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Abstract: Damage characterization and micromechanical modelling in dual-phase (DP) steels have
recently drawn attention, since any changes in the alloying elements or process route strongly
influence the microstructural features, deformation behavior of the phases, and damage to the micro-
mechanisms, and subsequently the particular mechanical properties of the material. This approach
can be used to stablish microstructure—properties relationships. For instance, the effects of local
damage from shear cutting on edge crack sensitivity in the following deformation process can be
studied. This work evaluated the deformation and damage behaviors of two DP1000 steels using a
microstructure-based approach to estimate the edge cracking resistance. Phase fraction, grain size,
phase distribution, and texture were analyzed using electron backscatter diffraction and secondary
electron detectors of a scanning electron microscope and employed in 3D representative volume
elements. The deformation behavior of the ferrite phase was defined using a crystal plasticity model,
which was calibrated through nanoindentation tests. Various loading conditions, including uniaxial
tension, equi-biaxial tension, plane strain tension, and shearing, along with the maximum shear stress
criterion were applied to investigate the damage initiation and describe the edge cracking sensitivity
of the studied steels. The results revealed that a homogenous microstructure leads to homogenous
stress—strain partitioning, delayed damage initiation, and high edge cracking resistance.

Keywords: micromechanical modelling; representative volume element; dual-phase steel; damage;
edge cracking

1. Introduction

Dual-phase steels (DP steels) have been progressively used in automotive structural
applications, since they exhibit a good combination of strength and formability. These
outstanding properties originate from the microstructure, where hard martensite islands
are dispersed within a soft ferritic matrix. Nevertheless, their sensitivity to edge cracking
still remains a challenge and hinders their wide application in complex parts [1-4].

Edge cracking appears mostly in advanced high-strength steels during the forming
processes as premature cracks initiated at blanked, pierced, or trimmed edges, which
cannot be predicted by conventional forming limit strains. During these processes, the
sheared edge and shear-affected zone are exposed to severe plastic deformation, leading to
damage onset [5-7]. Therefore, a thorough understanding of the effects of microstructural
features on local mechanical and damage behaviors are highly required. However, this
could be very complicated for multiphase materials, of which complex microstructures
with particular characteristics can be produced by altering the chemical composition and
manufacturing process. Phase fractions, phase distributions, grain sizes, and mechanical
properties of individual phases strongly influence the strain localization process and
general damage behavior of the material [8-11]. Although several studies have been carried
out to investigate the microstructural deformation and fracture micromechanisms in DP
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steels [12-15], only few of them correlated the findings with edge crack sensitivity [16,17],
especially by using micromechanical modelling [18].

Therefore, the present work aimed to bridge the microstructural features of DP steels
to the macroscale mechanical and damage responses of the materials, in order to estimate
their edge formability potential. For this purpose, representative volume elements (RVEs)
were generated according to the microstructural characteristics, which were obtained by
the electron backscatter diffraction (EBSD) method, and the micromechanical behavior
of the individual phases assessed by applying the nanoindentation technique along with
crystal plasticity (CP) modelling. Finally, damage initiation was predicted through various
strain paths, which can happen during shear cutting and hole expansion processes. Herein,
the maximum shear stress fracture criterion was used for damage prediction.

2. Materials and Methods

This section describes the geometrical algorithm needed for generating a 3D repre-
sentative synthetic microstructure in detail, and a method for providing the appropriate
microstructural and micromechanical properties as the algorithm inputs.

2.1. 3D Artificial Microstructure Modelling Method

In order to construct representative microstructure models for multiphase crystalline
materials, a Laguerre—Voronoi tessellation technique was implemented using the power
diagram module in the software Voro++ [19,20]. In this technique, a domain was partitioned
into convex polygonal regions according to distances between defined seed points and
their individual assigned weights. The weights determine the influence of each point on
the region of its adjacent points [21], so that they help to properly reconstruct the grain size
distribution. Therefore, it was crucial to define the proper number of seed points, their site
in the domain, and their weights to create a representative volume element (RVE).

