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Abstract

Dual-phase steels exhibit a moderate plastic anisotropy as a result of the

underlying microstructure. A numerical homogenization scheme based on

full-field finite element simulations was applied to assess the effect of the

martensite morphology on the stress-strain curves and the plastic strain ra-

tios (r-values) of a dual-phase steel under uniaxial tensile loading in different

directions. The simulation results show that the martensite morphology af-

fects the macroscopic response and the degree of plastic anisotropy. The me-

chanical behavior of the dual-phase steel (DP600) investigated in this work

could be predicted if the crystallographic texture of the material and a statis-

tically equivalent martensite morphology were considered in the simulations.

The corresponding finite element models of the dual-phase microstructure

were generated using a reconstruction procedure based on statistical corre-

lation functions. This study demonstrates that the predictive capabilities of
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the virtual testing approach strongly depend on the level of detail with which

the microstructural features are represented in the simulations.
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1. Introduction

The characteristic properties like continuous yielding and the favorable com-

bination of high strength and good ductility make dual-phase (DP) steels

widely used in industrial applications [1]. The microstructure of this type

of steel is composed of hard martensite particles embedded in a soft ferrite

matrix. By changing the characteristics of the microstructure constituents,

the strength and formability can be varied in a broad range. Thus, it is of

great importance to understand the underlying structure-property relations.

Numerical simulations based on a spatially resolved representation of the

microstructure are frequently applied to study the mechanical behavior of

dual-phase steels. Such full-field simulation approaches are often performed

using the finite element method or spectral methods as the numerical frame-

work to solve for the local stress and strain fields. The simulation results

depend on the representation of the microstructure and the constitutive de-

scription of the individual phases. A variety of approaches that differ consid-

erably regarding the level of detail used for the incorporation of microstruc-

tural features can be found in the literature (see [2] for a comprehensive

overview). For example, different combinations of constitutive models were

used in previous works: isotropic plasticity models for both phases [3, 4, 5, 6],
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a combination of an isotropic plasticity model for martensite and a crystal

plasticity model for ferrite [7] or crystal plasticity models for both phases

[8, 9, 10, 11]. Numerous studies were performed with a two-dimensional rep-

resentation of the dual-phase steel microstructure to study microscale effects

like strain localization [12, 4, 13] or to predict the macroscopic strain hard-

ening behavior [14, 3, 15]. In contrast to three-dimensional simulations, this

approach reduces computational costs and allows to directly use the real mi-

crostructure obtained from micrographs as the simulation domain. Although

three-dimensional models of DP microstructures have been generated based

on experimental data by using statistical methods [16], most simulations use

a simplified and idealized representation of microstructural features like the

martensite morphology [8, 6, 10].

However, virtual testing strategies based on numerical homogenization schemes

require three-dimensional models with a suitable level of detail regarding

the microstructure representation for a comprehensive prediction of material

properties. Although virtual testing approaches using full-field simulations

have been applied to predict the effective mechanical behavior of single-phase

sheet metals [17, 18, 19], they have not been used to predict the anisotropic

properties of DP structures. Since dual-phase steels are commonly used as

sheet metals, the shape of the yield surface and the r-values are important

for the analysis of sheet forming applications in order to predict geometries,

thinning and springback. To account for the plastic anisotropy of dual-phase

steels in macroscopic plasticity models, different yield functions like Hill’48 or

Yld2000-2d have been used [20, 21, 22]. Fig. 1 shows a comparison between

r-values of DP600 steels taken from the literature [20, 23, 24, 21, 25]. Differ-
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ent trends regarding the direction dependence of the plastic strain ratio were

reported for this type of steel. Apart from possible differences due to the

applied measurement techniques, this behavior can be explained by a strong

dependence of the r-values on the particular microstructure and processing

history.
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Figure 1: Comparison of r-values measured for different DP600 steels taken from the

literature.

So far, the r-values of dual-phase steels have been related to the crystal-

lographic texture of the material [26, 27]. However, [28] pointed out that

using a viscoplastic self-consistent (VPSC) polycrystal model to predict the

r-values resulted in an overestimation of the plastic strain ratios since the

effect of the martensite phase was neglected. In fact, it is difficult to incor-

porate a detailed description of the martensite morphology into mean-field
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models. This microstructural feature is often neglected even if only the strain

hardening behavior of dual-phase steels is modeled [29, 30, 31].

In the present work, a numerical homogenization scheme based on three-

dimensional full-field simulations using the finite element method was ap-

plied to assess the dependence of the anisotropic plastic flow behavior on

different microstructural features. In particular, the effect of the marten-

site morphology was investigated. First, a numerical study was conducted

to compare the effect of different martensite morphologies on the effective

material behavior in terms of stress-strain curves and r-values. In the second

step, a reconstruction procedure based on microstructural correlation func-

tions as proposed by [32, 33] was used to generate microstructure models

with a martensite morphology that is statistically equivalent to the real ma-

terial. The predicted material behavior obtained from simulations with these

models was compared with experimental results. In addition, the effect of

the mechanical phase contrast on the predicted r-values was investigated.

2. Material characterization

2.1. Microstructure analysis

DP600 steel sheets with a thickness of t = 1.0 mm were investigated in the

as-received condition, i.e. after cold-rolling and intercritical annealing. The

chemical composition was measured via spark-emission spectrometry and is

given in Table 1.

