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Abstract. Deformation band localization modes, uniform tensile strength, and uniform elongation of FerriteMartensite Dual-Phase (DP) steels are analyzed by ﬁnite element (FE) study. Treating the microstructure
inhomogeneity as the sole cause of imperfection, failure initiation is predicted as the natural fallout of plastic
instability caused by load drop because of localized plastic strain in the Representative Volume Element (RVE)
during straining. Strain partitioning between two phases (ferrite matrix and martensite island) are investigated on
RVEs, and it reveals that the increase of martensite yield stress decreases the plastic deformation and increases
the stress state in martensite. Whereas, a decrease in martensite island volume fraction (Vm) results in the
reduction of plastic deformation and stress state in the island. Studies are then carried out to investigate the
effects of the ferrite-martensite ﬂow properties and martensite volume fraction on the macroscopic tensile
deformation behavior and band localization of DP steels. Micromechanical based FE simulation results
emphasize that an increase in initial yield strength and volume fraction of martensite increases the ultimate
tensile stress (UTS) with the decrease in uniform elongation. Similarly, as the hardening rate of ferrite increases,
it increases the ultimate tensile stress (UTS) and uniform elongation. Additionally, deformation band localization modes alter from inclined to perpendicular to the loading axis with an increase in martensite volume
fraction and initial yield strength of martensite. The knowledge of this work can be used to design DP steels with
desired mechanical properties.
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1. Introduction
Dual phase (DP) steels are low (or medium) carbon microalloyed steels, characterized by a ferritic multiphase
structure in which martensite islands are dispersed on the
ferrite matrix. Ferrite-Martensite DP steel shows the
demanding automotive material characteristics in which the
ferrite phase ensures good formability, whereas the hard
second phase of martensite island is the strengthening
constituent. Maintaining the suitable proportions of the two
phases (matrix and island) allow low yielding stress, high
elongation, and well-being ﬂow stress curve with high
strain hardening co-efﬁcient [1]. DP steels are widely used
for automotive applications because of combined high
strength and good formability at low production costs [2].
Consistently DP steels can be produced in the course of the
inter critical heat treatment of low carbon steels, and they
*For correspondence

