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To investigate the effect of alternate corrosion and fatigue on fatigue crack growth characterization of 2024-T4 aluminum alloy, the
pure fatigue test, “corrosion + fatigue” test (commonly known as pre-corrosion fatigue), and the “fatigue + corrosion + fatigue”
alternating test of single-sided notched specimen of 2024-T4 aluminum alloy were carried out. The fatigue crack life of alternate
corrosion and fatigue is longer than that of the pre-corrosion fatigue when the corrosion time is the same. And the more the times
of alternating, the longer the crack growth life will be. This is mainly because the fatigue crack growth rate will change suddenly,
which will have a certain hysteresis effect on the fatigue crack growth. The corrosion and fracture morphology characteristics of
the alternate test were examined by scanning electron microscopy (SEM), and the composition of corrosion products was
examined by the energy dispersion spectrum (EDS). The prediction model of fatigue crack growth rate considering the alternating
hysteresis effect of corrosion and fatigue based on the Paris formula was established, and the parameters and precision of the

model were calculated and verified. The results show that the model has certain engineering application value.

1. Introduction

2024-T4 aluminum alloy is extensively applied considering its
properties of high strength ratio, low density, and brilliant heat
performance [1-4]. When an aircraft aluminum alloy structure
is subjected to fatigue load and corrosion environment, the
main form of material damage is corrosion fatigue damage [5].
Under the action of corrosion and fatigue, the mechanical
properties, fatigue life, and fatigue crack growth life of the
materials decrease greatly. The fatigue properties of aircraft
structural materials under the action of corrosion are affected
by the experimental loading frequency, stress ratio, stress level,
and environmental factors, which have attracted the attention
of many researchers [6]. Many researchers had reported that
environmental factors enhance the development of corrosion,
making the corrosion fatigue interaction acutely pertinent to
the structural integrity of airframes based in sea-coast or
marine environments [7-13]. Many scholars have established
corrosion fatigue life prediction models for a variety of ma-
terials [14-18].

Li et al. [19] examined the initiation and early expansion
of microcracks at corrosion pits with the Scanning Electron
Microscope (SEM). The results showed a number of crack
origins around the pits and the early expansion of fatigue
crack was K;/K;; mixed mode. Menan and Henaff [20]
carried out corrosion fatigue tests on 2024 aluminum alloy
in different corrosion environments. It was demonstrated
that fatigue and corrosion had a synergistic effect on crack
growth. The methods and related factors were discussed to
calculate fatigue crack growth [21-24]. Huang et al. [25]
conducted pre-corrosion fatigue tests on 7075-T6 aluminum
alloy and analyzed correlated coeflicients for corrosion
cracks and cracks according to the Pearson method. The
equivalent crack size model was developed for both single
crack and multicrack initiations with different stress levels.
Ishihara et al. [26] proposed a pit depth function of both
stress and corrosion time. It was demonstrated that a
threshold stress could divide the specimen life into crack
initiation and crack propagation, and pit growth rule could
help to predict the fatigue life. Huang et al. [27] performed a
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corrosion fatigue experiment to study the pitting behaviors
under both proportional and nonproportional loadings.
The results showed that, for the proportion case, the pitting
condition was more serious. The research on the damage
evolution mechanism of materials under the action of
corrosion fatigue and the influence of test parameters on
the corrosion fatigue properties of materials has not been
carried out. Life models that take into account various
environmental factors and stress levels have not been
established.

Alternate corrosion and fatigue refer to the process of
alternating corrosion tests and fatigue tests for aircraft
structures or materials. The damage state of the aircraft in-
service environment is simulated by the alternate corrosion
fatigue test mode, that is, the alternate process of corrosion
on ground and fatigue in air. During high-altitude flights,
the damage caused by fatigue loading is predominant, and
the effect of corrosion damage in the high-altitude envi-
ronment is negligible for the thin air and low temperature.
However, when the aircraft parks in the airport, there is no
fatigue loading, and the structural damage caused by cor-
rosion is pronounced. Therefore, the process in which
the aircraft is subjected to the alternating action of corrosion
and fatigue can be simulated as the mode of “Corrosion +
Fatigue + Corrosion + Fatigue + . ...” Considering that the
aircraft will soon reach the high-altitude environment of
more than 3000m after take-off, the alternate mode of
“Ground Corrosion + Air Fatigue” is generally adopted. And
that is the pre-corrosion fatigue model. However, if there are
many low-altitude flight subjects at sea, the alternate action
model of corrosion and fatigue should be considered. Menan
and Henaft [28] discussed the influence of loading frequency
and alternate mode on the corrosion fatigue crack growth. Li
etal. [29] used 7B04 aluminum alloy to carry out an alternate
test of corrosion and fatigue with the purpose of investi-
gating the reliability of life. Vucko et al. [30] evaluated fa-
tigue performance of joined assemblies in a corrosion
environment with alternate corrosion fatigue mode. The
fatigue characteristics of 2024 aluminum alloy under the
alternate action of “Fatigue + Corrosion + Fatigue” were
analyzed earlier by Du [31]. It is found that the fatigue life of
specimens under the alternating action of corrosion and
fatigue is longer than that under the action of pre-corrosion
when the specimens experience the same corrosion time.
Further study found that the main reason for the long life
under the alternating action of corrosion and fatigue was
that the corrosion of the microcrack tip during the alter-
nating action of corrosion and fatigue reduced the damage
on the surface of the specimens. At present, there is little
research on the prediction model of aircraft aluminum alloy
life under the alternating action of corrosion fatigue. The
influence of fatigue loading times and corrosion time on the
life of alternating corrosion fatigue should be further
studied.