Here, a box was assumed as the spatial domain that defined the RVE structure.
The number of required points was defined equal to the number of material grains that
were able to occupy the volume of the box. In this regard, the phase fraction, grain size
distribution of each phase, and phase distribution were taken into account. Phase fraction
and grain size were derived from real microstructural data. The grain size distribution was
expressed by a log-normal probability density function (PDF) [22], Equation (1),
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where x is the measured sample value. The mean and the standard deviation parameters
of the corresponding normal distribution of /nx are showed by y and o, respectively.

Afterwards, the number of grains at a specific grain size for the defined RVE size
was calculated using the cumulative distribution function (CDF) based on the parameters
obtained from the PDF. However, to ensure that no free space might be left by directly
using these data, a modification was employed on the data to attain proper input data.
In this regard, the classical theory of geometry, close-packing of equal spheres in a face-
centered cubic (FCC) structure, was applied. In this theory, the densest packing density in
a three-dimensional space is 0.74. Therefore, instead of assuming a grain with a diameter of
x; occupied the volume of x?, it occupied v/2x?, which is the volume of the FCC structure.
Hence, the total volume occupied within the spheres is 0.74 times the size of the RVE.
However, a promising strategy of characterizing microstructural features based on neural
networks, using experimental data as training data, is being developed by Piitz et al. [23]
and Henrich et al. [24].

The distribution of phases was assumed homogenized by applying the random se-
quential addition algorithm (RSA) [25,26] in 3D space. To reduce computational time, the
RVE size was minimized by applying the periodic Voronoi tessellation, which is copying
the original germs around the RVE. In order to employ the finite element method (FEM),
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Uniaxial tension Plane strain tension

RVEs were created in Abaqus/2017 along with the required Python scripts. Although, they
were meshed elements, using a 3D finite element mesh generator Gmsh 4.2.2. with tetrahe-
dra. The maximum length between two nodes were defined as 1 um, and the size of the
elements could be reduced regarding the size of the created grains. Note that each element
represented only one grain. Moreover, the periodic boundary conditions were applied to
the constructed RVE using a node-coupling method [27,28] (Figure 1). In this figure, the
red system is independent, and the deformation gradient was prescribed, whereas the blue
system is dependent and follows the applied deformation. According to an elaborate study
on the deformation behavior of the materials, different loading conditions were applied,
such as uniaxial tension, biaxial tension, plane strain tension, and shear.

Ha Hs

H: H:

V1 V2

Equi-biaxial tension Shear

Figure 1. Scheme of the applied periodic boundary conditions.

Moreover, in polycrystalline materials, effects of grain orientation and strain hardening
are crucial. In this order, the texture features of the materials were also considered. Thus,
the orientation distribution function (ODF) was applied to describe the grain orientation
distribution using Euler angles, ¢ = {91, ®, @2}. The extracted texture was mapped to
the RVEs by performing an iterative process of random assignment of crystallographic
orientations to the grains to achieve the desired ODF by minimizing the quantitative
differences between the inverse pole figures (IPFs) of the experimental and assigned data.
The used MTEX MATLAB scripts for this analysis were taken from References [29,30].

2.2. Material Charaterization as Input Data

Two different DP1000 grade steels with a thickness of 1.5 mm were investigated.
Their chemical compositions are given in Table 1. The phase fractions were determined by
analyzing several scanning electron microscopy photos. The grain size and crystallographic
texture were characterized using the electron backscatter diffraction (EBSD) method. The
analysis was operated on an area of 100 x 100 pm?, at 15 kV, and using a step size of 50 nm.

Table 1. Chemical composition of the studied DP1000 steels (wt.%).

Materials C Mn Si Al Ti S P Fe
CR590Y980T-DP 0.043 1.807  0.301 0.037  0.048 0.007  0.012 Bal.
CR700Y980T-DP 0.080 2.813 0.293 0.291 0.075 0.002 0.011 Bal.

