pits, but the extent
of intergranular cracking is much
less than the critical flaw size
based on fracture toughness data (2).
Slow~strain~rate tests performed at
the free corrosion-potential or
within the cathodic regime at cur-
rent densities equivalent to those
within the anodic-passive region
resulted in fracture strains equiv-
alent to those observed in labora-
tory air control tests.
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Fig. 12. The apparent stress corro-
sion susceptibility of P/M Al-Li-Cu

at various applied potentials; slow

strain-rate data.

Crack Propagation. Crack propagation under constant-immersion condi-
tions was studied using a variety of precrack specimens. The particular
specimen configuration was dictated primarily by the desired crack plane and
growth orientation. For example, the L-S-oriented, four-point-bend specimens
(Fig. 2) were used to permit the crack plane to be perpendicular to the
stringer particle arrays in the P/M alloys. Use of DCB specimens (Fig. 2)
allowed investigation of slow crack extension in the S-I orientation, whereas
the CT specimens (Fig. 2) were used for the T-L and L-T orientations. Addi-
tionally, the DCB specimens are readily bolt~loaded to a fixed displacement
and are ideal for long-term exposures.

An attempt was made to investigate static crack growth and to establish
the threshold stress intensity for stress-—corrosion cracking, Kygcg, in the
P/M alloys using DCB, S-L-oriented specimens. Tests were conducted in an
aerated 3.5% NaCl solution under free corrosion-potential. The results of
these -tests are summarized in Table IV. As can be seen, crack growth was
observed. A study of the deformation mode and fracture characteristics of
these specimens suggests, however, that the process is more one of localized
corrosion and mechanical tearing (2).. Because the fracture toughnesses of
these alloys in the S~L orientation are very low (Table II), the values of
K{ cannot be taken to be a valid indication of Kyggc-

Table IV. Time-Dependent Crack Growth of DCB Specimens in Aqueous
3.5% NaCl Solution
35~day immersion 159~day immersion
Alloy Aged i T | i ;
condition K%, 1 Aa, Kis 1s Aa,
MPa-m/2 MPa-m'/? mm MPa-m'/? MPatm!'/? mm
Al-Li-Cu Under 9.0 7.5 3.0 9.5 7.5 2.5
Al-Li~Cu Peak 11.0 9.0 o0« 9.0 8.5 0.8
Al-Li-Cu-Mg Over 7.0 5.5 4.0 10.5 7.5 4.0
Note: K%: crack-tip stress~intensity factor applied prior to immersion
period;-KI: crack-~tip stress-intensity factor at termination of

the immersion period.

“Exhibited pop~in during loading.
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The physical appearance of the
S~L-oriented DCB specimens that
underwent long-term exposure (l.4 yr)
to the aqueous NaCl environment is
shown in Figures 13-17. The
magnesium-bearing alloy was found to
be very susceptible to localized
pitting, much more so than the base
alloy, as shown in Figure 13. Metal-
lographic examination of the rough-
polished side-surfaces of the DCB
specimens, perpendicular to the pre=-
crack plane, indicate extensive
intergranular cracking and corrosion;
both in the P/M Al-Li-Cu alloy, as
shown in Figures 14 and 15, and in
the magnesium=-bearing alloy, as shown
in Figures 16 and 17. The inter-
granular attack is again associated
with the stringer particles aligned
parallel to the extrusion direction.
Intergranular attack is not localized
to the region of crack growth but
occurs at selected regions along the crack plane, as shown in Figure 17. .In
the P/M Al-Li~Cu alloy, intergranular corrosion is more intense in the slip
deformation bands developed during fatigue precracking process, as shown in
Figure 14.

Fig. 13. Constant-immersion DCB speci-
mens exposed 1.4 yr in 3.5% NaCl solu-
tion; base (lower) and magnesium~
bearing (upper) alloy specimens.
Approximately 0.5 mm removed by grind-
ing, then polished to 1 um alumina.

