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In this  study,  a  continuum  damage  mechanics  approach  coupled  with  an  improved  pit  evolution  model
was  proposed  to predict  the  corrosion  fatigue  life  of aluminum  alloy.  The  coupled  elasto-plastic  damage
constitutive  equations  and elastic–plastic  damage  evolution  models  were  adopted  to  evaluate  the  fatigue
damage.  Pit  growth  was  modeled  with  considering  the effects  of  multiaxial  stresses  and  fatigue  damage.
Numerical  simulations  were  then  implemented  using  the  ABAQUS,  and  the  results  were  compared  with
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the  experimental  data.  In  addition,  the  interaction  between  corrosion  and  fatigue  damage  was presented,
and  the  effects  of the stress  level  and  loading  frequency  were  examined.
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. Corrosion fatigue

. Introduction

Aluminum alloys are widely used in the aviation and aerospace
ndustries owing to their superior mechanical performance and
ower density compared with other metals. The fatigue perfor-

ance of an aluminum alloy is one of its most important properties
n practical applications. Many researchers have reported that the
atigue life of an aluminum alloy is highly influenced by environ-

ental factors in addition to the cyclic loading which is usually
iven more attention. Corrosion pits may  be generated and grow
n the surfaces of materials in harsh environments [1,2]. The physi-
al and chemical heterogeneities on the surface, such as inclusions,
aws, and dislocations, play important roles in the formation of
orrosion pits [3,4–8]. Based on the knowledge that the fatigue
ife of metals can be significantly reduced by the presence of cor-
osion pits [5,9,10], the mechanism by which pitting corrosion
nfluences the fatigue crack initiation has been widely studied since
he 1920s. From a qualitative point of view, the effect of pits is
ainly attributed to changes in the material surface morphology,
hich gives rise to stress concentrations. Thus, fatigue cracks tend

o nucleate around corrosion pits [11,12]. However, although quan-

∗ Corresponding author at: Room D604, New Main Building, 37th Xueyuan Road,
eihang University, Beijing, 100191, China.

E-mail address: huweiping@buaa.edu.cn (W.  Hu).

ttp://dx.doi.org/10.1016/j.corsci.2016.10.006
010-938X/© 2016 Elsevier Ltd. All rights reserved.
titative methods are more important than qualitative methods in
engineering applications, it is difficult to build a satisfactory quan-
titative model owing to the complexity of the corrosion fatigue
process. This process includes the stages of pit initiation, pit growth,
crack initiation, and crack propagation. In most cases, pit growth
and crack initiation take up the majority of the corrosion fatigue life
of the components [13]. Thus, predicting the pit-to-crack transition
life is the most critical issue in corrosion fatigue analysis. This is the
focus of this study.

Typically, analysis of the pit-to-crack transition life involves a
pit evolution model and a crack initiation model. For the pit evo-
lution model, many researchers, such as Kondo [14] and Harlow
et al. [15], have assumed that the growth of the pit follows Fara-
day’s law, which assumes that the volumetric growth rate remains
constant during corrosion fatigue. Furthermore, as the volume of
a pit is closely related to its shape, various assumptions concern-
ing pit shape have been examined [16,17–22]. Ghali et al. [16] and
Codaro et al. [17] concluded from experimental observations that
the shapes of pits are influenced by the distribution of corrosion
potential around the pits. After observing the evolution of corrosive
pits of an aluminum alloy under water, Godard et al. [18] concluded
that pits grow at the same rate in any direction and proposed an
assumed hemispherical pit shape. Harlow et al. [19] and Chen et al.

[20] proposed an assumed semi-ellipsoid pit shape based on exper-
imental observations. However, Harlow et al. [19] assumed that
the shape factor, denoted by c/a (where c represents the diameter

dx.doi.org/10.1016/j.corsci.2016.10.006
http://www.sciencedirect.com/science/journal/0010938X
http://www.elsevier.com/locate/corsci
http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2016.10.006&domain=pdf
mailto:huweiping@buaa.edu.cn
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P. Hu et al. / Corrosion Scien

F
a

o
w
o
p
s
c
c
t
o
s
c
h

e
[
h
a
a
a
t
m
i
n
a
t
s
I
r
p
c
t
i
l
i
m
c
c
b
u
i
r
e
e
A
s
i
f
c
s
i
t
t
c
p
r

�S
ig. 1. 2-D profiles of pit shapes for hemispherical and semi-ellipsoid pit shape
ssumptions.

f the pit surface and a represents the depth of pit), is constant,
hereas Chen et al. [20] assumed that the shape factor changes

ver time. Fig. 1 illustrates the two-dimensional (2-D) profiles of
it shapes corresponding to the hemispherical and semi-ellipsoid
hape assumptions. Burns and Kim et al. [21,22] investigated the
orrosion morphology of 7075-T6511 aluminum alloy by using the
rack surface marker-band analysis. They found that at the ini-
ial stage, the surface damage induced by a corrosive environment
ccurred at the constituent particles or along grain boundaries. This
urface damage is characterized by isolated pits with hemispheri-
al shapes, and these pits tend to coalesce to create wider pits with
igh c/a ratios as the exposure time increases.

With respect to the crack initiation, two approaches to mod-
ling the pit-to-crack transition, based on fracture mechanics
5,19,20,23,24] and continuum damage mechanics (CDM) [25],
ave been widely studied. In the fracture mechanics-based
pproach, pits are considered to be equivalent to surface cracks,
nd two models have been proposed—a critical pit size model
nd a model for the competition between the pit growth rate and
he crack growth rate. The critical pit size model seeks to deter-

ine the critical size of the corrosion pit corresponding to crack
nitiation by evaluating the local mechanical condition. Hoepp-
er [26] and Muller [27] suggested that a crack nucleates from

 pit when the stress intensity factor reaches the threshold of
he fatigue crack growth. Chen et al. [20] calculated the critical
tress intensity factor based on the fractographic shape and size.
n contrast, Kondo [14] proposed a competition model for the
elation between the pit growth rate and crack growth rate. He pro-
osed a criterion for crack initiation that depends on whether the
rack growth rate exceeds the pit growth rate. In Kondo’s model,
he crack growth rate is formulated using the fracture mechan-
cs method, while the pit growth rate is modeled via Faraday’s
aw. Fracture mechanics-based models, which provide a theoret-
cal framework for crack nucleation analysis using several fracture

