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ARTICLE INFO ABSTRACT

Keywords: Ductile fracture involving nucleation, growth and coalescence of microscale voids limits the
Fracture performance, safety, reliability and manufacturability of a variety of metallic components and
Microstructures

structures. This phenomenon is affected by length-scales induced by the geometry of deformation,
loading conditions and microstructure of the material. For example, under uniaxial tension, dual-
phase (DP) advanced high strength steel sheets exhibit similar flow response along rolling (RD)
and transverse directions (TD) with ductility along RD being either equal to or greater than TD.
However, the bendability of sheet specimens with bend axis parallel to RD is less than the
bendability of sheet specimens with bend axis parallel to TD. The objective of this work is to
model the interplay of length-scales induced by bending and microstructure on ductile fracture of
DP steel sheets. To this end, microstructure-based finite element calculations of ductile fracture in
DP steel sheets under bending have been carried out. In the calculations, DP microstructures in a
bend specimen are discretely modeled. Our results show that the microscopic state of stress/
strain, and hence, damage evolution in DP steel sheets under bending are highly heterogeneous.
The extent to which length-scales induced by bending and DP microstructure affects crack
nucleation and early stage crack growth is discussed. Parametric studies to quantify the effect of
initial porosity, susceptibility to secondary void nucleation and energy dissipated in damage
evolution prior to crack nucleation on the bendability of DP steel sheets have also been carried
out.

Metallic material
Finite elements
Bendability

1. Introduction

The performance, safety, reliability and manufacturability of a variety of metallic components and structures are limited by ductile
fracture. At room temperature, ductile fracture of engineering metals and alloys involves nucleation, growth and coalescence of
microscale voids (Benzerga et al., 2016). This phenomenon is affected by the interlacing of length-scales induced by geometry of
deformation, loading conditions and/or heterogeneous microstructure of the material. These length-scales in turn interact and evolve.
For instance, local heterogeneous deformation fields can produce substantial microstructural modifications resulting in often unknown
and counterintuitive subsequent fracture process. The objective of this work is to model the effect of length-scales induced by geometry
of deformation, in particular bending, and material microstructure on ductile fracture of dual-phase (DP) advanced high strength steel
(AHSS) sheets.

DP steel sheets with yield and tensile strengths in excess of 300MPa and 600MPa, respectively, are one of the most widely sought
after AHSS for automotive applications (Kuziak et al., 2008) where safety, vehicle weight reduction and emission reduction are of
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paramount importance (Bhattacharya, 2011; Joost, 2012). DP steels were introduced in mid-1970s (Rashid, 1981) and since then have
experienced the fastest growth in automotive industry (Bhattacharya, 2011). These are produced on continuous annealing lines that
allow intercritical heating into the ferrite-austenite phase field followed by rapid cooling to cause diffusionless austenite to martensite
transformation (Rashid, 1981). The final microstructure of DP steels primarily consists of hard martensite islands dispersed in a soft
ferrite phase matrix. The presence of two elastic-plastic phases with contrasting strength and strain hardenability gives rise to complex
deformation behavior, especially for DP steels with high martensite content and tensile strength of order 1GPa.

While the influence of microstructure on deformation and fracture behavior of DP steel sheets under tensile loading conditions have
been a topic of numerous experimental or computational studies, for example, (Davies, 1978; Ramos et al., 1979; Rashid, 1981;
Steinbrunner et al., 1988; Choi et al., 2009, 2013; Avramovic-Cingara et al., 2009a, b; Sun et al., 2009a, b; Kadkhodapour et al., 2011;
Sodjit and Uthaisangsuk, 2012; Yerra et al., 2013; Chen et al., 2014; Roth and Mohr, 2014; Tasan et al., 2014, 2015; Matsuno et al.,
2015; Lai et al., 2015; Marcadet and Mohr, 2015; Alaie et al., 2015; Zhou et al., 2015; De Geus et al., 2015, 2016, 2017; Lai et al., 2016;
Gerbig et al., 2018), the role of DP microstructure on complex loading conditions have received far less attention (Embury and Duncan,
1982; Hasegawa et al., 2004; Uthaisangsuk et al., 2009a; Srivastava et al., 2016; Huang et al., 2016). The studies on the microstructural
influence on deformation and fracture behavior of DP steels under simplified loading conditions, however, have provided several
insights. The tensile stress-strain curve for DP steels with high martensite content has been found to exhibit three characteristic stages
(Srivastava et al., 2016). At low stresses, the response is elastic and with increasing stress levels the DP microstructure first reaches
yield in the ferrite phase. Following initial yield, a period of steep strain-hardening is observed. In this regime, the martensite remains
elastic while ferrite contributes 100% of the plastic strain. This stage continues until martensite reaches yield. At this point, there is a
significant reduction in the strain-hardening rate, and both ferrite and martensite continue to deform plastically. The studies per-
taining to damage nucleation and evolution in the DP microstructure suggest that volume fraction, morphology and distribution of
martensite, and the contrast between the properties of ferrite and martensite phases have a significant influence on damage accu-
mulation. The state-of-the-art also suggests that the damage (or void) nucleation in DP steels occurs by mechanisms such as, deco-
hesion at ferrite/martensite interface, separation of adjacent martensite particles, and/or separation of fractured martensite particles.

The primary benefit of using DP AHSS in automotive body and structural parts is to enhance vehicles’ crash resistance while
reducing its overall weight. Steels are not inherently light weight material but vehicle weight reduction can be achieved by using AHSS
with high density-normalized strength. DP steels with tensile strength of order 1GPa and above are one of the targeted structural
material for such applications. However, as the strength of DP steel increases, the steel becomes less formable and more prone to
fracture under bending dominated manufacturing processes at room temperature (Sriram et al., 2003). In addition, DP steel sheets
exhibit contrasting fracture anisotropy along rolling and transverse directions (RD and TD) of the sheet under uniaxial tensile loading
versus bending. Under uniaxial tension, DP steel sheets exhibit very similar stress-strain response along RD and TD up to the ultimate
tensile strength with ductility along RD being either equal to or greater than ductility along TD (Avramovic-Cingara et al., 2009a; Chen
et al., 2014). But under bending, the bendability of sheet specimens with bend axis parallel to RD is less than the bendability of sheet
specimens with bend axis parallel to TD (Leu, 1997). This clearly shows that there is a difference between the characterization of
fracture in an imposed deformation field that is more or less uniform and the characterization of fracture in a heterogeneous field such
as those observed in bending. In the former, a continuum description of fracture, can in principle be based on unstructured material
parameters such as strength, strain hardening exponent, and volume fraction of the phases. On the other hand, in the latter, the fracture
characterization must involve the interaction of length-scales induced by bending and DP microstructure.

