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ABSTRACT

High-resolution three-dimensional crystal plasticity simulations are used to investigate deformation het-
erogeneity and microstructure evolution during cold rolling of interstitial free (IF-) steel. A Fast Fourier
Transform (FFT)-based spectral solver is used to conduct crystal plasticity simulations using a dislocation-
density-based crystal plasticity model. The in-grain texture evolution and misorientation spread are con-
sistent with experimental results obtained using electron backscatter diffraction (EBSD) experiments. The
crystal plasticity simulations show that two types of strain localization features develop during the large
strain deformation of IF-steel. The first type forms band-like areas with large strain accumulation that
appear as river patterns extending across the specimen. In addition to these river-like patterns, a second
type of strain localization with rather sharp and highly localized in-grain shear bands is identified. These
localized features are dependent on the crystallographic orientation of the grain and extend within a sin-
gle grain. In addition to the strain localization, the evolution of in-grain orientation gradients, misorienta-
tion features, dislocation density, kernel average misorientation, and stress in major texture components

are discussed.

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Plastic deformation of polycrystalline metals is significantly het-
erogeneous in terms of strain, stress, and crystal reorientation.
Characterization and understanding of these deformation hetero-
geneities and the associated microstructural evolution during plas-
tic deformation play a critical role in identifying the underlying
mechanisms behind many physical phenomena. For instance, a
thorough physical understanding of the mechanisms leading to re-
crystallization is not feasible without properly characterizing mi-
crostructural evolution during plastic deformation [1-7]. Moreover,
damage formation, fracture, and failure in metals are also often re-
lated to deformation localization and microstructures formed dur-
ing deformation [8-11]. Besides, the material properties of crys-
talline materials depend on the microstructures developing during
the deformation including crystallographic texture [12,13]. As a re-
sult, over the past years, a considerable amount of attention has
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been devoted to understand and characterize the intragranular de-
formation heterogeneity and microstructural evolution during plas-
tic deformation [14-21].

Deformation microstructures are mainly quantified using ex-
perimental techniques such as scanning [22-26] and transmission
[27,28] electron microscope based techniques. Choi and Jin [22],
Choi and Cho [23] used electron backscatter diffraction (EBSD)
analysis to examine the orientation dependency of the stored en-
ergy of deformed grains in cold-rolled low carbon steels. Allain-
Bonasso et al. [25] studied the effect of orientation distributions
and grain size on the development of deformation heterogeneities
during tensile deformation of interstitial free (IF-) steel by EBSD.
Wang et al. [26] investigated shear band formation in cold-rolled
Ta-2.5W alloy at various thickness reduction levels using EBSD
analysis. Li et al. [27] investigated the microstructural evolution
during cold rolling of IF-steel at different thickness reductions us-
ing scanning and transmission electron microscope techniques.

Despite the extensive amount of knowledge that can be de-
veloped from experimental studies, most experimental techniques
suffer from several drawbacks: (i) The microstructure and micro-
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texture can be characterized solely based on the specimen surface,
and determining the variation of microstructure through the thick-
ness is only possible using destructive or highly advanced, expen-
sive approaches. As a result, the actual neighboring and boundary
conditions of the material points cannot be precisely determined.
(ii) It is difficult to track the region of interest, especially during
large deformation. (iii) A large number of experiments are required
to acquire complete knowledge of the deformation history, which
is extremely time-consuming and economically inefficient. (iv) The
experimental procedures usually contain uncertainty due to sensi-
tivity to sample contamination and random errors.

Crystal plasticity simulations [29] have been established as an
alternative to model and quantify deformation processes at the mi-
crostructural level and the associated complex mechanical fields
[30-37]. These models are developed based on physical mecha-
nisms such as glide of dislocations on preferred slip systems and
the interaction of dislocations with various defects. Crystal plas-
ticity simulations have been compared with experimental data in
several works. For instance, Raabe et al. [38] compared the spa-
tial distribution of the plastic strain from channel-die experiments
with crystal plasticity simulations for a sample of pure aluminum
with 18 grains after an 8% sample thickness reduction. However,
comparisons between simulations and experiments are mostly lim-
ited to small/moderate strains (strains less than 0.4) [38,39] or
simple microstructures (e.g. bicrystals) [40-43].

Problems involving the deformation of solid materials are usu-
ally formulated in a Lagrangian context, in which the mesh is at-
tached to the deformable body and deforms with a change in the
material’s shape. As a result, the mesh gets distorted due to the
heterogeneity of the deformation [44,45]. When the mesh distor-
tion becomes too large, the simulation fails to converge. At the
same time, modeling of in-grain localized deformation features re-
quires a high-resolution crystal plasticity simulation, even up to
hundreds of thousands of elements per crystal [44,46]. A higher
simulation resolution allows capturing more detailed localized de-
formation features, which results in earlier mesh convergence is-
sues.