Optical micrographs taken from the middle of the sheet for cross sections

orthogonal to the rolling direction (RD) and orthogonal to the transverse

direction (TD) are shown in Fig. 2. The morphology of the martensite phase
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Table 1: Chemical composition of DP600 (in wt.%).

C Si Mn P S Cu Cr Ni Al V

0.093 0.29 1.663 0.011 0.001 0.029 0.341 0.047 0.046 0.001

was revealed using a Nital etchant. Based on the microstructure observation,

a martensite content of V (m) = 12 % was identified. The micrographs provide

the statistical information that are needed for the reconstruction process of

the martensite phase described in Section 3.
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Figure 2: Micrographs taken from cross sections (a) orthogonal to the transverse direction

and (b) orthogonal to the rolling direction.

In addition, the crystallographic texture of the material and the grain size

of the ferrite matrix were analyzed based on electron backscatter diffraction

(EBSD) measurements. Fig. 3 (a) shows the EBSD map for an area of

150µm × 600µm with a step size of 0.5µm. The scan area is located in the

middle of the sheet and contains approximately 5800 ferrite grains. The pole

figure representation of the orientation distribution function (ODF) that was
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calculated from the orientation information using the MTEX toolbox [34] is

shown in Fig. 3 (b).
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Figure 3: Results from EBSD scan with a step size of 0.5µm: (a) EBSD map and (b) pole

figure representation of the crystallographic texture.

For the ferrite grains, an average equivalent area diameter of d(f) = 3.1µm

was determined based on EBSD measurements with a higher resolution using

a step size of 0.125µm. Here, the phases could be separated due to the low

band contrast of the martensite islands.

2.2. Mechanical testing

Uniaxial tensile tests were carried out in three directions (0◦, 45◦ and 90◦ to

RD) with a strain rate of 0.0005 s−1. The results of these tests that are used

in the following are taken from [35]. The stress-strain curves are shown in
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Fig. 4 and indicate a nearly isotropic behavior regarding the yield stress and

the hardening of the material.
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Figure 4: Stress-strain curves obtained from tensile tests in three different directions with

respect to the rolling direction (data taken from [35]).

In addition, the strains in longitudinal and width direction were measured

using an optical strain measurement system to obtain the r-values. The r-

value (or Lankford coefficient) is defined as the ratio of the true plastic strains

in width and thickness direction according to

r =
εplw

εplt
. (1)

Since εpll + εplw + εplt = 0 holds for the plastic strains in longitudinal, width

and thickness direction, the r-value can be calculated from the strains in

longitudinal and width direction using

8



r =
εplw

−(εpll + εplw )
= − m

1 +m
(2)

with m = εplw/ε
pl
l . The experimental r-values obtained from fitting the pa-

rameter m to the εplw (εpll ) plot for tensile strains between 5 % and 15 % are

listed in Table 2.

Table 2: Experimental r-values for DP600 obtained from uniaxial tensile tests (data taken

from [35]).

Specimen 1 Specimen 2 Specimen 3 Average

r0/5−15 0.88 0.88 0.89 0.88

r45/5−15 0.88 0.90 0.90 0.89

r90/5−15 1.05 1.06 1.05 1.05

The DP600 exhibits a moderate anisotropy regarding the plastic strain ratios

and an average normal anisotropy of rm = (r0 + 2r45 + r90)/4 = 0.93 which

is typical for dual-phase steels.

3. Generation of microstructure models

This section describes the generation of the microstructure models that were

used to perform numerical simulations with the finite element software pack-

age Abaqus/Standard. In a first step, finite element models with different

martensite morphologies were generated. These models are referred to as

concept microstructure models (CMM) and were used for a numerical study

to assess the effect of the shape of the martensite islands on the macroscopic

flow behavior. In the second step, the martensite phase was reconstructed

from experimental data using a reconstruction procedure based on statistical
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correlation functions. In contrast to the CMM, these models incorporate the

martensite morphology of the real material and are denoted as statistically

equivalent microstructure models (SMM).

In addition, we used two different strategies to model the ferrite phase. A ho-

mogeneous ferrite matrix was modeled using an isotropic J2 plasticity model.

In contrast to this simple approach, a more advanced modeling strategy was

applied that considers the grain structure of the ferrite matrix and uses a

crystal plasticity model to describe the constitutive behavior. This strategy

takes the crystallographic texture into account when predicting effective ma-

terial properties like r-values. In the following, the microstructure models

are labeled according to the constitutive model used for the ferrite matrix by

adding the suffix ”-J2” and ”-CP”, respectively.

3.1. Statistical correlation functions and reconstruction procedure

[32, 33] presented a simple and flexible method based on statistical corre-

lation functions to reconstruct a statistically equivalent model of a given

microstructure. They used a combination of the two-point probability func-

tion S2 and the lineal-path function L to achieve good results for the recon-

struction process of two-dimensional and three-dimensional microstructures.

[36] showed that two-dimensional microstructure models that are statistically

equivalent with respect to the S2 and L functions result in almost identical

effective stress-strain curves when used in numerical tensile tests. Thus, the

combination of S2 and L seems to be a good choice as microstructural de-

scriptors for the problem of calculating the effective mechanical response for

a heterogeneous two-phase microstructure. According to [37], the two func-

tions are defined in the following way. If a vector r with length r = |r| is
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randomly placed into a multi-phase sample, the two-point probability func-

tion S
(k)
2 (r) is the probability of having both end points of r inside phase

k. The lineal-path function L(k)(r) is the probability of finding the whole

line segment inside phase k. For statistically homogeneous materials, both

functions are independent of the absolute position of r in the microstructure

domain. However, both functions depend on the orientation of r in the case

of statistical anisotropy.

