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Abstract

The aim of this paper is to investigate the effects of microstructural parameters such as the volume fraction, morphology and spatial
distribution of the martensite phase and the grain size of the ferrite phase on the plasticity and localized deformation of dual-phase
(DP) steels. For this purpose, Voronoi based representative volume elements (RVEs) are subjected to proportional loading with
constant stress triaxility. Two alternative approaches are employed in a comparative way to model the plastic response of the ferrite
phase, namely, micromechanically motivated crystal plasticity and phenomenological J2 flow theory. The plastic response of the
martensite phase, however, is modeled by the J2 flow theory in all the calculations. The predictions of both approaches closely
agree with each other in terms of the overall macroscopic response of the DP steels, while clear differences are observed in the
localized deformation patterns. The results of the present study are also compared with experimental and computational findings
from the literature.
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1. Introduction

DP steels belong to a group of advanced high strength steels which are mainly developed for the needs of auto-
motive industry in 1970’s, when low carbon, low alloy steels were in demand. Low alloy content of dual-phase steels
have provided high elongation and strength with improved formability along with fatigue and crash resistance with an
extra advantage of being light and affordable (see e.g. Tasan et al. (2015) for an overview on the subject). DP steels are
composed of brittle martensite islands distributed in a ductile ferrite matrix. The macroscopic mechanical properties
ofDP steels are strongly related to their complex microstructure, which on the other hand comes with interesting local-
ization and failure mechanisms at the microscopic scale. Mechanical response of dual-phase steels can be accurately
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represented only if both the ferrite and martensite phases are modeled realistically. An accurate model should take
into account microstructural features of DP steels such as the volume fraction, morphology, carbon content and spatial
distribution of the martensite, and the grain size of ferrite (see e.g. Bag et al. (1999); Kang et al. (2007); Avramovic-
Cingara et al. (2009); Kadkhodapour et al. (2011c)). Therefore, micromechanical modeling of dual-phase steels is
crucial to understand and capture their bulk and local constitutive response. In this context, the crystal plasticity finite
element approach is a good candidate to take into account various effects at the grain scale. There have been several
studies addressing these materials through both experiments and crystal plasticity modelling using representative vol-
ume elements (see e.g. Kim et al. (2012); Choi et al. (2013); Al-Rub et al. (2015); Jafari et al. (2016); Bong et al.
(2017)). In general, the modelling and comparison with experiments have been conducted at regions where uniaxial
loading conditions are assumed to occur, yet the effect of stress triaxality has not been discussed before.

In the present study, four different representative volume elements (RVEs) are generated with different martensite
volume fractions and spatial distributions to simulate the overall macroscopic as well as the microscopic behavior of
DP steels under constant stress triaxiality loading conditions. The focus of the study has been directed on the similar-
ities and differences between the two modelling approaches, i.e. crystal and phenomenological plasticity models.

2. Micromechanical model

2.1. Representative volume element generation

All the RVEs used in this study are three-dimensional (3D) and they are produced by polycrystal generation and
meshing software Neper; see Quey et al. (2011). Before proceeding with the simulations for the DP steels, crystal plas-
ticity parameters for the ferrite phase are identified by comparing the overall mechanical response of a 200-grain RVE
(containing only randomly oriented ferrite grains) with the experimental tensile data presented in Lai et al. (2016).
Once the crystal plasticity parameters are identified, four (approximately) 400-grain RVEs are generated, referred to
as DP1, DP2, DP3 and DP4 in the following, each representing a different DP steel with different microstructural
features (see Fig. 1, where the green and white zones respectively correspond to the ferritic and martensitic phases).
The microstructural features for these four RVEs are given in Table 1. All the finite element (FE) calculations in this
study are performed by using the commercial software ABAQUS, and all the RVEs are meshed by ten node tetrahedral
elements, referred to as C3D10 in ABAQUS terminology.

Table 1: Microstructural characteristics of investigated dual-phase steels. Listed data are taken from Lai et al. (2016).

Steel Vm (%) d f (µm) dm (µm)

DP1 15 6.5 1.2
DP2 19 5.9 1.5
DP3 28 5.5 2.1
DP4 37 4.2 2.4

2.2. Constitutive behaviour of different phases

For the first numerical approach, rate-independent von Mises elastoplastic theory with isotropic hardening is as-
signed for both the ferrite and martensite grains. The following phenomenological flow equations are used:

σy, f = σy0, f +
θ f

β
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tr
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(a) (b) (c) (d)

Fig. 1: Artificially generated dual-phase steel microstructures that belong to DP1 (a), DP2 (b), DP3 (c), and DP4 (d).

