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The stress corrosion cracking (SCC) behavior of 7050-T7451 plate material was investigated in
short-transverse direction performing constant load and constant extension rate tests. Smooth
and notched tensile specimens were permanently immersed in substitute ocean water and in an
aqueous solution of 0.6 M NaCl+0.06 M (NH4)2SO4. Alloy 7050-T7451 exhibited high SCC
resistance in both synthetic environments. However, conducting cyclic loading tests, environ-
ment-induced cracking was observed. Applying a sawtooth waveform, notched tensile
specimens were strained under constant load amplitude conditions at constant displacement
rates ranging from 2 9 10�6 to 2 9 10�4 mms�1. The stress ratio R = rmin/rmax was 0.1 with
maximum stresses of 300 and 400 MPa. When cyclically loaded in substitute ocean water,
notched specimens failed predominantly by transgranular environment-induced cracking.
Striations were observed on the cleavage-like facets. The number of cycles-to-failure decreased
with decreasing displacement rate. A slope of 0.5 was obtained by fitting the logarithmic plot of
number of cycles-to-failure vs nominal loading frequency, indicating a hydrogen embrittlement
mechanism controlled by diffusion.
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I. INTRODUCTION

HEAT-TREATABLE Al-Zn-Mg-Cu alloys are quite
sensitive to stress corrosion cracking (SCC) in the peak
strength T6 temper.[1–4] The SCC susceptibility, mostly
pronounced when load is applied in the short-transverse
direction, decreases from underaged to overaged
microstructures. Using two-stage heat treatment prac-
tices, the resistance to stress corrosion cracking as well
as exfoliation corrosion can be improved by overaging
to various tempers, such as T76, T74, and T73, however,
in general at the expense of strength (with sacrifices from
5 to 20 pct).[5–7] The patented T77 temper is the only
heat treatment which provides good exfoliation corro-
sion behavior and SCC resistance superior to that of the
T6 temper without concomitant loss in strength.[6,7]

Environment-induced failure in service has not occurred
with Al-Zn-Mg-Cu alloys in the overaged T73 heat
treatment.[3,7] Similarly, no instances of SCC failure
have been reported for alloy 7050-T74, although SCC
laboratory tests can indicate sensitivity to stress corro-
sion cracking when severe testing conditions are
applied.[7] The latter alloy was developed to provide
high strength in thick section products, adequate frac-
ture toughness, and fatigue characteristics as well as
high exfoliation corrosion and stress corrosion cracking
resistances.[6]

Stress corrosion cracking causing failure in commer-
cial aluminum alloys is generally intergranular and

promoted by water-containing environments.[1–4] The
growth of cracks is accelerated by the presence of
chloride which is found everywhere in marine or rural
atmosphere. For aluminum alloys, two basic theories for
SCC are proposed: cracking caused by anodic dissolu-
tion and hydrogen embrittlement.[8] However, the pre-
cise mechanisms promoting stress corrosion cracking in
a sensitive alloy exposed to a particular environment still
remain unclear. The prevailing SCC mechanism work-
ing in 2XXX and 5XXX aluminum alloys is generally
considered intergranular corrosion accelerated and
localized by the applied stress and controlled by the
potential difference between grain and grain bound-
aries.[1,9] For Al-Zn-Mg alloys, hydrogen embrittlement
is the dominant environment-induced failure mecha-
nism, whereas both anodic dissolution and hydrogen
embrittlement are considered being operative in 7XXX
series alloys containing higher copper contents.[9–11] The
accumulation of hydrogen in the plastic zone ahead the
crack tip due to an increased hydrogen solubility in the
plastically deformed area can induce intergranular
decohesion resulting in crack advance by a hydrogen
embrittlement mechanism.[12] The heat treatments devel-
oped to improve the SCC resistance are focused on the
elimination of the susceptibility to intergranular stress
corrosion cracking.[3] Even though stress corrosion
cracks mainly propagate intergranularly in aluminum
alloys, transgranular environmentally assisted cracking
was also observed, particularly in 7XXX series alloys in
overaged tempers.[3,4,13–16] Transgranular SCC occurred
when severe loading conditions were applied. As sup-
ported by fractography and metallography, transgran-
ular stress corrosion cracks initiated very often from
pitting corrosion attacks, acting as stress raiser. This
environment-induced cleavage-like fracture showed
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crystallographic parallel facets separated by steps, fre-
quently exhibiting fan-like pattern. Crack-arrest mark-
ings on the fracture surface indicated discontinuous
crack propagation.