Since the selected materials were multiphase steels, the hardening behavior of each
phase was determined considering the effect of the grain orientation for the ferrite phase
and random texture for the martensite phase. Thus, for the ferrite phase, crystal plasticity
(CP), modelling a phenomenological constitutive law [31], was used, which is briefly
introduced here. This type of model mostly adopts a critical resolved shear stress as a state
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variable for each slip system. Therefore, the shear rate, -y, is formulated as a function of the
resolved shear stress, T, and the critical resolved shear stress, 7.. Prominent formulations
along these lines were suggested by Rice et al. [32] for metallic crystals. In this framework,
the kinetic law on a slip system is as in Equation (2),
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where 7% is the shear rate on slip system « subjected to the resolved shear stress T at a slip
resistance of 7¥; and "yo and m are material constants, which describe the reference shear
rate and the rate sensitivity of the slip, respectively. The influence of any set of slip system,
index B, on the hardening behavior of a (fixed) slip system « is given as Equation (3),
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where /1,4 is referred to as the hardening matrix in Equation (4).
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Here, hy, a, and 7; are the slip-hardening parameters, which are considered to be
identical for all slip systems as a result of the underlying characteristic dislocation reactions.
The parameter q,p is related to latent hardening, which is assumed to be 1.0 for coplanar
slip systems « and B [31,33]. These parameters were calibrated through nanoindentation
tests of the ferrite grains and corresponding parallel simulations, by getting the best fit of
the load—displacement responses of the material.

The nanoindentation tests were carried out on three relatively large grains on the
materials with different grain orientations. For this purpose, a cube-corner indenter tip
was chosen for the tests. Each grain underwent three loading rates of 0.1 nm/s, 1 nm/s,
and 10 nm/s to reach a 100 nm depth and unloaded with the same speed as the loading.
A parallel simulation of nanoindentation was modelled using Abaqus/2017 (Figure 2).
The indenter was defined as a discrete rigid of 3 um in length. A large deformable cube
was created to represent a single grain, which meshed with the C3D8 (8-node linear brick)
element type with minimum size of 30 nm at the critical area. A frictional coefficient of 0.1
was applied between the contact surfaces using the Coulomb friction model.

(b) (©)

Figure 2. 3D nanoindentation model: (a) indenter, (b) grain, and (c) assembly.

Since the martensite grains in the studied materials were very fine, applying nanoin-
dentation tests was impossible. Therefore, the flow curve of this phase was derived by
subtracting the flow curve of a fully ferritic RVE under uniaxial tension from the extrapo-
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lated flow curve of a conventional uniaxial tensile test of the material. The extrapolation
was done using the Hollomon—-Voce hardening law [34]. In contrast to the ferrite phase,
the deformation behavior of the martensite was considered independent from texture, i.e.,
isotropic elasticity and J2 plasticity laws were applied.

Moreover, the capability of the micromechanical model in prediction of local damage
and edge crack sensitivity was assessed. Thus, the maximum shear stress damage criterion
(Tresca) was calibrated for crack initiation in martensite grains at strain of 0.05 [35]. Hence,
the damage initiation of the RVEs for different loading conditions were predicted and
compared qualitatively to the experimental hole expansion ratio (HER) of the materials.
The hole expansion tests were performed with 50° conical punch on shear-cut (with 10%
die clearance) and wire-cute holes.

3. Results and Discussion

The deformation and damage behavior of the studied DP steels were evaluated
using the mentioned micromechanical modelling method. The results are displayed and
discussed in the following sections. First, the microstructural and micromechanical features
of the materials, which were applied to synthesize the representative volume elements,
are shown. Then, the responses of each RVE through different loading conditions are
compared and explained.

