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a b s t r a c t

The fatigue crack growth (FCG) behavior of 7075-T651 aluminum alloy was studied under constant and
variable amplitude loadings in vacuum, air and 1% NaCl solution. In the study of constant amplitude load-
ing fatigue, the stress ratios were 0.1 and 0.85 and the loading frequency was 10 Hz. In the study of var-
iable amplitude loading fatigue, the load spectrums were tension type and tension–compression type,
and the average loading frequency was about 5 Hz. The results of FCG tests, under constant and variable
amplitude loadings, validated the unified two parameter driving force model, accounting for the residual
stress and stress ratio effects on fatigue crack growth.

Published by Elsevier Ltd.
1. Introduction

Fatigue crack growth in metallic materials is controlled by
intrinsic factors, such as material property and microstructure,
and extrinsic factors, such as environment and loading condition.

For a given material, it is well established that corrosive envi-
ronments can accelerate the FCG [1–6]. This is attributable to a
combination of anodic dissolution and hydrogen embrittlement
at the crack tip. The latter is believed to result from a sequential
process [7]: access of active species to the crack tip, adsorption,
surface dissociation and hydrogen production, hydrogen entry
and transport at the crack tip, and embrittling reaction. On the
other hand, a corrosive environment can also cause fatigue crack
growth retardation or arrest [8–10]. Three mechanisms have been
proposed to account for this effect, which can occur in several
material–environment combinations. One of them is crack blunt-
ing, which reduces the stress intensity factor, K, and hence cause
crack growth retardation [8,11]. The second one is crack branching,
which also decrease the stress intensity factor [9,12]. The third one
is corrosion product wedging, which increases the minimum stress
intensity factor and hence reduces the stress intensity range
[10,13]. The amount of corrosion product wedging depends on
the supply of dissolved oxygen.
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Many structural components experience variable amplitude load
histories, containing periodic overload and/or underload cycles. For
example, hard landings, severe turbulence or harsh maneuvers dur-
ing flight would be seen as overloads in the loading history of an air-
craft. The load history effects, such as crack growth retardation
following a tensile overload and crack growth acceleration following
a compressive underload, are known to stem from plastic deforma-
tion in the vicinity of the crack tip [14–16] and to be closely related
to the elastic–plastic behavior of the material [16–18]. To account
for the load spectrum sequence effects, cycle-by-cycle FCG predic-
tive models were developed. Those models can be divided into three
main groups. The first group is classed as the yield zone model type,
which include the Willenborg [19] and Wheeler [20] models. Both
models consider that the current cyclic crack tip plastic zone devel-
ops inside a larger zone created by the preceding overload. However,
their concepts and algorithms are different. The second group is
based on crack closure, and includes plasticity-induced crack closure
models [21] and strip yield models [22]. The third group, the unified
two parameter model or UniGrow model, is based on the elastic–
plastic crack tip stress–strain history [23,24].

The UniGrow model regards the FCG as a process of successive
crack re-initiation in the crack tip region, controlled by a two
parameter driving force. The driving force is derivable on the basis
of the local stress and strain at the crack tip, using the Coffin–Man-
son strain–life law [25,26], Ramberg–Osgood relation [27] and
Smith–Watson–Topper fatigue damage parameter [28]. The basic
equation of this model for fatigue crack growth is
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da=dN ¼ C½ðKmax;totÞpðDKtotÞð1�pÞ�c ¼ C½Dk�c ð1Þ

where

C ¼ 2q�½ðwy;1Þ
2
=2ðn

0þ3Þ=ðn0þ1Þr0f e
0
f pEq���f1=ðbþcÞg

p ¼ n0=ðn0 þ 1Þ; c ¼ �2=ðbþ cÞ

a: crack length, b: fatigue strength exponent, c: fatigue ductility
exponent, C: fatigue crack growth constant, da/dN: crack growth
rate, E: modulus of elasticity, Kmax,tot: total maximum stress inten-
sity factor, DKtot: total stress intensity range, n’: cyclic strain hard-
ening exponent, p: driving force constant, e0f : fatigue ductility
coefficient, c: fatigue crack growth equation exponent, q*: notch
tip radius or elementary material block size, r0f : fatigue strength
coefficient, wi: the averaging constant corresponding to the ith ele-
mentary block.

