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ABSTRACT

The dynamic recrystallization (DRX) behavior of the extruded AZ80A magne-

sium alloy during plastic deformation was studied by coupling the physical-

based finite element (FE) method and the developed cellular automata (CA)

model. Isothermal compression tests were conducted by Gleeble-3800 thermal

simulator at different temperatures of 598 K, 623 K, 648 K, 673 K, 698 K, and

723 K, and different strain rates of 0.001 s-1, 0.01 s-1, 0.1 s-1, and 1 s-1 to obtain

the corresponding flow stress–strain curves. The constitutive model was

established based on the analysis of the flow stress–strain curves. Moreover,

parameters of the CA model were found. Based on the CA model, the DRX

model was built. The established constitutive model and the DRX model were

embedded in DEFORM-3D software to simulate the grain evolution under

various deformation conditions. This combined method was capable of pre-

dicting the evolution of flow stress, DRX volume fraction, and DRX grain size in

various deformation conditions. The results show that the error between the

recrystallization volume fraction predicted by the finite element simulation and

the CA model and the experimental results is less than 12.0%, and the error

between the peak stress predicted by the CA model and the measured value

remains within 8.0%. The prediction results of the combined methodology of the

CA model and the FE simulation are consistent with the experimental results,

which verify the usefulness and the prediction prospect of the coupled method.

This method was probably a feasible choice to predict the DRX grain refinement

of the thermal deformation process of the extruded AZ80A magnesium alloy.
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GRAPHICAL ABSTRACT

The dynamic recrystallization (DRX) behavior of the extruded AZ80A magne-

sium alloy during plastic deformation was studied by coupling the physical-

based finite element (FE) method and the developed cellular automata (CA)

model. The results show that the error between the recrystallization volume

fraction predicted by the finite element simulation and the CA model and the

experimental results is less than 12.0%, and the error between the peak stress

predicted by the CA model and the measured value remains within 8.0%.

Introduction

With the increasing prominence of the energy crisis,

magnesium alloys have been widely used for light-

weight structural parts due to their low density, high

specific stiffness, high specific strength, superior

shock absorption, and other advantages, which are

crucial to the development of the lightweight space-

craft and vehicles [1, 2]. Due to the high density of the

hexagonal structures, fewer slip systems, and low

stacking fault energy, magnesium alloys have poor

plastic deformation ability at room temperature,

which limits their application in the industry.

Therefore, thermoplastic deformation has become a

common method to shape structural parts made of

magnesium alloys. Dynamic recrystallization (DRX)

is more likely to occur under high-temperature

deformation conditions, which in turn controls the

microstructure evolution of magnesium alloys to

make a better comprehensive performance after the

plastic deformation [3]. Therefore, studying the

plastic deformation behavior of magnesium alloys at

high temperatures to improve the performance and

material efficiency of the structural parts made of

magnesium alloys attracts much attention.

In recent years, although studies on DRX never

stopped, the microstructure and mechanical proper-

ties of the materials are mainly focused on mechanical

processing methods such as thermal compression and

tension [4].Ashas beenwell known,DRX is not only an

important physical metallurgical phenomenon but

also an important means of grain refinement. It is

found that the development of DRX can improve the

plastic formability of magnesium alloys [5]. The DRX

process of the metal alloys can be divided into two

mechanisms: continuous dynamic recrystallization

(CDRX) and discontinuous dynamic recrystallization

(DDRX) [6]. CDRX mainly occurs in high-level fault

energy materials such as aluminum. In the thermal

deformation process, the subgrain boundary continu-

ously absorbs dislocations, which changes the small-

angle subgrain into the large-angle grain. This process
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is developed by consuming dislocation density and

reducing overall distortion energy, resulting in grain

refinement [7]. The evolution process of DDRXmainly

occurs in materials with medium and low stacking

fault energy, such as copper. This process can be real-

ized by the migration of large-angle grain boundaries,

which is consistent with the traditional DRX mecha-

nism to eliminate dislocations and subgrain bound-

aries in the deformed matrix through nucleation and

growth of the recrystallized grains [8]. However, the

evolution process of DRX is very complex, dynamic,

and random. Experimental methods and physics-

based models can partially reflect some of the internal

processes, but barely very well predict the

microstructural evolution. Aprediction of the dynamic

microstructural evolution faces more difficulty.

However, a combination of numerical calculations

and material parameters provides a different

approach to simulating DRX behavior. Some models

are used to predict the microstructural evolution of

different materials in DRX behavior. At present, the

main simulation methods include the Monte Carlo

method, phase-field method, and cellular automata

method. The Monte Carlo method cannot directly

reflect the migration mechanism of grain boundaries

[9]. The phase-field method has the largest amount of

calculation among these methods [10]. In contrast, the

cellular automata (CA) method has many advantages

in the simulation of the nucleation and growth of

recrystallized grains [11, 12]. In addition, CA not only

simplifies the model but also improves computa-

tional efficiency [13]. CA method has been increas-

ingly used for simulation in recent years. DING and

GUO [14] proposed a two-dimensional model that

combined the DRX metallurgical principle with CA

and successfully simulated the grain growth direc-

tion and the shape of pure copper. The results show

that the initial microstructure also has a certain

influence on DRX behavior. Subsequently, CA was

widely used to simulate various materials. Han et al.

