Iranian Journal of Materials Science and Engineering, Vol. 17, Number 4, December 2020

RESEARCH PAPER

Modeling the Dynamic Recrystallization by Using Cellular Automaton: The
Current Status, Challenges and Future Prospects

M. Azarbarmas¥*

* azarbarmas@sut.ac.ir

Received: September 2019

Revised: February 2020

Accepted: April 2020

* Research Center for Advance Materials, Faculty of Materials Engineering, Sahand University of Technology,

Tabriz, Iran
DOI: 10.22068/ijmse.17.4.103

Abstract: Mechanical properties of metals are substantially dependent on the microstructure, which can be
controlled by thermo-mechanical parameters such as temperature, strain, and strain rate. Hence, understanding
the microstructural evolution of alloys during the hot deformation is crucial to engineer the metal forming
processes. The main objective of this work is to present an overview of cellular automaton (CA) modeling to
predictthe microstructure of alloys experienced the dynamic recrystallization (DRX) phenomenon. In this review
paper, first, overall descriptions about the DRX phenomenon and the CA modeling are presented. Then, the CA
modeling procedure is compared with similar methods. Meanwhile, related studies in the field of the DRX
simulation by using the CA modeling are evaluated. Four main stages of the CA modeling are analyzed in terms of
the “nucleation”, “growth”, “topological changes” and “texture evaluation” steps. Most important limitations
including the calibration sensitivity, limitations in modeling the continuous DRX, ignoring microstructural effects
on the deformation behavior, limited applications, and limited database as well as the saturation in published
works are discussed and then objective suggestions are presented to overcome these limitations. Finally, prospects
in the CA modeling of DRX are provided in the last section.
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1. INTRODUCTION

It is well established that the microstructure
controls the physical and mechanical
properties of polycrystals. The microstructure
controlling is an interesting branch of both
industrial and scientific researches. Among
microstructural developments, DRX is a well-
established mechanism for grain refinement
under the hot plastic deformation [1, 2]. In the
past decades, modeling and predicting the
microstructure have gained extensive attention
worldwide and several numerical techniques
such as Monte Carlo (MC), vertex, phase field,
and CA models have been successfully used to
model the microstructure during the hot
deformation. In comparison with alternative
modeling procedures, the CA modeling is
more feasible to simulate the microstructural
evolution and topology features [3]. In the CA
modeling, the first step is recognizing the main
features of the phenomenon and defining them
in a suitable form to obtain a numerical model
[4]. Although most of the theoretical works
based on CA modeling have been limited to
mathematics and computer science [5], CA has

been utilized by various researchers in
materials science and engineering to model
static recrystallization (SRX) [6-12], DRX
[13,14], solidification of metals [15-17],
nitriding [18], corrosion behavior [19-21],
growth [22-24], predicting the cracking [25-
28] and phase transformations [29-31] of
various alloys. Table 1 presents a list of works
published in the field of DRX modeling by
using the CA method. It can be seen that
scientists have become increasingly intrigued
by the idea of DRX modeling utilizing CA in
recent years.

The approach proposed by Goetz and
Seetharaman [32] can be considered as the first
CA modeling for the DRX phenomenon under
isothermal and constant strain rate conditions. A
large number of works published in this field
have very simple assumptions such as assigning
a scaler number for grain orientation (0-180)
[33,34], modeling the deformation without
changing in the shape [35,36] and orientation of
grains [37,38], neglecting the precipitation
effects [39,40] and ignoring the features that
distinguish between the high and low angle grain
boundaries [41,42].
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Table 1. Published works in the field of CA modeling of the DRX process.

Reference Year  Coupled module Reference Year Coupled module
R.L. Goetz V. 1998 - E.Popovaetal. [49] 2015 Crystal plasticity
Seetharaman [32]
G. Kugler R. Turk [135] 2004 - M. Sitko et al. [136] 2015
M. Qian, Z.X. Guo [34] 2004 - P. Asadietal. [137] 2015
J. Gawad, M. Pietrzyk 2007 Continuum macroscale  X.H. Deng et al. [138] 2015
[127] simulation via FEM
N. Yazdipour et al. [139] 2007 - M. Sitko et al. [140] 2015 Finite Element model
N. Xiao et al. [33] 2008  Uniform topology E. Popova [52] 2015 Crystal plasticity
finite element method
N. Yazdipour et al. [111] 2008 - J. De Jaeger et al. [54] 2015 Crystal plasticity model
J.W. Zhao et al. [41] 2008 - H. Lietal. [53] 2016  Crystal plasticity framework
H. Shi-quan etal. [112] 2009 - F. Han et al. [141] 2016 -
H. W. Lee, Y. Tack Im 2010 - J. Haipeng et al. [142] 2016 -
[42]
H.W.LeeY.T.Im[35] 2010 - L. Jun-chao et al. [44] 2016 Uniform topology
H. Hallberg et al. [62] 2010 - F. Chen [45] 2016 Uniform topology
J. Zhao-yang et al. [143] 2010  Adaptive response C. Zhang [114] 2016 -
surface method as
optimization model
Z.Jin, Z. Cui [119] 2012 - M. Sitko et al. [46] 2016 Uniform topology
W. Chuan et al. [51] 2013 Crystal plasticity finite P. Asadi et al. [122] 2016 Laasraoui-Jonas models
element method
Y. Zhang et al. [116] 2013 - F. Chen et al. [47] 2016 Uniform topology
X. Liu et al. [38] 2013 - M. Akbari et al. [144] 2016 Finite element model
F. Chen et al. [43] 2014  Uniform topology H.P. Jietal. [145] 2016
H. Shi-quan et al. [146] 2014 - Y. Wangetal. [147] 2016 Finite element method
A. Timoshenkov et 2014 Module for retarding M. Sitko and L. Madej 2016 Finite element method
al.[125] effect of precipitates [148]
Y.X. Liu et al.[109] 2015 - A. Legwand et al. [149] 2016 Finite element method
X. Maetal.[150] 2016  Uniform topology M. Azarbarmas etal. 2018  Phenomenological Approach
[108]
Y.X. Liu et al.[96] 2017 - L. Madej et al. [151] 2018 Finite element model
X. Lietal.[152] 2017 Finite element Q. Xuetal. [153] 2018 -
software, DEFORM-
3D
X.J. Guan [154] 2017 - Y.N. Guoetal. [155] 2018 Optimized topology deformation
technology
Y.P. Lou et al.[156] 2017 - C.Duanetal. [157] 2018 Finite element
Z. Wang et al.[158] 2017 L. Lietal.[159] 2018 -
M. S. Chen [160] 2017 - S.Y. Yangetal.[161] 2018 -
Y.X. Liu et al. [96] 2017 - G.Z. Quan et al. [162] 2018 Cellular automaton calculation
for dynamic recrystallization
M. Azarbarmas and M. 2017  Uniform topology- ZHCaoetal [163] 2019 -
Aghaie-Khafti [97] Sachs model
T. Zhang et al.[164] 2017 - H. Zhang et al. [165] 2019 -
W. Xu et al. [166] 2017 - F.Zhangetal. [115] 2019
M.S.Chen et al. [167] 2017 - J. Zhang etal. [168] 2019 -
L.Wang et al. [169] 2018 - C.Zhangetal. [170] 2019 -
L.Wang et al. [169] 2018 - Y. Wangetal. [171] 2019 -
A. Samanta et al. [172] 2018 - C. Wuet al.[173] 2019 Finite element model
F. Chen et al. [174] 2018 F. Sun et al.[175] 2019 A fingerprint image
enhancement algorithm to
generate real initial
microstructure
M. Azarbarmas and M. 2018 Rate-dependent model D.D. Chenetal. [134] 2019  Neural network-based model