The parameters for the ferrite phase are taken from Lai et al. (2016) and presented below in Table 2, where σy, f is
the current yield stress, σy0, f is the initial yield stress, α f and β are parameters that are related to the average ferrite
grain size. θ f is the initial, θIV is the stage-IV hardening rate and it is taken to be 100 MPa for all the steels investigated
in this study. Finally, σtr

y and εtr
P respectively represent the flow stress and the plastic strain.

Table 2: Parameter set used for ferrite flow curves(Lai et al. (2016)).

Steel σy0, f (MPa) α f (GPa) β (GPa) θ f (MPa)

DP1 250 4.9 11 4895
DP2 279 6 13 5980
DP3 300 8.9 17 8925
DP4 307 10.3 20 10260

The flow behavior of the martensitic phase is governed by the phenomenological equations and parameter sets
given by Pierman et al. (2014):

σy,m = σy0,m + km(1 − exp(−εPnm)) (4)

where σy,m is the current yield stress, εP is the accumulated plastic strain, and σy0,m, km, nm are material parameters.
Cm is the martensite carbon content in wt%, whose effect on strain hardening is given below

σy0,m = 300 + 1000C1/3
m . (5)

The hardening modulus km reads

km =
1

nm

a +
bCm

1 +
(

Cm
C0

)q
 (6)

with a=33 GPa, b=36 GPa, C0=0.7, q=1.45, nm=120, Cm=0.3 wt%.
For the second numerical approach, the crystal plasticity constitutive model is assigned to ferrite phase (see Huang

(1991)) while martensite is still governed by the J2 plasticity with isotropic hardening. The plastic slip rate in each
slip system, γ̇(α), is obtained through a classical power law relation,

γ̇(α) = γ̇0

������
τ(α)

g(α)

������
1/m

sign(τ(α)) (7)

where, τ(α) is the resolved Schmid stress on the slip systems, γ̇0 is the initial slip rate, and g(α) is the slip resistance on
each slip system, which governs the hardening of the material and evolves according to

ġ(α) =

n∑
β=1

hαβ
���γ̇β
��� (8)
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where hαβ is the latent hardening matrix. This matrix measures the strain hardening due to shearing of slip system β
on slip system α and it is defined as

hαβ = qαβh(β) (9)

where qαβ is the latent hardening matrix and h(β) represents the self-hardening rate, for which a simple form is used
(see e.g. (Peirce et al., 1982))

hαα = h0sech2
�����

h0γ

gs − g0

����� (10)

with h0, g0, gs are initial hardening rate, the initial slip resistance and saturation value of the slip resistance, respec-
tively. The exponent a is considered as a constant material parameter. The above presented relations summarizes the
main equations for the calculation of plastic slip in each slip system in single crystal plasticity framework. After ob-
taining the plastic slip value in each slip system, the plastic strain and the stress should be calculated. For more details
on the plastic strain decomposition, the incremental calculation of plastic strain and stress the readers are referred to
the literature (see e.g. Huang (1991), Yalcinkaya et al. (2008)). The model is employed here for the simulation of
plastic behavior polycrystal aggregates, where the grain structure is obtained through Voronoi tesselation using Neper
software. In each grain with different orientation the crystal plasticity model runs resulting in a heterogeneous stress
and strain distribution.

2.3. Boundary conditions

It is well established that the stress triaxiality (T ), which is defined as

T = Σh
Σeq

Σh =
Σ11+Σ22+Σ33

3

Σeq =
1√
2

√
(Σ11 − Σ22)2 + (Σ11 − Σ33)2 + (Σ33 − Σ22)2

(11)

with Σh and Σeq being respectively the hydrostatic and equivalent von Mises stresses, has a pronounced effect on
damage, localization and fracture. In the FE calculations performed here, axisymmetric tension is imposed on the
RVEs, while keeping the stress triaxiality constant throughout the entire loading. T = 1/3 corresponds to uniaxial
tensile loading. For T > 1/3, the RVE represents a material point in the center of the minimum cross-section of a
notched tensile sample, where the stress triaxiality remains more or less constant during deformation (see e.g Tekoğlu
and Pardoen (2010) and references therein).

