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ARTICLE INFO ABSTRACT

The effect of martensitic phase fraction on the cyclic stress-strain behavior of two DP steels is investigated via a
micromechanical model based on a representative volume element (RVE). A dislocation density based model
and a Chaboche hardening model are used to identify the isotropic and kinematic hardening behavior of
constituent phases, respectively. The Chaboche parameters obtained by fitting flow curves computed from a
dislocation density based model for both ferrite and martensite phases of each steel are incorporated into a
Finite Element code ABAQUS to simulate the low cycle fatigue with a combined hardening behavior. Based on
experimental observations reported in the literature, fatigue crack initiates in ferrite phase. A ductile damage
model, therefore, is used to simulate damage initiation in ferrite. The results show that the martensite fraction
has a significant influence on cyclic plastic strain accumulation during the cyclic deformation. It is also
concluded that with an increase in the martensite volume fraction in DP steel, the elastic component of the total
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strain amplitude increases and higher fatigue strength is, subsequently, observed.

1. Introduction

Dual phase (DP) steels having a microstructure consisting of a soft
ferrite matrix and metastable hard martensite result in a combination
of high strength and high ductility as well as work hardening, which
can all be beneficial for industrial applications [1]. High strain hard-
ening and strong bake hardening effects give these steels excellent
potential for automotive applications such as in body side, reinforce-
ment and engine cradle [2—4]. Furthermore, these great macroscopic
mechanical properties strongly depend on microstructure features such
as volume fraction and morphology of martensite, ferrite grain size,
geometrically necessary dislocations (GNDs) and presence of addi-
tional phases such as bainite and retained austenite [1,5,6]. In cyclic
loading, all these elements must allow for high fatigue performance,
which is required of DP steels along with strength and toughness.

Many engineering components are subjected to different cyclic
loading conditions during engineering applications that can make them
undergo cyclic plastic flow. The accumulated plastic strain in the
microstructure during the cyclic loading will lead eventually to fatigue
failure. On the other hand, since the fatigue life of high strength steels
typically can not be enhanced as much as can the yield strength,
consideration of the fatigue strength of materials during the service life
becomes crucial for many applications in mechanical engineering [7].
Suresh [8] provides a comprehensive description of mechanics and
micro-mechanisms of fatigue. He concluded that fatigue cracks mostly
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initiate from stress concentration points where the plastic deformation
occurs. Intensive research has been carried out to better understand
the effect of the microstructure variations on the mechanical properties
of DP steels. Yang and Chen [9], in particular, studied the effect of
martensite volume fraction on the mechanical properties of DP steels.
Sherman and Davies [10] showed that work hardening, which is a
consequence of flow-induced changes in microstructure, has a large
influence on the fatigue behavior of DP steels. Ramazani et al. [11]
examined the effect of martensite morphology on the failure behavior
of DP steels. They showed that martensite cracking was the main
failure initiation mechanism in equiaxed and banded DP steels, but
that failure initiation occurred in the equiaxed microstructure at higher
plastic strain than in the banded microstructure. Therefore, DP steel
with equiaxed microstructure shows better failure behavior than a
banded one does, although failure is initiated by the same mechanism
(martensite cracking) in both microstructures. They used the extended
finite element method (XFEM), in their analysis, which is appropriate
when martensite cracking is the main failure initiation mechanism
[11].

Hadianfard [12] reported experimentally on the effect of strain
amplitude in cyclic loading and showed that at high strain amplitudes
damage initiates at fractured martensite and progresses through areas
with high density of martensite [12]. Mediratta et al. [13] reported that
the non-uniform dislocation arrangement in coarse martensite islands
encapsulated in a ferrite matrix resulted in poor low cycle fatigue life.
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This occurs when the structures are subjected to heavy cyclic loadings
that lead to induce irreversible strains on small and large scale. Paul
et al. [22] showed that DP steels with fine martensite morphologies
have higher fatigue life than do those with coarse martensite morphol-
ogies for all martensite volume fractions. They have reported that the
fatigue cracks initiated inside the soft ferrite grains for all the samples
[22].

