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Abstract

This paper studies the plastic deformation, localization and the necking behavior of polycrystalline dual phase (DP) steels, with
different martensite volume fractions, and ferrite orientation distributions, through crystal plasticity finite element method. The
grain structure of the full size micron-scale polycrystalline samples is built through Voronoi tesselation and the specimens are
deformed under uniaxial loading condition. For the modelling of martensite phase J2 plasticity with isotropic hardening is employed
while in randomly oriented ferrite grains the crystal plasticity theory works. The material parameters are identified with respect to
uniaxial tensile experimental data using a fully periodic RVE with enough number of ferrite grains. The attention is focused on the
effect of the martensite morphology and the ferrite orientation distribution on the formation of the shear bands and then the necking
of the sample.
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1. Introduction

Initially developed in 1970s, DP steels have been used frequently in automotive industry, thanks to its low yield
stress, moderate strain hardening capacity, high tensile strength and continuous yield behavior. In order to improve
the application range and the mechanical properties of DP steels, substantial research have focused on their micro
level investigations due to their interesting microstructure which does not only offer mechanical improvement but also
some specific degradation mechanisms (see e.g. Kadkhodapour et al. (2011b); Vajragupta et al. (2014); Zecevic et al.
(2016); Diehl et al. (2017)). Therefore, the macroscopic behavior is strictly relevant to microstructural parameters
such as martensite volume fraction, carbon content of martensite, ferrite grain size (see e.g. Jiang et al. (1995); Bag
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et al. (1999); Pierman et al. (2014); Tasan et al. (2014)). In addition to these parameters, martensite morphology affects
strongly the mechanical properties such as strain hardening and necking deformability (Park et al., 2014).

From the macroscopic point of view, dual phase steels show homogeneous and uniform deformation like many
metallic materials. However, from the micromechanical perspective, plastic deformation of DP steels shows naturally
heterogeneous behavior because of microstructural inhomogeneity at the grain level. The main source of this inho-
mogeneity is the incompatibility of deformation between the hard martensite phase and the soft plastically deforming
ferrite phase. Compared to martensite phase, deformation of the ferrite phase occurs at a high rate and due to inho-
mogeneous strain distribution between ferrite and martensite(Shen et al., 1986). Although there are various studies
focussing on the effect of martensite distribution and morphology on the strain localization and damage initiation (see
e.g. Kadkhodapour et al. (2011a)) in dual phase steels, there is still need for further detailed analyses considering the
effect of different microstructural features together (see e.g. Choi et al. (2013); Woo et al. (2012)). In addition to me-
chanical differences between martensite and ferrite phases, initial crystallographic orientation of ferrite phase and the
distribution of martensite phase in DP microstructure affects significantly the microscopic deformation, stress-strain
partitioning, and the failure.

In this study the effect of microstructural features of ferrite and martensite phases are investigated through the
crystal plasticity finite element method (CPFEM). In order to realize this, eight artificial polycrystalline dual phase
micro-specimens with four different martensite volume fraction and two different martensite morphology are studied.
The numerical analysis of these specimen is conducted under uniaxial tensile loading condition using crystal plasticity
and J2 plasticity with isotropic hardening models for ferrite and martensite phases, respectively. As a result of these
simulations, the effect of different martensite distributions and initial ferrite orientations on the formation of shear
bands, and necking behavior is discussed detail, which has not been done in the literature before.

2. Artificial Micro-Specimen Generation

For the numerical analysis, four different artificial uniaxial tensile specimens are generated by polycrystal gener-
ation and meshing software Neper (see Quey et al. (2011)). They have rectangular cross-section of 25 um X 25 um
and length of 100 um. Each of these specimens include in total 500 grains with different martensite volume fractions.
The volume fractions of martensite phase is chosen as 15%, 19%, 28% and 37% to be consistent with the DP steels
presented in Lai et al. (2016), which is used for material parameter identification. The DP steels with regarding volume
fractions are referred to as VF15, VF19, V28, and VF37 respectively in this work. The microstructural characteristics
of the materials is presented in Table 1, where dy, d,,, V., represent the average grain size of ferrite phase, the average
grain size of martensite phase the martensite volume fraction respectively.

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

Steel Vi (%) dy (um) dy (um)
VFI5 15 6.5 12
VF19 19 59 15
VF28 28 55 2.1
VF37 37 42 24

Moreover, two different morphologies, which are referred to as Mophl and Morp2 are generated for each micro-
specimen with different volume fraction in order to study the influence of morphology as presented in Figure 1. White
areas in each micro-specimen show martensite grains, while green areas in each micro-specimen show ferrite grains.
Quasi-static uniaxial tensile loading (with & = 1073 s7!) is applied for each specimen which is discretized with 10
noded tetrahedral C3D10 elements in ABAQUS.