echanics parameters, are convenient for use in practical appli-
ations and predict corrosion fatigue life fairly well. However, the
omplex interaction between the fatigue and pit evolution cannot
e described explicitly. In addition to fracture mechanics, contin-
um damage mechanics plays an important role in addressing this

ssue. In CDM-based approaches, pits are considered to be notches
ather than surface cracks. Sankaran et al. [10] concluded that the
ffects of pitting corrosion on the fatigue life can be related to the
ffects of the equivalent stress concentration factor. Furthermore,
miri et al. [25] presented a CDM model for the pit-to-crack tran-
ition in which the pit is regarded as a notch and the growth of pit
s assumed to follow Faraday’s law. Amiri et al. [25] adopted the
atigue damage evolution model proposed by Xiao et al. [28] for
ases of high-cycle fatigue and validated the applicability of that
imple CDM model. However, the plastic deformation in the vicin-
ty of the pit was not considered in that research. The authors [29] of
he present study have previously proposed a CDM model to study
he pre-corrosion and corrosion fatigue of aluminum alloys, but

hanges in the corrosive morphology during the corrosion fatigue
rocess and plastic fatigue damage were not considered in that
esearch.
ce 113 (2016) 78–90 79

Another important issue in pit evolution is the development of a
numerical method for simulating the metal dissolution that occurs
during the corrosion process. It is difficult to simulate the evolu-
tion of the pit morphology because the movement of the corrosion
interface can be very rapid and therefore requires an extensive re-
meshing during finite element (FE) analysis. To address this issue,
an advanced FE technique, the arbitrary Lagrangian–Eulerian (ALE)
method, was  employed in a recent research [30]. Kota et al. [31] pre-
sented the numerical modeling of a stable pit growth in his work to
study the influence of the microstructure on the pit shape. Sun et al.
[32] proposed an ALE model to simulate the time-dependent evolu-
tion of crevice corrosion. The deformation of the crevice geometry
was implemented using the ALE method. In this study, an ABAQUS
user subroutine called UMESHMOTION was  used to set up an ALE
model for simulation of pitting.

This study presented a CDM approach combined with an
improved pit evolution model for use in investigating the pit-to-
crack transition for aluminum alloy. The coupled elasto-plastic
damage constitutive model was  adopted to calculate the stresses
and strains of a specimen with pits. Fatigue damage was calcu-
lated using two evolution models to account for the elastic and
plastic fatigue damages. The pit evolution model was improved
by considering the effects of the fatigue damage and cyclic multi-
axial stresses. Numerical simulations were implemented by using
ABAQUS. The UMAT user subroutine was used to implement the
coupled elasto-plastic damage constitutive model and two fatigue
damage evolution models, and the UMESHMOTION user subrou-
tine was  used to model the growth of the pit. The improved pit
evolution model was validated by comparing the numerical results
with experimental data. Following that the pit evolution and fatigue
damage were studied, and the interaction between them was inves-
tigated. The process of material degradation resulting from the
coupled effects of corrosion and fatigue was  clarified. In addition,
the effects of pit morphology, stress level, and loading frequency
on the corrosion fatigue life were examined.

2. Theoretical model

The theoretical model used in this study for the analysis of corro-
sion fatigue consisted of three components: a coupled elasto-plastic
damage constitutive model, a fatigue damage evolution model, and
an improved pit evolution model. Each of these three models is
described below.

2.1. Coupled elasto-plastic damage constitutive model

For the case of small deformations, the elastic constitutive model
of the undamaged material can be written as follows [33]:

εe
ij = 1 + �

E
�ij − �

E
�kkıij (1)

where E and � are the Young’s modulus and Poisson’s ratio of the
undamaged material, respectively; �ij is the Cauchy stress tensor,
and εe

ij
is the elastic strain tensor.

In a mechanical sense, damage in a solid materials is the creation
and growth of microvoids or microcracks, which are discontinuities
in a medium considered as continuous at a larger scale [34]. To
estimate the progressive deterioration of the material due to fatigue
loading, the following damage variable, which is a state variable in
the thermodynamic context, is introduced [34]:

D = �SD (2)
where �S is the area of a section of the representative volume ele-
ment, in which all properties are represented by homogeneous
variables and �SD is the total area of microcracks and microvoids.



8  Scien

I
t
f
a
p
i
c
i
a

�

w

a
t

ε

o
d
f
w
I
t

ε

w

F

ε

p

w
n
i
p

t
t

˛

˛

w
u
c
s

a
fi

2

t

0 P. Hu et al. / Corrosion

n the context described below, the damage variable, D, is referred
o simply as damage. Although fatigue damage is anisotropic even
or initially isotropic materials, it is considerably more difficult to
dopt the anisotropic damage models [35,36,37] owing to the com-
lexity in parameter calibration and fatigue damage calculation

nvolved. Thus, the isotropic assumption with acceptable results for
rack initiation is still used. The stress acting on the resisting area
s referred to as the effective stress. The effective stress is defined
s follows [34]:

˜  = �

1 − D
(3)

here �̃ is the effective stress.
Based on the hypothesis of strain equivalence and the isotropic

ssumption [38], we can derive the coupled elastic damage consti-
utive equation as follows:

e
ij = 1 + �

E

�ij

1 − D
− �

E

�kkıij

1 − D
(4)

Owing to the corrosive environment that leads to the formation
f corrosion pits and results in stress concentration, the local plastic
eformation may  occur in the vicinity of corrosion pits when the
atigue stress level is high. The Chaboche plasticity model [39,40]
as adopted in this study because of its widespread applicability.

n the case of small deformations, the total strain is composed of
wo components: elastic strain and plastic strain:

ij = εe
ij + εp

ij
(5)

The yield function and the plastic flow with damage can be
ritten as follows:

 =
( �ij

1 − D
− ˛ij

)
eq

− Q (6)

˙ p
ij

= �̇
∂F

∂�ij

= 3
2

�̇

1 − D

( �ij
1−D − ˛ij

)
dev( �kl

1−D − ˛kl

)
eq

(7)

˙  =
√

2
3

ε̇p
ij
ε̇p

ij
= �̇

1 − D
(8)

here the subscripts “dev” and “eq” denote the deviatoric compo-
ent of stress and the von Mises equivalent stress, respectively; Q

s the size of the yield surface, ˛ij is the back stress tensor, �̇ is the
lastic multiplier, and ṗ is the accumulated plastic strain rate.