possess a typical microstructure of dual phases Advanced
High Strength Steel (AHSS). A typical microstructure of
DP steel consists of a speciﬁc volume fraction of high
strength phase (martensite island), in a ferrite phase [3–5].
Different mechanical characteristics of dual-phase steels
have been explored extensively by various researchers
[6–19]. The effect of the volume fraction of martensite
phase has been evaluated by few authors [6–8, 20]. Balliger
and Gladman [21] found that martensite island does not
deform during straining until the maximum uniform strain
is reached. Szewczyk and Gurland [22] portrayed that the
crack normally ensues with the formation of a void at
island-matrix interfaces. These islands are normally located
at the poles of adhering martensite island particles based on
the margins of ferrite matrix grains. Shen et al [23] have
reported the evidence, via SEM equipped with stages of
tensile test progressing, that the circumstances of strain
between the two phases (matrix and island), moreover for
the distinct grains of two phases, was noticed to be
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inhomogeneous. Erdogan [24] found that the island
morphology very much decides for island cracking. Islands
positioned at the pliable ferrite at grain boundaries that are
coarse and closely connected cracks very easily. In the case
of ﬁne structures, the microvoids were observed to be much
less, and martensite island cracking was also infrequent
compared to the course case. Calcagnotto et al [12] showed
that grain reﬁnement leads to an increase of both yield and
tensile strength. Uniform elongation and total elongation of
DP steel are hardly affected by grain reﬁnement, however
yield strength is improved. Experimentally, Kang et al [25]
and Ghadbeigi et al [26] revealed the inhomogeneous
deformation at the microstructure level and main phase
(soft ferrite) of initial local plastic zone deformation concentration using in-situ SEM and digital image correlation
reveal of such steels.
The micromechanical FE simulations on representative
microstructures are typically utilized to understand local
deformation response and predict the macroscopic stressstrain behavior. Al-Abbasi and Nemes [9] predicted the
tensile behavior of DP steels by cell model. This model
successfully showed that with the increase in a volume
fraction of martensite island to a certain level, the strength
and uniform elongation increased. With increase in
martensite volume fraction, UTS increases and uniform
elongation reduces. Mostly, Sun et al [10] made a real
microstructure used RVE strategy in which the possible
way of failure and ultimate ductility of the two phases
(matrix and island) steels are anticipated under assorted
quasi-static load environment via taking into consideration
of local plastic strain restriction hypothesis. Inhomogeneous microstructure in DP steels can be the cause of
instability during deformation process. This phenomenon
was reported by Sun et al [10] for DP 980, DP 780, Paul
and Kumar [13] for DP 780, DP590 and Paul [15] for DP
590. The failure circumstances are forecasted as the natural
outfall of the plastic strain localization owing to the
incompatible deformation between the island and ferrite
matrix. Prediction of plastic strain localization in the model
does not necessitate any imperfection in geometries, preexisting void or damage, and failure principles, but it has
matched well. Sun et al [27] conducted extensive FE simulation on DP 600, DP 780 and DP 980 steels and their
study concluded that the range of martensite island volume
fraction (Vm) 15% - 40%, where the aggregate ductility of
dual-phase steels explains negligible dependence on the
ductility of the martensite island. Marvi-Mashhadi et al
[14] predicted a full engineering ﬂow curve of DP steels
containing 18% and 44% martensite island volume by
continuum modeling based on the experimental
microstructure. DP steels when deformed under tension,
exhibits large number of discontinuous shear bands with
low martensite content, and long continuous bands which
are localized and have signiﬁcant amount of martensite
volume fraction [28]. Kadkhodapour et al [29] did crystal
plasticity considered simulation on commercial DP 800

Sådhanå (2020)45:235
steel, and they found that the severe deformation
localizations are the primary basis of rupture in the ﬁnal
stages of the failure. Hosseini-Toudeshky et al [30] showed
the separation of two phases in phase boundaries is the most
important reason for the formation of voids. In this investigation, the authors also believed that the brittle feature of
martensite island could also help the damage progress.
Basu et al [31] studied the parameters inﬂuence on the
macroscopic hardness and thereby the mechanical property
such as yield strength for two phases of 20MnMoNi55
steel. Numbers of literature are reported on the FE simulation ﬁndings of the tensile deformation and damaging
behavior of DP material, especially DP steels. Two phase’s
ﬂow property variation results in strain partitioning,
deformation localization, and shear band formation during
tensile loading. In the current investigation, RVEs simulation assessment is conducted to make out the effect of
martensite volume fraction and ﬂow properties of soft ferrite matrix and hard martensite island on tensile properties
of DP steels.
Figure 1 shows a schematic diagram of different
strengthening mechanisms contributions on DP steel’s
tensile properties. For DP steel, yield stress is the combination of friction stress and grain size dependent yield
stress (Hall-Petch equation [32, 33]). In contrast, the major
contribution of resistance to plastic ﬂow arises from Taylor
strain hardening and strain hardening due to the composite
effect. Apart from these hardening mechanisms, grain
boundary hardening is also present. For coarse-grain
material, its contribution is small, but for ﬁne grain or ultra
ﬁne grain material it cannot be neglected.
Usually, in DP steel, precipitations in ferrite are negligible, but if substantial precipitation is present (tempered
DP) in ferrite then precipitation hardening should be taken
into account. Friction stress is representing the overall
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Figure 1. Schematic diagram: contribution of different strengthening mechanisms to ﬂow behavior of DP steel.
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KHP
pﬃﬃﬃ
r ¼ r0 þ pﬃﬃﬃ þ MaGb q
d