Aghaie- Khafri [50]

predictive control
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From the literature review, it can be found that
most of the latest published works are to
overcome the aforementioned simplifications. N.
Xiao et al. [33] and then other researchers [43-
47] used a uniform topology module for tracking
the changes in grains shape during the
deformation. On the other hand, using the actual
orientation for grains in terms of Euler angles
[48] or the rotation matrix [49] is another
development in the CA modeling of DRX.

One of the main characteristics of CA modeling is
its ability to couple with other models to improve
its performance. Recently, Azarbarmas and
Aghaie-Khafri [50] have published a work in
which the CA model has been coupled with a
rate-dependent model to trace the orientation
changing during the hot deformation. Also, Chuan
et al. [51] and other authors [52-53] have utilized
the CA modeling coupled with the crystal
plasticity finite element method for increasing the
CA accuracy in predicting the microstructural
developments during the DRX phenomenon.
Extension of recrystallized microstructures
modeling from two to three-dimensional domain
is another interesting issue in this field. Li et al.
[53] and Jaeger et al. [54] have developed the
CA model for predicting the DRX behavior of Ti
alloy and Ni alloy, respectively, during the hot
compression test. Although these models need
more time and calculations, they can present the
results in a three-dimensional space.

Although there are many published works in the
field of DRX modeling based on CA (see Table
1), none of them have focused on the advantages,
limitations, and future prospects of this method
and there is no comprehensive work reviewing
the published works about the DRX modeling by
using the CA approach. One of the unique
features of this work is providing a critical
evaluation of the CA modeling in microstructural
modeling. Most of the works published in this
field have only focused on the advantages of this
method without considering the limitations of it.
Another important part of this study is presented
as “future prospects”, which inspires a promising
route for researchers to use CA modeling for
scientific and industrial developments in the
future. This paper provides a summary of the CA
modeling of the DRX process in metals and
alloys. In the following sections, after introducing
the CA algorithm, it is compared with other
microstructural modeling methods followed by a

detailed description of CA steps including the
“nucleation”, “growth” and “topological and
texture evolution” stages. Finally, several
challenges, corresponding recommendations, and
future prospects are listed.

Table 2. Nomenclature

Burgers vector T The temperature

The vector in the
deformed position

constant u

dE  The energy change U* The stretch tensor

dEg Surface energy V  The boundary velocity
changes
dE, Volume energy v The vector in the
changes undeformed position
F* The non-plastic o The dislocation-
deformation interaction coefficient
gradient

H The work hardening T The energy of grain
term boundaries

L, I The nominal Ym
deformation at two
principal directions

The energy of high
angle grain boundaries

K, Aconstant showing ¢ The strain
the effect of the

work hardening

K, Aconstant showing ¢ The strain rate

the effect of the

softening
M The mobility of n  The percentage of DRX
grain boundaries measured
experimentally

M,, The mobility of a 0
high angle boundary

The misorientation of a
grain boundary

n  Thenucleation rate @, The work hardening

rate

Q The nucleation 0, The misorientation of a
activation energy high angle grain
boundary

Qr  Therotation tensor M Shear modulus

R Gas constant p  The dislocation density

r The dynamic Os
recovery term

The steady-state stress

The dislocation line
energy

R* Therigid rotation of 1
the material lattice

rg  The mean radius of v, Poisson ratio

DRX grains

S The deformation

matrix
Brfead o
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2. DYNAMIC RECRYSTALLIZATION

The final microstructure and mechanical
properties of metals can be controlled by the
recrystallization and related phenomena. In the
case of alloys with low stacking fault energy,
DRX takes place readily during the hot
deformation [55] due to the limited dynamic
recovery, resulting in flow curves having peak
stress [56,57]. Recently, Huang and Logé [58]
have provided an integrated overview of DRX in
metallic materials. Two main types of DRX
mechanisms are the discontinuous DRX
(DDRX) and continuous DRX (CDRX) [59].
Additionally, the geometric DRX (GDRX) can
also occur in presence of large strains and
elevated temperatures. During the GDRX
phenomenon, older grains are elongated with
local serrations which can convert to equiaxed
grains with high angle grain boundaries
(HAGBS) as a result of more grain thinning. The
schematic representation of these three types of
DRX is exhibited in Fig. 1.

