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Abstract

During the annealing process of deformed materials, static 
recrystallization is an important phenomenon which can lead to 
significant texture changes in pure FCC alloy. In this paper, an 
integrated model was developed to describe the deformation and 
annealing process. The deformation process was firstly simulated 
in ABAQUS/Explicit, where crystal plasticity model was 
implemented into the FE package by developing the user 
subroutine. Then, a phase field model was proposed to simulate 
grain growth and texture evolution during annealing process. The 
outputs parameters of the deformation simulation, such as the 
orientation and deformation energy of each individual grain, were 
used as the inputs for phase field models. The nucleation of new 
grains was assumed to take place at grains which have the lowest
deformation energy. This integrated model was applied to 
calculate the texture distribution of pure FCC sheet after 
annealing. The predicted texture distribution qualitatively matches
the experimental results.

Introduction

Material anisotropy has significant influence on the mechanical 
properties, which can be attributed principally to the presence of 
texture. As a result, simulation of texture evolution during 
deformation and subsequent annealing process is crucial for 
predicting mechanical property of end products.
Crystal plasticity has been widely applied to predict deformation
texture because of its ability to relate the plastic behavior of 
material to the microstructure. One of the difficulties in the crystal 
plasticity simulation is that the boundary condition during 
deformation is unknown. This problem could be solved by 
coupling the crystal plasticity model with finite element method
(FEM) analysis. Since crystal plasticity constitutive theory is not 
available as standard in the commercially FE software, it’s 
necessary to implement crystal plasticity model into FE software 
by writing the user-defined material module. The deformation
texture distribution predicted by crystal plasticity based finite 
element method (CPFEM) was in correlation with experimental 
results [1].
But, in contrast, modeling texture evolution during annealing 
process is still rare. Static recrystallization occurs during 
annealing of the deformed material. It was Cyrell Smith who first 
recognized that the phenomenon of recrystallization during 
annealing must be subdivided into two consecutive processes,
namely nucleation and grain growth [2]. To explain 
microstructure evolution during static recrystallization, the 
theories of oriented nucleation [3] and oriented growth [4] have 
been proposed. Recently, several other theories [5] [6] have been 
proposed. But there is still much debate about these theories up to 
now. On the other hand, with increasing capability of high power 
computers, various modeling methods have been employed to

simulate microstructure development during static 
recrystallization, including Monte Carlo Potts model, vertex 
model, front tracking, Voronoi tessellation, surface evolver,
cellular automata, level set, finite element method and phase field 
approach. Among these methods, phase field approach has a 
major advantage that it does not explicitly need to track the 
moving grain boundary or interface [8]. Although modeling static 
recrystallization has attracted a lot of interests, we should note 
that the aforementioned models were mainly employed to 
simulate grain growth rather than texture evolution.
In this paper, an integrated model was developed, where texture 
evolution during deformation process and annealing process were 
simulated by CPFEM and phase field model respectively. The 
outputs parameters of CPFEM, such as the orientation and 
deformation energy of each individual grain, were used as the 
inputs for phase field models. This integrated model was applied 
to calculate the texture distribution of pure FCC sheet after 
annealing. The influence of nucleation on texture distribution was 
also studied.

Model description

The integrated model

In 1974, Dillamore and Kato [7] became the first to realize that 
modeling of recrystallization has to commence with the modeling
of the prior deformation. However, it is almost impossible to 
capture every feature of deformation microstructure, and passed 
them to the simulation of annealing process. It would be more 
realistic to select one or several parameters from deformation 
simulation results, which have predominant effects on nucleation 
and grain growth. A vast body of experimental work have showed 
that static recrystallization was influenced by low stored energy 
nucleation [9][10][11]. It is also well recognized that grain growth 
is driven by grain boundary curvature and the stored energy.
Hence, the stored energy and orientation of each individual grain 
is selected to represent the deformation microstructure in this
integrated model.
Figure 1 presents the diagram of the integrated model. In this 
model, the deformation process was simulated in the 
commercially FE software ABAQUS. ABAQUS provides an 
interface, where ABAQUS/Explicit users can define the 
constitutive behavior of a material with the user subroutine 
VUMAT. In CPFEM, each element in the FEM model can 
represent a set of grains (100 grains in the current study).
ABAQUS/Explicit solution process involves large numbers of 
increments. The stress, grain orientation, hardening parameters,
and the stored energy of each grain are passed in at the beginning 
of each increment, and then updated at the end of increment. At 
the end of FEM simulation, grain orientation and the stored 
energy of each individual grain were passed to the annealing 
simulation.
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Forming process