ð1Þ

Here, r is the ﬂow stress of the material, r0 is the
friction stress, KHP/Hd is the grain size dependent part of
the Hall-Petch equation, MaGbHq is the Taylor strain
hardening part. Where a is a constant, G is the shear
modulus, b is the magnitude of the Burgers vector, and KHP
is a constant Hall–Petch pre-factor for the onset of yielding.
Strain hardening due to composite effect has one of the
major contributions to strain hardening and UTS of DP
steel. In general terms, the plastic deformation is not uniform in the soft matrix because of deformation constrain by
second hard phase. Strain in the matrix is localized and
increased over the average strain of the specimen. This
leads to strengthening from local plastic constraint (Dieter
and Bacon, Page-210 [34]). In this study, the typical effect
of two phases in DP 980 steel is studied to understand strain
hardening due to the combined effect on UTS, and elongation of DP steel. The guidelines obtained from this
parametric study can be used to optimize the microstructures of DP steel. This will satisfy the objectives of
revealing mechanical properties, which are signiﬁcant for
end-use, such as maximizing the strength-ductility product
characterizing the energy absorption or maximizing the
strength with ductility.

2. Microstructure characterization using
micromechanics simulation
The properties of the soft ferrite matrix and hard martensite
island phases of DP 980 steel are retrieved from the literature of Sun et al [10]. They determined the mechanical
properties standardization of matrix and island in the DP
980 using in-situ high-energy X-ray diffraction (HEXRD)
set-up. That isotropic hardening behavior of matrix and
island are considered for this investigation. The plastic-ﬂow

stresses for ferrite matrix and martensite island phases are
set by equations (2) and (3), respectively.
r ¼ rYF þ KF enpF

ð2Þ

r ¼ rYM þ KM ep

ð3Þ

Here, the parameters in the above equations are rYF,
rYM, KF, KM, and nF. where rYF, rYM are represented by
the initial yield strengths, KF, KM are the coefﬁcients of
isotropic hardening for the matrix(ferrite) and island(martensite), and nF is the exponent of isotropic hardening
for the ferrite matrix respectively. The martensite island is
assumed to have linear hardening behavior. For DP 980
steel, according to Sun et al [10] work: rYF = 425 MPa, KF
= 940 MPa, nF = 0.2, rYM = 1180 MPa, and KM = 1740
MPa. The input ﬂow properties for further FE study are
shown in ﬁgure 2.
A standard software code ABAQUS for FE simulation is
taken for these RVEs analyses. From the geometric relationship of length, width, and thickness; the sheet thickness
of the tensile specimen is small in comparison with the
width and length. So, it can be assumed that the tensile
sheet specimen is in-plane stress state. Hence, 2D plane
stress (CPS3) elements are adopted in the current analysis
to simulate the deformation behavior of the DP 980 sheet.
In all the simulations, structure meshing is used. All elements are considering the same size in an RVE, and element size is controlled equally in all the RVE to avoid the
effect of the mesh size.
In DP 980 steel, around 38% martensite is present. To
explain the impact of martensite island fraction on the
tensile behavior of DP steel, four representative volume
elements (RVEs) are constructed with 8%, 18%, 38%, and
48% of martensite volumes which are given in ﬁgure 3.
Details of microstructural parameters for quantitative
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resistance of the crystal lattice to dislocation movement
(Dieter and Bacon [34], page-190). The friction stress is the
summation of Peierls stress and solute solution strengthening. The grain size inversely related to the yielding
behavior is expressed by the Hall-Petch equation (Hall [32];
Petch [33]). For the DP steel, the Hall-Petch equation is not
only applicable for ferrite grain boundaries but to other
kinds of boundaries like martensite plates (Dieter and
Bacon [34], page-190). For a deformed sample, there is a
predominant correlation between an increasing dislocation
density and Taylor strain hardening. Taylor’s theory of
strain hardening enunciates that there is elastic interaction
between dislocations, which ultimately causes their
immobilization. Thus the resulting sessile dislocations
create back stresses which enhance the deforming stress.
Therefore the strain hardening equation of single-phase
material can be expressed as
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Figure 2. Flow curve of ferrite matrix and martensite island
phases for FE study [10].
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Figure 3. RVEs of the microstructures: (a) 92% ferrite matrix ? 8% martensite island, (b) 82% ferrite matrix ?18% martensite island,
(c) 62% ferrite matrix ? 38% martensite island and (d) 52% ferrite matrix ? 48% martensite island.