Generally, the SCC behavior of a material is evalu-
ated determining threshold stresses rth and KISCC below
which stress corrosion cracking is not assumed to
occur.[2,17] To measure these SCC threshold stresses,
tests are carried out under static or monotonic loading
conditions, as applied in constant load, constant strain,
and slow strain rate tests using smooth or pre-cracked
specimens.[18] However, superposition of a cyclic load
with small amplitude upon a larger static load, so-called
‘‘ripple’’ loading, can significantly decrease the SCC
resistance of rather immune alloys.[19] Performing cyclic
loading tests with a stress ratio of R = 0.9 in an
aqueous 3.5 pct NaCl solution, cracking was induced in
alloy 7075-T7351 at stress intensity factors being up to
60 pct lower than the KISCC value determined using the
slow strain rate testing technique.[20] Investigating the
interface between stress corrosion cracking and corro-
sion fatigue, the conditions for SCC propagation in mild
steel immersed in carbonate-bicarbonate solution were
found to be maintained by cyclic loading at significantly
lower stress intensity levels where stress corrosion
cracking did not occur under static loading.[21] For
a-brass immersed in sodium nitride solution, continuing
micro-plastic deformation was required to initiate envi-
ronment sensitive cracking.[22] Under cyclic loading
conditions, such plastic deformation is induced at lower
stresses in comparison to monotonic loading, thus
reducing the threshold stresses for cracking. The loading
frequency might affect the environmentally assisted
crack velocity. As observed in corrosion fatigue tests
of 7XXX series aluminum alloys using aqueous chlo-
ride-containing solutions, the crack propagation rate
increased with decreasing frequency.[23,24] For alloy
7050-T7651, the number of cycles-to-failure was found
to decrease with deceasing frequency performing cyclic
loading tests in substitute ocean water at applied
maximum stress which was below the threshold stress
observed in static loading tests.[15] Failure was caused by
transgranular environment-induced cracking. Similar
results were obtained from SCC tests of 7475 plate
material.[14] When statically loaded at applied stresses
up to 600 MPa, short-transverse-oriented notched ten-
sion specimens of 7475-T7351 did not fail during the
maximum exposure length of 1000 hours in substitute
ocean water. However, when notched specimens were
cyclically loaded at an average stress of 500 MPa with
stress amplitude of ±100 MPa, failure was observed
after 290 hours, corresponding to 300 cycles at the
applied displacement rate of 3.2 9 10�5 mms�1.

Besides loading conditions, the environment plays an
important role inducing environmentally assisted crack-
ing. Therefore, the corrosive media used in accelerated
laboratory corrosion tests should be relevant to service
conditions. In addition to chlorides, industrial environ-
ments can contain nonhalide pollutants, such as sulfates
and nitrates.[25,26] To simulate corrosion in inland
polluted environments, a mixture of sodium chloride
and ammonium sulfate was found to be an appropriate

synthetic environment.[25] The various anions often
show a synergistic effect on stress corrosion crack-
ing.[27–30] Whereas pure NaCl solutions did not promote
SCC in 2XXX and 7XXX series aluminum alloys under
permanent immersion conditions, the additions of
sulfate, nitrate, bicarbonate, or hydrogen phosphate
were found to induce cracking.[28,29] This was probably
associated with inhibiting effects of these anions, keep-
ing the crack sharp by passivation of the crack walls.
The aim of the present work was to study the environ-
mentally assisted cracking behavior of the overaged
alloy 7050-T7451 in short-transverse direction using
different synthetic environments and loading conditions.

II. EXPERIMENTAL

The material used was a 45-mm-thick plate of the alloy
7050 in the temper T7451. Short-transverse tensile
properties of the 7050-T7451 plate, determined by tensile
testing of quintuplicate samples, were as follows: 0.2 pct
yield strength = 446 ± 5 MPa, ultimate tensile
strength = 532 ± 1 MPa, and fracture elongation =
8.1 ± 0.7 pct. From this plate, smooth and notched
round tension specimens were machined in short-trans-
verse orientation. The smooth specimens had a gage
length of 15.7 mm and a cross section of 10 mm2. In the
center of the gage length of the notched specimens, a
60 deg circumferential V-notch was machined with a
depth of 0.61 mm and a notch tip radius of 0.14 mm. The
root diameter was 3.50 mm. The notch strength of the
7050-T7451 specimens related to the specified sample
geometry was determined to 677 ± 14 MPa.
The SCC behavior of the 7050-T7451 plate was

