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A large reduction rolling process was used to obtain complete dynamic recrystallization (DRX) microstructures with fine re-
crystallization grains. Based on the hyperbolic sinusoidal equation that included an Arrhenius term, a constitutive model of flow
stress was established for the unidirectional solidification sheet of AZ31 magnesium alloy. Furthermore, discretized by the cellular
automata (CA) method, a real-time nucleation equation coupled flow stress was developed for the numerical simulation of the
microstructural evolution during DRX. +e stress and strain results of finite element analysis were inducted to CA simulation to
bridge the macroscopic rolling process analysis with the microscopic DRX activities. Considering that the nucleation of re-
crystallization may occur at the grain and R-grain boundary, the DRX processes under different deformation conditions were
simulated. +e evolution of microstructure, percentages of DRX, and sizes of recrystallization grains were discussed in detail.
Results of DRX simulation were compared with those from electron backscatter diffraction analysis, and the simulated mi-
crostructure was in good agreement with the actual pattern obtained using experiment analysis. +e simulation technique
provides a flexible way for predicting the morphological variations of DRXmicrostructure accompanied with plastic deformation
on a hot-rolled sheet.

1. Introduction

Compared with high-level faulted energy metals such as
aluminium alloys, magnesium alloys are prone to dynamic
recrystallization during hot deformation due to fewer slip
systems, lower stacking fault energy, and faster grain
boundary diffusion. As an important softening and
grain refinement mechanism, dynamic recrystallization
plays an important role in controlling the deformation
structure, enhancing the plastic forming ability and im-
proving the mechanical properties of magnesium alloys.
However, as a widely used light metal, magnesium alloy has a
complex nucleation mechanism. Considering the nucleation
and growth characteristics of magnesium alloys, the

recrystallization mechanism includes two categories [1, 2]:
continuous dynamic recrystallization (CDRX) and discon-
tinuous dynamic recrystallization (DDRX). CDRX forms
near the grain boundary, where stress concentration is high
and proceeds with small-angle grain boundary networks,
which are called subgrains and that migrate and merge to
form new large-angle grains. DDRX involves a bulging
nucleation mechanism during the local migration of the
original grain boundary, and the high-density dislocation
region results in-grain boundary outbreak due to stress
imbalance. Local migration results in bulging, and grain
boundaries increase the orientation difference by absorbing
lattice dislocations, eventually evolving into large-angle
grain boundaries. In addition, another mechanism based on
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rotational dynamic recrystallization exists, in which the
additional internal stress between grains caused by de-
formation leads to local distortion of grain boundaries, and
the subgrains are generated by dynamic recovery near the
distorted grain boundaries. New dynamic recrystallization
grains are formed around the grain boundaries through the
migration of subgrain boundaries and the merging growth
of subgrains. +e nucleation and growth mechanism of
dynamic recrystallization of magnesium alloys depend on
the hot working conditions. Related studies [3, 4] have
shown that the recrystallization of magnesium alloys at
room temperature is due to DDRX and rotational dynamic
recrystallization. +e nucleation mechanism of magnesium
alloys belongs to CDRX during the deformation at the
temperature range of 200°C–250°C, and DDRX dominates
in the hot compression at the temperature range of
300°C–450°C. Aiming at the traditional nucleation and
growth mechanism of DDRX, Ding and Guo [5, 6] pro-
posed the DRX nucleation model and successfully applied
the CA method to a Ti-6Al-4V alloy. A new model [7] has
been proposed to describe CDRX based on the dislocation
density in the hot rolling of AZ31 magnesium alloys.
Moreover, numerous DRX studies have been carried out
for alloy microstructures [8, 9]. Manonukul and Dunne
[10] investigated the initiation of DRX under the in-
homogeneous stress state in pure copper. Goetz and See-
tharaman [11] first used the CA method for DRX, and until
now, their method is regarded as a flexible and effective
approach that is widely used to simulate the DRX process of
various metals [12–14]. Li et al. [15] simulated dynamic
recrystallization in the deformation behavior of AZ80
magnesium alloys using the CA method via DEFORM-3D
and suggested that the CAmodel is feasible for studying the
DRX process of AZ80 alloys. Kugler and Turk [16] carried
out a study on modeling dynamic recrystallization under
multistage hot deformation and proposed that the post-
dynamic softening strongly dependent on the strain rate.
Yanagida and Yanagimoto [17] proposed a new method to
estimate the kinetics of dynamic recrystallization using the
flow curve of metal received by the hot compression test.
However, only few papers discussed the magnesium alloy
recrystallization via the CA method, especially the pre-
diction of microstructure evolution.