relationship are given in table 1. One exact yield strengths
and hardening coefﬁcients and exponents are chosen as per
Sun et al [10]. Then effects of change of such parameters
are studied by systematic change of exact (obtained from
experimental result) parameters. In the current RVEs study,
martensite islands are randomly distributed in soft ferritematrix. Loading condition under uniaxial tension can be
simulated by constraining the nodes along the bottom edge
towards Y axis, but they are free along the X axis. A

displacement along Y-axis is given in all the nodes along
the top edge, whereas along X axis they are free. Engineering strain along vertical direction can be computed by
dividing the displacement of the top edge by RVEs initial
length. Engineering stress along vertical direction can be
computed by dividing the acting reaction force by the
original cross-sectional area.

3. Results and discussions
Table 1. Microstructure parameters (factors).
Parameters
Martensite Volume Fraction, Vm
Martensite Yield Stress, rym
Ferrite Yield Stress, ryf
Hardening coefﬁcient of Martensite,
Km
Hardening coefﬁcient of ferrite, Kf
Hardening exponent, nf

Value
8, 18, 38, 48%
1180, 1480, 1780 MPa
425 MPa
400, 900, 1740, 3000 MPa
650, 780, 940, 1290 MPa
0.1, 0.15, 0.2, 0.3

Figure 4 shows the comparison of stress vs. strain plot
between the present simulation and the experimental results
(Sun et al [10]) respectively. Here the UTS and uniform
elongation obtained from present simulation exhibit close
concurrence with the experimental observations and simulation on real microstructures via RVE by Sun et al [10]
seen in ﬁgure 4. The failure strain predicted by present
simulation via RVE shows a slight difference from experimental values because, after deformation localization, the
local deformation depends upon mesh size chosen for
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simulation, martensite islands presence adjacent to the
localized deformed zone etc. apart from material properties.
By introduction of material damage variable or geometrical
imperfection or material imperfection, softening and failure
can be captured. In this study material imperfection is
already present within the model. In DP steel, ﬂow property
of ferrite and martensite phases are different (i.e., material
imperfection is present). The other patterns of damage in
DP steels, such as martensite island cracking, delamination
between two (matrix-island) phases, and void growth in the
ferrite matrix were not assessed for the considered simulation. Those are the probable reasons for deviation in
failure strain calculation. Since the uniform elongation of
the material is our primary interest hence representative
volume element based simulation has been used in the
present investigation.
Figure 5 shows that a dominant shear failure mode
develops during uniaxial tensile loading for the volume
element. It should be noted that no speciﬁc failure criteria
or imperfection is speciﬁed in the said two phases for the
prediction of the aggregate uniaxial tensile ﬂow behavior.
The plastic strain is localized by the mismatched plastic
deformations accumulated in the two constituent phases
during the deformation process, and ultimately the DP steel
failure is perpetuated by the initial microstructural inhomogeneity. Here, inhomogeneity in the form of high
deformation accumulated areas of the RVE coalesced
together. Recently, Rana et al established an analytical
method for the effect of the stress ﬁeld due to isotropic
elastic inhomogeneity in structural metal under uniaxial
tensile stress [35].
Detailed examination of the severe deformation process
of DP steel by simulation on 2D RVE via a tensile loading
path, as shown in ﬁgure 5 indicates the following
characteristics:
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Figure 4. Comparison of tensile stress-strain response of RVE of
DP980 steel.
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(a) Both the phases will have elastic nature. Plastic
deformation initiates with yielding of matrix phase as it has
lower yield stress value compare to the martensite phase.
Both the phases will deform elastically before the yielding
condition of matrix is reached, (b) there will be a mismatch
of deformation for the constituent phases with the progress
of straining. When the matrix phase deforms plastically,
martensite island still remains in the elastic domain.
Though plastic deformation initiates with matrix, the matrix