3.1. Synthesis of the 3D Representative Volume Elements

For generating a microstructural model that can represent the mechanical behavior of
materials accurately, defining precise microstructural features, such as the phase fraction,
grain size distribution, and texture, are required. Employing the proper mechanical
properties in each phase is also vital for a rational study.

3.1.1. Phase Fraction

As expected, the studied dual-phase steels had a ferritic-martensitic microstructure
(Figure 3). By analysis of several high-magnification SEM images using Digimizer version
5.6.0 by MedCalc Software Ltd. [36], the fraction of each phase was revealed. CR590Y980T-
DP contained 65% ferrite and 35% martensite, and CR700Y980T-DP had 55% ferrite and
45% martensite. Although an EBSD study was carried out in this work, it was not properly
capable to distinguish similar crystal structures of the body-centered cubic (BCC) ferrite
and body-centered tetragonal (BCT) martensite, especially for these fine microstructures [9].

CR590Y980T-DP CR700Y980T-DP

Figure 3. The initial microstructure of the studied materials shown in the plane of RD-TD, RD1 ND—. The brighter and
darker grains display the martensite and ferrite phases, respectively.
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3.1.2. Grain Size Distribution

The grain sizes and their distributions were derived from EBSD images by distinguish-
ing image quality (IQ) values. As shown in Figure 4, the grain sizes of CR590Y980T-DP
were clearly coarser than in the other material. The average and maximum grain sizes of
the ferrite grains for CR590Y980T-DP were 2.90 and 14.05 um, while for CR700Y980T-DP,
they were 1.76 and 4.53 um, respectively. The average and maximum grain sizes of the
martensite grains for CR590Y980T-DP were 0.69 and 2.34 um, while for CR700Y980T-DP,
they were 0.55 and 2.09 pm, respectively.

CR590Y980T-DP CR700Y980T-DP

TD 001 101

Figure 4. EBSD orientation maps for the studies materials on the RD-TD plane, IPF ND.

To construct the grains of the RVEs in a reasonable size range, as explained in detail in
the previous section, the statistical frequency of a specific grain size was estimated based
on the EBSD data. The log-normal distribution function parameters, mean, and standard
deviation of the characterized microstructures were calculated by MATLAB software,
(Figure 5). Then, the number of grains in each grain size was determined according to
the phase fraction and size of the RVE box of 10 um x 10 pm x 10 um (Figure 6). As
expected, the number of ferrite grains is lower in CR590Y980T-DP than the other material,
42 grains versus 84 grains, since their grain sizes were also larger, although its ferrite
fraction was smaller. The number of martensite grains was also lower for CR590Y980T-DP,
as their grain sizes were lower, and also its martensite fraction was lower than the other.
In brief, the fine microstructure of CR700Y980T-DP led to create 3.5 times more grains
than CR590Y980T-DP. In Figure 6, note that the ferrite grains are represented in different
colors, as different crystallographic orientations were required to assign them (which is
described later), whereas the martensite grains are only shown in one color, since no texture
characteristics were considered for this phase.
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Figure 5. Grain size distribution of the ferrite and martensite phases in the studied steels. Parameters of the log-normal
distribution function of each histogram were obtained by the best fitting of the curve.
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CR590Y980T-DP CR700Y980T-DP

Number of martensite grains = 230 Number of martensite grains =878

Figure 6. The generated RVEs (with sizes of 10 um x 10 pm x 10 um) for each investigated steel. The grains and number of
grains for each phase are shown.
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The grain size of the synthesized RVE might be a little bit different from the input
data, as the procedure for generating the RVEs is based on randomly placing the seeds. To
ensure that the differences were negligible, the grain size distribution of the RVEs for each
phase and each material is plotted in Figure 7, as the output histogram. It reveals that for
the ferrite phase, the number and range size of the created grains had good agreement with
the EBSD data, while for martensite grains, the mean values were higher than the input
data. This can happen in this method of RVE generation, since the grains grew and filled
the space between spheres, which could cause those grains to grow larger than the assigned
weights [22]. Here, this occurrence was observed mostly in martensite grains, as the smaller
grains were placed later. Note that the mean sizes of the martensite grains were smaller
than the ferrite grains in the studied materials. However, the results were acceptable so
far, since the mean size of the martensite grains for CR700Y980T-DP was still higher than
CR590Y980T-DP. In addition, for each phase, the mechanical properties’ sensitivity to grain
size was not considered here; also, the martensite grains usually gathered and formed
martensite islands.

