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ABSTRACT Dynamic recrystallization (DRX) is considered as one of the most important mi-
crostructural evolution mechanisms to obtain fine metallurgical structures, eliminate defects and im-
prove mechanical properties of products. Although the DRX kinetics models proposed by researchers
have some differences in parameters and forms, they are all based on the Avrami function describing the
relationship between dynamically recrystallized volume fraction and strain or time. Avrami equation is
in the form of exponential function and the kinetics curve of DRX exhibits different when the exponent
is assumed to be different (between 1 and 2). Under these conditions, however, the exponential function

cannot exactly describe the�slow–rapid–slow�property of the development speed of DRX process.
By introducing the velocity of development of DRX process, which is referred to as the variation of
the dynamically recrystallized volume fraction with strain, namely, the first partial derivative of the
dynamically recrystallized volume fraction to strain, a new kinetics model of DRX was proposed in
comparison with the classical kinetics model of DRX. The new model represents the characteristics
of DRX: the dynamically recrystallized volume fraction equals zero when the strain is smaller than
the critical strain, and the maximum of the dynamically recrystallized volume fraction equals 1; once
the strain exceeds the critical strain, the dynamically recrystallized volume fraction slowly increases
first, and then rapidly increases, at last slowly increases. Consequently, the new kinetics model is in
agreement with the development law of DRX process and includes few parameters which have clear
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physical meaning and are easy to determine. By conducting Gleeble–1500 thermomechanical simulation
compression tests at the temperatures ranging from 523 to 673 K and at the strain rates 0.001, 0.01,
0.1 and 1 s−1, the kinetics model for Mg alloy AZ31B characterized by DRX for instance was built
and parameters were determined. Microscopic examination shows that the experimental results are
in good agreement with the predicted values, which validates the accuracy of the new kinetics model.
Then combined with grain size of DRX model, the kinetic model built under steady state conditions
was rewritten as superimposed step form to apply in the prediction of grain size under unsteady
state conditions. The simulated data accord with the experimental results by means of quantitative
metallography, which verified the rationality of the superimposed prediction method.
KEY WORDS dynamic recrystallization (DRX), dynamically recrystallized volume fraction, ki-

netics model, magnesium alloy AZ31B3&>5#�SYi℄=6}l{5CEW, O=Yi< lE�, [86}$nF�l8j9s. �K�|Fl>5)\, =S0%K���5:B*lE��N2V. ���5*, �a���AX-/Sl�1E��N_&, ^��(E��&J���j!6}lED9snF\f!. Y<jW_l

, {?�1E�MNk3, �7E�9swÆ, A�U9>5lX%

�$. ?�D� [1−9] {?KBjq#t+Ml�a���MNk3[w4�>5:Bl�1E��N.bEÆd�o����C���!�Ctu�9CxP��9kF, ���A$n��l)VÆJ+M [10].blq�℄$nld{T��k�-, bEÆ�C��q[
2U9�5, !��o℄
2�BT\C�ePN,�e�TXf�, �U9�55SH$3&���e�TXCe�, a	���Aq[U9�5lÆJ+M. bEÆ5Xs��o, ��ol����7�p)5"℄62�a���, se1?�ÆJ��, bEÆl�a����%�8��, ���5:B*l�1E�MNX���℄/8 [11−13]. Barnett n [14] K�K Mg–3Al–1Zn�BEW�eEC�1E�lf!, 1=d [15] � AZ61EÆ!��l�a���7�d�5_&�7K�. �)JH��g-$nf!l�a����EDk3�70%e[, �\qQ, {?KX%�E�a���:Bl�$na1NlbEÆ AZ31B �a����EDk3. �I.j�'zp��}�anx�Yil�1E�MNk3ejg��a�5:Bl�Bw4, �s7O�8���, [O��k3C��l��9.

1 �mp℄y�~�Yju
1.1 �or_{���[b�

Sellars n [1,2] jIK�1E�MNk3l�y, �\I�kv7Ol\L,, {?KXf���el�a���w4k3, \q Avrami �BjIK�a����Nw4k3, �5<#�:

fdrx = 1− exp(−0.693(
t

t0.5
)) (1)<*, fdrx ��a����N, t0.5 �
2 50% �a�

��5l5r, t �5r. Sellars k3r:.j8N
0.693, 8k3l℄n�I�$n�|l<_`. Mc-

Queenn [3] ℄{?l�a����EDk3T�A.j[5r��Il5<.
� [4].j Yada k3{?K�b �a����Nw4k3, �5<#�:







fdrx = 1− exp(−0.693( ε−εc
ε0.5

)2)

ε0.5 = 1.144× 10−3d0.280 ε̇0.05exp(6420
T

)
(2)<*, εc �O
e�, ε0.5 �
2 50% �a���5le�, d0 �G:�BEW, T ��5��, ε̇ �e�TX.