The morphological information provided by the evaluation of the S2 and

L functions for a given microstructure are taken as the target for the re-

construction process. For the DP600 considered in this work, the functions

characterize the martensite phase and therefore the superscript k is dropped.

The reconstructed system is initialized using an artificial distribution of the

martensite phase with the same volume content as the real material. The

difference between the statistical information of the two systems with respect

to an arbitrary correlation function is measured by the mean square error be-

tween the corresponding function evaluated for the reconstructed system (·)r

and the target system (·)0. For the three-dimensional reconstruction process,

the combination of S2 and L evaluated in RD, TD and ND was used so that

the error has the specific form

E =
n∑
i=0

[ (
Sr
2,RD(li)− S0

2,RD(li)
)2

+
(
Sr
2,TD(li)− S0

2,TD(li)
)2

+
(
Sr
2,ND(li)− S0

2,ND(li)
)2

+
(
Lr
RD(li)− L0

RD(li)
)2

+
(
Lr
TD(li)− L0

TD(li)
)2

+
(
Lr
ND(li)− L0

ND(li)
)2 ]

. (3)

Here, li is the distance between two points on a line in the corresponding
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direction measured as the number of pixels (2D) or voxels (3D) depending

on the dimensionality of the microstructure representation and n is the size of

the analyzed domain. By referring to the physical size of one pixel or voxel,

the functions can be compared between microstructure representations with

different resolutions. In each iteration of the reconstruction process, the

positions of two randomly chosen voxels of opposite phases are swapped and

the correlation functions for the reconstructed system are re-evaluated. If

this step reduces the error E, the change in the microstructure is accepted.

Otherwise, it is refused and two other voxels are swapped.

3.2. Concept microstructure models (CMM)

The CMM were generated to analyze martensite morphologies with clearly

distinguishable characteristics. The DREAM.3D software package [38] was

used to build the finite element models of the microstructure that represent

a volume of (50µm)3 and were meshed with 1003 brick elements with re-

duced integration (C3D8R). First, the grain structure of the ferrite matrix

was generated based on the ferrite grain size obtained from the EBSD mea-

surements. The resulting ferrite matrix consists of 3500 grains that were

used to represent the crystallographic texture of the material. For that, the

ODF obtained from the EBSD data shown in Fig. 3 was reduced to a set of

3500 individual orientations following the procedure described in [39]. From

this set, each orientation was assigned to one ferrite grain. Fig. 5 shows the

comparison between the ODF obtained from the experimental data and the

initial finite element model of the ferrite matrix. The texture is dominated

by components belonging to the α- and γ-fiber which is well represented by

the microstructure model.
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Figure 5: Comparison of ODF obtained from (a) the experimental data and (b) the initial

finite element model of the ferrite matrix consisting of 3500 grains.
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In the second step, the martensite phase was included. For all CMM, a uni-

form distribution of martensite particles with a volume content of V (m) =

12 % was generated. Using the DREAM.3D features, different aspect ratios

were assigned to the martensite islands to create three different martensite

morphologies that are denoted as CMM-1 (spherical martensite particles),

CMM-2 (martensite particles elongated in rolling direction) and CMM-3

(martensite particles flattened in sheet normal direction). The martensite

islands were then inserted into the previously created ferrite matrix. The

superposition of the martensite phase with the ferrite matrix caused a re-

duction of the number of individual orientations in the finite element model

by 12 %. Since the orientations were deleted rather randomly, the overall

texture was almost unaffected. Using this procedure, the underlying ferrite

structure is almost the same for all microstructure models which increases

the comparability of the simulation results. In addition, each distribution

of martensite particles was merged with a homogeneous ferrite matrix. The

resulting microstructure models are shown in Fig. 6.

The microstructural correlation functions described in Section 3.1 were used

to characterize the different martensite morphologies. Fig. 7 shows the two-

point probability function S2 and the lineal-path function L evaluated in RD,

TD and ND for CMM-1, CMM-2 and CMM-3. For CMM-1, both functions

give the same results for all directions except for a small deviation of S2

evaluated in RD. Thus, the distribution of martensite particles belonging to

CMM-1 is statistically isotropic. In contrast, the results of S2 and L depend

on the direction when evaluated for CMM-2 and CMM-3. The martensite

phase of these models is statistically anisotropic.
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Figure 6: Concept microstructure models (CMM) with a martensite content of V (m) = 12%

and distinct martensite morphologies generated using different DREAM.3D settings. Fi-

nite element models with a homogeneous matrix neglecting the grain structure of the

ferrite phase: CMM-1-J2, CMM-2-J2 and CMM-3-J2. Finite element models using a crys-

tal plasticity model for the ferrite phase to take the crystallographic texture into account:

CMM-1-CP, CMM-2-CP and CMM-3-CP (Note that the ferrite grain structure is the same

although the coloring of the individual grains is different.).
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Figure 7: Statistical characterization of the martensite morphoogy in the concept mi-

crostructure models (CMM) using the microstructural correlation functions S2 and L

evaluated in three directions. The results are plotted using the physical length scale (edge

length of one element is equal to 0.5µm).
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3.3. Statistically equivalent microstructure models (SMM)

A family of three-dimensional microstructure models with a martensite mor-

phology that is statistically equivalent to the DP600 investigated in this work

was generated using the reconstruction method outlined in Section 3.1.