In the process of crack growth, the typical fatigue crack
growth curve can be divided into three parts according to the
crack formation stage, growth stage, and rapid fracture stage.
The crack formation stage is a low-speed region, in which the
crack growth rate decreases rapidly with the decrease of the
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amplitude of stress intensity factor. The steady growth
stage of the crack is the medium speed region where the
crack growth rate has a good logarithmic linear rela-
tionship with the amplitude of the stress intensity factor.
The fracture stage of the crack is a high-speed region,
where the fatigue crack growth rate is large and the crack
life is short. References [32, 33]show that the dispersion of
fatigue crack propagation is largely caused by the complex
environment, stress ratio, and load history. The dispersion
of the crack in the stable growth stage is obviously less
than that in the formation stage and the rapid fracture
stage. Kim and Shim [34] studied the thickness effect of
dispersion of fatigue crack propagation. The results show
that the dispersion of the crack growth rate increases with
the decrease of specimen thickness. Gary Harlow and Wei
[35] conducted a reliability analysis on the formation of
microcracks in aluminum alloy and steel under the action
of corrosion and fatigue and established the probability
model of microcrack growth. Zhu et al. [36-39] modified
the original Fokker-Planck formula by Markov stochastic
process and established the statistics of the crack growth
process. Tsurui and Ishikawa [40] also proposed a random
fatigue crack growth model similar to Lin’s and studied
the reliability of the crack growth process. Bogdanoff and
Kozin [41] used Markov chain theory to study the random
process of crack initiation and crack propagation. Wu
et al. [42-44] established a universal method to analyze
the randomness of crack growth by using a distance
approximation method. The effect of corrosion environ-
mental factors on multiaxial fatigue properties was
studied, and accelerated alternate corrosion multiaxial
fatigue tests were carried out in [45]. In the study of
corrosion fatigue alternation, the main research focuses
on the fracture characteristics of materials, but there are
few studies on the crack growth characteristics under the
action of corrosion fatigue alternation.

The pure fatigue test, “corrosion + fatigue” test (com-
monly known as pre-corrosion fatigue) and the
“fatigue + corrosion + fatigue” alternating test of a single-
sided notched specimen of 2024-T4 aluminum alloy were
carried out in this paper. The effects of different corrosion
periods of time and different alternating times of corrosion
and fatigue on the fatigue properties, crack propagation, and
microstructure of aircraft aluminum alloy were analyzed.
The corrosion and fracture morphology characteristics were
examined by scanning electron microscopy (SEM), and the
composition of corrosion products was examined by the
energy dispersion spectrum (EDS). The prediction model of
fatigue crack growth rate considering the alternating hys-
teresis effect of corrosion and fatigue based on the Paris
formula was established, and the parameters and precision
of the model were calculated and verified. The results show
that the model has certain engineering application value.

2. Experimental Methods

2.1. Specimens. Because the actual service structure is mainly
subjected to tension-tension load, I cracking will be formed
in a dangerous position. Therefore, the single notched
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specimen is used, and the direction of fatigue loading is the
direction of extrusion. The geometry, dimensions, and
loading method of the specimens are shown in Figure 1.

The chemical composition of the 2024-T4 aluminum
alloy is reported in Table 1. The aluminum cladding of the
specimens had been mechanically removed. The chemical
composition of the 2024-T4 aluminum alloy is reported in
Table 1. L, T, and S indicate, respectively, the longitudinal,
long transverse, and short transverse directions of the grain’s
microstructure, as shown in Figure 1. In order to make the
corrosion effect more consistent with the real environment,
the specimens were anodized in sulfuric acid and sealed with
hot water. The final thickness of the anodic oxide film was
8 ym.

In order to study the fatigue crack growth character-
ization under alternate action of corrosion and fatigue, it is
necessary to prefabricate the crack at the gap of the speci-
mens. The prefabricated cracks of the specimens were
formed by linear cutting and fatigue loading. The tip of the
prefabricated crack was perpendicular to the extrusion di-
rection of the aluminum plate, and it was a straight pene-
tration crack. The surface of the sample was polished with
1200# metallographic sandpaper, which was easy to observe
the length of crack growth with the crack measuring device.
The length of the prefabricated crack was 1.5 mm, the load
used for the prefabricated crack was equal amplitude si-
nusoidal tension-tension load of 50 Mpa, and the stress ratio
was 0.06.

2.2. Alternate Experiment. Tension and tension fatigue tests
were conducted under a sine load waveform at constant
cyclic stress frequency (f=20Hz) on the MTS 810 servo
hydraulic test machine (MTS Systems Co., USA). The stress
amplitude applied in the fatigue test was 50 MPa and stress
ratio R was 0.06. According to ISO 16151 : 2005 standard, the
accelerated cyclic tests with exposure to acidified salt spray,
“dry” and “wet” conditions corrosion, were conducted. Each
cyclic test lasted 8 hours, and the experimental temperature
and humidity settings are shown in Figure 2. The solution
used for the corrosion investigations was made of 5% NaCl
(pH=3.5+0.1) using distilled water and the deposited salt
spray was 2ml/(h-80 cm?). The components and concen-
trations of the corrosion media of the accelerated corrosion
solution are shown in Table 2.