This model can predict the FCG and the effect of mean stress,
including the influence of the applied compressive stress, without
introducing the crack closure concept.

In this study, special emphasis is given to the clarification of the
effects of stress ratio, load history and environment on FCG. FCG
tests are performed under constant and variable amplitude load-
ings in three environments to find the combined effect of load his-
tory and environment. In addition, the test results are compared
with the FCG prediction by the UniGrow model [23,24] to examine
how closely the model can account for the load history effect in dif-
ferent environments.

2. Experiments

2.1. Specimen

In this study, compact-tension C(T) and middle-tension M(T)
specimens were used for the constant and variable amplitude load-
ing fatigue tests, respectively.

The compact-tension C(T) specimen, 38 mm (1.5 in.) wide and
9.5 mm (3/8 in.) thick, was machined from a 7075-T651 aluminum
alloy plate, 32 mm (1.25 in.) thick, in L–T orientation. Its mechan-
ical properties were UTS 570–574 MPa (82.7–83.2 ksi), YS 496–
506 MPa (72.0–73.4 ksi) and elongation 12.5–13.0%.

The middle-tension M(T) specimen was machined in L–T orien-
tation from a 7075-T651 aluminum alloy extrusion of 127 mm �
127 mm � 394 mm (5 in. � 5 in. � 15.5 in.).
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It was 102 mm (4 in.) wide, 235 mm (9.3 in.) long and 2 mm
(0.086 in.) thick, and its center notch was 3 mm (1/8 in.) long. Its
mechanical properties were UTS 538 MPa (78 ksi), YS 446 MPa
(65 ksi) and elongation 11%.

2.2. Test procedures

For the fatigue tests, three closed-loop servo-hydraulic mechan-
ical test machines were employed. One was a 45 KN (10 kip) hor-
izontal mechanical test machine for the fatigue test of C(T)
specimens in air and 1% NaCl solution. The other two were 490
KN (110 kip) vertical MTS machines. One of them, equipped with
a vacuum system, was used for the fatigue tests of C(T) and M(T)
specimens in vacuum, and the other for the fatigue tests of M(T)
specimens in air and 1% NaCl solution. In the case of fatigue test
in 1% NaCl solution, the NaCl solution was circulated between a
container of a C(T) specimen or a cup attached to a M(T) specimen
and a reservoir by a pump without aerating. Each test machine was
suitably interfaced with a computer system for automatic monitor-
ing of fatigue load and crack growth, employing either compliance
for C(T) specimens or DC potential drop technique for M(T)
specimens.

The constant amplitude loading fatigue test with a C(T) speci-
men was conducted under stress control in tension–tension cy-
cling of stress ratios 0.1 and 0.85. The growing crack length was
measured, employing compliance technique. The fatigue loading
procedure was K-decreasing (or load shedding) with K-gradient
parameter C = �0.08 mm�1 (�2 in.�1) in the near-threshold crack
growth regime and K-increasing with C = 0.08 mm�1 (2 in.�1) in
the other regime, respectively.

The variable amplitude loading fatigue test with a M(T) speci-
men was performed under two different spectrum loadings, ten-
sion type and tension–compression type, Fig. 1. The growing
crack length was measured, employing DC potential drop tech-
nique. The main features of the load spectrums are:

� Tension Type

Maximum Stress = 200.9 MPa (29.1 ksi)
Minimum Stress = �73.7 MPa (107 ksi)
Number of Stress Cycles/Pass = 2,249,614 cycles

� Tension–Compression Type
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Minimum Stress = �163.7 MPa (�23.7 ksi)
Number of Stress Cycles/Pass = 1,975,035 cycles
Three identical tests were done in each of the air and 1% NaCl
solution environments under the two different spectrum loadings.
However, because of the long test time, only one test was done un-
der the tension type spectrum loading and two tests under the ten-
sion–compression type spectrum loading in vacuum. The averaged
test results are presented in this paper.