The statistical information required for the reconstruction process were col-

lected from the micrographs shown in Fig. 2. The images were converted to

binary images to separate the two phases. Subsequently, a combination of the

image processing operations erosion and dilation was used to exclude grain

boundaries. The processed images were used to evaluate the microstructural

correlation functions and are shown in Fig. 8 (a) and (c). As can be seen

from Fig. 8 (b) and (d), S2 and L depend on the direction in which they

are evaluated. The results indicate that the martensite morphology in the

real material is statistically anisotropic. Compared to the evaluation in ND,

both functions have higher values in RD and TD which reflects the slight

martensite banding that can be recognized in Fig. 8 (a).

The statistical information that serve as target values for the reconstruction

process were assembled in the following way: S2 and L in RD and ND were

taken from the cross section orthogonal to TD and the information in TD

were taken from the cross section orthogonal to RD. Four different but sta-

tistically equivalent martensite morphologies that are denoted as SMM-1 to

SMM-4 were generated based on the same target values. For each distribu-

tion of martensite particles, the reconstruction process was started with an

initial martensite configuration similar to that of CMM-1 with a martensite

content of V (m) = 12 %. Fig. 9 (a) shows the evolution of the S2 function

evaluated in RD for SMM-1 during the reconstruction process. After 5 · 106
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Figure 8: Statistical characterization of the martensite phase in DP600. Binarized and

processed micrographs and evaluation of microstructural correlation functions for cross

sections orthogonal to TD, (a) and (b), and orthogonal to RD, (c) and (d).
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iterations, the reconstructed martensite phase exhibits the same statistical

characteristics as the real material. The same holds true for the remaining

functions used in the reconstruction process as shown in Fig. 9 (b).

Again, two different modeling approaches for the ferrite phase were applied.

The four statistically equivalent martensite morphologies were combined with

a homogeneous matrix and with the ferrite grain structure described in Sec-

tion 3.2. Like the CMM, the finite element models were meshed with 1003

elements of type C3D8R using an element edge length of 0.5µm. Fig. 10

shows the resulting microstructure models.

4. Simulation approach

4.1. Constitutive modeling of martensite

The plastic flow behavior of the martensite phase was approximated using

an isotropic plasticity model as implemented in Abaqus/Standard [40]. Fol-

lowing [41], the flow stress is expressed as a function of strain according

to

σf = σ0 + αMµ
√
b

√
1− exp (−Mk2εp)

k2L
. (4)

This approach has been used for full-field simulations of dual-phase steels by

various authors [7, 3, 42]. The first term in Eq. (4) defines the yield stress

and is given as
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Figure 9: Statistical characterization of martensite phase in SMM-1. (a) Evolution of S2

evaluated in RD during the reconstruction process. (b) Comparison of statistical informa-

tion between SMM-1 and target values after 5 · 106 iterations.
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Figure 10: Family of statistically equivalent microstructure models (SMM) reconstructed

from the same set of statistical information that represents the martensite morphology of

the DP600. Two different approaches to model the ferrite matrix are shown (Note that

the grain structure is the same although the coloring of the individual grains is different.).
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σ0 = 77 MPa + 80 MPa · (%Mn) + 750 MPa · (%P) + 60 MPa · (%Si)

+ 80 MPa · (%Cu) + 45 MPa · (%Ni) + 60 MPa · (%Cr)

+ 11 MPa · (%Mo) + 5000 MPa · (%Nss)

+ 3065 MPa · (%C(m)
ss )− 161 MPa. (5)

Except for the carbon concentration, the global chemical composition of the

dual-phase steel given in Table 1 was used to evaluate Eq. (5). The carbon

concentration in martensite has a significant effect on its strength and was

estimated as C(m)
ss = 0.61 % from the the rule of mixture according to

C(m) = C(f) +
C(DP) − C(f)

V (m)
. (6)

For this approximation, C(f) = 0.022 % was taken as the maximum carbon

content in ferrite [29, 43, 15]. The second term in Eq. (4) represents the

strain hardening. The parameters are M = 3.0 (Taylor factor), α = 0.33

(a constant), µ = 80000 MPa (shear modulus), b = 2.5 · 10−10 m (Burger’s

vector), L = 3.8 · 10−8 m (mean free path), k2 = 40 (recovery rate) and were

taken from [41].

4.2. Constitutive modeling of ferrite

As described in Section 3, two different approaches were applied to model

the ferrite matrix. The microstructure models labeled with the suffix ”-J2”

neglect the grain structure of the ferrite phase and an isotropic J2 plasticity

model was used to define the material behavior. The flow stress was given

as a function of the plastic strain according to
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σf = σ0 + θ∞εp + (σ∞ − σ0)
(

1− exp

(
− θ0 − θ∞
σ∞ − σ0

εp

))
. (7)

Here, the parameters σ0, σ∞, θ0 and θ∞ define the strain hardening. A

Young’s modulus of E = 210 GPa and a Poisson’s ratio of ν = 0.3 were

taken as elastic constants. The model given in Eq. (7) was implemented

using the UHARD interface of Abaqus/Standard.