Several attempts have been directed towards modeling ductile fracture of DP steels. These approaches can be divided in to two
categories: phenomenological fracture modeling (Bao and Wierzbicki, 2004; Luo and Wierzbicki, 2010; Roth and Mohr, 2014; Mar-
cadet and Mohr, 2015; Andrade et al., 2016) and microstructure-based fracture modeling (Sun et al., 2009a, b; Choi et al., 2009;
Uthaisangsuk et al., 2009b, 2011; Kadkhodapour et al., 2011; Paul, 2012; Vajragupta et al., 2012; Perzynski et al., 2014; Matsuno
et al., 2015; De Geus et al., 2015, 2016, 2017; Ayatollahi et al., 2016; Gerbig et al., 2018). In phenomenological fracture models, a
damage evolution equation is directly fit to macroscopic experimental data without a direct microstructure-fracture correlation. On the
other hand, microstructure-based fracture modeling have been largely focused on 2D or 3D representative volume elements of DP
microstructures under idealized periodic boundary conditions. No effort has been made to model ductile fracture in DP steels under
more realistic loading conditions in order to understand the interaction of length-scales originating from geometry/loading conditions,
and material microstructure. Modeling fracture of DP steels under realistic boundary conditions is especially challenging because a loss
of stress carrying capacity in the reinforcing phase due to void nucleation greatly affects the overall strain hardening response of the
material. This leads to a breakdown in scale separation (Pineau et al., 2016), making it very challenging to mathematically represent
the material by an “effective homogenized media.”

Here, we carry out microstructure-based finite element modeling to understand the influence of material microstructure on ductile
crack nucleation and early stage ductile crack growth in DP steel sheets subjected to 90° V-bend loading conditions. In the calculations,
we discretely model the microstructural features, ferrite and martensite phases, of the DP steel in a small area (but large enough to
capture nucleation and coalescence of micro-cracks) near the free surface of a thin slice of the bend specimen normal to the bend axis.
Both ferrite and martensite phases are modeled using a constitutive relation for progressively cavitating elastic-viscoplastic solid. For
the microstructure-based modeling, several 2D SEM (Scanning Electron Microscope) images taken from RD and TD cross-sections of an
industrially produced galvannealed DP1000 steel sheet are first digitized. The digitized microstructure is then superimposed on the
finite element grid and respective material properties are assigned based on integration points rather than finite elements as in
(Srivastava et al., 2014; Osovski et al., 2015b). This allows us to smoothly resolve the interphase boundaries without any numerical
complexities. The discretely modeled microstructural features induce microstructural length-scale(s) in finite element calculations
(Srivastava et al., 2014, 2017; Osovski et al., 2015b, a; Liu et al., 2019). The effect of length-scales induced by the geometry of
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Fig. 1. (top) A schematic of the bend specimen together with imposed constraint and loading conditions. (bottom) A zoomed view of the finite
element mesh near the free surface of the bend specimen.

deformation i.e. bending, and the material microstructure on ductile fracture of DP steel sheets are discussed. Parametric studies are
also carried out to explore the effect of material parameters that dictate the propensity of void nucleation, energy dissipated in the
growth of nucleated voids prior to crack nucleation, and initial porosity on ductile fracture of DP steel sheets under bending.

2. Problem formulation and numerical method

Microstructure-based finite element modeling of deformation and fracture of DP steel sheets subjected to 90° V-bend loading
conditions are carried out for a thin slice of material with dimensions, L = 16mm (along x-axis), d = 1.6mm (along y-axis) and W =
0.01mm (along z-axis), as shown schematically in Fig. 1. The tip radius of the 90° V-bend punch is taken to be 0.1mm. The finite element
mesh consists of 22,920 twenty node brick elements giving 161,973 nodes. For the finite element mesh a single element through the
width, W (along z-axis), of the specimen is used. A very fine uniform in-plane (x — y plane) mesh is used in a 1.6mm x 0.8mm region
(marked as abcd in Fig. 1) near the free surface of the bend specimen with in-plane element dimension 10um x 10um. The element
dimension in the fine mesh region, e = 10um, serves as a normalization length-scale.

The finite element calculations are carried out using our in-house data parallel finite element code as in Srivastava et al. (2014,
2017); Osovski et al. (2015b, a); Nsouglo et al. (2018); Liu et al. (2019). The finite element code is based on the dynamic principle of
virtual work using a finite deformation Lagrangian convected coordinate formulation. The displacement and velocity boundary
conditions imposed on the region analyzed follows the configuration shown schematically in Fig. 1. The y-displacement of the
specimen is constraint at locations, y = 0, x= —7.5mm and y = 0, x = 7.5mm in the reference configuration. Overall plane strain
conditions are imposed on z = 0 and z = W surfaces of the bend specimen. The tip of the 90° V-bend punch is initially in contact with
the bend specimen at y = 1.6mm and x = 0. Although, calculations are based on the dynamic principle of virtual work for numerical
convenience, the focus is on quasi-static response, hence to minimize the wave effects a time varying velocity, V(t), in the negative y
direction is applied to the tip of the punch that follows the relation:

V;)t/t, if <,

Vg if 1>t

V(1) = @

where, t is the analysis time, t, is the rise time and Vg is the final velocity of the punch for t > t.. In the calculations, t, = 1.0x 10~*s and
Vg =3.0 x 10°mm/s (along the negative y direction) is used. As the deformation proceeds i.e. the tip of the punch moves in the
negative y direction, additional nodes on the top surface of the specimen comes in contact with the 90° V-bend punch. These additional
nodes are assigned the value of V, which is equal to the velocity of the tip of the punch at the time of contact. Also, to all the nodes that
are in contact with the punch, zero velocity along x direction, V, = 0, is imposed. This corresponds to perfect sticking of the material to
the punch.