In addition to experimental identification of the influence of
microstructure on mechanical properties, recently, computational
modeling has been aggressively pursued to model the material behavior
at microstructure level. Nemat-Nasser et al. [14], in particular, devel-
oped a successful methodology to study the micromechanical behavior
at the meso/macroscale by using a representative volume element
(RVE) method. Al-Abbasi and Nemes [15] developed a micromecha-
nical model to capture the effect of the volume fraction of martensite on
strength and uniform strain in DP steels. Sun et al. [16] studied the
ductile failure of DP steel using the actual microstructure recorded by
SEM at various stages during the deformation process. They found that
without introducing a pre-existing crack and void, ductile failure
occurred due to the difference in deformation behavior between the
hard martensite phase and the soft ferrite phase.

Furthermore, to determine the cyclic plastic deformation by means
of micromechanics, Leblond et al. [19] introduced nonlinear kinematic
hardening into the Gurson-Tvergaard-Needlemann (GTN) model.
Steglich et al. [20] investigated the micromechanical modeling of cyclic
plasticity incorporating damage. Their work used continuum ap-
proaches based on porous metal plasticity and continuum damage
mechanics to predict the cyclic plastic response, and they applied
nonlinear kinematic hardening to describe deformation under cyclic
loading realistically. Recently, Paul [21] adopted a microstructure-
based micromechanical modeling approach to describe the tensile and
cyclic plastic deformation in DP590 steel, and thereby determined that
the cyclic strain accumulation in the DP steel with inhomogeneous
microstructure is the basic mode of cyclic deformation.

In the previous studies, we developed a microstructure-based
model to characterize and model failure initiation in DP steels using
an extended finite element method (XFEM) to simulate martensite
cracking on the mesoscale combined with representative volume
element (RVE) modeling during monotonic loading [17,18,34]. We
developed empirical equations for XFEM parameters as functions of
local carbon content in martensite and showed that the equations could
predict successfully failure initiation in industrially produced DP steels
with various chemistries, strengths and martensite fractions [36].
Additionally, we utilized first principle calculations to calculate cohe-
sive zone model parameters for ferrite-martensite interface decohision
in DP steels as a function of martensite carbon content [37].
Implementing XFEM to martensite and cohesive zoned model to
ferrite-martensite interface using identified parameters from [36,37],
respectively, will help to predict failure initiation mechanism as well as
failure initiation corresponding stress/strain in DP steels with various
chemistries, strengths and morphologies [38]. Following our previous
studies on the micromechanical modeling of failure initiation in DP
steel during monotonic loading conditions, we present a micromecha-
nical-based model to predict failure initiation of DP steels during cyclic
loading conditions. For this purpose, micromechanical modeling is
applied to predict the behavior of DP steel with different martensite
fractions during the cyclic loading and the results are validated by
comparison with the experimental observation in Paul et al. [22]. Real
images of the microstructure are used to create representative volume
elements subjected to cyclic loadings. The micromechanical approach
associated with combined hardening model is applied to simulate the
hysteresis curves of DP steel with different martensite fractions. It
should be also mentioned that the ductile damage curve is used as a
failure criterion for the ferrite phase for better prediction of cyclic
behavior of DP steel.
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Table 1
The chemical composition of the investigated steels (wt%) [22].

C Si Mn P Cr

DP Steel 0.093 0.88 1.42 0.014 0.022 0.034

Table 2
Characterization of the studied DP steels [22].

Material ~Martensite volume Ferrite grain size Martensite grain size
fraction % (um) (um)

DP-1 20+3 8.0+1.2 54+1.1

DP-2 55+5 8.6+1.2 11515

2. Literature data

Paul et al. [22] investigated the effect of martensite morphology on
low cycle fatigue performance of dual phase steels. The thickness of DP
steel in their study was 2 mm. The chemical composition of the
material is given in Table 1.

By using different heat treatment processes, they generated two DP
steels with different martensite fractions and ferrite grain sizes, as
summarized in Table 2. The optical micrographs of the microstructures
of these DP steels [22] are shown in Fig. 1. The fully reversed (R=-1)
total strain amplitude control was done. Fatigue tests were carried out
at constant strain rate of 0.02 s™*.

