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9\óL§¥�Ä�2(¬y�. ïÄ
ØÓ§ÝÚ
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1 Ú ó

�XéÄ�2(¬L§ÔnÅn@£��\,

uÐá�9\óL§¥|�üC�½þ�.¤�
�U. ÏLïá·�Ôn�., ¿(Ü�'O�Å
�[Eâ, �±¢�!½þ2y9\ó¥�w�|
�üzL§, ?
ýÿ2(¬ÄåÆ!w�|�±
9åÆ5U, éuÜn�½9\óó²Ú`z�¬
�|�Ú5Uäk­�¿Â [1,2].

8c�[�*|�üz�ê��{Ì�k
�AkÛ{ [3−6]!��gÄÅ{ [7−14] ±9�|
{ [15−25] �. �|{�DÚ��*|��[�',

Ôn�.�\O(, ëêÔn¿Â�\²(, ®¤
��*|��[+�¥�«rkå�óä. T�{
æ^�Ñ��{?nü�.¡, �Ñ
²;nØ¥
�.¡7L�²b.¡�Û�5, �±p�Jl.
¡$ÄL§, ;�
kb.¡�.¥7L©O?n
ØÓ�9.¡�E,O�. Wang � [20] ÏLïá
�|�., é AZ31 yÜ72(¬¬â��L§?
1
�[ïÄ. p=d� [21] $^�|ÄåÆ�§
éC/yÜ7·�2(¬L§?1
�[, ïÄ

·�2(¬L§Ú;�U�º�5Æ. Suwa � [22]

(ÜÚ��æ¬)�nØ|^�|�.ïÄ
·
�2(¬L§. ,
ù
ó��Û�u·�2(
¬L§, 
éuÄ�2(¬L§, Takaki � [23] ÏL
ïáõ�|Ä�2(¬�.ïÄ
C/þéÄ�
2(¬L§�*|��÷*Aå - AC'X�K
�, �´�éC/§Ý!õ�ãC/�K�?1�
\ïÄ.

�©3õ�|�. [24] �Ä:þ, (Ü Kocks–

Mecking (KM) � . [26,27] Ú õ � | Ä � 2 (
¬ (multi-phase-field-dynamic-recrystallization, MPF-

DRX) �. [23] ¥� ��Ý�{, �E
9C/
L§�Ôn�., |^ Kim � [28] JÑ�p��{,

ïÄ
XÔ�5C/L§¥ØÓ§ÝÚØÓAC
�Çe�Ä�2(¬L§, ©Û
Aå - AC­�
¸/=C5Æ, 3dÄ:þ, |^õ�|{XÚï
Ä
9\óL§¥õ�ãC/éÄ�2(¬L§
�K�.
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^�X�ëY|Cþ φ1, φ2, · · · , φn 5£ãõ¬
N��*|�, Ù¥ φi �¡���|Cþ, £ã¬
â�ØÓ��. T�{I��Eäkõ�³²/ª
�gdU�Ý¼ê, 
��.¥ëê�À��õ
æ^���/ª, J±�¢SÔ5ëê�éA. �
Ä�T�.�E,5ÚÛ�5, �©æ^ Steinbach

� [24,25] JÑ�õ�|�{. T�{�ëY�|{
�', |Cþ φi Ø=�±�LØÓ¬â���, �
�±�LØÓ��, 
�ØI��Eäkõ�³²
/ª�gdU�Ý¼ê.

3�|�.¥, .¡�äk�½°Ý��Ñ.
¡, éu�3 N �¬â�õ¬XÚ, ÏL�|C
þ φα 5L«1 α Ò¬â, 3¬âSÜ φα = 1, ¬
â	Ü� 0, 3.¡?, φα ÷v 0 < φα < 1, ¿�¤
k��|Cþ3z���:þ÷v

N∑
α=1

φα = 1, (1)

3ùp¦^gdU�¼

F =
∫

V

[
N∑

α=1

N∑
β=α+1

(
−

a2
αβ

2
∇φα · ∇φβ

+ Wαβφα∇φβ

)
+ fe

]
· dV, (2)