QT

c

Fig. 1. The schematic presentation of three types of
DRX; a) DDRX, b) CDRX and c¢) GDRX.

o G 4 2l

Typical DRX flow curves are serrated stress-
strain curves with single or multi-peak
oscillations due to the competition between the
work hardening and the softening. As seen in
Fig. 2, the plastic area of curves comprises three
parts: The first is the work hardening stage in
which the dislocation density gradually
increases, and thereby the flow stress increases
with increasing the strain. The second one is the
softening stage; because the dislocation density
has reached a critical value, DRX takes place
and so the density of dislocations is decreased
[60]. The last stage of flow curves is the steady-
state, in which a balance between the work
hardening and softening processes is attained.
The overall shape of a flow curve is completely
affected by microstructural changes. Flow curves
of CDRX experienced alloys have multiple
peaks [61]. It is due to this fact that
recrystallization cycles are not synchronized,
against the DDRX mechanism having a single
peak flow curve, Fig. 2.

The order of temperature increasing or
L strain rate decreasing .

Stress

Steady state pointT
| | ! !

Peak point

Strain

Fig. 2. Schematic flow stress curves showing the
typical form of DRX experienced flow curves.

2.1. Discontinuous Dynamic Recrystallization
The DDRX process, known as the conventional
DRX, is characterized by clear nucleation and
growth steps. DDRX often takes place during the
hot deformation of metals and alloys with low or
medium stacking fault energy. Pre-existing grain
boundaries with sufficient stored energy are the
preferred nucleation sites in DDRX, owing to the
serrated and barreled area and the subsequent
strain-induced boundary migration [62]. This is
why that a necklace structure is a common
feature of DDRX, see Fig. 3 in which the
microstructure of Inconel 718 superalloy
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reported by the author of this work and Aghaie-
Khafri [50] is presented. It is well known that
after reaching the steady-state condition a
saturation size of recrystallized grains is
obtained in each condition of the deformation
temperature and strain rate. A relationship
between the Zener-Hollemon parameter and the
steady-state DRX grain size can be found.

R ey LLE

Fig. 3. An orientation imaging microscopy (OIM)
image showing the necklace-type microstructure of
the hot compressed nickel-based superalloy,
indicating the occurrence of DDRX [50].

One of the main features of DDRX is a flow
stress curve with a single peak [63], Fig. 2,
indicating that new cycles of DRX onset before
the completion of current cycles [64]. It means
that each grain is at a different stage of the DRX
development during the deformation. In other
words, the appeared single peak flow curve is
the equilibrium flow stress of all grains at
various states of DRX.

2.2. Continuous Dynamic Recrystallization

Metals and alloys having high stacking-fault
energy show the intense dynamic recovery. So,
CDRX will be the dominating DRX mechanism
during the hot deformation of these alloys [65].
Because the dynamic recovery is so fast,
dislocation density differences across grain
boundaries are not discernible. Accordingly, there
is no sufficient driving force for the dynamic
grain boundary migration required for the DDRX
mechanism. CDRX, which is also called the
“apparent DRX” or "extended dynamic recovery"
[66], is commonly known by the dislocation cell
boundary formation, transforming to low angle
grain boundaries (LAGBs) and then to HAGBs
[67,68]. Therefore, CDRX is not a mechanism
controlled by nucleation and growth. This is why
that recrystallized grains via the CDRX
mechanism are finer and more uniform, having a

grain size equal to the size of cell boundaries. One
of the microstructures experienced CDRX is
shown in Fig. 4. It can be seen that both the
cumulative misorientation (point to the origin)
and the local misorientation (point to point) along
grain interior parts have high values indicating the
progressive subgrain rotation inside original
grains.
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Fig. 4. An OIM micrograph and the corresponding
misorientation profile for AA7475 alloy deformed at
the strain rate of 3 10*s ' [69].

3. CELLULAR AUTOMATON METHOD

The CA modeling of the recrystallization is the
preferred method when the capillary driving
force is negligible compared to the driving force
due to the stored elastic energy [70]. In two and
three-dimensional representations of a CA
model, an interface between two grains can be
illustrated by lines and surfaces which are
approximated within the CA grid. The simplest
and common form of cells is in a periodic grid of
squares in two-dimensional or cubes in three-
dimensional. Other used grids in the CA
modeling are exhibited in Fig. 5.
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Fig. 5. a) The square, b) triangle, ¢) hexagon, d) irregular distribution, ¢) cube and f) tetrakaidecahedron grids
used in the CA modeling.

The most known neighborhood definitions are
the von Neumann, Moore, and extended Moore
in a two-dimensional square net of cells [71],
though a 7-cells neighborhood can be also
considered [72], Fig. 6. The required information
regarding the state variables and neighboring
definitions are assigned to each cell, Fig. 7.
Transition rules define the status of a position as
a function of its previous state and the state of
neighboring sites (local rules) [73,74] or the state
of all sites (global rules) [75], the former is
common in most classical CA models. Transition

rules can be considered as deterministic or
stochastic, and wupdates are applied as
synchronous or asynchronous [76]. The number,
arrangement, and range of neighbor sites utilized
by transformation rules determine the range of
the interaction and the local shape of the
evolving area [77,78]. The definition of a
neighborhood can be modified by introducing a
weighted neighborhood, i.e. the effects of a
neighbor on other cells are considered with a
weight, depending for example on the distance
separating them from each other [79].

d

Fig. 6. Classic neighborhood definitions in the CA method.
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Step i
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Thgsrafe of o Cell < State variables
neighbors (

Transition rules

| |

Step i+1
g \ ' Updated state
state of /4 Cell N variables
neighbors |~ rl—

Fig. 7. The schematic showing parameters affecting

the state of a cell; transition rules define the status of

a cell as a function of its previous state and the state
of the neighbors.

The most important variables defining the state

of each cell are:

- The grain orientation which is used to
separate different grains [8], and calculate
the grain boundary energy and mobility [80],

- The dislocation density showing the strain
stored energy [81],

- A parameter indicating the recrystallization
state of cells [82],

- The grain boundary sign indicating the
location of grain boundary cells [83].