region does not yield all together at the same instant.
Depending on the dispersal of hard-islands, stress concentration varies within the matrix. Areas of higher stress
concentration will have earlier yielding. Within the ferrite
matrix uneven plastic deformation whose rate varies
according to the distribution of stress/strain is noticed from
the early stage of plastic deformation. Further straining
results the localization of plastic deformation in few areas
within the ferrite, (c) when both two phases become plastic,
plastic deformation in martensite of DP steel starts only
those islands, which are closed to localized deformed zones
of the matrix. Deformation localizations of plastic nature
inside the matrix grow and coalesce, and eventually form a
deformation band. Martensite islands lying inside the
deformation band undergoes tremendous deformation. The
creation of a deformation band results concentrated high
rate deformation only within the deformation band, and
thus creating an unloading effect in other areas.
For evaluation of strain partitioning behavior between
matrix and island, a location is chosen. This is shown in
ﬁgure 6(a) for examination in DP steel with 38% martensite. For DP 980 steel with 38% martensite, ﬁgure 6(b) portrays the strain partitioning behavior among
ferrite matrix and hard-island. von Mises equivalent stress
and strain state at hard-island and soft-matrix are shown at
a different overall engineering strain of a particular grade of
DP steel that is DP 980. It is conﬁrmed in ﬁgure 6(b) that
the strain growth in martensite island is comparatively
small, whereas stress state is high to ferrite matrix.
The FE investigation shows that the partitioning of strain
does not take place according to classical equi-stress or
equi-strain convention but in-between two, according to
Paul and Mukherjee [36]. For the increasing yield stress of
martensite from 1180 MPa to 1780 MPa, the nature of
strain partitioning is shown in ﬁgure 6(c) while martensite,
38% by volume fraction, hard-martensite distribution, and
ﬂow property of soft matrix are also there, as in ﬁgure 6(b).
Higher yield stress of the martensite results in fully elastic
deformation at the martensite, and plastic deformation
concentrates in ferrite. By comparing ﬁgures 6(b) and (c), it
is conﬁrmed that the stress level is higher, and plastic strain
evolution is lower in martensite with higher martensite
yield stress. With the same ﬂow properties of ferrite matrix
and martensite island as depicted in ﬁgure 2, and 8%
martensite volume fraction results in fully elastic deformation at the martensite and plastic deformation in ferrite,
as shown in ﬁgure 7.
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Figure 5. During tensile straining the equivalent plastic strain and von Mises equivalent stress distribution in DP 980 steel.
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(a)

(b)

(c)

Figure 6. a Location of nodes at ferrite and martensite for strain partitioning analysis: after 10% overall engineering strain of DP steel
with 38% martensite volume fraction, b strain partitioning among ferrite matrix and martensite island in DP 980 steel and c strain
partitioning among ferrite and martensite island in DP steel with higher martensite yield property.

The summaries of the investigation are: (a) keeping all
other parameters same with increasing yield stress of the
martensite phase, resulting in a decrease in plastic deformation and increase in the stress state in martensite phase,
(b) with same ﬂow properties of ferrite matrix and martensite
island, decreasing the martensite volume fraction results
decrease the plastic deformation in martensite phase. Larger
martensite island fraction leads to high stress concentration

and higher plasticity in ferrite matrix. As a result, faster a
shear band is created, and hence poor uniform elongation.
The mechanical properties of the matrix and island
phases in DP steel depend on the chemical composition of
the constituent phases and thermo-mechanical interaction
parameters during production. So the same grade of DP
steel can have altogether different deformation behavior
when the combinations of constituent phases are varied.
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(a)

(b)

Figure 7. a Location of nodes at matrix and island for strain partitioning analysis: after 15% overall engineering strain of DP steel with
8% martensite volume fraction, b strain partitioning among ferrite and martensite in DP steel with 8% martensite volume fraction.