Ù¥ ααβ �FÝUXê, Wαβ ´V²³pÝ, f e ´
¬âSÜ�gdU�Ý, V ´NÈ. �â Ginzburg-

Landau ÄåÆ�§

∂φq (r, t)
∂t

= −L
δF

δφq (r, t)

q = 1, 2, · · · , n, (3)

����|Cþ φα �üz�§

φ̇i = −
n∑

j=1

2Mφ
ij

n

(
δF

δφi
− δF

δφj

)
, (4)

Ù¥ Mφ
ij ´�|[£Ç, �¼ δF/δφi �üz�§

�

δF

δφi
=

n∑
k=1

(
Wikφk +

a2
ik

2
∇2φk

)
+

∂fe

∂φi
, (5)

Ù¥, °Ä�
∂fe

∂φi
− ∂fe

∂φj
= − 8
π

√
φ1φ2∆Eij , (6)

∆Eij �¬â i Ú¬â j �;�U��, {z±��

�|üz�§�

φ̇i = −
n∑

j=1

2Mφ
ij

n

[
n∑

k=1

{
(Wik − Wjk) φk

+
1
2

(
a2

ik − a2
jk

)
∇2φk

}
− 8
π

√
φiφj∆Eij

]
, (7)

Ù¥ aij , Wij , Mφ
ij �.¡þÝ δ, .¡U γ Ú¬.

[£Ç Mij k', ÷v

aij =
2
π

√
2δγij ,

Wij =
4γij

δ
,

Mφ
ij =
π2

8δ
Mij .

(8)

�©¥Ø�Ä��É5, K γij = γ, Mij = M .

�
O��;U, Ú\ ��Ý, 3¬â α S, φα

Ø�"�, ρα �~ê, � φα �"�, ρα = 0.

2.2 ���|||���§§§���êêê���OOO������{{{

Ï~éu;� N �¬â���NX, I�3
z���:þ¦) N ��|�§, ù�I���
é���;�m. 
3Ï~�¹e, ���:þ¿
ØI��; N ��|Cþ, éu��XÚÏ~�
��:�k 5 ��|Cþ���, �é{`, ��
�:¤��L 5 �¬â��:��U5é�, 3Ø
K�O�(J�cJe, �±�Ñ. ù�?n�±
²w~��;þ, JpO��Ç, �©¥5½z�
��:�õ�; 5 ��|Cþ, æ^ Kim � [28] J
Ñ��{, äNO�L§Xe:

1) éuz��:þ��|Cþ, æ^ü�Cþ
£ã, q L«¬âIÒ, p L«éA��|�; X�
��:þ;�
 q1 = 20, q2 = 23, q3 = 30 n�?
Ò, éA��|�� p1 = 0.5, p2 = 0.3, p3 = 0.2;

2) |^�|�§¦);�3z���:þ�
�|Cþ;

3) ¦ ) � �, é z � � � : þ � � | � l
� � � ? 1 ü S, é A � I Ò � ? 1 ü S, �
� � � � � | C þ, é z � � | C þ ­ # D

� φ∗
i = φi/

∑nφ

j=1 φj , ±÷v
N∑

α=1
φα = 1.

2.3    ������ÝÝÝ���...

3�5C/L§¥, �3\óMzÚ^zü�
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L§, c��L§ ��ÝØä\È, ��L§ 
��ÝØä~�, ²þ ��Ý÷v

dρ

dε
=

( dρ

dε

)
hard

+
( dρ

dε

)
soft

. (9)

�â©z [26, 27] JÑ� ��Ý�AC�'X
dρi

dε
= k1

√
ρi − k2ρi, (10)

Ù¥1��L«\óMz�, k1 �MzXê, 1�
�L«^z�, �L£EL§, k2 �^zXê, ´§
ÝÚAC�Ç�¼ê [11], b�9\óL§¥,  �
�Ý���½�.��m©Ä�2(¬L§.

