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Abstract

Structural metallic materials are typically manufactured through a series of
thermo-mechanical processes, including hot rolling, cold rolling, and heat
treatment. These processes cause the materials to undergo elastic-plastic
deformation along with recovery, recrystallization, grain growth, and
sometimes phase transformation. As a result, microstructural characteristics
such as grain size and crystallographic orientation (texture) are evolved. Such
microstructure evolutions directly affect the mechanical properties of the
material, including anisotropy and formability. Consequently, understanding
the relationship between process, microstructure, property, and performance
1s essential during the process design stage to obtain a final product that meets

performance requirements.

In this study, an integrated model that combines crystal plasticity finite
element model (CPFEM) and phase field model (PFM) was proposed to
simulate the thermo-mechanical processing of steels. The CPFEM was used
as a mechanical simulation module, predicting deformation heterogeneities
such as local stress concentration, inhomogeneous dislocation distribution,
and shear bands. The PFM was employed as a microstructural evolution
simulation module, predicting the recrystallized microstructural

characteristics, including nucleation and growth, during heat treatment. To



fully couple CPFEM and PFM, which utilize finite element method and finite
difference method as numerical schemes, respectively, an efficient coupling
algorithm that does not lead to high computational cost was proposed.
Specifically, a generalized strain energy release maximization (SERM) model,
capable of predicting recrystallization texture in steels by utilizing CPFEM
analysis results and considering multiple slip activities under mechanical
loading conditions, was implemented within PFM. The proposed model was

validated using ultra-low carbon steel and grain-oriented electrical steel.

For ultra-low carbon steel, the proposed model was applied to evaluate
the anisotropy and formability of the thermo-mechanically processed material
through virtual mechanical experiments. The r-values (Lankford coefficients)
and yield stresses were predicted through virtual mechanical experiments and
then validated by comparing them to experimentally measured values.
Subsequently, the parameters of anisotropic yield functions, such as Hill'48
and Y1d2000-2d, were determined using the predicted and measured values.
Lastly, the identified yield functions and the Marciniak-Kuczynski (M-K)
model were used to predict the forming limit diagram (FLD). In particular,
the CPFEM-based M-K model was also utilized in this study to predict the
FLD and validate the proposed model by comparing it to experimentally

measured values.
For grain-oriented electrical steel, the proposed model was used to

iv



predict the nucleation of Goss{110}<001> grains within shear bands during
the early stages of primary recrystallization. A dual-scale representative
volume element (RVE) modeling approach was employed to predict shear
bands from CPFEM. Through this approach, the relationship between shear
band evolution and slip mechanism, as well as the role of shear bands as
preferred nucleation sites, were discussed. Subsequently, the differences in
recrystallization texture resulting from shear band evolution were discussed,
confirming that the predominant texture components determining the
characteristics of electrical steel, including Goss grains, originate from shear
bands. Model validation was conducted by comparing the predicted cold-

rolled and recrystallized microstructures to experimental observations.

In conclusion, the proposed model, through its application to two types
of steel, demonstrated efficient and accurate prediction of the relationship

between process, microstructure, property, and performance.

Keywords: Crystal plasticity; Phase field model; Static recrystallization;

Shear band; Texture; Anisotropy; Formability
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1. Introduction

1.1. Computationally driven material development and process design

To date, material development and process design for manufacturing have
relied heavily on experiments and skilled engineers who evaluate material
properties and product performance. However, experiment-based approaches
in material and process design require significant amounts of time and cost.
In some cases, even when the fundamental properties are satisfied at the
material design stage, manufacturing the final component may not be feasible
due to challenges during the processing stage. Therefore, a more efficient and
robust process design approach is necessary to bridge the gap between

material development and industrial applications.

Computationally driven material development and process design have
emerged as an alternative to experimental methods, helping to reduce
production time and costs in the industry. However, early computational
development has focused on disparate applications of numerical approaches
for materials, processes, and performance, which has limited their
effectiveness for systematically developing highly integrated manufacturing

processes.

Recently, advancements in computational engineering have integrated

processes, structures, properties, and performance into a virtual engineering



platform known as Integrated Computational Materials Engineering (ICME).
ICME aims to understand the process-structure-property-performance
relationship through computational modeling and simulations. Using a single
model to represent the wide range of phenomena and scales for material
systems is overly simplistic and doesn't allow for an adequate description and
design of systems that account for material behavior across multiple scales.
To address this challenge, multiscale modeling and simulation have been
introduced as core ICME components, which can be achieved through the
hierarchical integration of models that simulate material behavior at different
length scales, enabling a quantitative examination of variable sensitivity for

each scale.

Fig. 1-1 illustrates a hierarchical schematic of computational models and
experiments at various length scales. Robust multiscale models should be
developed based on the key mechanisms of material behavior, integrating
experimental characterizations during the modeling process. Table 1-1 lists
commonly employed computational models for structural materials at
different length scales, along with their main purposes. Models are classified
into those that predict material properties and performance based on structural
information and those that simulate microstructure evolutions while
considering the respective manufacturing processes. The process-structure-

property-performance relationship can be realized with a valid scale-bridging



approach in multiscale simulations. For example, computational models for
simulating microstructure evolution are implemented by coupling additional
physical kinetics of material properties obtained from lower scales. Under this
ICME scheme, simulations for manufacturing processes and product
performance can be efficiently conducted, helping engineers develop optimal

materials and processes with lower manufacturing costs.



Table 1-1. Commonly employed computational models at different length

scales and their main purposes.

Model

Length scale

Purpose

Material model
(Structure-
properties /

performance

Ab initio

Molecular
dynamics
(MD) / Kinetic
Monte Carlo
(KMC)

Dislocation
dynamics (DD)

Crystal
plasticity (CP)

Finite element
method (FEM)

Electronic

Nano-

Micro-

Micro- ~ Meso-

Macro-

Calculation of basic
chemical and physical
properties of materials
based on the potential

energy induced from

electronic structures

Determination of the
movement of atomic or
molecular systems based
on interatomic potential
functions

Behavior of dislocation
aggregates such as the
movement and interaction
of dislocations

Prediction of plastic
deformation based on the
slip system and orientation

information

Analysis of physical
behaviors in engineering
systems

Microstructure
evolution
(Process -
structure)

Kinetic Monte
Carlo (KMC)

Cellular
automata (CA)

Phase field
(PF)

Meso-

Full-field microstructure
evolution, e.g.,
solidification, phase
transformation, grain
growth, and
recrystallization




Continuum-

based FEM
. Microstructure-
Computational based FEM
models S
MD/KMC

Component

Experiments

| | | I | (Length scale)
>

Electronic Nano Micro Meso Macro

Fig. 1-1. Hierarchical framework of electronic- to macro-scale computational
models and experiments for multiscale modeling approach. Computational
models: Ab initio [1], molecular dynamics (MD)/kinetic Monte Carlo (KMC)
[2], dislocation dynamics (DD) [3], microstructure-based finite element
model (FEM) [4], and continuum-based FEM [5]. Experiments: Atomic probe
tomography (APT) [6], high-resolution transmission electron microscopy
(HRTEM) [7], transmission electron microscopy (TEM)/scanning electron
microscopy (SEM) [6], electron back scatter diffraction (EBSD) [4], and

component [5].
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1.2. Virtual thermo-mechanical process design of structural metals

Structural metals are commonly manufactured through thermo-mechanical
processing, which includes hot and cold working, along with a series of
thermal and heat treatments. For example, sheet metals undergo several hot
and cold rolling processes, followed by annealing heat treatment [8]. This
intricate thermo-mechanical processing involves the accumulation and
recovery of dislocations, which are complex events dependent on deformation,

temperature, phase transformation, strain rate, and other factors.

During the annealing of metallic products, the energy stored in the
polycrystalline microstructure from deformation is released through recovery,
recrystallization, and grain growth processes. This alters microstructure
characteristics, such as grain size (and distribution), dislocation structures,
and crystallographic orientations (or texture). The evolution of the
microstructure significantly influences the mechanical properties of the final
products [9]. Mechanical properties of interest include stress-strain relations,
anisotropy, path dependence, and ductility [10,11]. Thus, it is necessary to
understand the relationships between thermo-mechanical processes,
microstructures, and material properties during the material design stage to

reduce time and cost while developing materials with improved performance.

During hot working, metallic materials exhibit unique mechanical



behavior and irreversible microstructural evolution, characterized by
dynamic recrystallization (DRX). DRX is a recrystallization phenomenon
that occurs at elevated temperatures during large plastic deformation, which
is different from static recrystallization (SRX) during the annealing process.
While both recrystallization processes involve the nucleation of new strain-
free grains in the microstructure and their subsequent growth by releasing
stored energy accumulated by mechanical deformation [8], DRX features
specific flow stress patterns that can be attributed to the repeated deformation
of nucleated grains and accumulation of stored energy. Flow stress comprises
the following processes: (i) work hardening at the initial deformation stage,
(i1) flow softening with single or multiple peak stresses, and (ii1) steady-state
flow attributed to microstructural evolution (e.g., crystallographic orientation,
grain size, and recrystallization fraction) [12]. For more details on DRX, a

review article by Huang and Log¢ is recommended [13].

A cold-worked metallic sheet with high stored energy induced by
accumulated dislocations during deformation can recover its original strength
and ductility by releasing the stored energy through annealing or the SRX
process. Simultaneously, grains with preferred crystallographic orientations
formed during cold working were consumed by newly nucleated strain-free
grains with new orientations during SRX. Unlike the DRX process, SRX is a

single process considering that nucleated grains do not exhibit sufficient



driving forces to cause repeated recrystallization. Therefore, the origin and
evolution of polycrystalline textures during cold working and heat treatment
have often been investigated. Moreover, the effect of the microstructure on
resultant mechanical properties has been further studied to predict the
anisotropy and formability of sheet metals in simulating cold working and

annealing.

Recrystallization is known to originate from deformation-induced
microstructural inhomogeneities, such as secondary particles, grain
boundaries, shear bands, and transition bands [8]. Most of the typical driving
forces for recrystallization are known to originate from non-homogenously
distributed dislocations within grains [14]. Therefore, to predict the
mechanical properties after recrystallization (or particularly after annealing)
of deformed metals, deformation-induced microstructural heterogeneities
have to be understood. In addition to deformation modeling, subsequent

microstructural evolutions during recrystallization will be required.

Crystal plasticity (CP) can be an effective tool for simulating the
deformation inhomogeneities at the grain level and evolution of
crystallographic orientations in polycrystalline metals. The mechanical
properties of polycrystals were initially mathematically described by Taylor
[15] based on crystallographic micromechanics and microstructure. Since

then, a series of developments have extended this fundamental analysis.



Examples include the grain interaction model (GIA) developed by Crumbach
et al. [16], the viscoplastic self-consistent (VPSC) model based on mean-field
deformation theory [17,18], and crystal plasticity finite element models
(CPFEM) that account for inter-grain equilibrium and compatibility [19-23],
among many other modeling approaches. To incorporate more physics-based
deformation mechanisms using simple or more realistic dislocation activities
and structures, various dislocation density-based hardening models have been
proposed and integrated into the framework of crystal plasticity. Several
models based on dislocation density-based single crystal constitutive laws can

be found in previous studies [12,24-29].

CP models have successfully simulated grain-level deformation and
evolution of crystallographic orientations in single or polycrystalline metals.
However, accurate modeling of recrystallization to elucidate the precise
nucleation mechanism remains a challenge owing to the following:
complexity of the microstructural heterogeneities present in the deformed
grains, dependency of the nucleation rate on the orientation of the deformed
grains, and different growth rates of nuclei into the neighboring deformed

grains [30].

Significant efforts have been made in performing multiscale simulations
that couple deformation and related microstructural evolutions, thanks to

advances in simulations at individual length scales. Raabe and Becker [31]



combined CPFEM with a probabilistic kinetics-based cellular automata (CA)
method to simulate the primary recrystallization of aluminum after plane
strain compression. They applied a numerical mapping approach to integrate
the solutions of the two-dimensional CP simulation with the domain of CA
simulation, mapping the state variables including crystal orientations and
stored elastic energy. Radhakrishnan et al. [32] and Radhakrishnan and Sarma
[33] integrated CPFEM with Monte Carlo (MC) simulation to predict particle
simulated nucleation during the recrystallization of aluminum alloys.
Extending the approach of Radhakrishnan et al., Takaki and Tomita [34]
utilized a multi-phase field model (PFM) coupled with CPFEM to simulate
the static recrystallization process in aluminum, enabling them to calculate
the occurrence of abnormal grain growth based on the deformation
microstructure. Cho et al. [35] coupled FEM and PFM with a one-to-one
correspondence method (or direct mapping) to analyze transformation
plasticity during austenite-to-ferrite transformation in low carbon steel.
Vondrous et al. [36] simulated cold-rolling and annealing of non-alloyed
DCO04 steel by coupling CPFEM and PFM, determining the nucleation
criterion in their PFM from the difference between EBSD-measured grain
numbers before and after heat treatment. Kim et al. [37] predicted the
recrystallization texture of interstitial free (IF) steel using CPFEM coupled

with the CA method. Zecevic et al. [38] proposed a recrystallization model

10



driven by intergranular orientation gradients and strain energy fields arising
from mean-field viscoplastic self-consistent (VPSC) formulations and
predicted the deformation and recrystallization texture of 90% drawn copper
wire, 95% cold-rolled copper, and 88% compressed pure iron. Apart from
simulating microstructure evolution in thermo-mechanical processes, Fromm
et al. [39] constructed a three-dimensional microstructure of Ni-based
superalloy IN100 from EBSD, used for grain growth simulation using PFM.
They employed a direct mapping method between experimentally measured
EBSD and PFM, conducting a uniaxial tensile test with CPFEM on the
statistically generated microstructure from PFM simulation to predict
mechanical properties. In addition to modeling recrystallization behavior, the
PFM has been applied to unveil fundamental deformation mechanisms such
as dislocation-mediated plasticity and heterogeneous twinning [40] and

stress/temperature-induced phase transformations [41,42].

The mechanical properties, especially anisotropy and formability of
metals, are closely related to the preferred crystallographic orientations of
polycrystalline materials after thermo-mechanical processing. However, most
existing computational models for simulating recrystallizations of metals rely
on mapping of the empirically obtained texture information to the
computational domain to predict the evolution of microstructure and

corresponding mechanical properties. For instance, Fromm et al. [39] used
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orientations of the IN100 alloy from experimental EBSD measurements and

simulated the mechanical properties after statistical treatment.

Recrystallization texture modelling remains a subject of debate within
the scientific community. The two prevailing theories that can be used to
predict the recrystallization texture are the oriented nucleation (ON) and
oriented growth (OG) theories. The ON theory proposes that preferentially
formed nuclei with specific orientations determine the resulting
recrystallization texture. However, the OG theory suggests that nuclei with
specific rotation relationships with the deformed grains can preferentially
grow, inducing rapid grain boundary migration. Because recrystallization can
occur through nucleation and growth, both theories that have their own
advantages and limitations explain the evolution of certain textures during
recrystallization. For more details on recrystallization modeling, the review

article by Gottstein and Sebald [43] is recommended.

More physics-based multiscale models have been proposed to calculate
recrystallization textures based on either spatially discretized grains or the
Avrami-type statistical method. One example of the former is the use of
cellular automata (CA) models, where the cell flip of a non-recrystallized cell
is calculated based on transformation probability, and the orientation of the
recrystallized neighboring cell inherits the original crystal orientation

[31,44,45]. A well-known model in the latter group includes the Sebald-
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Gottstein model [46] or its extended model, such as the texture-component-
based Avrami model [47], which uses statistically collected potential
nucleation texture components by fitting known typical recrystallization
textures of investigated materials. Models in the first group cannot consider
the effect of the local stress state (often multiaxial) and its resultant
inhomogeneous slip activities on nucleated orientations since recrystallized
nuclei orientations inherit deformed grain orientations once the given
nucleation criterion is met. The models in the latter group use statistically
assumed spherical nuclei growing as a function of misorientation and stored
energy, providing computational efficiency. However, they only consider
relations with deformed grains and do not account for interactions with
recrystallized grains. A more detailed discussion on the models in these two

groups can be found in the review articles by Miodownik [48] and Raabe [49].

As an alternative to the aforementioned approaches, a new theory, strain
energy release maximization (SERM) theory, correlating the history of
deformation to the stable orientation of recrystallized nuclei has been
proposed. [14,50,51] The SERM theory postulates that recrystallized grains
are nucleated with orientations that maximize the strain energy released from
the deformed grains. This theory has been employed to predict the
recrystallization texture of Ti bearing IF steels [52], aluminum and copper

[53], low carbon steels [54], grain-oriented electrical steels [55], non-grain
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oriented electrical steels [56], and aluminum containing high-manganese
austenitic steels [57]. However, the calculations involved only specific
loading conditions with well-defined limited slip activities. To address this
limitation, Min et al. [4] modified the theory to make it consistent with the
results of CPFEM, resulting in the generalized SERM (GSERM) theory. They
used the GSERM theory to predict the recrystallization behavior, including
recrystallization texture, and resultant mechanical anisotropy of low carbon

steel using an integrated CP—PF model.
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1.3. Research objective

In this study, a novel multi-scale approach that integrates CPFEM and PFM
(hereafter, integrated CP-PF model) is proposed and employed to simulate
thermo-mechanical process typically involved in steel sheets manufacturing.
CPFEM calculates local deformation heterogeneities induced by mechanical
constraints during the cold rolling, including multiple slip activities,
deformation texture, and corresponding dislocation density (or stored energy)
distributions in the deformed polycrystal aggregates. The state variables, such
as crystallographic orientations and stored energy distribution, are
automatically transferred to the PFM by the proposed mapping algorithm.
The annealing process is simulated by the PFM, accounting for the reduction
of stored energy through the recovery process, nucleation of grains based on
the nucleation criterion, and grain growth driven by both stored energy
differences and misorientation between neighboring grains, making the
formulation more realistic. For accurate prediction of the recrystallization
texture during annealing, an analytical recrystallization texture model is
revisited and further generalized based on the release of strain energy as a
driving force under multiple dislocation pileups, termed the GSERM theory.
To enhance the prediction accuracy of the recrystallization texture during
annealing, the PF model needs to be coupled with the GSERM model,

enabling the simulation of recovery, recrystallization, and grain growth
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systematically within the proposed multiscale numerical scheme. More

details of the integrated CP-PF model are provided in Chapter 2.

