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 1  !" AZ31#$�%&'� 

Table1  Chemical composition of as-cast AZ31 magnesium  

alloy (ω/%) 

Al Mn Zn Ca Ni Fe Si Mg 

2.5~3.5 0.15~0.5 0.6~1.4 0.05 0.005 0.005 0.1 Bal. 
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£ 1   ib AZ31EF¤¥¦§LMNO 

Fig.1  Initial microstructure of as-cast AZ31 magnesium alloy 

 

 

 

 

 

 

 

 

 

£ 2  UV�W7X���o¦§]^NO 

Fig.2  Initial grain structure obtained using CA simulation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

£ 3  jk¨xa�Q©}nib AZ31EFoª��-�Q�� 

Fig.3   True stress-strain curves of as-cast AZ31 magnesium alloy at different temperatures and strain rates: (a) 0.005 s

-1

, (b) 0.05 s

-1

,  

(c) 0.5 s
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, and (d) 5 s
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Table 2  Material parameters of as-cast AZ31 magnesium  

alloy 

Material parameters Value 

δD

0b

/m

3

·s

-1

 

12

5.0 10

−

×

[15]

 

k

1

 10

[16]

 

Q

b

/kJ·mol

-1

 134

[16]

 

Q

act

//kJ·mol

-1

 192 

µ/GPa 16.7

[17]

 

k

2

/J·K

-1

 

23

1.3806 10

−

×  

b/m 

10

3.21 10×

[17]

 

v 0.34 

R/J·(K·mol)

-1

 

8.314 

3.3  ����� 

!,-./0*+'�®Ê./00U�./0

0U��®ÊO0%Æ�µTôõö)0U0%y.

/00U�0%������mn�º�y��

��;�©r¥´�

[18]

� 

( )

act

 

,  e

Q

m

RT

n T Cε ε

 

−

 

 

=

� �

�

                     (19) 

�(19)T�

( )

,  n Tε

�

�

�mn�Cy m���~;�¨

��;�m� 1�E> C�÷ø½ùúøyûuüø�

ùúø~±²³[19]�ûuüø~±²³[20]  

3.4  ���	�� 

ýR,-./0þ�®Ê./00U�./00

U������	�z{�ª¼./00U�ÜÝ0

U�����@��É�+A��Ë0Uz{��,

�������./00Uz{����,�����

0Uz{��©r¥´�� 

V MP=                                (20) 

�(20)

[21]

T�V �0Uz{��� P�34OÚ��

�Æ�0Uz{�,��M �0%ØÙ�ª�(15)

�� ®  

0UOz{RST��W	0%z�ïð�%�

B
��m�+���B|Ë0U�+z��� 

�ÏÐ Ì1�,-./00Uz{��,B�ª%

�By��B���!Û i �./00Uª�� r

i

�

�(r

i

+dr

i

)'�0UB���©¥´��  

sur vol

d d d

i i i

W W W= +                       (21) 

�(21)T�dW

i

¥´�,B����

sur

d

i

W ¥´0%B

����

vol

d

i

W ¥´��B������Ë0U���

��f

sur

d

i

W y

vol

d

i

W ©r¥´�� 

( )

sur 2

d d 4π 8π d

i i i i i i

W r r rγ γ= − = −

             (22) 

vol 2

d 4π d

i i i

W r rτ ρ= ∆                        (23) 

Ì1�Û i �./00Uz{��,�©r¥´

�� 

2

d

4π 8π

d

i

i i i i

i

W

F r r

r

τ ρ γ= = ∆ −

                (24) 

�(24)T�

i

F�Û i �./00U��,��

i

r �Û i

�./00U�0U��� ρ∆ �Û i�./00U�

ÜÝ0U�����ß�

i

γ �Û i �./00U�0

%B�τ �Ú���B�  

f34OOÚ���Æ�0Uz{�,� P©r

¥´�� 

2

4π

i

i

F

P

r

=

                              (25) 



�888�                                          �������	
                                            � 47 � 

v�(15)l(18)l(24)y(25)�X�(20)T� #K

- AZ31LMN�0Uz{]^�� 

7

1.6 10

9

2221.12

= 3.11 10 e

18.44                      

1.23 1 l

         15

15

n          15

i

i

i i

i

T

i

i

V

T r

θ

ρ

γ

θ

θ θ

γ

×

−

−

 

 

− <

 

 

 

 



 

× ∆ −



 

 













=













�

�

�

      (26) 

3.5  ���� 

YZ[,\]^c4���÷m��IJA��

�æ��i�4

( )

t

S i y

( )

( )

t

S N i _�¥YZ iy�Ü

ÝYZ��-�ë'i t#'i t t+ ∆ �RST�YZ

i�V�RS©r¥´�� 

( ) ( ) ( )

( )

( )

,

t t t t

S i f S i S N i

+∆

=               (27) 

�(27)T� f �V�ef�rs��V�ef  

��./0mn�È*+O0%Æ�µTôõö)

0U0%y./00U0%� �YZ�-4 5���

¥´�Û 1����0U�Þ�0U�Þ4_!u@�

�0U�"��0U�Þ���0U�@��0U�Þ

�@��0U#Û 2��������#Û 3���¥

´�$*+,-./0#Û 4���¥´*+,-./

0�'i#Û 5���¥´0Uz{��  

O]`%�Ð�&��'i'z t∆ v'iÂÃ�

æ�� t∆ >Ò�YZjky({ØÙ��&� 

d

max

C

t

V

∆ =

                               (28) 

�(28)T�C

d

�YZjk�V

max

� �':)T({

�0%Ù,��  

*R|'i��æ���lmny����+

©r*R'iÂÃ�æ�À�(29)~(31)  

t t t

tε ε ε

+∆

= + ∆

�

                         