The alternate corrosion and fatigue specimens were
divided into three groups. The specimens for the pure
fatigue test were the first group. The specimens for the pre-
corrosion fatigue test were the second group, and the pre-
corrosion test was carried out for 128h and 192h, re-
spectively, before fatigue test. The specimens for the al-
ternate corrosion and fatigue test were the third group. The
total corrosion time and the plan of the experiment are
shown in Table 3. For example, a 48 h spray corrosion test
was carried out when the crack grows to 5mm, 7 mm, and
9mm in group 3-3.

The thickness of the specimen is 2 mm, and the fatigue
cracks are almost penetration cracks. Therefore, the surface
crack length along the thickness of the specimen can be read

S direction

T diréction L direction

FIGURE 1: Geometry, dimensions, and loading method of
specimens.

TaBLE 1: Chemical composition (wt. %) of the 2024-T4 aluminum
alloy.

Element Si  Fe
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fraction (%)
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FIGURE 2: Temperature of the corrosion solution and drying en-
vironment, and humidity of the drying environment during cyclic
immersion.

TaBLE 2: The components and concentrations of the corrosion
media of the accelerated corrosion solution.

Corrosive medium Concentration
H,SO, (mol/L) 4,06E-03
HNO; (mol/L) 9.19E-02

NacCl (g/g) 5%
Distilled water —

as the crack growth length of the specimen during the fatigue
crack growth test. The length of the prefabricated crack is
taken as the initial position before the crack growth. When
the crack extends 1.5 mm forward from the initial position,
the number of cycles is calculated as zero.
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TaBLE 3: The corroded time and alternate times of the test.
Alternfate Corrosion time of Crack .
corrosion . Alternate times
. each alternation (h) length (mm)
and fatigue
3-1 96 5 2
3-2 64 59 3
3-3 48 57,9 4
3-4 64 5 2
3-5 42.6 59 3
3-6 32 57,9 4

3. Results and Discussions

3.1. Surface Appearance and Characterization. The slices of
fatigue fracture after alternate action between corrosion and
fatigue test were ground with a 1200 grit SiC paper. And the
corrosion and fracture morphology characteristics were
examined by scanning electron microscopy (SEM) and the
composition of corrosion products was examined by energy
dispersion spectrum (EDS) as shown in Figure 3. After
alternating corrosion fatigue, the crack growth region of the
specimen fracture was divided into three parts as shown in
Figure 3(a): the first part is the corrosion area of the crack tip
formed by the exposed part of the crack tip after corrosion
test; the second part is the corrosion area of slip band, which
is generated by the corrosion of the slip band at the crack tip
along the crack growth direction during the corrosion
process; The first part and the second part can be collectively
referred to as the crack tip corrosion area. The third part is
the fatigue growth region of the crack.

The corrosion region at the crack tip shows different
surface characteristics from the fatigue growth region as
shown in Figure 3(c). Due to the effect of corrosion, the
crack section is dark and there are a lot of corrosion products
on the surface in the corrosion area at the crack tip. From
Figure 3(e), it can be seen that the pitting is very dense at the
crack tip. And the corrosion products on the surface cracked,
forming lumps with filamentous corrosion products being
covered. Figure 3(f) shows that the filamentous corrosion
products were composed of amorphous particles connected
to each other and that the structure was loose, allowing
easier absorption of water from the atmosphere. The mass
percentage ratio of Al to O in area @ of Figure 3(f), resulting
from the EDS analysis, was used to determine that the fil-
amentous corrosion products and the amorphous particles
were also AI(OH);. And it also can be seen that, with the
accumulation of corrosion products, the crack tip also
produces secondary cracks.

The corrosion region of the slip band of crack growth
fracture was observed after the alternating action of cor-
rosion and fatigue, as shown in Figure 3(b). The presence of
Si and Ca in the EDS analysis of area @ indicated that spray
corrosion sediments contained those two elements. And the
obvious characteristics of the slip band can be seen as shown
in Figure 3(Db).

The growth region of crack would produce dimples after
the alternating test of corrosion and fatigue as shown in
Figure 3(d). Due to the existence of two-phase particles and
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high potential at the dimple, corrosion occurs first and a
large number of corrosion products are produced. As for the
fatigue crack growth region, the crack growth morphology is
the same as that under the pure fatigue action because it is
only affected by the fatigue load.

The strength and fatigue resistance of materials are re-
duced after corrosion as proved by relevant investigations.
Since the initial cracks of the specimens used in the test were
obtained through fatigue loading, plastic region and a large
number of slip bands will be formed at the tip of the crack
after the initial crack preparation is completed. When there
were cracks under the action of the corrosion environment,
the slip bands and plastic regions at the crack tip become
anode under the corrosion environment and corroded first
due to their high potential. It is different from the action of
pure fatigue. Under the action of corrosion, the plastic region
and slip bands of the material dissolve continuously, and a
large number of corrosion products are formed at the crack
tip. With the accumulation of corrosion products, a local
block cell will be formed at the crack tip, and the corrosion
region of the slip band of the crack tip will be formed as shown
in Figure 3(b). Compared with the crack growth region of
pure fatigue, the number of slip bands generated after the
alternation of corrosion fatigue will gradually disappear and
decrease sharply, and a large number of corrosion products
will be formed in the original slip region.

