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Abstract: The effects of corrosive media on rotating bending fatigue lives (the cyclic numbers from
104 to 108) of different aluminum alloys were investigated, which involved the corrosion fatigue
lives of five kinds of aluminum alloys in air, at 3.5 wt. % and 5.0 wt. % NaCl aqueous solutions.
Experimental results indicate that corrosive media have different harmful influences on fatigue lives
of different aluminum alloys, in which the differences of corrosion fatigue lives depend strongly on the
plastic property (such as the elongation parameter) of aluminum alloys and whether to exist with and
without fracture mode II. The other various influence factors (such as the dropping corrosive liquid
rate, the loading style, and the nondimensionalization of strength) of corrosion fatigue lives in three
media were also discussed in detail by using the typical cases. Furthermore, fracture morphologies
and characteristics of samples, which showed the different fatigue cracking behaviors of aluminum
alloys in three media, were investigated by scanning electron microscopy (SEM) in this paper.

Keywords: aluminum alloy; corrosive environment; fatigue performance; rotating bending test;
relative strength

1. Introduction

As important types of light metals (Al, Mg, and Ti alloys) [1], aluminum alloys have received much
attention in the past several decades due to their excellent properties such as high strength-to-weight
ratio, high corrosion resistance and recyclability, which have been widely applied to aeronautic
and automotive fields. However, components and structures made of aluminum alloys are usually
directly exposed to the corrosive environment, and their fatigue strengths are highly susceptible in
the environmental conditions. More data, especially fatigue properties in corrosive environments,
is crucial for guaranteeing the service safety and reliability. Therefore, many studies have focused
on fatigue behaviors and damage mechanisms of aluminum alloys in corrosive environments in
recent years [2–17]. Yi et al. [1] explored the effect of temperature, humidity and environment
(air, humidity and 3.5 wt. % NaCl salt spray) on the fatigue life and fracture mechanisms of
2524 aluminum alloys by scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and fatigue property testing. The results showed that temperature has a detrimental influence
on corrosion fatigue life, and the increased crack growth rate was attributed to a combination of
hydrogen embrittlement and anodic dissolution at the growing fatigue crack tip. Wang [2] attempted
to extend the concept of material element fracture ahead of a crack tip, during fatigue crack propagation
(FCP) to corrosion fatigue crack propagation (CFCP) of aluminum alloys in corrosive environment.
He derived a new expression for the CFCP rate according to the principle of fracture mechanics,
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which exhibited the important feature of correlation between the CFCP rate, corrosion damage, and
mechanical parameters. Na et al. [3] investigated the susceptibility to pitting corrosion of AA2024-T4,
AA7075-T651, and AA7475-T761 in aqueous neutral chloride solutions for the purpose of comparison
using electrochemical noise measurement. They concluded that the susceptibility was decreased in the
following order: AA2024-T4 (the naturally aged condition), AA7475-T761 (the overaged condition),
and AA7075-T651 (the near-peak-aged condition). Warner [4] demonstrated the effective inhibition
of environmental fatigue crack propagation in age-hardenable aluminum alloys: the addition of the
molybdate effectively inhibited the fatigue crack propagation behavior. With regard to the fatigue
strength of high strength aluminum alloys in corrosive environments, it has been reported that the
degradation of fatigue strength was mainly caused by an acceleration of the fatigue crack growth due
to the anodic dissolution and hydrogen embrittlement mechanism [5,6]. Giacomo et al. [7] reported
on the effect of fatigue life reduction of 2024 Al alloy for aerospace components due to the corrosive
(exfoliation) environment. Both standard fatigue tests on prior corroded samples and fatigue tests
conducted with the samples in corrosive solution are developed to define some guidelines for the
inclusion of such effects in design and to improve aircraft life management [7]. In addition, as one of
the basic effect factors of environments to the hydrogen embrittlement fracture of metals, Murakami [5],
Takahashi et al. [8], Wang et al. [6,12], and Ricker et al. [17], etc. also found that corrosive fatigue
summed up the hydrogen embrittlement (HE) mechanism for aluminum alloys. In the corrosive
fatigue damage process, the hydrogen evolution process based on electrochemical reacting equations
can be expressed as follows:

H2O` e Ñ OH´ `
1
2

H2 (1)

Al2O3 ` 2OH´ Ñ 2AlO´
2 `H2O (2)

Al`OH´ `H2O Ñ AlO´
2 `
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However, the presence of corrosive environment greatly increased the complexity of the corrosion
fatigue performance evaluation [7], in which there is a need to account for both mechanical and
environmental driving forces, so that the fatigue properties in corrosive environments are very complex
and are not fully understood.