This paper presents a computational study to investigate the
evolution of in-grain deformation heterogeneity during cold rolling
of [F-steel over a wide range of strains up to 77% thickness re-
duction. The large-deformation crystal plasticity simulations are
conducted using the remeshing technique proposed by Sedighiani
et al. [44]. This approach enables conducting high-resolution large-
deformation crystal plasticity simulations and overcoming the as-
sociated mesh distortion problem due to the strain localization.
The in-grain orientation spreads obtained using simulation are
compared with two EBSD measurements performed on a cold-
rolled IF steel sample after 77% thickness reduction. In addition,
the orientation dependency of deformation heterogeneity, strain
localization, and dislocation evolution are numerically investigated
over a wide range of strains.

2. Microstructure evolution in steels

In bcc metals, dislocation slip occurs along the (111) direction,
where the slip plane can be {110}, {112}, and at higher tempera-
tures also {123} [47,48]. The lattice rotates due to the shear strain
and reaches a preferred orientation based on the loading condi-
tions and the initial orientation of the lattice. There are numerous
works devoted to studying the evolution of texture in bcc metals
and especially steel [27,45,49-57]. The rolling texture in bcc metals
belongs mainly to two families of a (RD]|(110)) and y (ND||(111))
fibers. In general, the rolling texture developed in bcc metals is no-
ticeably affected by the degree of deformation. By increasing thick-
ness reductions, the main features of the texture remain similar.

Acta Materialia 237 (2022) 118167

Table 1
The chemical composition of the IF-steel considered in this study.

element C Mn S Ti N Al Cr Fe

wt. (%) 0.002 0.095 0.006 0.045 0.002 0.05 0.02 balance

However, at large strains, the a-fiber becomes stronger and more
prominent at the expense of weakening the Y -fiber[51].

The evolution of the in-grain microstructure in bcc met-
als has been a motivation for many experimental works
[25,27,50,51,54,57]. It was found that crystals with an initial ro-
tated cube orientation {001}(110) show minimal deformation het-
erogeneity [51,52]. The deformation heterogeneity increases for ori-
entations further along the a-fiber, such as {112}(110), and the
hard orientations of {111}(110) and {110}(110) contain the largest
internal misorientations [58]. However, the soft O-fiber orienta-
tions also sometimes show texture dispersion when they are lo-
cated near a hard grain [51,59]. Generally, a stronger tendency
to form in-grain misorientation spread is observed in the Yy -fiber
compared to the a-fiber.

Under plane-strain deformation, a soft grain cannot store en-
ergy alone by concentrating the deformation into localized shears
[60]. On the contrary, the formation of in-grain shear bands
for hard grains is energetically more favorable than deforming
the grain homogeneously under large stress boundary conditions.
Therefore, in-grain shear bands are observed more frequently in
hard y -fiber orientations, whereas intergranular deformation het-
erogeneities are more common in softer a-fiber orientations [51].
In-grain shear bands are more prevalent in {111}(112) orientations
[61,62]. In steel, they are most frequently formed at an angle of ap-
proximately 35° with the rolling direction [60,62,63]. These bands
can be explained by their high degree of texture softening [G64].
Barnett [62] observed that for {111}(112) oriented grains, the ori-
entation inside the in-grain shear bands rotate toward the texture
component of {554}(225).

3. Experimental methods

The material used in the present study is an IF-steel with chem-
ical composition as given in Table 1. The initial microstructure
and crystallographic texture of the material before cold rolling
were measured on the RD-ND (rolling direction-normal direction)
plane perpendicular to the transverse direction (TD) using electron
backscatter diffraction (EBSD), see [65] for more information. The
grain structure is almost completely equiaxed, and the material ex-
hibits a mild texture commonly observed for hot-rolled IF steel.

We performed two EBSD measurements on two nearby ar-
eas of the industrially cold-rolled IF-steel sample subjected to
77% thickness reduction (¢ = 1.47). The two scanning areas
are located at the mid-thickness of the rolling plane (ND-
RD plane). Therefore, these areas experience a near plane-
strain compression deformation mode, i.e. shear deformation
modes are negligible. The first EBSD map of a scan area
of 600 Mmx600 Mm was measured with a step size of
0.3 Mm. The second EBSD map of a scan area of 594 pm
x438 Mm was measured with a step size of 0.6 Jum. Standard
metallographic techniques were used to prepare the specimens for
characterization. Analysis of the EBSD data was performed using
the TSL OIM software.