The suffix ”-CP” denotes microstructure models that consider the crystallo-

graphic texture of the material by incorporating the grain structure of the

ferrite matrix. A crystal plasticity model was applied to define the constitu-

tive behavior and to account for individual grain orientations. The material

model is briefly described in the following and was implemented as a UMAT

subroutine for Abaqus/Standard according to the scheme presented by [44].

Using the decomposition of the deformation gradient F = F eF p, the plastic

velocity gradient in the intermediate configuration is defined as the sum of

shear rates on all slip systems according to

Lp = Ḟ pF
−1
p =

n∑
α=1

γ̇αmα ⊗ nα. (8)

Here,mα and nα denote the slip direction and the normal to the slip plane for

each slip system. For the body-centered cubic crystal structure of the ferrite

phase, slip systems of type {110} 〈111〉 and {112} 〈111〉 were considered, i.e.

n = 24. The shear rate γ̇α is given by the power law

γ̇α = γ̇0

∣∣∣∣ταgα
∣∣∣∣1/m sign(τα), (9)

which is a function of the resolved shear stress τα and a hardening variable

gα. A reference shear rate of γ̇0 = 0.001 s−1 and a rate sensitivity parameter
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m = 0.0125 were chosen to define a low strain rate dependence. The resolved

shear stress follows from τα = (CeS) : (mα⊗nα) with Ce = F T
e F e by using

the stress tensor S = 1
2
C : (F T

e F e − I) in the intermediate configuration.

The elastic constants C11 = 226 GPa, C12 = 140 GPa and C44 = 116 GPa of

pure iron were used [45]. The evolution of the slip resistance gα is given by

ġα =
dτ̂

dΓ

n∑
β=1

qαβ
∣∣γ̇β∣∣ (10)

with

τ̂(Γ) = τ0 + (τ1 + Θ1Γ)

[
1− exp

(
−Θ0Γ

τ1

)]
. (11)

Self and latent hardening effects are taken into account by the interaction

matrix qαβ in Eq. (10). A value of 1.0 was assigned to the diagonal elements

(α = β). The latent to self hardening ratio is represented by the off-diagonal

elements (α 6= β) which were set to 1.4 without further distinguishing be-

tween slip systems. The parameters τ0, τ1, Θ0 and Θ1 define the hardening

behavior depending on the accumulated plastic shear calculated from

Γ =

∫ t

0

n∑
α=1

|γ̇α| dt. (12)

4.3. Simulation setup and homogenization procedure

The finite element models presented in Section 3 were used to calculate the

micromechanical stress and strain fields for different loading conditions. The

simulations were performed using periodic boundary conditions described by

ub − ua = F̄ (Xb −Xa)− (Xb −Xa), (13)
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i.e. the displacements ua and ub of two equivalent pointsXa andXb located

on opposite surfaces in the undeformed configuration are coupled by the

macroscopic deformation gradient F̄ . Following [46], the components of the

displacement gradient H̄ were represented by the displacements of three

auxiliary nodes that were used to constrain the displacements of the surface

nodes. The components of the macroscopic deformation gradient F̄ = H̄+1

and the macroscopic first Piola-Kirchhoff stress P̄ were derived from the

displacements and reaction forces of these control nodes. Other stress and

strain measures can be calculated from these quantities and the simulation

results could be processed in the same way as the experimental data. For

example, the effective true stress σ̄ and true strain ε̄ are calculated according

to

σ̄ =
1

detF̄
P̄ F̄

T
, (14)

ε̄ = ln
(
V̄
)

= ln

(√
F̄ F̄

T

)
. (15)

5. Results and discussion

5.1. Numerical study: Flow behavior of concept microstructure models

Numerical tensile tests in RD (0◦) and TD (90◦) were performed for all con-

cept microstructure models. While the hardening behavior of the marten-

site phase was prescribed by Eqs. (4) and (5) and the parameters given in

Section 4.1, the hardening parameters of the ferrite phase were determined

by fitting the effective stress-strain curve from a numerical tensile test in

RD to the experimental data. The following hardening parameters were
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obtained by using the microstructure models CMM-1-J2 and CMM-1-CP

with spherical martensite particles for the fitting procedure: σ0 = 330 MPa,

σ∞ = 550 MPa, θ0 = 2080 MPa and θ∞ = 155 MPa to define the hardening

according to Eq. (7) for the isotropic J2 plasticity model and τ0 = 128 MPa,

τ1 = 145 MPa, Θ0 = 78 MPa and Θ1 = 21 MPa to define the hardening ac-

cording to Eq. (11) for the crystal plasticity model. The effective stress-strain

curves of CMM-1-J2 and CMM-1-CP that were fitted to the experimental

results are shown in Fig. 11 (a) and (b). Both microstructure models are able

to reproduce the strain hardening behavior of the DP600 in rolling direction.

The additional results shown in Fig. 11 were obtained with the same sets of

parameters depending on the constitutive model used for the ferrite matrix.

Fig. 12 shows the evolution of the plastic strain ratio for the different model-

ing approaches. In addition, the simulation results were processed in the same

way as the experimental data to determine the r-values for tensile strains be-

tween 5 % and 15 %. Table 3 summarizes the comparison between the results

of the numerical tensile tests using the concept microstructure models.