[15] established a DRX-CA model, which revealed its

unsuitability at high strain rates and successfully

simulated and predicted the dynamics of recrystal-

lization behavior of titanium alloys. Chen et al. [16]

proposed a method to predict microstructural evo-

lution by tracking dislocation density and used an

updated topological deformation technique to study

the DRX behavior of austenitic stainless steels.

Coupling the CA model and finite element (FE)

method can more reliably predict grain refinement

developed by the DRX process due to a consideration

of the physical mechanism of the DRX process. Li et al.

[17] built the CA algorithm of DRX evolution into the

CPFEM framework and made a good prediction of

multi-scale non-uniform deformation, mechanical

response, and microstructural evolution of titanium

alloy, but the double calculation is required in the

coupling process, resulting in difficulties in calculation

and coding. Wang et al. [18] simulated the

microstructural evolution during hot compression of

homogenized 5052 aluminum alloy and AZ31 mag-

nesium alloy using a CA coupled FEmethod, showing

that a larger degree of deformation leads to grain

refinement. Lee et al. [19] obtained local data for the

input parameters of CA simulation through FE anal-

ysis. They simulated the dynamic recrystallization

behavior of pure copper and successfully simulated

the hot gear blank forging process by using thismodel.

Jaeger et al. [20] proposed to couple two 3D models of

crystal plasticity FE method and recrystallization

process. Compared with previous simulation meth-

ods, the currentmodel took into account the volume of

the sample and successfully predicted the stress field

and strain field, the evolution of energy storage, and

the local crystallographic orientation of superalloys. In

summary, many scholars have studied it and obtained

corresponding results, which are mainly used to pre-

dict themicrostructure of variousmaterials. However,

there are barely studies on the DRX behavior of the

extruded AZ80Amagnesium alloy using the coupling

physics-based FE method and the CA model. In par-

ticular, the prediction of the microstructural evolution

of this material has not been found.

In this research, the DRX behavior of the extruded

AZ80A magnesium alloy in different temperatures

and strain rates was studied by hot compression

experiments. The established DRX dynamic model

and constitutive model were incorporated into a FE

simulation platform, DEFORM-3D software. A two-

dimensional CA model was also used to study the

microstructural evolution and the relationship

between microstructure and deformation parameters

during the thermal deformation processes.

Materials and experiment procedures

Cylindrical samples with a size of U10mm 9 15 mm

were processed from the solution-treated extruded

AZ80A magnesium alloy bars. The chemical
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compositions (mass fraction %) are shown in Table 1.

The microstructure of the homogenized extruded

AZ80A magnesium alloy with an average grain size

of 43.33 lm is shown in Fig. 1a. Isothermal com-

pression tests were carried out on Gleeble-3800

thermal simulator under different temperatures of

598 K, 623 K, 648 K, 673 K, 698 K, and 723 K, and

strain rates of 0.001 s-1, 0.01 s-1, 0.1 s-1, 1 s-1, and a

compression ratio of 60% which corresponds to a true

strain of 0.916. Before compressing the sample, to

reduce friction, graphite sheets were placed at both

ends of the sample and coated with lubricating oil.

The hot deformation process diagram is shown in

Fig. 1b, and the deformation testing diagram is

shown in Fig. 1c. Each sample was heated to the

corresponding temperature at the speed of 10 K � s-1,

and the compression test was carried out after a

holding of the temperature for 180 s. After com-

pression, the sample was immediately water quen-

ched to freeze the microstructure. The compressed

sample was cut along the cross section parallel to the

compression direction. Polish and etch were fol-

lowed. The microstructure in the middle of the

sample was observed by an optical microscope (OM).

The average grain size and recrystallization fraction

of the compressed sample were calculated and sim-

ulated. EBSD data were obtained by Oxford Sym-

metry electron backscatter diffraction detector.

Experimental results

True stress–strain curve

Figure 2 shows the true stress–strain curves of the

extruded AZ80A magnesium alloy under the tem-

perature of 598–723 K and the strain rate of

0.001–1 s-1. The flow stress increases with the

decrease in the deformation temperature and the

increase in the strain rate, indicating that the flow

stress is sensitive to the temperature and strain rate.

At the beginning of hot deformation, the increase in

the dislocation density leads to work hardening, and

the flow stress increases monotonically with the

increase in the work hardening. After reaching the

peak of the flow stress curve, a decrease in the flow

stress can be observed. The reason is that, with the

development of recrystallization mainly caused by

dislocation climbing, the effect of dynamic softening

Table 1 Chemical composition of the extruded AZ80A

magnesium alloy (wt.%)

Element Al Zn Mn Si Fe Cu Ni Mg

Content 8.50 0.60 0.30 0.021 0.003 0.01 0.001 Ba

Figure 1 a Microstructure of

homogenization treated

extruded AZ80A magnesium

alloy; b diagram of the hot

deformation process of the

extruded AZ80A magnesium

alloy; c deformation testing.

1348 J Mater Sci (2023) 58:1345–1367



is greater than the effect of work hardening. After

deformation, the work hardening and dynamic soft-

ening reach a balance, and the flow stress reaches a

stable state. In the initial stage of deformation, the

stress increases with the increase in the deformation

and reaches a certain peak value of rp (the strain

deformation corresponding to this stress is ep), and
the yield stress drops again to a certain constant

value of rss due to DRX.