In Chapter 3, the static recrystallization of ultra-low carbon steel is
represented using the proposed integrated CP-PF model. Ultra-low carbon
steel that has undergone cold rolling followed by annealing, and subsequently
fully recrystallized, exhibits a unique recrystallization texture and resulting
anisotropic mechanical properties. The virtual microstructure, obtained from
the proposed integrated CP-PF model, is used to construct representative
volume elements (RVEs) for virtual mechanical tests. Orientation-dependent
tensile tests are performed to predict the anisotropic mechanical properties,
which are validated by comparison with experimentally measured anisotropy
in terms of r-values (Lankford coefficients) and flow stresses. Subsequently,
forming limit diagrams (FLDs) are predicted to evaluate sheet formability
based on the Marciniak-Kuczynski (M-K) model [58], which assumes an
initial imperfection on the material surface leading to the final localized
plastic instability under various loading stress, ranging from shear to a
balanced biaxial stress state. In addition to conventional continuum-based
FLD calculations, a hybrid approach [59] that integrates CPFE and the M-K
model is also employed and compared with experimental data for validation

purposes.

In Chapter 4, the origin of Goss{110}<001> during the primary
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recrystallization of grain-oriented (GO) electrical steel is investigated using
the proposed integrated CP-PF model. Both experimental and numerical
schemes are employed to represent nucleation at the early stage of primary
recrystallization. The hot-rolled test specimen undergoes severe plastic
deformation followed by a short and low heat treatment. Texture evolutions
at each step are characterized using various experimental methods. To
complement the experimental findings, the experimental process is simulated
numerically. In this chapter, CPFEM is extended to consider that plastic
deformation during cold rolling can originate not only from dislocation slips
but also from shear band formations. Rolling texture, dislocation evolution,
crystallographic orientations at which shear bands are activated, and the role
of shear bands as preferred nucleation sites are discussed. The GSERM theory,
coupled with PFM, is applied to predict the recrystallized microstructure of
GO electrical steel based on the results of CPFEM. The relationship between
the main texture components that determine the characteristics of GO

electrical steel and shear bands i1s examined.

The developed hierarchical numerical model integrates the grain-level
FEM and PFM, which can be useful for gaining a deeper understanding of the
relationship between the thermo-mechanical processes, microstructure

evolution, and mechanical properties.
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2. Integrated crystal plasticity and phase field model

2.1. Multi-scale approach: an overview

The aim of this study is to develop numerical simulation models to investigate
the effects of thermo-mechanical processing on the microstructure and
resulting mechanical properties of polycrystalline metals. To achieve this, we
propose a multi-scale approach that integrates CPFEM and PFM. The
CPFEM offers information on inhomogeneous local deformation and
orientation distribution (or deformation texture) of polycrystalline metals as
the mechanical aspect of the simulation. In contrast, the PFM accounts for
microstructure evolution resulting from nucleation and growth, which is
calculated based on local effects obtained from the mechanical simulation.
The predicted microstructural information after the thermo-mechanical
process can serve as input for predicting mechanical properties of the final
product by applying the CPFEM as well, known as virtual mechanical testing
[60]. The proposed numerical approach can also be a valuable tool for
understanding local material responses during deformation and heat treatment,
which are unattainable through conventional phenomenological numerical

simulations and experiments.

The proposed multi-scale approach, based on integrated CPFEM and

PFM simulations, consists of the following four steps, summarized step-by-
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step with main inputs and outputs at each stage:

Step 1. CP simulation for mechanical loading: Boundary value problems
are addressed using FE simulation that incorporates crystal plasticity
constitutive laws. Instead of realistic boundary conditions of cold rolling,
which include contact between tools and workpieces, a simpler RVE approach
is employed for computational efficiency while maintaining reproducible
microstructure features. In this step, local deformation inhomogeneities such
as crystallographic orientations (rolling texture), slip activities, and
dislocation densities (or stored energy) are calculated from single crystal

properties, orientations, and grain sizes.

Step 2. Numerical mapping to connect CPFEM and PFM: Due to
differences in discretization methods between FEM and PFM, which is based
on the finite difference method (FDM), suitable numerical mapping must be
introduced to transfer state variables between the two models. The orientation
and stored energy distributions calculated in the first step are transferred to
the PFM using either a direct or weighted method. A second mapping is
performed from the predicted microstructure to the RVE model for virtual
mechanical testing, transferring updated single crystal properties, orientations,

and grain sizes to the integration points of FE model.

Step 3. PF simulations for microstructure evolution: Using the mapped

state variables of the FE integration points, multi-phase field simulations
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[61,62] are carried out to compute grain boundary migration in static
recrystallization (SRX). Grain boundary characteristics, such as grain

boundary energy and mobility, serve as primary inputs for this step.

Step 4. CP simulations for virtual mechanical testing: In this step,
various mechanical tests can be virtually conducted using the calculated
microstructure information, such as updated grain size, crystallographic
orientations, and mechanical properties. The focus of this step is on the
evaluation of anisotropy and formability of thermo-mechanically processed
sheet metals. For validation purposes, anisotropy, including r-values and flow
stresses along different material orientations, and formability, represented by

FLD, are calculated and compared with experimental results.

In addition to these main steps, two complementary steps for PF

simulations are emphasized during the primary Step 3:

Step 3-1. Calculation of recrystallization texture: Dislocation densities
in activated slip systems and the orientation of each grain, determined from
the mechanical simulation step, are utilized to analyze the orientations of the
newly recrystallized nucleus, i.e., recrystallization texture. In this study, strain
energy release maximization (SERM) theory proposed by Lee [14,50,51] is
expanded to accommodate the general multi-axial stress state and cubic

crystals, resulting in the generalized SERM (GSERM) [4].
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Step 3-2. Nucleation Criterion: The nucleation criterion is formulated by
taking into account the grain boundary mobility and stored energy, using

empirical expressions from Humphreys and Hatherly [8] and Zurob et al. [63]

to reproduce the nucleation step.

A summary flow chart illustrating the proposed multi-scale simulation

procedure can be found in Fig. 2.1.

Model preparation

| Single crystal properties }

| Crystallographic orientations ‘

| Grain size distribution ‘

|

Mechanical simulation

| Homogenization (RVE) ]

| CPFE analysis for cold rolling }

Orientations (rolling texture),
stored energy, ete.

Mapping CP to PF

Microstructure simulation

Virtual mechanical test”

Nucleation criterion with
consideration of recovery

GSERM model for predicting
nucleation orientation probability

PF simulation for
static recrystallization

Single crystal properties,
orientations (recrystallization
texture), grain size distribution,
recrystallization fraction, etc

Mapping PF to CP

Homogenization (RVE)

CPFE analysis for virtual tensile
tests along various material
orientations

Anisotropy, featuring the
Lankford coefficients and yield
stresses

Anisotropic yield functions
(Hill’48 and Y1d2000-2d)

Formability, represented by

forming limit diagram

*Applicable only to Chapter 3

Fig. 2-1. Overall flow chart of the integrated CP-PF approach.
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2.2. Crystal plasticity finite element model

In this section, the constitutive formulation of the CP model is briefly
presented. The model is based on rate-dependent viscoplasticity with large
deformation kinematics [21]. However, unlike the plastic deformation in the
conventional CP model, that in the developed CP model is assumed to
originate from dislocation slips on predefined slip systems and non-

crystallographic shear bands of cubic crystals.

2.2.1. Kinematics

The deformation gradient tensor can be multiplicatively decomposed into its

elastic F°® and plastic F? components as follows:
F=FF°. 2.1)

The stress and strain are related by the following equation based on the

generalized Hooke’s law with reference to an undeformed configuration.
SF=C:F (2.2)
with

St =F¢ {(det Fe)s} Fe' (2.3)

and
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= :%(FQTFe - |) 2.4)

where E°® is the Lagrangian strain tensor, S° is the second Piola-

Kirchhoff stress tensor, C° is the fourth order stiffness tensor, and S is the

symmetric Cauchy stress tensor.

The rate of plastic deformation gradient is given by the following flow

rule:
FP =L°F" (2.5)
where LP is the plastic velocity gradient.

In this study, the plastic deformation can be originated by both
dislocation slips and shear band formation, thus the plastic velocity gradient

can be expressed as follows [64,65]:

N 6
L” =3 7“m; ®ng + Y. 7*m* ®n”* (2.6)

a=1 =1

where the first and second terms on the right represent the contribution made
by dislocation slips and shear band formation, respectively. For the
dislocation slip, total 24 slip systems (N=24) consisting of 12{110}<111>and
12{112}<111> slip systems were prescribed for body-centered cubic (BCC)

crystal structure. In the above equation, o and y denote the slip system and

shear band system, respectively. 7 is the plastic shear strain rate. m and n
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are orthonormal bases representing the slip (or shear band) plane and its
normal direction, respectively. The detailed description of the dislocation
slips and shear band formations are presented in Sections 2.2.2 and 2.2.3,

respectively.

2.2.2. Dislocation density evolution during plastic deformation

In this study, the idealized dislocation loop comprising discrete edge and
screw dislocations, proposed by Arsenlis and Parks [26] was adopted. The
line vector of an edge dislocation is perpendicular to the Burgers vector (or
the slip direction m), while its screw dislocation component is parallel to the
Burgers vector. For a slip system « , the total dislocation density is the sum

of the two dislocation densities as given in Eq. (2.7):
pa = pegfjge + ps.f;rew (27)

where  p. and pg., are the edge and screw dislocation components,

respectively. By assuming that the dislocations in different slip systems have
identical interaction strengths, the densities of the forest and parallel

dislocation densities in the slip system o can be expressed as follows:

a W f B a
cos(n”,n” xm )‘+pscrew

PE = Pl cos(n*m’)1 (28
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H a ~f s a
sin(n“,n” xm )‘—'—pscrew

pE = [ Pl sin(nm”)l. 2.9

The forest dislocations pg have line vectors parallel to n, while the
parallel dislocations pg are perpendicular to n“.

The plastic flow caused by the dislocation slips follows the well-known

Orowan equation in which the plastic shear strain rate y“ of the slip system

o 1s assumed to be a function of mobile dislocation density pp.;. and

average slip velocity v* [24,25]:
7}0: = bpmobile,edgevgige + bpmobile,screwvg:rew . (2 10)

If backward jumps are ignored, the average slip velocity v* can be
expressed as follows for the edge and screw dislocations as a function of

thermally activated dislocation motion:

[ _Taass edge
Viige :E/IO’VO exp4| — N P e (2.11)
2 kgT Tcrss
T
V;;I‘EW = 1 ﬂ'avo exp - QO 1_ apaSS]screw (2- 12)
2 kgT TcRss

with

“ c,Gb

T pass edge — 27(1—v) \/pP,edge t Probiteedge = A 4~ A\l PP.edge (2.13)

2r(1—v)
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a Gb a a Gb ' a
z-pass,screw = Clz—ﬂ_\/pP,screw + pmobile,screw ~ C12_7z- pP,screw (214)

where ¢, is a material constant, G is the shear modulus, b is the magnitude
of the Burgers vector, v is Poisson’s ratio, A” is the jump width, v, is the
attack frequency, Q, is the activation energy, Kk is the Boltzmann constant,
and T is the temperature. Further, 7, denotes the athermal passing stress
caused by mobile dislocations. Because p; .. was reported to be one (or
more) order less than py [24], the passing stresses can be considered the last

terms of the above equations. The resolved shear stress 7% can be

approximated as:
" ~8°:(mg ®ng) (2.15)

and A” can be defined as a function of p¢ as follows:

(2.16)

where ¢, is a material constant. The critical resolved shear stress 7ggzgs 18

defined to account for the contributions made by work hardening 7

work and

grain boundary hardening zy . The solid solution hardening r was also

included in the model to account for the effects of silicon atoms in GO
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electrical steel [66,67].

a _ a a
z'CRSS - z-work + 2-0,gb + 2-0,ss

2.17)

QO a a b 1/2 3/2
= +GH* |—++4/2GC"“(cosé
C2C3b2 pF dg J_ ( C)

where ¢, is a material constant, H“ is the Hall-Petch coefficient, d is the
average grain diameter, C is the solute atom concentration, and 6, is the

critical breakaway angle of the dislocations.

Following the work of Ma and Roters [24], a scaling relationship, which
assumes that a given external stress generates the maximum plastic

deformation, can be employed as a constraint for pg, .. :

( af J 0. (2.18)
apmobile % % p%

PEPR T

By combining Eqgs. (2.10) and (2.18), pq.i. for edge and screw

dislocations can be derived as follows:

a 2(1_V)k T ? a a
pmobile,edge = C1C2C3Gb83 pP,edgepF (219)
2k T
b =—,f ’ - 2.20
pmoblle,screw C1C2C3Gb3 pP,screpr ( )

Finally, the evolution of edge and screw dislocation densities are defined
based on the idealized dislocation loop. The evolution of each dislocation
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density comprises dislocation generation and dislocation annihilation terms

(or athermal recovery) as follows:

o
Q. pF a a 1 o a a
pedge - c pmobile,screwvscrew - E pmobile,edgepedge Redgevedge (2 2 1)
4
a
- _ IOF a a 1 a a a
10 screw C p mobile,edgevedge - E 10 mobile,screwp screw Rscrewvscrew (2 22)
5

where ¢, and ¢, are material constants and R,,,, and R, are the critical

edge screw

radii of annihilation of edge and screw dislocations, respectively.

2.2.3. Plastic deformation due to shear band formation

In addition to the common dislocation density-based plastic flow, shear band
formation, a mechanism responsible for local plasticity, is incorporated into
the constitutive modeling scheme. Non-crystallographic plasticity has often
been reported in metallic materials with severe deformation, such as cold-
rolled materials with high thickness reduction ratios. The incorporation of the
shear band formation mechanism was motivated by Anand and Su [68], Wei
et al. [69], and Jia et al. [65], who originally proposed the mechanisms
relevant to amorphous, nanocrystalline, and face-centered cubic metals,
respectively. In this study, shear band formulation describes the non-

crystallographic mechanical behavior of GO electrical steel with a BCC
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crystal structure.

The main difference between dislocation slips and shear band
mechanism is the dependency of the deformation system on the local stress
state. Unlike the slip systems, which are predefined depending on the crystal
structures and preferably selected based on crystal orientations and active
loading conditions, active shear band formation and evolution depend on the
principal directions of the stress state (denoted by S° in this paper). Therefore,
local plasticity due to shear band formation is non-crystallographic and its
actively system should be calculated during the increment of plastic

deformation in the finite element simulation.

The spectral decomposition of S® can be expressed as follows:

S =) 08 ®é

i=1

(2.23)

where o, is the principal stresses and €, is the orthonormal principal basis of
S®. From &, calculated at each loading step, six potential shear band systems

in total can be defined as follows:
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m* = cos 98, +sin 9&,, n' =sin 98, —cos %,
m? = cos 9é, —sin 98,, n* =sin 98, +cos 98,,
m°® = cos 98, +sin 9&,, n® =sin 98, —cos J&,, 2.24)
m* =cos 98, —sin 9&,, n* =sin 98, +cos J&,, '

m° = cos 98, +sin 9&,, n®=sin 98, —cos 9&,,

m°® =cos 98, —sin 9&,, n® =sin 9, +cos 9,

where § is the angle between m” and €, in the (& ,€,)- and (é,,é,)-plane or
é, in the (€, ,é,)-plane. The resolved shear stress 7% and compressive

normal traction o* of the shear band system y can be expressed as follows:
7 (9)=5":(m* ®n*) (2.25)
ot (9)=-5":(n* ®n*). (2.26)

The internal friction angle € and internal friction coefficient 4 have the
following relationship:
@ =arctan u. (2.27)

Based on the Coulomb friction model, shearing is initiated on the shear
band systems where the following function has attained its maximum value

with respect to 9.

f(9)={c"(9)-(tan6)c* (9)}. (2.28)
The condition is satisfied or Max ( f (9) ) under the following condition:
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3=£+§. (2.29)

Plastic incompressibility in metallic materials, such as GO electrical

steel investigated in this study, can be assumed or det ( FP ) =1. Therefore, the
effect of shear-induced plastic dilatancy can be ignored.

Finally, the flow rule for the shear bands can be formulated as done for

the dislocation slips.

T8+ uo

7* =74 exp kQ—%[l(LZ] J sign () (2.30)

where y{ is the reference shear rate of shear band and 7{ is the constant

resistance that activates shear bands.

2.2.4. Numerical implementation

The CP model was formulated using the user material subroutine UMAT
provided in Abaqus/Standard, a commercial software package that can be
used in implicit finite element analysis. The numerical scheme particularly
introduced a two-step implicit stress integration algorithm based on the mixed
Newton-Raphson and incremental methods that can be used for updating the

stress tensor and plastic hardening by dislocations and shear bands,
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respectively. The procedure used for time integration with analytically

derived Jacobian matrix are presented in Appendix A.

2.2.5. Representative microstructure model and periodic boundary

conditions

The representative volume element (RVE) approach was adopted to simulate
the mechanical response of the polycrystalline metals. The microstructural
characteristics of materials to be simulated were statistically analyzed. The
crystallographic orientations and grain sizes were thereafter distributed in the
RVE using DREAM.3D [70]. The 8-node continuum element with a reduced
integration (C3D8R) provided in ABAQUS/Standard was used for meshing
the RVE in which each element represented a single grain with an orientation

appropriate for capturing intra-granular features at a high resolution.

Periodic boundary conditions (PBCs) were applied to the RVE by
linearly constraining two equivalent nodes (a and b) located on the opposite
planes perpendicular to the j-direction (i.e. x*=x’forie j ) in their

displacement along the j-direction:

u.b—u."":L(j)(F..—é‘..) (2.31)
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L) is the initial RVE size along the j-direction, and &, ; 1s the Kronecker delta.