The simulation results indicate that the morphology of the martensite phase

affects the hardening behavior and the r-values of a dual-phase steel. How-

ever, the homogenized results were different depending on whether or not

the crystallographic texture was considered in the microstructure represen-

tation. For models with a homogeneous ferrite matrix, the shape of the

homogeneously distributed martensite particles is the only microstructural

feature that affects the macroscopic behavior. In this case, the predicted

effective response can be deduced from the statistics of the martensite mor-

phologies shown in Fig. 7. The spherical martensite particles of CMM-1-J2
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Figure 11: Stress-strain curves from numerical tensile tests in RD (0◦) and TD (90◦) for

the CMM using (a) the isotropic J2 plasticity model and (b) the crystal plasticity model

for the ferrite matrix (experimental data taken from [35]).
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Figure 12: Evolution of plastic strain ratio for numerical tensile tests in RD (0◦) and TD

(90◦) for the CMM using (a) the isotropic J2 plasticity model and (b) the crystal plasticity

model for the ferrite matrix.
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Table 3: Comparison of effective mechanical response of DP microstructure as predicted

by different concept microstructure models for numerical tensile tests in RD (0◦) and TD

(90◦).

Model Microstructural features Stress-strain r0/5−15 r90/5−15

CMM-1-J2 spherical martensite, no texture ≈ isotropic 0.98 1.04

CMM-2-J2 elongated martensite, no texture stronger in 0◦ 0.98 0.66

CMM-3-J2 flattened martensite, no texture ≈ isotropic 0.85 0.84

CMM-1-CP spherical martensite, texture stronger in 90◦ 1.02 1.33

CMM-2-CP elongated martensite, texture stronger in 0◦ 1.02 0.95

CMM-3-CP flattened martensite, texture ≈ isotropic 0.89 1.10

lead to nearly identical stress-strain curves for tensile tests in 0◦ and 90◦ and

r0 ≈ r90 ≈ 1. The small differences between the effective behavior in the two

directions is most likely a consequence of the fact that the martensite mor-

phology of CMM-1 is not perfectly isotropic, which is indicated by the slight

deviation of S2 when evaluated in RD for the corresponding finite element

model (cf. Fig. 7 (a)). In contrast, the martensite morphologies of CMM-2-J2

and CMM-3-J2 are statistically anisotropic. The fibrous martensite particles

in CMM-2-J2 are elongated in RD which results in higher values for S2 and

L in that direction and introduces an anisotropic hardening behavior. This

structure increases the strength for tensile tests in RD which is in agreement

with the findings of [47] and can be related to a better stress transfer as

supposed by [48]. For CMM-2-J2, r90 < 1 is a consequence of the fibrous

martensite aligned with RD that impedes the plastic flow in RD compared to

ND. At the same time, r0 ≈ 1 follows directly from the statistically isotropic
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martensite morphology with respect to the TD-ND plane. The stress-strain

curves predicted by CMM-3-J2 are identical in both directions and r0 ≈ r90.

This follows from the statistically isotropic martensite morphology in the

RD-TD plane in which the numerical tensile tests were performed. Since

the flattened shape of the martensite particles facilitates plastic flow in ND

compared to strains in the RD-TD plane, the r-values are smaller than 1.

The simulation results are different if the crystallographic texture is consid-

ered as an additional microstructural feature. Regarding the stress-strain

curves, both modeling approaches exhibit the same tendency with respect to

the effect of the martensite morphology. However, the differences between

the stress-strain curves for microstructure models with different martensite

morphologies become smaller at high strains if the ferrite matrix is modeled

using the crystal plasticity approach. At the same time, the incorporation of

the crystallographic texture changes the degree of anisotropy of the predicted

r-values. While anisotropy is introduced for CMM-1 and CMM-3, the degree

of anisotropy becomes smaller for CMM-2. In contrast to the J2 simulations,

the plastic strain ratios are not necessarily constant for high tensile strains.

This can be seen for r90 of CMM-2-CP and CMM-3-CP shown in Fig. 12 (b).

It can be concluded that both the martensite morphology and the crystallo-

graphic texture of the material influence the effective material behavior and

can contribute to anisotropic mechanical properties of the DP structure.

Fig. 13 shows the spatially resolved von Mises stress field in the ferrite matrix

for CMM-1-J2 and CMM-1-CP used in the fitting procedure. Although both

finite element models contain the same martensite morphology and were fit-

ted to the same macroscopic stress-strain curve, the local stress fields differ
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significantly. The two-phase microstructure causes an inhomogeneous stress

distribution for both modeling approaches. However, the level of heterogene-

ity is much higher if the grain structure of the ferrite matrix is considered.

This dependence of the micromechanical fields on the chosen modeling ap-

proach has also been shown by [49] and [50]. Since micromechanical damage

affects the effective properties of the dual-phase steel, the more detailed rep-

resentation of the microstructure is crucial if the description of damage and

failure is included in the full-field simulations. If the analysis of the local

behavior is more important than the prediction of effective properties, a

smaller region of the microstructure and a higher resolution in space (i.e. a

finer mesh) can be considered. This can be computationally very demanding,

especially for three-dimensional simulations.