Isotropic hardening was not considered in this study. The size of
he yield surface, Q, was assumed to remain constant. That means
he value of Q in Eq. (6) equals �y, the initial yield stress.

The kinematic hardening law with damage is written as follows:

ij =
n∑

k=1

˛(k)
ij

(9)

˙ (k)
ij

= (1 − D)
(

2
3

Ckε̇p
ij

− �k˛(k)
ij

ṗ
)

(10)

here Ck and �k are material constants whose values are calibrated
sing experimental data and n is the number of the back stress
omponents. Three sets of back stresses were employed in this
tudy.

It should be noted that a coupled theory of damage mechanics
nd finite strain elasto-plasticity should be adopted in the case of
nite strain plasticity [41,42].
.2. Fatigue damage model

Two damage evolution models, a stress-based model, and a plas-
ic strain-based model are needed for the analysis of corrosion
ce 113 (2016) 78–90

fatigue. In addition to elastic damage, plastic damage may exist
in the vicinity of corrosion pits as a result of stress concentration.

2.2.1. Stress-based damage evolution model
Lemaitre and Chaboche et al. [33] proposed the following uniax-

ial fatigue damage model suitable for describing high-cycle fatigue
behavior:

dDe

dN
=

[
1 − (1 − D)ˇ+1

]˛ ·
[

�a

M0 (1 − b2�m) (1 − D)

]ˇ

(11)

where De is the elastic fatigue damage; N is the number of cycles; ˇ,
M0, and b2 are material constants; and �a and �m are the amplitude
of stress and the average stress, respectively. The parameter, �, is
expressed as follows:

 ̨ = 1 − a

〈
�a − �l0 (1 − b1�m)

�u − �max

〉
(12)

where a and b1 are material constants, �u is the ultimate tensile
stress, �l0 is the fatigue limit at the fully reversed loading condition,
and �max and �m are the maximum stress and the mean stress of
cyclic loading, respectively.

For the case of multiaxial stress, Chaudonneret [43] proposed
the following multiaxial fatigue damage model, based on the
Chaboche model [33]:

dDe

dN
=

[
1 − (1 − D)ˇ+1

]˛ ·
[

AII

M0 (1 − 3b2�H,mean) (1 − D)

]ˇ

(13)

 ̨ = 1 − a

〈
AII − �l0 (1 − 3b1�H,mean)

�u − �eq,max

〉
(14)

where �eq,max is the maximum equivalent stress over a loading
cycle, AII is the amplitude of the octahedral shear stress, and �H,mean
is the mean value of the hydrostatic stress. AII and �H,mean can be
expressed as follows:

AII = 1
2

[
3
2

(
Sij,max − Sij,min

)2
]1/2

(15)

�H,mean = 1
6

[max (tr (�)) + min (tr (�))] (16)

It should be noted that the stress-based damage evolution model
was used in this study to calculate the evolution of the damage
caused by elastic deformation.

2.2.2. Plastic strain-based damage evolution model
Lemaitre proposed a plastic strain-based damage evolution

model for ductile failure [34]. This model can be extended to the
calculation of the incremental fatigue damage caused by the plas-
tic strain. The damage accumulation over each cycle is calculated
as follows:

dDp

dN
=

[
(�∗

max)2

2ES(1 − D)2

]m

�p  (17)

where Dp is the plastic damage, and �∗
max is the maximum value

of the damage equivalent stress [44] over a loading cycle, and S
and m are material constants whose values are calibrated using
experimental data.

2.3. Improved pit evolution model
2.3.1. Pit evolution model
Many researchers have studied the nucleation and growth of

corrosion pits on stainless steel [45–,46,47] and aluminum alloys
[48]. As Kang et al. [49] explained, in the case of aluminum alloys,
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Table  1
Calibrated values of parameters of the coupled elasto-plastic damage constitutive model for 2024-T3.
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itting corrosion usually originates in the region between S-phase
articles and the surrounding aluminum matrix. Aluminum alloys
ontaining intermetallic compounds have a potential for corrosion
y inducing anodic dissolution between the particles and the alu-
inum matrix.
Pitting corrosion can be characterized by two major types

f events, i.e., early metastable growth and subsequent stable
rowth [45,50]. The growth rate of metastable pits depends on the
icrostructure of the alloy and is thus a distributed value [50].
etastable pits form and grow in small size and repassivate in a

ew seconds. The transition from metastable pits to stable growth
s stochastic in nature [50]. The boundary between metastable pits
nd stable pit growth is the critical pitting potential. Metastable
its initiate and grow below the critical pitting potential, while the
table pit growth occurs above the critical pitting potential [51].

illiams et al. [52] elaborated a criterion for the pit stabilization
n steel based on the value of Ipit/rpit. A stable growth occurs when

pit/rpit exceeds 4 × 10−2 A/cm. Ipit is the current within the pit, and
pit is the radius of the pit. This criterion has also been applied to
luminum alloys. In this study, stable pit growth was considered a
ritical issue.

The main task of illustrating the characteristics of stable growth
s the establishment of the kinetics of pit growth. Many studies on
it growth have been performed using different types of exper-

ments. Pitting is induced by particles, and the pitting current is
etermined by the cathodic current density. The galvanic coupling
f constituent particles and the alloy matrix promotes the dissolu-
ion of the matrix. Harlow and Wei  et al. [15,53] proposed a model
escribing pits initiating from surface particles as a result of gal-
anic corrosion in the matrix. With continuous exposure to the
orrosive environment, particles on the surface induce a galvanic
urrent and promote the growth of pits. In this study, we sought to
escribe stable pit growth by using a simplified model for analyz-

ng the interaction and combined impact of pitting corrosion and
atigue damage.