4. COMPACTING CA WITH SIMILAR
METHODS
Up to now, various numerical simulation

methods such as MC [84-86], phase-field [87-
91], vertex [92-94], and CA [95-96] models have
been presented to perform the numerical
modeling of the recrystallization evolution on
the mesoscale. In addition to the high accuracy
of the prediction, the procedure of the
microstructural evolution can be visibly
reproduced by using these models. In
comparison with alternative modeling methods,
the CA method is more feasible to model the
microstructure owing to its intrinsic advantages
of the calibration to the time and length scale
[97, 98].

The MC method carries out an operation at each
site in each time step, while the CA model

performs only at sites with the potential of
participating in the transformation.
Consequently, MC modeling is computationally
intensive in comparison with CA modeling [99].
Also, the MC model utilizes arbitrary units and
the basic criterion is the energy minimization,
while the CA modeling uses physical units and it
works considering analytical equations [100]. In
other words, CA models do time integration by
utilizing the physical time, whereas this is
impossible in MC algorithms in which “MC
steps” are used as a measure of the real-time
[101].

The phase-field modeling 1is utilized for
assessing  the  evolution  kinetics  of
microstructural phenomena on the base of the
comprehensive action of the thermodynamical
driving force. Due to its heavy calculations, the
phase-field method is more time-consuming than
others. Similarly, the use of vertex models has
been gradually limited, because it needs a
complex calculation of the vertex driving force
and determination of vertex equations.

The CA approach provides precisely tracking the
recrystallization front, and modeling steps are
limited to real-time based on analytical
equations. All of the listed facts indicate that the
CA method is more attractive in practice.

5. MAIN STAGES OF THE CA MODELING

5.1. CA Modeling of the Nucleation

The CA modeling the recrystallization is based
on the idea that the recrystallization can be
considered as a simple change of the state, i.e.
from the deformed to the recrystallized state
[48]. To model DRX, two main steps are
executed which are inevitably considered in all
CA algorithms, see Fig. 8:

- The first stage regards the formation of

nuclei inside the deformed area.
- The second stage is the subsequent growth
of nuclei into deformed grains.

As soon as a defined state variable of a cell
reaches the critical value, the DRX nucleation
occurs on the cell and the state variable of it
changes from the un-recrystallized to the
recrystallized state according to switching rules.
In the nucleation step, nuclei with a given radius
are arranged within the grid. The employment of
nuclei as spheres is crucial to overcome the
effects of the grid geometry on grain geometry

Bt el oo
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[102]. The dislocation density [34, 35] or the  dislocation density is obtained by utilizing some
stored strain energy [54] of cells can be used as  equations while the critical stored energy can be
the controlling state variable. The critical  implemented as an arbitrarily fixed value [54].

Assigning state Initial microstructure
variables generation

Assigning state
variables

Initial microstructure
generation

Final

. € = Erotal
microstructure o

or
U = loral

Final
microstructure

Calculating strain increments

(with typical equations or using FEM) . Calcu!ating stra.in increm.ents
(with typical equations or using FEM)

h

Uniform topology
evaluation

- Nucleation
Nucleation

< Growth

< Growth
a b

Assigning state
variables

Initial microstructure
generation

Final
microstructure
Texture changes Deformation tracing
evaluation on slip systems
N P> pe Y
or Nucleation
E>E,
< Growth

Fig. 8. Overall CA algorithms (a) in the classic form, (b) with the topological evaluation and (c) coupled with
CPFEM.
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The dislocation density evolution is governed by
the dislocation multiplication and annihilation
during the deformation. Kocks and Mecking
[103] have proposed a phenomenological
method to estimate the variation of the
dislocation density with strain increments,
equation (1). Yoshie—Lassraoui—Jonas’s model
can be also used to evaluate the dislocation
density as dp=(h-rp)de [40], where h and r
denote the work hardening and dynamic
recovery terms, respectively.

d
Lo Kb -Kyp (1)
de

Where K, is the hardening coefficient, and K, is
the softening coefficient. The coefficients, K;
and K, can be expressed as [104]:

20,

K 2
' b (2)
G

where 0 is the initial hardening rate determined
from the slope of the experimental stress-strain
curve in the work hardening stage at a given
temperature [105], o 1is the dislocation-
interaction coefficient (between 0.5 and 1.0 for
most alloys), p denotes the shear modulus, b
indicates the Burgers vector and o is the steady-
state stress.

It should be pointed out that only cells located
along grain boundaries are considered as
preferred nucleation sites which are randomly
selected. This satisfies conditions for the DDRX
process which is a two-step process comprising
the nucleation and growth of strain-free grains
[106]. This mechanism will result in the
formation of a necklace structure [107]. Because
of the simplicity of the nuclei distributing along
the initial grains, most of the CA-based studies
have focused on alloys that show the necklace
structure during the DRX process, see Fig. 9.
However, some limited works have been
reported to model the CDRX mechanism by
using the CA method. Lately, the author of this
work et al. [108] have presented a combined
method based on the CA modeling and a
phenomenological approach for modeling the
CDRX  phenomenon. This model was
intrinsically a DDRX predicting model which

has been accommodated to the CDRX condition.
The main transition rules of this model can be
summarized as 1) the nucleated DRX grains
were distributed inside the initial grains, not only
along the primary grain boundaries and 2) the
recrystallization was modeled as a one-step
process without any large-scale growth, which is
the characteristic of the CDRX phenomenon.

In CA models, it is assumed that nuclei appear
continuously at a constant rate [109]. The rate of
the nucleation per unit of the grain boundary
area is defined as a function of the strain rate and
the deformation temperature [110]:

el Q)
n—Cg[ RTJ 3)

Where C is a temperature-dependent parameter
and Q is the activation energy of the nucleation
Zhang et al. [116] have used 1-1253_11

€ 4nr
equation to determine the nucleation rate; n is
the percentage of the recrystallized area
measured experimentally for a specific
deformation condition, and rd is the mean radius
of DRX grains. The stored and released energy
[98, 12, 105, 106], or the dislocation density
[119] can also be a factor to determine the
nucleation rate.