As in Srivastava et al. (2014, 2017); Osovski et al. (2015b, a); Liu et al. (2019), eight point Gaussian integration is used in each
twenty-node element for integrating the internal force contributions and twenty-seven point Gaussian integration is used for the
element mass matrix. Lumped masses are used so that the mass matrix is diagonal. The discretized equations are integrated using the
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Fig. 2. (a) A representative (secondary electron) SEM image and (b) its binary version of the microstructure taken from the rolling direction (RD)
cross-section of the DP steel under consideration. (c) A representative SEM image and (d) its binary version of the microstructure taken from the
transverse direction (TD) cross-section of the DP steel under consideration. (e) A zoomed view of the finite element mesh near the free surface of the
bend specimen showing the discretely modeled, ferrite (F) and martensite (M), phases of the DP steel microstructure in the region marked as abcd.

explicit Newmark p-method with g = 0 (Belytschko et al., 1976). The constitutive updating is based on the rate tangent modulus
method proposed in Peirce et al. (1984), while material failure is implemented via the element vanishing technique proposed in
Tvergaard (1982a).

2.1. Microstructure modeling

Microstructure-based finite element modeling of DP steel sheets under realistic boundary conditions requires modeling the entire
specimen and the microstructure within. In theory, it is possible to carry out microstructure-based finite element modeling of an entire
specimen with all of its microstructural details. However, the mesh density required to discretely model micron-size microstructural
features in a bending specimen of dimensions in centimeters would make the finite element calculations prohibitively time consuming.
Hence, we discretely model the material microstructure in a small area but large enough to capture nucleation and coalescence of
micro-cracks near the free surface of the specimen, as shown in Fig. 2. To this end, secondary electron SEM images of chemically etched
metallographic specimens of a DP1000 steel sheet are digitized via Marker-Controlled Watershed Segmentation method (MATLAB,
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Table 1

Average size of ferrite and martensite phases along x (specimen length) and y (specimen depth) axes in RD and TD cross-sections of the DP steel under
consideration. The values in the units of ym are for the ‘real’ microstructure while the values in the units of e (normalization length-scale) are for the
microstructure ‘modeled’.

Orientation Phase Along x-axis Along y-axis Aspect ratio

RD Ferrite 2.09um (4.18e) 1.75um (3.5e) ~1.19
Martensite 1.76um (3.52¢) 1.52um (3.04e) ~1.15

TD Ferrite 1.98um (3.96¢) 1.63um (3.26e) ~1.21
Martensite 1.72um (3.44e) 1.49um (2.98e) ~1.15

R2017b) as shown in Fig. 2 (a)-(b) and (c)-(d). The Marker-Controlled Watershed Segmentation method is used in lieu of image
thresholding because of the limited contrast between the constituent phases of the DP steel in an SEM image. The basic procedure of
Marker-Controlled Watershed Segmentation method involves, computing a segmentation function, computing foreground and
background markers, modifying the segmentation function so that it only has minima at the foreground and background marker lo-
cations, and finally computing the watershed transform of the modified segmentation function. All these steps can be carried out using
the built-in Image Processing Toolbox™ in MATLAB (MATLAB, R2017b). Next, the SEM image is magnified by 20X to ‘artificially’
increase the feature sizes to allow us to choose a reasonable mesh size to resolve the details of the microstructure. The 20X magni-
fication increases an actual length of 1ym to 20um (or in terms of the normalization length-scale, e, it is simply 2e), while keeping the
overall volume fraction of the phases fixed. The digitized and magnified microstructures are then superimposed on the mesh in the
region marked as abcd in Figs. 1 and 2(e), and material properties corresponding to respective microstructural features are assigned
based on material (Gaussian) integration points rather than finite elements. Discretizing material microstructure based on integration
points allows us to smoothly resolve the interphase boundaries as shown in Fig. 2(e). The region outside abcd in the bend specimen are
assigned material properties corresponding to the overall (homogenized) mechanical response of the DP steel under consideration.

In this work, the microstructure of the DP steel in both RD and TD cross-sections, Fig. 2(a)-(b) and (c)-(d) respectively, are
considered. The average size of ferrite and martensite phases along x (specimen length) and y (specimen depth) axes in the RD and TD
cross-sections are given in Table 1. In the DP steel under consideration, on average, the aspect ratio of the martensite phase in both RD
and TD cross-sections are roughly the same. The average aspect ratio of the ferrite phase, however, is slightly greater in the TD cross-
section as compared to the RD cross-section. Hereafter, RD (TD) refers to bend specimens with bending axis parallel to the RD (TD) of
the DP steel sheet or the microstructure modeled in the region abcd, Fig. 2(e), is the microstructure corresponding to the RD (TD) cross-
section. For both RD and TD bend specimens five microstructures taken from five locations on the respective cross-sections of the DP
sheet steel under consideration have been analyzed.

2.2. Constitutive framework

The constitutive framework used here is the modified Gurson elastic-viscoplastic constitutive relation for a progressively cavitating
solid (Gurson, 1975; Tvergaard and Needleman, 1984; Chu and Needleman, 1980) with the flow potential having the form

o’ . 3¢20,

(I):_—;-&-quf‘cosh( th_h) —1— () =0 @
c 26

where ¢; = 1.5, g2 = 1.0 are parameters introduced in Tvergaard (1981, 1982b), f* is the effective void volume fraction, & is the

matrix flow strength, and

3 1
0'3:50":0" , ahzgazl , 6 =06—o0, 3)

For f* = 0, the flow potential in Eq. (2) reduces to the Mises flow potential. The function f*, introduced in Tvergaard and Nee-
dleman (1984), is given by

[ F<f
4 —{ﬁ.+(1/q, A AR A )

where, f. is the critical void volume fraction to void coalescence and f; is the void volume fraction at failure. The value of ff = 0.2 is
taken for all the calculations. When the value of the void volume fraction, f, at an integration point reaches 0.9f;, the value of f is kept
fixed so that the material deforms with a very low flow strength. The entire element is taken to vanish following the technique
proposed in Tvergaard (1982a) when three of the eight integration points in the element have reached this stage as in Srivastava et al.
(2014, 2017); Osovski et al. (2015b, a); Liu et al. (2019).

