
Yamanaka, A. and Takaki, T.

Paper:

Simulation of Microstructure Evolution and Deformation
Behavior for Dual-Phase Steel by Multi-Phase-Field Method and

Elastoplastic Finite Element Method
Akinori Yamanaka∗ and Tomohiro Takaki∗∗

∗Graduate School of Engineering, Tokyo University of Agriculture and Technology
2-24-16 Nakacho, Koganei, Tokyo 184-8588, Japan

E-mail: a-yamana@cc.tuat.ac.jp
∗∗Graduate School of Science and Technology, Kyoto Institute of Technology

Goshokaidoucho, Matsugasaki, Sakyo, Kyoto 606-8585, Japan
E-mail: takaki@kit.ac.jp

[Received August 11, 2012; accepted November 29, 2012]

A coupled simulation method is developed by using
a Multi-Phase-Field (MPF) method that is recognized
as a powerful numerical method for simulating mi-
crostructure formation in material and ElastoPlastic
Finite Element Analysis (EP-FEA) based on a homog-
enization method. We apply the developed simulation
method to investigate the deformation behavior of DP
steel that includes various volume fractions and mor-
phologies of the ferrite (ααα) phase. To obtain morpho-
logical information on the ααα phase of DP steel, we per-
formed MPF simulation of austenite-to-ferrite (γγγ →→→
ααα) transformation during continuous cooling transfor-
mation. MPF simulation gives us the digital image of
the distribution of the simulated ααα phase. Further-
more, we model the representative volume element,
which describes the DP microstructure, on the basis of
the obtained morphology of the ααα phase, and perform
tension-compression testing of DP steel, including the
simulated ααα phase. Through these simulations, it is
confirmed that the developed simulation method en-
ables us to clarify the effect of the volume fraction and
the configuration of the ααα phase on macroscopic defor-
mation behavior of DP steel, such as the Bauschinger
effect.

Keywords: multi-phase-field method, elastoplastic fi-
nite element method, homogenization method, dual-phase
steel, phase transformation

1. Introduction

The mechanical properties of steels are strongly af-
fected by their underlying microstructure. Specifically,
the deformation behavior of Dual-Phase (DP) steel, which
possesses high strengh, toughness and good formability,
is characterized by the volume fraction and distribution of
soft ferrite (α) and hard martensite (α ′) phases [1]. In or-
der to improve the mechanical properties of DP steel, it is

therefore essential to understand the relationship between
the microstructure and deformation behavior. However, it
is difficult to predict various microstructure evolutions oc-
cured in steel making processes and the mechanical prop-
erties of DP steel only by experiments.

In the past few decades, considerable efforts have been
made to predict microstructure evolution and mechani-
cal properties of steels using numerical approaches [2, 3].
Recently, the Phase-Field Method (PFM) has been rec-
ognized as an innovative numerical approach for simu-
lating various microstructure evolutions in materials [4].
More recently, the Multi-Phase-Field Method (MPFM)
has proposed to simulate microstructure evolutions in
polycrystalline multiphase materials [5, 6]. The PFM and
MPFM have been used to simulate various microstructure
evolutions during solidification [7, 8], phase transforma-
tion [9, 10], recrystallization [11, 12]. Although the Cel-
lular Automaton (CA) and the Monte-Carlo (MC) meth-
ods have been also used to simulate many microstructure
evolutions in materials, these methods have limitations,
as the CA method cannot describe curvature-driven inter-
face migration and the MC method cannnot account cor-
rectly for timescales, while the PFM and MPFM can solve
the above problems. The most attractive advantage of the
PFM and MPFM is that they enable us to simulate mor-
phological change in a simulated microstructure on the
basis of the total free energy of the material.

In comparison, a Finite Element Analysis (FEA) based
on the mathematical homogenization method has been
studied actively as a powerful numerical approach for
investigating both macro- and microscopic deformation
behavior of a material, including the heterogeneous mi-
crostructure [13, 14]. Terada et al. proposed two-scale
FEA based on the homogenization method for a heteroge-
neous solid and used it in order to clarify the Bauschinger
effect in carbon steel [15]. Therefore, a coupled numerical
model using the MPFM and FEA based on the homoge-
nization method is useful in systematically predicting the
microstructure and the mechanical properties of steels.