Pits that form on the surfaces of materials due to corrosion will
ontinue to grow in a corrosive environment. Pit growth is directly
elated to the corrosion time and external loading. Faraday’s law is
ommonly used in the pit evolution model. This law assumes that
he volumetric growth rate of a pit is constant until a critical depth
s reached. There may  be several pits on the surface of a specimen.
owever, only one of them is the most critical. Therefore, the sin-
le dominant flaw approach [25,54] was adopted in this study, i.e.,
nly one pit, which is assumed to grow into the critical depth and
ucleate fatigue crack, was modeled. The equation for the evolution
f the critical pit is expressed as follows [14]:

dV

dt
= MIp

	nF
= MIp0

	nF
exp

[
−
H

RT

]
(18)

here V is the pit volume, M is the relative atomic mass of the
aterial, Ip is the pitting current, Ip0 is the pre-exponential term

n the Arrhenius relationship [25] that influences the growth rate
f the pit, 	 is the material density, n is the atomic valence, F is
araday’s constant, 
H  is the activation enthalpy of pit corrosion,
 is the universal gas constant, and T is the absolute temperature.
Experimental observation [19–22] indicate that the shape of a

orrosion pit can be assumed to be semi-ellipsoid [25,55], with an
spect ratio � = c/a, and that � remains constant during the entire
a) C3 (MPa) �1 �2 �3

 65,761 11.74 90.05 555.09

corrosion fatigue process. Therefore, the right term of Eq. (18) can
be written as follows:

dV

dt
= 2��2a2 da

dt
(19)

where a is the depth of the corrosion pit, and � = c/a is the elliptical
ratio. Using Eq. (19) and integrating Eq. (18) with respect to time
from 0 to t, we  can obtain the following expression for the pit depth
at any time:

a3 = 3MIp0

2��2	nF
exp

[
−�H

RT

]
t + a3

0 (20)

where a0 is the initial depth of the pit, which was  assumed to be
zero in this study.

However, the model described by Eq. (20) does not consider the
effect of cyclic stress on the pit growth rate. Studies by Ishihara
et al. [23], Kondo [14], and Amiri et al. [25] have all shown that
cyclic stress may  increase the pit growth rate. Ishihara et al. [23]
proposed the following exponential relationship between the pit
growth rate and the cyclic stress amplitude:

dV

dt
= MIp0

	nF
exp

[
−�H

RT

]
A�a (21)

where �a is the amplitude of the cyclic load and A is a constant
whose value was  calibrated using experimental data. An empirical
value of A = 1.014 is adopted in this study in accordance with the
recommendation of Ishihara et al. [23]. This empirical value was
subsequently validated by comparison of calculated results with
experimental data.

2.3.2. Improved pit evolution model
In this study, the amplitude of the cyclic load, �a, in Eq. (21)

was replaced with the amplitude of the octahedral shear stress, AII.
The reason for this modification was  that, in the original model, �a

represents the remote stress amplitude, which remains constant
during the cyclic loading. From a physical point of view, the pit
growth rate is closely related to the local stress state around the pit.
Thus, AII obtained from the bottom of the pit was  substituted for �a

as the driving force facilitating the pit growth. This substitution is
also convenient for describing the case of a multiaxial stress state,
which is more common in practical situations.

AII is calculated according to the stress state of the element at
the center of the pit. The value of AII is influenced by both the mor-
phology of the pit and the accumulated fatigue damage around the
pit. Accordingly, the effects of multiaxial cyclic stresses and fatigue
damage on the growth rate of the pit are involved in the pit evolu-
tion model. AII is calculated as shown in Eq. (15). In a form similar
to that of Eq. (20), the pit depth can be expressed as a function of
the corrosion time t and the octahedral shear stress AII:

a3 = AAII
3MIp0

2��2	nF
exp

[
−�H

RT

]
t + a3

0 (22)

3. Calibration of material parameters

Four sets of material parameters must be calibrated: one set
in the coupled elasto-plastic damage constitutive model, two  sets

in the two  types of fatigue damage models, and one set in the
improved pit evolution model. The following is a brief introduc-
tion on the process of parameter calibration. The reader is referred
to the literature [44,56,57] for more details.
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Table 2
Calibrated material parameter values in the stress-based damage evolution model
for  2024-T3.

 ̌ aM0
−ˇ b1 b2 a

1.3812 7.03E-9 0.0021 0.0031 0.75

Table 3
Calibrated material parameters of plastic strain-based damage evolution model for
2024-T3.
Fig. 2. Plastic model curve fitted to experimental data.

Aluminum alloy 2024-T3 was considered in this study. The
aximum load is relatively small in the case of validation of the

mproved pit evolution model and the plastic deformation does
ot occur around the pit. Therefore, only the parameters in the
tress-based fatigue damage model, elastic constitutive model, and
mproved pit evolution model need to be calibrated. However, for
he case of corrosion fatigue, plastic deformation occurs around the
it. Thus, all four sets of parameters are adopted for the analysis. It
hould be noted that the material in the case of corrosion fatigue
s aluminum alloy LY12CZ [58] (in China), which is actually equiv-
lent to aluminum alloy 2024-T3 (in USA). Therefore, we  regard
Y12CZ and 2024-T3 as the same material, and all their parameters
re considered to be the same.

.1. Parameters in the coupled elasto-plastic damage constitutive
odel

Isotropic hardening is neglected in this study, and therefore,
nly Ck and �k in the kinematic hardening need to be calibrated.
he plastic stress–strain relationship for the case of uniaxial loading
an be written as follows:

 = �y +
n∑

k=1

Ck

�k
(1 − e−�kεp ) (23)

he least square method was used to calibrate the three sets of
arameters of Ck and �k by fitting experimental data to the uniaxial
onotonic tension stress–strain curve.
The material parameters in the coupled elasto-plastic damage

onstitutive model were calibrated using the experimental data
btained from the literature [3]. The calibrated values are provided
n Table 1. The fitted curve and the experimental data for uniaxial
oading are shown in Fig. 2.

.2. Parameters in the stress-based damage evolution model

The five parameters in the stress-based damage model that need
o be calibrated are ˇ, M0, a, b1, and b2, as shown in Eqs. (13) and
14). A closed form of the fatigue life expression for a smooth speci-

en undergoing constant amplitude cyclic loading can be obtained
y integrating the elastic damage evolution equation in its uniaxial
orm. The integral form of Eq. (13) is as follows:
f = 1
1 + ˇ

1

aM−ˇ
0

〈�u − �max〉
〈�a − �l0 (1 − b1�m)〉

[
�a

1 − b2�m

]−ˇ

(24)
S (MPa) m

6.2925 2.4965

The values of the parameters,  ̌ and aM0
−ˇ, can then be determined

by fitting Eq. (24) to experimental data from stress-controlled
fatigue test conducted under fully reversed loading condition. The
values of the parameters, b1 and b2, can be obtained from fatigue
experiments conducted at different mean stresses. The value of the
parameter, a, can be determined by the method proposed by Zhang
[44].