Constitutive model

The experimental results in Fig. 2 show that the flow

stress mainly depends on the deformation tempera-

ture and the strain rate, and the modified hyperbolic

Arrhenius function can better describe the

relationship between them. In general, the constitu-

tive model can be expressed by the following formula

[21]:

_e ¼ A1r
n1 exp � Q

RT

� �
ð1Þ

_e ¼ A2 expðbrÞ exp � Q

RT

� �
ð2Þ

_e ¼ A½sinhðarÞ�n exp � Q

RT

� �
ð3Þ

where A, A1, A2, a, b, n and n1 are constants related to

the material state, r is the flow stress, Q is the acti-

vation energy of thermal deformation, and R is the

molar gas constant.

Figure 2 Stress–strain curves of the extruded AZ80A magnesium alloy under different deformation conditions: a 0.001 s-1; b 0.01 s-1;

c 0.1 s-1; d 1 s-1.
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a can be obtained as 0.0201 by the following for-

mula, in which b and n1 can be obtained according to

the slope fitting in Fig. 3a, b:

a ¼ b=n1 ¼
o ln _e
or

� ��
o ln _e
o ln r

� �
ð4Þ

At the thermal deformation temperature, there is a

functional relationship between the strain rate _e and
the stress r, so the Z parameter is introduced [22, 23]:

Z ¼ _e exp � Q

RT

� �
¼ A sinhðarÞ½ �n ð5Þ

Taking the logarithm of both sides of Eq. (3), we

get Eq. (6)

ln _e ¼ lnAþ n ln½sinhðarÞ� � Q

RT
ð6Þ

n and Q can be expressed as:

n ¼ o ln _e
o ln sinhðarÞ½ � ð7Þ

Q ¼ RnM ¼ R
o ln _e

o ln½sinhðarÞ�

� �
T

o ln½sinhðarÞ�
oð1000=TÞ

� �
_e

ð8Þ

The value of n according to Eq. (7) is the average of

the slope of the ln _e- ln[sinh arð Þ� curve, as shown in

Figure 3 a ln _e–r curve; b ln

_e–ln r curve; c ln _e–
ln sinh arð Þ½ � curve; d

ln sinh arð Þ½ �–1000/T curve; e

lnZ–ln[sinh arð Þ� curve.
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Fig. 3c. The value of n is 3.52062. The value of M can

be obtained by fitting the curve ln sinh arð Þ½ � - 1000/

T. At the same time, according to Eq. (8), the value of

Q is 180000 J/mol and the value of A is

3.30984 9 1012, which are obtained from the intercept

of lnZ - ln sinh arð Þ½ � curve, as shown in Fig. 3d, e.

To sum up, the constitutive model of the extruded

AZ80A magnesium alloy can be expressed as:

_e ¼ 3:30984� 1012 sinhð0:0201rÞ½ �3:52062exp � 180000

RT

� �

ð9Þ

DRX kinetic model

During the process of thermoplastic deformation,

DRX occurs when the increased dislocation density

reaches the critical dislocation density and the DRX

volume fraction gradually increases. Most of them

are related to critical strain and temperature, which

can be characterized by DRX kinetic equation [24, 25].

XDRX ¼ 1� exp �k
e� ec
ep

� �m� �
ðe� ecÞ ð10Þ

where XDRX is the volume fraction of DRX, ep is the

peak strain (corresponding to rp), and k and m are

material constants.

At the same time, the volume fraction of dynamic

recrystallization can be expressed as [26, 27];

XDRX ¼ rp � r
rp � rss

ð11Þ

where rp is the peak stress and rss is the steady-state

stress.

Taking the logarithm of both sides of Eq. (10), we

get

ln½� lnð1� XDRXÞ� ¼ ln kþm ln½ e� ecð Þ
�
ep� ð12Þ

The DRX volume fraction can be calculated from

Eq. (11), and the values of m and k can be obtained by

a linear fitting between ln[- ln(1 - XDRX)] and

ln[(e - ec)/ep]. The slope of the fitted straight line is

m and the intercept is lnk, which are calculated to be

2.756 and - 0.17406, respectively. Therefore, the

extruded AZ80A magnesium alloy based on DRX

kinetics can be expressed as follows:

XDRX ¼ 0 ðe� ecÞ

XDRX ¼ 1� exp �0:17406
e� ec
ep

� �2:0756
" #

ðe� ecÞ

8><
>:

ð13Þ

Determination of simulation parameters

In the establishment of the DRX model based on CA,

some deformation and non-deformation parameters

need to be determined before they can be simulated.

The deformation parameters are mainly obtained

from the stress–strain curve obtained by the thermal

compression test. The Zener–Hollomon (Z) correla-

tion function can be established by the corresponding

linear fittings and calculations of some parameters

[28], as can be expressed below:

Z ¼ _e exp � Q

RT

� �
ð14Þ

Through the relationship between the work hard-

ening rate h and the flow stress at different temper-

atures and a strain rate of 0.01 s-1 in Fig. 4, the

steady-state stress (rss), peak stress (rp), critical stress
(rc), and saturation stress (rsal) under various defor-

mation conditions can be obtained. By linear fitting to

the experimental results, the value of ec can be rep-

resented by 0.6334 ep. Moreover, ep, rss, and rsal can
be expressed as a function of the Zener–Hollomon (Z)

parameter, respectively, as shown in Fig. 5.