3.2. Crack Propagation Life. The average fatigue crack
growth life of specimens in pure fatigue, pre-corrosion, and
different alternating times of corrosion and fatigue was
compared and analyzed, as shown in Figure 4. The alter-
nating times of pre-corrosion tests are regarded as 1.

As can be seen from Figure 4, the average fatigue crack
growth life of specimens decreases with the increase of
corrosion time. At 128 hours of pre-corrosion test and 192
hours of the pre-corrosion test, the fatigue crack growth
life of specimens decreases by 34.3% and 24.6%, respec-
tively. In the alternate test of corrosion and fatigue, the
average growth life of fatigue crack increases with the
increase of the number of alternate times. When the total
corrosion time is 128 hours and the number of alternate
times is 2 times, the average fatigue crack growth life of the
specimens is reduced by 22.5% compared with 128 hours
of the pre-corrosion test. When the total corrosion time is
192 hours and the number of alternate times is 2 times, the
average fatigue crack growth life of the specimens is re-
duced by 11.4% compared with 192 hours of the pre-
corrosion test. In other words, when the alternating times
of corrosion and fatigue are 2 times, the average fatigue
crack growth life of the alternate specimen is reduced
compared with the average crack growth life of the pre-
corrosion specimen with the same corrosion time. When
the alternating times of corrosion fatigue are 3, the average
fatigue crack growth life of the alternate corrosion and
fatigue specimens corrosion is basically equal to the av-
erage crack growth life of the pre-corrosion specimen.
When the alternating times of corrosion fatigue are 4 and
the total corrosion time is 128 hours, the average fatigue
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F1Gure 3: EDS data of corrosion products and microscopic morphology of specimen fracture: (a) microscopic morphology of specimen
fracture; (b) local enlarged morphology of slip band and the EDS data of area ; (c) local enlarged morphology of corrosion region at crack
tip and fatigue crack growth region; (d) local enlarged morphology of fatigue crack growth region; (e) local enlarged morphology of (c); (f)

local enlarged morphology of (e) and the EDS data of area @.

crack growth life of the specimens is increased by 27.82%
compared with the average fatigue crack growth life of the
pre-corrosion test. When the alternating times of corro-
sion fatigue are 4 and the total corrosion time is 192 hours,
the average fatigue crack growth life of the specimens is
increased largely by 48.18% compared with the average
fatigue crack growth life of the pre-corrosion test. The
corrosion time of group 3-3 is 192 hours, which is longer
than the specimens with 128 hours of pre-corrosion, but
the average crack growth life is longer. Therefore, in the
alternating test of corrosion and fatigue, the fatigue crack
growth life of the specimen is not only affected by the total
corrosion time but also affected by the alternating times of
corrosion and fatigue. And with the increase of the al-
ternating times of corrosion and fatigue, the fatigue crack
propagation life increases significantly.

3.3. Crack Propagation Rate. According to the crack growth
data recorded by the test results, the seven-point increasing
polynomial method and linear interpolation method are

used to calculate the crack growth rate under different crack
lengths, and the results are shown in Figures 5-13.

As can be seen from Figures 5-7, the fatigue crack
growth rate of the pre-corrosion fatigue test is similar to that
of the pure fatigue test. The fatigue crack growth rate in-
creases with the increase of the fatigue crack length, and the
fatigue crack growth rate of the pre-corrosion fatigue test is
higher than that of the pure fatigue test at the same crack
length. The crack growth rate of pre-corrosion fatigue test is
10~* magnitude, while that of pure fatigue test is 107°
magnitude. Corrosion action will greatly increase the rate of
crack growth. It can be clearly seen from Figures 8-13 that
the fatigue crack growth rate is not continuous during the
test of alternate corrosion and fatigue. The fatigue crack
length during the test of alternate corrosion and fatigue will
suddenly decrease, and the fatigue crack growth rate will
increase rapidly in the subsequent fatigue process.

The test of alternate corrosion and fatigue has a hys-
teresis effect on the fatigue life of aluminum alloy. Similarly,
the test alternate corrosion and fatigue has a hysteresis effect
on the fatigue crack growth rate. The characteristics of crack
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FiGure 5: Crack growth rate at a given crack length in the pure
fatigue test.

growth rate of the alternating action of corrosion and fatigue
are closely related to the microscopic characteristics of fa-
tigue crack growth.

