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The environmental effects on the low cycle fatigue (LCF) behavior of 2024-T351 and 7075-T651 alumi-
num alloys were studied at room temperature. The specimens were subjected to identical LCF tests at
strain ratio R of �1 and frequency of 5 Hz in three environments: vacuum, air and 1% NaCl solution of
pH 2. A separate group of specimens was pre-corroded in 1% NaCl solution and then LCF-tested in air.
Their strain–life relations and cyclic stress–strain responses were investigated and compared. Further-
more, the fracture surface morphology was evaluated to find the association of LCF behavior and fracto-
graphic features under different environmental conditions.

Published by Elsevier Ltd.
1. Introduction

Significant influences of environment on fatigue behavior of
metals have been found in many metal/environment systems.
The fatigue crack growth rate can be higher in a corrosive environ-
ment than in an inert environment, such as vacuum, and it de-
pends on the chemical and electrochemical variables in the
environment. The environment-assisted fatigue cracking is attrib-
uted to single or mutual occurrence of anodic dissolution and/or
hydrogen-induced cracking at the crack tip. Especially, for high
strength aluminum alloys, corrosion generates hydrogen which
interacts with the plastic zones of growing cracks leading to a form
of localized hydrogen embrittlement [1].

The environmental effect on the high cycle fatigue (HCF) was
extensively investigated in various environments [2–14]. Particu-
larly, it was established that a testing in vacuum leads to a longer
HCF life and a corrosive environment can accelerate or retard the
HCF crack growth. Besides, the fractographic features of a metal,
subjected to HCF, were also found to be sensitive to the environ-
mental conditions. Flat and featureless morphology was observed
after HCF in vacuum, striations after HCF in air and cleavages after
HCF in 3.5% NaCl solution for various alloys [15–17]. On the one
hand, the LCF lives of polycrystalline 316L stainless steel speci-
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mens were reported to be longer in vacuum, compared with in
air, by factors of �2 or 3 at room temperature [18]. However, the
environmental influence on LCF behavior has been studied mostly
in vacuum, air and enriched oxygen at elevated temperatures
[19,20], but little in more corrosive environments, such as NaCl
solution, at ambient temperature.

LCF data can be presented graphically as strain–life and cyclic
stress–strain curves, and characterized by the following Coffin–
Manson [21,22] and Ramberg–Osgood [23] relationships.

De=2 ¼ ðr0f =EÞð2NÞb þ e0f ð2NÞc ð1Þ

where De/2 = strain amplitude, r0f = fatigue strength coefficient,
E = modulus of elasticity, N = strain cycles to failure, b = fatigue
strength exponent, e0f = fatigue ductility coefficient and c = fatigue
ductility exponent.

e ¼ ðr=EÞ þ ðr=j0Þ1=n ð2Þ

where e = peak cyclic tensile strain, r = stabilized peak cyclic tensile
stress, E = modulus of elasticity, j0 = cyclic strength coefficient and
n = cyclic strain hardening exponent.

It is desirable to find whether or how much these relationships
and fractographic features are affected by environment. In this
study, an effort is made to clarify the environmentally-influenced
LCF behavior, especially the strain–life relation, cyclic stress–strain
response and fractographic features, for two aluminum alloys,
2024-T351 and 7075-T651, at room temperature in vacuum, air
and 1% NaCl solution.

mailto:enu.lee@navy.mil
http://www.sciencedirect.com/science/journal/01421123
http://www.elsevier.com/locate/ijfatigue


E.U. Lee et al. / International Journal of Fatigue 31 (2009) 1938–1942 1939
2. Experimental procedure

2.1. Testing materials and specimens

Slabs of 2024-T351 and 7075-T651 aluminum alloys were cho-
sen as the specimen materials, because they were widely used for
various aircraft components exposed to service environments,
some harsh. From the slabs, round rod specimens of gage section
diameter 6.4 mm (0.25 in.) and length 12.7 mm (0.5 in.) were ma-
chined in the T-orientation. The geometry and dimension of the
specimen are shown in Fig. 1. The specimen surface was highly pol-
ished longitudinally with emery cloths to a mirror finish. Their
mechanical properties were
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Fig. 1. LCF test specimen.
UTS
ksi
 MPa
 ksi
(mm)
MPa
2024-T351
 47
 327
 68
 470