Fatigue-crack growth in the P/M Al-Li-Cu alloys was studied at high
values of mean-stress intensity and at very low frequencies, using fatigue
precracked, four-point bend specimens. One specimen, L-S oriented, from
each.-alloy was tested under potentiostatic control in a deaerated NaCl solu-
tion. The specific test conditions and the number of applied cycles at each
condition are shown in Table V. On the basis of specimen compliance, no

Table V. "Test History of the P/M Aluminum-Lithium Four-Point Bend
Specimens Fatigued at High K% and High mean Stress R

M

Vsce» lanodic> K1, R AN,
Vdce A MPa-m'/2 cycles
P/M Al-Li-Cu -0.792 8 10.3 0.93 130
Base alloy -0.792 25 11.5 0.94 20
Rpq = 18 MPa-m'/?) -0.792 32 12.4  0.95 10
-0.851 7 14.3 0.95 70
-0.851 26 15.4 0.96 20
~Termination—
P/M Al-Li-Cu-Mg -0.790 12 6.6 0.90 127
Mg-bearing alloy -0.790 42 7.7 0.91 25
(Kpq= 15.5 MPa-m*/2) -0.790 45 8.8 0.91 25
-0.790 64 9.3 0.92 35
-0.800 145 9.9 0.92 80 .
-0.840 50 10.4 0.93 20
-0.840 70 12.3 0.94 10
-0.855 70 13.4 0.95 25
-0.840 75 13.7 0.95 80
~-0.840 75 15.0 0.95 30
-0.840 75 15.4 0.95 20
i ~Termination-
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Fig. 1l4. Intergranular corrosion along shear-deformation bands in

Al-1Li-Cu base alloy DCB specimen immersed 1.4 years in 3.5% NaCl solu-
tion (as polished); (a) corroded slip deformation bands adjacent pre-
crack crevice and (b) close-up of intergranular corrosion within band.
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Fig. 15. Intergranular corrosion (a) adjacent machined notch and
(b) at crack-tip of P/M Al-Li-Cu alloy DCB specimen (as polished).
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Fig. 16. Localized corrosion and intergranular cracking at crack tip
of P/M Al-Li-Cu-Mg DCB specimen (as polished); (a) crack tip and
(b) intergranular cracking in near crack-tip regiom.
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Fig. 17. Intergranular corrosion along stringer oxide particles adjacent
fatigue precrack crevice in P/M Al-Li-Cu-Mg DCB specimen (as polished).

measurable crack extension occurred in either the base or magnesium—-bearing
alloy.

After testing, metallographic studies were performed on both specimens;
the significant observations are reported in Figures 18 and 19. These fig-
ures represent sections taken at the polished and etched mid-~thickness plane
of the four-point bend specimens. Intergranular cracking did occur in both
alloys, but along the stringer particles, perpendicular to the main crack-
plane. Cracking was not localized near the tip of the fatigue precrack, but
was present rather uniformly along the precrack crevice. Intergranular
cracking was prevalent at the mid-thickness plane of the specimens, and the
magnesium-bearing alloy exhibited the more pronounced cracking.

Fatigue—-crack growth at low mean-stress intensities was studied in the
two P/M Al-Li-Cu alloys using L-T and T-~L compact-tension specimens (Fig. 2).
The objective of these tests was to determine whether 3.5% NaCl solution
would affect the steady-state crack-growth rate behavior: -at a given value of
stress-intensity range AK. Laboratory air was taken to be the "dry'" control

‘condition. All tests were performed at 1 Hz. The base alloy specimens were

in the overaged (200 hr at 170°C) heat~treatment condition; the magnesium-
bearing alloy specimens were peak-aged 24 hr at 190°C. The respective
fatigue~-crack growth data for the base and magnesium~bearing alloys are pre-~
sented in Figures 20 and 21, respectively; data for the two alloys are com-
pared in Figure 22,

The curves of Figure 20 demonstrate that the fatigue-crack-growth rate
behavior of the P/M Al-Li-Cu alloy is dependent on both specimen orientation
and enviromment. For a given value of stress-intensity range, crack growth
occurs more rapidly in the T-L oriented specimens. Similarly, for a given
value of stress~intensity range, specimens exposed to aqueous sodium chloride
solution grow at a faster rate than those exposed to. laboratory air. The
degree of environmental influence is not uniform over the range of AK
investigated. This is due to a change in shape of the crack-growth rate
versus AK trend curves for. both wet and dry conditions and for both
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— E.D.