Because the corrosion conditions of the corrosion test
were conducted in the salt spray chamber, the factors of the
corrosion test environment were constant. Therefore, cor-
rosion action will further develop towards the direction of
fatigue crack growth with the increase of corrosion time. The
original plastic region and slip bands at the crack tip will
further dissolve and the plastic region at the crack tip will
lose its hysteresis effect on the fatigue crack growth.
Therefore, the energy required for fatigue crack growth is
greatly reduced, leading to a significant increase in fatigue
crack growth rate.
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FIGURE 6: Crack growth rate at a given crack length in the pre-
corrosion fatigue test when corrosion hours are 128 h.
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Figure 7: Crack growth rate at a given crack length in the pre-
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In the process of fatigue crack growth, the fatigue crack
growth rate will suddenly change under the alternating
action of corrosion and fatigue, and the fatigue crack growth
rate will suddenly decrease. This is different from the pre-
corrosion fatigue test. This is because, in the test of alternate
corrosion and fatigue process, the plastic region and slip
bands at the crack tip will be corroded preferentially with
each action of corrosion. When the specimen is subjected to
fatigue action again, the slip band needs to be reformed at
the crack tip, and the fatigue crack can be extended forward
through the accumulation of slip bands. It is found that the
energy required to form a new slip band during fatigue crack
growth process is greater than the energy required to extend
forward on the basis of the original slip band. The schematic
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diagram of the stress field at the crack tip can be seen from
Figure 14.

Therefore, in the alternating process, the fatigue crack
growth rate at the crack tip will decrease suddenly after
corrosion action. With the growth of fatigue crack length,
the influence of alternating action of corrosion on slip bands
and fatigue crack growth is gradually weakened. In addition,
the more times the corrosion fatigue alternates, the lower the
fatigue crack growth rate will be at the position where the
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FiGure 10: Crack growth rate at a given crack length when alternate
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FiGure 11: Crack growth rate at a given crack length when alternate
time is 2 and corrosion hours are 128 h.

fatigue cracks propagated again in the case of the same
corrosion time. That is, the more the alternating times of
corrosion and fatigue, the more obvious the retardation
effect of corrosion on fatigue crack growth.

The pre-corrosion fatigue test is compared with the
alternating corrosion fatigue test when the total corrosion
time is the same. The average fatigue crack growth rate at
different crack lengths was compared, as shown in Figures 15
and 16.

As can be seen from Figures 15 and 16, the fatigue crack
growth rate increased rapidly after alternating action of
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time is 3 and corrosion hours are 128 h.
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FiGure 13: Crack growth rate at a given crack length when alternate
time is 4 and corrosion hours are 128 h.

corrosion and fatigue experiment. When the alternating
times were 2, the fatigue crack growth rate was suddenly
changed at 5mm, which was due to the hysteresis effect of
corrosion on the fatigue crack growth. The fatigue crack
growth rate reached the maximum when the crack length
was 12 mm, which was far greater than in other cases. When
the alternating times were 3, the fatigue crack growth rate
was suddenly changed at 5mm and 9 mm, and the fatigue
crack growth rate at 9 mm was significantly higher than that
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FIGURE 14: The schematic diagram of the stress field at the crack tip.

at 5mm. When the alternating times were 4, the fatigue
crack growth rate suddenly changed at 5mm, 9 mm, and
12 mm, and the fatigue crack growth rate increased steadily
with the increase of fatigue crack length.

4. Fatigue Crack Growth Model under Alternate
Corrosion and Fatigue

4.1. Fatigue Crack Growth Model. The characteristics of
fatigue crack growth under the alternating test of corrosion
and fatigue are different from those of pure fatigue test and
pre-corrosion fatigue test. The main reason is that the fatigue
crack growth rate will change suddenly under the alternating
action of corrosion and fatigue, which will have a certain
hysteresis effect on the fatigue crack growth. In the alter-
nating process, corrosion will first have a corrosive effect on
the crack tip. Under the action of corrosion, corrosion pits
will be formed in the plastic region and slip bands of the
crack tip, as shown in Figure 17. Because of the existence of
corrosion pits at the crack tip, the crack tip loses its blocking
effect on the fatigue crack growth. This is equivalent to
extending the tip of the crack forward by da, where da is the
depth of the corrosion pit along the crack.

It has been proved that the depth of the corrosion pit for
aluminum alloy is proportional to the cube root of the time
of corrosion. b is the parameter related to material and
environment, and ¢ is the time of corrosion.

d = da = bt'?. (1)

There are three commonly used corrosion pit models:
nonlinear model, linear model, and phenomenon model.

d = at? (nonlinear model),
d = A + bt® (linear model), (2)

d = at® - ¢ (phenomenon model).

There are many models to describe the fatigue crack
growth rate, such as the Forman equation, Wheeler model,
and Willenborg model. Paris formula is the most commonly
used fatigue crack growth rate model. AK is the amplitude of
stress intensity factor, and C and n are material constants,
respectively.
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FiGure 15: The average fatigue crack growth rate at different crack lengths (the total corrosion time is 192 hours).
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F1GURE 16: The average fatigue crack growth rate at different crack lengths (the total corrosion time is 128 hours).
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Ce—

FIGURe 17: The schematic diagram of the dissolution process of the crack tip under the action of corrosion.

da ., The formula for calculating the amplitude of stress in-
(w) =C(AK)". (3)  tensity factor can be expressed as the following formula. Ac
is the magnitude of the stress amplitude.
For the stress field near the crack tip, the stress intensity

factor can be calculated by formula (4). ¢ is the stress, Fis the AK = AoF~/ma. (5)
gf;)g(letrlc correction factor, and a is the actual length of the For specimens with unilateral notch cracks, the geo-

metric correction factor F can be calculated according to the
K = oF+/na. (4)  following equation. W is the width of the specimen.
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4
a ) , 0857 +0.265 (a/W) ©)