In order to enforce periodicity, all the faces of an RVE are kept straight during the entire loading. For this purpose,
first, three arbitrary nodes, M1, M2, and M3 are selected respectively on the right, top, and front surfaces of the RVE;
see Fig. 2. Then ui (i ∈ {1, 2, 3}) displacements of all the other nodes on the surface which contains node Mi are
coupled to the ui displacement of node Mi. Similarly, ui displacements of all the nodes on the surface opposite to the
one which contains node Mi are coupled to the negative value of the ui displacement of node Mi. These couplings are
achieved by the following linear equations

u1(L1, x2, x3) − uM
1 = 0,

u1(0, x2, x3) + uM
1 = 0,

u3(x1, x2, L3) − uM
3 = 0,

u3(x1, x2, 0) + uM
3 = 0,

u2(x1, L2, x3) − uM
2 = 0,

u2(x1, 0, x3) = 0.

(12)
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Fig. 2: A unit cell showing nodes M1,M2, M3 and surface names. Node M1 is on right, M2 is on top, M3 is on front
surface. Displacement u1 of node M1, u2 of node M2 and u3 of node M3 are coupled to selected surfaces.

The stress ratios that need to be imposed on the RVE to keep T constant reads

Σ11 = Σ33 =
3T − 1
3T + 2

Σ22, (13)

where the predominant loading is taken to be applied in the x2 direction. For the nodes on the bottom surface of the
RVE, u2 displacements are fixed while imposing zero tractions in the x1 and x3 directions. On the reaming surfaces of
the RVE, uniformly distributed loads acting in the surface normal directions are imposed, again letting the tractions
in the directions perpendicular to the surface normals to be zero. As a result, the top surface of the RVE is subjected
to Σ22, left and right surfaces to Σ11, and front and back surfaces to Σ33; see Fig. 2. The stress ratios are kept constant
and equal those given in Eq. (13) by using the Riks algorithm provided by ABAQUS (see Simulia (2010)).

The method to keep the stress triaxality constant described above works perfectly fine for the calculations performed
in this paper, where there is no softening. For a more general method to perform RVE calculations under constant
stress triaxiality, the reader is referred to Tekoğlu (2014).

2.4. Overall response of the RVEs

In order to determine the overall response of the RVEs, the fundamental theorem of homogenization

Σi j =
1
V

∫
V
σi jdV (14)

is employed, which relates mesoscopic stress tensor components Σi j (i, j ∈ {1, 2, 3}) for an RVE with a volume V , to
the local Cauchy stress components σi j in the RVE. Accordingly, Σi j for an RVE reads

Σi j =

∑N
m=1(
∑p

q=1 σ
{q}
i j v{q}){m}

V
(15)

where N is the number of elements, p is the total number of integration points (p = 4 for C3D10 elements), and v
is the local volume value at the corresponding integration point. The total volume V of the RVE, which remains as a
rectangular prism in the entire course of the deformation, is calculated by simply multiplying the current edge lengths
of the RVE: V = L1 × L2 × L3. The mesoscopic principal strain components for the RVE, Eii, are given by

Eii = ln
( Li

Li0

)
, (16)
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with Li0 being the initial edge lengths of the RVE. The equivalent von Mises strain can then be calculated by using

Eeq =
2

3
√

2

√
(E11 − E22)2 + (E11 − E33)2 + (E33 − E22)2 (17)

3. Results and discussion

It this section the numerical results, obtained from the RVE calculations, are presented for axisymmetric tensile
loading with stress triaxiality values of T = 1/3, and T > 1/3.

3.1. Uniaxial tensile loading (T = 1/3)

Initially, the J2 plasticity with isotropic hardening is assigned to both phases in the RVE, where the individual flow
behavior of ferrite and martensite phases are governed by the relations presented in (1)-(3) and (4)-(6) respectively.
The resulting flow curves are illustrated in Fig. 3. The variations observed in the ferrite flow response are due to
the ferrite grain size. While the Hall-Petch effect dominates the plasticity behavior of ferrite, the martensite phase
response is independent of the grain size. On the other hand, the constitutive response of martensite is influenced
substantially by its carbon content. Although in all of the investigated cases, the martensite carbon content (Cm) is
0.3 wt%, the flow curves with 0.1, 0.2 and 0.4 wt% are presented in Fig. 3(b) nevertheless, to illustrate the effect of
varying Cm.
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Fig. 3: Flow curves of (a) ferrite and (b) martensite phases.