The rate of deformation tensor is taken as the sum of an elastic part, d® = L™! : 5, and a viscoplastic part, d?, so that

d=L"':64+d" ®)
Here, 6 is the Jaumann rate of Cauchy stress and L is the tensor of isotropic elastic moduli. The plastic part of the strain rate, d?, is given
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Fig. 3. Comparison of uniaxial tensile nominal stress (6pom) - strain (enom) response of the DP steel sheet obtained from uniaxial tensile tests with
tensile axis parallel to rolling direction, Exp(RD), and transverse direction, Exp(TD), and finite element calculation using the calibrated constitutive
relation, Eq. (7), for fully dense (f = O throughout the deformation) homogenized DP steel sheet, Cal(Dual Phase). The extracted uniaxial tensile,
Onom - €nom, curves of fully dense ferrite, Cal(Ferr), and martensite, Cal(Mart), phases present in the DP steel under consideration are also shown in
the figure.

by Pan et al. (1983).

oo |- | o

-« (6)
dp
05 do
The matrix plastic strain rate, &, is given by
. i 1/m N
E€=é& [@] , g(&) =0y {1 + S/E‘(J} ()]

withe = [ #dt. In Eq. (7), &9 is the reference strain rate, m is the strain rate sensitivity exponent, oy is the initial flow strength, & is
reference strain and N is the strain hardening exponent.
The evolution of the void volume fraction is governed by

f=0 =N T+f,, ®

where the first term on the right hand side of Eq. (8) accounts for void growth and the second term accounts for void nucleation. The
value of f in the undeformed material i.e. value of f at time, t = 0, represents the initial void volume fraction or porosity, fo. The void

nucleation rate, f"ud, is related to the accumulated plastic strain, €, and plastic strain rate, Z, by (Chu and Needleman, 1980)

;v 1 fe—ey .
fnucls]vmexp|: 2( SN >:|8 (9)

with fy, en, and sy being constitutive parameters. Eq. (9) is based on the hypothesis that there is a mean equivalent plastic strain, ey, for
void nucleation and that this nucleation strain is distributed in a normal fashion about the mean with a standard deviation, sy. The
parameter fy determines the maximum void volume fraction nucleated at a material (Gaussian) integration point.

2.3. Constitutive parameter identification

The constitutive framework described in Section 2.2 contains several constitutive (material) parameters. The values of these pa-
rameters must be determined for the overall DP microstructure as well as for the individual constituent phases, ferrite and martensite,
in order to carry out microstructure-based finite element modeling. To determine the values of the constitutive parameters that best
represent the overall stress-strain response of the fully dense (f = 0 throughout the deformation) DP steel sheet, we first fix the values
of Young’s modulus, E, Poisson’s ratio, v, and strain rate sensitivity exponent, m. The value of m is fixed following the work of Sri-
vastava et al. (2016). The values of the remaining constitutive parameters, initial flow strength, oy, strain hardening exponent, N,
reference strain, ¢y, and reference strain rate, &y, are then directly obtained using the portion of the experimental stress-strain curve
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The values of the constitutive parameters for the overall (homogenized) DP steel, and for the individual constituent phases, ferrite and
martensite, present in the DP microstructure under consideration.

Parameters Dual Phase Ferrite Martensite
Young’s modulus, E(Gpa) 200 200 200
Poisson’s ratio, v 0.3 0.3 0.3
Initial flow strength, oo (MPa) 610 430 1450
Strain hardening exponent, N 0.14 0.35 0.06
Reference strain, &y 0.00175 0.06 0.006
Strain rate sensitivity exponent, m 0.01 0.01 0.01
Reference strain rate, & (s'l) 0.1 0.01 0.01
Undeformed
b c
a d
Deformed

2000 = Homogenized
J==-=-=- Dual-Phase -
4 = -
. > ® -
1600: VG ~a
1 g
12004
Qﬁ ]
& 8004
%) 8001
400]

TTT0OT T T 002 T T 003 T T 0.4 T T 0.5
&

(d)

Fig. 4. (a) The undeformed and deformed configuration of a bend specimen subjected to a macroscopic flexural strain, e ~ 0.05 , using a 90° V-
bend punch. The distribution of equivalent plastic strain, ¢, in the near surface region (a’b’c’d’) on the tension side of the deformed bend specimen
(er ~ 0.05) with (b) homogenized material and (c) discrete DP steel microstructure in the region marked as abcd in (a). (d) Comparison of the
macroscopic flexural stress (or) - strain (¢r) response of the bend specimen modeled as homogenized material and discrete DP steel microstructure in
the region marked as abcd in (a).

before the onset of necking. The values of all the constitutive parameters that best represent the overall stress-strain response of the
fully dense DP steel under consideration are tabulated in Table 2. A comparison of uniaxial tensile nominal stress - strain response of
the industrially produced galvannealed DP1000 sheet steel under consideration and finite element calculation using the constitutive
parameter given in Table 2 for fully dense DP steel sheet before the onset of necking is shown in Fig. 3.

Next, we focus on determining the values of the constitutive parameters for the fully dense (f = 0 throughout the deformation)
constituent phases, ferrite and martensite. To this end, we first constructed a 3D representative volume element (RVE) of the DP
microstructure using the procedure described in Gerbig et al. (2018); Ghoreishi et al. (2018). The DP steel sheet considered in this work
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Fig. 5. (a)-(d) The distribution of equivalent plastic strain, , in the near surface region on the tension side of the deformed bend specimen with
discrete DP steel microstructure at four macroscopic flexural strain, ¢r, levels marked with letters, a — d, on the macroscopic flexural stress (o) -
strain (er) curve in (e).

contains ~ 54% ferrite and ~ 46% martensite phase by volume. The values of the constitutive parameters, E, v, and m are fixed a priori
for both phases. The value of o for the ferrite phase is also fixed a priori based on our prior experience (Srivastava et al., 2015, 2016).
In addition, the range (upper and lower bound) of the values of N for the martensite phase is chosen to represent negligible strain
hardening in the martensite phase based on our prior experience. Following this, an iterative optimization procedure was used to
determine the values of the constitutive parameters, N, &g, and & for the ferrite phase and oy, N, &9, and &, for the martensite phase,
that minimizes the mean squared error between the uniaxial stress-strain response of the RVE and prediction using the constitutive
parameter given in Table 2 for fully dense DP steel. The iterative optimization scheme was implemented as a MATLAB function. The
MATLAB function carries out the finite element calculations of uniaxial tensile test of the RVE; calculates the average mean squared
error of the difference between predicted and target stress-strain data; and minimizes the error by adjusting the values of the
constitutive parameters following the Nelder-Mead simplex algorithm. The values of all the constitutive parameters for both con-
stituent phases are tabulated in Table 2, and the uniaxial nominal stress-strain response of the two fully dense constituent phases
obtained using these parameters are shown in Fig. 3.