Sellars k3C Yada k3X�5<#t, b��'�t,a��ne�TX�, 5r5<Ce�5<AX#l. lq Yada k3.jKe�5<, ℄[0[��pejq��a�p)N�kv, ?�)jn�y&x# Marc, Su-

perform C Deform n�j+K Yada k3l�1E�MNl�4. s Sellars k3��, Yada k3*l ε0.5 l<_`#Fh�, ^#��>
2 50% �a���5le�, 	AX%ujI, �	7q. �R Yada k3*l�N� 2, Sellar k3*l�N� 1.�x8, Kim n [5,6] �7Ol\L,{?K<�l�a����Nw4k3, �5<#�:







fdrx = 1− exp(−( ε−εc
ε∗

)m
′

)

m′ = 1.12(Z/A)−0.08
(3)<*, ε∗ �F\e�&NX℄�ele�; Z ���!:le�TXa>, f Zener–Hollomon 1N; A �^|1N. Kim k3*X�.j ε∗ ℄l Yada k3*l ε0.5 8{?k3, b'!�w<[�a���l:Bs��l>A29:B�R, �a���lTX�+:5� 0, �:X	��I,3y,3, YgXa\�, �:X�5rIo3y�~, �Ph Kim k3*|`l ε∗ s Yada k3*l ε0.5 AX#l, �elA�a���TXF\5le�, Tfe�&NXF\5le�. Kim k3*�`n8j8N 0.693, 	A}�NT4� Z l?N, �Rk3*
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Kopp n [7] .j#�5<8{?�a����Nw4k3:











fdrx = 1− exp(−kd(
ε−εc

ε0.5−εc
))

ε0.5 = k1Z
n1

(4)<*, kd, k1 C n1 �^|1N. Kopp � Yada k3�7K<�, j�N kd ℄l8N 0.693, j 1 R�N℄l 2R�N, �n#j ε0.5 − εc ℄l ε0.5.

Laasraoui C Jonas[8] [d Serajzadeh n [9] ?�D���{?K#t�5nx��#t>� l����EDk3, �5<0[uX�#��>
fdrx = 1− exp(−kd(

ε− εc
εp

)nd) (5)<*, εp ���e�; kd C nd �^|1N. s Yada k3��, Qk3j εp ℄l ε0.5, X)D�} kd C nd T4� Z l?NZT4� ε̇ C T l?N, X)D����#tl�5nx� kd C nd �8N�, Q-5<�p��a���MNk3l8j5<.0[,I, [,��$n℄�9l�a����Nw4k3�A\q Avrami �B, ℄#tlAk3*l8N��NC ε0.5 1Nl8j. ���k31N$n�h�l<_`nx�, \q Kopp k3l5<�AE.UK
Sellars C Yada k3*8�N 0.693 d,< (5) *�N
nd l8j, �
j[�<�l Kopp k3��wl\q
Avrami �Bl�a����EDk3�7e[.

fdrx = 1− exp(−0.693(
ε− εc

ε0.5 − εc
)nd) (6)

1.2 ���[lv'!�a���lhu: �O
e���a����N� 0, F\�� 1; e�;:O
e�I, �a���l�N�Q℄�p, 	I6T�p, FIoQ℄�p, �
-�K�el�a����Nw4k3:

fdrx = [1 + k
(1− ε−εc

ε0.5−εc
)

v ]−1 (7)<*, kv �s�a���:B�B�9T�n/l8N,0[��4SAlG:�BEWC5Xsf!l. [ εc� 0.2, ε0.5 � 0.5 �>, '!< (6) JI#t nd �5l�a����ED��, #y 1a ℄>; [ εc � 0.2 �>, '!< (7) JI#t kv C ε0.5 5l�a����ED��, #y 1b ℄>.ly 1b 0[,I, /k3�E�a���l�ED2V. �< (7) �7��0�, k3*l1N kv �X%
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Fig.1 Kinetics curves of DRX based on modified Kopp’s

model (a) and the new kinetics model (b)B\l�5:  ε 'q εc 5, fdrx �$q 0;  ε }\q εc 5, fdrx �$q 1;  ε nq ε0.5, /k3Hnq
0.5. �X'.U�a���lTX, ��B (7) �X�eN, 0[ig�a���lT�?N:

vdrx =
∂fdrx
∂ε

=
lnkv

ε0.5 − εc
· k

(1− ε−εc

ε0.5−εc
)

v ·

(1 + k
(1− ε−εc

ε0.5−εc
)

v )−2 (8)[ εc � 0.2, ε0.5 � 0.5 �>, �< (6) �X�eN, JI#t nd �5, \q Avrami k3l�a���TX��, #y 2a ℄>; [ εc � 0.2 �>, '!< (8) JI#t kv C ε0.5 5l�a����ED��, #y 2b℄>.ly 2b 0[,I, /k3�h�a���l