4. Crystal plasticity simulations

In the computational example presented in this study, we use
a high-resolution RVE consisting of 36 grains to investigate the de-
formation patterning and misorientation features evolving during
large strain deformation. The crystallographic orientations of the
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Table 2
Model parameters of IF-steel used for crystal plasticity simulations.
variable description units value
pd initial mobile dislocation density m/m’ 1.0 x 102
[ initial dipole dislocation density m/m> 1.5 x 1012
Vo dislocation glide velocity pre-factor m/s 1.4 x 103
F activation energy for dislocation glide ] 1.57 x 1071
p p-exponent in glide velocity - 0.325
q q-exponent in glide velocity - 1.55
T short-range barriers strength at 0 K MPa 454
(N parameter controlling dislocation - 50
mean free path
Canni coefficient for dislocation annihilation - 2

grains are sampled from the EBSD map of the undeformed hot-
rolled sample (see [65] for more information) using the approach
presented by Eisenlohr and Roters [66]. The RVE is subjected to
plane-strain compression at a strain rate of 100 s~! up to a total
thickness reduction of 77% (¢ = 1.47). The initial number of el-
ements at the beginning of the deformation is 80 x 48 x 320, i.e.
around 34000 elements per grain on average. The number of ele-
ments is gradually increased to 1280 x 48 x 320 during the defor-
mation using a multi-step mesh refinement method as described
in Section 4.1. Therefore, at the final stages of the deformation,
each grain is discretized using around 550000 elements. Consid-
ering an average initial grain size of 50 um, the approximate el-
ement sizes at the beginning and at the end of the simulation
would be 1.6 pm and 0.4 Mm, respectively. Such a large number
of elements per grain allows for predicting the development of a
strain gradient and deformation heterogeneities within the grain.

We use a Fast Fourier Transform (FFT) based spectral method
[67,68] implemented in DAMASK [69] to conduct the crystal plas-
ticity simulations using a dislocation-density-based constitutive
law [65,70]. The material parameters used in this study are based
on the parameters identified in [65] for IF-steel using the approach
presented in [71]. However, the hardening-related parameters (Cy
and C,,;,;) are revised based on the hardening behavior of the ma-
terial at large strains, see Table 2.

4.1. Remeshing procedure

We use a remeshing technique presented by Sedighiani et al.
[44] to overcome the mesh distortion problem in the high-
resolution crystal plasticity simulations. This employed method is
based on replacing the distorted mesh with a new undistorted
mesh. The variables from the deformed stage are mapped onto the
newly created mesh using a nearest-neighbor mapping algorithm.
Finally, the simulation is restarted as a new simulation in which
the initial state is set based on the last deformation state that had
been reached.

During large deformation, the elements’ aspect ratio, i.e. the
ratio of the element size in the stretching direction to the ele-
ment size in the compression direction, can become very large.
Extensively elongated elements introduce errors in the simulation
and, more importantly, can prevent strain localization. A multi-step
mesh refinement method is used for updating the mesh density
during the deformation at each remeshing step [44]. The idea be-
hind this approach is to keep the number of elements in the com-
pression direction constant and adjust the number of elements in
the stretching direction accordingly to keep the elements close to
a cubic shape. The multi-step mesh refinement approach leads to
a gradual rise in the number of elements and the simulation reso-
lution during the deformation. Keeping the number of elements in
the most compressed direction constant ensures a minimum infor-
mation loss during mapping with a minimal increase in the num-
ber of simulation points [44].
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5. Results and discussion

We use a combined simulation and experimental study to in-
vestigate the deformation heterogeneity developed within grains
at large strains. For this purpose, the results from the large-
deformation crystal plasticity simulation with high resolution
(Section 4) are compared with the results from two EBSD mea-
surements (see Section 3).

5.1. Texture evolution

Fig. 1 a shows the inverse pole figure (IPF) color maps paral-
lel to the loading (vertical) direction in the mid-surface of the 3D
simulation for different thickness reductions. The 3D IPF color map
for the same RVE after 77% thickness reduction is shown in Fig. 1b.
The ¢, = 45° section of the orientation distribution function for
the 3D simulation is shown in Fig. 1c. Plastic deformation leads
to changes in the grains’ orientation and the development of de-
formation textures. The simulation results show that a strong Q-
fiber and a slightly weaker Y -fiber are developed after 77% thick-
ness reduction. Figs. 3a and 4a show the IPF color map parallel to
the loading (vertical) direction for two EBSD measurements on two
nearby areas of the industrially cold-rolled IF-steel sample sub-
jected to 77% thickness reduction (see Section 3). The correspond-
ing ¢, = 45° sections of the orientation distribution function for
these two EBSD maps are shown in Figs. 3d and 4d, respectively.

Despite some differences in the predicted texture, there is a
good agreement between the three sets of results. The first EBSD
measurement shows almost the same strength for the two fibers,
while the second EBSD data shows a strong O-fiber and a much
weaker Y -fiber. The main reason for the different observations be-
tween the three sets of the results is that neither of the data sets
is statistically fully representative of the material microstructure.
It is challenging to conduct simulations and experiments at such
resolutions in a way that full statistical representation of the ma-
terial microstructure is obtained. Therefore, statistical differences
are expected between the three sets of results, i.e. the two EBSD
measurements and the simulation result.