Ï~, 7á�6CAå σ �²þ ��Ý ρ̄ �
m÷v [27]

σ = αµb
√

ρ̄, (11)

Ù¥ α � 0.5, µ �}��þ, b ´y�d¥þ.

2.4 êêê���^̂̂���

�©|^þãõ�|�.� ��Ý�.
O � � ( Ü, ± X Ô � ~, � [ X Ô � Ä � 2
( ¬ L §, æ ^ � Ì � ë ê � � � [10,23] . ¡
U γ = 0.208 J/m2, -¹U Qa = 2.75 × 105 J/mol,

-¹U Qb = 1.1 × 105 J/mol, }��þ µ = 4.21 ×
1010 N/m2, Ë�d¥þ b = 2.56 × 10−10 m, ¬.[
£Ç M0 = 0.139 m4K/Js, ¬.þÝ δ = 7∆X , ��
º� ∆X = ∆Y = 0.5 µm, �mÚ� ∆t = 0.013 s.

b�Ð©¬â/G�5K�8>/, �. ��
Ý ρc = 5.51 × 1013/m2, �XC/L§�?1, A
CØäO\, ACOþ ∆ε = ε̇∆t, �¬.?�
 ��Ý����. ��Ý��, 3¬.þ�
Å/Ø, z�Ú/Ø ṅ∆tngb∆x∆y/δ, Ù¥/Ø
Ç ṅ = ε̇d exp(−Qa/RT ), ngb �¬.��:ê8,

R �n�íN~ê, T �§Ý, #)¤¬Ø�Ð©
 ��Ý� ρini = 1.0× 109/m2, �#)¤�2(¬
¬â� ��Ý���.��, 3Ù¬.þ��±
/Ø. 3�|O�«�, ÀJ±Ï5>.^�.

3 �[(J�©Û

3.1 ØØØ ÓÓÓ 999 \\\ óóó ^̂̂ ��� eee ÄÄÄ ��� 222 ((( ¬¬¬ üüü
zzzLLL§§§

3¢S�9\óL§¥, ¬âº�´û½á�
5U�Ì�Ï���, ��C/�Ý�§Ý�±

��ýÏ�¬â|�/�, �d�©�[ïÄ

ØÓC/�Ý±9ØÓ§ÝeÄ�2(¬üzL
§. ã 1(a) ��[¼��§Ý� 800 K �ØÓA
C�Çe�Aå - AC­�, ã 1(b) �AC�Ç
� 0.002 s−1 �ØÓ§Ýe�Aå - AC­�. �±
uy, 3AC�Ç��½§Ý�p��¹e, Aå -

AC­�Ñyõ¸/G; 
3AC�Ç�p½§Ý
�$��¹e, Ñyü¸/G, ù«Cz5Æ�7
áá�¢S9\óL§±9¢�y��� [2,31−33].

3$AC�Ç½p§e, Ï~1�±Ï2(¬(å
�, âm©1�±Ï2(¬, Aå - AC­�Ñy
õ¸{Ä�G�; 
3�pAC�Ç½�$§Ýe,

Ä�2(¬�Ç�ú, �1�±Ï2(¬ÿ��¤
�, 1�±Ï2(¬®²m©, c�ü�±Ï�2
(¬L§U\��å, Aå - AC­��¬Ñy�
�¸. ã 2 �§Ý� 800 K �, ØÓAC�Çe�
¬âº�©Ù��¹. �±uy, �XAC�Ç�
ØäO�, ­�2(¬²þ¬âº�Åì~�, ù
�©z [34] ¥���(J��. ã 3 �AC�Ç
� 0.002 s−1 �, ØÓ§Ýe¬âº��©Ù�¹,

(JL², §Ýé­��¬âº�K�Ø²w.