As shown in Figure 1, magnesium alloys with HCP
crystal structure can only start the basal slip system at room
temperature. Although the prismatic slip and pyramidal slip
system can be activated at high temperature, it is still difficult
to process. If the stress direction of the crystal is at a certain
angle to the basal plane, it will be beneficial to the processing.
+e unidirectional solidification method is preferred to
obtain dendrite microstructures. In this method, the co-
lumnar dendrites are grown along the opposite direction of
the heat flux to obtain a certain orientation of the columnar
dendrite microstructures. +ereafter, the sheet is cut at
certain angles to achieve heavy reduction rolling. +us, the
small recrystallization grains and the weakened texture for
magnesium alloy sheets are available, as shown in

Figure 1(c). Asynchronous rolling, channel angle pressing
technology, and other processing methods were used for the
same deformation principle by increasing single-pass re-
duction through shear deformation. +e mechanical prop-
erties of magnesium alloys depend on the alloy grain size and
texture, and the recrystallized grains significantly affect the
plastic deformation process; that is, grain refinement affects
the mechanical properties of magnesium alloys by im-
proving their plastic deformation properties. +is study
aimed to obtain a complete dynamic recrystallization mi-
crostructure and prove that good performance of magne-
sium alloy sheets with fine grains can be obtained to improve
the rolling deformability.

2. Constitutive Model

Sellars and Tegart [18] proposed the most widely used
constitutive model to describe the relationship between flow
stress, strain rate, and deformation temperature during
thermal activation. McQueen and Ryan [19] first applied the
constitutive equations coupled with an Arrhenius term to
steel in hot rolling and forging. Bhattacharya et al. [20]
developed a series of constitutive equations describing the
dynamic recrystallization for AZ31 magnesium alloys. In
general, the relationship between flow stress and strain rate
can be described as follows:

_ε exp
Qa

RT
  � A1σ

n1, (1)

_ε exp
Qa

RT
  � A2 exp(βσ). (2)

A high flow stress state can be expressed by using
equation (1), and a low flow stress state can be expressed by
using equation (2).

For the AZ31 magnesium alloy, McQueen et al. [21]
reported that the relationship between strain rate and flow
stress coupled with an Arrhenius term under the large
deformation state can be expressed using the hyperbolic sine
function, which can describe the relationship between flow
stress, strain rate, and deformation temperature under ar-
bitrary flow stress:

_ε exp
Qa

RT
  � A[sinh(ασ)]

n
, (3)

where Qa is the activation energy of deformation, _ε is the
strain rate, T is the absolute temperature, R is the gas
constant, and σ is the flow stress. nl and n are the stress
indexes, α is a parameter of stress magnitude, and α � β/nl;
A1, A2, A, and β are the material-related constants, which
can be obtained by the following equation (4).

Neglecting the effect of the thermal deformation acti-
vation on the temperature during rolling process, the natural
logarithm of equations (1)–(3) is taken, respectively, and the
following results can be obtained:
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. (4)

Figure 2 was obtained by fitting to the thermal compression
test results, and by using linear regression, the following av-
erage values were obtained: β � 0.054, nl � 5.248,
α � 0.01MPa− 1, n � 6.25, and Qa � 132.44 kJ/mol. From
equation (4), the average intercept value of the relationship
curve of Figure 2(c) can be calculated by ln(A) − (Qa/RT), and
the values of A at different temperatures can be obtained by it.
+e value of 1.8 × 1012 was set to A at the deformation
temperature of 523K in the recrystallization calculation
programme.

+e constitutive model of flow stress for a unidirectional
sheet of the AZ31magnesium alloy can be expressed as follows:

_ε � A[sinh(0.01σ)]
6.25 exp −

132440
RT

 . (5)

+eQ value of 132.44 kJ/mol in this paper is near the lattice
self-diffusion activation energy value of 135 kJ/mol, which can
be used in the hyperbolic sine law to describe the flow stress of

AZ31 alloys, proposed byMirzadeh [22–24], and theQ value is
slightly lower than that of the ordinary AZ31 magnesium
alloy, which indicates that the hot deformation activation of
directionally solidified sheet is easier.