Next, the RVE simulations are conducted for the dual phase material with the above presented individual flow
curves, where the modulus of elasticity and Poisson’s ratio are taken as E=210 GPa and ν=0.3 for both phases. The
resulting equivalent stress-strain curves are compared with experimental results from Lai et al. (2016) in Fig 4. The J2
based plasticity simulation results show good agreement with experimental ones, which gives the confidence for the
generated RVE to be used in the following simulations. The results show that, as expected the yield and the ultimate
tensile strengths increase with increasing martensite volume fractions.

Figure 5 shows the deformed contour plots of equivalent stress and logarithmic principal strain in the RVEs at
the equivalent strain value of Eeq=0.12, which is the onset of necking state for DP4 steel. Heterogeneous stress evo-
lution is observed in all microstructures, where the stress value increases overall with increasing martensite volume
fraction. Plastic deformation is obtained in all cases in the ferrite phase. Stress concentrations are observed at the
sharp edges and two sharp ends of martensite islands as well as at thin martensite-martensite and ferrite-martensite
grain boundaries, similar to the studies in the literature (see e.g. Kadkhodapour et al. (2011b); Ramazani et al. (2016);
Hosseini-Toudeshky et al. (2015); Lai et al. (2015)). These locations are naturally more prone to damage and fracture
initiation. At the same strain level, the highest stress values are obtained in the DP4 which would have the lowest
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Fig. 4: Comparison of J2 plasticity based RVE calculations with the experimental data up to necking.

ductility and highest strain hardening (see e.g. Uthaisangsuk et al. (2011) for similar observations). The strain contour
plots show rather large bands throughout the ferrite phase, which contradicts with the 2D RVE studies in the literature,
that mention the occurrence of narrow bands (see e.g. Paul (2012); Al-Rub et al. (2015)). On the other hand, similar
results are reported in the studies focussing on 3D RVEs (see e.g. Amirmaleki et al. (2016)). Strain localization occurs
in ferrite region located between the two sharp ends of martensite and sharp ends of martensite as discussed in Kad-
khodapour et al. (2011b). Very small strain values are obtained in martensite particles of DP1, DP2 microstructures.
Some thin martensite-martensite interfaces in DP3, DP4 microstructures show high strain values. Such deformation
patterns is usually seen in high martensite volume fractions(Vm>32%) according to the in situ scanning electron
microscopy tests conducted by Ghadbeigi et al. (2013).
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Fig. 5: Stress (a-d) and strain (e-h) contours (J2 theory) for DP1 (a,e), DP2 (b,f) ,DP3 (c,g) and DP4 (d,h) at Eeq = 0.12.
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Fig. 6: Stress (a-d) and strain (e-h) contours (CPFEM) for DP1 (a,e), DP2 (b,f), DP3 (c,g) and DP4 (d,h) at Eeq = 0.12.

Although the J2 plasticity model is able to capture the overall stress-strain response accurately (see Fig 4), it is not
able to show the relation between microstructural characteristics and stress evolution. In order to realize this, crystal
plasticity constitutive model is employed to simulate the micro plasticity behavior of ferrite phase, while martensite
is still modelled with J2 plasticity theory. {1 1 2} slip family is incorporated for crystal plasticity simulations of ferrite
phase (see e.g. Yalcinkaya et al. (2008) and Yalcinkaya et al. (2009) for details on BCC crystal plasticity). The crystal
plasticity parameters are identified through a 200 grain ferrite RVE and presented in Table 3 and the elastic constants
are taken from Woo et al. (2012) as C11=231.4 GPa, C22=134.7 GPa and C44=116.4 GPa. Initially the ferrite crystal

Table 3: Calibrated crystal plasticity parameters for ferrite.

Steel gs (MPa) g0 (GPa) h0 (MPa)

DP1 252 98 475
DP2 275 109 555
DP3 306.6 118.5 802.8
DP4 305 121.5 880

plasticity material parameters are identified with respect to ferrite data from DP1 which has 6.5µm average grain size
(see Lai et al. (2016) for experimental data). This parameter set is used to model the behavior of DP2, DP3 and DP4
as well, which have higher volume fraction of martensite and larger ferrite grain size compared to DP1. The obtained
stress-strain responses are not in agreement with the experimental data as shown in Fig. 7(a), which shows that the
ferrite grain size effect on the plasticity behavior should be taken into account as well. Therefore, the crystal plasticity
parameters for the ferrite phase are identified for each DP microstructure with different grain size as presented in Table
1. Then, the simulations are conducted again with these new material parameter sets, and the macroscopic results are
illustrated in Fig. 7(b), which are naturally better, yet slightly overestimates the J2 ones in Fig. 4(a). Since the current
crystal plasticity framework is not size dependent the parameters have to be identified accordingly for each simulation
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with different microstrcuture. However the usage of a strain gradient crystal plasticity framework (see e.g. Yalcinkaya
et al. (2012); Yalçinkaya (2017)) would give better results with one material parameter set due to its size dependent
nature.
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Fig. 7: Uniaxial tension CPFEM simulations (a) using DP1 plasticity parameters, (b) using grain size dependent
parameter set for each DP