The values of the material parameters in the stress-based
damage evolution model for 2024-T3 were calibrated using experi-
mental data obtained from the literature [59]. The calibrated values
are listed in Table 2.

3.3. Parameters in the plastic strain-based damage evolution
model

Two parameters in the plastic strain-based damage evolution
model, S and m, need to be calibrated. The closed form of the fatigue
life expression can be obtained by integrating Eq. (17) in its uniaxial
form, which is expressed as follows:

Nf = 1
2 (2m + 1) �εp

(
2ES

(�max)2

)m

(25)

where �max can be expressed as a function of the 
εp as follows:

�max = K ′
(

�εp

2

)n′

(26)

where K′ and n′ can be obtained by experiments. By substituting
Eq. (25) to Eq. (26), we obtain the following expression:

Nf = 1
2 (2m + 1)

(
21+2n′

ES

(K ′)2

)(
�εp

)−(1+2mn′) (27)

By comparing Eq. (27) with the Coffin-Manson equation shown as
Eq. (28), the values of the parameter S and m can be obtained from
the values of εf, c, K′, and n′.

�εp

2
= εf

(
2Nf

)c
(28)

where εf is the fatigue ductility coefficient and c is the fatigue duc-
tility exponent.

The material parameters in the stress-based damage evolu-
tion model for 2024-T3 were calibrated using experimental data
obtained from the literature [59]. The calibrated values are listed
in Table 3.

3.4. Parameters in the improved pit evolution model

The pit evolution parameters in Eq. (22) can be classified as two

different types: deterministic variables and random variables.

The deterministic variables are self-explanatory. These include
M, 	, n, 
H, and T, the values of which are given in Table 4. The ran-
dom variable Ip0 usually obeys a Weibull distribution. In this study,
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Table  4
Calibrated parameter values for the pit evolution model.

Parameters Values

M 2700 kg/mol
	  2700 kg/m3

n 3

H 40 kJ/mol
T 293 K
Ip0 0.0113A
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Fig. 4. Shape and dimensions of the test section of the specimen [23].

Fig. 5. 1/8 portion of the specimen in the literature [23] and the position of the FE
model.
Fig. 3. Flowchart of the numerical algorithm in the corrosion fatigue case.

e used the mean value of Ip0 to study the corrosion fatigue prob-
em. Ip0 represents the electrochemical process that influences the
it growth. The value of Ip0 is calibrated by fitting the growth law
xpressed by Eq. (22) to pit depths measured at different times in
orrosion fatigue experiments. The results of the corrosion fatigue
xperiment conducted by Ishihara et al. [23] were used to validate
he improved pit evolution model presented in Section 2.3.2. A cal-
brated value of 0.0113C/s was obtained for Ip0 by using a set of pit
epth measurements obtained by Ishihara et al. [23]. The other set
f pit depth measurements from that experiment were used to ver-
fy the model’s prediction results. The calibration and verification
rocesses are described in Section 6.2.

. Computational methodology

The theoretical models mentioned in Section 3 were imple-
ented numerically by using the user subroutines UMAT and
MESHMOTION in ABAQUS [60]. For the case of the corrosion

atigue, the flowchart of the algorithm is shown in Fig. 3, and the
etailed steps are presented below.

(1) The material parameters are initialized, and the initial dam-
ge is set to zero.

(2) The stresses and elastic and plastic strains around the pit are
btained by solving the coupled elasto-plastic damage constitutive
quations, Eqs. (4)–(10). Because of the enormous amount of time
equired to simulate each loading cycle, the jump-in-cycle proce-
ure was employed. This procedure assumes that in 
N cycles,
he increment of fatigue damage for each cycle remains the same
nd the coupling effect between stress and damage is neglected for
hese 
N  cycles. To obtain convergent results for the fatigue life, the
alue of 
N should satisfy the relationship 
N/
Ni ≈ 0.01–0.02.
urther details are provided in the literature [44,57,61,62].

(3) The current pit depth and the fatigue damage evolution rates
re calculated simultaneously.
a) The current pit depth is calculated based on Eq. (22), and the
ncrement of pit depth in this block is thus obtained. The new shape
f pit is formed by moving the surface nodes at the end of each incre-
ent. An advection equation based on the Lax-Wendroff method
Fig. 6. FE model for verification of the improved pit evolution model.

[60], which is a second-order numerical method, is solved to remap
the material variables into the new positions.

b) The fatigue damage evolution rates are calculated using Eqs.
(13) and (17), based on the stresses and accumulated plastic strain
histories. The larger of the two fatigue damage rates is assigned in
the current block [56,57], i.e.,

dD

dN
= max

{
dDe

dN
,

dDp

dN

}
(29)

(4) At the end of the current block, all material parameter values
and damage extent of each integration point will be updated.

(5) Steps (2)–(4) are repeated until the accumulated damage at
any integration point reaches the critical value, Dc, which was  set
to 1 in this study.

5. Finite element model

The FE model used to verify the improved pit evolution was
established based on experiments conducted by Ishihara et al. [23].
The shape and dimensions of the specimen are illustrated in Fig. 4.
A 1/8 portion of the specimen is shown in Fig. 5 and the FE model

of the 1/8 portion of the test section is shown in Fig. 6. Symmetric
boundary conditions were applied at three planes of symmetry. The
pit depth calculated by the pit evolution model was compared with
the experimental results reported in the literature. Two  cases of
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Fig. 7. Shape and dimensions of the specimen as reported in the literature [58].

Fig. 8. Mesh of the FE model used for the corrosion fatigue case.
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Fig. 10. Local mesh during the growth of the pit.

Table 5
Number of elements around the pit and the maximum stresses for three mesh
densities.

Mesh density Coarse Medium Fine

Number of elements

the literature [23]. Based on the range of measured pit depths at
Fig. 9. Local mesh around the pit.

emote tension-compression fatigue loadings with the maximum
ensile stresses of 50 MPa  and 20 MPa  were adopted in the calcu-
ation. The stress ratio R was −1, and the loading frequency was
0 Hz. The critical pit was positioned in the middle of the specimen
urface, and the initial depth was set to zero. The element type,
3D8, was chosen for use in this study.