5.2. Flow behavior of statistically equivalent microstructure models

Numerical tensile tests using the statistically equivalent microstructure mod-

els were performed to predict the plastic flow behavior of the DP600 inves-

tigated in this work. The hardening parameters of the constitutive models

used for the ferrite phase were recalibrated by fitting the effective stress-

strain curve of SMM-1-J2 and SMM-1-CP to the experimental tensile test in

RD. The adjusted parameters for the J2 plasticity model are σ0 = 315 MPa,

σ∞ = 550 MPa, θ0 = 2030 MPa and θ∞ = 155 MPa. For the crystal plasticity

model, the recalibration gave τ0 = 128 MPa, τ1 = 148 MPa, Θ0 = 107 MPa

and Θ1 = 12 MPa. As shown in Fig. 14, it is again possible to reproduce the

stress-strain curve with both modeling approaches.

The recalibrated parameters were used to simulate tensile tests in RD and

TD for all SMM. Regardless of the modeling approach used for the ferrite ma-
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Figure 13: Distribution of von Mises stress in MPa for CMM-1-J2 and CMM-1-CP during

the parameter identification for an effective strain of 16.5% in RD. Only elements belonging

to the ferrite phase are shown in the deformed mesh.
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Figure 14: Stress-strain curves from numerical tensile tests in RD (0◦) and TD (90◦) for

the SMM using (a) the isotropic J2 plasticity model and (b) the crystal plasticity model

for the ferrite matrix (experimental data taken from [35]).
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trix, the same effective stress-strain curves were obtained for the four SMM

that are identical with respect to the statistics of the martensite morphology

and distribution. For simulations with the homogeneous ferrite matrix, the

material is slightly stronger when loaded in RD (Fig. 14 (a)). As shown in

Fig. 10, the S2 and L functions have the highest values when evaluated in

RD. This corresponds to an elongation of the martensite morphology in this

direction and is the reason for higher strength as discussed in the previous

section. As shown in Fig. 14 (b), the stress-strain curves are almost identical

in both directions when the crystal plasticity model is applied. These results

are in better agreement with the isotropic hardening behavior of the DP600.

Obviously, the slight anisotropy of the flow curves due to the martensite mor-

phology (Fig. 14 (a)) is compensated by the crystallographic texture in case

of the SMM-CP models (Fig. 14 (b)).

Fig. 15 shows the evolution of the plastic strain ratios obtained from experi-

ments and simulations. A comparison between the experimental results and

the mechanical response predicted by the SMM is given in Table 4.

The r-values predicted from simulations that use different realizations of the

same statistical information are almost identical if a homogeneous ferrite ma-

trix is considered. This extends the findings of [36] on predicting effective

material properties from two-dimensional two-phase microstructures that are

identical with respect to S2 and L. The results indicate that the martensite

morphology that is statistically equivalent to the real material causes an

anisotropic plastic flow behavior. However, while r0 is close to the experi-

mental value, the simulations predict r0 > r90 which is qualitatively wrong

when compared to the experimental data. The finite element models with
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Figure 15: Evolution of plastic strain ratio for numerical tensile tests in RD (0◦) and TD

(90◦) for the SMM using (a) the isotropic J2 plasticity model and (b) the crystal plasticity

model for the ferrite matrix (experimental data taken from [35]).
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Table 4: Comparison between experimental results and effective mechanical response pre-

dicted by statistically equivalent microstructure models.

Model Microstructural features Stress-strain r0/5−15 r90/5−15

Experiment Real material Isotropic 0.88 1.05

SMM-1-J2


Stat. equivalent

martensite

morphology,

no texture


Stronger

in 0◦

0.93 0.81

SMM-2-J2 0.93 0.81

SMM-3-J2 0.93 0.79

SMM-4-J2 0.91 0.79

SMM-1-CP


Stat. equivalent

martensite

morphology,

texture


Isotropic

0.94 1.03

SMM-2-CP 0.95 1.06

SMM-3-CP 0.94 0.97

SMM-4-CP 0.92 0.98

the crystal plasticity model for the ferrite matrix incorporate the crystallo-

graphic texture of the DP600 and a statistically equivalent morphology of

the martensite phase. Some scatter is observed for the prediction of r90 from

these models. This is a consequence of the procedure performed to generate

the finite element models. The different distributions of martensite particles

remove different parts of the same underlying ferrite grain structure that

carries the orientation information. Although the ODF evaluated for these

models were almost identical, the effective r-values are still affected by this

procedure. This shows the high sensitivity of the simulation results to the

representation of the crystallographic texture. Nevertheless, the predicted

r-values are qualitatively correct for all four models (SMM-1–CP to SMM-

4-CP), i.e. r0 < r90, and are close to the experimental values. Although
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the incorporation of the crystallographic texture increases the modeling ef-

fort and the computation time of the full-field simulations, it is necessary to

consider this microstructural feature in order to improve the prediction of

the plastic anisotropy. On the other hand, a realistic martensite morphology

has to be considered as well. This can be seen when the simulation results

of CMM-1-CP shown in the previous section are compared with the exper-

imental data. This model takes the crystallographic texture into account

but neglects the statistically anisotropic morphology of the martensite phase

which results in an anisotropic hardening behavior and an overprediction of

the r-values. The latter was also found by [28] when predicting the r-values

of a DP using a visco-plastic self-consistent (VPSC) polycrystal model that

ignores any effect of the martensite phase on the macroscopic properties.