0.02 mm

Fig. 18. Intergranular corrosion in fatigues P/M Al-Li-Cu four-point
bend specimen (R™.95) at mid-thickness after 2 day exposure in
He-deaerated 3.5% NaCl solution under potentiostatic control

(a) machined notch and fatigue pre-crack (b) intergranular corrosion
adjacent fatigue pre-crack.
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Fig. 19. Intergranular corrosion in fatigued P/M Al-Li-Cu-Mg four-
point bend specimen (R™.95) at mid-thickness after 3 day exposure in
He-deaerated 3.5% NaCl solution and under potentiostatic control

(a) machined notch and fatigue pre~crack (b) intergranular corrosion
adjacent fatigue pre-crack.
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Fig. 21. Fatigue crack growth
behavior of the P/M Al-Li-Cu-Mg
alloy for both wet and dry test
conditions.

Fig. 22. A comparison of fatigue
crack growth behavior for the P/M
processed Al-Li-Cu alloys.
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specimen orientations. The maximum envirommental influence occurs at some
intermediate AK wvalue and is equal to an increase in fatigue crack growth
rate by a factor of about 2.

The fatigue—crack growth behavior of the magnesium-bearing alloy is
presented in Figure 21. Unlike the base alloy, the crack-growth rate
appears to be relatively unaffected by specimen orientation. Additionally,
the L-T-oriented specimens, whether wet or dry, test the same. A definite
environment-induced increase in crack-growth rate occurs only in the T-L-
oriented specimens. The data suggest a potential fivefold increase in
crack-growth rate for a given value of stress-intensity range when aqueous
sodium chloride is introduced into a growing crack.

Fatigue~crack-growth rate behaviors of the two P/M Al-Li~Cu alloys are
directly compared in Figure 22. Two features which distinguish the fatigue-
crack growth behavior of the base alloy are 1) the change in shape of the
trend curves for both wet and dry conditions at high values of AK, and
2) the relatively higher fatigue-crack growth resistance in laboratory air.
The trend curves for the base alloy break from linearity at approximately the
same value of stress-intensity range (10 MPa-ml/z) Metallographic data will
next be presented to show that a change in fracture morphology accompanles
this change in fatigue-crack growth behavior for the base alloy.

After testing, the CT specimens were loaded to fracture and scanning-
electron-microscope (SEM) fractography was performed. A typical fracture
surface of an L-T oriented P/M Al-Li~Cu alloy specimen is shown in Figure 23.
It is in this alloy and this orientation that a shift in the fatigue~crack-
growth raye curves (wet and dry) occur at AK values greater than about
10 MPa-m®/? (Fig. 22). As can be seen in Figure 23, at high values of AK
the crack proceeds along two planes: the main crack plane, whose normal is
the L-direction, and the secondary crack planes whose nor?als are approxi-
mately the S-~direction. At low values of AK (<10 MPa-m %) fracture pro-
ceeds solely along the main crack plane. The brittle nature of the secondary
cracks in the high AK regions (AK' retions of Fig. 23) and their associa-
tion with stringer particles can be seen in Figure 24.