3. CA Simulation

+e kinetics of DRX associated with the thermomechanical
processes was realized by changing the state variables of each
cell based on specific rules. +e matrix of continuous cells may
be arranged in 1D, 2D, or 3D in the CAmethod. In most cases,
the grids can be a triangle, square, or regular hexagon, and the
2D neighboring rules of von Neumann and Moore, which
consider the nearest and second nearest neighbors, are often
used. +e cell space, neighborhood type, boundary conditions,
and cell state are key elements for CA modeling. In the model,
2D square lattice and Neumann’s neighboring rule were used,
and we assumed that the dislocation density of the primary
grains was uniform and identical in the rolling deformation
microstructure. +e initial dislocation density of the DRX
microstructure was set as zero. Moreover, with the increasing
rolling deformation, DRX occurs at the primary grain
boundaries and the recrystallized grain boundaries when the
dislocation density exceeds the critical value. A series of
controlling equations was used to describe the nucleation of
DRX and the growth of R-grains. +e R-grains experience the
nucleation state to the growth state, which were all controlled
by the change of dislocation, and thus, the DRX process can be
described by the following models.

In the course of numerical simulation of re-
crystallization, the following hypothesis was proposed: in
this paper, the recrystallization nucleation is considered to
be related to dislocation density and stress concentration
and occurs at the grain boundaries. +erefore, a stress-re-
lated nucleation model was established, and the nucleation
was judged by the accumulation of dislocation density. +e
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Figure 1: Processing sketch: (a) slip systems of magnesium; (b) load direction; (c) processing method of the unidirectional sheet.
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primitive grain boundary is the main nucleation location of
dynamic recrystallization. In CA simulation, only the grain
boundary nucleation was considered, including primary
grain boundary and new recrystallized grain nucleation.+is
hypothesis is based on the nucleation mechanism of the
dynamic recrystallization boundary bulge.

3.1. Initial Microstructure. +e initial microstructure of
DRX was simulated using an improved CA method by
considering the grain boundary mobility and the an-
isotropy of grain boundary energy [25, 26]. +e simulated
area covers 0.4 × 0.4mm2, and the simulated area was
divided into 400 × 400 grids. +us, the corresponding size
of each grid is 1 × 1 μm2. +e periodic boundary condition
and the Moore neighborhood rule were used in the
simulated mesh model. At the beginning of the simula-
tion, the cellular automata method was used to
generate the initial structure. +e 300 grains were set at

the initial time, and each grain has a unique orientation
(1≤ Si ≤ Smax, Smax � 180). +e cells with the same orien-
tation in the initial structure will form one grain. +e area
of each grain was measured by the number of cells in-
volved, and the equivalent diameter of the grain can be
obtained by approximating the grain to a circle.

In each cellular automata time step, the two-dimensional
matrix corresponding to the current microstructure was
searched. When the cell Si on the boundary was searched, a
neighbor cell Sj was randomly selected from its neighbor-
hood, and assuming that the state of the current cell Si

changes to the state of the cell Sj, the change of grain
boundary energy ΔE was calculated:

ΔE � Ei,new − Ei,old,

Ei � 
nn

j�1
J

j
i 1 − δsisj
 ,

(6)
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Figure 2: Relationship of deformation parameters for a unidirectional sheet of the AZ31 magnesium alloy: (a, b) relationship between the
peak stress and the strain rate; (c) relationship between the strain rate and the peak stress of hyperbolic sine; (d) relationship between the
peak stress and the deformation temperature.
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where

δSiSj
�

0, Si ≠ Sj,

1, Si � Sj.

⎧⎨

⎩ (7)

+e grain boundary energy J
j
i between the cell i and the

cell j is in accordance with the Read–Shockley equation [27]
as follows:

J
j
i �

Jm

θ ∧

θ∗
1 − ln

θ ∧

θ∗
  , θ≤ θ∗,

Jm, θ> θ∗,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

θ ∧ �

θij, 0≤ θ≤ π,

2π − θij, π < θ≤ 2π,

⎧⎪⎨

⎪⎩

θij � 2π ·
Si − Sj





Smax
,

Jm �
μbθ∗

4π/(1 − v)
,

(8)

where Jm is the large-angle grain boundary energy of AZ31;
θ ∧ is the orientation difference angle of adjacent grains; Jm

and θ∗ are the boundary energy and critical misorientation,
respectively, when the grain boundary becomes the large-
angle boundary; θ∗ was set to 15°; μ is the shear modulus; b is
the Burgers vector of dislocations; and v is the Poisson ratio.