ã 1 Ð©²þ¬â�»� R0 = 37.76 µm ��Aå - A
C­� (a) T = 800 K, ØÓAC�Ç; (b) ε̇ = 0.002 s−1,
ØÓ§Ý
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ã 2 T = 800 K �, ØÓAC�Çe¬âº��©Ù
(a) 0.0005 s−1; (b) 0.001 s−1; (c) 0.005 s−1

ã 3 ε̇ = 0.002 s−1 �, ØÓ§Ýe¬âº��©Ù
(a) T = 850 K; (b) T = 800 K; (c) T = 750 K

3.2 ÐÐÐ ©©© ¬¬¬ âââ ººº ��� ééé ÄÄÄ ��� 222 ((( ¬¬¬ LLL §§§
���KKK���

3¢S�ó�)�L§¥, duØÓ9?nó
²ef.á��Ð©|�G�Ø¦�Ó, 3�Y
�9\óL§¥, 
)Ð©|�=C�5Æéu
Ün�½9\óëê±9)�ÑÎÜ¢SA^�
¦�ó§á�äk­�¿Â, éd�©©OïÄ

Ð©²þ¬â�ØÓéÄ�2(¬L§�K�.

ÀJÐ©²þ¬â�» R0 = 116.62, 67.34, 37.76,

13.56 µm �ØÓ|�, éAÐ©�¬â�ê©O
� 4, 16, 56, 396 �, Ð©�¬â/G�5K�8

>/, ã 4(a) �ØÓÐ©¬â�Aå - AC­�,

�X¬âº��~�, Aå - AC­�Åìdü
¸/ªLÞ�õ¸/ª. ã 4(b) �²þ¬â�»
�Cz­�, ­½G��¬âº�ÂñuÓ��
� Rs = 9.288 µm. �
?�Ú`²Ð©¬âº�
éÄ�2(¬L§�K�, ïÄ
ØÓ¬âº�e,

C/L§¥|��Cz�¹, ¼��|�üzL§
Xã 5 ¤«, ã 5 ¥�AC��ã 4(a) ¥�/ç:
¤3 ���éA. 3�«Ð©�»G�e, �X
AC�ØäO\, 31��¬.þØä/¤2(¬
¬Ø, �AC ε = 0.5000 �, �«Ð©�»^�e
�­½G�|�þ��¶[��¬â|�, �¥y
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ã 4 (a) Ð©ØÓ¬â�»�Aå - AC­�; (b) ²þ�»�AC�Cz­�

ã 5 Ø Ó Ð © � » � ¬ â 3 C / L § ¥ | � � ü z L §, � Ú � L Ð © ¬ â, x Ú � L 2 ( ¬ ¬ â
(a) R0 = 13.56 µm; (b) R0 = 37.76 µm; (c) R0 = 67.34 µm; (d) R0 = 116.62 µm
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Ñ�Ð©|�Ã'��«Czª³. 3ã 5 ¥, �
Ð©¬â�» R0 = 13.56 µm �, duÐ©¬âº
���, ¬.¡È��, �ø/Ø�: �õ, ¤±
31�±Ï2(¬(å�, âm©1�±Ï2(¬,

ÏdAå - AC­�¥yõ¸�/ª. �Ð©¬â
�»O�� (R0 = 116.62, 67.34, 37.76 µm), Ð©¬
.¡È��, �ø/Ø�: ��, � ε = 0.1716,

0.1638, 0.1352 �, 1�±Ï2(¬ÿ��¤�, 3
2(¬#)¤�¬â>.þqm©/Ø, =1�±
Ï�2(¬m©, ØÓ±Ï�2(¬L§�p­U,

ÏdAå - AC­�¥yü¸/ª, ù��¢�¥
*	��y��� [35].

3.3 ···���£££EEEéééÄÄÄ���222(((¬¬¬LLL§§§���KKK���

3¢S�9W)�L§¥, ~~��XÄ�2
(¬y�, ü�g�õ�gW�L§¥, á��*
|��=C5Æ¿Ø�Ó, 3��gW�mYL§
¥, ~~u)·�£Ey�, �
©Û�ãC/L
§éÄ�2(¬�K�, ±Ï��¢SW�L§,