investigated performing constant load tests and constant
extension rate tests. Smooth and notched tension
specimens were permanently immersed in (i) substitute
ocean water without heavy metals (ASTM D1141) and
(ii) an aqueous solution of 0.6 M NaCl+0.06 M
(NH4)2SO4 at free corrosion potential. The synthetic
environments were prepared immediately prior to use
and thoroughly aerated. Constant load tests were
carried out using dead weight loaded tensile testing
machines. Maximum exposure time periods were 1000
and 2000 hours for smooth and notched specimens,
respectively. Failure criterion was fracture. Constant
extension rate testing (CERT) was performed applying
cross-head displacement rates ranging from 2 9 10�6 to
3 9 10�5 mms�1. Fracture energy, determined by the
area beneath the stress-vs-strain curve, and notch
strength were used to evaluate sensitivity to environ-
mentally assisted cracking when straining smooth and
notched tension specimens, respectively. Reference tests
were carried out in dry laboratory air (inert environ-
ment) generated by embedding the specimens in mag-
nesium perchlorate hydrate (~83 pct Mg[ClO4]2)
powder. Pre-exposure tests were performed to determine
the degradation of specimens caused by immersion in
the corrosive environment in the absence of an applied
stress. Unstressed specimens were immersed in the
synthetic environment for exposure periods correspond-
ing to the immersion times during the constant extension
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rate tests. After pre-exposure, the samples were dynam-
ically strained in an inert environment at the same
extension rates as in the corrosive environment. Details
of the CERT technique are described elsewhere.[31]

The environmentally assisted cracking behavior was
also studied under cyclic loading conditions using
notched tension specimens which were permanently
immersed in aerated substitute ocean water at free
corrosion potential. These tests were carried out under
constant load amplitude at constant cross-head speed
employing a slow strain rate testing machine. A saw-
tooth-shaped waveform was used; the load increased
from a lower to an upper fixed value. The displacement
rates were in the range from 2 9 10�6 to
2 9 10�4 mms�1. The maximum load levels applied
corresponded to maximum stresses rmax of 300 and
400 MPa with regard to the original cross-sectional area
at the notch. The stress ratio R = rmin/rmax was 0.1 for
all tests. Depending upon the displacement rate and load
levels, the resulting nominal frequencies ranged from
10�5 to 10�3 s�1, calculated by dividing the number of
cycles-to-failure by the time-to-failure. The loading
frequency might vary during testing due to cyclic
hardening and softening of the aluminum alloy samples.
Whereas pronounced cyclic hardening effects were
observed for underaged Al-Zn-Mg-(Cu) alloys, their
microstructure remained quite stable during cycling in
the peak-aged temper.[32] This is also supposed for the
overaged alloy 7050-T7451 used, and, therefore, the
frequency is not expected to vary significantly during
cyclic loading testing carried out in this work.

Before testing, the specimenswere ultrasonically cleaned
in ethanol and degreased in acetone vapor. Fracture
surfaces were examined by scanning electron microscopy
(SEM)after cleaning using an aqueous solution of chromic
and phosphoric acids, as recommended in ASTM Stan-
dard Practice G1 for aluminum alloys.

III. RESULTS

Constant load tests indicated high short-transverse
SCC resistance of alloy 7050-T7451 when exposed to
substitute ocean water and an aqueous solution of
0.6 M NaCl+0.06 M (NH4)2SO4 (Table I). Smooth
and notched tensile specimens did not fail during 1000
and 2000 hours, respectively, at an applied stress of
400 MPa. This was corroborated by measurements of
the residual strength after exposure. For smooth spec-
imens, residual strengths between 527 and 530 MPa
were obtained, corresponding to the ultimate tensile
strength of the 7050-T7451 plate. The fracture surfaces

of these specimens revealed a completely ductile dim-
ple-like fracture.
Results of the constant extension rate tests are

presented in Figure 1, using smooth tension specimens.
At the displacement rates applied, the fracture energy
values were quite similar for specimens dynamically
strained in the corrosive media and an inert environ-
ment. As confirmed by pre-exposure tests, the slight
decrease in fracture energy for the samples tested in the
aggressive environments at lower displacement rates
was mainly caused by corrosion processes independent
of stress, like pitting and intergranular corrosion.