5.2. CA Modeling of the Growth
New DRX nuclei grow by consuming the strain-
hardened older grains. The driving force for the
growth of nuclei is originated from the change of
energy. The energy change can be divided into
volume and surface energy changes. For a
spherical grain:

4
dE =dE +dEq =?rd31Ap—4nrdzy “)
where 1 is the dislocation line energy, which is
expressed as t=0.5ub” [120], Ap is the difference
of the dislocation density between growing DRX
grains and their neighboring grains, and vy is the
surface energy of grain boundaries which can be
determined by the Read—Shockley equation
[121].

Y 0>15°

' Ym(i{l—ln[iJD 0<15° ©)
ell'l e1’1’1
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Where 0, is the critical misorientation for
HAGBES, which is usually taken as 15°, and vy, is
the surface energy of HAGBs, determined by
using the equation (6) [122].

L b, .
4n(l1-v,)
Where p is the shear modulus, b is the Burgers
vector, and v, is the Poisson ratio. The driving
pressure of a grain boundary can be obtained by
summing the driving pressure of the stored
deformation energy and the curvature driving
pressure [123]. The latter is a function of the
grain boundary curvature, K, and its surface
energy, v [124]. The grain boundary migration is
a consequence of the rate theory, which
estimates the boundary velocity as a function of

a) Reported by Goetz
and Seetharaman (1998)

Gl

g) Reported by
Zhang et al. (2016)

b) Reported by
Yazdipour et al. (2008)

¢) Reported by Lee and
Im (2010)

h) Reported by Azarbarmas and
Aghaie-khafii (2018)

the applied pressure [125]. The result is the
general expression of V= MF [126], where M is
the mobility of grain boundaries and F shows the
interaction of all forces acting on the grain
boundary. The grain boundary mobility can be
calculated by the following equation [96]:

M 0>15°

m

4
M= M, |1-exp _S[OiJ 0<15° )

m

Here Mm is the mobility of a HAGB. This is
often calculated by the fitting method, although
an exponential expression has also been

proposed for it as a function of the deformation
temperature [127,128].

¢) Reported by Zhao et
al. (2008)

1) Reported by
Chenetal. (2014)

k) Reported by
Zhang et al. (2019)

Fig. 9. Historical trends of CA modeled two-dimensional microstructures showing the necklace structure during
DDRX process, reported in a) [32], b) [111], ¢) [41], d) [112], e) [42], f) [113], g) [114], h) [50] and k) [115].
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5.3. CA Modeling of Topological Changes

In a typical CA modeling, DRX grains are
nucleated on cells belonging to grain
boundaries. Accordingly, the grain boundary
area and the grain topology have noticeable
effects on the nucleation stage. Besides, an
elongated and narrow topology of initial grains
decreases the distance between growing
recrystallized cells and thereby prevents them
from more growth. In several published works
[33, 43, 129], a uniform topology deformation
procedure has been used to incorporate grain
topology changes in the CA modeling of DRX,
based on a vector operation, see Fig. 8b. At
each strain increment, which can be extracted
from FEM software, desirable topological
variations are applied to the structure, and then
the nucleation and growth steps of the DRX
process are done by using iterations to complete
the corresponding strain increment. Each point
of two-dimensional space can be imagined as a
vector. So a new shape is generated via the
operation on each vector and making new
vectors. On the other hand, the deformation
itself can be displayed by a 2X2 deformation
matrix in two-dimensional problems. So a
uniform deformation S converts an original
vector u to a new vector v:

Where u, and u, are the components of the
original vector, while v, and vy are components
of the new vector generated after the
deformation. I, and I, are the ratios of final to
initial lengths of unit vectors along principal
axes; i.e. In(I) will be the true strain. Because it
is assumed that the volume remains constant
during the deformation [14], the determinant of
the deformation matrix should be unity. In the
CA model, each cell can be considered as a
discretized point of the space. Therefore, the
geometrical position change of a cell can be
calculated and imposed on its previous position
according to the topology deformation model in
each deformation step. It should be pointed out
that the second diagonal of the deformation
matrix in equation 8) is supposed to be zero. It
means that there is no rotation and shear in the
structure, which is not a reasonable assumption
for the real deformation.

A cellular system and a material coordinate
system can be used to apply topology changes
[129]. Fig. 10 depicts that the material coordinate
system and the corresponding grain boundary
shape change with the deformation, whereas the
cellular coordinate system remains constant. In
this model, grain boundaries are mapped from the
material coordinate system to the cellular
coordinate system before the next cycle of DRX.

v=Su or Vx| _ Lo 0y, (8) The nucleation and growth of DRX grains occur
vy 0 I v |l vy inside the cellular coordinate system. Then, grain
boundaries are mapped back to the material
coordinate system for the next cycle.
1 T
| Material coordinate
Mapping from CA coordinate u { --------------------------------------------------------------------------------------------------- )
to Material coordinate |5 -
: - Mapping from Material to CA
2 } coordinate
1
Straining 3]
Matrerial coordinate
Material coordinate

Fig. 10. A schematic of mapping a grain through the cellular and material coordinate systems for a strain step.
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5.4. The Texture Evaluation

One of the main weaknesses of works done in
the CA modeling of the DRX phenomenon is the
lacking of a sufficient orientation definition and
texture tracing. In the CA modeling, the grain
boundary energy and its mobility are functions
of the misorientation of two neighboring grains.
So, assigning the initial orientation to grains has
an important role in the nucleation and growth
steps of the DRX modeling. Almost in all
previous studies, initial orientations for cells
were defined as a scalar number between 1-180°
or 1-90°, and the corresponding misorientation
between two neighboring grains was assumed to
be as [0,-0,). While the crystallographic
orientation of grain and the misorientation
between two grains should be discussed in the
real frame such as the Euler space. Another
disadvantage of CA models is that they usually
ignore the texture development during the
deformation and its influences on the DRX
nucleation and growth stages. It is well known
that the nucleation and growth of a DRX grain
have a severe dependency on the orientation of
itself as well as surrounding grains.