3. Numerical approach (Micromechanical modeling)

Micromechanical modeling using numerical tensile test of a repre-
sentative volume element (RVE) is an appropriate procedure to study
and model the flow behavior of DP steels. This method is advantageous
since it provides a good description of the deformation of the material
on the micro level giving insight into the stress and strain evolution and
distribution in and between the phases.

An RVE has to be constructed in such a way that the shape,
morphology, size and randomness of constituent phases can be
considered to be representative of the microstructure under considera-
tion. Hence, it should be sufficiently large to include the microstruc-
tural characteristics but also adequately small to optimize time
expenditure for calculation. Besides the optimal size, four basic
features have to be discussed to define a micromechanical model for
multiphase material:

(a) Geometric definition of a representative volume element (RVE),
which represents the vital features of the microstructure. Here, 2D
RVE will be presented in detail in the following Section 3.1.
Constitutive description of the flow behavior of each phase, which
is formulated based on dislocation density theory. Furthermore,
the kinematic hardening parameters of single phase will be
identified based on the flow curve of each phase. Mechanical
properties of single phases and the kinematic hardening para-
meters identification will be discussed in Sections 3.2 and 3.3,
respectively.

Boundary conditions imposing the loading from macroscale. In
this study, periodic boundary conditions were employed on the
meshed RVEs through a developed FORTRAN program to simu-
late the material behavior under strain controlled cyclic loading. In
this approach the displacement at only four corner nodes have to
be prescribed for explaining the deformation of the whole RVE
which will be presented in detail in Section 3.4.

Homogenization strategy needed to represent the macroscopic
mechanical behavior from the results of the RVE's numerical
evaluation. A computational first-order homogenization by volume
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Fig. 1. RVEs from the experimental microstructure [22] a) DP-1 (V,,=20%), b) DP-2 (V,,=55%). V, is the volume fraction of martensite On the left, the light areas are ferrite, marked

“F” and the dark areas are martensite, marked “M”.

averaging was applied to obtain the macroscopic mechanical
behavior from the results of the RVE calculation, which will be
discussed in Section 3.5.

3.1. RVE generation

A 2D representative volume element (RVE), which is intended to be
representative of the entire sample, was first created from the micro-
structures of both studied DP steels. Selected areas of light optical
microscopy (LOM) images of the experimental microstructure were
converted into a 2D RVE, taking advantage of the color difference
between martensite and ferrite, using an in-house finite element
generator, Gitter [23]. The smallest satisfactory dimension of the
RVE in DP steels is 24x24 um?, which should contain a minimum of
19 martensite particles, as reported by Ramazani et al. [23]. The RVE
size therefore was taken to be 40 um x40 pm for both DP steels with
20% and 55% martensite volume fractions, respectively. Plane stress
elements (CPS4R) were employed for the numerical tensile tests.
Additionally, the effect of mesh size was studied by Ramazani et al.
[24] with ranging element length from 0.1 to 2 um, and no deviation
was obtained for the meshes finer than 0.25 pm. Therefore, in the
current study, quadratic meshes with element size of 0.25 um were
used for the modeling.

3.2. Modeling the isotropic hardening behavior of ferrite and
martensite

In the current work, the elastic modulus for ferrite and martensite
is assumed to be 210 GPa [24]. A dislocation-based strain-hardening
model of Rodriguez and Gutierrez [25] is applied to define the flow
curve of individual phases for ferrite and martensite (Eq. (1)). This
model emerges from the classical dislocation theory of [26,27] and
from the work of [28] and is given below.

o (in MPa) = 6y + Ao + a*M*p*\/;* %

Here o and ¢ are the flow stress (von Mises stress) and true strain
(equivalent plastic strain), respectively. The first term o, describes the
effect of the Peierls stress and of the alloying elements in the solid
solution [25], as follows:

1)

91

oo (in MPa)=77 + 750(%P) + 60(%Si) + 80(%Cu) + 45(%Ni) + 60(%Cr)
+ 80(%Mn) + 11(%Mo) + 5000(%Nss) 2)

The second term in Eq. (1) accounts for strengthening by carbon in
solution, which for ferrite is:

Ao (in MPa) = 5000%(%CY) 3)
and in the case of martensite is:
Ac (in MPa) = 3065%(%C™)-161 4)

The third term accounts for strengthening by dislocation density,
precipitation hardening, grain size as well as work softening due to
recovery. According to Ref. [5,29], a is a constant with a value of 0.33.
M is the Taylor factor with a value of 3. p is the shear modulus with a
value of 80,000 MPa. b is the Burger's vector (2.5x1071° m). &, is the
recovery rate and in the case of ferrite a value of 107°/d, is assumed,
where d,, refers to the ferrite grain size. For martensite, the k, value is
41. L is the dislocation mean free path. For ferrite it is the same as the
grain size (d,), while for martensite it is a constant with a value of
3.8x108 m [5,29].