Table I. Time-To-Failure Data of Alloy 7050-T7451 Plate Obtained from Constant Load Tests

Electrolyte Smooth Tensile Specimens (h) Notched Tensile Specimens (h)

Substitute ocean water >1000 >2000
0.6 M NaCl+0.06 M (NH4)2SO4 >1000 >2000

Triplicate smooth and notched tensile specimens were permanently immersed in substitute ocean water and an aqueous solution of 0.6 M
NaCl+0.06 M (NH4)2SO4 at an applied stress of 400 MPa in short-transverse direction. None of the samples failed.

Fig. 1—Curves of fracture energy vs displacement rate for alloy
7050-T7451 plate. Smooth short-transverse tensile specimens were
dynamically strained in an inert environment as well as in (a) substi-
tute ocean water and (b) an aqueous solution of 0.6 M NaCl+0.06
M (NH4)2SO4. Data for pre-exposed specimens are included.
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Figure 2 shows results of the CERT technique using
notched tensile specimens. The notched strength is plotted
for duplicate specimens which were dynamically strained
in an inert environment, substitute ocean water, and an
aqueous solution of 0.6 M NaCl+0.06 M (NH4)2SO4 at
a displacement rate of 2 9 10�6 mms�1. Considering the
scatter band of ±14 MPa for the short-transverse notch
strength (see section Experimental), similar values were
obtained for samples strained under inert and aggressive
environmental conditions (further scatter might be asso-
ciated with corrosion attack during immersion in the
corrosive environment, as corroborated by fractographic
examinations revealing few areas of pitting corrosion).
Thus, in accordance with constant load tests, the CERT
technique indicated high SCC resistance of alloy
7050-T7451 when both smooth and notched tension
specimens were used. Isolated transgranular SCC was
observed at the rim of the fracture surfaces of smooth and
notched specimens which were strained in substitute ocean
water at a displacement rate of 2 9 10�6 mms�1

(Figure 3). This type of environmentally assisted cracking
was not observed with specimens immersed in an aqueous
chloride-sulfate solution. However, transgranular SCC did
not substantially degrade the fracture energy and notch
strength determined for specimens strained in substitute
ocean water, probably occurring at high stresses applied
just before fracture.

Results of the cyclic loading tests are listed in Table II
and are plotted in Figure 4. Applying stress ranges
Dr = rmax � rmin of 360 and 270 MPa with rmax of 400
and 300 MPa, respectively, notched short-transverse
7050-T7451 specimens were cyclically loaded at different
displacements rates. All tests were carried out at an
R-ratio of 0.1. The nominal loading frequency depended
upon the stress range and displacement rate used. The
time-to-failure decreased with increasing displacement
rate (Figure 4(a)). Failure occurred at shorter time with
higher maximum stress. The number of cycles-to-failure
decreased with decreasing nominal frequency

(Figure 4(b)). At a given nominal frequency, the number
of cycles-to-failure was higher for lower stress range Dr,
i.e., for lower maximum stress. A linear dependence was
found between the log values. On a log–log basis, the
dependences were described by log Y (number of
cycles-to-failure) = 0.513 log X (frequency)+4.554
and log Y = 0.492 log X+4.200 for the data obtained
applying maximum stresses of 300 and 400 MPa, respec-
tively. For both curves, a slope of about 0.5 was obtained.
Fractographic examinations of the cyclically loaded

specimens revealed a brittle transgranular fracture. At
lower frequencies, corresponding to longer exposure
time periods, intergranular fracture was also observed
(Figure 5(a)). On the flat facets, fine quite regularly
spaced striations were found as well as coarse brittle
striations consisting of deep slots (Figure 5(b)). With
increasing frequency, brittle transgranular crack prop-
agation was prevailing (Figure 6(a)). Striation spacing
increased, as the crack propagated in the interior of the
material due to the higher stress resulting from a
reduced cross-sectional area. On grain boundaries, the
crack might change the fracture plane and propagation
direction (Figure 6(b)).

Fig. 2—Results of constant extension rate tests for alloy 7050-T7451
plate using notched short-transverse tensile specimens. Duplicate
specimens were dynamically strained in an inert environment, substi-
tute ocean water (SOW), and an aqueous solution of 0.6 M NaCl+
0.06 M (NH4)2SO4 at a displacement rate of 2 9 10�6 mms�1.