The author of this study and Aghaie- Khafti [97]
have proposed a CA-based model in which the
initial orientations of grains have been randomly
defined by using Euler angles. They have used a
modified model based on Sachs's model [130] to
trace the texture development during the
deformation. The most important advantage of that
model is its simplicity in comparison with similar
models. Later, they [S0] improved their model by
presenting a CA model coupled with a rate-
dependent (CARD) model to predict the DRX
behavior of IN 718 alloy. They used a real
orientation definition as three Euler angles by
implementing the electron backscatter diffraction
data. To determine the lattice rotation of grains, they
assumed that all slip systems of grains were active
during the high-temperature deformation due to the
intrinsic rate dependency of the procedure.
Recently, Jaeger et al. [54], Chuan et al. [51],
and Li [53] have coupled a crystal plasticity
finite element model with the CA model for
modeling the DRX process. Their works can be
considered as a good starting point for the
orientation improvement and the texture
evolution in the CA modeling the DRX
phenomenon. In these models, the deformation
behavior of grains has been determined by using

w3 4 2]

the crystal plasticity model, by recording the
crystallographic slip and the rotation of the
crystal lattice during the deformation [131], Fig.
8c. The rotation of the grain orientation, which is
demonstrated by using a rotation tensor Qg, can
be determined as:

Qr(t)=R*(OQr(to)[R*()]" ©

Where R* is the rigid rotation of the material
lattice which is the result of the polar
decomposition of the non-plastic deformation
gradient F*:

F*=R*U* (10)

Where U* is the stretch tensor. Due to the
importance of this issue, CA coupling with the
crystal plasticity is presented as a separate
section.

6. CA COUPLING WITH THE CRYSTAL
PLASTICITY

The crystal plasticity-based finite element
modeling (CPFEM) is increasingly utilized for
the quantitative describing microstructural
developments during the plastic deformation.
CPFEM can estimate dislocation density
increments and strain-stress fields inside grains
in each step of the deformation. Moreover, the
influences of the plastic deformation on grain
boundaries distributions can be assessed by
CPFEM. The grain boundaries distribution is a
key parameter during the DRX phenomenon,
especially the DDRX process in which nuclei
form along the initial grain boundaries.

Regarding the physical origin of the dislocations
sliding, it is possible to describe a heterogeneous
deformation and trace changes of grains
orientations by using the CPFEM. In this model,
the dislocation density can be related to shear
strains within slip systems. Owing to the
constitutive nature of the crystal plasticity
approach, the heterogeneous deformation and
softening mechanisms can be numerically
coupled by using this method. In a CA-CPFEM,
the local stress and strain tensors, as well as
crystals orientations and the dislocation density
are calculated utilizing the crystal plasticity
model, in each strain step. Then, these
parameters are implemented in the CA model to
evaluate the DRX transition rules. The
generation of CA cells and linking them to finite
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elements can be performed in a finite element
based code via the user-subroutine [132]. The
main parameters in a CA-CPFEM are the
dislocation density and grains orientations. There
are various methods for defining the grain
orientation: a scalar number, three Euler angles,
and the orientation matrix (see Fig. 11). Since
Euler angles and orientation matrix definitions
can exactly show the real orientation of a crystal,
they are utilized in CA-CPFEM models.

Jaeger et al. [54] have coupled the CA modeling
with the CPFEM to model the DRX behavior of
Inconel 718 polycrystalline during the hot
compression tests. They have considered both
finite elastic distortions and large lattice
rotations and showed that the model was capable
to simulate developments of the dislocations
density, local orientations, strain and stress fields
within the grains, and average flow curves. Also,
they have successfully predicted the DRX
kinetic and the size of recrystallized grains. They

orientation of grains (Fig. 12-a) and presented
changes of orientations in the three-dimensional
microstructure by following orientations changes
during the plastic deformation (Fig. 12b and c).
A similar work [49] has been reported for AZ31
sheets having the HCP structure, in which both
crystallographic slip systems and deformation
mechanisms based on twins have been applied.

Chuan et al. [51] combined a CA model with a
CPFEM to model the DDRX behavior of
IMI834 alloy during the hot deformation.
Deformation parameters such as the strain and
crystal orientation of each grain were determined
by utilizing the CPFEM and defined as input
parameters into the CA model to investigate the
influence of the plastic deformation on the
DDRX phenomenon. It means that this model
can cover a heterogeneous strain distribution
within grains, which is not possible in a
conventional CA model. Fig. 13 displays
heterogeneous strain distributions produced via a

have used a real definition for the initial CPFEM.

Mehods for Crystallographic orientation definition: (¢ ) " — ' — —/ —/ "/ _:
cosay; cosfly cosy, I
A S S S e e S _rOrientation Matrix: |cosa; cosfl; cosy;|.
\ ) . cosa, cosfB- cosv,g I
r Scaler numbers: I I Az .
3 1-90 or 1-180 I I I
. hmesceme eS¢ X % —i/ .
P N P | /1? 1 [001] |
"\_b__,f“ Euler Angles: {¢1,9,¢,} I I \ I

T | 100 / s

o
I @,: The first rotation about the z-axis I 1 I
i ¢: The second rotation about the former x-axis (now x’) I I / I
- ¢p: The third rotation about the former z-axis (now z’). | ' / [010]

Fig. 11. Three methods to define the grain orientation; against method (a), method (b) and (c) can be used in the
CA - CPFEM.