In the present study, the effects of corrosive media on fatigue behaviors and fatigue lives of
aluminum alloys were investigated focusing on fracture characteristics of AA 6000 and AA 7000 series
aluminum alloys and S-N curves in three types of media, namely air, 3.5 wt. % NaCl and 5.0 wt. % NaCl
aqueous solutions. As fracture characteristics of AA 2000 series aluminum alloys, please see the
reference [14]. In addition, the fatigue life of AA2024-CZ aluminum alloy in 3.5 wt. % NaCl
aqueous solution under different cyclic loading types (rotation bending cyclic loading and axial
cyclic loading, R = ´1) and under different corrosion modes (stress corrosion and pre-corrosion) were
also compared, respectively.

2. The Experimental Method

2.1. Materials and Specimens

Materials used in this work were the commercial AA7475-T7351, AA7075-T651, AA2024-CZ,
AA2024-T4, and AA6063-T4 aluminum alloys. The major mechanical properties of those aluminum
alloys were listed in Table 1 and the chemical compositions in Table 2, respectively.
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Table 1. Major mechanical properties of representative aluminum alloys.

Al Alloys E (GPa) σ0.2 (MPa) σb (MPa) δ (%)

AA7475-T7351 70.5 434 503 10.2
AA7075-T651 72.0 505 570 11.0
AA2024-CZ 71.0 260 290 17.0
AA2024-T4 71.0 325 470 20.0
AA6063-T4 69.0 90 170 22.0

E: Young’s modulus; σ0.2: the material’s offset yield strength; σb: the tensile strength; δ: the
percentage elongation.

Table 2. Chemical compositions (wt. %) of representative aluminum alloys.

Al Alloys Zn Mg Cu Mn Cr Ti Fe Si Al

AA7475-T7351 5.89 2.48 1.59 <0.01 0.22 0.02 0.06 <0.03 Bal.
AA7075-T651 5.60 2.50 1.60 0.32 0.40 0.06 0.50 0.40 Bal.
AA2024-CZ 0.07 1.49 4.36 0.46 <0.01 0.01 0.25 0.14 Bal.
AA2024-T4 0.25 1.60 4.50 0.80 0.10 <0.01 0.50 0.50 Bal.
AA6063-T4 0.10 0.70 0.10 0.10 0.10 0.10 0.35 0.40 Bal.

All plate or round bars of aluminum alloys were machined as experimental samples based
on the demands of shape and size as shown in Figure 1. The specimen (total length = 100 mm
and diameter = 10 mm) is the minimum diameter of φ4 mm, which formed a circumferential notch
to localize the crack initiation site. After machining, all of the specimens were prepared by an
electro-polishing method after hand grinding at ´20 ˝C at a voltage of 70 V for approximately 5–10 s.
The polishing etchant was a solution of 5% perchloric acid and 95% glacial acetic acid. This treatment
can remove the work-hardened or oxidized layer of the sample and then reduce the residue stress.
The surface roughness (Re) and the stress concentration factor of each specimen were controlled
approximately 0.80 µm by using the different abrasive papers (1000, 1200, 2000 grits, respectively) and
1.08 by using the radius of curvature of notch, respectively. The applied stress level in the rotation
bending fatigue tests is estimated as follows [6,12,14]:

σ “
32gαLW

πd3 (4)

where d is the diameter of the critical section (i.e., 4 mm as shown in Figure 1a), g is the acceleration of
gravity (9.8 m/s2), α is the stress concentration factor (1.08), L is the distance from the critical section
of specimen to the applied loading end (about 40.5 mm for a standard sample) and W is the applied
loading (kgf), respectively.