The geometry of the specimen tested for corrosion fatigue [58]
s shown in Fig. 7. In this study, 1/8 portion of the specimen was

odeled, and symmetric boundary conditions were applied at the
hree planes of symmetry. Remote tension–tension fatigue load-
ngs with the maximum tensile stresses of 238 MPa  and 190 MPa

ere applied on the specimen. The stress ratio R was 0.1, and the
oading frequency was 1 Hz. The critical pit was positioned in the

iddle of the specimen surface, and the initial depth is set to zero.
ig. 8 illustrates the mesh of the FE model used in the corrosion
atigue model, and Fig. 9 illustrates the local mesh around the pit
enter. Fig. 10 illustrates the local mesh during the growth of the
it. The mesh density was determined to ensure both accuracy and
fficiency of the calculation. The results of the stress convergence
tudy required for implementation of the numerical calculation are
resented in Section 6.1.

. Results and discussion

.1. Verification of stress convergence

It is relatively easy to obtain a convergence of the results for
tress in a specimen without a pit because the stress is uniform

long the cross section. However, the mesh around the critical
it must be very fine to obtain accurate stress results when a pit
ppears and grows.
around pit 270 1719 4344
Maximum stress 328.3 332.1 333.4
Relative error 1.16% 0.39%

To select a suitable mesh density, we reconstructed the geo-
metric model based on the pit shape obtained from a particular
step of the UMESHMOTION calculation. The new geometric model
with a specific pit size was  then remeshed, and the mesh density
was gradually increased to achieve convergence in the stress cal-
culations. After this, the suitable mesh density was used for the
UMESHMOTION calculations.

Fig. 11(a)–(c) illustrate the stress contours of the coarse mesh,
medium density mesh, and fine mesh, respectively. The high stress
area was the focus of this fatigue research. The stress distribution
along the path marked in Fig. 11 with red points was  selected for
comparison of the results for the three mesh densities. Table 5
shows the number of elements around the pits, the maximum
stresses, and the relative errors for the three mesh densities. A com-
parison of the stress results is presented in Fig. 12 which shows that
the stress results corresponding to the medium density mesh are
the most satisfactory. Therefore, this mesh density was selected for
the UMESHMOTION calculations.

6.2. Verification of improved pit evolution model

The applicability of the improved pit evolution model described
in Section 2.3 was  verified as described in this section. One set of
experimental data on pit depth obtained by Ishihara et al. [23] was
used to determine the parameter values, and the other set was  used
to verify the prediction results.

The corrosion solvent used in Ishihara’s experiment [23] was  a
3% NaCl solution with pure water. It should be noted that in Ishi-
hara’s experiment [23], the experimental data for the pit depth
were obtained by separating the observation area into nine small
areas, and the maximum pit depth for each of the nine areas was
measured. Given the sensitivity of the measurements to the indi-
vidual characteristics of a particular corrosion pit, the variation of
the distribution of the maximum pit depth, F(a), which is used to
determine the general characteristics of pit growth behavior, was
investigated. Table 6 illustrates the scope of the maximum pit depth
at the maximum stress of 50 MPa. These values were obtained from
the corrosion time of 0.5 h, a rough value of Ip0 was  estimated to
be 0.0113C/s to simulate the process of the corrosion fatigue in the
experiment conducted by Ishihara.
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Table  6
Distribution of pit depth at stress amplitude of 50 MPa  and f = 10 Hz for various corrosion times [23].

Corrosion time, h 0.5 1 2 5 10

Pit depth distribution obtained from experimental results, �m 3–5 4–6 4–8 7–10 8–12

Fig. 11. Convergence of stresses around the pit: (a) stress contours of coarse mesh,
(
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Fig. 12. Comparative results of coarse mesh and refined mesh along the pit surface
path.
b)  stress contours of middle density mesh, (c) stress contours of fine mesh.

The elliptical ratio, �, influences the stress concentration factor.
 considerable difference can be found between the hemispheri-
al and semi-ellipsoidal pit growth. Thus, assumption of a suitable
alue of � is crucial to accurately simulating the process of cor-
osion fatigue. Burns and Kim [21,22] proposed several hypotheses
ased on their experimental observations. According to their obser-
ations of fracture surface, they found that the shape factors, c/a,

f a semi-elliptical pit cluster adjacent to a dominant crack were

 and 1.92, while those of the first distinctive semi-elliptical crack
ere 1.54 and 1.56 [21].
Fig. 13. Calculated pit depth versus corrosion time for various values of � (the
distribution of F(a) was obtained from experimental data in the literature [23]).

Calculated values of pit depth versus time for different values
of � are shown in Fig. 13. The three curves in Fig. 13 represent the
experimental pit depth versus time for different values of the prob-
ability, F(a). These values were obtained from the literature [23]. As
Fig. 13 shows, the calculated values corresponding to the cases of
� = 1.8 and 2 agree well with the experimental curve for a proba-
bility of 50%. Thus, shape factors of � = 1.8 and 2 were selected for
later calculations. These values are consistent with experimental
observations reported by Burns and Kim et al. [21,22].

To verify the applicability of the values of Ip0 and �, pit depths at
different corrosion fatigue times for a maximum stress of 20 MPa
were calculated. Table 7 shows the predicted and measured pit
depths. As the table shows, the predicted pit depths agree well
with the experimental data for the probability of 50%. Therefore, the
improved pit evolution model was  concluded to accurately predict
pit growth.
Fig. 14 illustrates the pit geometry and the von Mises stress con-
tours around the pit for a stress amplitude of 50 MPa  and a shape
factor � = 2 for corrosion times of 5 and 10 h.
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Fig. 14. Contours of pit geometry and stress under a stress amplitude of 50 MPa  and f = 10 Hz: (a) and (b) at t = 5 h, (c) and (d) at t = 10 h.

Table 7
Comparative results of the distribution of pit depth at a stress amplitude of 20 MPa
and  f = 10 Hz (the distribution of F(a) was obtained from experimental data in the
literature [23]).