Fig. 3—Scanning electron micrographs of alloy 7050-T7451 showing
transgranular stress corrosion cracking. Smooth (a) and notched (b)
short-transverse tensile specimens were dynamically strained in sub-
stitute ocean water at a displacement rate of 2 9 10�6 mms�1.
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Striationswere foundoncleavage-like facets aswell as on
intergranular environment-induced fracture planes, indi-
cating discontinuous crack propagation for both trans-
granular and intergranular fracture modes (Figure 7). At
higher frequencies up to 8 9 10�4 s�1, the highest nominal
frequency applied in this work, fine regularly spaced ductile
striations predominately developed, probably indicating
the crack advance per cycle, as shown in Figure 8 for a
notched sample which was cyclically loaded at a nominal
frequency of 6.11 9 10�4 s�1. This type of striations is
typically observed for 7XXXseries aluminumalloys during
fatigue crack propagation in air, resulting from extensive
plastic blunting by shear at the crack tip.[33,34] Ductile
striations were also present on fracture surfaces of high--
strength aluminum alloy specimens fatigue tested in inhib-
ited salt solutions,[33–35] and they formed, together with
brittle striations, in salt solutions and water-vapor-con-
taining environment.[36,37]

Similar fractographic features were observed for spec-
imens cyclically loaded applying a stress range Dr of
270 MPa with a maximum stress of 300 MPa. At the
lowest nominal frequency of 3.6 9 10�5 s�1, environmen-
tally assisted cracking was predominantly intergranular
with cleavage-like fracture between two intergranular
fracture planes (Figure 9). With increasing frequencies, a
brittle transgranular fracture mode was prevalent with flat
cleavage-like appearance (Figure 10). The nearly feature-
less facets revealed brittle striations with a roughened
aspect. At even higher frequencies, fine ductile striations
were observed again traversing several facets (Figure 11).

IV. DISCUSSION

The static loading tests carried out in the present work
indicate high SCC resistance of alloy 7050-T7451 in
short-transverse direction. No failure was observed for
smooth and notched tensile specimens permanently

Table II. Time-To-Failure Data of Alloy 7050-T7451 Plate Obtained from Cyclic Loading Tests

Displacement rate (mms�1) Nominal Loading Frequency (s�1) Cycles-to-Failure Time-to-Failure (h)

Dr = 360 MPa with rmax = 400 MPa
2.5 9 10�6 1.08 9 10�5 55 1412
4.9 9 10�6 2.11 9 10�5 84 1108
6.3 9 10�6 2.75 9 10�5 96 968
1.3 9 10�5 5.42 9 10�5 117 600
2.0 9 10�5 8.55 9 10�5 158 514
3.3 9 10�5 1.41 9 10�4 190 375
7.0 9 10�5 3.10 9 10�4 291 261
1.1 9 10�4 4.70 9 10�4 439 260
1.4 9 10�4 6.11 9 10�4 381 173
1.9 9 10�4 7.91 9 10�4 454 159

Dr = 270 MPa with rmax = 300 MPa
6.4 9 10�6 3.61 9 10�5 183 1409
2.0 9 10�5 1.10 9 10�4 337 855
3.3 9 10�5 1.91 9 10�4 491 715
1.1 9 10�4 6.40 9 10�4 781 339
1.9 9 10�4 1.03 9 10�3 1046 283

Notched short-transverse tensile specimens were tested in substitute ocean water at different displacement rates and stress ranges
Dr = rmax � rmin.

Fig. 4—Curves of (a) time-to-failure vs displacement rate and (b)
number of cycles-to-failure vs nominal frequency for alloy
7050-T7451. Notched short-transverse specimens were cyclically loa-
ded in substitute ocean water applying different maximum stresses at
an R-ratio of 0.1. Results of linear fits on a log–log basis are in-
cluded in the cycles-to-failure vs frequency plot.
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immersed in aqueous chloride-containing solutions
under constant load conditions at an applied stress of
400 MPa for exposure time periods exceeding 1000 h.
This is in agreement with results of SCC tests reported in
the literature. Minimum short-transverse SCC threshold
stress determined by alternate immersion tests according
to ASTM G44 for 480 hours (20 days) has been stated
to be 240 MPa (35 ksi) for 25.2-mm-thick 7050-T7451
plate material.[6] A similar value of about 290 MPa was
measured for alloy 7150-T7451 performing constant
load tests under alternate immersion in aerated 3.5 pct
NaCl solution for 720 hours (30 days).[9,13] Further-
more, for the high-strength Al-Zn-Mg-Cu alloy 7010 in
the temper T7451, no sensitivity to environment-induced
cracking in short-transverse direction was indicated by
the slow stain rate testing technique using artificial sea
water.[38] In the present study, intergranular SCC
susceptibility was not detected by constant extension
rate tests in substitute ocean water and an aqueous
chloride-sulfate solution. When applied to evaluate the