Normally the carbon content (%) determines the strength of
hard-martensite phase. Various factors that have a bearing
on mechanical properties such as matrix volume fraction,
carbon content (%) in the hard martensite island, and
chemical constituents in a soft ferrite matrix can be controlled by heat treatment, changing intercritical temperature. Therefore, the quantitative relationship among the
matrix and island phases and the overall behaviours of DP
steels will be able to improve and accelerate the DP steel
development process, which is cognitive to Paul et al [4, 5].
Now, we evaluate the overall DP steels tensile deformation response with the various possible sequences of
initial yield strength (rYM) of the martensite island, while
the ﬂow curve for the ferrite matrix remains unchanged.
Figure 8(a) shows the unique ﬂow behavior of ferrite and
various ﬂow behavior of martensite with an increasing yield
stress, which is considered in the present FE studies of the
RVEs. Figures 8(b) and (c) show the engineering stressstrain responses of DP steels in which the ﬂow property of
ferrite is unique and yield stress of the martensite increases.
In ﬁgure 8(b) for 38% martensite, UTS increases, and

uniform elongation decreases with the increase of the yield
stress of martensite. For an 8% volume fraction of
martensite, the tensile properties of DP steel shows in ﬁgure 8(c) for different initial yield stress.
In ﬁgure 8(c) for 8% martensite, UTS and uniform
elongation remain unaffected with the increase of the yield
stress of martensite, because DP steel generates almost
equal strain partitioning between matrix-island. As per the
ﬁgures 7(a) and (b), the ﬂow response of the martensite is
almost elastic. Hence, with an increase in initial yield stress
of martensite in DP steel, the state of martensite will not
alter. Figures 6(b) and (c) show that with an increase in
yield stress of the martensite results alter in strain partitioning behavior between ferrite matrix and martensite
island. Stress state increases, and plastic deformation
decreases in the martensite islands with increase in yield
stress of martensite, shown in ﬁgures 6(b) and (c). As the
stress level of martensite increases with the increase in
yield stress of martensite, the overall load carrying capacity
of DP steels increases. On the other hand, plastic deformation in martensite island decreases with an increase in
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overall DP steels tensile deformation response. The unique
ﬂow behavior of ferrite and various ﬂow behavior of
martensite with increasing hardening rate (KM) are shown
in ﬁgure 9(a). Figure 9(b) shows the engineering stressstrain responses of DP steels in which the unique ﬂow
property of ferrite and various ﬂow properties of martensite
with increasing hardening rate (KM) are considered. However, the variations in engineering tensile stress-strain of
DP steels with various hardening rate (KM) of martensite
are very less, which is shown in ﬁgure 9(b). Figures 6
(b) and (c) show that the plastic deformation of the
martensite island is small. Therefore, an altering the yield
stress (rYM) of martensite results in an insigniﬁcant change
in the strain partitioning between matrix and martensite
island and hence DP steels engineering stress-strain
responses. From ﬁgures 8 and 9, it can be summarized that
the initial yield strength (rYM) of martensite has considerable inﬂuence on strain partitioning between matrix(ferrite)2400
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Figure 8. a input stress-strain curve of ferrite and different
martensite with increasing yield stress for FE simulations, b effect
of increasing yield stress of martensite on tensile behavior of dual
phase steel with 38% martensite and c effect of increasing yield
stress of martensite on tensile behavior of DP steel with 8%
martensite.