226 Serhat Onur Cakmak et al. / Procedia Structural Integrity 21 (2019) 224-232

ZA@
(@
ZA§
(©
Fig. 1: Dual-phase specimen with different morphologly and volume fraction of martensite. (a) VF15-Morphl, (b)

VF19-Morphl, (¢) VF28-Morphl, (d) VF37-Morphl, (e) VF15-Morph2, (f) VF19-Morph2, (g) VF28-Morph2 and
(h) VF37-Morph2
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3. Constitutive Models

In this section the constitutive frameworks for the modeling of plasticity behavior of both martensite and ferrite
phases is presented very shortly.

3.1. J2 Plasticity Modeling of Martensite Phase

In the numerical analyses rate-independent von Mises plasticity theory with isotropic hardening is assigned to
martensite grains, whose flow behavior is modeled by the phenomenological equations and parameter sets given by
Pierman et al. (2014),

Tym = Oy0,m + km(l - exP(—Ean)) (1)

where oy, is the current yield stress, £p is the accumulated plastic strain, and oy, kin, 1, are material parameters.
C,, is the martensite carbon content in wt%, whose influence on the strain hardening is given below

o y0.m = 300 + 1000C/3. 2)
The hardening modulus &, reads
1 bC
ky = —|a+ —mq} 3)
ot )

with a=33 GPa, b=36 GPa, Cy=0.7, g=1.45, n,,=120, C,,=0.3 wt%. In the calculations Young’s modulus and Poissons
ratio are taken as E=210GPa and v=0.3.
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3.2. Crystal Plasticity Modeling of Ferrite Phase

While martensite phase deforms according to J2 flow theory the ferrite phase is modeled with the local, rate depen-
dent crystal plasticity framework (see Huang (1991)), which considers the anisotropy due to ferrite grain orientation
distribution. The framework is based on the multiplicative decomposition of deformation gradient into an elastic and
a plastic part, F = F¢F?. The plastic deformation gradient is obtained through the integration of the plastic velocity
gradient which is attained via the summation of plastic slip rate on each slip system which evolves according to the
following power law,

1/m

7@
sign(t'®) 4)

@

¥ =0

where, ¥ is a reference slip rate, 7@ is the Schmid resolved shear stress which is the projection of the Kirchhoff stress
on the slip systems, g'® is the slip resistance on slip system a which governs the hardening of the single crystal, and
m is the rate sensitivity parameter. Hardening is governed by

g(a) — Z haB |yﬂ| )
p=1

where h% is the latent hardening matrix. This matrix measures the strain hardening due to shearing of slip system S
on slip system « and it is defined as

h(l/ﬁ — qafﬂha/af (6)

where ¢ is the latent hardening matrix and 2% represents the self-hardening rate, for which a simple form is used
(see e.g. (Peirce et al., 1982)),

hoy
8s — 80

h* = hgsech?

(7

where g is the initial slip resistance, A is the initial hardening modulus, and g; is the saturation value of the slip
resistance. These relations summarizes the main equations for the calculation of plastic slip in each slip system in
single crystal plasticity framework. Due to the orientation difference in each grain the Schmid resolved shear stress
would be different as well which would result in different plastic slip and stress evolution in each crystal and stress
concentration at the grain boundaries. 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 single crystal plasticity model runs in each grain that is generated by Voronoi tesselation with Neper software.

The crystal plasticity hardening parameters of ferrite phase is obtained through an artificial representative vol-
ume element (RVE), which is created through Neper and deformed under uniaxial tensile loading. Simulations are
conducted with the RVE under periodic boundary conditions and crystal plasticity hardening parameters are fitted to
the experimental data in Lai et al. (2016) as shown in Figure 2. Only 12 slip systems are considered in these cal-
culations (see e.g. Yalcinkaya et al. (2009) and Yalcinkaya et al. (2008) for details on BCC crystal plasticity). The
resulting hardening parameters are presented in Table 2. For the cubic crystal symmetry parameters Fe data is used,
C11 =231.4GPa, Cj, = 134.7GPa, and C;, = 116.4GPa (see e.g. Hosford (1993); Woo et al. (2012)).

Table 2: Calibrated crystal plasticity parameters for ferrite phase.

Steel dypum Slip System g, (MPa) go (MPa) hy (MPa)
VF15 6.5 {112)K(111) 252 98 475
VF19 5.9 {112)K111) 275 109 555
VE28 5.5 {112K111) 306.6 118.5 802.8
VE37 4.2 {112)(111) 305 121.5 880
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Fig. 2: CPFEM parameter identification through RVE calculations.

4. Results and Discussion

In this section the effect of martensite morphology and initial ferrite orientation distribution on the localization and
necking behavior of micro specimen is studied through numerical examples using the parameters fitted with respect
to experimental data.