7075-T651
 77
 530
 88
 610
2.2. Test environments

Vacuum of 4 � 10�8 torr, air of relative humidity of 50–60% and
aqueous 1% NaCl solution of pH 2 were selected as the test environ-
ments. Vacuum was taken to characterize the pure LCF behavior,
free from environmental effect. Air and 1% NaCl solution were ta-
ken to quantify the effects of mild and severe environments,
respectively.

2.3. LCF tests

Two closed-loop servo-hydraulic mechanical test machines
were employed for the fatigue tests. One was a 490 kN MTS ma-
chine with a vacuum system for the test in vacuum, and the other
a 100 kN machine for the tests in still air and circulating aqueous
1% NaCl solution of pH 2. The vacuum system consisted of a verti-
cal vacuum chamber of stainless steel, a mechanical pump, a
molecular turbo-pump and vacuum gages. The vacuum chamber
had sufficient space, 86 � 43 � 36 cm (34 � 17 � 14 in.), for a pair
of hydraulic grips with a specimen under static or cyclic loading,
and was able to hold a vacuum of 4 � 10�8 torr. The LCF tests were
conducted under constant amplitude cyclic straining of R = �1 and
frequency 5 Hz at ambient temperature in respective environ-
ments, following ASTM Standard E 606-92 (standard practice for
strain-controlled fatigue testing). In these tests, the complete frac-
ture-separation of the specimen under LCF straining was defined as
the LCF failure.

A group of 7075-T651 aluminum alloy specimens was pre-cor-
roded in the 1% NaCl solution of pH 2 for the period, equal to the
time of LCF test at a given strain amplitude in the 1% NaCl solution.
Subsequently, those specimens were LCF-tested in air.
12.8D
2.4. Fractography

After the LCF failure of the 7075-T651 aluminum alloy
specimen, its fracture surface morphology was examined with a
scanning electron microscope, JEOL JSM-6460LV, operated at an
accelerating voltage of 20 kV. The examination was conducted
at different magnifications to identify the unique fractographic
features, representing the immediate vicinity of crack initiation
site and the outside area, for each environment. Subsequently,
the fractographic features for the three environments were
compared.
3. Result and discussion

3.1. LCF life

The curves of strain amplitude vs. strain-reversal (or two times
the number of strain cycles to fracture) are shown in Fig. 2 for the
LCF tests of 2024-T351 and 7075-T651 aluminum alloys in the
three environments: vacuum, air and 1% NaCl solution. The curves
for the tests in vacuum and air are nearly overlapping, though the
air curve is located slightly below the vacuum curve at lower
strain amplitudes. The curve for the test in 1% NaCl solution is lo-
cated far below the two curves. Their difference is greater at lower
strain amplitudes. This observation evidences that the LCF life is
longest in vacuum, slightly shorter in air and shortest in 1% NaCl
solution for a given strain amplitude. From those curves, the
equations of strain–life in the three environments are found as
follows.
Environment
 LCF fracture
2024-T351
 7075-T651
Vacuum
 De/2 = (2.541
� 10�2)(2N)�0.154
(2.547 � 10�2)(2N)�0.142
Air
 De/2 = (4.786
� 10�2)(2N)�0.236
(2.965 � 10�2)(2N)�0.169
1% NaCl
 De/2 = (1.247
� 10�1)(2N)�0.387
(1.260 � 10�1)(2N)�0.402
The intercept (or fatigue ductility coefficient) and slope (or fatigue
ductility exponent) of the strain–life curve are least in vacuum
and greatest in 1% NaCl solution.