The PBCs ensures that the RVE unit cell behaves as a physically continuous
domain [59]. These equations can be implemented using the linear multi-

point constraints option in Abaqus/Standard.
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2.3. Multi-phase field model

The multi-phase field model proposed by Steinbach and Pezzolla [61] is
employed for simulations of grain growth during static recrystallization. In
the following, the summary of the PFM is briefly introduced, whereas details
on the model are provided in the studies of Kim et al. [62] and Kim and Park

[71].

2.3.1. Phase field equation

For polycrystalline metals with Q crystals (or grains), a phase field ¢, is

defined for the p-th grain. Each phase field has values between 0 and 1; 0 for

outside of the grain (or interior of other grains), 1 for the grain interior, and

between 0 and 1 for the grain boundary. A constraint for the phase field values

Q
is that the sum of these in a grid point should be 1, or 3 ¢, =1.
p=1

A free energy functional F is defined in the model as follows:

Q Q 2
F :jg[fe*ZZ—a—;Wp'V¢q+wpq¢p¢quQ (2.32)

p>q q

where f° is the free energy density of grains, a and w are the coefficients

of gradient energy and height of the potential, respectively, of the interfacial
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energy term. The following phase field equation is suggested by Steinbach
and Pezzolla [61]:

oF oOF
_:__Zqu pq[___] (2.33)

S op, 04,

Q
where S =S(x,t) = Zsp is the number of co-existing phase fields at a grid,
p=1

s, =S,(X,t) is a step function with a value of 1 for ¢, >0 and 0 for ¢, =0,

and M?_ is the phase field mobility.

Pq

From the derivative of Eq. (2.32) to ¢,

e

E— pr af
¢ Z;{ LAV +wp,¢] a¢p' (2.34)

Then, Eq. (2.33) and (2.34) lead to

q;ép r=p.q

_:__ZS S M"/jq [{ i ijvzﬂ +(a)pr —a)qr)¢r}

(2.35)
- ¢p¢q AEstore, P :l

. [off off | 8 : :
where a relationship (a% - n J = ,¢p¢qAEstore,pq is used by referring to

the work by Takaki et al. [72—74] to consider the effect of stored energy

AE,,,. as the major driving force in static recrystallization. The difference in

store
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the stored energy can be calculated from the CPFEM results.

AEstore,pq = OCGbZ (p p_pq) (236)
with [75]
G=G°|1-1.31 =30 (2.37)
1810

where G° is the shear modulus at room temperature, T is the temperature in

Kelvin, « is a material constant, and p is the dislocation density in the p -

th grain.

2.3.2. Grain boundary anisotropy

In the model, the recrystallization process 1is assumed to be
thermodynamically uniform, except for the anisotropy of grain boundaries.
The grain boundary energy and mobility are known to be dependent variables,
related to the boundary characteristics. However, for the sake of model
simplicity, the properties of boundaries are assumed to depend only on grain
misorientation, and thus, the Read—Shockley [76] relationship is used to relate
boundary energy and mobility to the misorientation. This has been valid in
the literature from the empirical relationship obtained from experimental data

[77].
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The energy of the grain boundary y, is given as follows:

Vg = ng fy (AG) (2.38)

with

A0 11 _1n A% | it ao<a,,,
| (2.39)

f7 (AQ) = gc,Ae c,A0
1 it A0>0,,,

where A@ depicts the misorientation between grains, ;/gq is the energy of the

high angle grain boundary (HAGB) with the misorientation angle larger than

a critical value 6, ,,. In this study, 6, ,, is 15°. The mobility of the grain

boundary can also be expressed as the Read-Shockley equation using the

empirical relationship derived from the work of Humphreys [77]:

m,, =m>, f, (A0) (2.40)

pg "m

with

Ca
1-exp —CB[GA—GJ if A6<86,,,
‘ (2.41)

1 if A0>0,,,

where m?)q depicts the mobility of the HAGB. Constants C, =4 and C; =5

are chosen from the reference [8,77].
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2.3.3. Parameters in phase field equation

To complete the phase field equations, the following parameters for a, M?,

and o in Eq. (2.35) are used to consider the anisotropic properties of grain

boundaries.
4 0,0
Apq = . Spa? v T (AH) (2.42)
2m® f (A6
Mp, =28 0 (49) (2.43)
16 &, f, (A@)
}/0
Wy, =2 fgq (2.44)
pa
where §Sq = : (20) 1s a grain boundary thickness. All parameters with a
Y

0

superscript ‘0°, except m,

are inputs to PF simulations corresponding to the

properties of HAGBs. For the grain boundary mobility, the Arrhenius type

relationship was suggested.

m Q)
mp, =¢ exp(—ﬁ} (2.45)

where c™ is a constant, Q;' is the activation energy, and R is a gas constant.
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2.3.4. Numerical implementation

All the equations above for the multi-phase field model were implemented in
the Intel Visual Fortran® program, which enables a numerical treatment for
memory space management and efficient computation by restricting the

number of phase fields at the grid [62].
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2.4. Numerical mapping between CPFEM and PFM

In the proposed integrated numerical scheme, the state variables between the
CPFEM and PFM need to be properly mapped. The challenge of this mapping
arises due to different numerical schemes for the storage of state variables. In
the FEM, they are stored in integration points, while for the PFM, they are
stored in regularly spaced grids. Particularly, when the RVE model is
discretized by continuum elements with reduced integration, it involves
highly coarse meshes and distortions during the deformation. To address this
issue, a Wigner-Seitz mapping algorithm [31,36,78] was employed in this

study to avoid the high computational cost of the direct mapping algorithm.

In the Wigner-Seitz algorithm, regular grids are mapped onto the
distorted FE meshes defined by the integration points. Construction of the
Wigner-Seitz cell begins with triangulation by connecting neighboring
integration points of FE meshes. In this step, no single integration point
should exist in the circumcircle of each triangle. This step is referred to as
Delaunay triangulation. Subsequently, the Wigner-Seitz cells are formed by
connecting the centers of neighboring circumcircles. Fig. 2-2(a) shows a
schematic illustration of the Wigner-Seitz mapping between the FE model and

PF grids.

After constructing the Wigner-Seitz cells, state variables are mapped
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differently. The grain orientations (with their grain indices) of individual
integration points are assigned to the PF grids, which fall into the
corresponding cells. In contrast, the stored energy (or dislocation density) of
each grid point is mapped from the neighboring integration points by applying
different weights, as shown in Fig. 2-2(b). The weights are inversely
proportional to the distance between the target grid point and the integration

point [78,79]. Hence,

3 2.46
store X Z:: /k =) d ( )

where E is the mapped stored energy at a grid X, d, is the distance

store, X
between the grid X and integration point K, E, is the stored energy at the

integration point Kk, and m is the number of integration points in the
mapping.

PF simulations have regular grids with periodic boundary conditions;
thus, the results of CPFEM are consistently transferred to the PFM by
considering the periodicity of the simulations. Moreover, when the
deformation of the CPFE model is severe, the finite element meshes become
distorted, and the distance between integration points is rather large, leading
to distorted Wigner-Seitz cells. To tackle this numerical inefficiency, a

regularization technique is applied by introducing virtual integration points
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with the same orientations as the original integration points. An example of
numerical regularization before the Wigner-Seitz mapping is shown in Fig. 2-

3.
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----- Grid point

® Integration point

Fig. 2-2. Schematic illustrations of the numerical mapping for (a) grain

orientations using Wigner-Seitz cell and (b) stored energy.

{
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M
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Fig. 2-3. Regularization of coarse integration points by introducing virtual

integration points during the Wigner-Seitz mapping.
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2.5. Nucleation modeling with consideration of recovery

The quantitative nucleation model for recrystallization, originally proposed
by Bailey and Hirsch [80] and later extended by Zurob et al. [63], was utilized
in this study. Zurob et al. expanded the strain-induced boundary migration
(SIBM) model by factoring in the effect of subgrain growth and recovery on
capillary force and stored energy. According to the SIBM theory, the critical
size of recrystallized nuclei is directly proportional to the grain boundary

energy and inversely proportional to the stored energy:

AORS= 2 D (2.47)

where ., 7, and E_, are critical nuclei radius, grain boundary energy, and

store
stored energy, respectively. Therefore, nucleation accelerates as the amount
of stored energy increases sufficiently. In the model, a subgrain is considered
a nucleus when its radius surpasses the critical radius, overcoming the
capillary force. However, the critical radius expands over time due to the
decrease in stored energy brought about by dislocation recovery. When the

size of the nucleus is smaller than its critical radius, r, , nucleation is

postponed, and the growth of neighboring recrystallized grains consumes the

matrix.

Numerous studies have reported that the recovery is a thermally
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activated process that takes place with the gliding or cross-slip of dislocations

[81-83]. Thus, the evolution equation of the internal stress o, is written as:

do-i _ _F _Qr(o-i)
el EXp(—RT j (2.48)

where c¢] is a material constant, and Q" is the activation energy for recovery.

A linear decrease of activation energy with the internal stress is assumed:
Q' (61) =Q —C;0;. (2.49)

Then, Eq. (2.48) can be analytically solved as follows:

o(t) =0, —i In (Nll (2.50)
’ C2 tO
with
r_Cr .
t, =T exp| =200 (2.51)
c,C, RT

where Qg is the intrinsic activation energy, o, is the internal stress at t =0,

and c, is a constant. At the early stage of recovery, the internal stress can be

approximated as the following equation, if flow stress is developed by

dislocations at the cell wall [8]:

o;(t) = BGb{/p(1) (2.52)
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where [ is a constant.

Lastly, the time-dependent evolution of stored energy can be acquired
using Egs. (2.36) and (2.50), as previously proposed by Song and Rettenmayr

[84]:

Eqore (1) :{\/E_o - C\/ZS/;— ln(“%n (2.53)

where E, is the stored energy at t =0. Eq. (2.53) links the stored energy with

temperature and time during recovery, indicating a higher rate of recovery at
the initial stage, which gradually decreases as the recrystallization process

continues.

The growth rate of the subgrain is proportional to the boundary mobility

and the stored energy [8,85,86], which leads to the following equation:
. b
r(t)=r+[m*Ey (t)dt (2.54)
0

sub

where 1, is the initial radius of the subgrain, and m™ is the subgrain

boundary mobility between the subgrain and surrounding grains, accounting
for the misorientation effect. Therefore, the criterion for the subgrain

nucleation becomes:

rit)=r.(t). (2.55)
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The time before this criterion is met is referred to as the incubation time.
The aforementioned nucleation models for recrystallization are incorporated

into the current PF model.
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2.6. Strain energy release maximization model and its generalization

The prediction of the orientations of newly nucleated grains or
recrystallization texture has been a significant challenge during the simulation
of recrystallization process. Although several models have already been
formulated for this prediction, the SERM model, originally proposed by Lee
[14,50,51] and subsequently modified for consistency with the CP model [4],
called GSERM model, was employed in this study. The GSERM model
suggests that the orientations of the nuclei are determined by the need to
release the maximum amount of strain energy accumulated during
deformation. This is achieved by aligning the absolute maximum stress
direction (AMSD), which is characterized by the dislocation stress fields of
the deformed grains, parallel to the minimum Young’s modulus direction

(MYMD) of the recrystallized grains.

Fig. 2-4 schematically illustrates how a partially recrystallized metallic
bar under uniaxial tension releases maximum strain energy [14]. Note that the
recrystallization process is assumed to induce no volume change. When a
specimen is elastically elongated and is partially replaced by a stress-free
volume (i.e., recrystallized volume), the strain energy changes schematically
from AABD to AACD. These correspond to the elongated bar (Fig. 2-4, state
B) and the partially recrystallized bar (Fig. 2-4, state C), respectively. The

strain energy released (AABC) is at its maximum when AABD is maximized
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and AACD is minimized, which correspond to the AMSD and MYMD in a

one-dimensional analogy, respectively.

Load
A B
A ‘
B C
Recrystallized C
» Displacement
A D

Fig. 2-4. Schematic illustrations of the SERM model in 1-D analogy [14].

In general stress state, the strain energy released per unit volume can be

expressed as follows:
AErelea’se = I(Sdef _Srex) HdE = J.(Sdef _C‘:ex : E) rdE (256)

where E is the strain tensor. Subscripts def and rex in Eq. (2.56) denote the
“deformed” and “recrystallized” grains, respectively. In the equation, the
strain energy released (per unit volume) can be close to its maximum value
as the principal stress component of the Cauchy stress tensor of the deformed

grains (S, ) increases (in absolute value), while that of the recrystallized

49



grains (S, ) decreases. Therefore, the identification of the directions along

rex
which the principal stress becomes maximum and minimum is important.
This corresponds to the eigenvector calculated through the spectral

decomposition of the stress tensor.

The recrystallization process involves the formation of strain-free grains
without any change in their volumes [8,14]. It's noted that the direction along
which the Cauchy stress tensor of the recrystallized grains (S

rex ) 18 minimized

coincides with the direction along which the stiffness tensor of the

e
rex

recrystallized grains ( C;,, ) is minimized. In the case of the materials studied

in this work, such as ultra-low carbon steel and GO electrical steel, MYMD,

1s found to be <100> [87,88].

Unlike the MYMD, the AMSD is strongly dependent on the internal
stress field produced by the stored energy during deformation. The difference
between the stored energy of the deformed state and that of the recrystallized
state results from dislocations and their arrangements [8]. The internal stress
field of the deformed grains can be approximated to the superposition of the

stress field induced by the dislocation arrangement on the active slip systems.

Screw dislocations contribute a symmetric stress field around the center
of the dislocation [89-91]. Moreover, their densities are known to be

approximately an order of magnitude less than those of edge dislocations after
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severe plastic deformation including cold rolling [92,93]. This discrepancy is
likely attributable to the enhanced active recovery (or annihilation) process of
screw dislocations, facilitated by cross slips. Consequently, in the case of
texture evloution, only edge dislocation component was considered when

calculating the dislocation arrangement.

Sutton and Balluffi [94] calculated the stress field of equally spaced and
infinitely arrayed edge dislocations and showed that the direction of the
absolute maximum principal stress is parallel to the slip direction. This proof,
accomplished thorugh numerical analysis, is presented in Appendix B. In
activated multiple slip systems, the effective slip direction (ESD, M) can be

defined as follows:
_ N
M= pl,m: (2.57)
a=1

where pg,. 1s the weighting factor of the effective slip direction. The AMSD
of the deformed grains can then be assumed to be parallel to the effective slip

direction.

Using the calculated ESD at each integration point of the FE mesh, as
defined in Eq. (2.57), the rotation matrix relating the ESD and MYMD can
be determined. This rotation matrix facilitates the calculation of the

recrystallization orientation from the deformation orientation, as computed
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using CPFEM. Fig. 2-5 schematically presents the procedure utilized to
calculate the orientation of recrystallized grain. The primary challenge in this
process is the selection of the ESD, which varies depending on the case for

both face-centered cubic (FCC) and BCC crystal structures.

]

AN

Deformed grain Recrystallized grain

— Ref CSYS
------------- » Def. CSYS

-—-—-—- Rex. CSYS

Fig. 2-5. Schematic diagram for predicting recrystallization orientation from

deformation orientation using GSERM model.

FCC crystals possess well-defined potential slip systems of {111}<110>,
and the ESD is ascertained from the activations of preferred slip systems and
their respective edge dislocation densities, using Eq. (2.57). Consequently,

the procedure detailed in Lee [14,51] is initially applied to the FCC crystal to
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determine the rotation matrix. Upon the determination of the ESD, the angle
between the ESD and each non-active slip direction is examined. If the slip
direction vector approximates orthogonality with the ESD vector within a
predetermined tolerance (£5° in this study), it is chosen as the rotation axis of
the ESD. The degree of rotation required to align with the MYMD can be
easily obtained from the cross-product of the two vectors. Fig. 2-6(a) visually

depicts the complete process for determining the rotation matrix.

In contrast to the FCC case, BCC crystals have the slip plane normals of
the slip systems that share a common <111> slip direction, leading to the
phenomenon known as pencil glide. As a result, multiple ESDs can be
calculated using Eq. (2.57). To address the non-unique problem of ESD, Min
et al. [4] proposed a variant selection rule by considering the direction of the

virtual in-grain shear band and {110} plane matching theory:

Virtual in-grain shear band: In the case of cold-rolled steels, significant
in-grain shear bands form at an angle of 30°-35° relative to the rolling
direction (RD) [95]. Park et al. [91] pointed out that shear bands were closely
associated with the movement and accumulation of dislocations in the active
slip systems. Furthermore, they found that the in-grain shear bands are
approximately co-linear with the direction of maximum internal stress of the
deformed grains. Therefore, the known angle of the shear band was used as

the criterion to determine ESD.
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{110} plane matching theory: Urabe and Jonas [96] noted that the most
active slip plane in such situations tends to be {110}, and the highly mobile
grains exhibit rotational relationships along a common <110> axis. This
observation aligns with the plane matching theory proposed by Watanabe
[97] . Thus, the common {110} plane (or the normal vector defining the plane)

containing both ESD and MYMD is selected as the rotation axis.

In the variant selection rule, the typically observed shear band direction
was utilized to determine the ESD, and the normal direction of {110} plane
containing both ESD and MYMD was selected as its rotation axis. A summary
of the rotation scheme for determining the orientation of recrystallized grains

in BCC crystals is depicted in Fig. 2-6(b).
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Fig. 2-6. Procedure to calculate recrystallized orientation by proposed ESD
concepts for (a) FCC and (b) BCC crystals.