Ferrite phase

CR590Y980T-DP CR700Y980T-DP

10 20
9
8
15
7 ! ulln
6 5'
5 S 10}
4 g
-
3 =
<
> :
|
0 0 M 11T
0 3 6 9 12 15 0 1 2 3 4 5
Grain size, micron Grain size, micron
Martensite phase
CR590Y980T-DP CR700Y980T-DP
100 400
90 t
80t ]
300 b
T0Ot — '
60 | z
50t S 200} ]
40t g
30} =
100
20t
10 ’_[_
0 0
0 0.5 l 1.5 2 25 0 05 l 1.5 2 25

Grain size, micron Grain size, micron

Figure 7. Grain size distribution of the ferrite and martensite phases in the generated RVEs.
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3.1.3. Texture

In the present work, only the effects of ferrite grain texture on the RVE behavior
were considered. This assumption was reasonable for the studied steels, as their fine,
well-dispersed martensite islands represented a random texture. The crystallographic
orientation distributions of the as-received materials and synthesized RVEs are illustrated
in Figure 8, in terms of IPFs, which represents acceptable agreement between the data. A
relatively higher intensity was observed for the {111} fiber texture, although the overall
texture has no significant preferential orientation.

Investigated materials

CR590Y980T-DP CR700Y980T-DP

[111] [111] [111] 18

A4 444

{001]

[011] [001]

[011] [001]  [o11] [001]  ([011] © foo1]  [o11] [001] 011] [oo1]  [o11] ©
Constructed RVEs
CR590Y980T-DP CR700Y980T-DP
[111] [111] 111 [111] [111] (1] 1
4 \ A I /\\ﬁ
[001]

[011] [001] [o11] © 011] [001]  [011] [001]  [011]

Figure 8. Crystallographic orientation distribution of the investigated materials in terms of IPFs.

3.1.4. Micromechanical Properties of an Individual Phase

The deformation behavior of the ferrite grains in RVEs were defined using the afore-
mentioned crystal plasticity model for BCC. The parameters were calibrated by performing
nanoindentation tests on a single grain and parallel corresponding FEM simulations. The
grains with different crystallographic orientations were examined to investigate the ef-
fects of grain orientation on their deformation response. The detailed crystallographic
information of the tested grains is listed in Table 2. The load—displacement curves and
hardness values were extracted from the nanoindentation tests at different loading rates,
as seen in Figures 9 and 10, which indicate that the rate and orientation dependencies of
the tested grains were low. However, these results could be the consequence of the fine
grain size of the studied materials and the applied testing technique. Average hardness
values of 2.3 and 2.9 GPa, and a load of 210 uN and 255 uN at 100 nm were measured for
CR590Y980T-DP and CR700Y980T-DP, respectively, which noticeably displayed the higher
strength of the ferrite phase for CR700Y980T-DP.

Table 2. Grain ID and orientation of the test areas.