2.2. Testing Procedures

All rotation bending fatigue tests were controlled by the load at a stress ratio R = ´1 and a
rotating frequency about 58 Hz referring to literature [18]. The temperature of the testing environment
is room temperature of about 25 ˝C and the relative humidity of the air environment is about 25%.
Three kinds of corrosion media were air, 3.5 wt. % and 5.0 wt. % NaCl aqueous solutions, respectively.
The mechanical rotating bending loading was applied on the sample as shown in Figure 1b and the
corrosion liquid was dropped on the free surface of samples as shown in Figure 1c. In addition,
considering the effect of corrosion solution sorption time or amount on the fatigue damage of samples,
the different dropping rates of corrosive liquid, 1.6 mL/min and 2.5 mL/min, were controlled in the
fatigue tests. In order to obtain fracture morphologies, the typical fracture cross-sections of samples
were carefully cleaned by the ultrasonic then measured in the vacuum chamber (10´4 Pa) of Quanta
FEG 450, and scanning electron microscopy (SEM) was conducted.
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Figure 2. S‐N curves of AA6063‐T4 in the different media at R = −1 and f = 58 Hz. 

Figure 1. Schematic drawing of rotating bending fatigue specimen. (a) Size and shape of sample;
(b) rotation bending applied to schematic drawing in the air case; (c) environmental box for the
corrosion liquid dropping.