F= 0.265<1 v RIS

In the process of alternate corrosion and fatigue, the
geometric correction coeflicient of the specimen where the
crack length is a can be expressed by the following
equation:

, a+da\’
F =0.265(1- W +

0.857 + 0.265 ((a + da)/W)
(1- ((a+da)/W)'*

(7)

The magnitude of stress intensity factor after corrosion
can be expressed by the following formula:

AK' = AcF'\/n(a + 8a). (8)

Because the alternating action of corrosion fatigue has a
hysteresis effect on crack growth, and the hysteresis effect is
determined by the corrosion time t, the concept of hysteresis
factor is introduced. The hysteresis factor A reflects the
hysteresis effect of corrosion on crack growth in alternating
tests and it is a function of corrosion time in alternating tests.
Meanwhile, the material and environment parameters C and
n in the crack growth formula are the parameters related to
corrosion time. Therefore, the fatigue crack growth rate can
be expressed by the following formula in the alternate test of
corrosion and fatigue:

([ (da o
(dN> =C(AK")",
C= Acf (tZ)’
(9)

n= Ang (tZ)’

Ac = h(tl)’

L /\n = l(tl)'

In formula (9), the corrosion time of C and n is
composed of two parts. t; is the alternating corrosion
time of the alternate test of corrosion and fatigue at a
certain crack length, and t, is the corrosion time of the
specimen after the alternate test of corrosion and fatigue
at a certain crack length. f(,) reflects the effect of pre-
corrosion on the substrate of the specimen, and f(t;)
reflects the effect of corrosion on the performance of the
specimen in the alternating process. After the logarithmic
operation of formula (9), the following formula can be
further obtained:

da

log<w) =log C +n log (AK"). (10)

Therefore, the equations of fatigue crack growth rate can
be expressed by the following formula when the alternate test
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of corrosion and fatigue is applied to multiple crack lengths
in the process of fatigue crack growth:

(da -
d—}\}:Cl (AK))" (a, <a<a,),
d "
d—‘22 =G, (AKy)" (a2 a<ay),
] dN (11)
dai n;
AN Ci(AK)" (2 sas<a).

4.2. Determination of Model Parameters and Verification of
Accuracy. To determine the fatigue crack growth model of
different alternate specimens of corrosion and fatigue, it is
first necessary to determine the degree of corrosion at the
tip of different specimens under different alternating
corrosion times. That is to determine the corrosion pit
depth of crack tip under different corrosion periods of
time. In order to determine the relationship between
corrosion pit depth and corrosion time, it is necessary to
carry out the fatigue crack growth test under specific fa-
tigue crack length and different corrosion periods of time.
The depth of the corrosion pit was determined by mi-
croscopic measurement after the test. When the crack is
equal to 5mm, the corrosion tests will be conducted for
different corrosion periods of time. The groups of speci-
mens are shown in Table 4. The fatigue test was carried out
on the groups of the specimens until fracture after the
completion of the corrosion test.

The number of specimens in each group is 5. The slices of
fatigue fracture of the specimens after alternate action be-
tween corrosion and fatigue test were ground with a 1200
grit SiC paper and cleaned by ultrasonic wave using carbon
tetrachloride. As can be seen from Figure 3(a), the corrosion
region of the slip band is the measurement region of the
corrosion depth of the fatigue crack tip after the corrosion
test when the crack length is 5 mm. The corrosion depth at
the crack tip of different groups of specimens was measured
by using an electron microscope. The measurement results
are shown in Table 5.

According to the measured data and the length of the
corrosion time, the least-square method was used to fit
formula (1), and the relationship between the corrosion
depth at the fatigue crack tip and the corrosion time was
obtained as shown in Figure 18.

d = 0.00981¢%%1%, (12)

The correlation coefficient R =0.94977 is well correlated
with the experimental results. With the increase of corrosion
time, the depth of corrosion gradually increases.

The pre-corrosion test without the alternate test of
corrosion and fatigue was conducted on the specimens of
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TaBLE 4: The measurement test of corrosion depth at the crack tip.

The crack length before

. Corrosion time
corrosion test (mm)

Measurement test

4-1 5 96 h
4-2 5 128h
4-3 5 192h

TaBLE 5: Measurement results of corrosion depth at the fatigue
crack tip.

The corrosion depth at fatigue

The groups of specimens crack tip (mm)

4-1 0.049 0.063 0.052 0.058 0.064
4-2 0.066 0.074 0.069 0.061 0.072
4-3 0.081 0.078 0.071 0.074 0.077
0.085
0.080 |- ©
- 8
0075} s
g L
E o070} °
=
5 0.065 |
g g d =0.00981(°315
‘g 0.060 - R =0.94977
= Q
Q i L
© 0.055 |
i O
0.050 - 5
0.045 L L L L L
80 100 120 140 160 180 200

Corrosion time (hours)

O Measured data
—— Average data

FIGURE 18: The test results and fitting curve between corrosion
depth and corrosion time.

group 2-1 and group 2-2 only. Therefore, f(t,) of the
specimens of group 2-1 and group 2-2 was 0.