Average Orientation

Materials Grain ID

@1 P @2
CR590Y980T-DP 1522 ({111}) 204.2 114.7 39.1
1355 ({100}) 148.9 69.3 20.0
1351 ({110}) 176.1 135.5 355.1
CR700Y980T-DP 3198 ({111}) 19.864 50.998 311.74
1441 ({100}) 155.55 35.663 222.51
2744 ({110}) 336.4 89.4 54.2
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CR590Y980T-DP CR700Y980T-DP
{111}
300 r—— ey 300
250 : j (l)lllmnr:n 250 v=0.1 nm's
7 200t v = 100 nm's 7 200+
= =
3 /“M’ -
= 100 } ’ 100
50 50 |
0 ¥ 0 :
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Displacement, nm Displacement, nm
300
v=0.1 nm's
250 1 v=1nm's

Load, pN

0 20 40 60 R0 100 120 0 20 40 60 RO 100 120
Displacement, nm Displacement, nm
300
v =0.1 nm's
250t v=1nm's
7 200} v = 100 nm's
2 P
'g 150t
(=}
- 100} Ve 4
50t
0
0 20 40 60 RO 100 120 0 20 40 60 RO 100 120
Displacement, nm Displacement, nm

Figure 9. Load—displacement curves of the nanoindentation tests at different grains with different loading rates.
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CR590Y980T-DP CR700Y980T-DP
4 T T T 4 T T T
o o
&~ 3t ~
o &
= <
- -
- -

0.1

1 100 0.1 1 100

Loading rate, nm/s Loading rate, nm/s

Figure 10. The hardness of ferrite grains with different orientations and different loading rates.

300

250

200

Load, pN

The CP parameters were calibrated for the studied steels, by reaching the best fit
of the simulated load—displacement curve on the experimental results (Figure 11). The
calibrated parameters are listed in Table 3. The number of dislocation slip systems was
assumed to be 24, since the slip systems of {110} <111> and {112} <111> are activated at
room temperature for BCC. It is worth mentioning, as the nanoindentation tests and the
corresponding simulations were not sensitive to loading rate and grain orientation, only
one load-displacement curve was available for simultaneous calibration of several CP
parameters, which caused the set of parameters for the proper fitting to become non-unique.
However, only one set of parameters, as seen in Table 3, could satisfy the assumption of
soft ferrite and harder martensite phases; i.e., the flow curve of ferrite should be lower
than the tested material. The stress—strain flow curve of the ferrite phase was derived by
applying the calibrated CP parameters into uniaxial tension of a single-phase RVE with
random texture.

CR590Y980T-DP CR700Y980T-DP
300
Exp.111 Exp.111
Exp.100 250+ Exp.100
Exp.110 Exp.110
Y =
7l < 150
4 ]
* 3
£
a4 ' 100 )
50t
A 1
- 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Displacement, nm Displacement, nm

Figure 11. The deformation behavior of the calibrated CPFEM ferrite under nanoindentation test shows good agreement

with the experimental results.
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Table 3. Calibrated crystal plasticity parameters of the investigated materials.

Materials

1
C11

C12 1 Caq 1 '510 1, 1/s To, MPa Ts, MPa M1 hy, MPa a

CR590Y980T-DP
CR700Y980T-DP

230.1d5
230.1d5

0.05
0.05

1000
1000

400
400

134.6d5 116.6d5 0.001 100
134.6d5 116.6d5 0.001 200

2500

2000

Stress, MPa

1:

500

1000

500

0

CR590Y980T-DP

1 The parameters were taken from Reference [37].

Since the martensite grains were very fine, using nanoindentation tests was impos-
sible for these microstructural constituents. Therefore, the mechanical properties of the
martensite grains were calculated by subtracting the flow curve of the ferrite phase from
the flow curve of the DP steel, based on the fraction of each phase. The flow curves of the
ferrite and martensite phases are plotted in Figure 12. Note that a large range of strain is
always required to apply in FEM simulations for elaborated studies; however, a maximum
strain of only 0.12, through homogeneous deformation of the tensile tests, was achievable
for the studied materials. Thus, the Hollomon—Voce hardening law was calibrated for
the quasi-static uniaxial tensile test and extrapolated to the large strains in the DP steels’
flow curves (Table 4). As mentioned before, the effects of texture on deformation were not
considered for the martensite phase, hence only isotropic elasticity and J2 plasticity laws
were employed to describe the mechanical properties of martensite.