3. Results and Discussions

3.1. Fatigue Life Characteristics

Figure 2 indicates S-N curves of representative AA6063-T4 aluminum alloy in the air case, at
3.5 wt. % and 5.0 wt. % NaCl aqueous solutions. High-cyclic fatigue (HCF) lives of AA6063-T4
aluminum alloy decreased along with the concentration percentage of NaCl aqueous solution
increasing, in which the corrosion fatigue limits (107 cycles) at the two corrosion media were not
clear, especially at 5.0 wt. % NaCl aqueous solution. If we define the fatigue limit of 107, the fatigue
limit stress at the air case is about three times that at 3.5 wt. % NaCl aqueous solution. These curves
indicated that the effect of the corrosive environment on the HCF damage of AA6063-T4 aluminum
alloy was not ignored even though the material exposed time in NaCl aqueous solution did not exceed
48 h. According to the descended trends of S-N curves, the fatigue resistance of AA6063-T4 aluminum
alloy at 3.5 wt. % and 5.0 wt. % NaCl aqueous solutions is much lower than that in the air case within
5 ˆ 105 cycles. In addition, the larger the cyclic number, the smaller the slope difference of S-N curves.
It means that the coupled effect of corrosive environment and applied stress on the high-cycle fatigue
(HCF) behavior becomes more and more important.
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Figure 3, in which fatigue data marked as ∆ (AA2024-CZ) is from Chang et al. [19], indicated
the influence of the relative strength (σ/σ0.2 by the non-dimension of applied stress and offset
yield strength) on HCF performances of aluminum alloys in different media. AA7475-T7351 and
AA7075-T651 are high strength aluminum alloys (the tensile strength is more than 500 MPa), and
AA2024-CZ and AA2024-T4 are high ductility aluminum alloys (the elongation ratio (δ%) is about
20%). The difference of fatigue behaviors between high strength aluminum alloys (AA7475-T7351 and
AA7075-T651) can be ignored based on the slopes and the difference of stress ratio for S-N curves in the
different media, in which the slopes in S-N curves of high strength aluminum alloys (AA7475-T7351 and
AA7075-T651) are approximately the same and the differences of fatigue lives are approximately the
same at the different stress ratios, especially in corrosion media. However, like the high ductility
aluminum alloys (AA2024-CZ and AA2024-T4), there are not small differences of fatigue performances
at the same stress ratios in the different media, although the slopes in S-N curves of AA2024-CZ and
AA2024-T4 have only slight differences in either the air case (Figure 3a) or NaCl aqueous solutions
(Figure 3b,c). It was found that the effect of deformed capacity on the fatigue damage resistance
in the different media is much more obvious. On the other hand, the fatigue lives of high strength
(AA7000 series) aluminum alloys are shorter than that of high ductility (AA2000 series) aluminum
alloys in the different media, especially in NaCl aqueous solutions. This reflects a fact that the effect of
corrosive environment is much stronger on the fatigue performance of high strength aluminum alloys
than that of high ductility aluminum alloys under the stress ratio. For example, when the stress ratio is
0.5, the corrosion fatigue lives of AA7475-T7351 and AA7075-T651 at 5.0 wt. % NaCl aqueous solution
are the same approximate values of about 2.5 ˆ 104, and the corrosion fatigue lives of AA2024-CZ and
AA2024-T4 at 5.0 wt. % NaCl aqueous solution are 2ˆ 105, 6ˆ 105, respectively. With the increasing of
cyclic number to failure or the reducing of stress ratio, the influencing trend becomes smaller. One of the
reasons is that slight strain change-enhanced anodic dissolution and concomitant cathodic hydrogen
generation might play an important role in accelerating fatigue damage of high strength aluminum
alloys compared with high ductility aluminum alloys [20]. However, the difference of corrosion
fatigue behavior between high strength aluminum alloys (such as AA7475-T7351 and AA7075-T651)
at 3.5 wt. % NaCl aqueous solution is close to that at 5.0 wt. % NaCl aqueous solution as shown in
Figure 3b,c, which will be beneficial to predicating fatigue lives of high strength aluminum alloys.
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To explore the effect of corrosion solution sorption time or amount on the fatigue damage of
samples’ free surface, Figure 4 shows the S-N curves of AA2024-T4 aluminum alloy under the different
rates of dropping corrosion liquid (at 5.0 wt. % NaCl aqueous solution). It was clearly found that
the rate of dropping corrosion liquid directly affects the fatigue life of AA2024-T4 aluminum alloy.
The faster the rate of dropping corrosion liquid, the shorter the fatigue life of AA2024-T4 aluminum
alloy. One of the effective reasons may be because the corrosive NaCl liquid with the 2.5 mL/min
is much easier to accumulate on the specimen surface than that with the 1.6 mL/min, in which the
corrosion solution always adheres to the surface of samples at the 2.5 mL/min state, but its difference
is not greater than that at 1.6 mL/min during the HCF damage process. That is, the effect of corrosion
solution sorption time or amount on the surface damage of sample can be ignored when the rate of
dropping corrosion liquid is beyond 1.6 mL/min. As the rate of dropping corrosion liquid is less than
1.6 mL/min, it is worth further study.
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Figure 5 shows the comparative results about the effect of applied cyclic loading styles on the
fatigue life of AA2024-CZ aluminum alloy at 3.5 wt. % NaCl aqueous solution. Fatigue data of
AA2024-CZ aluminum alloy under the axial cyclic loading are from Wu [21], and fatigue data of
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AA2024-CZ under the rotational bending cyclic loading style are based on our experimental results.
As the same AA2024-CZ aluminum alloy, it was found that the effect of applied cyclic loading style on
the fatigue life of AA2024-CZ aluminum alloy is obvious. This is because the stress (strain) gradient
exists in the cross-section of sample under rotation bending cyclic loading style, but it does not exist
in that under push-pull cyclic loading style although the stress ratio (R = ´1) and the stress levels
reach the same conclusions [22]. Therefore, for the same material and stress level, the fatigue life of the
former is obviously longer than that of the latter as shown in Figure 5.
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Most researchers have previously reported fatigue data of aluminum alloys under pre-corrosion
mode based on the equivalent life concept according to airplane structure subjected to two main factors
of environment corrosion and fatigue loading [9,23–25]. These results indicated that the differences
between the cyclic stress corrosion and prior-corrosion HCF damage behaviors of aluminum alloys are
always existent. Figure 6 shows quantificationally the difference of fatigue behaviors under different
corrosion modes for AA2024-CZ aluminum alloys. The fatigue life under the prior-corrosion mode is
obviously longer than that under the stress corrosion fatigue mode. However, with the decreasing
of the applied stress level or increasing of the cyclic number, the difference of fatigue life becomes
insignificant. It hints that the fatigue damage model under the prior-corrosion mode can be divided into
two parts including low-cyclic fatigue (LCF) and HCF models in the different media. Typical results
indicated that for AA2024-CZ aluminum alloys, the fatigue crack initiation and propagation under
stress corrosion mode is easier than that under prior-corrosion in the same condition. One of the
important reasons is that the size and shape of corrosion pits depend directly on the fatigue crack
initiation of aluminum alloys, in which the maximum depth of corrosion pit (measured area is about
3 mm ˆ 3 mm) is about 50–60 µm. The depth of corrosion pit was controlled by using the 20% EXCO
(NaCl: 3.5 wt. %, KNO3: 0.5 mol/L, HNO3: 0.1 mol/L) solution at 25 ˘ 3 ˝C for holding 6 h in the salt
fog cabinet to accelerate surface corrosion of AA2024-CZ aluminum alloy. With increasing of holding
time, the depth of corrosion pits becomes bigger and bigger so that the fatigue crack initiation life of
aluminum alloy becomes shorter [9].
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3.2. Fatigue Fracture Characteristics