Based on the anisotropy principle, the grain boundary
mobility [28] between the adjacent grains was calculated as
follows:

M �

Mm 1 − exp − 5 ·
θ ∧

θ∗
 

4
⎛⎝ ⎞⎠⎡⎢⎢⎣ ⎤⎥⎥⎦, θ≤ θ∗,

Mm, θ> θ∗,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(9)

whereMm is themaximummobility corresponding to random
large-angle boundary and Mm was set to 1 in the procedure.

+e probability of transition from cell Si to cell Sj was
calculated as follows:

P �

0, ΔE> 0,

M Si, Sj 

Mm
, ΔE≤ 0.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(10)

After the transition probability was determined, a ran-
dom number Rand (0≤ rand≤ 1) was generated. If P> rand,
the transition is successful; otherwise, the state remains in
the original orientation.

3.2. DislocationModel. During the hot rolling process of the
AZ31 magnesium alloy, the change of dislocation density
was mainly determined using two competing processes of

work hardening and recovery softening. According to the
KM phenomenological model proposed by Mecking and
Kocks [29], the expression of dislocation density varying
with strain can be expressed using the derived method of
equation (11) as follows:

dρ
dε

� k1
�
ρ

√
− k2ρ, (11)

where ε is the strain, k1 � 2θ0/αμb is the constant that de-
notes work hardening, k2 � 2θ0/σs is the softening param-
eter that denotes recovery of dislocations, and α is a
dislocation interaction term, which is around 0.5 for the
magnesium alloy. In addition, θ0 is the hardening rate, which
is attached to the slope of the experimental flow stress-strain
curve in the second stage of work hardening; and σs is the
steady stress.

3.3. Nucleation Model. +e nucleation process of dynamic
recrystallization is accompanied by the accumulation of
dislocation density. Nucleation begins only when the
dislocation density reaches the critical value ρc and usually
occurs at the grain boundary and in-grain defects. +is
paper only considered the nucleation at the grain
boundaries and neglected the effect of crystal defects on
nucleation. According to the widely used nucleation model
_n � C_ε exp(− Qa/RT) proposed by Ding and Guo [5] cou-
pled with the flow stress equation (5), the nucleation
equation for the unidirectional sheet of the AZ31 mag-
nesium alloy was set up and can be expressed using the
following equation:

_n � C A[sinh(0.01σ)]
6.25 exp −

132440
RT

   · exp −
Qa

RT
 ,

(12)

where C is a constant and Qa is the activated nucleation
energy. Considering the energy change, Roberts and Ahl-
blom [30] found that the critical dislocation density on the
grain boundary can be calculated using the following
equation:

ρc �
20Jm _ε

3blM0
2τ2

 

1/3

, (13)

where τ � cμb2 and l are the line energy and mean free path
of the grain dislocation, respectively; c is a constant, which
was set to 0.5 in this study. M0 is the DRX grain boundary
mobility.

3.4. R-Grain GrowthModel. +e growth of the grain ensued
after recrystallization nucleation. +e essence of grain
growth is the migration of large-angle grain boundaries. +e
driving force of grain growth depends on the dislocation
density difference between the parent grain and the
recrystallized grain. For the i recrystallized grains, the
growth rate Vi is as follows:
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Vi �
M0Fi

4πri
2

Fi � 4πri
2 · τ · Δρi − 8πriJ

j
i

M0 �
bδD0b

kT
exp −

Qb

RT
 

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (14)

where Fi is the driving force for the ith R-grain with the
radius of ri and Δρi is the dislocation density difference
between the two neighboring cells. T is the absolute tem-
perature, R is the gas constant, δ is the characteristic grain
boundary thickness, D0b is the boundary self-diffusion co-
efficient, Qb is the boundary diffusion activation energy, and
k is Boltzmann’s constant. +e required physical parameters
[31] in the simulation are shown in Table 1.

Also, in the calculation for grain dimensions, we con-
sidered the 2D simulations as the cross section of a 3D
microstructure, and the sphere radius Rr of equivalent av-
erage recrystallized grain can be calculated as follows [32]:

Rr �


Nr
i�1

����
Si/π



Nr
, (15)

where Si is the recrystallized grain area and Nr is the
recrystallized grain number.

+e flow chart of the CA simulation for DRX is shown in
Figure 3, and the simulated microstructure is shown in
Figure 4.