CR700Y980T-DP

2500

2000

1500

1000

Stress, MPa

\

DP700,/980
Femite
Martensite

s [P S0 /980

500

Femite
Martensite

0 01

0

02 03 04 05 06

Total strain, -

02 03 04 05 06 0 0.l

Total strain, -

Figure 12. The stress—strain flow curve of the materials and their individual phases.

Table 4. Fitted parameters of the Hollomon—Voce hardening law.

Materials Hollomon—-Voce Hardening Law
CR590Y980T-DP 11215 ()" + 525.4
CR700Y980T-DP 474.7 (g)"* +189.9 exp(—177.2¢,) + 861.1

Figure 12 shows that the stress—strain behaviors of the materials were in the same
range for low strains, such as 0.1, but they vary at larger strains. The level of the flow
curves for ferrite in CR590Y980T-DP was lower than in CR700Y980T-DP, especially the yield
stress. In contrast, for the martensite phase, the level of the flow curve in CR590Y980T-DP
was significantly higher than in CR700Y980T-DP. For instance, the initial yield stresses
for the ferrite phases were 301 and 601 MPa and for the martensite phases were 922 and
793 MPa, respectively, for steels CR590Y980T-DP and CR700Y980T-DP. In brief, the flow
curves of the different phases are so close for CR700Y980T-DP, whereas in CR590Y980T-DP



Crystals 2021, 11, 805

14 of 21

I'a

.,
]

Hardness, €

ad

0

the flow curves of the phases are quite different. These differences are also visible in the
hardness results (Figure 13). The macro Vickers hardness of CR590Y980T-DP was higher
than the other materials, 3.4 versus 3.2 GPa, while the hardness of the ferrite phase for
CR590Y980T-DP was much lower. Thus, a harder martensite phase could be expected for
CR590Y980T-DP. To sum up, the strength levels of ferrite and martensite were closer in
CR700Y980T-DP than in CR590Y980T-DP.

I
I 0 RO
| CRIOUY9R0T-DP

Hardness of bulk materials Averape hardness of ferrite grains

Figure 13. The comparison of hardness of the DP steels and their ferrite grains.

The meshed RVEs are displayed in Figure 14. Since CR700Y980T-DP contained finer
grains, the number of total elements was higher than the RVE of the other material, 101,799
versus 42,487 elements.

CR590Y980T-DP CR700Y980T-DP

42487 elements 101799 elements

Figure 14. The meshing patterns of the different RVEs.

3.2. Deformation and Damage Assessments

The RVEs were constructed to study the grain-scale deformation and damage behav-
iors of the studied DP1000 steels under different loading conditions. This knowledge is vital
in the material selection process, since some mechanical properties at the macroscopic scale
are mainly dependent on the material microstructural features, such as the hole expansion
ratio, which still remains a challenge in DP steels. Figures 15 and 16 illustrate the responses
of the materials through different loading paths, uniaxial tension, equi-biaxial tension,
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plane strain tension, and pure shear. All the images were taken at an equivalent strain
of 0.1 for the RVE boxes. The results show that although martensite represented higher
level of stress, the contribution towards plastic deformation was mostly made by ferrite,
since it is the softer phase, as also observed by Liu et al. [38]. A strong heterogeneous
stress distribution was observed in CR590Y980T-DP, while the deformation partitioned
very homogeneously in CR700Y980T-DP. This tendency was predictable in consideration
of the more homogeneous and consistent microstructural and micromechanical features
that were represented by CR700Y980T-DP, in terms of the phase fraction, grain size, texture,
and mechanical properties of the different phases. Moreover, grain orientation influenced
the different deformation contribution of each ferrite grain under different loading con-
ditions. It is worth mentioning that the RVE of CR590Y980T-DP was strongly deformed
under the shear condition, while no significant difference was seen for CR700Y980T-DP in
comparison to the other loading paths.