Corrosion time, (h) 2 5 10

Pit depth calculated for � = 1.8 �m 3.34 4.54 5.73
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Fig. 15. Stress contours of the 1/8 specimen when crack initiates at a maximum
stress of 190 MPa.
Pit  depth calculated for � = 2 �m 3.31 4.5 5.69
Pit  depth when the distribution F(a) = 50%, �m 4.5 5 6

.3. Numerical calculation of corrosion fatigue

The verification case mentioned above was used to verify the
mproved pit evolution model. The stress level was  relatively low
n this case, which resulted in a very long fatigue life. Thus, the cor-
osion fatigue life was not investigated. The results of the corrosion
atigue experiment conducted by Kong [58] were used to validate
he corrosion fatigue model and examine the complex interaction
etween corrosion and fatigue. The geometry of the specimen for
he test was described in Section 5. The corrosion solvent used in
ong’s experiment [58] was 5% NaCl solution (pH = 4). The follow-

ng sections describe the numerical conducted and the mechanisms
nd factors involved in corrosion fatigue.

.3.1. Evolution of corrosion pit
The case of a specimen undergoing cyclic loading at a maximum

tress of 190 MPa  was considered to illustrate the evolution of cor-
osion pit. The location of the critical pit is shown in Fig. 15. Because
f the lack of experimental data from Kong’s experiment, an Ip0
alue of 0.0352C/s was used based on a calibration by Hallow and
ei  [19]. The corrosion solvent in Hallow and Wei’s experiment
as 5% NaCl solution (pH ≈ 6), which was almost the same with
ong’s experiment. A comparison between the calculated results

nd experimental data suggests that this value of Ip0 was  appropri-
te.

Fig. 16 shows the pit geometry evolution along the specific path
n the cross section perpendicular to the loading direction, which is

Fig. 16. Evolution of pit geometry at the cross section perpendicular to the loading
direction.
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Fig. 17. Stress contours when crack initiates at a maximum stress of 190 MPa  and
�  = 1.8.
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Fig. 19. Distribution of the von Mises stress along y direction at different number
of  cycles at the early stage.
ig. 18. Damage contours when crack initiates at a maximum stress of 190 MPa  and
 = 1.8.

arked in Fig. 17 with red points. As shown in Fig. 16, the pit grows
s the number of fatigue loading cycles increases. The growth is
nitially rapid and then slows down.

The occurrence of a pit affects the stress concentration, and
atigue damage accumulates rapidly in the high stress area. Less
atigue damage occurs away from the pit. However, the fatigue
amage is much larger at the center of the pit because the stress
oncentration occurs first at this position. Therefore, the accumu-
ated fatigue damage is larger, which makes the evolution rate
aster at the center of the pit than in other areas.

Figs. 17 and 18 show the von Mises stress contours and dam-
ge contours respectively, when a crack initiates. These figures
how that fatigue damage accumulates at the surface of the pit.
he mechanical properties of the surface material degrade with the
ncrease of the number of cycles, which makes the stresses at the
urface of the pit much smaller than those on the subsurface. The
aximum stress occurs on the subsurface of the pit when a crack

nitiates at the root of the pit surface.

.3.2. Interaction between corrosion and fatigue damage
The corrosion fatigue process can be divided into two stages.

he growth of corrosion pit plays a major role at the early stage.
tress concentration is not very severe when the corrosion pit is
elatively small and the plastic and elastic fatigue damages are neg-
igible. Figs. 19 and 20 illustrate the distributions of the von Mises
tress along the path marked in Fig. 17 with red points at different
umbers of cycles. That path is at the cross section perpendicular to
he loading direction. As Fig. 19 shows, the high stress area gradu-

lly expands with the increase of the number of cycles because the
it grows larger and larger. At the same time, stresses in the high
tress area decrease slowly as the fatigue damage accumulates at
he bottom of the pit.
Fig. 20. Distribution of the von Mises stress along y direction at different number
of  cycles at the later stage.

In the later period of corrosion fatigue, the accumulation of
fatigue damage is dominant. The result is that the stresses in the
high stress area decrease more rapidly after 30,000 load cycles are
applied. Then the position of the maximum stress gradually moves
to the edge of the pit. This occurs because the stresses in the pit
bottom area gradually decrease with fatigue damage accumulation.
The stresses around the pit redistribute, and the fatigue damage at
the edge of the pit is relatively small compared to that at the bot-
tom. As illustrated in Figs. 17 and 18, the mechanical properties
of material on the surface of the pit degrade with fatigue damage
accumulation. Fig. 20 illustrates the degradation trend of the mate-
rial at the pit surface. As the number of cycles increases, stresses in
the high stress area gradually decrease. Closer to the center of the
corrosion pit, the stresses decrease more dramatically. Eventually,
a crack initiates at the location at which the stress decreases the
most.

During the process of corrosion fatigue, pit evolution and fatigue
damage evolution interact with each other. On  one hand, the pit
evolution rate is related to the stress state at the center of the pit.

The stress at the center of the pit changes as the fatigue damage
develops. On the other hand, the growth of the pit influences the
stress state of the material around the pit. Therefore, the interaction
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Fig. 22. Evolution of fatigue damage at a maximum stress of 190 MPa.
ig. 21. Evolution of pit depth and amplitude of the octahedral shear stress, AII , at
 maximum stress of 190 MPa.

etween the pit growth and fatigue damage evolution is brought
bout by the variation in the stress field.

To illustrate the variation in the stress field during the processes
f pit evolution and fatigue damage evolution, the amplitude of the
ctahedral sheer stress at the center of pit, AII, and the pit depth
re plotted against the number of cycles in Fig. 21. The plots show
hat AII initially increases as the number of fatigue loading cycles
ncreases, and then decreases after a period of almost no change.
he increasing trend at the beginning is due to the fact that the pit
rowth increases the effect of the stress concentration. As the pit
rows, the stress concentration becomes more and more severe.
lthough fatigue damage accumulates at the same time, the effect
f pit growth is more significant than the effect of fatigue damage
n this stage.

However, the pit grows slowly and even stops growing at the
ater stage. The fatigue damage becomes severe and increases
apidly. Thus, the effect of fatigue damage becomes more notice-
ble. At this point, the value of AII starts to decrease, and the pit
rows more slowly. The pit stops growing completely when AII
ecreases to a particularly small value. The trend illustrated in
ig. 21 is consistent with the observations from corrosion fatigue
xperiments [29]. In which the authors noted that as the corrosion
roduct accumulated in the pits, the new regions of pits is protected
rom being corroded. The effect of corrosion damage on the whole
orrosion fatigue process is gradually reduced. It is worth noting
hat the model proposed in this study is just one of many possi-
le models that can describe pit growth and that its physical and
hemical mechanisms still require further study. Fig. 22 shows the
volution of fatigue damage at the center of the pit.