Apart from the constitutive parameters needed to model the mechanical response of the fully dense material that are given in
Table 2, the constitutive framework detailed in Section 2.2 also contains parameters associated with the modified Gurson model. These
parameters are, initial porosity, fy, critical void volume fraction to void coalescence, f,, and the three parameters, fy, sy and ey
associated with the void nucleation criteria in Eq. (9). Note, damage is only considered to take place in the region marked abcd in Fig. 1
or Fig. 2(e) where the constituent phases, ferrite and martensite, of the DP steel are discretely modeled. So that the constitutive pa-
rameters corresponding to the modified Gurson model are only needed for the ferrite and martensite phase and not for the overall
(homogenized) DP steel. Following the work of Gerbig et al. (2018), we take fo = 0 in the ferrite phase and fy = 0.002 in the martensite
phase. The values of the other four parameters, f. = 0.1, fy = 0.04, sy = 0.01, and ey = 0.2, are initially taken to be same for both
phases. Parametric studies are carried out to explore the effect of variation in the values of fo, f. and ey for both phases on the
bendability of DP steel sheets.
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Fig. 6. The distribution of stress triaxiality (ratio of hydrostatic stress and matrix flow strength), o5, /5, in the near surface region on the tension side
of the deformed bend specimen with discrete DP steel microstructure at four macroscopic flexural strain, er, levels marked with letters, a — d, on the
macroscopic flexural stress (of) - strain (er) curve in Fig. 5(e).

3. Numerical results

The initial undeformed and deformed configuration of a bend specimen subjected to a macroscopic flexural strain, e =~ 0.05, using
a 90° V-bend punch are shown in Fig. 4(a). The distribution of the equivalent plastic strain (¢) in the region a’b’c’d’ on the tension
(convex) side of the deformed bend specimen at ¢r ~ 0.05 for the scenario where the entire bend specimen is modeled as homogenized
DP steel is shown in Fig. 4(b). Similarly, the distribution of ¢ in the region a’b’c’d’ for the scenario where the DP steel microstructure is
discretely modeled in the region abcd and the rest of the specimen is modeled as homogenized DP steel is shown in Fig. 4(c). Finally, the
macroscopic flexural stress (o) - strain (er) response of the bend specimen modeled as homogenized material and discrete DP steel
microstructure in the region abcd are compared in Fig. 4(d). The values of or and ¢r are estimated as,

3F,L 66,d

Tawar T D2 ao

OF

where, Fy is the reaction force on the punch and §, is the deflection of the tip of the punch along the loading direction.

The results in Fig. 4 correspond to the calculations with f = 0 everywhere in the specimen and throughout the deformation history
i.e. the initiation and evolution of ductile damage are suppressed. As shown in Fig. 4(d), in the absence of any damage, the macroscopic
or - €5 response of the homogeneous bend specimen is very similar to the response of the heterogeneous microstructure. This shows
that the overall deformation response of DP steel sheets under bending is not very sensitive to the details of local microstructural
length-scales. The comparison of of - € curves in Fig. 4(d) also shows that the extracted local mechanical properties of ferrite and
martensite phases are correct. The discreteness of the local microstructure of the DP steel, however, does affect the local distribution of
the field variables. For example, the local distribution of &, is very different in Fig. 4(c) compared to Fig. 4(b). In the homogeneous bend
specimen, bending induces a single length-scale that leads to a smooth gradient in the distribution of g, Fig. 4(b) whereas, in the bend
specimen with DP microstructure the interlacing of the length-scales induced by bending and DP microstructure results in extremely
complex and heterogeneous distribution of €, Fig. 4(c).

3.1. Micromechanism of ductile fracture

The distribution of ¢ in the near surface region on the tension side of the deformed bend specimen with discrete DP steel micro-
structure undergoing damage initiation and growth at four ¢r values are shown in Fig. 5(a)-(d). The corresponding macroscopic of - er
curve is shown in Fig. 5(e). The ¢ values corresponding to Fig. 5(a)-(d) are marked with letters a — d on o - ¢r curve in Fig. 5(e). The
‘white’ regions in Fig. 5(a)-(d) mark the locations of micro-crack nucleation and growth. Similarly, the distribution of stress triaxiality,
on /G, at four er values corresponding to a — d on oF - € curve in Fig. 5(e) are shown in Fig. 6(a)-(d).

As shown in Figs. 5(a) and 6(a), in bend specimens with discretely modeled DP steel microstructure, the interlacing of length-scales
induced by bending and material microstructure results in extremely heterogeneous distribution of strains and stresses even before the
onset of any ductile damage. The length-scale induced by bending results in a gradient in the distribution of £ with the value of € being
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Fig. 7. (a) Macroscopic flexural stress (o) - strain () response of bend specimens with discrete DP steel microstructures corresponding to RD
(rolling direction) and TD (transverse direction) cross-sections. (b) Evolution of normalized crack length, Aa /d, with &z. The values of Aa/d at e
corresponding to drop in the value of or in (a) is marked with cross in (b). For both RD and TD bend specimens, results for three microstructures
taken from three locations on the respective cross-sections of the DP steel sheet are presented in (a) and (b).

greater at the surface, while due to the discreteness of the DP microstructure the value of € is greater in the soft phase i.e. ferrite.
Additionally, due to the local constrained imposed by the distribution of the hard phase i.e. martensite, the value of oy, is greater in the
ferrite phase while the value of  is greater in the martensite phase. This results in greater oy, /G values in the ferrite phase.