�©©OïÄ
ü�ãÚn�ãC/L§¥, ·�
£Ey�éÄ�2(¬L§�K�. ã 6(a) �ü�

�ã�Aå - AC­�, 3 ε = 0.2 �, Ê�C/�,

u)·�£EL§, �²þAåü� 10 MPa �, ­
#m©C/, ���. ��Ý ρc �, Ä�2(¬
L§­#m©, ã 6(a) ¥ C1 Ú C2 ©O�LØë
Y2(¬L§ÚëY2(¬L§, lã¥�±wÑ,

ØØ´ëYC/�´ØëYC/, Aå - AC­�
�ªÂñuÓ��. 3ã 6(b) ¥, 3C/L§u)
Êî��, du·�£E�^z�^, /Ø�ÇÅ
ì~�, ¬â� ��ÝØ�~�, /Ø �Øä
~�, #)¤�2(¬¬â�ê8Øä~�, Ó�
¬â3Øä��, E¤¬â�²þ�»ØäO�,

�C/L§­#m©�, ¬â¥� ��ÝØäO
\,  ��Ý���.��, /Ø �ØäO\, #
)¤�2(¬¬â�ê8ØäOõ, �dÓ�, d
u¬â¥ ��Ý�ØäO\, ü$
¬.[£�
�Ç, {N
¬â���, E¤
¬âº�Åì~
�, � ε �� 0.5 �, C1 Ú C2 �ªÂñuÓ��,

·�£EL§¿�é�ª¬âº��)K�. ã 7

�C/L§¥¬â|��üz�¹, �ã 6(b) ¥�
²þ�»Cz�¹�éA. ã 7(a) ��Ê�C/,

ε = 0.1976 ��¬â|�ã, ã 7(b) �­#m©C

ã 6 (a) ü�ãC/�Aå - AC­�;(b) ²þ�»�AC�Cz­�

ã 7 ØÓACe�|�üzL§ (a) ε = 0.1976; (b) ε = 0.2288; (c) ε = 0.5000
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/�, AC� ε = 0.2288 ��|�ã. d� �
����.�, �ã 7(a) �', ²þ¬âº�O�.

ù´du·�£E�^z�^, E¤
¬âS�
 ��Ý�~�, Ê�C/�, �ø/Ø�¬.®
²��Ñ�¦, �,d�C/­#m©, �¬.þ
� ��Ývk���.�, ØU/Ø, 
�©�
¬âÓ�3Øä��. �ã 6(b) ¥�­�¤éA,

ã 7(c) � ε = 0.5000 ��|�ã, ¬âº�qC�
[�, �ã 7(a) ¥¬âº��Ó. 3ã 6(a) ¥, C13
­#m©C/�, Aå - AC­�dü¸�/ª=
C�õ¸�/ª, ù� Sakai[36] *	�¢�y��
Î. Sakai �Ñ, ü¸/ª�Aå - AC­��¬â
[z�', 
õ¸/ª�Aå - AC­��¬âo
z�'. ­�/ª�CzØ=�9\óá���©
¬âº� R0 k', ��­�¬âº� Rs k'. �
¬âº�÷v R0/Rs > 2 �, Aå - AC­�´ü
¸�; � R0/Rs < 2 �, duÐ©¬â[�, Jø

v
�¬./Ø, Aå - AC­�¥yõ¸/ª.

3ã 6(b) ¥, ¥äC/��²þ¬âº�� ε = 0
��²þ¬âº��'~��õ, 
ügC/��
ª²þ¬âº�Ä�ØC, ¤±1�gC/��A
å - AC­�¥yü¸/ª, 
1�gC/��­
�¥yõ¸/ª, �[(J�nØ©Û��.

ã 8 �n�ãC/L§�Aå - AC­�,

3 ε = 0.2 Ú 0.3 �u)
üg¥ä, ¬âº��
u)
üg�[, �´�ª¬âº�ÑÂñuÓ�
��. ã 9 �C/L§¥¬â|��Cz�¹, �
ã 8(b) ¥�²þ�»Cz�¹�éA. 3Ê�C/

�, /Ø�U3 ��Ý���.��¬.þ/Ø,


du·�£E�^zL§,  ��Ý�Øäeü,

/ØÃ{UY, ¬âu)
���y�. ¡EC/
�, �²þ ��Ý�L�.��, ­#m©/Ø,

³�
¬â��, ¬âº�qÅì~�. ÃØ´ü
�ã�´n�ãC/, é�ª­��¬âº�¿v
k²w�K�, C/¥ä��Aå - AC­�dü
¸/ª=C�õ¸/ª.