SCC behavior of aluminum alloys, the CERT technique
was reported to be a useful tool to sort out quite
sensitive alloys and to discriminate between alloys
possessing low or high SCC resistance.[14,39–41] However,
it failed to clearly indicate environmentally assisted
cracking with moderately susceptible alloys. Dependent
on the synthetic environments used, a large scatter in
fracture energy data was observed for the latter alloys,
or the degradation of the dynamically strained speci-
mens was substantially caused by corrosion processes
independent of stress, as revealed by pre-exposure tests.
The assessment of SCC behavior is further hampered by
considerable scatter in ductility often found for com-
mercial semi-fabricated products of aluminum alloys
tensile tested in corrosive as well as inert environments,
in particular in short-transverse direction. Nevertheless,
despite the limits of the applicability of the CERT
technique, the results obtained in this work corroborate
high SCC resistance of alloy 7050-T7451. Therefore, the
overaged T74 heat treatment virtually provides

Fig. 5—Scanning electron micrographs of alloy 7050-T7451 showing
(a) transition from transgranular to intergranular SCC and (b) fine
and coarse striations on facets. The notched sample was cyclically
loaded in substitute ocean water at a nominal frequency of
1.08 9 10�5 s�1, applying a stress range Dr = 360 MPa with
rmax = 400 MPa.

Fig. 6—Scanning electron micrographs of alloy 7050-T7451 showing
(a) cleavage-like fracture and (b) crack propagation change between
two cleavage-like facets. The notched sample was cyclically loaded in
substitute ocean water at a nominal frequency of 2.11 9 10�5 s�1,
applying a stress range Dr = 360 MPa with rmax = 400 MPa.
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immunity to intergranular stress corrosion cracking.
This is in accordance with the dependence of SCC
sensitivity upon aging generally found with heat-treat-
able aluminum alloys that the SCC resistance increases
from underaged to overaged tempers.[4,8]

However, transgranular stress corrosion cracking has
been often observed for 7XXX series alloys in overaged
tempers.[3,4,13,14,40–45] The fracture surfaces are charac-
terized by cleavage-like facets with crystallographic
orientation and river pattern as well as crack-arrest
markings associated with discontinuous crack propaga-
tion.[46,47] This type of SCC also occurred in Al-Mg-Si
and Al-Cu-Mg alloys under conditions of static loading
at high stresses and dynamic straining to fracture at slow
strain rates in chloride-containing environments.[40,48–50]

Transgranular environment-induced cracks initiated
very often from pitting corrosion attacks,[3,13,14] but
they were also observed to propagate from smooth
surfaces without localized corrosion attack.[51,52] For
Al-Zn-Mg-Cu alloys in overaged tempers, transgranular
stress corrosion cracking was promoted in aqueous

chloride solutions containing nitrates. For alloy
7050-T7451, failure caused by transgranular environ-
ment-induced cracking was observed in constant load
tests under permanent immersion condition in an
aqueous NaCl-NaNO3 solution at stresses down to
200 MPa.[16] In contrast, as found in the present work,
7050-T7451 specimens did not fail when immersed in
substitute ocean water at an applied stress of 400 MPa.
Similarly, 7075-T73 plate material was susceptible to
transgranular SCC in an aqueous NaCl solution with
nitrate additions, but not in chloride environments
containing sulfate and hydrogen carbonate, as demon-
strated by constant load tests applying an initial stress of
300 MPa in short-transverse direction.[29] The environ-
ment-induced degradation might be associated with an
enhanced localized corrosion attack caused by inter-
granular corrosion which was found to be promoted by
nitrate added to chloride solutions.[53,54] This assump-
tion is supported by a thorough fractographic examina-
tion of short-transverse tensile specimens of 7050-T7451
plate which were slow strain rate tested in aerated

Fig. 7—Scanning electron micrographs of alloy 7050-T7451 showing
striations on (a) intergranular fracture and (b) cleavage-like facets.
The notched sample was cyclically loaded in substitute ocean water
at a nominal frequency of 3.10 9 10�4 s�1, applying a stress range
Dr = 360 MPa with rmax = 400 MPa.