With continued bending deformation, Fig. 5(b), the value of € localizes in bands inclined at ~ 45° with the loading axis, and the free
surface on the tension side undergoes surface roughening. The ‘hot spots’ of o}, /& are however seems to be randomly distributed, Fig. 6
(b). The interaction of € localization bands and surface roughening results in nucleation of surface (marked with dashed-line circle) and
sub-surface (marked with dashed-line ellipse) micro-cracks that are away from the center of the specimen, Fig. 5(b). Note that in a
homogeneous isotropic material under bending the cracks nucleate at the center of the specimen. The relatively large surface micro-
crack that nucleates away from the center of the specimen does not seem to grow but with continued bending deformation the small
sub-surface micro-crack marked with the ellipse in Fig. 5(b) grows towards the free surface along one of the € localization band, Fig. 5
(c). The presence of this large sub-surface micro-crack also results in redistribution of the ‘hot spots’ of 3, /7, Fig. 6(c). The continued
bending deformation, hereafter, results in growth of this micro-crack towards the interior of the specimen, Fig. 5(d), as well as drop in
the macroscopic o value, Fig. 5(e). As shown in Figs. 5(d) and 6(d), the crack initially grows away from the loading axis but with
continued bending deformation the crack deflects back towards the loading axis.

3.2. Effect of RD and TD microstructures

Here, we analyze the effect of RD and TD microstructures on the bend fracture of DP steel sheets. The calculated macroscopic o - ¢r
curves for bending along RD and TD directions are shown in Fig. 7(a). The calculations show that the deformation response of RD and
TD specimens under bending prior to fracture i.e. drop in the value of of are the same. The value of ¢ corresponding to drop in the
value of of is however greater for TD specimens than for RD specimens. The three or - ¢r curves for bending along RD and TD directions
shown in Fig. 7(a) are for three local microstructures taken from different locations on the respective cross-sections of the DP steel
sheet. In all the calculations, RD or TD, the values of the constitutive parameters, overall volume fraction of the constituent phases, the
specimen geometry and the loading conditions are the same so that the difference in the response of RD and TD specimens under
bending is solely due to the variations in the topological features of the microstructure in RD and TD cross-sections. The evolution of
the normalized crack length, Aa /d, with ¢F, is shown in Fig. 7(b). As shown in Fig. 7(b), the value of ¢F at first crack nucleation is on
average greater for TD specimens than RD specimens. Furthermore, the evolution of Aa with ¢ is faster for RD specimens compared to
TD specimens, resulting in poor damage tolerance and bend fracture resistance for RD specimens compared to TD specimens.

Next, we analyze the distributions of ¢ along a line in the subsurface of the tension side of bend specimens deformed to a
macroscopic ¢ ~ 0.03. The distribution is taken along a line parallel to the length of the specimen and at a depth of y, /d ~ 0.0325
from the tension side of the specimen in the undeformed configuration. The distribution of £ along this line in a RD specimen is shown
in Fig. 8(a) and in a TD specimen is shown in Fig. 8(b). Several general observations can be made from Fig. 8(a) and (b): (i) the value of
¢ in the ferrite phase is in general greater than the value of £ in the martensite phase, (ii) the peaks in the value of € in the ferrite phases
lies close to the ferrite-martensite interface, (iii) not all peaks in the value of  in the ferrite (or in the martensite) region have the same
amplitude, (iv) the peaks in the value of ¢ in the ferrite (or in the martensite) region with high amplitudes do not lie at the center of the
bend specimen (contrary to what is expected for a homogeneous material undergoing bending), and (v) the number of peaks in the
value of ¢ in the RD specimen is greater than the number of peaks in the TD specimen.

Similarly, the distribution of porosity, f, along the same line in the subsurface of the tension side of RD and TD bend specimens are
shown in Fig. 8(c) and (d), respectively. In the calculations, void nucleation in both phases is assumed to follow a plastic strain
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Fig. 8. The distribution of equivalent plastic strain, , at a macroscopic flexural strain, ¢z ~ 0.03, along a line in the subsurface of the tension side of
bend specimens with discrete DP steel microstructures corresponding to (a) RD and (b) TD cross-sections. Similar distribution of porosity, f, at ez ~
0.03 in (¢) RD and (d) TD bend specimens. The line profile is taken along a line parallel to the length of the specimen (along x-axis) and at a depth of
Yo /d = 0.0325 from the tension side of the specimen in the undeformed configuration. The location, x /e = 0, corresponds to the center of the bend
specimen. The respective constituent phase along the line (i.e. at an x /e value) are marked with horizontally arranged symbols: delta for ferrite
phase and gradient for martensite phase.

controlled nucleation criteria, Eq. (9). So that the observed peaks in the value of f in the ferrite phase near the ferrite-martensite
interface shown in Fig. 8(c) and (d) are consistent with the distribution of € shown in Fig. 8(a) and (b). The growth of the nucle-
ated voids, however, strongly depend on the local stress state thus not all the locations (corresponding to ferrite phase) where a peak in
the value of ¢ is observed in Fig. 8(a) and (b) contains a peak in the value of f in Fig. 8(c) and (d). Nevertheless, similar to the dis-
tribution of € the number of peaks in the value of fin the RD specimen is greater than the number of peaks in the TD specimen. Recall, in
the calculations it is assumed that the initial porosity in the ferrite phase is zero while the martensite phase contains a small amount of
initial porosity, fo = 0.002. Despite the presence of initial porosity, the value of f in the martensite phase is significantly less than that
in the ferrite phase at least up to er = 0.03 i.e. prior to significant micro-cracking in the specimen.

To further understand the effect of RD and TD microstructures on the bend fracture of DP steel sheets, we determine the contri-
bution to the plastic strain and damage from each of the phases present in the DP steel at various macroscopic ¢ levels. To this end, we
define the "% and fPhe¢ in each phase as,

1 1

gPhase _ Oy i fPhase f(k) y) 1)

Vehase ELEPhase Venase ELcPhase
where the sum is taken over all the elements (ELs) within one of the two phases, V(¥ is the volume of the k™ element, #%) and f® are the

equivalent plastic strain and porosity computed at the centroid of the k™ element, and Vpgs, is the total volume of the phase present in
the microstructure in the region marked as abcd in Fig. 2(e). We then define the fractional contribution to the total € and f from each
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Fig. 11. Comparison of the calculated uniaxial tensile nominal stress (6nom) - Strain (exom) response of DP steel microstructures corresponding to RD
(rolling direction) and TD (transverse direction) cross-sections.

phase as the ratio of ”"%¢ and fP1%¢ to the total # and f in both phases, respectively.