In a previous study, the authors developed a numer-
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ical simulation model by coupling PFM with EP-FEA
based on the homogenization method [16]. The developed
model was used to simulate the formation of microstruc-
ture during austenite-to-ferrite (γ → α) transformation in
a Fe-C alloy. Furthermore, on the basis of the morphol-
ogy of the simulated microstructure, we performed FEA
of uniaxial tensile testing of α + pearlite steel, which con-
tains the simulated α phase. Through these simulations,
macroscopic stress-strain curves and distribution of mi-
croscopic plastic strain in the microstructure have been
clarified. However, in the previous study, the evolution of
the α phase was simulated only in a single austenite (γ)
grain. In order to apply the coupled simulation model to
practical steel development, it is essential to predict mi-
crostructure evolution and deformation behavior in poly-
crystalline multiphase steel.

In this paper, we propose a new coupled simulation
method to predict microstructure evolution and the defor-
mation behavior of polycrystalline multiphase steel by us-
ing the MPFM and EP-FEA based on the homogenization
method. We use the proposed simulation method to inves-
tigate the deformation behavior of DP steel containing the
α phase predicted by MPF simulation. This paper is orga-
nized as follows. In section 2, the MPF model of γ → α
transformation is explained. To simulate γ → α transfor-
mation in a polycrystalline Fe-C-Mn alloy during Contin-
uous Cooling Transformation (CCT), we derive two dif-
ferential equations that are used for describing the motion
of the α/γ interface and carbon diffusion during γ → α
transformation. In section 3, EP-FEA is explained based
on the mathematical homogenization theory. In section 4,
simulation models are explained for MPF simulation and
EP-FEA. In section 5, results are explained for MPF simu-
lation of the γ → α transformation. Then, we explain EP-
FEA of the tension-compression test of DP steel, includ-
ing the simulated α phase. The effects of volume fraction
and distribution of the α phase on the deformation behav-
ior of the DP steel are investigated on the basis of results
obtained from these simulations.

2. Multi-Phase-Field Method

In this study, γ → α transformation in a Fe-C-Mn alloy
during CCT is simulated by the generalized MPFM pro-
posed by Steinbach et al. [17]. Using this MPF model,
we describe multiple-junction points precisely by intro-
ducing an additional interface-field. Furthermore, since
γ → α transformation in steel accompanies the diffusion
of carbon atoms between the α and γ phases, the carbon
diffusion equation of the multi-phase system is solved.
Although Eiken et al. [18] proposed an MPFM with the
diffusion equation derived from total free energy, we em-
ploy the diffusion equation with the linearized phase di-
agram proposed by Tiaden et al. [19] for simplicity. We
also assume that the para-equilibrium condition is satis-
fied during transformation and that the diffusion of Mn
atoms is ignored.

We use N phase-field variables φi (i = 1,2, . . . ,N) by

considering a system of N crystal grains. φi describes the
fraction of the i-th grain and varies smoothly across an in-
terface from φi = 1 in the i-th grain to φi = 0 in another
grain. Thus, all phase-field variables satisfy constraint
∑N

i=1 φi = 1 at all points. Using phase-field variables, total
Gibbs free energy of system G is defined as a Ginzburg–
Landau-type Gibbs free energy functional that is given by
the sum of a gradient energy that describes additional en-
ergy due to the existence of an interface, potential energy
and bulk free energy as [17]:

G =
∫

V

{
N

∑
i=1

N

∑
j=i+1

(
−a2

i j

2
∇φi ·∇φ j +Wi jφiφ j

)
+g

}
dV

. . . . . . . . . . . . . . . . . . (1)

where ai j, Wi j, and g are gradient coefficient, poten-
tial height, and bulk free energy density, respectively.
These parameters are related to interfacial energy be-
tween grains i and j, γi j, and interfacial thickness δ as
ai j = 2

√
2δ γi j/π and Wi j = 4γi j/δ .

Assuming that the microstructure evolves so that total
free energy decreases monotonically with time, the evolu-
tion equation of the phase-field variables is derived as
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π
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where n is the number of phase fields at an arbitrary point
and is given by n = ∑N

i=1 ξi. Here, ξi is a step function
that is expressed as ξi = 1 in region 0 < φi ≤ 1 and as
ξi = 0 elsewhere. The third term on the right side of
Eq. (2) describes the phenomenological thermodynamic
driving force of transformation. The magnitude of driving
force ΔGi j is given by ΔGαγ = ΔSΔT at the α/γ interface,
where ΔS and ΔT are the entropy difference between the
α and γ phases and undercooling, respectively [20]. The
mobility of phase field Mφ

i j is given by Mφ
i j = π2M/8δ ,

which is set to be a nonzero value only at the α/γ inter-
face. M is the mobility of the α/γ interface, expressed
as M = M0exp(−Q0/RT ). In numerical simulation, the
migration of an interface can be simulated by calculating
Eq. (2) using a second-order finite difference scheme for
space and a first-order forward Euler-type finite difference
method for time on a regular two-dimensional computa-
tional grid.