5.2. Misorientation spread

This section investigates the deformation heterogeneity in
terms of misorientation spread developed within the RVE. For this
purpose, the data is divided into low KAM (kernel average mis-
orientation) regions, i.e. points whose KAM value belongs to the
lower 20% of the data distribution, and high KAM regions, points
whose KAM value belongs to the higher half of the data distribu-
tion. For calculating the KAM of a point, the disorientation, i.e. the
misorientations considering the cubic symmetry of the material, to
all first-order neighboring points is calculated. Then, the average
value is calculated. The IPF color maps parallel to the loading (ver-
tical) direction for low KAM and high KAM regions are shown re-
spectively in Fig. 2b and c, and the corresponding orientation den-
sity maps are shown respectively in Fig. 2e and f. For the sake
of comparison, the IPF color map and the corresponding orienta-
tion density map of the full mid-surface are shown respectively in
Fig. 2a and d.

The tendency to form in-grain misorientation spread is smaller
in crystals belonging to the a-fiber. Specifically, grains close to the
rotated cube orientation, {001}(110), show minimal deformation
heterogeneity, i.e. a very small misorientation spread. This is in
accordance with the experimental observations (e.g. [51,52]) that,
for this texture component, the orientation does not change no-
ticeably during the rolling deformation (the in-grain orientation
remains below 15° misorientation), and a uniform microstructure
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(b)
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(c)

Fig. 1. (a) IPF color maps parallel to the loading (vertical) direction in the mid-surface of the 3D simulation at different thickness reductions. (b) The 3D IPF color maps and
(c) Orientation density f(g) maps (¢, = 45°) for the same RVE after 77% thickness reduction.

without significant orientation gradients is formed during defor-
mation. The inverse Brass orientation, {112}(110), shows similar
behavior, and grains close to this crystallographic orientation show
generally small misorientation spread. However, the in-grain mis-
orientation spread is slightly larger compared to that of the ro-
tated cube component. In general, the deformation heterogene-
ity increases for orientations further along the a-fiber, such as
{112}(110) and {111}(110). The crystal plasticity simulation shows
a stronger tendency to form in-grain misorientation spread in the
y -fiber compared to the a-fiber. The results from the two EBSD
measurements confirm similar behavior, as shown in Fig. 3, 4.
Regions with small deformation heterogeneity and misorientation
spread belong mainly to the a-fiber, while the components belong-
ing to the y -fiber show the strongest misorientation spread. These
observations show significant similarities with experimentally re-
ported results in the literature for bcc metals, e.g. [49,51,52,54,72].

5.3. In-grain orientation gradients

In this section, we investigate the deformation heterogeneity
in terms of in-grain orientation gradients (orientation variations
within a grain). We quantify the in-grain deformation heterogene-
ity using grain orientation spread (GOS) and grain average misori-
entation (GAM). The GOS is the average of disorientation angles of

all points within a grain to the grain mean orientation:
1M
GOSi =& Wij, (1)
i
where N; stands for the number of points belonging to grain i, and
w;; is the disorientation angle between point j and grain i's mean
orientation considering the cubic symmetry of the material. The
GAM is the average of the KAM for all points within a grain:
1N

GAM; = —

N KAM

j=1

The GAM parameter can be seen as a local measure for the ori-
entation variation inside the grains. Larger GOS and GAM values
reflect a higher degree of plastic deformation heterogeneity.

Fig. 5 a shows the GOS and GAM values for different grains.
The grains are defined and numbered based on the initial mi-
crostructure before deformation as shown in Fig. 5b. The inverse
pole figure distribution maps with respect to the loading direc-
tion (z) and stretching direction (x) for a few selected grains are
shown in Fig. 6. The large reorientation spread for the grains re-
veals that in addition to the initial orientation, other factors like
spatial constraints of neighboring points also play a crucial role.
This is because the resolved shear stresses on various slip planes
are determined by the compression load combined with the spa-
tial constraints applied by the neighboring material. In general, the
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®1 1

(d) full section

(e) low KAM region

60 90 0 30 60 90
$1

(f) high KAM region

Fig. 2. Simulation results showing the low and high KAM regions in the mid-surface of the 3D simulation after 77% thickness reduction. (a-c) IPF color maps parallel to the
loading (vertical) direction, (d-f) orientation density f(g) maps obtained from the ODF section ¢, = 45°.

GOS and the GAM values are noticeably smaller in grains belong-
ing to the a-fiber (e.g. grains 18, 29, 31, 32, and 33) than in grains
belonging to the Yy -fiber (e.g. grains 3, 4, 13, and 35). The smallest
values of GOS and GAM belong to grains with orientations close to
the rotated cube orientation.