 (29) 

n n t∆ = ∆

�

                               (30) 

( )1 2

t t t t t t

k kρ ρ ρ ρ ρ ρ ε

+∆

= +∆ = + − ∆

      (31) 

!����"#$%&'�()*+,-./0�

,±�(30)ÂÃmn�|¿½�0%YZÂÃ-.�

À� 2 �0%YZìi�����{¼$%���

��Ç� 1 �©B�mn�&�¿½©B�mn�&

,±/ P

1

ÂÃmn�/ P

1

�,±�(32)���|

¿½©B�mn�&ÂÃ-.�G#"# n∆ �0�Ë

+�0n�0U�Þ�&�ÜÝ 2 �YZ0U�Þ�

Ó¨&�µ1)�����&� 0  

local

1

max

P

ρ

ρ

=                               (32) 

�(32)T�

local

ρ �12 2 �YZ������

max

ρ �

3]`'T({�����  

!mnÍ�þ�./00U,±}[�0%ØÙ

��ÂÃz{�0%ØÙ4�,±�(33)��¿ �

./0YZc4 Von. Neumann56ÂÃ-7�¿r 

�./0YZ©r�� 4 �÷Þ�ØÙ���ØÙ4

��ØÙ��ª�(20)V=MP #��./0YZB$

*+ØÙ�*+ØÙ�÷Þf*R-7�$89s:

4�;<� 

=1>./0YZ 4 �÷Þ�ØÙ4�?@½ 1 �

{¼YZ�z# 

=2>ª��\+�� 0~1 ìi��\;ABð¼

/

2

P �/

2

P ���C�ó�(34)# 

=3>!89;<=1>y=2>'�./0YZÞ

ØÙ��({�÷ÞØÙ�1dD;<È�:)EF

BsG(H

[22]

�89IJef# 

=4>!30Uz{�,�� 0 '�3./0YZ

K0d�  

t t t

D D V t

+∆

= + ∆                        (33) 

/ 4

t

P N=                               (34) 

�(33)T�

t t

D

+∆

y

t

D u.�O'i t t+ ∆ y t '�Ø

Ù4��V �ØÙ����(34)T�

t

N �3YZ56

T./0YZ��;  

rÆÉ�,-./0YZ[,\]^�V�e

f�� 5�]`�SÁ O�m()%�¿½1)0

U�����+�&�

14

10 m

-2

�������	�0

U������	�!:)"#$%����'�0

U*+,-./0�,±mn�()m�Ë�0U�

»./00U�./00U������&� 0�1

':)�����sG�./00U,±ØÙ4�z

{�!�����	'��������	�.<"

#$%����þ�()Û 2 <mn?z{�ë�*

+AÛ 2 <,-./0�rÆ�SL�ÂÃ�ë�ù

ÊM�,-./0�G#��@.�	�0�»�m

/N�0  

opqOùúOÝ�wx 400 400× �YZ� �Y

Z�¥�ùPz�� 2.5 µm�fùP]`�OÝ� 0.1 

mmQ0.1 mm�]`RST�c4Üh�%;<  

4  ���� 

YZ[,\]^©rRS9TU������

�l0Ujklr�,-./0Vu;�opqv|

�����y0UjkOùú/�yTU/�ìi�

ß._úWopqwx�YZ[,\]^  

����©*RrsC��� ®� 

 

 



� 3�                                 ������	
��� AZ31���������                         �889� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 5  
���������� 

Fig.5  Program flowchart of CA model 
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Fig 6  Comparison of experimental and calculated values at the 

strain rate of 0.005 s
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Fig.7  Comparison of experimental (a~c) and calculated (d~f) values at different strain rates: (a, d) 0.005 s

-1

, (b, e) 0.5 s
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, and (c, f) 5 s
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Fig.8  Comparison of experimental (a~c) and calculated (d~f) values at different temperatures: (a, d) 300 ", (b, e) 400 ", and       

(c, f) 450 " 
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Table 3  Experimental and predicted results of grain size at 

different deformation condition (µm) 
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Experimental value Predicted value 
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Fig.9  Comparison of grain structures obtained using CA simulation under different deformation conditions: (a)
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Fig.12  Strain distribution during compression 
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Fig.13  Average grain size distribution during compression 
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Fig.14  Percentage of dynamic recrystallization at 300 � and 

different strain rates 
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Fig.15  Percentage of dynamic recrystallization at 0.005 s
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Fig.16  Distribution of dynamic recrystallization percentage  

during compression 
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Microstructure Model of AZ31 Magnesium Alloy Based on Cellular Automaton 
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Abstract: Based on the microstructure evolution of AZ31 magnesium alloy during hot compression, the recrystallization grain size model 

and dynamic recrystallization percentage model were established on the cellular automaton(CA) model. The dislocation density model, the 

critical dislocation density model, the nucleation rate model and grain growth model of magnesium alloy AZ31 were deduced by thermal 

compression experiments under different deformation conditions. Combining the specific evolution rules of cellular automata, the cellular 

automata model was established. The simulation results and accuracy of cellular automata were verified by stress-strain curves and grain 

size. Based on the experimental data and the JMAK theory, the recrystallization grain size model and dynamic recrystallization percentage 

model were deduced. By DEFORM-3D analysis software, the change of grain size distribution and dynamic recrystallization percentage 

distribution in deformation were obtained. 

Key words: AZ31 magnesium alloy; cellular automaton model; grain size model; dynamic recrystallization percentage model 

 

Corresponding author: Huang Qingxue, Ph. D., Professor, College of Mechanical, Taiyuan University of Technology, Taiyuan 030024, P. R. 

China, E-mail: 1914009646@qq.com 