3.4 §§§ÝÝÝÚÚÚAAACCC���ÇÇÇéééÄÄÄ���222(((¬¬¬ÄÄÄåååÆÆÆ
���KKK���

DÚïÄ2(¬ÄåÆÏ~æ^7�{, òC
/7á3ØÓ§Ýeò», ÿ½u)2(¬©ê�
�m�Cz. �©|^�y�Ôn�., �[ØÓ
§ÝÚAC�ÇéÄ�2(¬©ê�K�, (JX
ã 10 ¤«. lã 10 �±wÑ, u)Ä�2(¬L
§I��½�)�Ï, =���½�AC��âm
©?1Ä�2(¬L§, ù�¢�¥ [37,38] *	�
�y��ÎÜ. d	ã 10 �L², AC�Ç~�½
§Ý,p�± á2(¬)�Ï, \�Ä�2(¬
L§. ù� ��Ý�\È�Ç±9Ä�2(¬m
©���. ��Ý�k'. 3�$AC�Ç½´
�p§Ý�,  ��Ý�\È�Ç�p, ¤I�.
 ��Ý��, )�Ïá; 
éu�p�AC�Ç
±9�$§Ý,  ��Ý�\È�Çú, ¤I��
. ��Ý��p, )�Ï�, ù��ã 1 �(Ø
���. Ïd, �±/Ï�[�ÃãïÄÄåÆL
§, ��~�
¢��¤�.

ã 8 (a) n�ãAå - AC­�; (b) ²þ�»�AC�Cz
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ã 9 ØÓACG�e¬â|��üzL§ (a) ε = 0.1976; (b) ε = 0.2288; (c) ε = 0.2912; (d) ε = 0.3458;
(e) ε = 0.5000

ã 10 (a) T = 800 K �, ØÓAC�ÇéÄ�2(¬©ê�K�; (b) ε̇ = 0.002 s−1 �, ØÓ§ÝéÄ�2(¬©
ê�K�

4 ( Ø

�©æ^õ�|{�[
7áá�9\ó¥
�Ä�2(¬L§, ý¢�N
�*|�üzL§,

�2(¬nØ���. JpC/�Ç, ��
[�
�¬â|�, 
UC§Ýé2(¬¬âº��K�

�f; d	, �±ÏLJpC/§Ý, ü$C/�Ç
 á)�Ï, \�Ä�2(¬L§. [��¬â|
�kÏu/¤õ¸/ª�Aå - AC­�, ØÓ�
Ð©¬âº�±9­�¬âº�Ñ¬K�Ä�2
(¬L§, §ÝÚAC�Ç�Cz�¬E¤Aå -

AC­�/ª�Cz.
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Dynamic recrystallization phenomenon in
hot-working process by multi-phase-field model
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Tianjin University, Tianjin 300072, China )
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Abstract

Evolution of the dynamic recrystallization microstructure in the hot working process of metal is difficult to observe in real time

experimentally. Based on Ginzburg-Landau kinetic equation, a physical metallurgy model with coupling multi-phase field method and

the dislocation density calculation is used to simulate dynamic recrystallization in the thermal processing. The dynamic recrystallization

processes at the different temperatures and different strain rates are investigated. The reason for the stress-strain curve changing from

single peak state to the multi-peak state is explained. In addition, we systematically simulate the process of multi-stage deformation and

the effect of static recovery on dynamic recrystallization, and analyze the influence of thermal processing parameters on the kinetics

of dynamic recrystallization. The simulation results show that the grain size increases during suspension of deformation, and higher

deformation temperature and lower deformation strain rate can accelerate the process of dynamic recrystallization.

Keywords: dynamic recrystallization, stress-strain, static recovery, multi-phase-field model
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