Fig. 7 shows the correlation between the GOS and the GAM
with volume fraction of various texture components. There is a
strong negative correlation between the volume fraction of the
points belonging to the a-fiber with GOS and GAM, which means
that a more uniform microstructure without significant orienta-
tion gradients is formed in grains with a larger volume fraction
of a-fiber orientations. On the other hand, there is a weak positive

correlation between the volume fraction of the y-fiber with GOS
and GAM, which implies noticeable variations in the orientation
spread for grains with a similar fraction of orientations belonging
to the y-fiber. For example, the GOS & GAM values for grains 6
and 15 are respectively 14.2 & 9.8 and 34.0 & 15.1. This result in-
dicates that local effects and the local stress field considerably af-
fect the reorientation of crystal points rotating towards the Y -fiber.
Therefore, altering the grain shape or orientation of a neighboring
grain can suppress or promote grain fragmentation in these crys-
tals more strongly than in the O-fiber grains. Between the Y -fiber
components, we observed that the volume fraction of {554}(225)
component has the strongest correlation with the GOS and GAM.



K. Sedighiani, K. Traka, F. Roters et al. Acta Materialia 237 (2022) 118167

Fig. 3. Results showing low and high KAM regions of EBSD measurement 1 for a 600 lm x 600 Mm scan area. (a-c) IPF color maps parallel to the loading (vertical)
direction, (d-f) orientation density f(g) maps obtained from the ODF section ¢, = 45°.

20 . 0 90 . —0 90+ -
0 30 60 90 0 30 60 90 0 30 60 90
1 #1 12

[101]

(d) full section (e) low KAM region (f) high KAM region

Fig. 4. Results showing low and high KAM regions of EBSD measurement 2 for a 594 lm x 438 Hm scan area. (a-c) IPF color maps parallel to the loading (vertical)
direction, (d-f) orientation density f(g) maps obtained from the ODF section ¢, = 45°.
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Fig. 5. (a) GOS and GAM for all individual grains. (b) Grains are defined and numbered based on the initial microstructure before deformation.

Fig. 6. Inverse pole figure distribution map with respect to the loading direction (z) and stretching direction (x) for four selected grains. (a) A Grain close to the rotated
cube orientation with minimal deformation heterogeneity; (b) A grain belonging to the a-fiber showing a small tendency to form in-grain misorientation spread; (c) A grain
belonging to the Y -fiber showing a strong tendency to form in-grain misorientation spread compared to the O-fiber; (d) A grain fragmented into regions of distinctly different
orientations. The grains are defined based on the initial microstructure before deformation (see Fig. 5b), and the blue stars show the initial orientations. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

On the other hand, the volume fraction of {111}(110) has the weak-
est correlation with the GOS and GAM. These outputs indicate that
the in-grain orientation spread is orientation-dependent. The anal-
ysis presented here is based on how the initially uniform grains
reorient during plastic deformation and form in-grain orientation
gradients. It is one of the main advantages of simulations to allow
simple tracking of the reorientation history for all points, while
such an analysis for experimental methods is often impossible.

There is a significant difference between the GOS and GAM val-
ues for some grains, e.g. grain 2. A 2D section of grain 2 at the
mid-surface is shown in Fig. 8. As can be seen, this grain has been
fragmented into two regions of distinctly different orientations. As
a result, the misorientation angle to the grain mean orientation is
noticeably large for most points within the grain. However, since
the GAM measures local variation in the orientation, it captures
the bifurcation. For such cases, looking at the GOS alone may be
misleading.

5.4. Shear localization

This section investigates the evolution of intergranular and in-
tragranular shear localization during the deformation of the IF-
steel over a wide strain range. Fig. 9 shows the development

of different variables (i.e. equivalent von Mises strain, equiva-
lent von Mises stress, dislocation density, KAM, and Taylor fac-
tor) at the mid-surface of the RVE after a 20% thickness reduc-
tion (€ = 0.22). Non-crystallographic band-like deformation regions
with large strain accumulation that appear as river-like patterns
are formed during the deformation, which pass through several
grains and extend across the specimen (see Fig. 9a). The local
strain in these regions is, on average, around two times higher than
the applied strain. These macroscopic bands are initially formed at
an approximate angle of +£40° — 45° with the rolling direction. The
accumulation of the plastic strain in these macroscopic river-like
patterns results in a significantly lower plastic strain in the neigh-
boring regions.

One of the factors that promote such macroscopic strain local-
ization is the mechanical contrast in the plastic behavior among
neighboring grains (e.g. yield stress). Strain localization typically
initiates near grain boundaries of soft grains with low strain hard-
ening rates. The formation of an area plastically deformed de-
creases the effective load capacity of the sheared section and re-
sults in local mechanical instability. Consequently, the strain local-
ization propagates through the specimen and creates the river-like
patterns. The sharpness of the river-like patterns is higher when
the contrast in the deformation behavior of the grains is larger (see
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Fig. 7. Correlation matrix showing the dependence between different pairs of variables. The subplots show a scatter plot of a pair of variables with a linear regression fit.
The displayed values present the correlation coefficient between the GOS and GAM with volume fraction of various texture components. Each diagonal subplot contains the
distribution of a variable as a histogram.

region A1l). However, a cluster of soft grains close to the areas of
strain localization results in the broadening and homogenizing of
the river-like patterns (see region A2). The high deformation con-
centration at these bands leads to a significantly lower strain in
the surrounding regions. For example, for the grain shown in re-

Fig. 8. A 2D secti howing the IPF col llel to the loadi ND) direc- . L. ..
& section showing the IPF color maps parallel to the loading (ND) direc gion A1, the strain in the rest of the soft grain is notably small.

tion at the mid-surface of grain 2.