Fig. 8—Scanning electron micrographs of alloy 7050-T7451 showing
striations (a) on cleavage-like facets and (b) on a facet indicating
crack advance per cycle. The notched sample was cyclically loaded
in substitute ocean water at a nominal frequency of 6.11 9 10�4 s�1,
applying a stress range Dr = 360 MPa with rmax = 400 MPa.
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3.5 pct NaCl solution.[13] The transgranular stress cor-
rosion cracks propagating by a local discontinuous
cleavage-like fracture were found to be associated with
critical defects formed by localized dissolution. There-
fore, the spots of transgranular SCC observed for
7050-T7451 specimens dynamically strained in substi-
tute ocean water (Figure 3) were likely associated with
pits promoted by this synthetic environment, as also
found for 7050 plate in the tempers T7651 and T7351
exposed to the same corrosive medium.[41]

Several mechanisms have been proposed to explain
transgranular stress corrosion crack propagation. They
include film-induced cleavage,[55] hydrogen-enhanced
decohesion (HEDE),[56,57] hydrogen-enhanced localized
plasticity (HELP),[58,59] adsorption-induced dislocation
emission (AIDE),[44,60] and corrosion-enhanced plastic-
ity.[45,61] The description of these mechanisms is outside
the scope of this paper; formore information, it is referred
to the respective references. However, it is very difficult to
identify by experimental results the mechanism being
operative in transgranular environment-induced cracking

in aluminum alloys. In most of the papers on transgran-
ular SCC, hydrogen is considered to play an important
role. Hydrogen in solid solution has been shown to inhibit
cross-slip in high purity aluminum, thus promoting slip
planarity.[62] This can result in a change of the ductile
transgranular fracture into transgranular cleavage and
brittle intergranular fracture mode. Such transitions to
brittle transgranular/intergranular fracture were
observed at the rimof the fracture surfaces of cathodically
pre-charged tensile specimens of high purity 7075
alloy.[63] The embrittlement was associated with the effect
of thematrix precipitates on the slip planarity, aggravated
by coarse planar slip probably due to an enhanced
hydrogen transport by dislocations. The transport of
large amounts of hydrogen by dislocations into the
material was demonstrated by cathodic charging of
7075 tensile specimens simultaneously strained in the
plastic region at a slow strain rate.[64] This procedure
resulted in the occurrence of pronounced intergranular
fracture followed by a transgranular brittle region
between the intergranular and the ductile overload

Fig. 9—Scanning electron micrographs of alloy 7050-T7451 showing
(a) intergranular SCC and (b) transition between two intergranular
fracture planes. The notched sample was cyclically loaded in substi-
tute ocean water at a nominal frequency of 3.61 9 10�5 s�1, apply-
ing a stress range Dr = 270 MPa with rmax = 300 MPa.

Fig. 10—Scanning electron micrographs of alloy 7050-T7451 show-
ing cleavage-like fracture. The notched specimens were cyclically loa-
ded in substitute ocean water at nominal frequencies of (a)
1.10 9 10�4 and (b) 1.91 9 10�4 s�1, applying a stress range
Dr = 270 MPa with rmax = 300 MPa.
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fracture areas. The embrittlement by hydrogen was even
more severe in the presence of notches. Apparently,
embrittlement requires stress concentration with the
embrittling species accumulating at or near the notches,
resulting in microcrack formation within their plastic
zone.[65]

Similarly, environmentally assisted fatigue cracking of
high-strength aluminum alloys has mainly been associ-
ated with hydrogen embrittlement.[23,35,37,66–69] Thus,
the deterioration in fatigue strength of alloy 7075-T6
caused by exposure to aqueous chloride and sulfate
solutions was aggravated when corrosion fatigue testing
was carried out under cathodic charging conditions.[35]

On the fracture surfaces, pronounced cleavage and quasi
cleavage were observed. A hydrogen embrittlement
mechanism for corrosion fatigue cracking in peak-aged
and overaged alloys 7050 and 7075 was also inferred
from fractographic examinations which revealed cleav-
age cracking with fan-like pattern as well as brittle
striations on specimens low- and high-cycle fatigue
tested in chloride-containing aqueous solutions.[68,69]

Similar results were obtained from fatigue tests of
7150-T651 plate material using compact tension speci-
mens in S-L orientation.[23] When tests were performed
in air, the crack growth rate did not depend on the
applied frequencies ranging from 0.1 to 20 Hz; a mainly
ductile transgranular fracture was observed. In an
aqueous chromate-inhibited chloride solution, the cor-
rosion fatigue crack growth rates were enhanced in
comparison to those measured in air and they were
dependent upon frequency, increasing with decreasing
frequency. The crack propagation changed to brittle
intergranular as well as brittle flat transgranular and
crystallographic transgranular failure modes. Brittle
intergranular fracture was prevailing at low DK and
low frequency. A hydrogen embrittlement mechanism
was proposed to operate in both intergranular and
transgranular corrosion fatigue crack growth, involving
grain boundary diffusion and dislocation transport of
hydrogen, respectively, ahead of the crack tip.
Results obtained in the present work are in agreement