To simulate the diffusion of carbon atoms during γ →α
transformation in a multiphase system, total carbon con-
centration C is defined as a linear function of local car-
bon concentration ci weighted by corresponding phase-
field variables φi. Local carbon concentration is given by
ci = kiC/∑n

j=1 k jφ j. Here, ki is the partition coefficient
of carbon atoms and is defined as the ratio of the equilib-
rium carbon concentration in the i-th grain to that in the γ
phase [19]. Now, we consider an α + γ two-grain system
(N = n = 2) for simplicity. When φ1 and φ2 correspond to
α and γ phases, respectively, total carbon concentration is
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written as

C =
n

∑
i=1

φici = φ1c1 +φ2c2 . . . . . . . (3)

Using Eq. (3), the diffusion equation for total carbon con-
centration can be expressed as the sum of the diffusion
fluxes of carbon atoms in individual grains as

∂C
∂ t

= ∇ ·
(

n

∑
i=1

φiDC
i ∇ci

)
= ∇ ·(φ1DC

1 ∇c1 +φ2DC
2 ∇c2

)

. . . . . . . . . . . . . . . . . . (4)

Here, DC
i denotes the diffusion coefficient of carbon

atoms in the i-th grain. When φ1 and φ2 are the phase field
variables for α and γ phases, DC

1 and DC
2 correspond to

diffusion coefficients for carbon atoms in α and γ phases.
Carbon diffusion coefficients in the γ and α phases are as
follows:

DC
γ = Dγ

0 exp
(−Qγ

RT

)
. . . . . . . . . (5)

DC
α = Dα

0 exp
(−Qα

RT

)
. . . . . . . . (6)

where Dα
0 , Dγ

0, Qα , and Qγ are the pre-exponential factor
and the activation energy of the diffusion coefficient in α
and γ phases. Partition coefficient ki and undercooling ΔT
are derived from a linearized phase diagram [20, 21]. In
numerical simulation, governing equations are solved by
the finite difference method.

3. Elastoplastic Finite Element Method Based
on Homogenization Method

In order to investigate deformation behavior in the
tension-compression test of DP steel, including the sim-
ulated microstructure on the micro- and macroscopic
scales, large-deformation EP-FEA based on the homog-
enization method is performed in two dimensions. In this
FEA, DP steel is assumed to be an isotropic elasto-plastic
material, and its deformation behavior is characterized by
J2 flow theory. Therefore, we employ the following con-
stitutive equation, which is described by the Jaumann rate

of Kirchhoff stress tensor
∇
Si j and strain rate tensor ε̇i j for

large deformation [22]:

∇
Si j=

⎧⎪⎪⎨
⎪⎪⎩De

i jkl −
3G

σ̄2

(
H ′

3G
+1
)σ ′

i jσ
′
kl

⎫⎪⎪⎬
⎪⎪⎭ ε̇kl . (7)

where De
i jkl, σ ′

i j, σ̄ and G are the elastic coefficient matrix,
deviatric stress tensor, equivalent stress, and shear modu-
lus constant, respectively. H ′ is the plastic tangent modu-
lus. Using this constitutive equation, governing equations
describing micro- and macroscopic deformation behavior
are derived by homogenization theory.

Fig. 1. Schematic illustration of two-scale boundary value
problem.

We consider the two-scale boundary value problem for
micro- and macroscopic scales as shown in Fig. 1. Here,
xi and yi are macro- and microscopic coordinates, respec-
tively. These scales are related to each other as yi = xi/η
with parameter η . Then, the principle of virtual work is
defined as∫

Ω
(Ṡi j +σm jvi,m)δ vi, jdΩ =

∫
St

Ṗiδ vidS . . . (8)

Boundary conditions for displacement rate vector vi and
traction force vector Pi are defined as{

Ṗi = (Ṡi j +σm jvi,m)n j on St

Vi = vi on Su
. (9)

where σi j and n j are the Cauchy stress tensor and the nor-
mal vector on surface Su, respectively. Ṡi j is the rate of
the Kirchhoff stress tensor related to Eq. (7) as in the fol-
lowing equation:

Ṡi j =
∇
Si j −Fi jkl ε̇kl ≡ Li jkl ε̇kl . . . . . . . (10)

where Fi jkl is the total deformation gradient tensor.
In order to describe the deformation behavior of DP

steel on micro- and macroscopic scales, we assume that
the solution of the two-scale boundary value problem, vi,
is expressed as asymptotic expansion with respect to pa-
rameter η ,

vi(xi,yi) = η0v0
i (xi, yi)+η1v1

i (xi, yi)+η2v2
i (xi, yi)+ · · ·

. . . . . . . . . . . . . . . . . . (11)

where v j
i (xi, yi) stands for the j th order displacement rate

vector. Introducing Eq. (11) into Eq. (8) and taking limit
η → 0, governing equations for micro- and macroscopic
deformation behavior can be derived [13]. The govern-
ing equations for the macroscopic scale is given by the
following equation:∫

Ω

[
LH

i jklĖ
0
kl + τH

i jkl
∂ v0

k
∂ xl

]
∂ δ vi

∂ x j
dΩ =

∫
St

Ṗiδ vidS . . (12)

Here, LH
i jkl and τH

i jkl are the homogenized elastic con-
stant and the homogenized material constant, respectively.
These constants are given by the volume average of the
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microscopic deformation property as follows:

LH
i jkl =

1
|Y |
∫

Y

{
Li jkl − Li jpq

1
2

(
∂ χkl

p

∂ yq
+

∂ χkl
q
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)}
dY

. . . . . . . . . . . . . . . . . . (13)

τH
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1
|Y |
∫
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∂ χkl
i
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)
dY . . . (14)

where χkl
p is the solution of the following governing equa-

tions for the microscopic scale and a periodic function in
the microscopic scale, i.e., Y -periodic:
∫

Y

{
Li jpq

1
2

(
∂ χkl

p
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+

∂ χkl
q

∂ yp

)
+σq jδpi
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=
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∂ y j
dY . . . . . . . (15)

Ė0
kl is the macroscopic strain tensor that is derived as a

function of 0 th order displacement rate vector v0
i (xi,yi).

Microscopic strain ε̇0
i j and stress Ṡ0

i j can be written as

ε̇0
i j = Ė0

i j −
1
2

(
∂ χkl

i
∂ y j

+
∂ χkl

j

∂ yi

)
Ė0

kl , . . . . (16)

Ṡ0
i j = Li jkl ε̇0

kl , . . . . . . . . . . . . (17)

In numerical simulation, we investigate micro- and
macroscopic deformation behavior of DP steel by solving
governing equations Eqs. (12) and (15) using the finite el-
ement method.

4. Simulation Procedure and Numerical
Conditions

In this study, the two-dimensional MPF simulation of
the γ → α transformation in Fe-C-Mn alloy during CCT
is performed in order to predict the morphology of the
α phase in DP steel. Due to CCT, temperature continu-
ously decreases from initial temperature T0 = 1100 K at a
constant cooling rate of 0.1 K/s. The size of the computa-
tional domain is 66×36 μm2 and discretized by 165×90
regular meshes. The mesh size is 0.4 μm. The periodic
boundary condition is used for the x and y directions. The
initial configuration of the γ parent phase is produced by
ordinary MPF simulation of grain growth. The number
of initial γ grain is 17. Since triple-junction points of
γ grain boundaries are preferable nucleation sites of α
grains, we assume that all α grains are initially nucleated
at triple-junction points. The number of initial α nuclei
is 17 and its radius is assumed to be r = 1.6 μm. Ini-
tial carbon concentrations are in equilibrium for the α
and γ phases. We assume that growth of the α phase
does not depend on the crystal orientation of the α and
γ phases. Material parameters and physical values are
as follows [21]: M0 = 3.5× 10−7 m4/(Js), Q0 = 140×

Fig. 2. Evolution of α grains and carbon concentration dur-
ing γ → α transformation.

103 J/mol, Dα
0 = 2.2×10−4 m2/s, Dγ

0 = 1.5×10−5 m2/s,
Qα = 122.5× 103 J/mol, Qγ = 142.1× 103 J/mol, ΔS =
3.46×105 J/mol, γi j = 0.5 J/m2 and δ = 2.8 μm.

After MPF simulation, we perform EP-FEA in order to
investigate the deformation behavior of DP steel, includ-
ing the α phase simulated during the tension-compression
test. The configuration of the simulated α phase is mod-
eled by the representative volume element (RVE). The ge-
ometry of the α + α ′ DP microstructure is represented
by a periodic array of RVEs. In this study, we assume
that the untransformed γ phase after γ → α transforma-
tion changes to the α ′ phase at room temperature and
that the α ′ phase has a uniform structure. We generate
the RVE and finite element mesh by using digital-image-
based modeling, as explained in a previous paper [16].