In this study, shear band formation is incorporated into the constitutive
model to predict the evolution of shear bands formed during cold rolling.
Therefore, when the shear bands are activated in specific regions, the ESD
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can be directly determined by using Eq. (2.57), eliminating the need for any
assumption. Effect of evolved shear bands on the recrystallization

orientations is discussed in Section 4.3.3.
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3. Application I: Virtual identification of anisotropy
and formability for thermo-mechanically processed
ultra-low carbon steel

3.1. Introduction

Low carbon steels are FeC alloys with a BCC structure where the carbon
concentration is typically maintained below ~0.1 wt%. Ultra-low carbon
steels, a subset of low carbon steels, have even lower carbon concentrations,
typically less than ~0.02 wt% [98]. These steels find use in a variety of
applications, both in their hot-rolled state and after further thermo-mechanical
processing steps such as cold-rolling, annealing, and potentially coating.
Modern processing techniques allow for a high degree of control over both
the chemical composition and manufacturing processes of low carbon steel,
enabling the production of a wide range of grades with varying combinations
of strength and formability. Precise control of dimensions such as gauge,

width, shape, and flatness is also achievable [99].

However, it is the formability of low carbon steel that ensures its
continued prominence as a major engineering material. This material can be
economically and satisfactorily formed into a wide array of complex shapes
without issues such as splitting, necking, or wrinkling, which are common

problems in the forming processes of other materials [99].
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Sheet formability can be evaluated from two perspectives: drawability
and stretchability. Drawability refers to the ability of the material to flow
easily in the plane of the sheet and resist thinning in the thickness direction
[100]. It is primarily characterized by sheet anisotropy, as measured by
Lankford coefficients (r-values), and flow stresses. These parameters are
significantly influenced by the developed crystallographic orientations that
evolves during thermo-mechanical processes. In contrast, stretchability
represents the capacity of the material to resist localized necking and
consequently withstand complex non-uniform deformation. It is typically
characterized by factors such as the strain hardening and strain rate hardening

[101].

During the thermo-mechanical processes where SRX occurs, the
crystallographic orientations of low carbon steel evolve. These orientations
can be represented by two main characteristic fibers: a-fiber (<110>//RD) and
y-fiber ({111}//ND, where ND stands for the normal direction). For instance,
during the cold rolling process, a-fiber is predominantly developed, with only
minor development of y-fiber. However, during the subsequent annealing
process, the y-fiber becomes the primary component, providing unique
anisotropic properties to low carbon steel. Simultaneously, cold-rolled low
carbon steel, which has high stored energy due to dislocation accumulation

during deformation, can recover its original strength and ductility by releasing
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this stored energy through SRX, affecting material hardening. As both sheet
anisotropy and material hardening are influenced by these microstructure
evolutions, it is necessary to take them into account in any comprehensive
evaluation of the formability of the thermo-mechanically processed low

carbon steel.

In this chapter, a virtual identification scheme has been proposed as a
complementary strategy to the conventional experiment-based approach, with
the aim of predicting the anisotropy and formability of thermo-mechanically
processed ultra-low carbon steel sheets. This scheme employs the proposed
integrated CP-PF model, taking into consideration the effect of
microstructural characteristics on the mechanical performance of the final
product. Local inhomogeneities during cold rolling were predicted using the
CPFEM, while the PFM was used to analyze microstructure evolution during
the annealing process. Upon simulating the sheet manufacturing process of
ultra-low carbon steel, RVE were generated. The RVE, which encompass
deformation history and recrystallized microstructural data, served as the
basis for evaluating sheet anisotropy and formability during the virtual
experiments. Plastic anisotropy, characterized by r values and yield stresses,
was predicted using virtual experiments and then compared with
experimental values. Various anisotropic yield functions were identified

based on the predicted anisotropic mechanical properties. When calculating
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the FLD using the M-K model [58] to evaluate sheet formability, this chapter
discussed not only the conventional approach using phenomenological
anisotropic yield functions, but also a crystal plasticity-based approach [59]
designed to consider texture evolution during deformation. Both approaches
were quantitatively compared to provide a comprehensive understanding for
evaluating formability. The anisotropy and formability predictions from these
approaches were then validated experimentally, confirming the accuracy of

the proposed integrated CP-PF model.
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3.2. Experiments

3.2.1. Material

The material investigated in the chapter is a hot-rolled ultra-low carbon steel
with a tensile strength of 350 MPa. Its thickness prior to cold rolling is 4.5
mm. The chemical composition of the steel is given in Table 3-1. The
investigated steel features extremely low carbon for enhanced drawability and

stretchability.

Table 3-1. Chemical compositions of the investigated ultra-low carbon steel

sheet (weight %).

Elements (wt%)

C Si Mn P S N Ti Nb Fe

0.002 0.01 0.1 0.01 0.005 0.002 0.03 0.003 Bal.

The initial microstructure of the ultra-low carbon steel was characterized
using electron backscatter diffraction (EBSD). The EBSD data were
represented and analyzed using TSL OIM Analysis™ and MTEX software
[102]. Fig. 3-1(a) and (b) display the inverse pole figure (IPF) map in the ND

with a step size of 3.0 um, and the (110), (200), and (211) pole figures,
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respectively. The average grain size of the material is approximately 15 pum,
indicating that the microstructure is composed of equiaxed ferritic phases
with no particular preferred orientation, which is consistent with the expected

result of the hot-rolling process.
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(b)

Fig. 3-1. Microstructure of the investigated ultra-low carbon steel. (a) Normal

direction inverse pole figure map, and (b) (110), (200), and (211) pole figures.
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3.2.2. Basic mechanical properties

Uniaxial tension tests were conducted following the ASTM ES8 standard to

measure basic mechanical properties such as elastic properties, yield stress,

ultimate tensile stress, and uniform elongation. These tests were performed

under quasi-static conditions with a strain rate of 0.001 s™!. The stress-strain

data indicated an upper yield point of 243.6 MPa and a lower yield point of

238.6 MPa, followed by substantial work hardening. The ultimate tensile

stress was measured to be 356 MPa, and the uniform elongation was 22.2%.

The -elasto-plastic properties of the ultra-low carbon steel sheet are

summarized in Table 3-2.

Table 3-2. Basic mechanical properties of the investigated ultra-low carbon

steel.
Young’s PoissON's Yield strength Tensile Uniform
modulus ratio (MPa) strength elongation
(GPa) (MPa) (%)
Upper Lower
205 0.3 243.6  238.6 356 22.2
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3.2.3. Heat treatment for static recrystallization

The ultra-low carbon steel was subjected to cold rolling with an 85.5%
reduction ratio, followed by heat treatments ranging from 650 °C to 790 °C
for durations ranging from 0 s to 400 s to reproduce static recrystallization.
Seven ASTM ES8 specimens (denoted as S1 to S7) were obtained after
different heat treatments followed by rapid quenching, as shown in Fig. 3-2.
The engineering stress-strain curves for the as-received, cold-rolled, and
seven heat-treated samples (S1 to S7) are depicted in Fig. 3-3. Pole figures
and ND IPF maps for the heat-treated specimens were obtained as outlined in
Section 3.2.1. The process employed a step size of 1.5 pm, and the results are

shown in Fig. 3-4.

The flow stress curves indicate that the strength decreases and ductility
improves with annealing. A further improvement in ductility is observed at
the annealing temperature of 790 °C (S3), without a corresponding decrease
in strength. This is corroborated by the microstructural changes, which do not

show significant differences beyond this temperature, as shown in Fig. 3-4.

For the validation of the proposed models, the recrystallization (or
annealing) condition is set as that of the S3 specimen. Fig. 3-5 displays the
grain size distributions for the as-received, cold-rolled, and annealed

(recrystallized) specimens. The average grain sizes of the three specimens are
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14.96 um, 3.34 um, and 11.02 um, respectively. These average values were
measured using EBSD software, following the commonly used standard

measurement procedure, which involves monitoring grain boundaries where

the orientation changes abruptly.
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Fig. 3-2. Heat treatment conditions for reproducing static recrystallization.
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Fig. 3-3. Engineering stress-strain curves of the ultra-low carbon steel in

different heat treatment conditions.
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3.3. Results and discussion
3.3.1. Constitutive parameter identification

For the cold rolling simulation, the constitutive parameters of ultra-low
carbon steel, as described in Section 2.2, were determined. The parameters
associated with intrinsic material properties, such as the anisotropic elastic

constants (C,,, C,,, and C,, ), shear modulus (G°), magnitude of the Burgers

vector (b), and Poisson’s ratio (v) for the cubic crystals for steel, could be

obtained from both experimental data and the literature [75,103]. Q, and v,

parameters of the plastic shear strain rate, were obtained from Ma and Roters

[24] and Jia et al. [65], respectively, considering both edge and screw

dislocations. H* and d, which are the parameters associated with grain

boundary hardening, were determined based on Takaki [104] and
experimental data, respectively. The effect of solid solution on hardening
behavior of ultra-low carbon steel was not taken into consideration in this
chapter. Additionally, the effects of shear band on thermo-mechanical
processed ultra-low carbon steel, which is beyond the scope of this chapter,

were also not addressed. ! Poeige ANA 04 e, Were calculated using the

! This chapter is primarily dedicated to the prediction of anisotropy and formability for
thermo-mechanically processed ultra-low carbon steel using the integrated CP-PF model.
The role of shear band during static recrystallization, while significant, is not the subject of
this chapter and will be covered in Chapter 4.
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measured yield strength based on Takaki et al. [92], considering the initial
edge and screw dislocation fractions. The other sets of parameters could be
determined by fitting the tensile stress-strain curve and load data during cold
rolling of the specimen. Because the uniform elongation of the investigated
material was limited to ~22 %, the larger part of the flow stress curve was
extrapolated using the dislocation density-based constitutive law employed in
the current CPFEM. While the validity of considering flow stress at a larger
strain for the cold rolling simulation remains controversial, this approach is
still commonly used. The identified constitutive parameters are listed in Table

3-3.

Table 3-3. Constitutive model parameters of the investigated ultra-low carbon

steel.
C, C, Cu G b
230.1 GPa 134.6 GPa 116.6 GPa 69.2 GPa 0.248 nm
v Qo Vo H* dg
0.3 2.0x101° J 1.0x10%0 st 0.55 14.96 pm
Po edge Po screw ¢~ C,” C;*
9.18x10 m2 1.21x102m2 0.006 0.55 1.29
c,* c.* Redge * Recrew
1.51 3.38 4712 nm 63.05 nm

* Fitting parameters used in the dislocation density-based hardening model
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Fig. 3-6 shows the comparison of the fitted stress-strain curve with the
curve obtained using the measured stress and strain values. As seen from the

figure, the identified constitutive parameters align well with the experimental

data.
500
400
<
A
2 300
w2
o] ra
o
w200}
§ ;
F
100 o  Experimental
— Fitted

0 h 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25
True strain

Fig. 3-6. Comparison of CP calculated stress-strain curve with measured one

for ultra-low carbon steel.
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3.3.2. Simulation of cold-rolled ultra-low carbon steel

The RVE model, consisting of 498 grains, was generated based on the
statistically analyzed microstructural information of hot-rolled ultra-low
carbon steel, as detailed in Section 3.2.1. This RVE model was subsequently
employed for simulating the cold rolling process. More details regarding the
generation of the RVE can be found in Section 2.2.5. The side length of the
RVE model was set to 90 pm, and it comprised 27,000 (30 x 30 x 30) elements.

Fig. 3-7 presents the RVE model for the hot-rolled ultra-low carbon steel.

For the simulation, a plane strain compression condition was imposed as
a simplified loading equivalent to the typical cold rolling process. The
displacement in the transverse direction (TD) was fixed and compressive
loading was applied along the ND. The thickness reduction ratio was set to
85.5%, identical to the experimental conditions. Additionally, PBCs, as
discussed in Section 2.2.5, were also applied to the RVE to ensure its

physically continuous behavior.
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Fig. 3-7. Representative volume element model for hot-rolled ultra-low

carbon steel

Fig. 3-8 displays the deformed RVE and its equivalent plastic strain with
a thickness reduction ratio of 85.5%. Due to the severe plastic deformation
from plane strain compression with a thickness reduction ratio of 85.5%, the
equivalent plastic strain reached ~2.3. Fig. 3-9(a) presents the distributions of
the total dislocation densities after the CPFE simulations, as well as the
dislocation densities mapped for the PFM simulations. Approximately 3000
grids per grain were used in this mapping process. In the CPFEM, the
dislocation densities and other state variables are calculated at the integration
points, which are then properly mapped onto the PFM grids. In this chapter,
a regularized Wigner-Seitz cell approach was employed, as detailed in the

Section 2.4. Fig. 3-9(b) shows the comparison of the total dislocation
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densities along an arbitrary RD line before (with CPFEM) and after mapping
to PFM grids. As shown, the quality of proposed mapping approach was
reasonably validated, although the overall mapping procedure was

automatically programmed without manual direct mapping.
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Fig. 3-8. Deformed representative volume element and its equivalent plastic

strain after a thickness reduction ratio of 85.5%.
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Fig. 3-9. (a) Deformed representation volume element and its total dislocation
densities (unit: m™) after a thickness reduction ratio of 85.5% rolling and (b)

comparison of total dislocation densities before (with CPFEM) and after

mapping to PFM grids.
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The calculated rolling texture of ultra-low carbon steel are presented in
Fig. 3-10. Fig. 3-10(a) and (b) depict the three (110), (200), and (211) pole
figures and the @2=45° orientation distribution function (ODF) section after
85.5% cold rolling (equivalently, the plane strain compression), respectively.
The calculated cold-rolling texture of ultra-low carbon steel showed mixture
of the major a-fiber (<110>//RD) and minor y-fiber (<111>//ND), which is in
agreement with experimentally measured texture components [52,91]. In
particular, three main experimentally reported cold-rolling texture
components, {665}<110> (approximated by {111}<110>), {558}<110>
(approximated by {112}<110>), and {001}<110>, can be perfectly predicted

from the proposed CPFEM.
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Fig. 3-10. Predicted rolling texture of ultra-low carbon steel after a thickness
reduction ratio of 85.5%. (a) (110), (200), and (211) pole figures and (b)

(2=45° orientation distribution function section.
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3.3.3. Simulation of recrystallized ultra-low carbon steel

The process of static recrystallization, or annealing, was simulated using the
proposed PFM. This was performed by utilizing the state variables derived
from the CPFEM results of the cold rolling (plane strain compression)

simulation. The parameters used for the PFM simulation are as follows:

Phase field grid size (Ax ): 0.6 um
Grain boundary thickness (£°): 3Ax
Grain boundary mobility (¢™): 316x10°m*s™ J'1 [105]

Activation energy for grain boundary mobility (Qq ): 387 kJ mol™!

[105]

Grain boundary energy (7°): 1.11 I m™ [106]

Material constant for recovery (¢, ): 1.65x10?> N m™

Material constant for recovery (C; ): 3.118x10™* m* mol™! [107]

Activation energy for recovery (Q"): 345 kJ mol™! [107]

Temperature (T ): 1023.15 K
Gas constant (R ) =8.3145 I mol! K*!

The time increment used in the simulation was 0.002 s. The periodic
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boundary conditions were applied throughout the simulation.

Fig. 3-11 depicts the progression of static recrystallization over time
during the annealing process, as predicted by the PFM. The color code within
the grains corresponds to the ND IPF map. The orientations of the newly
nucleated grains were determined from the results predicted using the
GSERM model, which calculates the orientation probability upon
nucleation.? In order to avoid the formation of idealistically oriented grains
by theoretical calculations, random orientations were also assigned to
nucleation orientation probability. The ratio of calculated orientations to

random orientations was maintained at 7:3.

The recrystallized grains can be clearly distinguished from the remaining
deformed grains due to their equiaxed morphology. The residual deformed
grains were elongated along the RD in the form of fibers, which is a

characteristic feature of metals subjected to cold rolling.

It is noted that there are significant inter- and intra-heterogeneities
induced from different slip activities under different grain orientations during
the rolling process. In Fig. 3-11, a high angle grain boundary of 15° was used,

making the color coding present a single-grain-like appearance. However,

2 The GSERM model does not consider nucleation and grain growth during the process of

static recrystallization. Therefore, the results derived from the GSERM model was expressed
as nucleation orientation probability.
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there were actually orientation differences (within a low angle) among
different grids in a grain. Moreover, in Fig. 3-11, the original parent grain
boundaries (elongated to the RD) were fixed. This was primarily due to the
large difference in stored energy between the recrystallized grain boundaries
and their corresponding parent grains This assumption was also beneficial in

terms of reducing the computational cost.

As depicted in the figure, nucleation was initiated in regions with a
higher level of stored energy (refer to Fig. 3-9(a) for the distribution of
dislocation density after rolling simulation). The calculated results from the
annealing simulation effectively reproduced the experimentally observed
characteristics of static recrystallization. Consequently, nucleation took place
in areas of the high dislocation density, and it was delayed in the areas where
there was less stored energy. As recrystallization progresses, the matrix was
gradually consumed by growing nuclei originating from highly recrystallized
regions. Furthermore, no additional nucleation occurred within the previously
recrystallized grains; rather, they undergo coarsening due to small

misorientation differences with adjacent grains.
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Fig. 3-11. Microstructure evolution during static recrystallization of ultra-low
carbon steel using integrated CP-PF model. The colors indicate the normal
direction inverse pole figure map. At the 1.4 s mark, red dotted circles

highlight the sites of the first nucleation.
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Fig. 3-12 presents schematic representation of the nucleation criterion in
relation to the evolution of stored energy caused by the recovery process used
in PFM simulation. According to this criterion, nucleation is determined at

the intersection point of the critical nucleation radius r,(t) (the area marked
in gray) and the growing nucleus radius r(t) (the area marked with hatching),

both of which are driven by stored energy. In this figure, the time taken to
reach the red intersection point signifies the incubation time for nucleation.
In Fig. 3-11, the first nucleation was observed at 1.4 s, which aligns the

calculated incubation time shown in Fig. 3-12.
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The recrystallization texture derived from the PFM simulation is
depicted in Fig. 3-13. The (110), (200), and (211) pole figures and the ¢p2=45°
section of the ODF after annealing are shown in Fig. 3-13(a) and (b),
respectively. As mentioned above, the orientations of newly nucleated grains
were determined based on calculations from the GSERM model before they
underwent grain growth. The calculated recrystallization texture displays the
v-fiber centered on the {111}<112> component, aligning with the texture
reported in experimental studies for ultra-low carbon steel. During the
annealing process, the minor rolling component {111}<112> was fairly
stationary, whereas other texture components moved towards {111}<112>
following a rotational relationship of £54.7°<110>. In particular, the proposed
model was capable of predicting the transition from the y-fiber {111}<110>
to the {111}<112> component. Figs. 3-14(a) and (b) display the measured
(110), (200), and (211) pole figures and the @2 = 45° section of the ODF,
respectively, after the annealing of the investigated ultra-low carbon steel.

