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a b s t r a c t

The flow curves and failure modes of dual phase steels containing 18 and 44 vol.% martensite were pre-
dicted using a micromechanical-based finite element method. Actual microstructures of the dual phase
steels obtained by scanning electron microscope (SEM) were used as the representative volume elements
(RVEs) in the calculations. Ductile failure of the representative volume was predicted as plastic strain
localization during deformation. Computations were conducted on the representative volume to quanti-
tatively evaluate the effects of mechanical properties of the dual phase constituents and their volume
fractions on the macroscopic mechanical properties of the dual phase steels. The computational results
were compared with the experimentally obtained data. It was found that the computational method
can predict well both strength and ductility of the studied dual phase steels. Moreover, based on the com-
putational results, shear dominant failure mode occurs in both of the studied dual phase steels which cor-
relate with experimental findings.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Dual phase steels having a microstructure consisting of hard
martensite islands within a ferrite matrix have received consider-
able attention due to their high tensile to yield strength ratio, con-
tinuous yielding behavior, high work hardening rate and good
ductility. These favorable mechanical properties of dual phase
steels result in a weight reduction at a reasonable strength level
and superior formability compared with the high strength low al-
loy (HSLA) steels [1–3]. It has been reported that macroscopic
mechanical behavior of dual phase steels depends on various fac-
tors, such as, the grain size of the ferrite and the volume fraction,
morphology and carbon content of the martensite phase [3–7].
The strength of the ferrite phase is mainly controlled by the steel
chemistry, grain size and initial dislocation density, while the
strength of martensite depends primarily on its carbon content
and to a lesser extent, on its morphology [8,9].

There are several reports about predicting the evolution of
deformation behavior and failure mechanism of multi-phase steels
from their microstructures by analytical and numerical methods.
These reports include the regression method according to the
chemical composition of steels [10], the secant method using
Eshelby’s model [3,11] and the finite element method (FEM)
[1,2,12–16]. Among these modeling approaches, FEM has the

advantage of taking into account the morphologies of phases as
close to the actual microstructures as possible. The majority of
these studies attempt to predict and quantify work hardening
behavior of multi-phase steels while remain their ultimate tensile
strength, ultimate ductility and failure modes unpredicted. The
microstructure of multi-phase steels has been simulated using
some simplified models such as the stacked hexagon array model
[1,2,12–16], and the Voroni cell model [17] in most of these inves-
tigations. In a few recent papers, the actual microstructure of
multi-phase steels has been used as the representative volume ele-
ment in the finite element calculations [15,18–21]. In these papers,
work hardening behavior as well as ultimate tensile strength, ulti-
mate ductility and failure modes of multi-phase steels have been
estimated fairly well.

It is generally accepted that ductile fracture strongly depends
on the microstructure, voids, inclusions and microcracks in the
material [22]. Ductile materials typically exhibit localized defor-
mation before final fracture and many multi-scale models have
been proposed in such materials [23–25]. Some material instability
theories in computational plasticity have been used and constitu-
tive bifurcation criteria as indicators of the initiation of plastic
localization have been developed [26–29]. In prediction of ductility
using the finite element methods, in which actual microstructure
of multi-phase steels used as a representative volume, no pre-
scribed failure criterion needs to be used and ductile failure is pre-
dicted as the natural outcome of the plastic strain localization due
to the incompatible deformation between the hard and soft
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phases. To the authors’ knowledge, none of the other modeling ap-
proaches for predicting the ductility of multiphase steels have such
an exceptionally good characteristic, which causes the application
of this method to be general and very simple.

The aim of this work is to predict the flow curves and ductility
of dual phase steels containing 18 and 44 vol.% of martensite using
the finite element method, in which the actual microstructure of
the steels were used as the representative volume elements. In
all other similar works reported in the literature, the mechanical
properties of constituent phases of the multi-phase steels have
been determined using in situ high energy X-ray diffraction exper-
iments while in the present study, the mechanical properties of
these phases have been estimated based on the experimental re-
sults reported in the literature [12,30].