In addition to the macroscopic secondary cracking at AK values greater
than about 10 MPa-m'/2, the P/M Al-Li-Cu alloy exhibits a high density of
microscopic secondary cracks. Such cracking, in a region removed from the
macroscopic fracture ridges, is depicted in Figure 25. In order to investi-
gate the nature of these microscopic cracks, metallographic sections trans-
verse to the main crack plane were prepared. A typical section within a
crack-growth region where AK exceeded 10 MPa-m!/2 is shown in Figure 26.
Two characteristic features were observed: 1) microcracks present along the
stringer oxide particles, and 2) intense shear-deformation bands intercepting
the main-crack plane at approximately 45°. Microcracks such as those seen in
Figure 26 correlate with the microscopic secondary cracks shown in Figure 25.
Unlike the microscopic secondary cracks, the intense shear-deformation bands
appeared in the base alloy regardless of the magnitude of the applied
stress~intensity range.

Metallographic examination was performed on the P/M Al-Li-Cu-Mg alloy
compact—-tension specimens of the fatigue-crack-growth study. Macroscopic
secondary cracking similar to that observed for the base alloy (Fig. 24) was
not found in the magnesium-bearing alloy. ?owever, it is noted that testing
at AK values greater than about 10 MPa-m'/? was limited in the magnesium-
bearing alloy because of 1) the lower fatigue-crack-growth resistance of the
alloy (Fig. 22) and 2) the reduced fracture toughness (Table II) with respect
to the base alloy. At the higher AK wvalues, microscopic secondary cracking,
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Fig. 23. Transition in FCG fracture morphology of a P/M Al-Li-Cu
alloy, L-T oriented, CT specimen.

{b) p—

Fig. 24. Fatigue fracture surface of E/M Ai—Li—Cu L-T oriented, CT
specimen (AK = 12.5 MPa-m! 2/dray FCGR conditions) (a) secondary crack

ridges with S-L orientation, (b) fracture morphology on secondary
crack plane.
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Fig. 25. Fatigue fracture surface of Al-Li-Cu (L-T) oriented CT
specimen depicting fracture morphology characteristic of intermediate
AK/wet FCGR conditions (a) initial crack growth region and

(b) close-up of same.

Fig. 26. Secondary cracking along stringer particles in transverse
section of L-T oriented CT specimen of P/M Al~Li-Cu from FCGR study
(a/w = 0.36/polished and etched in Keller's reagent).
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Discussion

Alternate~Immersion Tests

Crack-initiation studies performed on tuning-fork specimens under
alternate-immersion conditions suggest that the T-S-oriented X-2020 alloy
and the L-S-oriented M/A Al-Li-Mg alloy are by far the most resistant of the
six alloys investigated to degradation in a sodium-chloride~containing aque-
ous environment (Fig. 9). No obvious surface cracks developed in either
alloy after long exposures, even under high applied stresses (Figs. 6 and 7).
The most susceptible alloy was found to be the T-S~oriented ingot AA7475
alloy (Fig. 9). The apparent threshold stress (the asymptote of the lower-
limit curve of Fig. 8 at long times) of 275 MPa (40 ksi) is consistent with
stress-corrosion classification data presented in ASTM Standard G64
(Table II, p. 1034). The three remaining alloys appear comparable to each
other in terms of environmental degradation, and they are about midway
between the two extremes. Additionally, no evidence was found to suggest
any systematic difference between the degrading influence of either an
aqueous 3.5% NaCl environment or a synthetic sea water environment. For the
two P/M Al-Li-Cu alloys, longer aging times correlate with longer life and
thus higher stress—corrosion resistance.

In the alternate-immersion tests, crack initiation and crack propaga-
tion both can play a role in determining the life of the specimen. The
fraction of life spent in crack propagation is dependent on the value of the
critical mode I stress-intensity factor for unstable, rapid fracture, Kjc.
For low values of Krg, initiation of a sharp flaw may be sufficient to meet
the critical condition for rapid fracture, whereas if the fracture toughness
is large, extensive stable crack growth may occur, and a major portion of
life would be involved in crack propagation. In the case of the M/A and P/M
Al-Li alloys, rather low fracture toughnesses of from 8 to 10 MPa-m!/? are
typical (Table II). Thus, the corresponding critical flaw size for the
alternate~immersion specimens are small; no greater than 0.38 mm for typical
applied stresses. The longer secondary cracks observed in the failed P/M
Al-Li~Cu specimens (Fig. 11) are consistent with the estimated critical flaw
size. Thus, the life of the tuning-fork specimens under alternate-immersion
conditions is dominated by crack-initiation events.