The carbon content of ferrite (C,) was approximated using
ThermoCalc software with the TCFe6 database. The following elements
were taken into account for ThermoCalc calculations: Mn, C, Si and Cr.
The carbon content of the martensite (C,,) was calculated by consider-
ing the carbon mass balance and based on the following relation (Eq.

(5)):

Cpp = Co Vo + CiyVin (5)

where V. and V., are ferrite and martensite volume fractions,
measured experimentally based on the ASTM-E562 standard [30],
respectively. Cpp stands for the nominal carbon composition of the DP
steel, determined experimentally by Paul et al. [22].

3.3. Kinematic hardening parameters identification

Because of the intense deformation incompatibilities between soft
ferrite and hard martensite in DP steel, kinematic hardening has to be
considered properly to obtain a good evaluation of the effect of cyclic
deformation. Therefore, for micromechanical modeling of DP steel
subjected to cyclic loading, the kinematic hardening models of each
constituent phase should be determined. In the current study, the
kinematic hardening behavior introduced by Chaboche [31] is used for
ferrite and martensite, expressed as:
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3
da="y da;
i=1 (6)

d(Y,‘:%. Cl'. dEpL—]/I-(T,‘dSp (7)
Here, dép;, and de, denote the plastic strain increment vector and
equivalent plastic strain increment, respectively. C; and y are Chabche
material constants. In the third order Chaboche model, the index i
denotes the individual back-stress tensor, ranging from 1 to 3. The first
term in Eq. (7) represents the hardening modulus and the second term
is a “recall term” that exhibits the nonlinear effect. The material
constant y; controls the hardening rate during the plastic deformation.
The total back stress is a summation of three back stresses
(a = qj+ap+a3). In which the first back stress (a;) present the high
plasticity modulus at the yielding point which saturates rapidly.
(ap) present the nonlinear part of the hysteresis curve and the last
back stress ((a3) simulate the linear hardening at higher strain range.
The loading part of flow curve is represented as:

c=o0p+ o+ a+ as

8

where oy is initial yield stress. Although Chaboche suggested estimat-
ing the material constants from the stabilized hysteresis curve, Gilman
et al. [32], Ohno and Wang [33] and Zhang and jiang [34] determine
the parameters of the Chaboche model based on monotonic stress-
strain curve. Additionally, they introduced a nonlinear kinematic
hardening material model of Chaboche for elastic-plastic ratcheting
analysis. In the current study, we utilize the flow curve of ferrite and
martensite from a dislocation density based model, as discussed in
Section 3.2, to identify the Chaboche model parameters The value of C1
is determined from the slope of stress-strain curve at the yield point.
The value of y; should be large enough that a, saturates rapidly. Cs can
be determined as a constant slope of stress-strain curve at a high strain
rage. Also, the value of C, and y» proposed by trial and error in order to
satisfy the Eq. (8).

Since Paul et al. [22] showed failure initiation occurred in ferrite
during the low cycle fatigue, we utilized the ductile damage curve to
simulate ferrite degradation [35] in our micromechanical modeling of
DP steel during cyclic loading. The ferrite damage curve, derived in
[35], is based on the stress triaxiality and equivalent plastic strain that
represents the critical local stress strain response for ductile crack
initiation (Eq. (9)). Where &' and # are the equivalent plastic strain
and stress triaxiality, respectively.

£P'=0. 239 x ¢~1-678x140, 107 )

Finite element simulation was carried out using the ABAQUS
standard code to predict the cyclic behavior of RVEs during the
uniaxial stain controlled cyclic loading. The strain amplitude and
constant strain rate were taken to be 0.5% and 0.02 s™! respectively,
which were equal to those used in the experiments.