Integrated simulation

Figure 1. The diagram of integrated model

As shown in Figure 1, the annealing simulation was categorized 
as two steps: generating strain-free nuclei and its growth at the 
expense of the deformed matrix. Grain growth is modeled with a 
developed phase field model, which will be introduced later. As a 
result, the completion of integrated simulation relies on the 
nucleation modeling.
The main problems in nucleation simulation include nucleation 
timing, location and nucleus orientation. It is generally accepted 
that there are three different nucleation mechanisms [13]: random 
nucleation, nucleation at shear bands and nucleation at grain 
boundaries. The prominent and often observed nucleation 
mechanism in FCC alloy is the formation of nuclei at pre-existing 
grain boundaries [2]. The orientations of such nuclei have an 
orientation close to the parent grain. 
Li et al. [12] found that most nuclei were formed in the early stage 
of recrystallization. To simplify the modeling procedure, current 
study assumes nucleation to be site saturated, which means all 
nuclei are created at the beginning of annealing simulation. The 
nucleus is assumed to be strain free, suggesting that the stored 
energy is zero.
However, not every grain but only a portion of grains with low 
stored energy are capable of generating the nuclei [14]. In this
study, only 5 grains have lowest stored energy are allowed to 
generate nuclei. The number of nucleus of each parent grain is 
assumed to be around 5.

Crystal plasticity model

Crystal plasticity model not only established the quantitative 
description of plastic deformation in single crystal, but also 
provided the ability to relate the response of individual grain to 
macro-response of the polycrystalline aggregate. In the single 
crystal plasticity, the velocity gradient is expressed as= + (1)
where is the symmetric part of the rate of deformation and is 
the skew symmetric spin tensor. The plastic parts and are 
related to the plastic shear strain rate as

=
= (2)

and can be defined as= 12 ( + )= 12 ( ) (3)

where the slip direction is designated by the unit vector and the 
slip plane normal by the unit vector , the superscript is the 
number of deformation systems. A single crystal constitutive rule 
[15] which relates the grain level plastic strain rate and shear 
stress is employed, = /

(4)

where denotes the critical resolved shear stress, which 
describes the current strain hardening state of the crystal,  is 
the reference shear rate and is the material rate sensitivity. The 
evolution of critical resolved shear stress can be defined as:= (5)

with = (6)
where is hardening modulus, is introduced to describe the 
self and latent hardening, can be expressed as:= + (1 ) (7)
where is called latent-hardening ratio. For , a power 
hardening law [16] is employed here = + 1 (8)

where is the initial hardening rate, is the initial CRSS, 
is the hardening exponent and is sum of the slips on all slip 
systems at the current instant.
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In ABAQUS/VUMAT, a co-rotational coordinate system in which 
the basis system rotates with material is considered. All stress and 
strain tensor quantities are defined with respect to the co-
rotational basis system. In this formulation, a crystal orientation 
tensor, , is used to define the orientation of the crystal 
coordinate system with respect to the material co-rotational 
coordinate system. During deformation, the rigid body rotation 
matrix in an incremental form can be expressed as [17]= (9)

The stored energy in the individual grain is calculated as= + (10)

The single crystal quantities ( , , ) are linked with 
polycrystalline quantities ( , , )as =       =       = (11)

Phase field model

There are two main types of phase field models: one uses two 
order parameters to describe the degree of crystallinity and the 
crystallographic orientation [18][19], the other one uses a set of 
non-conserved order parameter fields with each of them 
representing a specific grain [20]. In this paper, the second one is 
adopted to simulate texture evolution by taking into account of the 
stored energy. The spatial and temporal evolutions of the order 
parameters are described by Ginzburg-Landau equations (also 
called the Cahn-Allen equations) [21]:= (12)

Here, is order parameter,  is time, is the kinetic coefficient 
that characterizes the grain boundary mobility, and is the total 
free energy that can be written in the following form:= [ ( ) + ( ) ] (13)

where is the free energy density and the gradient energy 
coefficient. The free energy density is generally written in the 
form [20]:= ( 2 + 4 ) + (14)

where , and are positive constants. However, the above 
equations can only describe isotopic grain growth. According to 
previous research [22], grains with lower stored energy have 
higher ability to grow. Hence, the stored energy is introduced into 
the kinetic coefficient to describe its influence= (1 ) ( ) (15)