These closely align with the predicted recrystallization texture in Fig. 3-13.

The analyses suggest that the proposed PFM simulation, when coupled
with the GSERM model, is a reliable approach for predicting the
recrystallization texture of ultra-low carbon steels. Similar analyses were
conducted by Park et al. [91] and Hong and Lee [52], employing a single

component a-and y-fiber and a fully constrained Taylor model. These studies
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also reported similar evolutions of texture from a-fiber to y-fiber, or from vy-
fiber to vy-fiber. Nonetheless, these studies were conducted under the
application of unique, individualized assumptions, hence their findings may
not be universally applicable. Despite this, the present study offers additional
verification that the GSERM model - which accommodates multiple slip
activities across a potential 24 slip systems and takes into account inter-grain
interactions - can indeed successfully reproduce the recrystallization texture

observed in annealed ultra-low carbon steel.

86 !



(110) (200) Q11

MAX: 3.2 MAX: 4.3 MAX: 1.9
(a)

0, = 45°
¢

1.0
2.0
3.0
4.0
5.0

(b)

Fig. 3-13. Predicted recrystallization texture of ultra-low carbon steel. (a)
(110), (200), and (211) pole figures and (b) @2=45° orientation distribution

function section.
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Fig. 3-14. Measured recrystallization texture of ultra-low carbon steel. (a)
(110), (200), and (211) pole figures and (b) @2=45° orientation distribution

function section.
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Apart from the recrystallization texture, the kinetics and grain size
distribution after annealing simulation of ultra-low carbon steel were
predicted using the proposed PFM. As shown in Fig. 3-15, the predicted
recrystallized fraction over time matches well with the well-established
Avrami type kinetics (also known as the Johnson-Mehl-Avrami-Kolmogorov,
or JMAK equation), yielding an exponent of 2.51 for current study. Given
that experimental studies on comparable grades of steel have reported
exponents ranging from 1.3 to 2.6 [105], the result obtained from the current

simulation was reasonably consistent with experimental findings.

Fig. 3-16 presents a comparison between the simulated and
experimentally measured grain size distribution after annealing. Both
distributions were fitted to a log-normal model. The predicted distribution
aligns closely with the experimental data, exhibiting an average predicted
grain size of 11.9 um, which matches the experimental value of 11.1 pm. The
parameters for the log-normal distribution, p and o, were found to be 2.35 and
0.51, respectively, while the corresponding experimental values were
determined to be 2.22 and 0.61, respectively. This discrepancy could be
attributed to the limited number of grains included in the model and the fact
that the PFM employed in this chapter was two-dimensional, a choice made
to optimize computational costs and efficiency of the analysis. Comparable

two-dimensional methodologies have been utilized for multi-phase field
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modeling for similar reasons [34,72,74,108,109]. The impact of model

dimensionality on PFM could be explored in future studies.
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Fig. 3-15. Fraction of recrystallization with Johnson-Mehl-Avrami-

Kolmogorov (JMAK) equation.
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Fig. 3-16. Predicted and measured grain size distributions after annealing.

Despite these limitations, the quantitative results endorse the accuracy
of the proposed modeling approach. Fig. 3-17 provides a comparison between
the predicted microstructure using the calculated grain size distribution and
recrystallization texture (left), and the experimental microstructure (right),

which demonstrates the predictive ability of the current modeling approach.
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Fig. 3-17. Microstructure generation by the proposed modeling approach. The
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3.3.4. Prediction of anisotropy and formability of ultra-low carbon steel

In this section, the procedure for executing virtual mechanical tests was
described, utilizing the microstructural information of annealed (or fully
recrystallized) ultra-low carbon steel obtained from the proposed integrated
CP-PF model. This information included recrystallization texture (Fig. 3-13),
grain size, and its distribution (Fig. 3-16). Subsequently, the RVE for these
virtual experiments was generated using the same procedure for the cold
rolling simulation outlined in Section 3.3.2, based on the predicted
microstructural information of annealed ultra-low carbon steel. The
investigated RVE model consisted of 941 orientations and 27000 elements.’
For the FE simulations, the eight-node continuum elements with reduced

integration were used.

Based on the RVE models, constructed with the predicted
microstructural information, uniaxial tensile tests along material orientations
differing from the RD and balanced biaxial tensile test were virtually
performed. For the CPFEM parameters of the recrystallized grains, the initial
dislocation densities of the recrystallized grain were reduced to 18.2% of their

value, a reduction derived by fitting the yield stress of annealed ultra-low

3 In PFM, there were slight orientation differences among different grids within a grain. When
applying a high angle grain boundary of 15°, 941 orientations can be interpreted as 224
distinct grains, as shown in Fig. 3-11. However, in order to generate a RVE for the accurate
prediction of plastic anisotropy, all 941 orientations were taken into consideration.
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carbon steel in the RD. And the average grain size (d ) was derived from the

predicted value. However, all other hardening-related parameters remained
identical to those of undeformed parent grains (Table 3-3). Subsequently, the
Lankford coefficients (or r-values) and yield stresses in different material
directions were predicted as measures for the plastic anisotropy. The
boundary conditions for the uniaxial tension and balanced biaxial tension
were as follows: PBCs were applied to all simulations, and the prescribed
displacement was controlled to maintain a constant strain rate of 10> s,
suitable for the quasi-static test conditions. Fig. 3-18 shows the RVE model
used in the simulations and deformed meshes after uniaxial tension as an

example.
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Fig. 3-18. (a) Representative volume element (RVE) model for virtual

mechanical tests based on predicted microstructural information of annealed

ultra-low carbon steel and (b) example of deformed RVE and its equivalent

plastic strain after the virtual uniaxial tensile test.

Fig. 3-19 depicts the predicted plastic anisotropy obtained from the

proposed virtual mechanical tests, which includes the r-values and yield

stresses (normalized by the yield stress at RD) along different angles form the

RD. These predicted results were compared with experimental data for

validation. The r-values were measured at an engineering strain of 20%,

taking into account a uniform elongation of approximately 25%. The results

showed that the r-value at 45° from the RD was lower than those along the

RD and TD, which is in line with experimental observations. Moreover, the

yield stresses along different loading directions matched well with
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experimental values. Table 3-4 summarizes all anisotropic mechanical
properties obtained from the virtual experiments, encompassing uniaxial
tension and balanced biaxial tension. These results validated that the proposed
virtual experimental strategy, employing the integrated CP-PF model, can be
an effective alternative for experimental procedures in evaluating anisotropic

constitutive equations for future applications.
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Fig. 3-19. Comparison of the measured and predicted plastic anisotropy in
annealed ultra-low carbon steel, featuring the Lankford coefficients and

normalized yield stresses along various material orientations.
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Table 3-4. Measured and predicted plastic anisotropy in annealed ultra-low
carbon steel, featuring the Lankford coefficients and normalized yield stresses

along various material orientations.

0° 15° 30° 45° 60° 75° 90° BB*

Exp. 2.343 - - 2.049 - - 3.009 0.972
Lankford
coefficient
Sim. 2502 2209 199 1.962 2447 2891 3.062 0.947
Exp. 1 - - 1.05 - - 1.013 1.059
Normalized
yield stress

Sim. 1 1.012 1.034 1.044 1.041 1.029 1.018 1.087

* Balanced biaxial tension

A more detailed investigation of plastic anisotropy was carried out, as
presented in Fig. 3-20, using various anisotropic yield functions. For
modeling plastic anisotropy of annealed ultra-low carbon steel, the Hill 1948
yield function (Hill’48) [110] and the Y1d2000-2d non-quadratic yield
function [111] were considered. For validation purposes, both measured and
predicted plastic anisotropies, including r-values and yield stresses, were
utilized to identify the anisotropic yield functions. Fig. 3-20(a) displays the
variations of r-value and normalized yield stress based on experimental values,
while Fig. 3-20(b) presents the corresponding variations based on predicted

values obtained from virtual experiments. Among the identified yield
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functions, the Y1d2000-2d showed the best match with both measured and

predicted plastic anisotropy. The yield loci identified using the Hill’48 and

Y1d2000-2d yield functions are depicted in Fig. 3-21, and their parameters

are summarized in Table 3-5.

Table 3-5. Material parameters of annealed ultra-low carbon steel used for

anisotropic yield functions

F G H N
M4 Exp. 0433 0.459 0.541 1.368
sim. 0.406 0.441 0.559 1412
F G H N
H"_'r48 Exp. 0.233 0.299 0.701 1.357
sim. 0.233 0.286 0.714 1277
a4 a2 as 4 Qe (o F: a
Yid
2000 Exp. 1.054 1.067 1.05 0.909 0.924 0.946 0.81 6
-2d
Sim. 1074 1044 0978 0896 0911 0.928 0866 6
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Fig. 3-20. Variations of r-value and normalized yield stress for annealed ultra-

low carbon steel along various material orientations, obtained using various

anisotropic yield functions based on (a) experimental and (b) predicted values.
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Sheet formability of annealed ultra-low carbon steel, represented by
FLD, was evaluated. Based on the M-K model [58], FLDs were calculated
using various anisotropic yield functions, as identified in Table 3-5 and Fig.
3-21. In addition to this yield function-based approach, a hybrid FLD
prediction scheme [59], which combines the CPFEM and M-K model to
account for the microstructure evolution at grain-scale and macro-scale,
respectively, was utilized. Unlike the yield function-based approach, which
uses fixed r-values as parameters, this approach was designed to consider the
evolution of crystallographic texture during deformation, which means the
evolution of r-values during deformation. Since drawability, one of the
perspectives for evaluating sheet formability, is primarily characterized by
sheet anisotropy, accurate predictions of anisotropic mechanical properties

can be beneficial for the predictions of FLD.

Fig. 3-22 displays the FLDs for annealed ultra-low carbon steel obtained
using both yield function-based and CP-based (referred to as CPFLD in Fig.
3-22) approaches. These predicted results were compared with experimental
data, which was obtained from the well-known Nakajima-type ISO standard
test [112]. The initial imperfection factor ( f,) was determined to be 0.995 for
both approaches through an iterative fitting process of the forming limit

strains under the plane strain tension condition ( o =0) or FLDy. In the yield

function-based approach, a Swift-type strain hardening law given by Eq. (3.1)
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was employed:

n

5=K(g+2") (3.1)

where (K, &,,n)=(597.7,0.002,0.259) . The hardening parameters in Eq.

(3.1) were determined by iteratively fitting the uniaxial tensile stress-plastic

strain curve in the RD.

As shown in Fig. 3-22, minor discrepancies were observed between the
instances of using experimental and predicted values in the yield function-
based approach. Instead, the calculated FLD results revealed the dependency
on the yield functions. This affirms the accuracy of the predicted plastic
anisotropy obtained through the virtual experiment scheme. The minimum
forming limit strains were observed under a plane strain tension condition
(o =0) in experimental FLD and yield function-based FLDs, whereas the
CPFLD predicted the minimum forming limit strains at approximately
£ =0.16. On the left side of the FLD ( p <0), which is influenced by plastic
anisotropy and thus related to drawability, FLDs calculated using Hill’48
showed a slightly steeper negative slope compared to the experimental FLD.
In contrast, the CPFLD and FLDs calculated using Y1d2000-2d aligned well
with the experimental FLD. On the right side of the FLD ( p>0),
corresponding to the biaxial stretching regime, there was a notable difference

between the approaches. In the yield function-based approach, Hill’48-c
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showed an upper limit, while Hill’48-r displayed a lower limit, and Y1d-2000-
2d fell in between. Moreover, in the CPFLD and FLDs calculated using
Y1d2000-2d, the positive slope tended to gradually decrease with an increase

in p, which is consistent with experimental observations. As anticipated,

given the consideration of texture evolution during deformation, the CPFLD
provided a more accurate prediction than the Y1d2000-2d case, yielding the

closest values to the experimental ones.

The predicted sheet anisotropy and formability confirmed that the
proposed integrated CP-PF model can effectively reproduce the
microstructural characteristics of thermo-mechanically processed ultra-low
carbon steel, while so taking into account the effect of microstructure
evolution on mechanical properties. This reinforces the validity and accuracy
of the proposed model as a robust tool for comprehending the intricate

relationship between process, structure, property, and performance.
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Fig. 3-22. Comparison of forming limit diagrams for annealed ultra-low
carbon steel, obtained using various yield functions and crystal plasticity-

based approach (CPFLD), with experimental values.
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3.4. Summary

This chapter presented the numerical reproduction of static recrystallization

in ultra-low carbon steel, using the proposed integrated CP-PF model. The

CPFEM successfully simulated microstructural heterogeneities induced by

cold rolling, while the PFM was employed to simulate microstructure

evolution during the annealing process. Subsequently, the effects of

microstructure evolution on mechanical properties, such as sheet anisotropy

and formability, were assessed through virtual mechanical tests. The accuracy

and validity of the proposed model were confirmed by comparing its

predicted results with experimental observations. The key contributions of

this chapter are as follows:

1)

)

©)

The microstructure resulting from thermo-mechanical processing, as
predicted by the proposed model, was efficiently validated by
comparing the deformation and recrystallization textures,
recrystallization fraction, grain size, and its distributions with

experimental observations.

The proposed mapping algorithm was successful in transferring all
microstructural characteristics from the results of the integrated CP-

PF model.

Virtual mechanical tests were conducted using the RVE approach to
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(4)

(5)

evaluate anisotropic mechanical properties. Orientation-dependent
tensile properties, characterized by Lankford coefficients and yield
stresses along various material orientations, were predicted and

compared with experimental data for validation purposes.

The anisotropic yield functions, including Hill’48 and Y1d2000-2d,
were identified using both measured and predicted plastic

anisotropies.

Sheet formability, represented by FLD, was evaluated using yield
function-based and CP-based M-K model approaches and compared

with experimental data derived from Nakajima tests.
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4. Application II: Effect of non-crystallographic shear
band on formation of Goss texture in primary
recrystallization of grain-oriented electrical steel

4.1. Introduction

Grain-oriented (GO) electrical steel is a soft magnetic material with a body-
centered cubic (BCC) structure. It has been primarily used in the cores of
electromagnetic devices, including transformers [113—115]. The magnetic
properties of GO electrical steel are determined mainly by the sharpness of
its Goss{110}<001> texture, which provides the direction easiest for
magnetization along the <100> direction [116—118]. To obtain a strong Goss
texture, GO electrical steel is commonly manufactured using a
thermomechanical process, involving hot and cold rolling, followed by a two-
stage annealing process with primary and secondary recrystallization

[119,120].

To facilitate the abnormal growth of Goss grains during secondary
recrystallization, their nucleation should precede during (static) primary
recrystallization. Several studies have reported that shear bands induced by
deformation instability during severe plastic deformation would be the
preferred nucleation sites for Goss grains during the primary recrystallization
of GO electrical steel. Haratani et al. [121] demonstrated that shear bands are

formed during the cold rolling of (111)[11-2] single crystal of 3 wt% Si
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electrical steel and that those shear bands become preferred nucleation sties
for Goss grains. Ushioda and Hutchinson [122] revealed that Goss grains with
an almost ideal orientation were nucleated along high-angle (35°) shear bands,
while those whose orientations were different from the ideal orientation were
nucleated along low-angle (17°) shear bands, during primary recrystallization
using (111)[11-2] single crystal of 3 wt% Si electrical steel. Samajdar et al.
[119] showed that two types of shear bands inclined at 20° and 37° with
respect to the rolling direction (RD) are formed during the cold rolling of 3
wt% Si GO electrical steel and that Goss grains with a spread of 20° and 5°,
respectively, are nucleated within those shear bands. Wang et al. [123] showed
that the nucleation of small equiaxed Goss grains in 3 wt% Si GO electrical
steel occurred within the shear bands in the deformed {111}//normal direction
(ND) grains. Fang et al. [124] investigated the microstructure of 3.0 wt% Si
GO electrical steel and observed that Goss grains nucleated within in-grain
shear bands were more closely oriented to the exact Goss orientation than
those found at the grain boundaries. Xu et al. [125] reported that Goss grains
nucleated within the shear bands and at the grain boundaries of deformed y-

fibers during the annealing of 6.5 wt% Si GO electrical steel.

Despite the numerous observations made of Goss grain nucleation
within shear bands during primary recrystallization, accurate modeling of

recrystallization to clarify the precise nucleation mechanism of the Goss
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grains remains a challenge. To simulate recrystallization for GO electrical
steel, deformation-induced microstructural heterogeneities, including shear
bands, have to be understood. In addition to deformation modeling, prediction

of orientations that will be formed during recrystallization will be required.

This chapter aimed to investigate the origin of Goss during the primary
recrystallization of GO electrical steel. Both experimental and numerical
schemes were used to reproduce nucleation at the early stage of primary
recrystallization. The test specimen, initially hot-rolled, was subjected to
severe plastic deformation followed by a short and low heat treatment.
Texture evolutions at each step were characterized using various experimental
methods. To complement the experimental findings, the experimental
procedure was numerically reproduced using the proposed integrated CP-PF
model. Microstructural heterogeneities induced by severe plastic deformation
during the cold rolling were simulated by CPFEM, in which plastic
deformation was assumed to originate from dislocation slips and shear band
formations. Rolling texture, dislocation evolution, crystallographic
orientations at which shear bands are activated, and the role of shear bands as
preferred nucleation sites are discussed in this chapter. Subsequently, the
GSERM model, implemented in PFM, was applied to predict the
recrystallization texture of GO electrical steel, based on the results of CPFEM.