The fractional contributions of £ and f by the two phases as a function of macroscopic er in RD and TD specimens are shown in Fig. 9.
As shown in Fig. 9(a), the ferrite phase yields at an early stage of deformation and hence initially contributes almost all the plastic
strain. Following the yielding of martensite phase the contribution to plastic strain of ferrite phase decreases gradually and that of
martensite phase increases gradually. On the other hand, due to the presence of initial porosity in the martensite phase almost all the
contribution to porosity initially comes from the martensite phase, Fig. 9(b). Following void nucleation in the ferrite phase the
contribution to porosity of ferrite phase increases rapidly and that of martensite phase decreases rapidly. Post failure i.e. drop in of
values (see Fig. 7(a)), the fractional contributions of € and f by the two phases saturates. The general trend of the fractional contri-
butions of € and f by the two phases as a function of ¢f is same for both RD and TD specimens. However, at a fixed ¢ prior to failure, the
difference in the fractional contributions of € by the two phases in the RD specimen is greater than that in the TD specimen, suggesting
that the deformation in the TD specimen is slightly more uniform than the RD specimen. The difference in the fractional contributions
of f by the two phases at a fixed ¢r in the RD and the TD specimens is simply due to the fact that damage initiation in RD specimens
occurs at a lower value of &7 than in TD specimens.

3.3. Effect of damage parameters

In this section we present the influence of ductile damage parameters on the bend fracture of DP steel sheets. The damage pa-
rameters that are considered, are the initial porosity, fo, the mean equivalent plastic strain to void nucleation, ¢y, and the critical void
volume fraction to void coalescence, f.. The parameter, f,, dictates the energy dissipated in the growth of nucleated voids prior to
micro-crack nucleation. The parametric studies are carried out by varying the values of fy, ey and f., one at a time, for each constituent
phase. The results of this parametric study are shown in Fig. 10. As shown in the figure, a variation in the value of fy, ey and f; for the
martensite phase has no effect on the macroscopic flexural strain to failure, ¢, of DP steel sheets. On the contrary, a variation in the
value of fo, ex and f. for the ferrite phase has a strong influence on the value of & of DP steel sheets. Such that an increase in fo results in
a decrease in ¢ while an increase in ey and f, results in an increase in the value of &;.

4. Discussion

The experimental results, Fig. 3, and our microstructure-based finite element calculations, Fig. 11, both show that the uniaxial
tensile deformation and fracture response of the DP sheet steel under consideration is not very sensitive to the details of the topological
features of the microstructure along RD and TD. The microstructure-based finite element calculations of DP steel sheets are carried out
for a thin slice of material with dimensions, [, = 1.6mm, [, = 0.01mm and . given as,

l I
(-5r<h) a2

L :lf — 2Acos (ZITL) s <3

21,

where A is the amplitude of a small geometrical imperfection to the width, 12, of the sheet specimen. The small geometrical imper-
fection is introduced to break the symmetry of the problem and facilitate onset of necking. The value of IC is taken to be 0.8mm and that
of A is taken to be 1% of 12. Overall plane strain conditions are imposed on z = 0 and z = [, surfaces of the sheet specimen and the
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Fig. 12. The descending cumulative distribution function (CDF) of (a) the size of ferrite phase in the modeled DP steel microstructure along x
(specimen length) and y (specimen depth) axes in rolling (RD) and transverse direction (TD) cross-sections, and (b) the size of martensite phase in
the modeled DP steel microstructure along x and y axes in RD and TD cross-sections. The vertical axes in the plots are on logarithmic scale, and e is
the normalization length-scale.

uniaxial tensile loading along the y-axis is simulated using a velocity profile similar to Eq. (1). In the calculations, both RD and TD
microstructures of the DP steel sheet are modeled using the procedure described in Section 2.1 and the values of the constitutive
parameters given in Section 2.3. The microstructure-based finite element calculations of DP steel sheets under uniaxial tension are
carried out for several RD and TD microstructures. The results show that for the set of constitutive parameters given in Section 2.3,
under uniaxial tension, the average nominal strain to fracture is 0.053 with a standard deviation of 0.0065 for RD specimens and for TD
specimens it is 0.05 with a standard deviation of 0.0031.

The unstructured continuum material property descriptors such as, strength and strain hardenability, the overall microstructural
parameter i.e. volume fraction of the phases, and the fracture response under uniaxial tensile loading are same for both RD and TD
specimens of the DP steel under consideration. So that any analysis based on classical engineering fracture mechanics will predict the
same fracture response for both RD and TD specimens under bending. Nonetheless, consistent with the experimental observations our
results show that the bendability of TD specimens is greater than the bendability of RD specimens. In our calculations, the difference in
the bendability of RD and TD specimens are due to the difference in the topological features of the material microstructure in RD and
TD specimens of the DP steel sheet.

The descending cumulative distribution function of the sizes of ferrite and martensite phases in RD and TD specimens of the DP steel
sheet modeled are shown in Fig. 12. The plots in Fig. 12 can be interpreted as displaying the probability that the size will exceed a given
value on the horizontal axis. From Fig. 12, it can be seen that the probability that the size of the ferrite phase along the specimen length
and that of the martensite phase along the specimen depth will exceed a given threshold is roughly the same for both RD and TD
specimens. The probability that the size of the ferrite phase along specimen depth will exceed a given threshold is, however, greater for
RD specimens compared to TD specimens. Similarly, the probability that the size of the martensite phase along the specimen length
will exceed a given threshold is slightly greater for TD specimens compared to RD specimens. Note, that since the volume fraction of
both phases are same in RD and TD specimens, Fig. 12 suggest that the probability of finding deeper ferrite-martensite interfaces are
greater for RD specimens compared to TD specimens.