The test environments for the constant and variable amplitude
loading fatigue tests were vacuum of 4 � 10�8 torr, laboratory air
of relative humidity about 50% and aqueous 1% NaCl solution of
pH 2 at ambient temperature. The loading frequencies were
10 Hz for the constant amplitude loading fatigue test and about
5 Hz for the variable amplitude loading fatigue test.

3. Experimental results

3.1. Constant amplitude loading fatigue

The variation of fatigue crack growth rate da/dN with applied
stress intensity range DK is shown in Fig. 2 for the fatigue tests
at stress ratios R = 0.1 and 0.85 in vacuum, air and 1% NaCl solu-
tion. With R increasing from 0.1 to 0.85, the curve of da/dN vs.
DK shifts to the left, increasing the da/dN and decreasing the
threshold stress intensity range for fatigue crack growth DKth, in
the three environments. The environmental effect on the variation
of da/dN with DK is shown in Fig. 3 for R = 0.1 and 0.85. At lower
DK, the da/dN is greatest in 1% NaCl solution, slightly lower in
air and much lower in vacuum. Correspondingly, the DKth is least
in 1% NaCl, slightly greater in air and greatest in vacuum. However,
as the da/dN or the DK increases, the air and 1% NaCl solution
curves shift towards the vacuum curve and the three curves tend
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Fig. 3. Comparison of da/dN vs. DK curves for constant am
to converge. At both R = 0.1 and 0.85, the air curve is closer to
the 1% NaCl solution curve than to the vacuum curve, indicating
air-assisted fatigue crack growth.

3.2. Variable amplitude loading fatigue

The variation of half crack length with number of loading cycle
is shown in Fig. 4 for the fatigue tests under tension type and ten-
sion–compression type spectrum loadings in vacuum, air and 1%
NaCl solution. Under the tension type spectrum loading, the crack
growth is fast in air, slightly slower in 1% NaCl solution and much
slower in vacuum. However, under the tension–compression type
spectrum loading, the crack growth is fast in 1% NaCl solution,
slightly slower in air and much slower in vacuum. From this obser-
vation, especially the similar high crack growth rates, the fatigue
crack growth appears to be environmentally-assisted in air and
1% NaCl solution under the both spectrum loadings.

Fig. 5 compares the fatigue crack growths under the tension
type and tension–compression type spectrum loadings in vacuum,
air and 1% NaCl solution. The crack grows faster under the tension–
compression type spectrum loading than under the tension type
spectrum loading in the three environments.

3.3. Comparison of test result and prediction

The results of the tension type spectrum loading tests in vac-
uum and 1% NaCl solution are compared with the predictions by
the UniGrow model [23,24] in Figs. 6 and 7, respectively. In vac-
uum, the test data and prediction are in good agreement in the first
half life, there is some discrepancy between them growing with
increasing number of loading cycle in the second half life, and
the prediction life is longer than the test life, Fig. 6. In 1% NaCl solu-
tion, the test data and prediction are in good agreement in the
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early stage of fatigue crack growth, but the predicted life is shorter
than the test life, Fig. 7.

3.4. Fractography

Typical SEM fractographs of a specimen, which was subjected to
the tension type spectrum loading in air are shown in Fig. 8. The
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fractographs show the areas of machined notch, pre-cracking and
crack growth. Fatigue striations of variable spacing, are visible,
faintly in the early stage of fatigue crack growth and clearly in
the later stage. Another SEM fractograph of a specimen, which
was tested under the same spectrum loading in 1% NaCl solution,
shows fracture surface covered by corrosion product and faint stri-
ations, Fig. 9.
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Fig. 8. SEM fractograph of a specimen, fatigue-tested under tension type spectrum loading in air.

Fig. 9. SEM fractograph of a specimen, fatigue-tested under tension type spectrum loading in 1 % NaCl solution.
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4. Discussion

4.1. Constant amplitude loading fatigue

The increase in stress ratio R from 0.1 to 0.85 was observed to
increase the da/dN and decrease the DKth in the three environ-
ments, as shown in Fig. 2. This observation is in agreement with
the others’ for various alloys [29–39].