The crack growth rates in group 1-1, group 2-1, and
group 2-2 at different crack lengths are shown in Figures 19
and 20. The least-square method was used to fit the fatigue
crack growth equations of group 1-1, group 2-1, and group
2-2, as shown in Table 6. The C and n values of each ex-
perimental group are shown in Table 7.

By using the least-square method to fit the equation of C
and 7 related to the corrosion time, the change rule of C and
n with the corrosion time f, can be expressed as the following
equation. The correlation coefficient of C is 0.9807 and the
correlation coeflicient of n is 0.9838.

C=f(t,)=6E’t+1E "t,+2E°, (13)

n=g(t,) = —0.02t, + 1.925. (14)

11
3.0x107
25x107 | e
<5 20x107 R
& ’
= R
E 15x107 |
3 p
=
1L0x 107
e
~'® Crack growth rates at crack lengths
i e of 3,5,7,9, and 12mm, respectivel
50x108 b g p y
Il Il Il Il Il
4 6 8 10 12 14
AK (MPavm)

® Pure fatigue test

F1GURE 19: The crack growth rate in group 1-1 at different crack
lengths.
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FiGUre 20: The crack growth rate in group 2-1 and group 2-2 at
different crack lengths.

According to the experimental results of group 3-1,
group 3-2 and, group 3-3 in the alternate test of corrosion
and fatigue when the fatigue crack length is 5 mm, the fatigue
crack growth rate at the specific crack length was calculated
as shown in Figure 21.

The experimental results were substituted into formula
(10) to calculate material and environmental parameters C
and n with different fatigue crack lengths by using the least
square method and linear interpolation. Then, the fatigue
crack growth equations of group 3-1, group 3-2, and group
3-3 are shown in Table 8. And Table 9 shows the values of C
and n of each experimental group.

According to formulas (13) and (14), the values of C and
n corresponding to the corrosion time of group 3-1, group
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TaBLE 6: The fatigue crack growth rate equations of group 1-1, group 2-1, and group 2-2.
Group Corrosion time Crack growth rate equations Correlation coeflicient
1-1 0 log(da/dN) = 1.9131 log (AK) — 8.7125 0.9909
2-1 128h log (da/dN) = 1.6405 log(AK) — 5.4563 0.988
2-2 192h log(da/dN) = 1.4211 log (AK) — 5.1921 0.9863
TaBLE 7: The values of C and 7 in group 1-1, group 2-1 ,and group 2-2.
Group Corrosion time C n
1-1 0 1.93865E-09 1.9131
2-1 128h 3.49704E-06 1.6405
2-2 192h 6.4254E-06 1.4211
(A= L3739E-° (1 +1,)*¥™,
16104 | -m ¢ (1+1))
—4 P -
14x10™* | e v R? =0.9973,
2 12x107* | - e 1 (15)
% L L3 . - t
B loxi04 | - T A A, = 11.2777 « (0.87674)",
g P ey -
E -5 . LT
z 8O0 me AT [ R? = 0.9869,
3 i -2
S 6.0x107° | PRVt d
L PR [ da
B e . Crack growth rates at crack lengths Lo (AKNY" (a, <a<a ,
40x107° A 7 of 5, 6, and 7mm, respectively. dN ! ( 1) ( L= 2)
5 I R Total time of corrosion is 192h.
20x10™ | v’ da
1 1 1 1 1 1 1 1 1 2 _ I\
70 72 74 76 78 80 82 84 86 88 9.0 Jan~ C,(8Ky)" (ay<a<ay), (16)
AK (MPaVm)
m Alternate 2 times of corrosion fatigue
A Alternate 3 times of corrosion fatigue da.
¥ Alternate 4 times of corrosion fatigue | d_I\; =C; (AK;)ni (ai—l <a< a,-).

FiGure 21: The crack growth rate in group 3-1, group 3-2, and
group 3-3 at different crack lengths.

3-2, and group 3-3 before the alternate test of corrosion and
fatigue can be obtained when the fatigue crack length is
5 mm. Therefore, the values of C and » under the action of
alternate corrosion and fatigue can be further calculated, as
shown in Table 10.

According to the least square method, the hysteresis
factor and the corrosion time of alternating action are fitted,
and the fitting results can be expressed by the following
formula as shown in (15). The group of formulas of (16)
represents the equation of fatigue crack growth rate under
the alternating action of corrosion and fatigue. In the group
of formulas of (16), (da;/dN) = C;(AK")", C; = A, (6E~°t3
+1E 7ty + 2E%),n; = A,; (—0.02t,; + 1.925), A ; = 1.3739E"°
(1+1t,;)>*7* and A,; = 11.2777 + (0.87674)". It can be seen
that, in the process of alternating corrosion and fatigue, the
fatigue crack growth rate is not only determined by the
length of fatigue crack but also affected by the corrosion
time and the alternate time of corrosion and fatigue. The
effect rule is shown in Figures 20 and 21. As the total
corrosion time increases, the material constants C and n
increase rapidly.

When the fatigue crack length was 5 mm, the specimens
of group 3-4 were subjected to the alternate test of corrosion
and fatigue, and the total test time after the alternate test of
corrosion and fatigue was 64 hours. According to the ex-
perimental record results and Tables 6-8, the fatigue crack
growth rate of the specimens in group 3-4 was calculated by
using the established prediction model when the fatigue
crack length was 7 mm, 9 mm, and 12 mm after the alternate
action of corrosion and fatigue when the fatigue crack length
was 5 mm. And the calculated result was compared with the
experimental results as shown in Table 11. And the effects of
alternate time of corrosion and fatigue and total corrosion
time on material constant of C and n are shown in Figures 22
and 23.