Figure 7 illustrates the typical fatigue fracture morphologies and characteristics of AA6063-T4 and
AA7475-T7351 aluminum alloys in the different media under the same stress level. According to the
concave and convex degrees of fracture surface, it is clearly seen that the cross sections of samples can
be divided into two different fracture regions including the fatigue crack initiation and propagation
region (Mark A) and the instantaneous fracture region (Mark B). For the sample of AA6063-T4
aluminum alloy, the area of the instantaneous fracture region in the center of sample decreased along
with the percentage of NaCl aqueous solution increasing as shown in Figure 7(a1,3,4). It reflects the
fact that the instantaneous fracture region is relatively smooth, in which many micro plastic dimples
can be still seen in the instantaneous fracture region as shown in Figure 7(a2). It means that the
fatigue fracture of AA6063-T4 aluminum alloy is the typical ductility fracture behavior in the air
case. In addition, the corrosion fatigue crack initiation and propagation regions present the different
fatigue fracture characteristics in air, at 3.5 wt. % and at 5.0 wt. % NaCl solutions, in which there
are different corrosion fatigue crack initiation positions and propagation directions just as the results
showed some crack propagation sidesteps or transition angles of crack propagation paths due to the
round bar geometry and applied loading style as shown in Figure 7a. It means that the shear stress
vector and crack initiation position number is much greater along with the transition angle or sidestep
increasing [6]. At the same time, the fatigue crack propagation behavior was inclined to mode II
(i.e., the shear mode), with many sidesteps containing an angle of approximately 50˝ as shown in
Figure 7(a1,3,4). Therefore, fatigue life of samples containing more sidesteps in cross-section is lower
than that of samples containing less sidesteps. On the other hand, the corrosive action with more crack
initiation positions is stronger than that with less crack initiation positions. More importantly, there is a
significant difference in branching crack morphologies (or sidesteps characteristics) in both AA6063-T4
Al alloy as shown in Figure 7a and AA7475-T7351 Al alloy as shown in Figure 7b. For the typical
high strength AA7475-T7351 Al alloy, corrosion fatigue fracture characteristics in air, at 3.5 wt. % and
5.0 wt. % NaCl aqueous solutions were almost similar to those shown in Figure 7b. In the air case,
the corrosion fatigue crack propagation region (Mark A) is much less than the instantaneous fracture
region as shown in Figure 7(b1) and the corrosion fatigue crack initiation position can be thought as
not more than two. This is because the corrosion fatigue crack propagation region has a relatively
concentrated area so that the crack propagation sidestep is relatively less. However, in the different
percentage NaCl solutions, there are confused corrosion fatigue crack propagation paths and a spot
of sidesteps or transition angles of crack propagation. It means that the fatigue crack initiation and
propagation behavior in different percentage NaCl solutions are much more complex than those in air
conditions. In addition, fracture surfaces of AA7475-T7351 aluminum alloy were much smoother than
those of AA6063-T4 aluminum alloy, especially in the fatigue crack initiation and propagation regions.
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This is because the shear stress vector component of high strength AA7475-T7351 aluminum alloy is
smaller than that of AA6063-T4 aluminum alloy.Metals 2016, 6, 160  9 of 12 
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Figure 7. Scanning electron microscopy (SEM) fracture morphologies for AA6063-T4 and AA7475-T7351
in the different media. (a) AA6063-T4; (a1) in the air case; (a2) in the air case; (a3) at 3.5% NaCl
solution; (a4) at 5.0% NaCl solution; (b) AA7475-T7351; (b1) in the air case; (b2) at 3.5% NaCl solution;
(b3) at 5.0% NaCl solution.
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Figure 8 shows the amplification regions of fracture morphologies in fatigue crack propagation
regions for AA6063-T4 and AA7475-T7351 aluminum alloys in the different media. For 6063-T4
aluminum alloy, a number of obvious slip sidesteps and transition angles of slip planes were clearly
found in the fatigue crack initiation and propagation regions as shown in Figure 8a, which is attributed
to the multiple different crack propagation directions, due to the multi crack initiation sites occurring at
the free surfaces under the rotating bending loading. For AA7475-T7351 aluminum alloy, three fracture
surfaces were occupied by fatigue crack propagation striations and brittle fracture characteristics as
shown in Figure 8b. In addition, second fatigue cracks were clearly found so that their effects on
the fatigue fracture could not be ignored. There is no or little difference in three fracture surfaces in
the different media, while the crack propagation was accelerated by corrosive environment (seen the
above section). This is because the aqueous NaCl solution, a hydrogen-induced environment, may
result in localized deformation and accelerating of crack propagation due to the anodic dissolution
and hydrogen embrittlement mechanisms, which are important factors for weakening the fatigue
resistance or strength of AA7475-T7351 aluminum alloy.
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Figure 8. SEM fracture morphologies in fatigue crack initiation and propagation regions for AA6063-T4
and AA7475-T7351 in the different media. (a) AA6063-T4; (a1) in the air case; (a2) at 3.5 wt. % NaCl
solution; (a3) at 5.0 wt. % NaCl solution; (b) AA7475-T7351; (b1) air, σ = 100 MPa; (b2) 3.5 wt. %,
σ = 80 MPa; (b3) 5.0 wt. %, σ = 54.6 MPa.