Constant-Immersion Tests

Crack Initiation. Constant-immersion data for P/M Al-Li-Cu alloy
tuning~fork specimens tested under potentiostatic control indicate that
crack initiation 1s clearly influenced by the electrochemical conditions.
The failure time of similarly stressed P/M Al-Li-Cu specimens tested under
anodic passivation conditions in deaerated 3.5% NaCl solution is at least
10 times longer than that observed in the alternate-immersion (free corrosion
in aerated 3.5% NaCl solution) tests, Similar behavior is noted for the P/M
Al-Li-Cu-Mg alloy; an approximate order-of-magnitude increase in failure time
occurred for a test conducted under anodic passivation conditions. A common
mode of pit formation and crack initiation was found. These data demonstrate
that polarization methods can be used to control crack-initiation events in
Al-Li~Cu alloys and thus allow systematic investigation of this phenomenon.

The failure of the magnesium~bearing alloy specimen tested under
cathodic polarization conditions was unexpected. However, the mode of fail-
ure is unknown because excessive cell current upon specimen fracture made
post-test examination impossible. Further data are required to characterize
time-dependent fracture of P/M Al-Li-Cu alloys under cathodic polarization
conditions.
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It is interesting to contrast the slow-strain-~rate test results for the
P/M Al-Li-Cu alloy with the constant-immersion data for the tuning-fork
specimens. Both tests were conducted under potentiostatic control within
the passive film-formation region. The tests differ, however, in that the
tuning-fork specimens were maintained at some high applied stress, and the
specimens. in the slow=strain-rate test were pulled to failure at some
constant~displacement rate. Even though constant-immersion exposures of
P/M Al-Li-Cu tuning-fork specimens ran to 2000 hr, fracture did not occur.
However, the maximum duration for a slow~strain-rate test in this investiga-
tion was about 18 hr, and a definite environmental degradation was observed
(Fig. 12). Localized pitting along the stringer particles occurred, and some
associated intergranular cracking was observed (2). However, after 2000 hr
of constant-immersion exposure, relatively mild pitting and no detectable
intergranular cracking was observed in the tuning-~-fork specimens. The impor~
tance of deformation (or perhaps a sustained deformation rate) in the
environmental degradation of P/M Al-Li-Cu in sodium chloride solution is
demonstrated by these data.

There is metallographic evidence that the environmental degradation
mechanism operative in the slow-strain-rate testing of the P/M Al-Li-Cu alloy
is different from that observed in the alternate- and constant-immersion
testing of tuning-fork specimens. Intergranular cracking associated with
stringer particle pits was detected in each instance. However, in the slow-~
strain-rate tests, the extent of intergranular cracking was much less than
the critical flaw size for rapid, unstable crack growth in these materials
(2). Failure of the P/M tuning-fork specimens could always be predicted on
the basis of the deepest intergranular crack and the known fracture tough-~
ness. Thus, some alternative mechanism of crack extension is required to
explain the reduced tensile ductility observed in the slow-strain-rate test
(Fig. 12). The requisite mechanism must exhibit relatively rapid kinetics
and be electrochemically select; the possible role of hydrogen has been
suggested (2).

Crack Propagation. Although crack initiation in 3.57% NaCl solution
occurs readily in the P/M Al-Li~Cu alloys, crack propagation is difficult.
This was confirmed in the constant-immersion testing of S-L~oriented DCB
specimens bolt-loaded to a fixed displacement and of L-S-oriented four-point
bend specimens fatigue~loaded at high mean stress. In the case of the DCB
specimens immersed 159 days and loaded to within 10%Z of the known fracture
toughness, slow crack extension was observed (Table IV). However, subsequent
metallography and fractography revealed the crack extension to occur by a
mechanical-tearing and localized crevice-corrosion mechanism. Thus, the
apparent Kyggc Vvalue does not represent a true stress—corrosion threshold.
In the L-S-oriented four-point bend specimens fatigue~loaded at a high mean
stress (R ~ 0.95) and at a maximum stress-intensity factor approaching the
respective fracture toughness of the alloys, measurable crack extension did
not occur (Table V); instead, the crack-tip blunted owing to crevice corro-
sion (Fig. 19).