It should be noted that the pit depth may  decrease according to
q. (22) when AII decreases to a sufficiently small value. However,
his is not realistic from a physical point of view. Thus, the pit shape
s set to be constant in this situation.

.3.3. Plastic damage accumulation during corrosion fatigue
Two damage models corresponding to the calculations of elas-

ic and plastic damage were adopted in this study. To evaluate the
ffect of plastic damage accumulation during corrosion fatigue, two
oading conditions, i.e., a lower loading with a maximum stress of
90 MPa  and a higher loading with a maximum stress of 238 MPa,
ere considered. For the case of the lower loading, the elastic dam-
ge evolution and the plastic damage evolution are shown in Fig. 23.
s the figure shows, the elastic damage evolution rate increases
onotonically. The plastic damage evolution rate is much smaller

han the elastic damage evolution rate throughout almost the entire
Fig. 23. Evolution of two fatigue damage rates at a maximum stress of 190 MPa.

process except at the beginning stage when they are both very
small. This means that the plastic damage can be neglected for this
case.

Fig. 24 shows the case of the higher loading. The elastic dam-
age evolution rate increases at the beginning stage, then becomes
nearly constant, and then drops down at the end stage. The plastic
damage evolution rate is also small in the beginning. However, it
increases dramatically at the end stage and becomes larger than
the elastic damage evolution rate. Thus, plastic damage must be
considered for the case of higher loading.

6.3.4. Influence of pit morphology on predicted lives
As discussed in the introduction, the pit shape influences the

stress concentration factor around the pit. The shape factor, �, also
affects the pit evolution. This section describes an investigation of
the effect of � on the fatigue crack initiation life. Five different val-
ues of � were used to simulate the process of corrosion fatigue.
Tables 8 and 9 show the comparative results between the predicted
lives and the experimental results under the loading with maxi-

mum stresses of 190 MPa  and 238 MPa, respectively. Five sets of
experimental fatigue lives were obtained from the literature [58].
The result shows that an increase in the ratio, �, leads to an increase
in the corrosion fatigue life. From a qualitative point of view, this
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Fig. 24. Evolution of two fatigue damage rates at a maximum stress of 238 MPa.

Table 8
Predicted lives for various values of � for a maximum stress of 190 MPa  and exper-
imental data [58].

Experiments Experimental life, (cycles) Mean life (cycles)

84,313; 85,150;
55,129; 69,455; 85,512

74,858

Theoretical model � = c/a Predicted life
1 30,000
1.25 41,250
1.667 70,500
1.8 76,500
2  102,000

Table 9
Predicted lives for various values of � for maximum stress of 238 MPa  and experi-
mental data [58].

Experiments Experimental life (cycles) Mean life (cycles)

35,266; 31,637; 39,682;
37,530; 56,153

39,263

Theoretical model � = c/a Predicted life
1 700
1.25 10,600
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Table 10
Effect of stress level on the critical pit depth.

� = c/a Critical pit depth at different stress level (�m)

190 MPa  238 MPa

1.8 75.5 61.8
2  87.4 66.7
1.667 20,400
1.8 24,000
2  33,000

s because the stress concentration of the semi-ellipsoidal pits is
mall and becomes smaller as � increases. For the case of load-
ng with a maximum stress of 190 MPa, the predicted life when

 = 1.8 is in good agreement with the experimental results. Further-
ore, for the case of loading with a maximum stress of 238 MPa,

he predicted life when � = 2 agrees well with the experimental life.
herefore, it can be concluded that the values of � in the range of
.8–2 are applicable to the simulation of the corrosion fatigue of
luminum alloy 2024-T3.

.3.5. Effect of stress level on critical pit depth
The results in Table 9 show that when the hemispherical

ssumption is adopted, crack initiation from the pit site can occur
xtremely rapidly at a high stress level even when the pit depth is
elatively small. Table 10 shows the effect of stress level on the crit-
cal pit depth for various values of �. The critical pit depth decreases

s the stress level increases, which implies that fatigue crack can
nitiate from very shallow pits at a high stress. This is because a
igh stress can cause a plastic strain around even a very shallow
it. Plastic strain accelerates the fatigue damage accumulation and
Fig. 25. Influence of loading frequency on fatigue lives and critical pit depth.

induces the crack initiation at a less number of cycles. Therefore, the
critical pit depth becomes smaller when the stress level is higher.

6.3.6. Influence of fatigue loading frequency
As Eq. (20) shows, the pit depth increases with the increase of

corrosion time. A higher loading frequency corresponds to a reduc-
tion in the corrosion time for a given number of loading cycles.
The effect of corrosion is then relatively weakened, and fatigue
damage plays a more important role in the process of corrosion
fatigue. Thus, the predicted lives increase with the increase of load-
ing frequency, as shown in Fig. 25. In addition, the critical pit depth
decreases with the increase of loading frequency.

7. Conclusions

A continuum damage mechanics approach combined with an
improved pit evolution model was  presented in this paper to study
the corrosion fatigue of aluminum alloy 2024-T3. The following key
findings were obtained:

(1) The improved pit evolution model can describe the growth of
the corrosion pit under multiaxial cyclic stresses. It was  conve-
nient to simulate the evolution of corrosion pit by means of a
subroutine termed UMESHMOTION in ABAQUS. The calculated
results agreed well with the experimental data.

(2) The corrosion fatigue life of aluminum 2024-T3 was  calcu-
lated by taking into account the coupling effect between the
pit growth and the fatigue damage evolution via a user sub-
routine in ABAQUS. The predicted lives agreed well with the
experimental results.

(3) There is an evident interaction between the pit growth and
fatigue damage evolution. The growth of the corrosion pits
gives rise to stress concentrations, and the cyclic stress in turn
accelerates the growth of the pits. At the same time, the accu-

mulated fatigue damage degrades the mechanical properties of
the material around a pit and results in the redistribution of
stresses around the pit, which in turn influences the pit growth
process.
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4) A high stress level significantly decreases the corrosion fatigue
lives. At a high stress level, crack can initiate from a shallow pit,
and the plastic fatigue damage is much larger in the later phase
of corrosion fatigue.

5) With the increase of loading frequency, the corrosion time
decreases for the same number of cycles. Thus the effect of cor-
rosion is weakened and the fatigue life is accordingly extended.
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