The subtle difference in the size of ferrite and martensite phases between RD and TD specimens of the DP steel sheet is apparently
sufficient to cause a difference in the fracture response under bending. This is because bending results in an overall gradient in the
distribution of € with the value of € being greater at the surface and within this gradient the value of ¢ is greater in the ferrite phase close
to the ferrite-martensite interface. With continued bending deformation the value of ¢ localizes in bands inclined at an angle (~ 45°)
with the loading axis. The peaks in the value of € in the ferrite phase close to the ferrite-martensite interface results in void nucleation at
these locations. The small difference in the topological features of the microstructure between RD and TD specimens results in: (i)
fewer number of peaks in the value of £ and f near the tension side of TD specimens compared to RD specimens, and (ii) slightly smaller
difference in the fractional contribution of ¢ by the two phases in TD specimens compared to RD specimens.

The results of our parametric studies show that in DP steel sheets under bending both the plastic deformation, and the damage
nucleation and growth are concentrated in the ferrite phase. This is why, a variation in the values of the material parameters that
dictate the propensity of void nucleation, energy dissipated in the growth of nucleated voids prior to crack nucleation, and initial
porosity on ductile fracture of DP steel sheets under bending for martensite phase does not significantly affect the bendability of DP
steel sheets. Thus, any effort to improve the bendability of DP steel sheets must focus on improving the mechanical properties of the
ferrite phase.

The results presented in Fig. 7, show that even though the overall volume fraction, mechanical properties and damage parameters
of the constituent phases and the orientation (RD or TD) of the bend specimens of the DP steel sheet are the same, there is a difference
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Fig. 13. (a)-(c) The distribution of ferrite (black) and martensite (white) phases in three DP steel microstructures corresponding to RD cross-
section. In (a)-(c), the bottom edge of the figure is on the tension side of the bend specimen, and the dashed-line box highlights the local micro-
structure in the center of the bend specimen while the solid-line box highlights the microstructure at the location of first micro-crack nucleation. (d)
The variation of the normalized macroscopic flexural strain at failure, ¢ /¢f'%, with the normalized projected (along the length of the bend specimen

or x-axis) distance between the center of the bend specimen and the location of first micro-crack nucleation, dy /(d/2).

in the value of the macroscopic flexural strain to failure, ¢, for different bend specimens. The difference in the value of & for different
RD (or TD) specimens stems from the specimen to specimen variation in the microstructure. The microstructure of three RD bend
specimens are shown in Fig. 13(a)-(c) together with the zoomed view of the local microstructure in the center of the bend specimen and
the crack nucleation site. The volume fraction of the ferrite phase in the local microstructure at the center of the bend specimens shown
in Fig. 13(a)—(c) are =~ 0.66, =~ 0.44 and = 0.29, respectively, while the volume fraction of the ferrite phase in the local microstructure
at the first crack nucleation sites are ~ 0.52, =~ 0.58 and ~ 0.49, respectively. This suggests that a right combination of the amount of
ferrite phase and constraint imposed by the martensite phase is needed to nucleate a crack. Anyhow, our analyses show that the values
of & can be correlated with the projected distance between the center of the bend specimens and the crack nucleation site. As shown in
Fig. 13(d), the value of &; increases with increasing distance between the center of the bend specimen and the crack nucleation site.

The microstructure-based finite element calculations here have been carried out using a fixed finite element mesh so the question
arises as to the extent of mesh dependence. In a grid based calculation such as finite element method, in the absence of a physical
length-scale, the finite element mesh size is the dominant length-scale. However, in the microstructure-based finite element calcu-
lations, the discretely modeled material microstructure introduces microstructural length-scale(s). This is apparent from the predicted
difference in the ductile fracture response of RD and TD specimens of DP steel sheets under bending. In addition, the rate dependence
in the constitutive relation, Eq. (7), also regularizes the mesh dependence issues associated with localization of deformation (Nee-
dleman, 1988). Although, it is not possible to guarantee that the finite element mesh size does not play any role, our simple mesh
convergence study show that for the mesh size considered here, the role of mesh size is not dominant. Here, we assess the finite element
mesh size convergence by carrying out bending calculations of a RD specimen with element sizes, e = 8.3um, 10.0um, and 12.5um in
the fine mesh region (marked as abcd in Fig. 1) and comparing the predicted values of ¢;. The results of this exercise show that
decreasing the mesh size from 12.5um to 10.0um results in a ~ 8.6% decrease in the value of ¢7, whereas further decreasing the mesh
size from 10.0um to 8.3um results in an insignificant change in the value of &;.
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5. Concluding remarks

We have carried out microstructure-based finite element modeling to understand the influence of the interlacing of length-scales
induced by 90° V-bend loading conditions and microstructure on ductile crack nucleation and early stage ductile crack growth in a DP
steel with tensile strength of order 1GPa. In the calculations, the microstructural features, ferrite and martensite phases, of the DP steel
are discretely modeled in a thin slice of bend specimen normal to the bend axis using a constitutive relation for progressively cavitating
elastic-viscoplastic solid. The calculations are carried out for several microstructures taken from both RD and TD cross-sections of the
DP steel sheet. Parametric studies are also carried out to explore the effect of material parameters that govern the ductile damage and
crack nucleation.

The key conclusions are as follows:

1. In-line with the experimental observations, our calculations predict that despite similar strength and strain hardenability, volume
fraction of the phases, and fracture response under uniaxial tension along RD and TD, the bendability of RD specimens are less than
the bendability of TD specimens. The difference between the bendability of RD and TD specimens in our calculations naturally
emerge due to the differences in the topological features of the microstructure along RD and TD.

2. The interlacing of length-scales induced by bending and DP microstructure results in an overall gradient in the distribution of
equivalent plastic strain, ¢, with the value of € being greater at the surface and within this gradient the value of € being greater in the
ferrite phase close to the ferrite-martensite interface.

3. The greater values of ¢ in the ferrite phase close to the ferrite-martensite interface results in void nucleation at these locations. The
growth of these nucleated voids, however, depends on the constrained imposed by the local distribution of the martensite phase.

4. A variation in the values of the material parameters that govern the ductile damage and crack nucleation in the ferrite phase
significantly affect the bendability of DP steel sheets. Thus, efforts to improve the bendability of DP steel sheets must focus on
improving the mechanical properties of the ferrite phase.

5. The variation in the bendability of DP steel sheet specimens with fixed overall microstructure and sheet orientation can be
correlated with the distance between the center of the bend specimen and the crack nucleation site, such that an increase in the
distance results in an increase in the bendability.
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