For the applied loading conditions, the more advanced modeling strategy

allows for a good representation of the DP600 behavior. However, the dif-

ference between r0 and r90, i.e. the degree of planar anisotropy, is still too

small. In this work, all microstructure information used for the generation

of the finite element models were obtained from sections in the middle of the

sheet. Thus, gradients through the sheet thickness regarding the martensite

morphology or the crystallographic texture that may affect the macroscopic

properties were not considered. Furthermore, not all micromechanical mecha-

nisms that are known to affect the properties of dual-phase steels are included

in the modeling approach. However, microstructural features like an initial

distribution of residual stresses and an inhomogeneous hardening of the fer-

rite matrix are considered to be of minor importance compared to the effect

of the martensite morphology and the crystallographic texture. To further
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improve the predictive capabilities of the virtual testing approach, in partic-

ular for non-monotonic loading paths and the prediction of the well-known

Bauschinger effect, it may be necessary to consider additional mechanisms.

As discussed in the next section, the rough approximation of the mechanical

phase contrast might be another reason for the deviation from the experi-

mental results.

5.3. Effect of mechanical phase contrast on plastic strain ratios

Additional simulations with SMM-1-CP were performed to assess the effect

of the mechanical phase contrast on the predicted r-values. The mechanical

phase contrast depends on the chemical composition of the material and

on the processing history. For example, a tempering process is known to

decrease the difference in strength between the two phases of a DP structure

[51, 52, 53]. In this work, the flow behavior of the martensite phase was

approximated using the empirical model given by Eqs. (4) and (5). Although

often used in the literature, this approach can only give a rough estimate of

the yield stress and strength of the martensite particles. The martensite

strength was changed systematically by varying the carbon content used in

Eq. (5). The carbon content was reduced stepwise from its approximated

value of C(m) = 0.61% to C(m) = 0.55%, C(m) = 0.50%, C(m) = 0.45% and

C(m) = 0.40% to decrease the strength of the martensite particles. Hence,

different mechanical properties were assigned to the martensite phase without

changing its volume content, morphology and distribution. At the same

time, the ferrite parameters were recalibrated by fitting the effective stress-

strain curve of SMM-1-CP to the experimental data. Fig. 16 (a) shows

how the partitioning of the stress and strain components in tensile direction
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is changed when the mechanical phase contrast is decreased while keeping

the effective strength of the dual-phase structure constant. In contrast to

the homogenization procedure described in Section 4, the stress and strain

tensors of the individual phases were obtained from the phase-specific volume

averages of the Cauchy stress field and the true strain field, respectively. As

shown in Fig. 16 (b), the variation of the mechanical phase contrast affects

the predicted r-values. Since a smaller difference in strength between the two

phases leads to a less pronounced influence of the martensite morphology on

the effective properties of the DP structure, the anisotropic material response

becomes dominated by the crystallographic texture. In the present case, a

low mechanical phase contrast leads to higher r-values for tensile tests in both

directions. Due to the texture, this effect is more pronounced for r90 which

results in a wider spread between r0 and r90 obtained from the simulations.

It can be concluded that effective properties like the plastic strain ratios de-

pend on the mechanical phase contrast. It is therefore important to model

the material behavior of the individual phases with sufficient accuracy. Ex-

perimental methods like diffraction techniques [9] or micropillar compression

tests [54, 10] have been used to determine the phase-specific behavior in

dual-phase steels. Such approaches can be used to facilitate a more detailed

material modeling although a high experimental effort is required. On the

other hand, the dependence of the r-values on the mechanical phase contrast

might be exploited to improve the inverse fitting procedure using macroscopic

tensile tests as described in this work.
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Figure 16: Variation of the mechanical phase contrast. Effect on (a) the partitioning of the

stress and strain in tensile direction and (b) the predicted r-values for simulations using

SMM-1-CP. The strength of the martensite particles was varied by using different values

for the carbon content C(m) in Eq. (5).
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6. Conclusions

A numerical homogenization scheme based on full-field finite element simu-

lations was applied to study the mechanical behavior of a dual-phase steel

microstructure. The effective stress-strain curves and the r-values evaluated

from numerical tensile tests in different directions depend on the shape of

the martensite particles if the volume content, the spatial distribution and

the strength of the martensite phase are constant. A reconstruction proce-

dure based on microstructural correlation functions was successfully applied

to generate microstructure models with a martensite morphology that is sta-

tistically equivalent to the DP600 investigated in this work. The accuracy of

the predicted macroscopic response strongly depends on the microstructural

features that are considered in the full-field simulations. In order to pre-

dict the plastic flow behavior of the real material, a statistically equivalent

martensite morphology and the crystallographic texture have to be included

in the microstructure representation. Omitting the influence of the crystal-

lographic texture resulted in a wrong prediction of the r-values. At the same

time, the micromechanical fields depend on the chosen constitutive descrip-

tion used for the ferrite matrix which is important if the effect of local damage

initiation on the macroscopic response is included in the modeling approach.

In addition, the mechanical phase contrast has been identified to influence

the plastic strain ratios even if the same effective stress-strain curve is pre-

dicted. The applied method is a very flexible approach to study the behavior

of dual-phase steels. However, simplified representations of microstructural

features and constitutive models that are often found in the literature have

to be critically assessed with respect to their predictive capabilities when
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used in a virtual testing framework.

7. Acknowledgement

This study was part of the Research Training Group 1483, which is supported

by the German Research Foundation (DFG). The authors thank the Institute

of Engineering Mechanics (Chair for Continuum Mechanics, KIT) and René
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