Fig. 9. Simulation results at the mid-surface after a 20% thickness reduction; (a) equivalent strain €y, (b) equivalent stress Oyy(MPa), (c) log(p) (m~2), (d) KAM (degree),
(e) Taylor factor with respect to the loading (vertical) direction.
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Fig. 10. Simulation results at the mid-surface after a 40% thickness reduction; (a) equivalent strain €y, (b) equivalent stress Gyy(MPa), (c) log(p) (m~2), (d) KAM (degree).

Fig. 11. Simulation results at the mid-surface after a 60% thickness reduction; (a) equivalent strain €y, (b) equivalent stress G,;(MPa), (c) log(p) (m~2), (d) KAM (degree).

In addition to the river-like patterns which pass through sev-
eral grains, a small number of rather sharp and highly localized
in-grain shear bands can also be observed. These bands extend in-
side a single grain, and it seems that they originate at the grain
boundaries (see region B1). They exist only in a very limited num-
ber of grains at this strain level and have developed mainly in hard
grains, interrupting the macroscopic river-like patterns. They are
formed at an angle of approximately +30° — 35° with the rolling
direction.

The stress values are generally higher in harder grains, i.e.
orientations with higher Taylor factor. However, the macroscopic
river-like patterns affect the stress distribution inside soft and hard

grains considerably. The regions with high stress are mainly lo-
cated inside hard grains next to the river-like patterns. The in-grain
deformation also influences the stress distribution inside the grain.
In general, the average stress inside grains with such features is
notably higher than the total average stress.

With an increase of thickness reduction to 40% (€ = 0.51), the
river-like patterns rotate down to inclination angles of +30° — 35°
to the rolling direction (Fig. 10). In addition, the contrast between
the strain in areas with large strain accumulation and the sur-
rounding regions increases, which results in sharper river-like pat-
terns. On the other hand, the in-grain shear bands are more clearly
visible, and they develop in a larger number of grains. These bands
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Fig. 12. Simulation results at the mid-surface after a 77% thickness reduction; (a) equivalent strain €y, (b) equivalent stress Gyy(MPa), (c) log(p) (m~2), (d) KAM (degree).

still have an angle of around +30° — 35° with the rolling direction,
so unlike the river-like patterns, they do not rotate notably towards
the rolling direction. The grains that contain such microstructure
features pertain mostly to the y -fiber.

After 60% thickness reduction (¢ = 0.92), the river-like pat-
terns rotate significantly towards inclination angles of +15° — 20°
to the rolling direction (Fig. 11). On the other hand, the angle for
the in-grain shear bands is still around +30° — 35°, revealing that
the inclination of in-grain shear bands is not noticeably dependent
on the applied strain. After 60% thickness reduction, the in-grain
shear bands are well developed and established in some grains
that mainly belong to the Yy -fiber.

After 77% thickness reduction (€ = 1.47), the whole microstruc-
ture is severely deformed, and it is difficult to trace the original
grain boundaries (Fig. 12). However, it is still possible to iden-
tify and trace some of the features previously observed at lower
strains. The river-like patterns rotate further towards the rolling di-
rection. In some places, they rotate to inclination angles of +5° —
10° to the rolling direction, while in some other places, they are
almost parallel to the rolling direction. The localized strain in the
river-like patterns can reach a value of 4.0, around three times
higher than the applied strain.

The in-grain shear bands also rotate slightly, and their inclina-
tion angle with the rolling direction rotates to around +25° — 30°.
However, bands with an angle of around +15° are also observed.
The highly rotated in-grain shear bands are mainly those devel-

10

oped at the early stages of deformation, i.e. those already visible
at 20% thickness reduction. Moreover, the fraction of in-grain shear
bands has increased notably with increasing deformation. The in-
grain shear bands are orientation-dependent, i.e. they form pref-
erentially in Y -fiber (high Taylor factor) grains. However, not all
grains belonging to the y-fiber contain such features. Similar ex-
perimental observations have been reported for steels [50,55,73].

A 3D view of the river-like patterns after 60% and 77% thick-
ness reductions is shown in Fig. 13a and c, respectively. These pat-
terns are aligned parallel to the transverse direction and extended
through the depth of the RVE. Since these macroscopic band-like
areas pass through several grains and extend across the specimen,
they are comprised of regions belonging to both, the a-fiber and
y -fiber. The regions belonging to the y-fiber are areas with rel-
atively high local misorientations and stress. On the contrary, re-
gions belonging to the a-fiber deform relatively homogeneous, and
their stress value is relatively low. Therefore, the orientations be-
longing to the Yy -fiber have significantly higher stored energy and
misorientation than the o-fiber orientations. This facilitates the
growth of recrystallized volumes of y -fiber orientations, i.e. these
areas act as successful nucleation sites for recrystallization. This
leads to the well-known Y -fiber recrystallization texture appearing
after annealing of the cold-rolled IF-steel sheet [6,51,54].