Here, is the stored energy calculated by crystal plasticity model. 
represents is normalized by the maximum stored energy in 

the polycrystalline. This equation ensures that grains with lower 
stored energy can grow at the expense of grains with larger stored 
energy. The set of kinetic equations is solved using the simple 
Euler technique,( + ) = ( ) + × (16)

Results and discussion

A rectangular model is built to simulate the rolling process. The 
dimensions of the initial specimen were 6.35 mm in the 

compression direction, 9.53 mm in the free direction and 14.73 
mm in the constraint direction. The geometry is meshed with 20
elements, type C3D8R. Each element in the FE model is 
initialized with 100 random grain orientations. The initial random 
texture distribution is plotted by MTEX [23], as shown in Figure 
2. The predicted deformation texture is illustrated in Figure 3. The 
predicted texture is in qualitative agreement with typical
experimental result (Figure 4) of rolled FCC alloy [1].

(111)
Figure 2. The initial random texture distribution

(111)
Figure 3. The predicted rolled texture

(111)
Figure 4. The typical texture distribution of rolled FCC alloy [1]

It is necessary to rebuild the deformation microstructure in order 
to perform phase field simulation for the annealing process. As 
discussed earlier, the stored energy is recognized as the most 
important parameter, and other features of the deformation
microstructure are not considered in the integrated model. As a 
result, a homogeneous microstructure is produced as the initial 
microstructure. 
To increase the modeling efficiency, the phase field simulation is 
running with 100 grains each time. The grain orientation and 
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stored energy are retrieved from each element in the FEM model,
and assign to grains in the initial microstructure randomly. As
shown in Figure 1, the recrystallization simulation is divided as 
nucleation and grain growth. It is difficult to define a clear 
boundary between two steps. In the integrated model, nucleation 
takes place at the beginning of recrystallization simulation.
Among the 100 grains, only 5 grains have lowest stored energy 
are allowed to generate nuclei. The number of nucleus of each 
parent grain is assumed to be around 5.
Grain growth is simulated by phase field model calculation. The 
values of input parameters are: =0.1, =0.1, =0.2, =0.2, and 

=0.01. The simulation is increased in increments of =0.05s.
The total increment number is 24000. Figure 5 presents the 
evolution of microstructure during annealing process. It shows 
that the strain-free nuclei grow at the expense of deformed grains, 
and the initial microstructure is replaced by the annealed 
microstructure.

(a) t=0s

(b) t=100s

(c) t=900s

(d) t=1200s
Figure 5. The evolution of microstructure during annealing

This simulation procedure is repeated 20 times until all deformed 
grains in the FEM model are examined. The grain orientations are 
retrieved from 20 pieces of annealed microstructures. Figure 6
plots the predicted texture, which is cube texture. Figure 7 shows 
the experimental annealed texture [24]. Cube texture component 
is insignificant in the rolled texture (Figure 4), but becomes 
predominant in the annealed texture. Literature [5] shows that 
static recrystallization can lead to three possible textural changes, 
namely, no significant changes, relative randomization of the 
deformation texture, and relatively insignificant components of 
the deformation texture become significant. Texture evolution in 
pure FCC alloy during annealing process belongs to the last type.

(111)
Figure 6. The annealed texture distribution
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(111)
Figure 7. The annealed texture distribution [24]

The initial microstructure shown in Figure 5(a) is homogeneous. It 
does not contain shear bands, elongated grains and other 
frequently observed deformation features. This does not hold true 
in reality, but the predicted texture verifies the assumption that the 
stored energy has predominant influence on the texture evolution.
The simulation result suggests that nucleation is easier to take 
place at the cube component than the non-cube component
because of the lower stored energy in the cube component. This is 
in consistent with earlier study that cube component stores less 
energy than the other orientation component [25][26], and cube 
nuclei formation is easier[27].
On the other hand, nucleation parameters have great influences on 
texture evolution during annealing. In the current study, a simple 
assumption is made, where nucleation parameters were assumed 
to some particular values. Further study should be conducted to 
quantify the relationship between the stored energy,
microstructure features and nucleation model.

Conclusion

In this paper, an integrated model was proposed to calculate the
texture distribution of pure FCC sheet after annealing. The 
developed model predicted the formation of cube texture during 
annealing, which qualitatively matched the experimental results.
The results verified that accounting for the stored energy was
crucial for annealed texture prediction. The nucleation parameters 
were assumed to some particular values in the current study. An 
advanced nucleation model has to be developed to build the 
relationship between the stored energy, microstructure features
and nucleation parameters.
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