yield stress of martensite. So strain partitioning becomes
more prominent, and as a result, uniform elongation
decreases.
At present, the effect of various possible combinations of
hardening rate (KM) of the island is evaluated, while the
stress-strain curve for the matrix remains unaltered on the
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Figure 9. a input stress-strain curve of ferrite and various
martensites with increasing Km for FE simulations, b effect of
increasing Km of martensite on tensile behavior of DP steel with
38% martensite.
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island(martensite), and engineering stress-strain response of
overall DP steel whereas the inﬂuence of hardening rate (KM)
of martensite is less.
Different strain hardening coefﬁcient (Kf) and exponent
(nf) of ferrite are chosen in such a way that the initial
hardening becomes the same, but the hardening rate at
higher strain becomes different. Currently, we examine the
overall DP steels tensile deformation response with the
various combinations of hardening rate (combinations of Kf
and nf) of the ferrite phase at higher strain, while the stressstrain curve for the martensite phase remain unchanged.
Figure 10(a) shows the unique ﬂow behavior of martensite
and various ﬂow behavior of ferrite with the increasing
hardening rate at higher strain, which is considered in the
present investigation. Figure 10(b) shows the engineering
stress-strain responses of DP steels with the unique ﬂow
property of martensite and various ﬂow properties of ferrite
with increasing hardening rate at higher strain.
In ﬁgure 10(b), UTS, and uniform elongation increase
with increasing hardening rate of ferrite at higher strain.
Plastic deformation mainly concentrates in the ferrite
phase, which is already discussed in ﬁgure 5. The plastic
straining in ferrite is much higher than martensite, as previously shown in ﬁgure 6(b). The deformation localization
and deformation band formation (initial step for necking)
occur initially in the ferrite phase. The classical plasticity
theory states that the higher strain hardening results in
higher uniform elongation for homogenous material
because the higher strain hardening suppresses strain
localization. Similarly for DP steel, as deformation localization takes place in the ferrite phase only, higher strain
hardening rate of ferrite delays deformation localization,
and hence the uniform elongation of overall DP steel also
increases.
Figures 11(a) and (b) depict the predicted UTS and
uniform elongation as a function of martensite volume
fraction for different initial yield strength of martensite,
respectively. The mechanical properties such as UTS
increases, and uniform elongation decreases with a rise in
martensite volume fraction when, the ﬂow property of
ferrite and martensite phase is maintained constant.
Whereas, UTS increases and uniform elongation decreases
with increase in initial yield stress of martensite by, keeping
ﬂow property of ferrite and martensite fraction as constant.
One important thing is that the UTS and uniform elongation don’t alter with an increase of the initial yield stress
of martensite for DP steels with 8% martensite. Strain
partitioning behavior between ferrite (matrix)-martensite
(island) is shown in ﬁgures 7(a) and (b) for DP steel with
8% martensite. Stress-strain response of the martensite is
almost elastic, shown in ﬁgure 7(b). Therefore, with an
increase in initial yield stress of martensite in DP steel
having 8% martensite generates almost the same strain
partitioning between ferrite-martensite, as a result, UTS and
uniform elongation remain unaltered. In the case of an 8%
volume fraction of martensite, elastic deformation is
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Figure 10. a input stress-strain curve of various ferrite with
increasing Kf and nf combinations (so that initial strain hardening
of ferrite become same) and martensite for FE simulations,
b effect of increasing Kf & nf combinations for ferrite on tensile
behavior of DP steel with 38% martensite.

noticed in martensite island even for martensite yield stress
of 1180 MPa. That means, for higher yield stress of
martensite, the elastic deformation will happen in martensite and maximum stress remains unchanged. Therefore, for
an 8% volume fraction of martensite, the tensile properties
of DP steel will be the same for different ﬂow properties of
martensite. As a result, ﬁgure 11 shows the difference in
tensile properties of DP steel for different ﬂow properties of
martensite converges at a point (volume fraction of
martensite 8%).
The predicted UTS and uniform elongation as a function
of martensite volume fraction for different hardening rates
at the higher strain of ferrite are shown in ﬁgures 12(a) and
(b), respectively. By keeping ﬂow properties of matrix and
island as constant in the DP steels, UTS increases, and
uniform elongation decrease with an increase in martensite
volume fraction. Meanwhile, UTS and uniform elongation
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Figure 11. Effect of increasing volume fraction of martensite in
DP steel and increasing yield stress of martensite on overall DP
steel: a ultimate tensile stress, b uniform tensile strain.