Fig. 14 shows the in-grain shear bands developed in a selected
grain, i.e. grain number 24 (see Fig. 5b). It can be seen that the ori-
entation inside the in-grain shear bands is displaced from the ma-
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Fig. 13. IPF color maps parallel to the loading (vertical) direction for the river-like patterns after (a) 60% thickness reduction and (c) 77% thickness reductions. The corre-
sponding orientation density f(g) maps (¢, = 45°) after (b) 60% thickness reduction and (d) 77% thickness reductions.

trix orientation of {111}(112) toward the orientation of {554}(225).
This supports the role of in-grain shear bands in the nucleation of
the {554}(225) recrystallization texture appearing after annealing
of the cold-rolled IF-steel sheet [54,62].

Fig. 15 a shows the evolution of the average equivalent strain
with deformation in major texture components. The mean equiva-
lent strain is larger in grains with smaller Taylor factors, i.e. orien-
tations close to the rotated cube component. The mean equivalent
strain decreases in orientations belonging to the Yy -fiber, i.e. orien-
tations with larger Taylor factors.

Fig. 15 b compares the cumulative distributions of equivalent
strain (the probability of strain being below a certain value) in ma-
jor texture components. The figure illustrates the data for all el-
ements after 77% thickness reduction. In addition to the notable
difference in the median values, there is a significant difference
between the distribution range for different texture components.
The median value of the distributions decreases with an increase
in the orientation’s hardness. The lower bound of the distributions
also follows almost the same trend as the median values. How-
ever, the upper bounds are not orientation-dependent; it is almost
the same for all orientations. This leads to a narrower distribu-
tion for the soft grains, i.e. orientations close to the rotated cube

1

component. The distribution becomes wider for orientations fur-
ther along the a-fiber, and it becomes noticeably wide for hard
grains belonging to the y -fiber. The widest distributions are found
for the {111}(112) and {111}{(123) components. This wide distri-
bution is due to the formation of in-grain shear bands in y -fiber
grains. The in-grain shear bands are areas with large strain accu-
mulation. The presence of these bands serves to redistribute plastic
strain and significantly reduces the extent of the strain in regions
next to these bands, resulting in a large contrast in the strain dis-
tribution in these grains.

5.5. Effect of multi-step mesh refinement method

This study uses a multi-step mesh refinement method to adjust
the number of elements during the simulation. To further investi-
gate the advantages of this meshing strategy, we have conducted
an additional simulation using the same RVE investigated in this
section (see Fig. 1a). However, the simulation is performed with-
out using the multi-step mesh refinement method, i.e. the mesh
density is kept constant as 80 x 48 x 320. Fig. 16 shows the results
after 77% thickness reduction. During the simulation, the element
size in the loading direction decreases with increasing the defor-
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Fig. 14. A 2D section of grain 24 showing IPF color maps parallel to the loading (vertical) direction for (a) the full cross-section, (b) the in-grain shear bands. (c) Strain
distribution at the in-grain shear bands. Orientation density f(g) maps obtained from the ODF section ¢, = 45° for the (d) grain matrix and (e) in-grain shear bands.
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Fig. 15. (a) Evolution of the average equivalent strain with deformation in major texture components. (b) Cumulative distribution of equivalent strain in major texture

components after 77% thickness reduction.

mation, while the element is elongated in the stretching (rolling)
direction. Therefore, the element becomes rectangular, and the ele-
ment aspect ratio, the ratio of the element size in the stretching di-
rection to the element size in the compression direction, consider-
ably increases. For this example, the elements’ aspect ratio reaches
a value around 19 after 77% thickness reductions. An element rep-

12

resents the average response of a section in the discretized space.
When the element size is larger than the localized features, it will
capture only the homogenized behavior and not the morphology
of the localized deformation. Therefore, these elongated elements
prevent strain localization from occurring. This behavior can be
seen clearly in Fig. 16b, where these highly elongated elements
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Fig. 16. Simulation results at the mid-surface after 77% thickness reduction; (a) equivalent strain €y, (b) equivalent stress Oyy(MPa). The simulation is conducted without
using the multi-step mesh refinement method and the mesh density is kept constant as 80 x 48 x 320. Compare with Figs. 1a and 12 a for results including mesh refinement.

Fig. 17. Simulation results showing low and high dislocation density regions. (a,b) IPF color maps parallel to the loading (vertical) direction, (c,d) orientation density f(g)
maps obtained from the ODF section ¢, = 45°.
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substantially have reduced the level of strain localization. Although
the simulation can still capture the global shape of the river-like
patterns, it is no longer possible to recognize the details inside and
close to these patterns. In addition, it is no longer possible to iden-
tify the in-grain shear bands. One should note that the resolution
of this simulation (i.e. approximately 3400 elements per grain) is
still relatively high compared to typical crystal plasticity simula-
tions. Hence, the use of the multi-step mesh refinement approach
is critical for capturing the in-grain microstructure evolution.