Analysis of exposed DCB specimens confirmed the presence of localized
intergranular corrosion (Figs. 14-17). The intergranular attack is more
severe in the magnesium-bearing alloy (Fig. L7 versus Fig. 14); but in both
P/M Al-Li-Cu alloys, the intergranular corrosion occurs in heavily deformed
material such as that adjacent to the machined notch (Fig. 15a) and in the
wake of the plastic zone of the fatigue precrack (Figs. 14 and 17). The
intergranular attack is less extensive at the crack-tip in the region of
intense stress localization (Figs. 15b and 6) and intergranular corrosion
did not occur far from the crack crevice.
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Preferential corrosion in regions of high deformation history is clearly
indicated in Figure 14 where intergranular corrosion of the base alloy deco-
rates shear-deformation bands formed during fatigue precracking. Accelerated
corrosion of the highly strained shear-deformation band is not altogether
unexpected, for the strain energy necessary to activate corrosion would be
high in these regions. However, pitting and intergranular cracking extends
from these bands along the oxide stringer particles in regions where the
stress is greatly reduced from conditions at the crack-tip. Clearly, stress
is not the primary variable driving the intergranular corrosion and crack
mode.

The preference of intergranular attack for regions of high deformation
history rather than regions of high stress intensity is also demonstrated in
analysis of the four-point bend specimens. Localized pitting and intergranu-
lar corrosion occur in the material adjacent the machined notch (Figs. 18a
and 19a) and in the material affected by passage of the fatigue precrack
(Figs. 18b and 19b). The pitting occurs along the stringers of oxide par-
ticles that are oriented perpendicular to the main crack plane in these
L-S-oriented specimens (Figs. 16 and 17).

From the above observations, it is apparent that deformation is a
necessary requirement for the intergranular corrosion process. It is
rationalized that deformation results in semicontinuous regions of micro-
cracking and fracture along oxide stringer particles. In this manner, elec-
trochemically active particles become exposed to. the aqueous NaCl electrolyte
or electrochemical conditions within the microcrack regions adjust to promote
accelerated intergranular attack. Support for the latter hypothesis is pres-
ent in the diversity of "external" electrochemical conditions in which a
common mode of intergranular corrosion was observed in the P/M Al-Li-Cu
alloys. Intergranular corrosion occurred at the free corrosion-potential in
both alternate-immersion and constant-immersion tests, and in deaerated solu-
tion under a range of noble potentials for both smooth and flawed specimens.

The P/M Al-Li-Cu alloys are sensitive to the aqueous 3.5% NaCl environ-
ment under conditions of fatigue at low mean stress (Figs. 20-22). For the
T~-L orientation, in which the crack plane is parallel to the stringer par-
ticles, environmental sensitivity is observed for both the base and
magnesium-bearing alloys (Fig. 22). Fatigue-crack-growth rate increases by
a factor of 5 for aqueous NaCl exposure with respect to dry conditions, and
this is the maximum effect observed under the parameters of this investiga-
tion. For the L-T orientation, in which the crack plane is perpendicular to
the stringer particles, the fatigue-crack-growth rate is less sensitive to
aqueous NaCl exposure; the magnesium-bearing alloy appears relatively insen-—
sitive (Fig. 21). Alternatively, however, the magnesium-bearing alloy may be
more sensitive to environment than the base alloy, and moisture within the
laboratory air may be sufficient to promote accelerated crack growth. Con-
trolled humidity tests or tests in inert-gas or vacuum environments are
required to complete the assessment of environmental influence.