Figure 4 h–r curves for different temperatures and a strain rate

of 0.01 s-1.
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ec ¼ 0:6334ep ð15Þ

ep ¼ 0:00176Z0:11662 ð16Þ

rss ¼ 28:827792� sinh�1ð0:0201Z0:19893Þ ð17Þ

rsal ¼ 28:827792� sinh�1ð0:022Z0:30672Þ ð18Þ

Numerical simulation

Finite element simulation and result
analysis

Due to the friction between the sample and the punch

during the hot compression process, the deformation

in the sample is non-uniformly distributed. There-

fore, to study the microstructure in different regions

of the sample, the DEFORM-3D software based on

the finite element (FE) method was used to simulate

Figure 5 a lnZ–ln sinh arssð Þ½ � curve; b lnZ–ln sinh arsalð Þ½ � curve; c lnZ–ln ep curve.

Figure 6 Finite element model for thermal compression

simulation.
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the hot compression process of the extruded AZ80A

magnesium alloy under different deformation

conditions.

Figure 6 shows the FE model for the simulation of

the hot compression process. In the model, the sam-

ple is set as a plastic body. The top and bottom

molds/dies are set as rigid bodies. During the pro-

cess of hot compression, the lower die remains sta-

tionary and the load is applied to the upper die to

compress the sample along the Z-axis. To better

study the thermal deformation behavior of the

material, the physical-based constitutive model and

dynamic model of the extruded AZ80A magnesium

alloy were embedded in the finite element analysis of

the DEFORM-3D software.

Figure 7 shows the microstructure under different

deformation conditions of the temperature of 623 K

and 673 K and the strain rate of 0.01 s-1, 0.1 s-1, and

1 s-1. At the same temperature (as shown in Fig. 7a, b

or Fig. 7c, d), when the strain rate is 1 s-1, the fig-

ure shows that no complete recrystallization has

occurred, and a small number of initial grains can

still be observed, while the initial grains are com-

pressed and elongated. When the strain rate is

0.01 s-1, it can be observed that there are many fine

nucleation grains under this condition. At the same

strain rate (Fig. 7a, c), when the temperature is 673 K,

compared with Fig. 7a, the recrystallized grains in

Fig. 7c have grown significantly. The results show

that, at the same temperature, the higher the strain

rate, the smaller the recrystallization grain size and

the more incomplete the recrystallization. The higher

the temperature at the same strain rate, the larger the

grain size and the more complete the

recrystallization.

Figure 8 shows the DRX volume fraction under

different deformation conditions simulated by the FE

method. Comparing Fig. 8a and b, Fig. 8c, and d,

respectively, at the same temperature, with the

increase in the strain rate, the complete development

of DRX can be observed in the middle region of the

compressed sample. Comparing Fig. 8a and c, at the

same strain rate, with the increase in temperature, the

observation of the microstructure indicates that the

development of the DRX in the middle region of the

sample is more complete. The reason is that, under all

deformation conditions, the DRX volume fraction of

the difficult deformation areas near the contact sur-

faces between the sample and the dies is much

smaller than that of the large deformation area in the

middle of the sample due to friction. The large

deformation area has a higher degree of the devel-

opment of DRX, which is consistent with the exper-

imental results. Therefore, the FE simulation method

Figure 7 Microstructure of

the extruded AZ80A

magnesium alloy under

different deformation

conditions: a 623 K, 0.01 s-1;

b 623 K, 1 s-1; c 673 K,

0.01 s-1; d 673 K, 0.1 s-1.
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by DEFORM-3D can effectively predict the hot com-

pression process of the extruded AZ80A magnesium

alloy.

Figure 9 shows the microstructure diagram of dif-

ferent regions of the sample compressed at 673 K and

0.01 s-1. To describe the deformation degree of dif-

ferent regions, the DRX volume fractions of different

regions are compared with the experimental results

calculated by the point tracking method. The larger

the deformation degree of P1, the larger the DRX

volume fraction, and the volume fraction is 100%. P2

shows the microstructure of the difficult deformation

region, the DRX volume fraction by FE simulation is

only 17%. P3 shows the microstructure of the med-

ium deformation region, and the volume fraction of

dynamic recrystallization is 100%. The errors

between the finite element simulation results and the

experimental results at points P1, P2, and P3 are 0,

11.2%, and 0.1%, respectively. The main reason for

this phenomenon is that the degree of deformation in

different regions is different, resulting in a change in

the internal energy of the material during the thermal

compression process. In summary, it reveals that the

DRX volume fraction by FE simulation is in good

agreement with the experimental result.

CA model

The plastic deformation of metals is mainly influ-

enced by the interrelationship between work hard-

ening and dynamic softening. In addition, the

multiplication and annihilation of dislocations jointly

affect the microstructural evolution. The CA model is

composed of models of dislocation density, DRX

nucleation, and grain growth. The CA model mainly

relies on time and dimension discretization and

transformation rules of adjacent cells and dynami-

cally simulated microstructures.