3.4. Periodic boundary conditions (PBCs)

As the RVE is just a small part of the total tensile test specimen,
periodic boundary condition can be imposed on the RVE. An advantage
of using periodic boundary conditions is that the displacements at only
four corner-nodes have to be prescribed to describe the deformation of
the whole RVE. Furthermore, it gives a better estimation of the overall
properties, than other types of boundary conditions listed before. In
Fig. 2a schematic representation of a 2D RVE is given with the corner
nodes indicated. The boundary in this case is split into four parts, as
can be seen in Fig. 2.

The Top and Bottom nodes have same displacements, while the
Right and Left node have same displacements. This was done by
writing equations. First the face nodes are considered in the unde-
formed state. For an initially periodic geometry the position vectors of
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1 B 2

Fig. 2. Schematic representation of a 2D RVE [39].

the face-nodes are linked to the position of the corner-nodes.
Therefore, the periodic boundary condition can be rewritten as (Eq.
(10)) [39]:

—_ — = —
Xr= Xg+ X4— X
— — e
XR = XL + X2 - Xl
—_ = = —
X3= X+ X4— X (10)

Finally these position vectors are written in terms of displacements
and then implemented in a FEM package.

3.5. Homogenization strategy

Homogenization strategy was performed to make a coupling
between the macro and micro scales. In this phase of solution, the
macroscopic stress components are computed as the volume average of
the microscopic components according to the following equations:

1
&:—fmw
v v ! 1
= - f edV
v dw (12)

where S;; and Ej;; are the macroscopic average component of stresses
and strains over the microscopic volume of the micromechanical model
[39].

4. Results and discussion

Rodriguez's approach [25], as discussed in Section 3.2, is used to
develop the flow curve of ferrite and martensite for each of the two DP
steels studies here. As shown in Fig. 3, the disparities between the
ferrite flow curves for DP-1 and DP-2 steels are marginal, while for the
martensitic flow curves the dissimilarities are considerably greater.
According to our previous work [24], the increase of the strength of the
martensite flow curve of DP-1 relative to DP-2 steel is primarily due to
the fact that the martensite carbon content in DP-1 steels is higher than
that in DP-2 steel. In ref. [24], we showed the relationship between
martensite carbon content and volume percent of martensite using
Thermocalc calculations. According to our results in [24], the carbon
concentration of martensite decreases with increasing the volume
percent of martensite in DP steels. Since there is a direct relationship
between martensite carbon content and martensite yield strength (see
Eq. (4) in Section 3.2), the strength of martensite in DP steel with 55%
martensite will be less that the strength of martensite in DP steel with
20% martensite. In the DP steel with lower martensite fraction, the
carbon content in martensite is higher based on the mass balance rule.
Therefore, the strength of the martensite phase in DP-1 steel with 20%
martensite is higher than in DP-2 steel with 55% martensite.

Chaboche material parameters were estimated according to the
calibration process, which is well explained in [32]. According to
Gilman et al. [32], the Chaboche kinematic hardening parameters are
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Fig. 3. Estimation of Chaboche parameters based on ferrite and martensite flow curves of (a) DP-1 steel with 20% martensite and (b) DP-2 steel with 55% martensite.

Table 3
Chaboche kinematic hardening parameters.

than in martensite due to the cyclic hardening behavior of ferrite
during cyclic loading. Also in the DP steel with the higher martensite
fraction, namely DP-2 steel, the stress concentration in the martensite

Material G(MPa) G(MPa) O (MPa) » non is significantly lower due to its lower carbon content.

ferrite (steel C_20%) 45,000 6400 1000 1800 44 1.5 The equivalent plastic strain diStI'iblltiOIl Of bOth DP steels with
ferrite (steel C_55%) 42,880 5505 980 1600 39 15 20% and 55% martensite fractions after 100 cycles is illustrated in
martensite (steel C_20%) 568,000 89,600 20 1600 140 0.5 Fig. 5. During cyclic straining, hard martensite particles resist plastic
martensite (steel C_55%) 414,000 97,500 20 1200 150 0.5

identified by fitting Eq. (8) to the calculated flow curves of ferrite and
martensite from Eq. (1), as illustrated in Fig. 3. The obtained Chaboche
kinematic hardening parameters are listed in Table 3.