The strain–life curve for the pre-corroded and air-tested spec-
imens of 7075-T651 aluminum alloy is also included in Fig. 2.
The curve is located slightly below the vacuum curve, nearly
overlapping the air curve, and far above the 1% NaCl solution
curve. This observation evidences the little influence of the initial
pre-corrosion on the subsequent LCF life in air. Furthermore, it
can be deduced that the reduction of LCF life in 1% NaCl solution
is mainly attributed to the interaction of the NaCl solution and
the crack surface, such as access of 1% NaCl solution to the
crack tip, adsorption, surface dissociation and hydrogen produc-
tion, hydrogen entry at the crack tip and embrittling reaction
[8].

Throughout this study, only one straining frequency, 5 Hz, was
used for all LCF tests to avoid the frequency effect on LCF behavior,
especially the crack growth. Although a change in frequency in the
inert environment has no major influence on fatigue crack growth,
lowering the frequency (i.e., increasing the time for environmental
interactions with crack surface per stress- or strain-cycle) in a cor-
rosive environment, such as NaCl solution, causes an appreciable
increase in the crack growth rate [24].
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Fig. 2. Strain–life curves for 2024-T351 and 7075-T651 aluminum alloys, LCF-tested in vacuum, air and 1% NaCl solution.
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3.2. Comparison of LCF lives of 2024-T351 and 7075-T651 aluminum
alloys

Though 2024-T351 and 7075-T651 aluminum alloys have dif-
ferent chemical compositions and mechanical properties (YS and
UTS), their strain–life curves nearly overlap, indicating their simi-
lar LCF lives or resistances, in each of the three environments,
Fig. 3.
3.3. Cyclic stress–strain curves

Under controlled cyclic straining, the specimen was observed to
be work-softened initially and stabilized eventually, creating a vir-
tually constant peak and minimum stress condition for the remain-
der of the straining in the three environments. The stabilized peak
cyclic tensile stress, as measured at the half-life stage of the indi-
vidual LCF test, is plotted against the applied peak tensile strain
in Fig. 4 for the 2024-T351 and 7075-T651 aluminum alloys. From
those curves, it is clear that

� The cyclic stress–strain curves for the three environments
overlap each other, indicating the cyclic stress–strain
response independent of environment for a given alloy.
� The cyclic stress–strain curve of 7075-T651 aluminum alloy

is located above that of 2024-T351 aluminum alloy, indicat-
ing that the peak tensile stress is greater at a given peak ten-
sile strain for the 7075-T651 aluminum alloy than for the
2024-T351 aluminum alloy. Evidently, the cyclic stress–
strain response is unique to a given alloy.
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Fig. 3. Comparison of LCF lives of 2024-T351 and 7075-T651
Furthermore, these curves can be characterized by the afore-
mentioned Ramberg–Osgood relationship, Eq. (2). The values of
E, j0 and n of the equation for the two alloys are
1.E+03E+05 1.E+06 1.E+07 1.E+08

7075
2024

eversal)

ir)

aluminum alloys in vacuum
E (GPa)
1.E+04 1.E+051.E+06 1.E+071

7075
2024

2Nf (reversal)

(1% NaCl)

, air and 1% NaCl solutio
j0
.E+08

n.
n

2024-T351
 72.4
 957
 0.166

7075-T651
 71.0
 5714
 0.494
Apparently, the Ramberg–Osgood relationship is independent of
environment but unique to the alloy.

3.4. Variation of stress amplitude with time

From Eq. (2), the stress amplitude, Dr/2, corresponding to an
applied strain amplitude, De/2, was found. Its variation with time
of LCF straining, converted from the applied strain-cycle, is plotted
in Fig. 5. In all three environments, vacuum, air and 1% NaCl solu-
tion, the stress amplitude decreased with increasing time of LCF
straining, indicating the load carrying capacity decreasing with
time due to crack growth for the both alloys. The reduction rate
of stress amplitude, or the slope of the curve, is much greater in
1% NaCl solution than in vacuum and air, evidencing the greater
environmentally assisted LCF crack growth in 1% NaCl solution.