Dislocation density evolution model

In the process of hot working, the evolution of dis-

location density is mainly caused by work hardening,

dynamic recovery, and dynamic recrystallization

(DRX). Dislocation density plays an important role in

recrystallization nucleation and growth. When the

Figure 8 DRX volume

fraction under different

deformation conditions:

a 623 K, 0.01 s-1; b 623 K,

1 s-1; c 673 K, 0.01 s-1;

d 673 K, 0.1 s-1.
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dislocation density reaches the critical strain corre-

sponding to a dislocation density, DRX occurs. From

the microscopic point of view, the dislocation density

is generated by work hardening and eliminated by

dynamic softening. Therefore, the KM dislocation

density model proposed by Mecking and Kocks [29]

is used to describe the evolution of dislocation den-

sity inside the grain, and the model is expressed

below:

dq
de

¼ k1
ffiffiffi
q

p � k2q ð19Þ

where k1 and k2 are the parameters related to work

hardening and dynamic softening, which can be

expressed by Eqs. (20) and (21), and the combined

effect of work hardening and dynamic softening

affects the dislocation density.

k1 ¼
2h
aGb

ð20Þ

k2 ¼
2h
rs

ð21Þ

where h is the work hardening rate; G is the shear

modulus.

The relationship between flow stress and average

dislocation density can be expressed as follows [30]:

r ¼ aGb
ffiffiffi
q

p
ð22Þ

Figure 9 Comparison of

experimental and simulated

DRX volume fractions of

different deformation regions

of the sample at 673 K and

0.01 s-1 and a true strain of

0.9.
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where b is the Berger vector and q is the average

dislocation density, which is the average dislocation

density of all grains in the cell space.

Nucleation model

It is well known that DRX nucleation occurs when the

dislocation density reaches a critical level. At present,

there are various nucleation models; KURTZ [31]

proposed a nucleation equation, which takes into

account the strain rate and the nucleation rate:

_nð _e;TÞ ¼ C _em exp � Q

RT

� �
ð23Þ

where _n( _e; T) is the nucleation rate; Q is the activation

energy of thermal deformation; and C is the

nucleation rate constant, which can be obtained by

inverse analysis [16, 32].

The nucleation is related to the accumulation

mechanism of dislocation density at grain bound-

aries. When the DRX nucleation occurs, the disloca-

tion density of the nucleated DRX grains returns to

the initial state. According to Roberts and Ahlbom

[33], the condition of the DRX nucleation is that the

critical dislocation density (qc) exceeds the threshold,

and the critical dislocation density can be expressed:

qc ¼
20ci _e
3blMs2

� �
ð24Þ

where l is the average degree of dislocation freedom;

s is the unit dislocation line energy, which can be

expressed as s ¼ lb2=2; and ci is the grain boundary

Table 2 Material parameters

of the extruded AZ80A

magnesium alloy

Parameter dDob (m
3 s-1) b (m) l (Pa) m Q (J/mol) R

Value 5.0 9 10–12 3.21 9 10–10 1.75 9 1010 0.33 180,000 8.314

Figure 10 Probabilistic cellular automata model simulates microstructure evolution: a predicted image of initially nucleated grains,

b DRX nucleation, and growth.
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energy per unit area, and the calculation formula is as

follows [34]:

ci ¼
cm ðhi � 15�Þ
cm

hi
hm

1� ln
hi
hm

� �� �
ðhi\15�Þ

8<
: ð25Þ

where hi is the grain orientation difference between

the ith recrystallized grain and the surrounding

grains; and ci and hm represent the grain boundary

energy and grain boundary orientation difference of

the large-angle grains, respectively (take as 15�). cm
can be obtained by Eq. (26) [16]:

cm ¼ lbhm
4p 1� mð Þ ð26Þ

where v is Poisson’s ratio.

Grain growth model

In the process of thermal deformation, when the

dislocation density reaches a critical value, recrys-

tallized grains nucleate. The difference in the dislo-

cation density between the newly generated grains

and the matrix provides the driving force for the

growth of the recrystallized grains. Therefore, the

grain growth rate can be expressed [35]:

V ¼ MFi=4pr
2

¼ dDobb

k2T
exp �Qb

RT

� �� �
sðqm � qiÞ �

4ci
di

� ��
4pr2

ð27Þ

where M is the grain boundary mobility; Fi is the

driving force for the growth of each recrystallized

grain; d is the grain boundary thickness; Dob repre-

sents the self-diffusion coefficient of the grain

boundary; Qb is the activation energy of grain

boundary migration; K is the Boltzmann constant; qm
is the dislocation density in the parent phase; qi is the
dislocation density of the ith new grain; and di is the

average diameter of the recrystallized grain.

In the simulation, the time step, Dt, can be repre-

sented by the cell diameter, l0, and the maximum rate

of grain boundary migration, vmax, as follows [34]:

Dt ¼ l0
mmax

¼ k22 l0
Ms k21

ð28Þ

The increment of strain can be expressed by

De ¼ _eDt.

Cellular automata simulation

To better predict the microstructure of the extruded

AZ80Amagnesiumalloyduringplasticdeformation, the

Figure 11 DRX flowchart of

the CA model simulation

during isothermal

compression.
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coupling FE method by DEFORM-3D and two-dimen-

sional cellular automata (CA) is used for simulation. The

material parameters required for CA simulation are

shown in Table 2. The CA method adopts discrete time

and space. The simulation area is 500 9 500 square cells

with a size of 1 lm. The nucleation sites are randomly

selected for nucleation. The initial microstructure based

on the average grain size generated by the periodic

boundary condition simulation is shown in Fig. 10a. The

average grain size is 43.6 lm, which has a very small

variation of 0.6%compared with the experimentally

measured average grain size.