2. Experimental procedure

A cold rolled low carbon steel (DP600 steel supplied by Stelco.
Inc., Hamilton ON) with an initial microstructure of ferrite plus
8–10% pearlite was used as the starting material to produce dual
phase microstructures. The chemical composition of this steel is gi-
ven in Table 1. Samples of the starting material were heated to var-
ious intercritical temperatures and then quenched with a water/
helium gas mixture. Steel samples for optical metallography were
polished following a detailed procedure recommended by Buehler
Ltd. [30]. The polished samples were etched in a solution prepared
by adding 10 g sodium metabisulfide into 100 mL water. The quan-
titative measurements were conducted using Clemex image analy-
sis software. Average martensite volume fraction was determined
using 20–30 images taken from different locations in the sample.
Table 2 summarizes the various combinations of heating rate,
intercritical annealing temperatures and holding times, together
with the resultant martensite volume fractions. Tensile tests were
conducted using an MTS universal tensile testing machine at a
strain rate of 2 � 10�3 s�1 using sub size tensile specimens having
the gage length of 20 mm.

3. Finite element analysis

Theoretically, the macroscopic behavior of dual phase steels can
be modeled from the individual atoms, crystal structure, grain
structure and microstructure up to the macroscopic constitutive
level. Even though phenomenological constitutive modeling is
the most computationally efficient, it usually provides no informa-
tion about ductility and failure mode of the materials [15]. In this
study, the mechanical behavior of each of the constituent phases of
the studied steels have been considered to be isotropic and homo-
geneous to simulate the macroscopic mechanical behavior, ductil-
ity and failure modes of the studied steels in a computationally
efficient manner. Moreover, the grain structure of the two phases
have been explicitly modeled without consideration of the grain
boundary decohesion, the same as that used by Choi et al. [15].

Fig. 1a and b shows actual microstructures captured by the
scanning electron microscope (SEM) from the mid plane along
the loading direction of the tensile specimens of the dual phase
steels containing 18 and 44 martensite volume fractions, respec-
tively. The black and white areas in these microstructures repre-
sent the ferrite and martensite phases, respectively. These figures
were used for subsequent image processing and importing to the
ABAQUS general purpose commercial finite element code [31]. It
is worth noting that in the micrographs taken for considering the
representative volume elements, the morphology and volume frac-
tions of the constituent phases should be the same as the mean
phase volume fraction and morphologies of the studied materials.
After importing the SEM numerical image processed micrographs
into ABAQUS, these micrographs were discretized so as the phase
boundaries model explicitly with finer meshes for subsequent
investigations of failure initiation. Two dimensional three-node
plane stress elements (CPS3) were used in this study for discretiza-
tion. Since tensile specimens have been machined from the dual
phase steel sheets and because these specimens undergo in plane
loading during uniaxial tensile tests, application of plane stress ele-
ments for discretization seems to be rational. The resulting discret-
ized actual microstructures of the two studied dual phase steels
have been shown in Fig. 2a and b.

Table 1
Chemical composition of the steel used as the starting material.

Element C Mn Si Mo Ti Nb V Cr Ni Cu P S Al
Wt.% 0.06 2.0 0.07 0.15 0.014 0.002 0.004 0.04 0.015 0.01 0.012 0.002 0.037

Table 2
Summary of the processing conditions, and the resulting martensite volume fractions.

Heating rate (�C/
S)

T
(�C)

Holding time
(s)

Martensite volume fraction
(%)

1 755 60 18
1 820 60 44

Fig. 1. Actual microstructure of the studied dual phase steels, (a) dual phase steel
containing 18 vol.% martensite, (b) dual phase steel with 44 vol.% martensite.
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For modeling the uniaxial tensile loading, the same displace-
ment was applied on the nodes located along the right edge of each
of the representative volume elements in the x direction while
these nodes can move freely in the y direction and the nodes lo-
cated in the left edges of the representative volume elements were
considered not to move in the x direction but allowed to move
freely in the y direction. Since the representative elements should
remain rectangular during deformation, the top and bottom edges
of the elements were constrained so that all the nodes located
along these edges displace the same in the y direction. Macroscopic
engineering stress was calculated by dividing the reaction force of
the right edge of the volume element in the x direction by initial
length and macroscopic engineering strain in the x direction was
obtained by dividing the right edge displacement of the volume
element by the initial length of the horizontal edge of the volume
element.