5.6. Dislocation density

Orientation dependency of dislocation density

Fig. 17 shows the IPF color map parallel to the loading (verti-
cal) direction at the mid-surface. The data are divided to low dis-
location density regions, i.e. points whose dislocation densities be-
long to the lower 20% of the data distribution, and high disloca-
tion density regions, points whose dislocation densities belong to
the higher half of the data distribution. Grains close to the rotated
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cube component generally have the lowest dislocation density. The
dislocation density increases for orientations further along the -
fiber, similar to what was previously observed for KAM. On the
other hand, regions that belong to the Yy-fiber have the highest
dislocation density.

Fig. 18 shows the development of the dislocation density with
deformation for major texture components. At 20% thickness re-
duction, the difference between the dislocation density of different
orientations is relatively small. At larger strains, the difference be-
tween the dislocation density of y-fiber and O-fiber components
becomes more pronounced. After 77% thickness reduction, the av-
erage dislocation density of y -fiber and o-fiber are 1.45 x 101> and
1.6 x 10" m~2, respectively. It should be noted that {111}(110) is a
common component between Y -fiber and a-fiber. A similar trend
for geometrically necessary dislocations (GND) has been reported
experimentally, e.g. [55].

Correlation between dislocation density with KAM, €\, and Oy

It is generally accepted that GNDs are related to the in-grain
misorientation. Although the crystal plasticity model used here
does not differentiate between the GNDs and SSDs (Statistically
Stored Dislocations), it is still expected that the total dislocation
density correlates with the local misorientation and KAM. Fig. 19a
shows the correlation between the dislocation density with other
main variables at different strain levels. There is a small posi-
tive correlation between the dislocation density and KAM at small
strains (0.21). The correlation coefficient increases rapidly, and it
reaches a significant value of 0.60 after a 77% thickness reduction.
The high correlation value indicates that the dislocation density
and the KAM are strongly correlated at large deformation. Fig. 19b
shows a 2D probability density plot of the dislocation density and
the KAM after 77% thickness reduction.

The correlation between the dislocation density and the equiv-
alent strain follows an opposite trend. There is a strong positive
correlation between these two variables at small strains (0.66).
However, the correlation coefficient substantially decreases with
increasing deformation, and it reduces to 0.13 after 77% thickness
reduction. There is a moderate correlation between the equivalent
stress and the dislocation density at small strains (0.42). The cor-
relation coefficient steadily increases to 0.58 at 77% thickness re-
duction.
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Fig. 19. (a) Correlation between the dislocation density and main variables. (b) 2D probability density plot of the dislocation density and KAM. The blue line shows the
linear regression line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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6. Conclusions

High-resolution 3D crystal plasticity simulations are used to in-
vestigate the in-grain microstructural evolution and deformation
heterogeneity during large deformation of IF-steel. An RVE con-
sisting of 36 grains is subjected to plane-strain compression up
to a thickness reduction of 77%. At this deformation level, around
550000 elements on average are used for the discretization of
each grain. The results reveal that the crystallographic orienta-
tion of a grain is a critical factor in determining whether a grain
deforms relatively homogeneously or heterogeneously. The orien-
tations close to the rotated cube orientation show the minimal
tendency to form orientation gradients. The deformation hetero-
geneity increases for orientations further along the a-fiber. On the
other hand, the orientations belonging to the y-fiber show the
strongest misorientation spread.

We observe that band-like areas with severe strain localization
extending across the specimen (which appear as river patterns) are
formed during deformation. These river-like patterns are initially
formed at an approximate angle of +40° — 45° with the rolling di-
rection. With increasing the thickness reduction, the river-like pat-
terns rotate significantly to inclination angles almost parallel to the
rolling direction. The localized strain in the river-like patterns can
reach a value that is three times the overall applied strain value.
In addition to the macroscopic river-like patterns, several regions
with rather sharp and highly localized in-grain shear bands are
identified. These bands extend inside only one grain. The in-grain
shear bands are formed at an angle of approximately 4+30° — 35°
with the rolling direction, and their inclination angle is not notice-
ably dependent on the applied strain for a wide range of deforma-
tion. The in-grain shear bands are orientation-dependent, and they
form mainly in grains belonging to the Yy -fiber. However, not all
grains belonging to the y -fiber contain such features.

The results reveal that the difference between the dislocation
density of different orientations is relatively small at small strains.
However, with increasing strain, the dislocation density in the Y-
fiber becomes notably larger than in the a-fiber. Although dis-
location density and KAM are weakly correlated at small strains,
the correlation coefficient increases rapidly with increasing strain.
The correlation between the dislocation density and the equivalent
strain follows an opposite trend.
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