To fully describe the DRX process (Fig. 10b), each

cell in this CA model has five state variables: (1) The

dislocation density variable represents the deforma-

tion energy storage. Thedislocationdensity is the same

Figure 12 Microstructure of the middle region under different strain rates and the temperature of 673 K: a–d experiment; e–h EBSD

maps; i–l simulation.
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in different regions with an initial value of qinitial,
which means that the dislocation is uniformly dis-

tributed. (2) The grain orientation variable is used to

distinguish different grains. (3) The grain boundary

variable represents whether the unit cell is located on

the grain boundary. (4) The recrystallization fraction

variable represents when the cell is recrystallized,

which is set to 1. (5) The recrystallization time variable

is used to track the recrystallization process.

The state change of each cell is determined by the

state of its neighbors according to the corresponding

transition rule. The flowchart of the CA and FE

simulation of DRX is shown in Fig. 11. The

flowchart mainly includes four parts: the import of

FE deformation conditions; inputting material

parameters; the generation of initial microstructure;

and the prediction of DRX microstructure.

In DRX (Fig. 10b), non-recrystallized grains will be

transformed into recrystallized grains after nucle-

ation when the following conditions are met: (1) the

unit cell is located on the grain boundary. (2) The

driving force for the growth of the unit cell is posi-

tive. (3) The dislocation density (q) reaches a critical

value (qc), and as the dislocation density increases,

the possibility of cell nucleation increases. (4) The

unit cell is generated according to the random num-

ber P (P = m/4), and the probability of recrystalliza-

tion transformation, m, is the number of cells with the

same orientation in the adjacent unit cells.

CA simulation results and discussions

Figure 12 shows the microstructures of experimental

observation, EBSD maps, and CA model simulated in

the middle region of the sample at the temperature of

673 K and strain rates of 0.001 s-1, 0.01 s-1, 0.1 s-1,

and 1 s-1, respectively. Fine grains are obtained by

the DRX process. Hence, the plastic deformation

ability of the alloy is improved due to the softening

by the DRX process. The strain corresponding to the

middle region under different deformation condi-

tions was derived from the FE method by DEFORM-

3D and used as the input condition of the CA simu-

lation to simulate its microstructure, as shown in

Fig. 12. The CA simulated average grain size is

19.9 lm, 15.0 lm, 13.5 lm, and 9.6 lm, respectively.

At the same time, the microstructure evolution of

extruded AZ80A magnesium alloy during hot

Figure 13 Comparison between experimental and simulated peak stress and steady-state stress at the temperature of 673 K and different

strain rates. a Steady-state stress; b peak stress.

Table 3 Comparison of peak

stress and steady-state stress

data between experiment and

CA simulation.

Temperature/K Strain rate/s-1 rp/MPa rss/MPa Error (%)

Experiment Simulated Experiment Simulated rp rss

673 0.001 18.0 16.5 14.0 15.0 8.0 7.0

673 0.01 33.4 31.2 26.5 26.6 6.5 0.3

673 0.1 55.6 56.0 40.2 40.9 0.7 1.7

673 1 79.0 74.9 67.0 62.0 5.1 7.4
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compression was analyzed by EBSD, as shown in

Fig. 12e–h, and the average grain size was 20.8 lm,

15.1 lm, 14.62 lm, and 10.3 lm. The error between

CA simulation results and EBSD results is controlled

by 8%, and the simulated microstructures under

different deformation conditions are similar to the

experimental results. The simulation results show

that, at the same temperature, with the increase in the

strain rate, the nucleation rate of DRX greatly

increases, resulting in smaller average grain size.

Figure 13 shows the comparison of peak stress and

steady-state stress betsween the experiment and

simulation results under different strain rates and a

temperature of 673 K. Moreover, it reveals that the

peak stress increases continuously with the increase

in the strain rate. At the same time, Table 3 shows

that the error between the peak stress simulated by

CA and the experimental results is less than 8.0%.

The simulation results are consistent with the

experimental results, which indicates that the CA

model can reliably predict the DRX behavior of the

extruded AZ80A magnesium alloy.

Figure 14 shows the polar diagram, grain bound-

ary diagram and statistical diagram of (0001) base

plane grain boundary orientation difference at 673 K,

strain 0.916, strain rate 1 s-1, 0.1 s-1, 0.01 s-1, and

0.001 s-1. The experiment was carried out at 673 K

and 60% deformation. Twins are usually activated at

low temperatures and small strains to coordinate

deformation. At this temperature, a large number of

non-base surface slips in magnesium alloys were

opened, which led to cross slip and climb of a large

number of dislocations, thus promoting the genera-

tion of recrystallization. Figure 12e–h shows that

there are almost no (10–12) tensile twins in all sam-

ples. This is because when the deformation is 60%,

complete dynamic recrystallization and new grain

generation have occurred.