In this study, each of the constituent phases of the dual phase
steels has been considered to be an elastic–plastic solid with
E = 210 GPa and m = 0.3 [1–3]. The Voce equation was adopted for
predicting the stress–strain curves of both ferrite and martensite
phases. The constants of Voce equation, i.e. Eq. (1), were obtained
by nonlinear least square method.

r ¼ A� B expð�CeÞ ð1Þ

Since austenite to martensite transformation is diffusionless, it
is reasonable to assume that the carbon content of martensite
phase at room temperature to be the same as that in the austenite

phase at the intercritical temperature. Therefore, using equilibrium
Fe–C phase diagram and the temperature at which each of the
studied steels has been intercritically annealed, the carbon content
of martensite in dual phase steels containing 18 and 44 vol.% of
martensite has been estimated to be 0.31 and 0.13, respectively.
The experimental data reported in the previous researches were
used for obtaining the Voce constants [12,30]. These constants
have been shown in Table 3. Fig. 3 shows the stress–strain curves
for the ferrite and martensite having 0.31 and 0.13 carbon content,
together with predicted stress–strain curves obtained by the Voce
equation. As these curves show, there is a good agreement between
experimental and calculated flow curves in the plastic region.

4. Results and discussion

Fig. 4a and b shows the engineering stress–engineering strain
curves predicted by the numerical method based on the considered
representative volume elements, together with the experimental
data obtained by uniaxial tensile test for the dual phase steels con-
taining 18 and 44 vol.% of martensite, respectively. As these curves
show, there is a good agreement between experimental and pre-
dicted results. Specifically, the employed numerical method is
capable of estimating the UTS, the engineering strain correspond-
ing to the UTS and the engineering failure strain fairly well. Com-
paring the results of the present study with those reported in the
literature about using the same numerical method for modeling
multi-phase steels, it is clear that although the mechanical behav-
ior of the constituent phases used in the current work has not been
obtained by in situ techniques, the predicted engineering stress–
engineering strain curves in this study have similar accuracy with
those reported in the literature.

Fig. 5a–d shows the equivalent plastic strain distribution in the
considered representative volume element at different engineering
strains for the dual phase steel containing 18 vol.% of martensite.
As mentioned before, in the modeling procedure used in the cur-
rent study, ductile failure is simulated as the plastic strain localiza-

Fig. 2. Finite element model used for, (a) dual phase steels containing 18 vol.% of martensite, (b) dual phase steel with 44 vol.% of martensite.

Table 3
Voce equation constants for ferrite and martensite having 0.31%, 0.13% carbon
content.

Phase A (MPa) B (MPa) C

Ferrite 624.246 301.358 10.398
Martensite with 0.31% carbon 2022.704 2113.316 127.9604
Martensite with 0.13% carbon 1300 360 13
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tion. According to the results illustrated in Fig. 5, plastic strain
localization first appears in the element and propagates along the
inclined direction with respect to the loading direction. Another
strain localization appears at a different position by increasing
the load and then propagates in the same manner as before. Final-
ly, failure of the representative volume element is caused by the
growth and coalescence of these initial strain localizations. There-
fore, it can be said that the failure mode of the dual phase steel
containing 18 vol.% of martensite is shear dominant [15].

Fig. 6a–d illustrates the sequence of equivalent plastic strain
localization during loading of the considered representative vol-
ume element for the dual phase steel containing 44 vol.% of mar-
tensite. The initiation and the relative orientation of the plastic
strain localization in these figures show that the failure mode of
the dual phase steel containing 44 vol.% of martensite is also shear
dominant. A comparison of Figs. 5 and 6 show that in the dual
phase steel containing 44 vol.% of martensite plastic deformation
takes place in the martensite phase while in the dual phase steel
with 18% martensite volume fraction the martensite phase de-
forms elastically which correlates with experimental findings re-
ported in the literature [3].