The spatial distribution of equivalent von Mises stress and principal logarithmic strain are presented in Fig. 6. Com-
pared to the results obtained from J2 theory (Fig. 5), strain distribution show a similar behavior, while considerable
differences exist for the stress evolution in terms of both amount and heterogeneity. The most striking observation is
that the crystal plasticity simulations result in higher stress values, which could be due to the stress increase at the
grain boundaries because of the orientation mismatch, which does not exist in isotropic J2 simulations. Moreover,
CPFEM gives more heterogeneous stress distribution in ferrite which affects the state in martensite as well. All in all,
more pronounced localizations and stress concentrations are obtained at the sharp ends of martensite through crystal
plasticity calculations as in the study of Kadkhodapour et al. (2011b). Although similar strain contours are obtained,
additional localized regions occur nearby martensite due to random crystallographic orientations of ferrite grains (see
e.g. Woo et al. (2012)).

3.2. Axisymmetric tensile loading with higher triaxiality (T > 1/3)

The effect of stress triaxiality on the ductile fracture strain of metals is crucial and has been the main focus of the
ductile fracture studies in the recent years (see e.g. Benzerga and Leblond (2010) for an overview). As the triaxiality
increases, the total volume of voids in the specimen increases, which results in lower fracture strain. In here, the
overall stress triaxiality is kept constant in RVE simulations in order to analyze its effect on void formation. For
that reason, a relatively wide range of stress triaxiality values are investigated, with T ∈ {1/3, 1/2, 1, 3/2, 3}. The
macroscopic results show that the value of stress triaxiality does not affect the overall equivalent stress-strain response,
since the constitutive behavior is independent of varying triaxiality. On the other hand, the effect is clearly visible in
microstructure evolution at RVE level. The pressure and logarithmic strain contour plots of DP4 steel is investigated
at Eeq=0.1 in Fig. 8. High negative internal pressure means high positive hydrostatic stress, that result in high local
T and possible void formation (see Kadkhodapour et al. (2011a)). High negative pressure locations are observed
initially at ferrite-martensite grain boundaries at low T values. They happen to occur also at ferrite-ferrite boundaries
as triaxiality increases. Apparent strain localization occur at sharp martensite ends and between two sharp ends of
martensite grains with high triaxiality values due to the plastic instability between soft ferrite and elastic martensite
phase. The plastic deformation in ferrite phase is constrained by martensite islands located nearby, which act as local
barriers constraining deformation of ferrite, inevitably causing high triaxiality at the grain boundaries (see e.g Paul
(2013); Ayatollahi et al. (2016) for the effect of triaxiality in DP steels).
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Fig. 8: Pressure (a-d) and logarithmic strain (e-h) distributions of DP4 at Eeq=0.1 obtained for triaxiality values 0.5
(a,e), 1 (b,f), 1.5(c,g) and 3 (d,h).

4. Conclusions

Different DP steels are investigated at RVE level through both crystal plasticity and J2 plasticity theories. The
RVEs are subjected to axisymmetric tensile loadings while keeping the value of stress triaxiality constant. The main
conclusions are as follows,

• Although elastoplastic and crystal plasticity simulations both give a satisfactory and similar overall behaviour,
the latter method is able to capture stress partitioning and strain localizations better. Moreover crystal plasticity
simulations result in higher local stresses due to orientation mismtach at the ferrite GBs which does not occur
in elastoplastic calculations.
• Regardless of the constitutive model, ductility decreases with increasing martensite volume fraction. DP steels

with a high Vm value have higher strengths at the expense of ductility.
• The density of void nucleation regions increase with increasing T . High local T values are observed at sharp

martensite ends, and at ferrite-ferrite grain boundaries which are in the neighbourhood of martensite islands.
• Ferrite goes into plastic regime earlier than martensite. Martensite islands block the plastic deformation in

ferrite, and therefore cause high T values at grain boundaries.
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