4. Simulation Results and Discussion

In this paper, the DRX microstructural evolution of the
AZ31 magnesium alloy was simulated under the large re-
duction rolling deformation using the CA algorithm. +e
total area was meshed using a 400× 400 square lattice in the
simulation, and the simulation region corresponds to a real
square lattice of 1 μm× 1 μm, denoting the real dimension of
the DRX microstructure. An angle within the range of 0°–
180° was randomly set to the orientation of every primary
grain.

Figure 5 shows a schematic diagram of macro-micro
coupling analysis. Figures 5(a) and 5(b) show the stress and
strain results, respectively. +e stress and strain results are
taken as boundary conditions and imported into the nu-
merical simulation of micro-recrystallization, which directly
affect the dislocation density and the recrystallization
structure. +e stress and strain distributions were calculated
by using the finite element method, and the finite element
analysis was coupled with the CA simulation. +e stress
results were inducted into equation (12), which determined
the nucleation process. +e strain results were set as the
input of process parameters that directly affect the accu-
mulation of dislocation density. In the DRX microstructural
evolution process, the white regions represent the deformed
matrix, the colored regions refer to the R-grains, and the
black lines denote the grain boundaries. +e grains,

including the deformed matrix and R-grains, were vertically
compressed, and the grain boundaries evidently became
elongated, which is normal to the compression direction
with the continuous rolling deformation. Considering that
the nucleation of DRX may occur at the grain and R-grain
boundary, the elongated grain boundary should affect the
mean grain size and the kinetics of DRX.

In the finite element analysis, the actual sizes (the
thickness is 3mm) were used in the simulation. +e re-
duction was set to 50%; the rolling speed was 0.45m/s; the
roller diameter was 130mm; and the deformation temper-
ature was 553K. +e effect of the width direction was ig-
nored because the magnesium sheet is very thin, which can
be attributed to the plane strain problem. +us, the 2D
simulation was adopted.+e explicit dynamic algorithm was
used in the simulation process. +e required physical pa-
rameters in the finite element simulation are shown in
Table 2.

+e results of stress and strain obtained by finite element
analysis are taken as the initial boundary conditions for
recrystallization calculation and input in the “INPUT OF
PROCESS PARAMETERS” of program diagram as shown in
Figure 3. Considering the calculating ability of micro-re-
crystallization, only the recrystallization structure under two
typical strain conditions are analyzed in the recrystallization
analysis as shown in Figure 6.

+eCA programwas used to simulate the nucleation and
grain growth to analyze the microstructure evolution af-
fected by the strain rate. At 280°C rolling temperature, the
grain growth increased as the strain rate decreased, as shown
in Figure 6. Figure 6(a) shows the recrystallization micro-
structure at a strain rate of 0.1 s− 1, and the growing and
migrating grains completely occupied the square area. Also,
the percentage of DRX was almost 100%. In the CA sim-
ulation, the strain of the deformation zone was just 0.337,
which is consistent with the strain results of the stable rolling
zone determined using the finite element analysis shown in
Figure 5. Furthermore, at a strain rate of 0.3 s− 1, the nu-
cleation decreased because no sufficient time was available
for the growth of DRX in the period of grain growth. +e
percentage of DRX was almost 70%, as shown in Figure 6(d).
Clearly, the strain rate is an important factor that affects the
nucleation and growth of R-grains. +erefore, the roller
velocity can be set to obtain the different values of the stress
and the strain rate, and thus, the optimized rolling process
parameters can be achieved.

As shown in Figures 5 and 7, when the stress increased
from 0MPa to 170.8MPa, the percentage of DRX signifi-
cantly increased, and the mean grain decreased from
14.38 μm to 6.71 μm. +e size distribution of initial grains
and DRXed grains is shown in Figure 7, and clearly, stress is
an important factor that affects the nucleation and growth of
R-grains.

Figure 8 shows the influence of the rolling deformation
temperature on the DRXedmicrostructure.+e temperature
notably has double effects on the grain size. On the one hand,
the temperature provides the essential deformable energy for
the nucleation and the growth of DRX. On the other hand, a
high temperature results to a large grain size. At 200°C
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rolling temperature, the nucleation of DRX started at the
grain boundary, which has aminor effect on the grain size, as
shown in Figure 8(a). When the temperature increased, the
DRX began to grow and refine the grain, as shown in
Figure 8(b). At 280°C deformation temperature, the com-
plete DRX microstructure was achieved, and DRX grains
were refined, as shown in Figure 8(b). However, if the
temperature is further increased, large coarse grains will be
generated by the grain boundary driving force, as shown in
Figures 8(c) and 9. Results show that with the increase of

temperature, the recrystallization strengthened. +e re-
crystallization of the large grain devoured the small grain
around, and the overall size became larger, which is not
conducive to grain refinement. +us, strictly controlling the
recrystallization temperature is needed to obtain the fine
recrystallized organization.