A characteristic of the fatigue-crack growth rate versus stress-
intensity factor range behavior of the P/M Al—%i—Cu alloy is the transition
in shape of the trend curve at AK ~ 10 MPa-m‘/? (Fig. 20). This transition
correlates with the reported transition in fracture morphology (Figs. 23
and 24). The fatigue-crack growth rate at AK wvalues above the transition
is retarded with respect to behavior below the transition. Fractographic
data show that a tortuous three-dimensional crack path is created for
AK > 10 MPa-m*/? and that below this value, a more planar crack path is
followed (Fig. 23). It is postulated that the higher energy requirement for
the tortuous crack path results in retardation of the crack-growth rate
above the transition.
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The transition in fatigue-crack growth behavior may be an interactive
effect of both stress state and enviromment. Since no evidence of inter-
granular cracking similar to that observed in the other tests of this inves-
tigation was found, environment-sensitivity of the P/M Al-Li-Cu alloys under
fatigue at low mean stress is thought to be an interactive corrosion-fatigue
process rather than a stress-corrosion assisted, crack-growth phenomenon.

Conclusions

Relative Stress—Corrosion Susceptibility of Al-Li Alloys

1) Alternate-immersion data demonstrate that a) time~dependent fracture
can occur in Al-Li alloys exposed to an aqueous 3.57 NaCl environment and
b) the stress-corrosion susceptibility is composition dependent.

2) Alloy X-2020 and mechanically alloyed Al-Li-Mg appear very resistant
to stress corrosion. ‘ :

3) The lower-limit threshold stress to cause fracture in the most sus-
ceptible Al-Li alloy (P/M Al-Li-Cu-Mg) was approximately 355 MPa (51.5 ksi);
this value is consistent with reasonable stress~corrosion resistance.

The Stress-Corrosion Behavior of P/M Al-Li-Cu Alloys

1) P/M Al-Li-Cu alloys are susceptible to intergranular crack initia-
tion in aqueous sodium chloride environments, but resistant to sustained
subcritical crack growth for stress intensity factors up to 15 MPa-mt/2,

2) At values approaching the fracture toughness, a slow crack-extension
mechanism involving both localized corrosion and mechanical tearing is active.
The ability to evaluate fully electrochemical and mechanical stress state
conditions which may support classic stress-corrosion cracking of these
alloys will require availability of more isotropically tough material.

3). A distinct ductility loss occurs in the slow-strain~rate test under
anodic polarization conditions. However, the active degradation mechanism
is different from the intergranular process operative in the alternate- and
constant-immersion tests. ' For this reason, the slow-strain-rate test cannot
be used to predict service stress-corrosion performance of the alloys.

4) Envirommental sensitivity is also observed under conditions of
fatigue at low mean stress. The apparent mechanism is corrosion-fatigue and
it is orientation-dependent.

5) Pitting along oxide stringer particles and subsequent intergranular
corrosion were observed for a variety of electrochemical conditions and for
both constant and cyclic straining. This localized corrosion mechanism was
active both at free surfaces and within crack crevices.

6) Tensile stress is a requirement for pitting and intergranular attack.
However, these phenomena were associated more with regions of intense defor-
mation than with regions of high stress intensity. The presence of inter-
granular corrosion in regions of low applied stress suggests that the inter-
granular corrosion may be dissolution-controlled.

7) Intergranular corrosion starts at active pitting sites correlated to
oxide particles strung along the extrusion direction of the alloys. It is

hypothesized that active phases or particles are present at high density
along the extrusion direction and that these particles become fragmented by
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prior or concurrent deformation. Rapid dissolution occurs, altering local
electrochemistry within crack crevices, thus promoting intergranular
corrosion. '

8) The stringer oxide particles play a key role in determining the
stress-corrosion behavior of the P/M Al-Li-Cu alloys in aqueous NaCl solu-
tion. Since the nature, size, and distribution of these particles may be
influenced by process history and heat treatment, the stress—corrosion
resistance of the alloys may be at least partially controlled.
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