4. Conclusions

Environment-induced corrosion fatigue behaviors of representative aluminum alloys depend
strongly on the coupled action of corrosive media and applied stress level. Main conclusions obtained
in this paper are as follows:
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1. The effect of corrosive media is much stronger on the fatigue life of high strength aluminum alloys
(such as AA7475-T7351 and AA7075-T651) than that of high ductility aluminum alloys (such as
AA2024-CZ and AA2024-T4). For example, when the stress ratio is 0.5, the corrosion fatigue lives
of AA7475-T7351 and AA7075-T651 at 5.0 wt. % NaCl aqueous solution are approximately the
same values of about 2.5 ˆ 104, and the corrosion fatigue lives of AA2024-CZ and AA2024-T4 at
5.0 wt. % NaCl aqueous solution are 2 ˆ 105, 6 ˆ 105, respectively.

2. With increasing of cycles to failure, the effect of mechanical properties of materials on the
corrosion fatigue performance becomes relatively weak. For example, when the stress ratio is
0.2, the corrosion fatigue lives of AA7475-T7351 and AA7075-T651 at 5.0 wt. % NaCl aqueous
solution are approximately the same values of about 6.5 ˆ 105, and the corrosion fatigue lives of
AA2024-CZ and AA2024-T4 at 5.0 wt. % NaCl aqueous solution are 1.6ˆ 106, 3ˆ 106, respectively.

3. When the dropping corrosive liquid rate is less than 1.6 mL/min, the effect of dropping liquid
rate on the fatigue performance of AA2024-T4 aluminum alloy cannot be ignored. This is because
the fatigue life at corrosive NaCl liquid rate with 1.6 mL/min is slightly smaller than that at
corrosive NaCl liquid rate with 2.5 mL/min.

4. For the AA2024-CZ aluminum alloy, the crack initiation and propagation life under stress
corrosion mode is much shorter than that under mechanical fatigue mode after prior-corrosion at
the same stress level, in which in the former, the coupling effect of corrosion media and stress
is stronger than that in the latter, even if there are some corrosion pits including the maximum
depth of corrosion pit of about 50–60 µm.
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Abbreviation

α the stress concentration factor (1.08)
E Young’s modulus
HCF high-cyclic fatigue
L geometry sizes of sample
LCH low-cyclic fatigue
g acceleration of gravity (9.8 m/s2)
R stress ratio
Re surface roughness
Nf number of cycles to failure
σ engineering stress amplitude (MPa)
σ0.2 the material’s offset yield strength
σb the tensile strength
δ the percentage elongation
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