The\ 0001[pole diagram of Fig. 14a–d shows

that under the condition that the strain rate is 1 s-1,

most of the base planes are around the CD direction,

that is, the c axis of the grain is parallel to the CD

(that is, perpendicular to the ND direction),

indicating that when the deformation rate is

high,\ a[ basal slip is dominant. With the exten-

sion of deformation time, the recrystallized grains

begin to grow. Figure 14b shows that the grains

whose base plane is parallel to CD are easier to grow,

and the surrounding grains whose base plane is

perpendicular to CD are gradually absorbed. At the

same time, Fig. 12g shows that the proportion of blue

(\01–10[//CD) and green (\-12-10[//CD) grains

increases significantly. During deformation under the

condition of 0.01 s-1, new grains are generated

around the grown grains (as shown in Fig. 14c), and

the base plane of most grains is rotated to the direc-

tion perpendicular to CD again, indicating that with

the further increase in the deformation time,\0001[
base plane slip has become the main DRX generation

mechanism of the alloy again. At 0.001 s-1, the

maximum polar density of the base plane of the alloy

decreases from 21.8 at 0.01 s-1 to 14.48, which means

that the texture has been significantly weakened.

According to the polar diagram (Fig. 14d), the base

plane starts to shift to the area about 45�with CD,

indicating that a large number of\ c ? a[pyrami-

dal slips have occurred in the alloy. At this time, the

DRX mechanism of the alloy is mainly base plane slip

and cone slip.

The grain boundary diagram in Fig. 14a–d shows

that the proportions of small-angle grain boundaries

are 61.9%, 56.1%, 53.1% and 51.8%, respectively. The

results show thatwith the increase in the strain rate, the

small-angle grain boundary increase and the large-

angle grain boundarydecrease. Themain reason is that

the stacking fault energy of magnesium alloy is low.

Under the condition of a high strain rate, the grains do

not have enough time to nucleate, so the grain

boundary cannot be migrated in a large amount.

CA method can simulate the DRX volume fraction

of the extruded AZ80A magnesium alloy. The DRX

volume fraction can also be calculated by the reduc-

tion in the flow stress by Eq. (11). The reliability of

the prediction of the simulated results can be verified

by comparing the DRX percentage simulated by the

CA method and the experimental results.

Figure 15 shows the comparison of DRX volume

fraction, flow stress curves, and average grain size

predicted by CA simulation compared to experi-

mental results at a constant temperature and different

strain rates. It reveals that the predicted results are in

good agreement with experimental results. In

Fig. 15b, with the increase in the strain, a typical

bFigure 14 Polar diagram, grain boundary diagram, and statistical

diagram of grain boundary orientation difference of extruded

AZ80A magnesium alloy under different deformation conditions.

a 673 K–1 s-1; b 673 K–0.1 s-1; c 673 K–0.01 s-1; d 673 K–

0.001 s-1.

J Mater Sci (2023) 58:1345–1367 1361



S-shaped curve shows the DRX kinetic process of the

extruded AZ80A magnesium alloy. The S-shaped

curve shows that, in the beginning, a very low DRX

fraction is observed with slow growth. Then, the slow

growth turns to rapid growth and finally to a

stable value. This changing trend of the DRX process

is consistent with the classic DRX kinetic model. As

shown in Fig. 15a, the stress–strain curve shows that,

at the beginning of thermal deformation, dynamic

recovery (DRV) dominates. Due to the accumulation

of dislocations during a further hot deformation, the

strain will reach a critical value and the stacking fault

energy will reach a critical value for the nucleation of

DRX. When the deformation ratio continues to

increase, the corresponding DRX volume fraction

increases due to the nucleation and growth processes

of DRX. When the work hardening and dynamic

softening reach a balance, a stable flow stress stage

can be observed. At this flow stress stage, the DRX

volume fraction has a stable value, which is close to

100%. At the same temperature and strain conditions,

the DRX volume fraction decreases with the increase

in the strain rate. The stress–strain curve and DRX

curve predicted by CA simulation are consistent with

the experimental results. Moreover, the shapes of the

nucleated grains in both the simulated and the

experimentally observed cases are consistent. In

summary, it is indicated that, when the strain rate

decreases and the temperature increases, DRX

nucleation is more likely to occur. Besides, complete

development of the DRX fraction is almost reached

when the flow stress curve reaches the steady state.

Figure 15c shows the average grain size and error

diagram of experiments and simulations at different

strain rates. The relative variations between the sim-

ulated data and the experimental data are 4.7%, 1.2%,

7.3%, and 7.5%, respectively. The average grain size

decreases with the increase in the strain rate. The

reason is that under the condition of a low strain rate,

the longer deformation time and the increase in the

Figure 15 Comparison between the experiment and simulation results under different strain rates and the temperature of 673 K. a Flow

stress curve; b DRX volume fraction; c grain size and error diagram; d comparison between the experiment and simulation results.
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strain lead to the growth of recrystallized grains

which are mainly nucleated at the grain boundaries

of the original grains. Under the condition of a high

strain rate, fine recrystallized grains are continuously

generated at the original grain boundaries and

recrystallized grain boundaries. However, the limited

deformation time at a high strain rate cannot provide

enough time for the growth of the recrystallized

grains, resulting in the formation of a neckless of the

small recrystallized grains surrounding the original

grains. In Fig. 15d, the goodness of fit between the

simulated and experimental values of the average

grain size is 0.9912, and the relative error remains

within 8%, which indicates the usefulness of the CA

model simulation.