The PFM then proceeded to predict microstructure evolution during the
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primary recrystallization of GO electrical steel. The relationship between the
main texture components that determine the characteristics of GO electrical
steel and shear bands is discussed. For validation purposes, the cold-rolled
and recrystallized microstructures characterized by experiments were
compared with those calculated by the developed model, thereby establishing

the validity and accuracy of this approach.
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4.2. Experimental methods

4.2.1. Material

The material studied was GO electrical steel, which contained 3.24 wt% Si.
The steel was produced via vacuum melting, followed by hot rolling and hot
band annealing heat treatment. The initial thickness of the steel before it

underwent cold rolling was 2.92 mm.

The microstructure of GO electrical steel before it was cold rolled was
characterized using electron backscatter diffraction (EBSD). Figs. 4-1(a) and
(b) show the inverse pole figure (IPF) in the ND and @,=45° section of the
orientation distribution function (ODF), respectively. Fig. 1 indicates that the
microstructure mainly comprises Copper{112}<111>, Brass{110}<112>, and
Goss{110}<001> texture components as typically found in the commonly

available hot-rolled electrical steels [126—128].
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Fig. 4-1. (a) Normal direction inverse pole figure map and (b) 2=45° section

of orientation distribution function of hot-rolled GO electrical steel.
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4.2.2. Mechanical tests

The uniaxial tensile test was conducted to measure the basic mechanical

properties of the test material using the universal testing machine Instron™

5582. To measure the strain in the specimen, a digital image correlation

system (DIC) was used. The tensile test was conducted in accordance with

the standard ASTM ES8 subsize specimens along the RD under a quasistatic

condition with strain rate of 0.001 s!. The measured mechanical properties of

the GO electrical steel are listed in Table 4-1.

Table 4-1. Basic mechanical properties of the investigated grain-oriented

electrical steel.

Young's Poisson’s Yield strength Tensile U”'fom‘
modulus ratio (MPa) strength elongation
(GPa) (MPa) (%)
197 0.3 527 748.9 12.2
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4.2.3. Microstructure characterization

The microstructure analysis of the recrystallized specimen was performed
using several characterization methods. First, the primary recrystallization of
GO celectrical steel was facilitated by cold rolling it at a thickness reduction
ratio of 76%, followed by its annealing at 600 °C. Heat treatment was applied
to the specimen within 60 s to examine nucleus formation in it at the early
stage of its primary recrystallization. The heat treatment was applied using a
dilatometer (R&B Inc., South Korea) at a heating rate of 30 °Cs™'. The

methods employed for microstructure characterization are detailed as follows:

X-ray diffraction: The cold rolling texture of GO electrical steel was
measured using X-ray diffraction (XRD). An X-ray diffractometer (SmartLab,
Rigaku, Japan) with MoKa radiation (wavelength A=0.711 nm) was used for
the measurements, and the three pole figures obtained, namely, (110), (200),
and (211), were analyzed. The specimens were polished using SiC grinding
paper with grit sizes in the range 400—1200 grit. The specimens were polished
with a cloth using 1 um diamond suspension, followed by 0.02 pm colloidal
silica. The ODF was calculated using software Textools v3.3 developed by

Resmat [129].

Electron backscatter diffraction: The crystallographic orientation data

of as-received and the partially recrystallized GO electrical steel specimen
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were measured using an EBSD detector (HIKARI, EDAX/TSL, USA)
mounted on a field emission scanning electron microscope (FE-SEM:SU-70,
Hitachi, Japan). To facilitate recrystallization, the cold-rolled specimen was
heat treated at 600 °C for 60 s. The specimen preparation process was same
as that followed with the XRD specimen. The specimen was scanned by a
20 kV electron beam with a step size of 1.7 um. The ODF was represented
using the generalized harmonic function introduced by Bunge and expanded

to arank of 16. The analysis was performed using software OIM Analysis 7.3.

Transmission electron microscopy: The recrystallized nucleus at the
early stage of primary recrystallization was experimentally measured using
the ASTAR orientation imaging system (NANOmegas, Belgium) mounted on
a transmission electron microscope (JEM-2100F, JEOL, Japan). After heat
treatment at 600 °C for 2 s, the transmission electron microscopy (TEM)
specimens were obtained from the region where the shear bands were
activated (Fig. 4-2(a)) using a focused ion beam (FIB) system (Helios 650,
FEI, USA). The scanning electron microscopy (SEM) images of the FIB
milling target area and TEM specimen are shown in Figs. 4-2(b) and (c),

respectively.
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Shear band

(b)

Fig. 4-2. (a) Optical microscope image of the region with activated shear
bands (TD section), (b) scanning electron microscope image of the focused
iron beam milling target area (white circle), and (c) transmission electron

microscope sample obtained using focused ion beam milling.
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4.3. Results and discussion
4.3.1. Constitutive parameter identification

The constitutive parameters, described in Section 2.2, of GO electrical steel

were determined. The parameters associated with intrinsic material properties

(Cy, Ch, Cu, G°, b, v), plastic shear strain rate (Q,, V, ), and grain

boundary hardening ( H* ) were obtained from those used for ultra-low
carbon steel in Chapter 3, taking into account the similar level of carbon
content (below ~0.1 wt%). To account for the effects of silicon atoms on solid

solution hardening behavior, cosg, were determined based on Hull and

Bacon [67], while C were obtained from experimental data. Average grain

diameter (d,) was obtained from the microstructure, as characterized by

EBSD, shown in Fig. 4-1. Shear band parameters (y{, 7, and ), which

rarely have to play a role during uniaxial tension, were found to be in line
with the findings of Holscher et al. [130], Nguyen-Minh et al. [131], and Chen
et al. [132]. This suggests that the shear bands are initiated at a thickness
reduction ratio of ~50% and evolved to the maximum at a thickness reduction

ratio in the range 70%-80%. 0 q40 aNd Py (e, Were calculated employing

the same approach as those used for ultra-low carbon steel, elaborated upon
in Section 3.3.1. The other sets of parameters could be determined by fitting

the uniaxial tensile stress-strain curve and load data during cold rolling of the
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specimen. Because of the limited uniform elongation of the GO electrical
steel (~12.3%), the constitutive parameters of the CP model that were
determined were extrapolated to be used for large plastic deformation, such
as rolling deformation. The identified constitutive parameters are listed in

Table 4-2.

Table 4-2. Constitutive model parameters of the investigated grain-oriented

electrical steel.

COs ¢, C d Po,edge Po,screw
0.032 0.062 at.% 31.6 ym 4.0x102 m2  2.0x10%8 m=2
e Ty H C* C,”
1.0x10% s1 1200 MPa 0.03 0.131 0.37

C* C,* C.* Redge Rerew

1.21 1.57 243 33.36 nm 145.49 nm

* Fitting parameters used in the dislocation density-based hardening model

Fig. 4 shows the comparison of the fitted stress-strain curve with the
curve obtained using the measured stress and strain values. From the figure,

the identified constitutive parameters are in agreement with experimental data.
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Fig. 4-3. Comparison of CP calculated stress-strain curve with measured one

for the grain-oriented electrical steel.
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4.3.2. Simulation of cold-rolled GO electrical steel

The RVE approach was adopted to simulate the mechanical response of the
polycrystalline GO electrical steel. The microstructural characteristics of GO
electrical steel presented in Fig. 4-1 were statistically analyzed. The
crystallographic orientations and grain sizes were thereafter distributed in the

RVE, detailed in Section 2.2.5.

Because shear bands had a thickness of only few micrometers, two
distinctively sized RVE models were explored for computational efficiency:
(1) RVE224 model with 224 grains to simulate the macroscopic behavior of
the cold rolling process and (2) RVE s model with 18 grains to simulate the
deformation heterogeneities caused by shear band formation in the
microscopic area. The side length and the number of elements of the RVE224
model were 300 um and 27,000 (30 x 30 x 30) elements, respectively, while
those of the RVE s model were 60 um and 27,000 (30 x 30 x 30) elements,

respectively (Fig. 4-4).

As for the boundary conditions of RVE models, the plane strain
compression condition was imposed as a simplified loading equivalent to the
typical cold rolling process. The displacement in the TD was kept constant,
and compressive loading was applied along the ND. To validate the developed

CP model, the thickness reduction ratios of 76% and 90% were compared
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with those in the experiments. Additionally, PBCs, as elaborated in Section

2.2.5, were also applied to the RVE to ensure its physical continuity.

777774

O a7 A e

L
e,

A
i
pL

Fig. 4-4. Dual-scale cubic representative volume element models for GO

electrical steel: RVE224 model on the left side and RVE g model on the right

side.

This section presents the results of texture development and microscopic

rolled GO electrical steel. The two RVEs were used to

deformation of cold

the

b

distinguish the deformation behavior of different scales. For example

large-scale RVE224 model can be used to capture the overall rolling texture

evolution and related plastic deformation responses. The RVEg model can be

used to capture the microscopic behavior of shear band formation and
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evolution during cold rolling. Fig. 4-5 displays the deformed RVEs and their

equivalent plastic strains with a thickness reduction ratio of 76% and 90%.
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Fig. 4-5. Deformed representative volume elements (RVEs) and their
equivalent plastic strains. (a) Results after achieving a thickness reduction
ratio of 76%, with RVE24 model on the left side and RVE ;s model on the
right side. (b) Results after a achieving a thickness reduction ratio of 90%,
with RVE24 model on the left side and RVE g model on the right side.
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Large-scale CP simulation using the RVE >4 model

Figs. 4-6(a) and (c) and Figs 4-6(b) and (d) show the ¢>=45° ODF sections of
cold-rolled GO electrical steel after a thickness reduction ratio of 76% and
90%, respectively. Figs. 4-6(a) and (b) also show the texture obtained using
XRD, while Figs. 4-6(c) and (d) show the CP-simulated texture obtained
using the macroscopic RVE224. The predicted rolling textures were similar to
the measured textures for thickness reduction ratios of 76% and 90%.
However, the calculated textures are distributed more widely than the
measured textures owing to the underprediction of texture component
intensity. This underestimation may have been caused by the difference
between the boundary conditions of the RVE-based simulation and those of
the actual cold rolling process. The cold rolling process involves both plane
strain and shear-dominant modes although CP simulation was simplified as
plane strain compression. The proportional deformation of plane strain
compression can be efficiently used to simulate the main characteristics of the
rolling process, but the microstructure heterogeneities induced during an
actual rolling process can become underestimated. Nevertheless, at a 76%
thickness reduction ratio, the experimentally measured main texture
components, namely, {001}<110>, {558}<110> (approximated as
{112}<110>), {665} <110> (approximated as {111}<110>),and {111}<112>,

were reasonably predicted. Moreover, when cold rolling thickness reduction
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ratio was increased from 76% to 90%, the developed {001}<110> and

{111}<110> components were perfectly captured by the proposed model (Fig.

4-6(d)). The small-scale (or microscopic) RVEig, model used for predicting
shear band evolution, was assigned its orientations using the large-scale (or

macroscopic) RVE224 model, to represent the cold rolling texture calculated.
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Fig. 4-6. ¢2=45° ODF sections of cold-rolled GO electrical steel. (a, b)
Rolling texture measured using XRD analysis after a thickness reduction ratio
of 76% and 90%, respectively. (c, d) Rolling texture predicted through CP
finite element analysis using the macroscopic RVE224 model after a thickness

reduction ratio of 76% and 90%, respectively.
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The evolution of the dislocations during cold rolling was examined using
the large-scale RVE24 model. Two arbitrary grains within the RVE were
randomly selected to examine the heterogeneity of the dislocation densities.
Figs. 4-7(a) and (b) show the evolution of edge and screw dislocation
densities of the two grains selected from two different locations: grain
boundary and grain interior regions. Because of severe plastic deformation
caused owing to cold rolling, dislocation densities exponentially increased as
the thickness reduction ratio increased. The edge dislocation density
increased to ~10'® m? at a thickness reduction ratio of 90%. However, in
screw dislocations, the increase was approximately one order less than that in
edge dislocations. This is probably due to the increased active recovery (or

annihilation) process of screw dislocations resulting in cross slips.

Figs. 4-7(c) and (d) show the ratio of screw component to edge
component (or dislocation fractions, screw/edge) in the two selected grains.
The density of the screw dislocations, which was initially at a level similar to
that of the edge dislocation, was ~20% lower than that of the edge dislocations
at a 90% thickness reduction ratio, mainly due to the rapid increase of edge
dislocations with deformation. Because of this result and the symmetricity of
the stress fields of the screw dislocations, only the stress fields of the arrayed
edge dislocations will be considered in the calculation of the recrystallization

texture in Section 4.3.3.
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The simulated results of dislocation density evolutions for edge and
screw components were similar to the observations made by Takaki et al. [92].
For subsequent validation, edge and screw dislocation densities were
evaluated before and after cold rolling. To measure dislocation densities, the
modified Williamson-Hall method, based on the full width at half maximum
(FWHM) analysis, was applied to the obtained XRD peaks of each specimen
[93,133,134]. Detailed measurement methods can be found in the Appendix
C. The measured results indicate that the edge and screw dislocation densities
in the specimen before cold rolling were 1.6x10'* m? and 4.86x10'* m?,
respectively. After a 76% thickness reduction, the edge and screw dislocation
densities were found to be 3.79x10'> m™ and 1.37x10'° m?, respectively.
Thus, it can be concluded that the initial dislocation densities used in the

simulation and the evolved dislocation densities resulting from the cold

rolling simulation were found to be reasonable.

Due to the intergranular heterogeneities resulting from multiple slip
activities with different grain orientations, dislocation densities in the grain
boundary region (indicated in red in Fig. 4-7) were larger than those in the
grain interior region (indicated in blue in Fig. 4-7). The simulated dislocation
density distribution is similar to the commonly reported dislocation pile-up at
grain boundaries, which could be captured by the incompatibility between

any two neighboring grains with different orientations or slip activities. The
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intensified dislocation densities in the grain boundary region can also affect

the recrystallization behavior.
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Fig. 4-7. (a, b) Evolution of the edge and screw dislocation densities and (c,
d) screw/edge dislocation fraction of two selected grains in the grain

boundary and interior regions, respectively.
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Small-scale CP simulation using the RVE s model

The shear bands, known to be formed in extremely localized areas, cause
deformation heterogeneities. Therefore, a high-resolution computational
model is required to predict the formation and evolution behavior of the shear
bands. That is, in a large-scale model, for example, in the RVE24 model
formulated in this chapter, the activation of shear bands may appear only in a
few finite elements and thus can lead to underestimated results. Thus, in this
chapter, to capture the evolution of shear bands during cold rolling, the small-
scale (microscopic) RVEis model was used. To make the results consistent
with those of the previously used large scale RVEz4 model, crystal
orientations used in the macroscopic RVE224 model in the designated local

area were used.

Fig. 4-8 shows the accumulated shear strain for the shear band (7 #) of

the small-scale RVEs model and its grains with obvious shear bands after a
thickness reduction ratio of 76%, which are depicted in the undeformed
configuration for visual clarity. To identify activated shear band elements, the
accumulated shear band strain of 10 was used. Because of the localized
nature of shear band formation, only 3.73% of the elements in the RVEsg

model had activated shear bands.
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Fig. 4-8. Accumulated shear strain for shear band ( y# ) of (a) the small-scale

RVEig model and (b, c, d) grains with obvious shear bands after a thickness
reduction ratio of 76%. For visual clarity, contours have been mapped in the

undeformed configuration.
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Figs. 4-9(a) and (b) show the ¢,=45° ODF sections of cold-rolled GO
electrical steel predicted using the microscopic RVEis model after thickness
reduction ratios of 76% and 90%, respectively. Although the number of grains
in the model is inadequate to fully represent the microstructure, the overall
tendency of the deformation texture is similar to the results obtained using the
RVE224 model (Figs. 4-6(c) and (d)). The {001}<110> component shown in
Figs. 4-9(a) and (b) particularly matches the experimental components (Figs.

4-6(a) and (b)).

To further validate the proposed CP model, the effect of the rolling
texture on shear band formation was examined. Only the orientations of
elements with obvious shear bands (accumulated shear band strain exceeding
10%) were selected and displayed in Figs. 4-9(c) and (d) for 76% and 90%
thickness reduction ratios. The cold rolling textures of the elements without
shear bands are shown in Figs. 4-9(e) and (f) for 76% and 90% thickness

reduction ratios, respectively.

Figs. 4-9(c) and (d) show that the texture components with y-fibers
centered on {111}<112> are highly related to the active shear bands in the
simulation. Although the texture component intensities at the two thickness
reduction ratios are marginally different, the {111}<112> texture component
has an obvious major peak for shear band activation. As shown in Figs. 4-9(e)

and (f), not all y-fibers can activate shear bands because the orientations
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without shear bands also share some y-fibers. Their ODFs appear to be similar
to the overall ODF of the cold-rolled RVEig model in Figs. 4-9(a) and (b).
This observation made through CP simulation explains that shear bands
become active and evolve when local deformation is concentrated in specific
y-fibers, as shown in Figs. 4-9(c) and (d). In this study, the y-fiber with the
{I11}<112> component may play the most significant major role in

activating the shear bands of GO electrical steel [122].
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Fig. 4-9. ¢2=45° ODF sections of cold-rolled GO electrical steel predicted by
the CP using the small-scale RVE;s model. (a, b) Rolling texture after a
thickness reduction ratio of 76% and 90%, respectively. (c, d) Rolling texture
in the shear band activated elements after a thickness reduction ratio of 76%
and 90%, respectively. (e, f) Rolling texture in the elements without shear

bands after a thickness reduction ratio of 76% and 90%, respectively.

The effect of shear band activation on dislocation slip activities was
examined by conducting simulation using the small-scale RVE s model. Fig
4-10 presents the evolution of the total dislocation densities in the regions
with and without shear bands as the rolling reduction ratio increases. At the
beginning of rolling, the total dislocation densities in the two regions were
almost same. However, as the thickness reduction ratio reached ~30%, the
difference between the total dislocation densities in the two regions gradually
increased, and at a thickness reduction ratio of 90%, it had almost doubled.
Moreover, the model without shear bands produced almost the same
dislocation density as the large-scale RVE224 model (Figs. 4-7(a) and (b)). The
simulated results indicate that shear bands are activated at locations where
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deformation is locally concentrated and that they lead to increased slip

activities.