The optical pictures of the tensile specimens of dual phase
steels containing 18 and 44 vol.% of martensite after failure are de-
picted in Fig. 7a and b, respectively. In these pictures the loading
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Fig. 3. Experimental stress–strain curves together with predicted ones using Voce
equation, (a) ferrite, (b) martensite having 0.13% carbon content and (c) martensite
having 0.31% carbon content.
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Fig. 4. Engineering stress–engineering strain curves of the studied dual phase
steels, (a) dual phase steel containing 18% martensite volume fraction, (b) dual
phase steel with 44% martensite volume fraction.

Fig. 5. Distribution of equivalent plastic strain for dual phase steel containing
18 vol.% of martensite at various average strain levels of (a) 3%, (b) 10%, (c) 21% and
(d) 31%.
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directions are the same as those of corresponding representative
volume elements used in the numerical calculations. Comparing
the shape and the relative orientation of the fractured region with
those predicted by numerical method shown in Fig. 5b and 6b, it
can be said that the predicted failure modes of the studied dual
phase steels are almost the same as those obtained by the
experiments.

As can be observed in Fig. 4, the engineering failure strain of the
dual phase steel with 18% martensite volume fraction is almost the
same as that of the steel having 44 martensite volume percent
even though their martensite volume fraction is different Choi
et al. investigated the influence of martensite initial yield stress,
hardening rate and volume fraction on engineering failure strain
[15]. Based on their investigation, increasing both initial yield
strength and volume fraction of martensite results in a decrease
in failure strain. Reviewing the results reported in this study shows
that it is possible that two dual phase steels with different mar-
tensite volume fractions have the same failure strain but with dif-
ferent initial martensite yield strength. Reminding that the
martensite phase in the dual phase steel containing 18 martensite
volume fraction has higher yield strength than that of the martens-
ite phase in the dual phase steel with 44 martensite volume frac-
tion, it can be said that increasing failure strain in the dual phase
steel with 44 martensite volume fraction because of decreasing
the martensite yield strength compensates for decreasing failure
strain caused by increasing martensite volume fraction, when engi-
neering failure strain of dual phase steel containing 44 vol.% of
martensite compare with that of dual phase steel with 18% mar-
tensite volume fraction. Based on this reasoning, the cause of sim-
ilarity of engineering failure strains and failure modes in the two
studied dual phase steels can be described.

5. Conclusion

In this study, finite element modeling based on the actual
microstructure has been used to predict engineering stress–engi-
neering strain curves of dual phase steels containing 18 and
44 vol.% of martensite. The mechanical properties of each of the
constituent phases obtained from tensile tests performed on fully
ferritic and fully martensitic steels have been used in the numeri-
cal study. No prescribed failure criterion has been considered for
the two constituent phases and failure predicted as the natural
outcome of plastic localization caused by incompatible deforma-
tion between hard and soft phases in the representative volume
elements. The results indicate that there is a good agreement be-
tween experimental and simulated engineering stress–engineering
strain curves, although the mechanical behavior of the constituent
phases has not been obtained by in situ methods. The results of the
present study also show that the utilized numerical method is able
to estimate failure engineering strain of the studied dual phase
steels in a reasonable manner. Moreover, it has been found that
shear dominant failure mode can be proposed for the two studied
dual phase steels, which correlates well with experimental
findings.
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Fig. 6. Distribution of equivalent plastic strain for dual phase steel containing
44 vol.% of martensite at various average strain levels of (a) 3.5%, (b) 10%, (c) 20%
and (d) 28%.

Fig. 7. Optical micrographs of failed tensile specimens of dual phase steels with (a)
18% martensite volume fraction and (b) 44% martensite volume fraction.
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