Figure 16 shows the microstructures under the

deformation conditions of the strain rate of 0.01 s-1

and temperatures of 623 K, 673 K, and 723 K, which

are compared with the microstructures predicted by

CA simulation. The grain size distribution is also

simulated by the CA method. From Fig. 16a, the DRX

grain size is 11.02 lm at a low temperature. From

Fig. 16b, when the temperature increases to 673 K,

the DRX grains grow and the average grain size

reaches 17.15 lm. As shown in Fig. 16c, the temper-

ature continues to increase to 723 K, and the grain

size increases to 22.64 lm. But, the average grain

Figure 16 Comparison between experiment result and the CA predicted microstructure under the strain rate of 0.01 s-1 and temperature

of 623 K,673 K, and 723 K.
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sizes are normally distributed at different tempera-

tures. The average grain sizes obtained in the exper-

iment are 9.76 lm, 16.53 lm, and 23.07 lm,

respectively. The grain sizes predicted by the CA

model are 11.02 lm, 17.15 lm, and 22.64 lm,

respectively. The relative error is kept within 12%,

which reveals that the experimental results are con-

sistent with the simulated results. Therefore, the CA

model can reliably simulate the microstructure of the

extruded AZ80A magnesium alloy. Besides, it is

concluded that the growth of the DRX grains is pos-

itively correlated with the increase in deformation

temperature [36]. The reason is probably that the

increase in deformation temperature contributes to

the accumulation of dislocations, which directly

influences the DRX process.

Figure 17 shows the microstructure diagrams of

different strains (e = 0, e = 0.05, e = 0.15, and e = 0.3)

simulated by the CA model at the strain rate of

0.01 s-1 and temperature of 623 K. DRX does not

occur at the beginning of the thermal deformation.

When the accumulated strain reaches a critical value

of 0.05, as shown in Fig. 17b, the recrystallized grains

begin to nucleate at the grain boundaries of the par-

ent grains. As the strain increases to 0.15, as shown in

Fig. 17c, the accumulated dislocation density pro-

motes the occurrence of DRX, resulting in a rapid

increase and growth of the recrystallized grains.

When the strain increases to 0.3, the work hardening

and dynamic softening reach an equilibrium state, as

shown in Fig. 17d. At this strain, the DRX has com-

pletely occurred, and the DRX volume fraction

Figure 17 Microstructure under different strains at 623 K simulated by the CA method. a e = 0; b e = 0.05; c e = 0.15; d e = 0.3..
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reaches about 99%. Moreover, due to the large strain

rate and short thermal deformation time, there is

uneven nucleation in the process of the CA

simulation.

Figure 18 shows the changes in average grain size,

DRX percentage, and microstructure simulated by

the CA method close to the contact surface of the

sample between the die and the sample during

isothermal compression. The strains of 0.09 and 0.12,

respectively, corresponding to Point 1 and Point 2 are

derived from the FE simulation by DEFORM-3D.

These two strain values are used to import the CA

simulated results to simulate the microstructural

evolution in two different regions of the sample. As

the number of simulation steps increases, the average

grain size and DRX percentage of Point 1 and Point 2

are significantly different. The DRX percentage of

Point 2 is much larger than that of Point 1. Figure 18c,

d shows that, compared with Point 2, Point 1 has

fewer nucleation spots in the beginning. With the

increase in the time step and strain, the number of

nucleation locations increases, resulting in a small

average grain size in Point 2. At the same time, grain

refinement is achieved. The results show that a small

location change in the sample leads to a significant

change in the microstructure.

Conclusions

In this paper, a method based on the DRX-CA model

and FE coupling is established to study the thermal

deformation behavior of the extruded AZ80A mag-

nesium alloy. This combined methodology is mainly

used to analyze the effects of deformation parameters

such as deformation temperature and strain rate on

the microstructure. According to the simulation

results, the conclusions are summarized as follows:

(1) The hot deformation activation energy of the

extruded AZ80A magnesium alloy was

180 kJ/mol. The relationship between the

Zener–Hollomon (Z) parameter and the peak

stress (rp) was obtained:

Figure 18 Changes in

average grain size, DRX

percentage, and microstructure

of the sample close to the

contact surface between the

die and the sample.
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Z ¼ _e exp � 180000

RT

� �

¼ 3:30984� 1012 sinhð0:02016rÞ½ �3:52062

(2) The CA model was coupled with the FE model

to simulate the microstructural evolution under

different deformation conditions during ther-

mal deformation. The simulated flow stress,

grain size, and DRX volume fraction were

verified by hot compression experiments. The

DRX kinetic model of the extruded AZ80A

magnesium alloy was expressed:

XDRX ¼ 0 ðe� ecÞ

XDRX ¼ 1� exp �0:17406
e� ec
ep

� �2:0756
" #

ðe� ecÞ

0
B@

(3) DRX behavior is the main mechanism during the

hot compression of the extruded AZ80A magne-

sium alloy. The dislocation density model, grain

growth, and nucleation model are established to

provide the mathematical basis for DRX-CA sim-

ulation and to predict the microstructure under

different deformation conditions. The errors

between the flow stress and grain size predicted

by the DRX-CA model and the experimental

results are less than 8.0% and 11.0%, respectively,

and the predicted DRX volume fraction presents

an S-shaped curve, which are in good agreement

with the experimental results, indicating that the

model can reliably predict the microstructure of

the extruded AZ80Amagnesium alloy.
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