Because stored energy, the driving force of recrystallization, is highly
associated with the dislocation density, a microstructure with a high
dislocation density can serve as the preferred nucleation site during primary
recrystallization. That is, microscopic sites with activated shear bands can

serve as preferred nucleation sites, as further discussed in Section 4.3.3.
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Fig. 4-10. Evolution of total dislocation densities in the regions with and

without shear band activation.
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4.3.3. Simulation of recrystallized GO electrical steel

To study the nucleation behavior during primary recrystallization, the
microstructure characteristics of cold-rolled GO electrical steel heat treated
at 600 °C for 60 s and 2 s were determined using EBSD and TEM,
respectively. Because heat treatment was conducted within a short time and
at low temperature, only sites with high stored energy underwent
recrystallization. In this section, the role of shear bands serving as preferred
nucleation sites of Goss grain are presented. Furthermore, the ability of the
developed model with shear band activation to predict recrystallized grain

orientations was confirmed.

Goss grains present in the shear bands during primary recrystallization

Fig. 4-11 presents the IPF maps of cold-rolled GO electrical steel subjected
to heat treatment at 600 °C for 60 s obtained using the EBSD method. The
ND IPF map in Fig. 4-11(a) shows that only a part of the specimen with highly
accumulated stored energy could be recrystallized through heat treatment.
Recrystallized grains can be readily differentiated from the remaining
deformed grains due to their equiaxed shapes. The residual deformed grains
were elongated along the RD, taking a fibrous form, which is a typical

characteristic for metals that have undergone cold rolling.
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The unindexed black regions shown in Fig. 4-11(a) result from severe
lattice distortion and high stored energy and include the shear bands induced
by locally concentrated severe deformation. It is noted that most of the
unindexed regions are concentrated in the y-fibers, which are shown in blue
in Fig. 4-11(a). These results are consistent with the results predicted by the
CP model because, as discussed in Section 4.3.2, shear bands are activated in

y-fibers centered on the {111}<112> component.

Despite the short heat treatment time, many grains with varying
orientations were newly nucleated, as shown in Fig. 4-11(a). Figs. 4-11(b) and
(c) display the ND and RD IPF maps, respectively, by enhancing the visual
clarity of Goss grains while suppressing the other texture components, except
for Goss grains. The yellow dotted lines in Figs. 4-11(b) and (c) indicate the
shear bands. Most of the Goss grains were intensively nucleated along the
directions of the evolved shear bands. Because the shear bands were observed
mainly in y-fibers, the Goss grains would have originated owing to the
deformation heterogeneities of the y-fibers. Moreover, shear bands can be
preferred nucleation sites for recrystallized grains at the early stage of primary

recrystallization because of the high amount of stored energy they possess.
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Fig. 4-11. (a) Normal direction (ND) inverse pole figure (IPF) map of cold-
rolled GO electrical steel subjected to heat treatment at 600 °C for 60 s. (b)
ND IPF map and (c) rolling direction IPF map in which other texture
components except Goss have been suppressed to highlight the Goss texture.

In (b) and (c), the yellow dotted lines indicate the shear bands.
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To investigate the origin of the Goss grains, TEM-based orientation
mapping was conducted on the specimen taken from y-fiber of cold-rolled
GO electrical steel heat treated at 600 °C for 2 s. Fig. 4-12 shows a newly
nucleated equiaxed Goss grain within the shear band with the {111}<112>
component. Figs. 4-12(a) and (b) show the ND and RD IPF maps, respectively,

and Fig. 4-12(c) displays a confidence index (CI) map [135]. The CI is the
parameter calculated as Cl=(V,—V,)/V,, for the measured diffraction
pattern by a voting scheme. V, and V, are the votes for the first and second
solutions, and V,,, is the total possible number of votes for a diffraction

pattern. This value approaches 1 when the first solution has high reliability,
while it approaches 0 when too many solutions exist for the given diffraction
pattern. That is, the region with a low CI value has a measured diffraction
pattern of low reliability because of severe plastic deformation. The IPF and
CI maps shown in Fig. 4-12 confirm that the submicron-sized Goss grain was
newly nucleated within the severely deformed shear band in the y-fiber. These
observations indicate that the severely deformed shear bands activated in the
y-fibers can be preferred nucleation sites for Goss grains during the early

stage of primary recrystallization.
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Shear band

001 101 ND

Fig. 4-12. Nucleation of Goss grain (white circle) within shear band (yellow
dotted line) with the {111}<112> component, measured using TEM
orientation imaging. (a) Normal direction inverse pole figure (IPF) map, (b)

rolling direction IPF map, and (c) confidence index map.
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Prediction of recrystallization texture of cold-rolled GO electrical steel using

the integrated CP-PF model

The recrystallization texture of cold-rolled GO electrical steel was predicted
using the integrated CP-PF model and validated through EBSD
measurements. The CP model provides the edge dislocation densities with
active slip systems and rolling texture, except common finite element results,
including stress- and strain-related variables. These results can be used as the
inputs of the GSERM model. To include the effect of shear bands on the
recrystallization texture, the results of small-scale RVE s model were used.
The GSERM model calculates only the orientation probability when
nucleation takes place, as it does not consider nucleation and grain growth
during recrystallization. Thus, its integration with the PFM is necessary for

accurately predicting recrystallization texture.

Figs. 4-13(a) and (b) show the nucleation orientation probabilities as
predicted by the GSERM model in the regions with and without shear band
activation, respectively. In the shear band activated region, the Goss, <100>//
RD component, and y-fiber centered on the {111}<110> component could be
predicted as shown in Fig. 4-13(a). However, in the region without shear
bands, a high intensity {111}<112> component was predicted as shown in
Fig. 4-13(b). The evolution of the y-fiber centered on the {111}<112>

component during static recrystallization is a common characteristics of
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recrystallized low carbon steel, as discussed in detail in Chapter 3. Therefore,
specific texture components, such as the Goss texture, which play a key role
in enhancing electrical steel performance, result from shear band evolution

during cold rolling.

MAX: 3.0 MAX: 94
(a) (b)
_ 450 1.0
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i 3.0
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)]
5.0

Fig. 4-13. Predicted nucleation orientation probabilities for recrystallized GO

electrical steel in the regions (a) with shear bands and (b) without shear bands.
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A more comprehensive investigation into the recrystallization texture of
GO celectrical steel was conducted utilizing the PFM. To distinctly ascertain
the effect of shear bands on the recrystallization texture, a region with
dominant shear band activation was targeted for PF modeling, as shown in
Fig. 4-14. The state variables, which were calculated using the CPFEM within
the shear band-dominant area, were numerically transferred onto PF grids
using the proposed Wigner-Seitz mapping algorithm, discussed in detail in
Section 2.4. Considering the similar level of carbon content (below ~0.1 wt%),
the PF parameters used in the simulation were the same as those previously
utilized for ultra-low carbon steel (Section 3.3.3), with the exception of AX,
which was set to 0.25 pum. The time increment applied was 4.29x10* s,

calculated based on the grid size.

+1.096e-01
+1.000e-06
+9.000e-07
+8.000e-07

+1.000e-07
+1.457e-18

Fig. 4-14. Depiction of the target area for the PF simulation, indicated by the
red dotted rectangle. The contour represents the accumulated shear strain for

the shear band (y*), as predicted using the RVE s model.
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Fig 4-15 depicts the progression of static recrystallization over time
during the annealing process, as predicted by the PFM. The color coding
within the grains corresponds to the ND IPF map. The orientations of newly
nucleated grains were determined based on the nucleation orientation
probability predicted using the GSERM model, as presented in Fig. 4-13. As
a result of the high stored energy driven by the evolution of shear band,
nucleation occurred at the early stage of annealing in the shear band activated
regions, with an incubation time less than 1 s. Within the area targeted for PF
simulation, complete recrystallization was achieved by 3.35 s. These
predictions made through PF simulation align with experimental observations,
where nucleation was found to occur in shear bands during short heat
treatment (as seen in Fig. 4-11 and Fig. 4-12). Furthermore, even though a
multitude of grains with varying orientations were newly nucleated, the Goss
grains, represented in green in Fig. 4-15, occupied the most substantial area,
centered around the shear band-dominant region. Through the PFM
simulation, it was substantiated that shear bands can indeed serve as preferred

nucleation sites for Goss grains during the initial stages of recrystallization.

Fig. 4-16(a) displays the recrystallization texture derived from the PFM
simulation, while Fig. 4-16(b) shows the fully recrystallized texture of GO
electrical steel obtained through EBSD measurements. Heat treatment was

applied to the steel at 850 °C for 5 min. Both Figs. 4-16(a) and (b) show the
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Goss, y-fiber centered on the {111}<112> component, and the <100>// RD
component. A comparison of Figs. 4-16(a) and (b) indicates that the
developed integrated CP-PF model could successfully predict the main
characteristics of recrystallized electrical steel with reasonable accuracy. If
the conventional CP model is used without considering shear band formation,
only the y-fiber centered on the {111}<112> component, indicated in Fig. 4-

13(b), would be captured.

While the overall prediction quality is acceptable, the intensity of minor
texture components remains underpredicted. This is primarily because the
simulation employed a relatively small number of grains, which may not
adequately represent the full intergranular heterogeneities inherent in a
polycrystalline metal. This limitation could potentially be improved by
implementing large-scale modeling, despite the associated high

computational costs, which can be the topic of a future study.
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Fig. 4-15. Microstructure evolution in the shear band-dominant region during
static recrystallization of GO electrical steel, as predicted using the integrated
CP-PF model. The colors indicate the normal direction inverse pole figure

map.
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Fig. 4-16. (a) Predicted and (b) measured recrystallization texture of GO

electrical steel, represented by the @,=45° orientation distribution function

section.
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4.4. Summary

In this chapter, the origin of Goss grains during the primary recrystallization
of 3.24 wt% Si GO electrical steel was investigated experimentally and
numerically. The test specimen was subjected to 76% cold rolling, followed
by heat treatment at 600 °C for 60 s to reproduce nucleation at the early stage
of recrystallization. The resulting microstructures were characterized using
EBSD, XRD, and TEM. To complement the experimental findings, the
experimental process was simulated numerically. The cold-rolling process
was simulated using the CPFEM, while the static recrystallization process
was predicted using the PFM model. The predictive accuracy of the
developed model was validated by comparing its texture components with
experimentally measured ones. The major findings of this chapter can be

summarized as follows:

(1) Shear band formation was successfully simulated using the CPFEM
in the severely deformed microstructures of cold-rolled GO

electrical steels.

(2) The activation and evolution of shear bands occurred in the y-fibers
centered on the {111}<112> component. The origin of shear band
formation could be theoretically confirmed using the dual-scale RVE

approach coupled with the developed CP model.
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(3)

(4)

(5)

Because of their high stored energy content, shear bands can be
preferred nucleation sites at the early stage of primary
recrystallization. This preference could be validated through CP
simulations in which the higher activities of dislocation activities

were present in the shear band-dominant regions.

Goss grains were nucleated in shear bands at the beginning of
primary recrystallization. The developed integrated CP-PF model
could reproduce the nucleation of Goss, <100>// RD component, and
y-fiber centered on the {111}<110> component, which determine the
main characteristics of electrical steel, in shear band-dominant

regions.

The recrystallization texture predicted through PF simulation
aligned well with experimental observations, enhancing the fidelity

of the developed integrated CP-PF model.
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5. Conclusion

In this study, a multiscale numerical simulation approach was developed to
facilitate a comprehensive exploration of the relationship between thermo-
mechanical processing, microstructure evolution, and mechanical properties.
This was accomplished through the numerical integration of CPFEM and
PFM. The proposed integrated CP-PF model was validated through its
application to two types of steels: ultra-low carbon steel and GO electrical
steel. The primary achievements of this study can be encapsulated in the

following points:

e The CPFEM, serving as a mechanical simulation module, provided
microstructural heterogeneities at the grain-scale, including
crystallographic orientations (rolling texture), inhomogeneous
dislocation distributions, and shear band evolutions through
polycrystalline grains by satisfying both equilibrium and

compatibility within the context of the FE approach.

e The PFM, operating as a microstructure prediction module, provided
the temporal evolution of the microstructure resulting from recovery,
recrystallization, and grain growth. The key parameters used in the
PFM simulation were transferred from the local effects obtained in

the CPFEM module.
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A mapping technology, based on the Wigner-Seitz cell approach, was
numerically implemented using Matlab™ software after introducing
a special regularization technique to rectify the discrepancy between
the coarser FE mesh and the finer finite difference grid used by the
PFM. The validity of proposed mapping methodology was
corroborated by the accurately transferred crystallographic

orientations and stored elastic energy (or dislocation density).

In the modeling of nucleation and growth for recrystallized grains
during PFM simulation, new implementations were included: a
reduction of stored energy due to the recovery process and a physics-
based nucleation criterion considering the stored energy-dependent
critical nucleus radius and its competition with the growing subgrain,
as a function of misorientation and stored energy difference among

neighboring grains.

A significant advancement was made in accurately predicting the
crystallographic orientations of newly nucleated grains during
recrystallization (termed nucleation orientation probability), which
can define the recrystallization texture when incorporated into the
PFM. To achieve this, an extension of the SERM theory was deeply
investigated to account for general deformation conditions involving

multi-slip activities during mechanical loading, hence termed the
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generalized SERM (GSERM) model. The concept of effective slip
direction (ESD) was employed to correlate with the absolute
maximum stress direction (AMSD) induced by dislocation stress
fields. Given the inherent complexity of multiple ESDs resulting
from the pencil glide of BCC metals, a novel variant selection rule
for ESD was proposed, taking into account the empirically
recognized in-grain shear band direction and highly mobile {110}
plane. However, in instances where shear bands were activated, it
was found that the nucleation orientation probability could be
predicted without the need for applying the variant selection rule.
The effectiveness of this approach was confirmed by comparing the
predicted recrystallization texture with experimental observations.
The updated algorithms for recrystallized grains in PFM simulation

were detailed in this study.

Sheet anisotropy and formability of thermo-mechanically processed
ultra-low carbon steel were evaluated through the virtual mechanical
tests. Additionally, the nucleation of Goss grains within the shear
bands were numerically reproduced during the early stage of static
recrystallization in grain-oriented electrical steel. All predictions
were compared with experimental findings for validation purposes,

demonstrating the precision and robustness of the proposed
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integrated CP-PF model.

The activation and evolution of shear bands were found to occur in
the y-fibers centered on the {111}<112> component. Due to their
high stored energy content, these shear bands could serve as
preferred nucleation sites during the early stages of primary
recrystallization. The nucleation of Goss grains within the shear
bands during this recrystallization was successfully reproduced
using the proposed integrated CP-PF model, aligning well with the

experimental observations.
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Appendix A. Time integration procedure and
analytical Jacobian for crystal plasticity finite element
model

For CPFEM, the fully implicit Euler-backward time integration schemes was
implemented in the commercial software package Abaqus/Standard,
following an “static, implicit” finite element procedure. This implicit finite
element procedure uses Newton-Rhaphson iterative method to revise
estimates of nodal displacements, necessitating the calculation of a Jacobian
matrix that is consistent with the time integration procedure employed in the
constitutive model. In the following, the computational methodology for the
time integration procedure and the evaluation of analytical Jacobian matrix

are described. [1,2]

A.1. Time integration procedure

F(t) and the list of variables {Fp(t), Piagge (1), p:érew(t),S(t)} in each grain at
time t were assumed to be given. F(zr), an estimate of the deformation

gradient at time 7 =t+ At was assumed to be given.

(1) Calculate

172



A=F" O)F (0)F(-)E® (t) (A.1)

g =t B{A— |}] (A2)

Time independent slip quantities are as follows:
a e 1 a (ZT
c*=C {—(Aso 50 A)} (A.3)
2
where sg =mg ®ng .

Time dependent shear band quantities are as follows:
c* (s*(r)) =C* E(Asl (r) +s7 (r)A)J (A.4)

where s*(z)=m*(z)®n*(r) . m* and n* can be derived by spectral
decomposition of S®, obtained in the following.

(1) Solve

$°(r) =8 = Y A7 (% (S°(2)), Plige (7), Plien (7)) C°

(A.5)
—ZA;/Z (r" (Se (r))) Cc” (Se (r))
pgige (T) = P:Qge (t) + {IOC;(T) pr!r)ltobile,screw (T) V;(:rew (T)
N (A.6)

1 a a 124
o E pmobile,edge (T)pedge (T) Redgevedge (T)} At
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(o4 o pa (T) o o
Pscrew (T) = Pscrew (t) + {C; pmobile,edge (T) Vedge (T)

> (A.7)

2 Pl 6P R (6
with
Vi (7) = Vi (77 (S° (), e (), Pl (7)) (A.8)
Ve (0) = Ve (7 (S°(2)): Pl (2): Pl () (A9)

for S$°(7) , pge.(r), and pg.,(7) using the following two-step iterative
procedure.
In the first step, Eq. (A.5) was solved for S°(r), keeping pg, () and

Pearen (7) fixed at their best available estimates using the following Newton-

Raphson iterative method:
Sha(7) =S1(1)-J.'[G,] (A.10)
where

G, =S;(r) -5
+ ZAya (Ta (Si (T)) ’ pzjge,k+1(r)! p;rew,k+1(r)) Ca (A 1 1)

+ZA7/Z (TZ (S?1 (T))) Cc* (Sﬁ (T))
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Jn = I + Z{% Aya (Ta (S(ri (T)) ’ p:ége,kﬂ(r)’ psatl:rew,kﬂ(r))} Ca ®Sg

0 e z e
+;{88ﬁ ® Ay* (e (sn(f)))} ®C*(Si(r))

(A.12)

where the subscripts n and n+1 refer to estimates of S°(z) at the end of n
and n+1 iterations, respectively, in the first step of the iterative scheme.
Subscript Kk refers to the values of py,(7) and pg.,(7) atthe end of the K"

update in the second step of iterations. In the first step of iterative procedure,
following constraint was applied to handle the low-rate sensitivity of plastic

flow:

If

e

< AVl (A.13)

max
then accept the Newton correction
else
(Si)na(7) = (5§), (2) +nAS; (A.14)
where 77 is a numerical constant. A value of 0.25 was found to give
reasonable results in the calculations in this study.