Moreover, damage behavior of the RVEs were studied under various loading condi-
tions, to compare the sensitivity of the materials through complicated local deformation,
to estimate their capability of edge crack resistance. Note that an edge can experience
severe shearing and uniaxial tension stress state at the cutting stage [5], and mixed uniaxial
tension, plane strain, and biaxial tension during hole expansion tests [39]. The maxi-
mum shear stress at initiation of martensite cracking was obtained 1067 and 662 MPa for
CR590Y980T-DP and CR700Y980T-DP, respectively. These values were derived from the
calculated flow curve of martensite, Figure 12, at a plastic strain of 0.05, which assume
martensite cracking initiates [35]. Based on the Tresca yield criterion, the maximum shear
stress is half of the equivalent stress in uniaxial tensile test. The equivalent strain of the
RVE box was calculated at the damage initiation moment (Figure 17). The results show
that damage initiated in CR590Y980T-DP much earlier than that of CR700Y980T-DP, i.e.,
it is more sensitive to deformation. Therefore, it can be expected that CR590Y980T-DP
is more prone to edge cracking and its HER is lower than CR700Y980T-DP, which was
totally proved by the experimental results of hole expansion tests, Figure 18, where the
HER of CR700Y980T-DP was 1.5 times that of CR590Y980T-DP. In brief, a lower strength
differential between ferrite and martensite causes homogenous deformation and delays
local damage initiation, which leads to higher edge crack resistance and a higher hole
expansion ratio. This conclusion is supported by findings of other researchers from the
microstructural analysis of other DP steels [16-18].

According to the RVE results (Figure 19), the ferrite-martensite interfaces represent
the potential sites for damage initiation for both materials. However, the microstructural
studies close to fracture site in uniaxial tensile specimens, Figure 20, reveal that the dom-
inant damage micromechanism for CR590Y980T-DP’ was martensite cracking, while for
CR700Y980T-DP, it was decohesion of the ferrite—martensite interfaces. It has been re-
ported that fine microstructure in DP steels usually leads to a decohesion micromechanism,
whereas coarser microstructure causes martensite cracking [37]. In fact, in both cases, the
microcrack nucleates at the interfaces of the ferrite and martensite, and only its propagation
path is different [40], which can also influence the multi-stage deformation processes, such
as hole manufacturing and the subsequent hole expansion process. Nevertheless, damage
propagation was not studied, as more factors should be considered in this regard, such as
misorientation of neighbor grains. Marteau et al. [41] showed that the local microstructural
neighborhood plays a more crucial role in strain heterogeneity rather than the specific grain
orientation, shape, or size.



Crystals 2021, 11, 805

16 of 21

Plane strain tension Equi-biaxial tension Uniaxial tension

Shear

Figure 15. The responses of RVEs under different loading conditions, at an equivalent strain of 0.1 for the RVE box.
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Figure 16. Strain partitioning of RVEs under different loading conditions, at an equivalent strain of 0.1 for the RVE box.
“PEEQ” stands for equivalent plastic strain.
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Figure 17. The predicted damage initiation of the RVEs at different loading conditions.
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Figure 18. Comparison of hole expansion ratio and edge crack sensitivity of the studied materials.

CR590Y980T-DP CR700Y980T-DP

Figure 19. Some damage initiation sites are marked in cross-sections of the RVEs, which indicate damage initiates at
the interfaces of the ferrite-martensite. The distribution of the phases is showed here. Martensite islands are shown in
yellow, and the other colors illustrate the ferrite phases with different crystallographic orientations. The crack initiation was
displayed by deletion of elements with the critical maximum shear stress.
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CR590Y980T-DP CR700Y980T-DP

Figure 20. Martensite cracking and ferrite-martensite decohesion are observed in SEM images as the dominant damage
micromechanisms in CR590Y980-DP and CR700Y980-DP, respectively.
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of the materials. Damage initiation at the RVEs were evaluated for different loading condi-
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