The Chaboche parameters obtained by fitting were employed to
simulate the low cycle fatigue with a non-linear kinematic hardening
behavior. A fully reversed strain-controlled low cycle fatigue simulation
was conducted on two RVEs with different martensite volume frac-
tions. The strain amplitude and constant strain rate were taken to be
0.5% and 0.02 s™! respectively, which were equal to those used in the
experiments.

During cyclic loading, strain cycling causes a rearrangement of
dislocations for martensite, which leads to less resistance to deforma-
tion and then the material shows cyclic softening behavior. On the
other hand, for ferrite, the dislocation density increases due to cyclic
plastic straining and leads to cyclic strain hardening [12]. Therefore,
strain partitioning occurs for dual-phase microstructures due to the
differing flow characteristic of the constituent phases during low cycle
fatigue. As shown in Fig. 4, the stress concentration in ferrite is higher

deformation in the soft ferrite which lead to inhomogeneous deforma-
tion. It can be seen that the microscale inhomogeneous deformation
develops high stress concentration at the ferrite/martensite interface.
In both DP-1 and DP-2 steels, formation of shear bands in soft ferrite is
noticed in the RVEs after 100 cycles.

Martensite has a high yield stress and higher resistance to the
plastic deformation and it is known that to activate the dislocation
sources in hard martensite phase high stress required. Therefore, in
this study with low strain amplitude, the accumulated plastic fatigue
strain occurs mostly in the ferrite phase and sharp shear bands appear.
This is also confirmed by experimental data in [12,22]. The shear bands
of the localized plastic strain in the ferrite are most likely exaggerated
due to the plane strain condition. The direction of the localized plastic
deformation is on average 45° to the loading direction.

The hysteresis loops for the initial and 100th cycle of straining at
0.5% strain amplitude for DP-1 and DP-2 steels are given in Fig. 6.
Both DP steels with different martensite volume fractions show soft-
ening behavior under low cycle fatigue. The amount of softening
behavior, which indicates a decrease in resistance to the deformation,
is higher in DP-1 steel with the lower martensite volume fraction than

35, hlises

(A 5%
+i.558e+H12
+4 300e-+H12
+4.14de+H12
+3 992e-+H12
+3 837eH12
+3 683eH12
+3.52%e+H]2
+3.375e+H12
+3.221eH12
+3 . 067e+H12
+2.912e+H12
+2.758e+H12
+2.604e+H12
+2.450e+H12
+5.710e+H11

Fig. 4. Von-Mises stress distribution in (a) DP-1 steel (V,,=20%), and (b) DP-2 steel (V,,=55%) after 100 tension-compression cycles.
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PEEQ

(Avg: 75%)
+7.8768+00
+7.220e+00
+6.563e+00
+5.9072+00
+5.251e+00
+4.594e+00
+3.938e+00
+3.282e+00
+2.6258+00
+1.969e+00
+1.313e+00
+6.563e-01
+0.000e+00

Fig. 5. Equivalent plastic strain accumulation DP-1 steel (V,,=20%), and (b) DP-2 steel (V,;,=55%) after 100 tension-compression cycles (strain amplitude of 0.5%).

DP-1 (Vm=20%)

1000
600
&
=
X .002 0.004 0.006
£
n —+—100 cycle
N —o—first cycle
1000
Strain

(@)

in the DP-2 steel with the higher martensite volume fraction. It can be
seen that in the case of the high martensite volume fraction, the elastic
component of the total strain amplitude is higher and therefore the
fatigue strength is higher.

5. Conclusions

e For dual-phase microstructures, strain accumulation occurs in soft
ferrite due to the strain partitioning. The stress concentration in
ferrite is higher than in martensite due to the cyclic hardening
behavior of ferrite during cyclic loading. the

e Simulation results show the cyclic softening behavior for both DP
steels with 20% and 55% martensite fractions.

® Cyclic softening behavior of DP steel depends significantly on the
percentage of martensite volume fraction. By increasing the mar-
tensite volume fraction, the elastic component of total strain
amplitude in DP steel increases and a higher fatigue strength is,
therefore, predicted.
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