Compared to vacuum, air and 1% NaCl solution induced similar
corrosion fatigue behaviors, having close and lower DKth values
and accelerating FCG, in the near-threshold FCG regime, Fig. 3. This
is attributable to their detrimental roles, anodic dissolution and
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hydrogen embrittlement at the crack tip by NaCl solution, and
adsorption of water vapor in air on crack tip surface and hydrogen
embrittlement of cyclically deformed material within the plastic
zone [29,39].
4.2. Variable amplitude loading fatigue

Similar to the one under constant amplitude loading, the FCG
under variable amplitude loading is close and faster in air and 1%
NaCl solution than in vacuum, Fig. 4. This evidences that the envi-
ronmentally-assisted FCG also occurs under the variable amplitude
loading. However, the FCG is slightly slower in 1% NaCl solution
than in air under the tension type spectrum loading, whereas the
reverse is observable under the tension–compression type spec-
trum loading, Fig. 4. The slower fatigue crack growth in 1% NaCl
solution than in air is attributed to the corrosion-product-induced
crack closure [40,41] under the tension type spectrum loading. It
has been understood that the environmentally-assisted FCG is con-
trolled by two concurrent and mutually competitive processes:
corrosion-product-induced crack closure and embrittlement,
occurring concomitantly with the crack tip oxidation in the corro-
sive medium [41]. Apparently, the corrosion-product-induced
crack closure is more dominant than the embrittlement under
the tension type spectrum loading, whereas the reverse is true un-
der the tension–compression type spectrum loading and constant
amplitude loading.

From the observed faster FCG under the tension–compression
type spectrum loading than under the tension type spectrum load-
ing, Fig. 5, it is clear that the FCG was retarded under the tension
type spectrum loading and it was accelerated under the tension–
compression type spectrum loading. The tension type load spec-
trum contains overload cycles of highest stress 200.9 MPa and
the tension–compression type load spectrum contains underload
cycles of minimum stress �163.7 MPa. These overloads and under-
loads are believed to be associated primarily with the observed
retardation and acceleration of FCG under the tension type and
tension–compression type spectrum loadings, respectively, in vac-
uum, air and 1% NaCl solution. A number of investigators also have
reported the FCG retardation by tensile overload and acceleration
by compressive underload [16,42–46].

In the comparison of the test result and the UniGrow model pre-
diction, some discrepancies were found, as shown in Figs. 6 and 7.
One of them, the shorter spectrum fatigue test life in vacuum than
the prediction, Fig. 6, is attributable to the lack of constant ampli-
tude loading fatigue test data at high DK, Fig. 2. The other, the long-
er spectrum fatigue test life in 1% NaCl solution than the
prediction, Fig. 7, is attributable to the assumption of the same
environmental effect under the both constant and variable ampli-
tude loading conditions.
5. Summary and conclusion

� The da/dN increases and the DKth decreases with increasing R
under constant amplitude loading in vacuum, air and 1% NaCl
solution.

� At lower DK, the da/dN is high in 1% NaCl solution, slightly lower
in air, and much lower in vacuum under constant amplitude
loading, indicating the FCG assisted by air and 1% NaCl solution.

� The FCG is close and fast in air and 1% NaCl solution and quite
slow in vacuum under the tension type and tension–compres-
sion type spectrum loadings, evidencing the FCG assisted by
air and 1% NaCl solution.

� The FCG is slower in 1% NaCl solution than in air, evidencing a
crack growth retardation due to corrosion-product-induced
crack closure in 1% NaCl solution, under the tension type spec-
trum loading. On the other hand, the reverse is observable under
the tension–compression type spectrum loading.

� The tension type spectrum loading, containing tensile overloads,
retards the FCG, whereas the tension–compression type spec-
trum loading, containing underloads, accelerates it, in vacuum,
air and 1% NaCl solution.

� There are some discrepancies between the test result and Uni-
Grow model prediction. These discrepancies are attributable to
the lack of constant amplitude loading fatigue data at high DK
in vacuum and the assumption of the same environmental effect
under constant and variable amplitude loading conditions in 1%
NaCl solution.
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