with these studies on fatigue testing of high-strength
aluminum alloys reported above. At very low frequen-
cies, intergranular environment-induced cracking was
observed, possibly indicating a remaining intergranular
SCC sensitivity of alloy 7050 in the T7451 temper at
applied stresses in short-transverse direction. Although
not observed under static loading conditions, intergran-
ular stress corrosion cracking might be promoted by
cyclic loading inducing SCC below the threshold stress
determined in static loading tests. Striations on the
intergranular fracture planes indicated discontinuous
crack propagation. Discontinuous intergranular stress
corrosion crack propagation was also proposed for alloy
7075-T651, as corroborated by acoustic emission results
and fractographic examinations revealing striation-like
markings on the intergranular facets.[70] Whereas inter-
granular environmentally assisted cracking can be mit-
igated by overaging, this heat treatment has no effect on
transgranular fracture.[35] Thus, the corrosion fatigue
behavior of 7075 alloy was not improved by aging to the
T73 temper which provides immunity to intergranular
SCC.[35,68] Similarly, transgranular environmentally
assisted cracking of 7050 plate material under cyclic
loading conditions at low frequencies was not affected
by applying different aging treatments.[15,52]

In the present cyclic loading tests of 7050-T7451 plate,
the number of cycles-to-failure was found to be depen-
dent on the square root of frequency (Figure 4(b)). This
indicated an embrittlement mechanism controlled by
diffusion, probably by hydrogen diffusion to the region
ahead of the crack tip. At applied initial maximum
stresses of both 300 and 400 MPa, no deviation in the
slope of the cycles-to-failure vs frequency curves on a
log-log basis was observed, as expected for a change
from intergranular to transgranular fracture mode
associated with different operating mechanisms. There-
fore, both intergranular and transgranular environmen-
tally assisted cracking are supposed to be caused by
hydrogen embrittlement. Performing corrosion fatigue
tests of alloy 7017-T651 in seawater at different fre-
quencies, similar frequency dependence was observed
for the critical crack velocity at which fracture mode

Fig. 11—Scanning electron micrographs of alloy 7050-T7451 show-
ing striations crossing different cleavage-like facets. The notched
sample was cyclically loaded in substitute ocean water at a nominal
frequency of 6.40 9 10�4 s�1, applying a stress range
Dr = 270 MPa with rmax = 300 MPa.
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transitions occurred between intergranular to flat trans-
granular fracture and flat transgranular to striated
ductile transgranular fracture.[66] Because this velocity
depended upon the square root of the cycle period, the
environment-enhanced crack growth rate was attributed
to hydrogen diffusion ahead of the crack tip. Recently, a
hydrogen-environment embrittlement mechanism has
been favored for environmental fatigue crack growth in
aluminum, causing a localized reduction of the cohesive
strength of the material.[71,72] Such a mechanism is also
proposed to be operative in the environmentally assisted
cracking in alloy 7050-T7451 under cyclic loading at
very low frequencies.

V. CONCLUSIONS

The environment-induced cracking behavior of
7050-T7451 plate material was investigated under con-
stant load, constant extension rate, and cyclic loading
conditions using short-transverse smooth and notched
tensile specimens which were permanently immersed in
substitute ocean water and an aqueous solution of
0.6 M NaCl+0.06 M (NH4)2SO4. The following results
were obtained:

1. The alloy was immune to stress corrosion cracking
under static loading condition. No failure occurred
in both synthetic environments at an applied stress
of 400 MPa.

2. High SCC resistance was also found performing
constant extension rate tests. The corrosive envi-
ronments did not deteriorate the fracture energy
and notch strength of dynamically strained samples.

3. Notched tensile specimens failed predominantly by
transgranular environment-induced cracking when
cyclically loaded in substitute ocean water applying
displacement rates ranging from 2 9 10�6 to
2 9 10�4 mms�1.

4. At a given displacement rate, the time-to-failure was
shorter at higher applied maximum stress. The
number of cycles-to-failure decreased with decreas-
ing nominal frequency.

5. Plots of the number of cycles-to-failure vs nominal
frequency curves on a log-log basis revealed a linear
dependence. A slope of about 0.5 was obtained by
linear fitting, supporting a diffusion-controlled
degradation mechanism, most likely hydrogen
embrittlement.

6. Striations on the brittle fracture surfaces indicated
discontinuous crack propagation.
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