3.5. Fractographic features of 7075-T651 aluminum alloy

The fracture surface of the 7075-T651 aluminum alloy speci-
men, LCF-tested in vacuum, is flat and featureless in the immediate
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Fig. 5. Stress-time curves for 2024-T351 and 7075-T651 aluminum alloys, LCF-tested in vacuum, air and 1% NaCl solution.
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vicinity of the crack initiation site, and shows initially faint and
subsequently well-developed striations in the outside area, Fig. 6.
The flat and featureless fractograph reflects un-resolvably small
spacing of fatigue striation or very slow fatigue crack growth. In
contrast, LCF testing in air produced bands of discernable striations
near the crack initiation site, Fig. 6, indicating high crack growth
rates. On the other hand, the LCF testing in 1% NaCl solution pro-
duced cleavage facets, separated by steps and exhibiting fan-like
pattern, in the immediate vicinity of crack initiation site, Fig. 6.
This feature evidences the environmentally-induced, possibly
hydrogen, embrittlement. As the crack grows, the striations be-
come the dominant fractographic features with increasing spacing,
dimples are generated more and more, and eventually dimples re-
place the striations partially and entirely, approaching the final
fracture, in those specimens tested in the three environments. An
example is shown in Fig. 7. These fractographic features are ob-
served to be unique for each environment and independent of
the applied strain amplitude.

Similar observations were also made by the other investigators
[15–17]. Meyn [15] found flat and featureless morphology in 2024-
Fig. 6. SEM fractographs of 7075-T651 aluminum alloy specimens, LCF-tested in v
T351 alloy specimen fatigued in vacuum and regular fatigue stria-
tions in the specimen fatigued in air. Bache et al. [16] reported the
observation of striations in Inconel 718, fatigued in vacuum. Meyn
[17] observed cleavages in Ti-8Al-1Mo-1V alloy fatigued in 3.5%
NaCl solution. Girones et al. [25] reported the presence of brittle
transgranular facets in duplex stainless steels, fatigued in a solu-
tion of 0.3 M H3BO3, 0.075 M Na2B4O7�10H2O and 0.06 M
Na2MoO4�2H2O, acidified with HCl to pH 2. They attributed it to
hydrogen embrittlement. On the other hand, they observed fatigue
striations in specimens tested in the solution of pH 8.4 and 6.

In the above discussion, an emphasis was placed on the features
of fracture surface morphology in the immediate vicinity of crack
initiation site in the 7075-T651 aluminum alloy specimens, sub-
jected to LCF straining at an identical straining frequency 5 Hz in
the three different environments. Therefore, the observed fracture
surface morphological features are believed to reflect the distinct
modes of threshold LCF crack growth, associated with the respec-
tive environments. Those modes are very slow threshold FCG with
flat featureless morphology in vacuum, fast one with striation in
air and much faster one with cleavage in 1% NaCl solution.
acuum, air and 1% NaCl solution, showing the vicinity of crack initiation site.



Fig. 7. SEM fractographs of 7075-T651 aluminum alloy specimen, LCF-tested in air, showing fatigue striations and dimples away from the vicinity of crack initiation site.
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4. Summary and conclusion

1. LCF resistance is greatest in vacuum, less in air and least in 1%
NaCl solution.

2. Intercept and slope of strain–life curve is least in vacuum, inter-
mediate in air and greatest in 1% NaCl solution.

3. LCF lives of 2024-T351 and 7075-T651 aluminum alloys are
similar in vacuum, air and 1% NaCl solution, respectively.

4. Pre-corrosion in 1% NaCl solution has little influence on the sub-
sequent LCF life in air.

5. Cyclic stress–strain response is independent of environment
but unique to the alloy.

6. Aggressive environment, 1% NaCl solution of pH 2, induces
cleavage cracking in the immediate vicinity of crack initiation
site, possibly due to hydrogen embrittlement in 7075-T651 alu-
minum alloy.

7. The mode of threshold LCF crack growth in 7075-T651 alumi-
num alloy is influenced by the environment: very slow FCG
with flat featureless crack surface morphology in vacuum, fast
one with striation in air, and much faster one with cleavage in
1% NaCl solution.
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