Fig. 12. Three-dimensional microstructures produced by the CA-CPFEM model for IN 718 alloy hot compressed
to strains of (a) 0, (b) 0.3 and (c) 0.69 [54].
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PEEQ

(Avg: 75%)
+1.021e+00
+9.363e-01
+8.512e-01
+7.661e-01
+6.810e-01
+5.958e-01
+5.107e-01
+4.256e-01
+3.405e-01
+2,554e-01
+1.702e-01
+8.512e-02
+0.000e+00

Q
(Avg: 75%)

+1.501e+00
+1.376e+00
+1.251e+00
+1.125e+00
+1.000e+00
+8.754e-01
+7.503e-01
+6.253e-01
+5.002e-01
+3.752e-01
+2.501e-01
+1.251e-01
+0.000e+00

Fig. 13. The heterogeneous strain distribution of the IMI834 alloy obtained by CPFEM at 1273 K, 0.1 s™" and
different reductions of (a) 10% and (b) 40% [51].

Most existing CA-CPFEM models consist of
three parts: 1) employing CPFEM to provide the
deformation data such as the dislocation density
and grains orientations; ii) using the
visualization method of CA to assess transition
rules of DRX, and iii) illustrating the output data
as morphological microstructures and average
flow curves, Fig. 14.

_//‘/. - \
[ First
stage
Employing CPFEM to provide
deformation data

Input

e
=
o o
= y N
[ Second
stage
DRX evaluation using CA e
Y
Strain<Final strain
N
,/".’. o \
[ Third
stage
Qutput

(Microstructure and flow curve)

Fig. 14. Three main stages of the conventional CA-
CPFEM models.
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As shown in Fig. 14, the important neglected
point in those works is the effect of DRX on the
subsequent deformation. Recently, Li et al. [53]
have presented a comprehensive CA-CPFEM
model and focused on this problem. They used the
CA-CPFEM modeling to couple the softening
mechanisms with the heterogeneous deformation
and the mechanical response during the hot
deformation of TA15 alloy. The idea is that the
morphological evolution of DRX can be treated
as an intrinsic portion of the constitutive behavior
of the material. CPFEM determines increments of
heterogeneous deformation parameters (Fig. 15),
which are used for the CA modeling to perform
recrystallization calculations, and then the
obtained DRX-experienced microstructure is
returned to the CPFEM environment to calculate
changes of next-step deformation parameters.
These parameters are determined at levels of slip
systems, single crystals, and poly-crystals. Li et
al. [53] implemented these algorithms into
ABAQUS/Explicit via a user material subroutine
(VUMAT) platform.

As noted before, the author of this review and
M. Aghaie-Khafri [50] have proposed a CA
model coupled with a rate-dependent model to
simulate the DRX phenomenon during the hot
compression of IN 718 alloy. In this work, it has
been assumed that all of the possible slip
systems of polycrystalline are active during the
deformation, and all of the mathematical
operations were strain-based, and no stress
analysis was performed. So, there is no need for
implementing the model as a user subroutine
into the finite element environment. Figure 16
compares the experimental data and modeling
results indicating the good accuracy of the model
in simulating the DRX phenomenon.
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Dislocation density
p (X1O14 m-Z)
2.66
2.00
1.92
1.83
1.75
1.67
1.58
1.50
1.42
1.33
1.25
1.17
1.08
1.00
0.00

Fig. 15. CPFEM simulation results showing the dislocation density distribution at the grain level with true

strains of (a) 0.06 and (b) 0.18 [53].
A b S o i
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Compression direction

Compression direction
b

Fig. 16. The experimental data (a-d) and results of the CA model (e-f); the results are for IN 718 samples

deformed at the strain rate of 0.1 s, strain of 0.6 and temperatures of (a,e) 950, (b,f) 1000, (c,g) 1050 and (d,h)

1100 °C [50].
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7. OPEN QUESTIONS

Although CA has several advantages in
comparison with similar methods, see Fig. 17,
there are still some issues that need to be
resolved. The following sections focus on these
open questions.

7.1. The High Sensitivity of CA to the
Calibration

Although the calibration capability of the CA
modeling is one of its advantages for simulating
microstructural developments, its significant
dependency on the calibration is one of the main
disadvantages of it. The final produced
microstructure by using the CA model is the
result of comparing the predicted and real
microstructures and calibrating constants values
(such as Cy, My, etc.) to present a microstructure
similar to the experimental microstructure. It
means that for predicting a microstructure one
should first do experiments and obtain the real
microstructure and then  according to
experimental results calibrate CA modeling
parameters for producing a microstructure. It is
not a predicting method of the microstructure to
decrease needs for experiments but is a process
for drawing and painting experimental results.
So it is necessary to lower the CA sensitivity to

calibrated parameters in the future. This can be
achieved by replacing constants lacking any
physical meaning with physically described
parameters.

7.2. Limitations in the CDRX Modeling

In a conventional CA modeling, it is assumed
that the stored energy inside a grain has a
homogeneous distribution. While, in real
deformed microstructures, there is a strong
inhomogeneity in the distribution of dislocations
and dislocation cell boundaries which can form
several geometrically necessary boundaries
(GNBs) inside a grain. The distribution of the
strain stored energy has an important role in the
nucleation and growth of DRX grains. Because
in the CA approach the nucleation is usually
considered to occur along initial grain
boundaries, it cannot model CDRX in which
new DRX grains are nucleated inside interior
portions of grain by the gradual transformation
of LAGBs into HAGBs [133]. Considering
CDRX modeling requirements, it is predictable
that the real initial orientation definition and the
texture development will be a necessary part of
CA modeling in near future. Polycrystal plastic
models can be useful to overcome the inability
of strain heterogeneity modeling.

Limited applications

Limitations in the CDRX
modeling

High sensitivity of CA to
the calibration

Open

questions

Ignoring microstructural
effects on the
deformation behavior

Limited available
database

Saturated and repeated
results

Cellular Automaton for
modeling DRX

Calibrable to the time and
length scale

Reasonable computation
time

Capability to couple with

Advantages
other models

High accuracy in predinting
a microstructure

Computationally
inexpensive method

Fig. 17. The schematic showing advantages of CA for modeling DRX as well as its open questions.
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7.3. Ignoring Microstructural Effects on the
Deformation Behavior

Almost in all works published in the field of the
CA modeling of DRX effects of deformation
parameters (the strain, strain rate, deformation
temperature, etc.) on the microstructural evolution
have been investigated. But the influence of
microstructural changes on the deformation
behavior has been neglected for simplicity. Whilst
the recovery and DRX can remarkably influence
the stress field distribution and thereby change the
obtained parameters from flow stress curves. Also,
fluctuating in the mean grain size of the sample
during the deformation will affect the deformation
behavior. Coupling the CA method with CPFEM
and using the extracted constitutive equations can
solve these problems somewhat.