As can be seen from Table 11, the prediction error
between the experimental results and the predicted re-
sults from the model of the fatigue crack growth rate is
little. When the fatigue crack length is 9 mm, the pre-
dicted result is larger than the actual fatigue crack
growth rate. When the crack grows to 10 mm, the pre-
diction results are smaller than the experimental results,
but the prediction error all satisfied the actual engi-
neering application requirements. In particular, the
prediction of fatigue crack growth rate after alternate
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TaBLE 8: The equations of fatigue crack growth rate of group 3-1, group 3-2, and group 3-3.

Specimen Equations of fatigue crack growth rate Correlation coefficient
3-1 log(da/dN) = 4.0053 log (AK) — 7.5519 0.896
3-2 log(da/dN) = 5.0504 log (AK) — 8.7242 0.9353
3-3 log(da/dN) =9.3121 log(AK) — 12.658 0.9951

TaBLE 9: The values of C and n of group 3-1, group 3-2, and group 3-3 before the alternate test of corrosion and fatigue.

Specimen Corrosion time of each alternate cycle (h) C n

3-1 96 2.80608E—-08 4.0053
3-2 64 1.88712E-09 5.0504
3-3 48 2.19786E-13 9.3121

TaBLE 10: The values of C and n of group 3-1, group 3-2, and group 3-3 after the alternate test of corrosion and fatigue.

Specimen C (after alternate test) (E) n (after alternate test) A A,
3-1 5.858-6 1.445 4.79E-03 2.771834
3-2 3.138-6 1.605 6.01E-04 3.146667
3-3 2.066-6 1.685 1.06E-07 5.526469
TaBLE 11: The comparison of the fatigue crack growth rate between prediction results and experimental results.
Crack Experimental Prediction Prediction
length
result result error (%)
(mm)
9 5.19 E~> (mm/N) 5.30 E~5 (mm/N) 2.07
10 11.19 E~° (mm/N) 8.74 E~° (mm/N) -21.9
11 17.52 E-5 (mm/N) 14.56 E-5 (mm/N) -16.9
12 28.34 E~° (mm/N) 23.95 E~° (mm/N) -15.5
C n
1.240 o 21.80
1.2 1.102 19.44
1.0 0.9644 17.09
0.8267 14.73
c 08 0.6889 12.38
0.6 0.5511 10.02
0.4133 7.667
0.4 0.2756 5.311
0.2 0.1378 - 2.956
0 - 0.000 0.600
200
100
100 &
) 7 50 50 Q{\O
OlIrS) 00 %Y

FIGURE 22: The effect of alternate time of corrosion and fatigue and
total corrosion time on the material constant of C.

action of corrosion and fatigue is highly accurate. Be-
cause the environmental spectrum used in the process of
alternate process of corrosion and fatigue is the
accelerated environmental spectrum that simulated the
actual atmospheric environment, the established model
of fatigue crack growth rate under the alternate action of
corrosion and fatigue has certain engineering application
value.

FIGURE 23: The effect of alternate time of corrosion and fatigue and
total corrosion time on the material constant of .

5. Conclusions

The fatigue crack growth characterizations of the 2024-T4
aluminum alloy under the alternate action of corrosion and
fatigue were studied by experiments, and the following
conclusions were obtained.

(1) The fatigue crack growth experiments of pure fa-
tigue, pre-corrosion fatigue, and alternate corrosion
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and fatigue of 2024-t4 aluminum alloy were carried
out. And the corrosion test carried out by using the
corrosion accelerated environmental spectrum
simulated the actual atmospheric environment.
The effect of pure fatigue, pre-corrosion fatigue,
and alternate corrosion fatigue on the fatigue crack
growth life of specimens was analyzed. It is found
that the fatigue crack growth life of the specimens
corroded was smaller than that of the specimens
under pure fatigue action. However, the fatigue
crack life of alternate corrosion and fatigue is
longer than that of pre-corrosion fatigue when the
corrosion time is the same. Moreover, the more
times of alternating under the same corrosion
time, the longer the fatigue crack growth life will
be.

(2) The fatigue crack growth rate under corrosion is
much higher than that under pure fatigue. However,
under the alternating action of corrosion and fatigue,
the fatigue crack growth rate of the specimens
presents the characteristic of discontinuous change.
After alternate action of corrosion and fatigue, the
fatigue crack growth rate will decrease suddenly. The
dissolution of the plastic region at the fatigue crack
tip is the main reason for the sudden change of
fatigue crack growth rate.

(3) The hysteresis effect of corrosion on fatigue crack
growth under the alternating action of corrosion
and fatigue is analyzed and the concept of hys-
teresis factor A is introduced. By modifying the
Paris formula, the prediction model of fatigue
crack rate under alternating action of corrosion
and fatigue was established. The parameters C and
n of the fatigue crack growth formula are deter-
mined by the experimental results. The accuracy of
the established crack rate prediction model is
proved by comparing its results with the experi-
mental results. The results show that the prediction
model has a certain value in engineering
application.
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