Initial example addresses the influence of the martensite distribution on the necking behavior of micro specimens
under uniaxial strain of 0.2 and 0.15 applied to 15%, 19% and 28%, 37% respectively. Same initial orientation sets
were used for ferrite grains in each specimen. The contour plots of von Mises stress distribution on the deformed
specimen with a y-z cross-sectional cut is presented in Figure 3 which includes two different martensite distribution
for each specimen. It is clearly visible that the location of the necking depends highly on the martensite distribution.
While in the initial case, which is presented in the first line, the necking location is close to the bottom of the specimen
for all volume fractions in the second example the location approaches to the middle. Since the ferrite phase is more
ductile than the martensite phase, the necking occurs in the regions with less martensite density. Moreover, martensite
distribution affects also the macroscopic stress-strain response as illustrated in Figure 4. The influence of the marten-
site morphology on the macroscopic response is getting pronounced with increasing martensite content. In Figure 4
the response for VF15 and VF37 DP steels is presented which illustrates the fact that martensite morphology affects
the ultimate tensile stress and strain value at which the necking starts, specially for the cases with high martensite
volume fraction.

Next the effect of the initial ferrite grain orientation distribution is addressed for the initial martensite morphology
which is referred to morphl (Figure 1 (a)-(d)). For this study two different orientation sets, which are called orisetl
and oriset2 are assigned to the ferrite grains. The contour plots of von Mises stress distribution on the deformed
specimen with a y-z cross-sectional cut is presented in Figure 5 which includes two different initial ferrite orientation
distribution, that are plotted on to of each other for each DP case. It is shown that the location of the necking for
specimens with 15%, 19% martensite volume fraction alters with the change of initial orientation distribution, while
the results do not change for the samples with higher martensite volume fraction (28% and 37%). The macroscopic
stress versus strain response for VF15 and VF 37 is presented in Figure 6. Due to the high number of ferrite grains, the
macroscopic plastic response is not affected by the orientation distribution at the hardening regime of all specimens.
However, there is a visible change in the softening response of low martensite content samples due to the change in
the necking response presented in Figure 5. While the previous analysis on the effect of martensite distribution could
be conducted with isotropic plasticity models, the current results showing the effect of microstructural parameters on
localization and necking could only be analyzed though anisotropic grain level models such as crystal plasticity.

Last, the formation of shear bands at the onset of necking is discussed shortly. The accumulated plastic shear strain
contour plots for certain cross-sectional cuts at the y-z plane are presented in Figure 7 for two different orientation
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Fig. 3: Von Mises stress distribution for different morphology and volume fraction (a-d) morphl, (e-h) morph2 and
(a,e) VF15,(b,f) VF19, (c,g) VF28, (d,h) VF37
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Fig. 4: Engineering stress-strain response of VF15 (left) and VF37 (right) for different martensite distributions.

sets of all DP steel specimens. Figure 7(a)-(d) shows the shear band formation at the onset of necking through oriset-1
while Figure 7(e)-(h) shows the shear band formation at the onset of necking through oriset-2. These figures should
be compared with the necking results presented in Figure 5. As the necking location depends on the orientation set
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Fig. 5: Von Mises stress distribution for different orientation sets and volume fraction (a-d) orientation setl, (e-h)
orientation set2 and (a,e) VF15,(b,f) VF19, (c,g) VF28, (d,h) VF37.
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Fig. 6: Engineering stress-strain response of VF15 (left) and VF37 (right) for different initial ferrite orientation distri-
butions.

for low martensite content cases, the difference in the formation of shear band like localization is also visible in these
samples. Comparison of the localization in VF15 and VF19 presented in (a,e) and (b,f)) reveals this difference. For
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the higher martensite content case the difference in the amount of accumulated plastic shear is visible rather than the
location.
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Fig. 7: The accumulated plastic shear strain at the onset of necking for different volume fraction and initial orientation
sets (a-d) orisetl, (e-h) oriset2 and (a,e) VF15, (b,h) VF19, (¢c,g) VF28, (d,h) VF37.

5. Conclusions

The micron size specimens of different DP steels are investigated numerically through J2 plasticity and crystal
plasticity theories for martensite and ferrite phases respectively. The attention is focussed on the localization and
necking phenomena for specimen under uniaxial loading conditions. The effect of martensite grain distribution and
initial ferrite grain orientation distribution is discussed in detail. The main conclusions are as follows,

o The location of the necking depends highly on the martensite distribution in micron sized specimen no matter
what the volume fraction of the martensite is. The difference is also visible in the softening regime of macro-
scopic stress-strain responses, which becomes pronounced in the case with higher martensite volume fractions.

o The ferrite orientation distribution affects primarily the necking behavior of specimens with low martensite
content in terms of both the necking location and the softening regime in stress-strain response.

o The shear band formation in the necking region depends also on the orientation distribution in the case with low
martensite content which is consistent with the necking location.
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