EP-FEA of the tension-compression test of DP steel is
conducted under uniform deformation for strain rate Ė =
10−3 /s. Because we simulate the two-dimensional mor-
phology of the DP microstructure, the two-dimensional
plane strain condition is assumed. The initial yield stress
of α and α ′ phases is assumed to be 400 MPa and
1200 MPa, respectively. Young’s modulus, Poisson’s ra-
tion, and shear modulua are chosen as E = 206 GPa,
ν = 0.3, and G = 80 GPa, respectively.

5. Results and Discussion

5.1. Formation of the ααα Phase in γγγ →→→ ααα Transfor-
mation During Continuous Cooling Process

Figure 2 shows the simulated evolution of the α phase
and the carbon concentration in γ → α transformation
during CCT. In this figure, the black solid line indicates
a grain boundary. White and gray regions correnspond to
α and γ phases, respectively. This result shows that α
grains grow with carbon diffusion and carbon concentra-
tion in γ phase increases. Due to the increase in super-
saturation in the γ phase, γ → α transformation is sup-
pressed as α grains grow. The variation in volume frac-
tion of the α phase (Vf ) is shown in Fig. 3. Although Vf
increases monotonically from T = 1100 K, the transfor-
mation rate decreases with the decrease in temperature.
From the above results, it is demonstrated that MPF sim-
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Fig. 3. Variation in the volume fraction of the α phase.

ulation allows us to understand microstructure evolution
during γ → α transformation. Furthermore, simulation
results give us the distribution of the α phase at an arbi-
trary temperature and time. Therefore, using these sim-
ulated morphologies of the microstructure, we can inves-
tigate the mechanical properties of DP steel containing
various Vf and morphologies of the α phase, as shown in
the next section.

5.2. Deformation Behavior of DP Steel in the
Tension-Compression Test

The tension-compression test of DP steel, including the
simulated α phase, is performed using EP-FEA. Since we
employ the homogenization method, the macro- and mi-
croscopic deformation behavior of the DP steel can be in-
vestigated simultaneously.

Figure 4 shows RVEs describing the α + α ′ DP mi-
crostructure. These RVEs represent a microstructure con-
taining the α phase shown in Figs. 2 (b), (d) and (f), re-
spectively. It is shown that the distribution of the simu-
lated α phase is described in the RVE by using digital-
image based modeling. For all RVEs, the total number of
crossed-triangle elements and nodes are 4680 and 4838,
respectively. The mesh size of a crossed-triangle element
is Δx = 0.53 μm and Δy = 0.90 μm. Vf of the α phase in
these RVEs are 29%, 56% and 67%, respectively. There-
fore, DP steels whose microstructures are represented by
RVEs are named DP-29% steel, DP-56% steel and DP-
67% steel. We can find a difference in the microstruc-
ture of these DP steels. That is, the configuration of the
α phase in DP-29% steel is isolated, while the connected
configuration of the α phase is recognized in DP-56% and
DP-67% steels. Using the above RVEs, EP-FEA of the
tension-compression test of DP steel is performed and the
effects of Vf and the configuration of α phase on deforma-
tion behavior and mechanical properties are investigated.

Figure 5 shows calculated macroscopic true stress-true
strain curves of DP steel containing different DP mi-

Fig. 4. RVEs describing the DP microstructure for different
DP steels.

Fig. 5. Macroscopic true stress – true strain curves for dif-
ferent DP steels.

crostructures (different RVEs). As we expect, strain hard-
ening during tension deformation increases with the de-
creasing volume fraction of the soft α phase. Therefore,
it is confirmed that the macroscopic deformation behavior
of DP steel in initial tensile deformation is mainly gov-
erned by Vf of the α phase.

FEA based on the homogenization method allows us
to study the relationship between the macroscopic stress-
strain curve and deformation behavior inside the mi-
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Fig. 6. Evolution of equivalent stress in the microstructure
for different DP steels.

Fig. 7. Evolution of equivalent plastic strain in the mi-
crostructure for different DP steels.

crostructure. The evolution of equivalent stress in the mi-
crostructure during tension deformation for different DP
steel is shown in Fig. 6. In all DP steel, it can be seen that
the α ′ phase plays a role in the deformation resistance.
Especially in the DP-29% steel, since each α grain is iso-
lated and deforms little plastically, a high stress-field is
exhibited in the α ′ phase. In DP-56% and DP-67% steel,
because α grains are connected to each other, plastic de-
formation can easily occur in the α phase. As a result, we
observed that stress concentration occurred only in the α ′
phase, which is located between the α grains.