Figure 9 depicts the process of grain reenlargement at
high temperatures. In the early stage of recrystallization, the
initial large grains become small recrystallization grains as
shown in Figures 9(a) and 9(b). But, at the later stage, the

Table 1: Physical parameters of the AZ31 magnesium alloy used in the CA simulation.

Properties Value Unit
Tm 473–673 K
b 3.21 × 10− 10 m
μ 1.7 × 1010 N·m− 2

D0 1.0 × 10− 4 m·s− 1

δD0b 5.0 × 10− 12 m3·s− 1

Qa 132.44 kJ·mol− 1

Qb 92 kJ·mol− 1

Generating the initial AZ31
microstructures by CA

The input of the process parameters and
the physical parameters

Initialization of all state parameters of
the initial microstructures

Investigating all the cells one by one to search
the cells located on the grain boundaries

(either primary grain boundaries or dynamic
recrystallized grain boundaries)

ε = ε + dε

ε ≤ εmax

ρ ≥ ρc

Yes

Yes

Yes

End

No

No

Nucleation of DRX, ρ = 0

The grain growth of DRX

The growth of the dislocation
density, ρ ≥ ρc

Figure 3: Flow chart of the CA simulation for DRX.
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Figure 4: DRXed microstructure by CA method: (a) DRX nucleation principle; (b) simulation of initial microstructure by the CA method;
(c) simulation of DRX microstructure by the CA method.
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Figure 5: +e schematic diagram of macro-micro coupling analysis.

Table 2: Physical parameters of the AZ31 magnesium alloy used in the finite element simulation.

Parameters Value Unit
Density 1.74 × 103 Kg·m− 3

Alloy sheet temperature 553 K
Roller temperature 473 K
+ermal conductivity between roller and sheet 11 kW·(m2 ·K)− 1

+ermal convection coefficient between roller and air 0.016 kW·(m2 ·K)− 1

Stefan–Boltzmann constant 5.67 × 10− 11 kW·(m2 ·K4)− 1

Emissivity 0.25 —
Dynamic friction coefficient 0.3 —
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Figure 6: Continued.
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Figure 6: Simulated microstructure evolution of AZ31 magnesium alloy DRX at a strain of 0.34 and temperature of 280°C. Strains:
(a, b) _ε � 0.1; (c, d) _ε � 0.3.
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Figure 7: Initial grain size and DRX grain size (280°C of the rolling temperature).
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Figure 8: Continued.
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large grains devoured the small grains around and, then,
made the grain size bigger again as shown in Figure 9(c).
+erefore, the temperature is one of the important factors
affecting recrystallization grain size.

+e mean sizes of the R-grains, which are necessary to
describe DRX, decreased with increasing temperature when
a sufficient DRX microstructure is formed. Figures 7–9
evidently show that the mean sizes of the R-grains
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Figure 8: Simulated microstructure evolution of AZ31 magnesium alloy RX at a strain of 0.37 and a strain rate of 0.3 s− 1 in different
temperatures: (a) T � 200°C, (b) T � 280°C, and (c) T � 400°C.
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Figure 9: Simulated microstructure evolution of AZ31 magnesium alloy DRX at a strain of 0.4 and temperature of 400°C.
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substantially changed with the strain rate and temperature;
however, the strain has little effect on the mean sizes of the
R-grains, which means that the R-grain size depends on the
Zener–Hollomon parameter, which is consistent with the
DRX research of grain size [31].