After convergence of S°(z), the second step iterative procedure involves

a simple update of pg, (v) and pg., (z) as follows:
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\’pg,k (7) o

peo({jge,kﬂ = peo({jge (t) + C— pmobile,screw,k (T) Vg:rew,k (T)
4 (A.15)
1

- E priobile,edge,k (T)pegége,k (T) Redgevgige,k (T)} At

x}/)g,k (7)
C

pscfzrew,k+l = psaérew (t) + pgobile,edge,k (T) V:éige,k (T)

5 (A.16)
2 Pl P RV (6
with
Viigor (7) = Veigose (7 (824 (), P (), Pl (7)) (A17)
Vo () = Ve (27 (S5:2(0))s Pl (), Pl (7)) (A.18)

The initial guesses for S°(z), pu.(7), and pg.,(7) used to start the
two-step iterative procedure were taken as S°(t), pg, (1), and pg., (1) . The

convergence criterion of S°(zr) was based on the maximum of the absolute

changes in the components, less than 10*#x o, ,

with

1 o a
Ol = E Gb\f IOO,edge + pO,screw (A 19)

For pgy.(7) and pg.,(7), the convergence criterion was given as
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follows:

e =2 80Pl () s ()

If

a

-3
Gres,k+l -0, <107x Ol

o
res,k max

then accept the values.

(iii) Calculate

FP(r)= {I +ZA}/“S§ +ZA7"SZ}Fp(t)

(A.20)

(A21)

(A.22)

It is necessary to normalize F*(z) by dividing the calculated values of

each of its components by the cube root of the calculated determinant to

ensure the plastic incompressibility, which means that det ( FP (z‘)) is unity.

(iv) Calculate

S(7) F*(r)S* (2)F® (v)

" detF(7)
1
det F* ()

(v) Calculate

m®(r) = F*(r)mg = F(z)F® ()m
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F)F® (7)S(z)F" (2)F (7)

(A.23)

(A.24)



n“(z)=F° (r)n? =F " (r)F" (r)n“ (A.25)
The time-stepping for the implicit finite element procedure was
automatically handled based on the maximum value of the slip and shear band

Ayex

A7/Iim

increment. A parameter R = was used as a measure for handling time-

increments, where Ay.* is the maximum value of Ay““* over all the crystals
and all integration points in the finite element, and Ay, is a numerical

constant. A value of 0.03 was found to give reasonable results in the
calculations in this study. If the value of R is greater than 1, then the time-

step is repeated with a new time increment with At =0.75At . If0.5 < R

< 1, then the value is maintained, and if R < 0.5, then the time-increment is

increased; At , =1.25At, .

178



A.2. Analytical Jacobian

The Jacobian matrix for Abaqus/Standard was obtained numerically by
perturbing F(7) =F,(7)F(t) with relative deformation gradient F, (7) and
using the methodology for the time integration procedure to calculate S(7).

The Jacobian matrix required for Abaqus/Standard can be defined as follows:

&
W= e (A.26)
with
S(7) E (7)y
S(7), E (7),
_ S(7)3 _ E (7)s
lsen [ FT 20, (427
S(7)s3 2E (7)1
S(7) 2E,(7)

where S(7); and E,(7); are the components of the symmetric Cauchy stress
tensor S(z) and a symmetric relative strain tensor E,(7), respectively. The
relative strain increment is given as E,(r) =InU,(r), where U,(7) is the
relative stretch tensor obtained from the polar decomposition of F, (7). For

relatively small incremental stretch,

E(r)=InU, ()~ U,(r)-1 (A.28)
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then dE,(r) = d U, (7).

By differentiating Eq. (A.23),

45= gt [dF'SF +F dSF + st dFY

det F® (A29)

~(FesF )tr(dFeF” )J
In Eq. (A.29), all the variables are at time 7 . Eq. (A.26) can be rewritten

as the indicial notation as follows:

dS; =wy, dE (A.30)
By introducing the following two fourth-rank tensors for convenience,

OF _OF 08 oS
0E, ou,’ ° OE, au,

(A31)

and rewriting Eq. (A.29) in the indicial notation, the following equation can

be obtained:

W 1
M et F

mnkl nj

|:G|jklsemnFnT +F Q
(A.32)
+F88.G o~ FnSinFy Gpaa B |

im~mn ™~ jnkl im~mn" nj

In order to calculate wy, in Eq. (A.32), G and Q should be calculated.

In the following, the necessary steps will be outlined.

oF°

0 G=5;
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F°(r) =R,UF°(t) {1—2Ayasg —ZAy*sf} (A.33)

where R, and U, are obtained from the polar decomposition of F,. By

differentiating Eq. (A.33) and rewriting in the indicial notation,

d Fije = l:Rt,ik Fue - Rk F|§ (t) {ZAyasgpj + szng}

(A.34)
- Rt,imUt mn np (t) {z R 0 pi +Z H Zsl }:|dut,kl
with
a X
Re = 9Dy H = oAy (A.35)
au, au,
Therefore,
Ijk| :|:Rt|k (t)_Rt,ik FI;(t){ZAyasgpj +ZA7/ZSI;3(J'}
“ g (A.36)
- Rt,imUt mn np (t) {Z Ra (()lpj + Z ngslgl }}
X
0S°
(i) Q= U

By differentiating Eq. (A.5),
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dS*(r)=dS*" > dAy“C*-> Ay“dC”
—Zd Ay*C* —ZA)/" dCc”
X X
Let

OAS®"
au,

=D

oA

ou,

From Eq. (A.2),

e,dtr l e
dsijt __C Lonia AU

ijmn

Therefore,

Dijkl =5 umn (—

Next, let

oce
U,

=J°

From Eq. (A.3),

a 1 e e aT
d Cij =5 2 {Cumn Lmpkl 0,pn + Cumn 0,mp I—pnkl } dUt,kl
Therefore,
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(A.37)

(A.38)

(A.39)

(A.40)

(A.41)

(A.42)

(A.43)



a 1 e e aT
‘]ijkl = 2 {Cumn mpkI 0 pn +C|Jmn 0,mp pnkl} (A44)
Next, let
X
oC" _k~ (A.45)
U,
From Eq. (A.4),
d le = { ijmn I—mpkl sb, pn + Cl?mn sb,mp I—pnkl } dUt,kl (A46)
Therefore,
a 1 e e 2
KijkI = 2 {Cumn mekl sb, pn + Cljmnssb mp Lpnkl } (A47)

The relation for dS° in Eq. (A.37) can be rewritten in terms of D, R,

J*, H*, and K* as follows:

dse DleIdUtkI ZRadUtkICa ZAya‘]iﬁ(IdUt,kl

(A.48)
_z Hi dUt,kICif _ZA?’XKUH dUt I
x X

Therefore,

Ijkl ukl zCaRa sza‘]lﬁ(l ZCZHZ ZAVZKiﬁd (A.49)
X

OA
m) L=——
(i1 ouU
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A=F (t)U,()U,(r)F:(t) (A.50)
By differentiating Eq. (A.50),
dA=F ()dU,(2)U,(2)FE(t) + F* ()U,(2)d U, (2)F°(t)  (A.51)

By rewriting in the indicial notation,

dA; =F¢ (©dU, U, Fs )+ Fe (O, dU, R (©) (A52)
Therefore,
Ly = Ff (U Fe (0 +FS (U, F () (A.53)
(iv) R% = %
Ay =Ay“(S°(UY) (A.54)

For simplicity, the changes in the dislocation densities during increment
At is neglected. Therefore, the plastic shear increment for slip is dependent

only on the resolved shear stress. Eq. (A.54) can be differentiated as follows.

OAy“ d
X=| LAy (U, +aX
ou, {da 7 (Vv )}

- (A.55)
Ay AAS* X ons | [aar |
0s°  au, ou, | | os

Let
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LAY

<~ =Y (A.56)
Then,
RY =YQy (A.57)
) W =G
Ayt = Ay*(S°(U))) (A.58)

For the same reason,

X
Br % :[iAyﬂf (U, +aX)}
ou, da w0 (A4.59)
oAy OAS" g [N A '
8s° o, ou, | | &s
Let
v4
OAr" _ 71 (A.60)
oT®
Then,
Hif = ZIﬁleij (A.61)

By substituting Eqgs. (A.57) and (A.61) in Eq. (A,49), the final

expression for Q can be obtained as follows:
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Q=D-) (C*®Y“)Q-Y Ay“J*

A.62
_Z(Cz ®ZZ)Q—ZA}/ZK" ( )
X X
Therefore,
-1
Q={| +>(CT®Y“)+ Y (C ®Z")}
“ “ (A.63)
{D—ZAW“ —ZAlel}
a z
(vi) Y* = —agsi i
v — OAy” _ OAy® 0t“ _ OAy” sym (Sg)
0S° or” oS*  or” (A.64)
Q| 1 |\ a '
) [ k, T j(fgress JAy o (SO )
. _ OAy*
(vil) Z% = P
(G sym(s*)(zf +uc* )+ ur*sym(n* ®n* )
Z =y ' (A.65)
k, T (rg‘ + ,uo"f)

(viii) Cy, in global coordinates

Let C*® and C° denote the fourth order stiffness tensors in the crystal

and global basis, respectively. Then, the stress-strain relation with respect to
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the crystal basis can be expressed follows:
S =C*:E*° (A.66)

If B is the orthogonal tensor that rotates the crystal to global basis, then

S =BS*°B' and E*° =B"E°B. Therefore,
$*=BC*" :(B'E‘B)B' (A.67)

Eq. (A.67) can be rewritten as the indicial notation as follows:

8§ = BinCrinop Bo Eii BBy (A.68)
Therefore,
Ci = BinBjnBioB,Cornop (A.69)
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A.3. Computational algorithm for the analytical Jacobian
(i) Calculate

Ljw = Fi (O, (0)F () + Fiy (DU, (2)F5 (1)
(ii) Calculate

Cty =BuB, BB, CE

im ™= jn Ip™~mnop

(iii) Calculate

Dijkl =5 umn Lmnkl

(iv) Calculate

1 T
a e e a
‘]ijkl = 2 {Cumn mpkI 0 pn +C|Jmn 0,mp pnkl}
Koy = 1 Ce L. .S C: L
ijkl — 2 ijmn —mpkl ~sb, pn + ijmn sb mp —pnkl

(v) Calculate

YazaAy :aAj/ or :8A7 Sym(sg)
0S° or” 0S° ot

(@ foromes

R P —
T (78 +uo?)
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(vi) Calculate

Quu = {Iijk, +;(cgvk,“)+§(c;z;f)}l {Dijk, —;Ayaagk, —;‘AWK;{(I}
(vii) Calculate

R =Y,¢Qq;

HZ =ZZQy;

(viii) Calculate

Gy = |:Rt,ik F|je (t) - R F|; (t) {ZAJ/“SS" o T szlsgj }

- Rt,imUt,mn I:nep (t) {z Rkollsg, pi + Z Hk)fsgl }:|
X

a

(ix) Calculate

1 e e’ e e’
\Nijk| = W[Gijkls mn I:nj + I:iQOnkI l:nj

im~mn ™~ jnkl im~mn" nj

+FnSiGia — RSP (G B3|
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Appendix B. Stress fields around dislocation arrays

The stress field surrounding an isolated edge dislocation with a Burgers vector

parallel to the x-axis can be calculated using the following equations [1]:

Gb  y(@Bx*+vy?)

O =— 5 ) (B.1)
2r(l—v) (X“+y9)
_ Gb y(x*-y?)
T 2 1—) (C Y)Y ®2)
o - Gb  x(x*-y?) (B.3)
Yo 2r(@-v) (X2 +Yy?)?
o, =v(o,+ ny) (B.4)
o,=0,=0 (B.5)

where G is the shear modulus, b is the Burgers vector, and v is Poisson’s
ratio. The stress component distributions were calculated using Matlab™
software and are depicted in Fig. B-1(a). When dislocations are infinitely
arrayed along the x-axis with a distance D between two neighboring
dislocations, the stress field can be calculated by applying the following

superposition principle [2].
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— Z y(3(x—nD)’ +y°)
27z(1 V) &= ((x=nD)* + y?)?

o5 ) )
(el

B L e
27T(1 v) i ((x=nD)” +y~)

(B.7)
=-0, (mj(cosh ( Zﬂyjcos( anj 1]
D D D
_ Gh ¢ x((x—nD)* —y?)
%y = arov) 2 (x—nD) £y
= aosin(@j(cosh(hy} (B.8)
D D
—cos(@) (Zﬁy]smh(%yj}
D D D
o, =v(o, + O'W) (B.9)
c,=0,=0 (B.10)
with
o, = Gb (B.11)

2D(1-v) [cosh (eryj - cos(mn
D D
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In deformed materials, the piled-up dislocations on the slip system can

be approximated as an infinite array of edge dislocations. Consequently, the

Gb
stress component o,, tends to saturate towards ———sgn(x) as the

D@1-v)

distance from the slip plane tends to infinity ( y — #o0). Meanwhile, the other

components, o, and o, , tend to saturate towards zero. The saturated value

of o,, is determined by the distance D, which can be related to the dislocation

density. For cold-deformed metals, the approximate dislocation density is in
the range of 10'>!® m™ [3]. With this value, the stress field of arrayed
dislocations at a distance of 40 b can be calculated, as depicted in Fig. B-1(b).

This figure demonstrates that the stress components o, and o,, are nearly

vy

zero except near the slip plane, whereas the stress component o,, exhibits

finite saturated values even far from the slip plane. Therefore, except in the
vicinity of the slip plane, the direction of the eigenvector corresponding to the
maximum principal stress (in absolute value) is parallel to the slip direction
(or Burgers vector), or x-axis, in this case. Furthermore, since the magnitude
of the maximum principal stress depends on the dislocation density, it is
reasonably acceptable to use the dislocation density as the weighting factor
for the calculation of the effective slip direction (Eq. (2.57)) under multiple
slip activities. Fig. B-1(c) presents an example of the maximum principal
stress (in absolute value) in a three-dimensional space for one FCC slip
system (111)[1-10].
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Fig. B-1. Calculated stress fields for (a) an isolated edge dislocation, and (b)
an infinite arrayed edge dislocations. (¢c) An example of the maximum

principal stress (absolute value) for the (111)[1-10] slip system in FCC metals.
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Appendix C. Dislocation densities measurement using
the X-ray diffraction

To evaluate edge and screw dislocation densities, X-ray diffraction (XRD)
measurements were performed on the samples before and after cold rolling.
The XRD measurement conditions and sample preparation were consistent
with those employed for the texture measurement. The edge and screw
dislocation densities were measured using the modified Williamson-Hall
method, which is based on the analysis of full width at half maximum
(FWMH) of the obtained XRD peaks. The Rigaku PDXL2 software was
utilized to determine the full width at half maximum (FWHM) values from

the XRD peaks.
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Fig. C-1. The XRD peaks of the GO electrical steel before and after cold

rolling, along with the corresponding full width at half maximum (FWHM)

at each peak. The 6 peaks detected in order starting from the (110) were

utilized for evaluating the dislocation density.

According to modified Williamson-Hall method, AK (FWHM) can be

expressed as [1]:

AK;%

D

2

(ﬂM 22 ji
+ P

1
EK\/E
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where b, D, p, represent the burgers vector, average particle size, and
average dislocation density, respectively. M is the parameter determined by
the effective outer cutoff radius of dislocation. The diffraction vector K can
be defined as K=2sing/A, where 4 is the wavelength of the X-ray and 6

is the diffraction angle.

Average contrast factor of dislocation, C, can be formulated as follows

[2]:

C_hkl = C_hOO (1_ qH 2) (C2)

2

B (h2k2 +k2I2+I2h2)
(h2+k2+I2)

(C.3)

Here, C,,, represents the average dislocation contrast factor for the
{h00} reflection and ¢ is the value indicating the dislocation character.

Substituting Eq. (C.2) into Eq. (C.1) yields the following expression:

[(AK)' -«

o = (1-qH?) (C.4)

, [ AK Z—a}
Here, « =(0.9/D)" and ﬂ=(7zM 2b2/2)p. By plotting =————=

KZ
against H? and linear regression, —q/C,,, (slope of regression line) and
BC.., (intercept of regression line) can be obtained [3,4]. The experimental
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value of ( can be determined by taking the ratio of these two values. By

comparing the experimental value of  with the theoretical value of q (q™),

the fraction of screw and edge dislocations can be obtained [5].

th
— qscrew q (C . 5)

edge — . th th
Oserew — qedge

The theoretical value of q for pure screw/edge dislocation can be
determined using elastic anisotropy 4,, which can be expressed in terms of

elastic constants.
q" =a° {1—exp(_b—';‘“ﬂ+c%] +d° (C.6)

2C,,

A=
C11 _C12

(C.7)

199



2.8 1.0
Screw dislocation
2.4 4 - 0.8
) - .
=
2
£ 20 0.6 E
< o
= 0i %
1.6 1 u B
|
______________________________ -0.2
1.2 1 Edge dislocation
0.0
CR 0% CR 76%

Fig. C-2. Experimentally measured q value (blue) and the fraction of edge
component (red) determined by the modified Williamson-Hall method.

The average contrast factor of dislocation C,,, is obtained by taking the
weighted average of C,,, values for pure edge and screw components, which
are determined by experimentally measured q value and Eq. (C.5). C,,, can

also be expressed in terms of elastic anisotropy, a, b, ¢, and d as follows

[2]:
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C :a(?[1—exp(_b—€*‘)]+cCA+o|C (C.8)

hoo

The elastic constants utilized in here are identical to those employed in
the manuscript. The other parameters required for Eq. (C.6) and (C.8) can be
obtained from previous work [2]. By utilizing C,,, values obtained from Eq.
(S8), we determined the total dislocation density using the Convolutional
Multiple Whole Profile (CMWP) fitting procedure based on the Wilkins

model [6,7].
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