7.4. Limited Applications

The CA modeling has been successfully utilized
to obtain a better academic understanding of
fundamental  aspects of  microstructural
phenomena. The dream of materials scientists is
the construction of a CA model which can
quantitatively predict the microstructure in
industrial applications. During various stages of
the CA modeling, a lot of assumptions are used
to simplify the simulation operation which most
of them are far from the real condition. These
assumptions evolve the material characteristics,
deformation condition, microstructural
developments, the deformation mechanism, etc.
Therefore, the first step to extend applications of
the CA modeling is improving its simple
assumptions and closing to the real condition.

7.5. Limited Available Database

In the CA modeling, transition rules define the
status of cells in any time step. These rules are
based on constitution equations which have several
coefficients. In the available literature, there are
only limited alloys with reported coefficients. On
the other hand, most of the available data have
been reported by approximation. Therefore, for the
CA modeling of a new alloy, first of all, it is
necessary to determine these parameters.
Developing constitutive equations with lower
coefficients and using parameters having a physical
meaning can be helpful in this case.

7.6. Saturated and Repeated Results
Goetz and Seetharaman [32] were the first
authors who reported a CA-based model for

modeling the DRX phenomenon in 1998.
Historical trends in presenting the CA modeling
results of DRX can be found in Fig. 9. Although
obtained microstructures have become more
accurate with each passing year, it can be seen
that reported results are similar to each other in
the past decade. In other words, a graphical
presentation of a necklace microstructure
without a significant novelty in the quantitative
and qualitative analysis of predictions is
common in almost all of the published works in
this area. The quantitative evaluation of these
works is only limited to assess the size and
volume fraction of recrystallized grains. In the
next section, suggestions for strengthening future
works are noted.

8. FUTURE PROSPECTS

8.1. Providing a Vivid Laboratory

It is interesting to observe dynamically
microstructural changes during the
thermomechanical processing. CA can provide a
vivid laboratory to evaluate complicated and
nonlinear dynamics. It may soon be within the
reach that one can extend a CA model with the
capability in tracking the production, migration,
and annihilation of dislocations for alloys
experienced the hot deformation. A developed
software based on the CA method by which a
user can track microstructural changes during a
complicated thermomechanical process just by
implementing material properties and the
process condition can be an interesting
achievement in this field.

8.2. Transforming from Meso to Nano-Scale
Modeling

With a small bit of exaggeration, to model the
DRX more realistically, CA will be transformed
from the meso-scale modeling into the nano-
scale modeling. In other words, the size of each
cell will be a size of a molecule/atom. Therefore,
against most of the published CA-based works in
which only the size and distribution of grains are
used for evaluating the model performance,
vacancies and the dislocations density, the
distribution of low and medium angle
boundaries, orientation gradients and the Taylor
factor distribution can be assessed to approve the
quality of the model. In this case, the definition
of cell grids and the neighborhood will be
considered according to the crystallographic

el wo
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structure of the alloy. It is clear that for nano-
scale modeling of a typical microstructure
consisting of several grains, a powerful
computer is needed. This model could be used to
control more accurately the deformation
condition (such as initial treatments, the
deformation temperature, strain, strain rate, and
direction of loading) to obtain the required
microstructure and thereby the mechanical
properties. Similarly, it may be utilized for
producing a material with a preferred
crystallographic texture. However, to achieve
such possibilities, it is necessary to overcome the
challenges described in the section of “Open
questions”.

8.3. Online Optimizing the Performance

The accuracy of a model in predicting results is
the most important parameter in a modeling
procedure. So it is worth focusing on increasing
the performance of the model by evaluating the
accuracy. So far, the efficiency of CA models
presented for modeling DRX has been checked
at the end of the simulation, i.e. after completing
the modeling, the accuracy of the model has
been evaluated. If the accuracy was not
reasonable, the simulation was repeated with
some corrections until the required efficiency
was obtained. This can waste a lot of time and
energy. Considering this problem, it is
predictable that the next-generation of CA
models can check the accuracy of itself during
the simulation and apply required corrections
simultaneously with running. The work recently
reported by Chen et al. [134] can be regarded as
a promising achievement in this case. They have
coupled the CA technique with “neural network-
based model predictive control” methods for
online optimizing the processing parameters by
considering designed target microstructures.

9. CONCLUSION

The DRX phenomenon is a complex process
occurring during the hot deformation which can
modify the microstructure. The numerical
modeling of the DRX process has become a
favorite topic in industrial and scientific fields.
In this paper, after a brief description of the DRX
phenomenon, an overview of the CA modeling
for the numerical modeling of DRX has been
provided. The main conclusions of this review
are summarized as follows:

w4 2]

1. CA modeling is a rapidly developing tool for
the quantitative simulation of the DRX
phenomenon during the hot deformation
process.

2. In comparison with similar methods, CA is
more feasible to model microstructural
developments due to its ability for
calibration to the time and length scale.

3. A large number of works published in this
field have used very simple assumptions,
and most of the lately published works are to
improve these simplifications.

4. Despite the high performance of CA for
modeling the DRX phenomenon, there still
some challenges in this field. The calibration
sensitivity, limitations in the continuous
DRX modeling, neglecting microstructural
effects on the deformation behavior, limited
applications, and limited database as well as
saturated results are the most important
problems of the available literature. In this
work, corresponding recommendations were
suggested to overcome the aforementioned
limitations.

5. Shortly, the CA modeling could be used for
providing a vivid laboratory to evaluate
complicated processes. Next-generation CA
modeling will able to model in the nano-
scale with the capability of checking and

improving its accuracy during the
simulation.
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