+e above results show that the percentage of DRX
depends on three factors, namely, strain rate, strain, and
temperature. +e suitable parameters are helpful for en-
hancing the percentage of DRX in the hot-rolling AZ31
magnesium alloy sheet.
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Figure 10: Rolled microstructures in the biting zone of the AZ31 magnesium alloy: (a) rolling sketch image; (b) six roller warm rolling mill;
(c) microstructure of the deformation zone; (d) coarse twin grains in the A zone via EBSD experimental observation; (e) coarse grains after
extrusion crushing in the B zone via EBSD experimental observation; (f ) coarse grains after extrusion crushing in the C zone via EBSD
experimental observation; (g) recrystallizedfine grains in the D zone via EBSD experimental observation; (h) simulated initial grains using
the CA method; (i) simulated recrystallized fine grains using the CA method.
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5. Experiment

+e experimental material is made of a unidirectionally
solidified AZ31 magnesium alloy composed of 3.0% Al, 1.0%
Zn, and 0.2% Mn. +e margin composition is Mg, and the
rolling experiments were carried out consistent with the
simulated data.

Figure 10(a) shows the rolling directions, and
Figure 10(b) shows the six roller warm rolling mill. +e
rolling deformation temperature is 280°C. Comparison of
Figures 10(d)–10(g) according to the A–D zones in
Figure 10(c) indicates that when the deformation reached
the stable rolling deformation, almost all the large twinning
grains recrystallized into minute grains. At last, the mi-
crostructure of magnesium alloys produced completely
recrystallized grains in the large deformation state, and no

evident twinning texture was present, which is consistent
with the results of the CA method.

It can be seen from Figures 10(d)–10(f) that the grain
elongation is the main mechanism during the initial rolling
stage due to the influence of rolling force. However, it can be
seen from Figure 10(g) that the grain refinement mechanism
is obvious at the later stage of rolling because re-
crystallization plays a major role. As shown in Figure 10(d),
the original grain size is more than 100 μm, and there exits
coarse twin grains. In order to obtain recrystallized grains, it
is necessary to heat up, extrude, and crush them. +e
crushed initial coarse grain size for recrystallization simu-
lation cannot be obtained directly by experimental method,
so the improved CA method was used. Figures 10(h) and
10(i) are the simulation results compared with the experi-
mental results of Figures 10(f ) and 10(g).
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Figure 11: (a) Pole figures of unrolled of A zone; (b) pole figures of the rolled D zone; (c) scatter figures of the rolled D zone.
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By comparing and analyzing Figure 10, numerous initial
twin structures in the AZ31 unidirectional solidified sheet
itself were found. +e recrystallized grains nucleate at the
twin boundary and the original grain boundary until the
twins were completely replaced by the recrystallized grains.
No distinction was found between the twin boundary and
the original grain boundary in this paper. +e re-
crystallization mechanism is based on the grain boundary
bulging. +e recrystallized grains nucleated at the grain
boundaries with the increase of deformation and developed
into the original grain boundaries until the matrix was
completely replaced by the fine recrystallized grains. +e
twin boundaries and primitive boundaries provide the
necessary core position and energy for nucleation during
deformation, which is due to the accumulation of disloca-
tions at these locations that were hindered by the twin or
primitive grain boundaries during deformation. +e in-
creasing density of the local dislocations is necessary for the
recrystallized grain nucleation. +e recrystallized grains,
which first formed and grew up, will also deform syn-
chronously with the matrix with the further increase of
deformation. Once the dislocation density at the grain
boundary reaches the critical value, recrystallization will
occur, which will further refine the recrystallized grains.

Figure 11 shows that the anisotropy of grain orientation
is strong before rolling; however, the grain orientation was
dispersed after rolling. Also, the anisotropy was weakened.
Based on the above results, it can be concluded that the small
amount of deformation leads to the twinning microstructure
with large grains. +e magnesium alloy can obtain complete
recrystallized grains when the rolling deformation increases,
and the complete DRXed microstructure will decrease the
flow stress to soften the magnesium sheet, thus achieving a
weakening texture of the magnesium alloy sheet.

6. Conclusions

(1) A constitutive model coupled stress variable was
established for the unidirectional solidification sheet
of AZ31 magnesium alloys and to predict the DRX
microstructural evolution of AZ31 magnesium al-
loys.+e approach provides a multiscale modeling to
bridge the macroscopic rolling process analysis with
the microscopic DRX activities and achieve a
weakening texture of the magnesium alloy sheet.

(2) By the bulging nucleation mechanism of DRX and
coupling the CA method and the metallurgical
principles, the grain refinement of DRXed grains was
successfully acquired. +e appropriate parameters
during the rolling process, which were discussed in
detail in this paper, are helpful for enhancing the
percentage of DRX. +e recrystallized microstruc-
ture obtained via the CA method is in good agree-
ment with the EBSD experiment.
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