increase with an increase in hardening rate at a higher strain
of ferrite by keeping the ﬂow property of martensite and
martensite volume fraction as constant.
The present micromechanics based model can predict the
deformation localization band, which can be considered as
a failure zone. Because once the deformation is localized,
de-cohesion between ferrite-martensite and void initiationcoalescence-growth at ferrite will occur, and which leads to
the ﬁnal failure of the DP steel. Table 2 shows the deformation localization modes in DP steel with the various
volume fraction of martensite and different initial yield
stress of martensite. From table 2, it is clear that the
deformation localization mode changes from inclined to
perpendicular with an increase in martensite fraction and
increases in initial yield stress of martensite. Figure 13
shows that the deformation localization becomes inclined to
the loading axis at 1180 MPa initial yield stress of
martensite. Whereas, deformation localization becomes
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Figure 12. Effect of increasing volume fraction of martensite in
DP steel and increasing strain hardening of ferrite after initial
straining on overall DP steel: a ultimate tensile stress, b uniform
tensile strain.
Table 2. Deformation localization modes in DP steel with various volume fraction of martensite island and different initial yield
stress of martensite.
Vm

8

18

38

48

1180

Inclined

1480

Inclined

Inclined

Inclined

Perpendicular

Inclined

Perpendicular

1780

Inclined

Perpendicular

Inclined

Perpendicular

Perpendicular

σym

perpendicular to the loading axis at 1480 MPa initial yield
stress of martensite by keeping all other factors like ﬂow
property of ferrite, hardening rate of martensite, martensite
volume fraction in DP steel, size-shape-distribution of
martensite, mesh size of RVE, etc. as constant. Plastic
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Figure 13. Deformation localization in DP steel, all material constants remain same and other parameter remain same a Inclined to the
loading axis for the yield stress of martensite 1180 MPa, b Perpendicular to the loading axis for the yield stress of martensite 1480 MPa.

deformation localization depends upon strain partitioning
between ferrite and martensite phases. Flow properties of
ferrite and martensite phases control the strain partitioning.
Therefore, any change in ﬂow properties of ferrite and
martensite phases can alter the strain partitioning and hence
the plastic deformation localization.

4. Conclusions
In this investigation, deformation band localization during
tensile loading on DP steel is predicted as plastic strain
localization resulting in the incompatible deformation
between martensite island and ferrite matrix. Plastic ﬂow
properties difference between martensite island and ferrite
matrix results in strain partitioning between said two phases, and plastic deformation localization in the matrix
during tensile loading. This microstructural level inhomogeneity presents the initial imperfection for producing
instability in the form of plastic strain localization during
the deformation process. The failure initiation is predicted
as the natural outcome of plastic strain localization caused
by strain partitioning between soft ferrite and hard
martensite phases. The micromechanics based FE investigation reveals that the increase in yield stress of the
martensite results in a decrease in plastic deformation and
increase in the stress state in martensite. On the other hand,
the reduction in martensite volume fraction results in a
reduction of plastic deformation and stress state in the
martensite island.
In this study, FE based micromechanics modeling
technique is used to investigate a parametric measure
between the ﬂow properties of the phases and uniform

tensile deformation behavior (UTS and uniform elongation) of DP steels under uniaxial tensile loading. Here, a
systematic computation is conducted by the RVE to
parametrically evaluate the inﬂuence of the phase’s ﬂow
properties and martensite volume fraction on the
macroscopic mechanical properties of DP steels. The
simulation result shows that the UTS of DP steel
increases and uniform elongation decreases with the
increase of initial yield strength and martensite volume
fraction. In the same way, UTS and uniform elongation
increase with the increase in strain hardening rate of
ferrite. Furthermore, the computational study shows that
for increasing the martensite volume fraction and initial
yield strength of martensite, the deformation band
localization modes alter from inclined to perpendicular to
the loading path. The understanding by this simulation
framework results can be useful in DP steel design for
speciﬁc applications.
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