Figure 7 shows the evolution of equivalent plastic
strain in the microstructure in tension deformation for dif-
ferent DP steel. Plastic strain in the microstructure in-
creases with increasing macroscopic strain. Distribution
of plastic strain stongly depends on the configuration of
the α phase. For all DP steel, when macroscopic strain
reaches E = 0.17, it can be seen that plastic strain con-
centrates along the soft α phase and plastic deformation
bands form in a direction at 45 degrees to the loading di-
rection.

Fig. 8. Definition of Bauschinger strain.

Fig. 9. Bauschinger strain for different DP steels.

Furthermore, as shown in Fig. 5, all DP steel exhibits
the Bauschinger effect during the unloading and com-
pression processes. The Bauschinger effect considered
to be observed from the macroscopic stress-strain curve
is influenced by inhomogeneous deformation in the mi-
crostructure. To evaluate the Bauschinger effect observed
in this study, we calculate Bauschinger strain εb, which
is defined as shown in Fig. 8, from macroscopic stress-
strain curves shown in Fig. 5. εb calculated for all DP
steel is shown in Fig. 9. It is found that DP-56% steel
exhibits the largest εb in this study. To clarify the ori-
gin of the Bauschinger effect from the viewpoint of the
microstructure, Fig. 10 shows the evolution of equivalent
plastic strain that is newly generated during the unloading
and the compression processes. It was found that plas-
tic strain develops significantlly in regions where small
amounts of plastic strain is accumulated during initial ten-
sion deformation. In other words, the α phase in which
large plastic strain is generated in tension deformation de-
forms plastically only negligibly during compression de-
formation due to strain hardening. We concluded that
such inhomogeneous plastic deformation in the α phase
during compression deformation causes the Bauschinger
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Fig. 10. Evolution of equivalent plastic strain in the mi-
crostructure during unloading and compression processes
for different DP steels.

effect. The mechanism of the Bauschinger effect as ex-
plained above is similar to that reported previously in the
literature [15].

6. Conclusions

In order to improve the mechanical properties of steel
and to develop a novel high-strength steel, it is essential
to predict the morphology of the microstructure in steel
and its mechanical properties simultaneuously using nu-
merical simulation. In this study, a coupled simulation
method has been developed by using the MPFM and EP-
FEA based on the homogenization method to predict the
microstructure and mechanical properties of steel. We
have applied the developed simulation method to inves-
tigating the formation of the α phase in a Fe-C-Mn alloy
during CCT and deformation behavior of DP steel that is
affected by the morphology of the α phase on micro- and
macroscopic scales.

In the developed simulation method, with the help of
the MPFM, we simulated the evolution of not only Vf of
the α phase, but also of the morphological change in the
microstructure during γ → α transformation. Therefore,
the simulated morphology of the α phase can be used for
modeling the DP microstructure in DP steel. Using the
RVE made by the morphology of the α phase predicted
by MPF simulation, the effects of Vf and the configuration
of the α phase on maco- and microscopic deformation
behavior of DP steel have been clarified.

EP-FEA of the tension-compression test of DP steel
including different DP microstructures has revealed that

strain hardening during tension deformation increases
with the decreasing Vf of the α phase. According to the
result, we have confirmed that macroscopic deformation
behavior of DP steel in initial tensile deformation is gov-
erned by Vf of the α phase. Furthermore, on the basis of
microscopic investigation of deformation behavior in DP
steel, we have clarified the mehanism of the Bauschinger
effect depending on the microstructural morphology. That
is, it has been found that the Bauschinger effect observed
in compression deformation is governed by the plastic de-
formation behavior of the α phase, which does not deform
plastically in initial tension deformation. Consequently,
we have demonstrated that the author’s simulation model
enables us to systematically investigate macro- and micro-
scopic deformation behavior of DP steel, including vari-
ous Vf , and morphologies of the α phase.

Further improvement of the simulation method with the
MPF and FEA based on the homogenization method as re-
ported in this paper would allow us to more precisely pre-
dict the mechanical properties of steel on the basis of the
microstrucuture. In order to improve the proposed simu-
lation method in future work, introduction of crystal plas-
ticity FEA is the most promising. The validation of the
simulation result would be essential for the application of
our simulation method to practical numerical simulation
in material design and development.
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