:B�a���, f℄	6	℄. �sy 1a Cy 2a ℄>l�N nd \q 2 l��AX#l. Sellars k3C Koppk3�.jK�N� 1 l5<,  nd=1 5, �a����ED��I�,ws�l��, 	�a���TX���?�sul��, �s7k�B29:B#�. Yada k3.jK�N� 2 l5<, ly 1a Cy 2a 0[,I,\�,�E�a���l�ED292V, bA nd=25, �a���T�lF\�T#A� ε0.5 M.  nd
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Fig.2 Schematic of velocity curves based on modified

Kopp’s model (a) and the new kinetics model (b)

\q 2 5, Y<�Nl�p, �a���T��\, �a���TX��lF\���q ε0.5 M.A,, s Avrami �B��, /l�a����EDk3$n�Nku: (1) lq�N?Nl9', Avrami �B�'qO
e�5��?�\q 0 l5<, 	/k30[�>O
e��l����N�. (2) �k3* ε0.5 $n�8ÆKl_`, �>����N� 50% ℄�ele�. (3) 1N kv �>K�a���
2l6℄Z�a���6T�9�l\'. 4) /k3l^|1NF., J εcC ε0.5 =� Z 1N�7T4{, !>n kv �, s8jl< (6) ��.KX%^|1N.

2 ��mdf�|[bEÆ AZ31B(Mg–3Al–1Zn('I�N, %)) �>, FR��� 10 mm, 9�� 17 mm. � Gleeble–

1500 �kvFO_,�7n�G[�5, F\�e��
1.0, �#t��Ce�TX�leE – e���#y 3℄>.bEÆS�eE��℄$nl4Sh�n: (1) ��5+:��, lqp)gN�4ep�, eEe%�pgm%��. (2) �5��X|�5TX�pZ��5TXX|	��~o5, lqp)gNB�p0, S�eE��j!. (3) �5\q��e�, lq�a����l&N(8\qp)gN�l�N(8, S�eE
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	 3 aD AZ31B kR�dD�� [16]

Fig.3 The stress–strain curves of magnesium alloy AZ31B[16]

(a) ε̇=0.001 s−1 (b) ε̇=0.01 s−1 (c) ε̇=0.1 s−1 (d) ε̇=1 s−1
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y 4 C 5 �#t�5nx�lE�5_. 0[,I�5��Ce�TX��a����BEWn�5f!:Y<�5��l3!, �BEWh��p; Y<e�TX

	 4 aD AZ31B �4��"s4k�0D�
Fig.4 OM images of magnesium alloy AZ31B at the temperatures of 250 � (a), 300 � (b), 350 � (c) and 400 �

(d) (ε̇=0.01 s−1, ε=1.0)��

	 5 aD AZ31B d�SW"s4k�0D�
Fig.5 OM images of magnesium alloy AZ31B at the strain rates of 0.001 s−1 (a), 0.01 s−1 (b), 0.1 s−1 (c) and

1 s−1 (d) (T=350 �, ε=1.0)
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3 N��\g~�Y� 
Bergstrom[17] .j�<jW�a����N, Q5<ta������!.

fdrx =
σ − σp

σs − σp
(9)<*, σp ���eE, σs ��aeE, σ ��_51leE.}< (7) �5�

1− fdrx
fdrx

= k
1− ε−εc

ε0.5−εc

v (10)G���Nig
ln(

1− fdrx
fdrx

) = lnkv · (1−
ε− εc

ε0.5 − εc
) (11)lqk3*�>n εc C ε0.5, r8 εc=(0.60−

0.85)εp, �
�� 0.8. H�r:vE lnZ−ln(εp) s
lnZ−ln(ε0.5) l/�, �*, Z=ε̇exp(Q/(RT )), Q=

158732.3 kJ/mol[16], ig εc C ε0.5 l�Y< [18],#y 6a C b ℄>. �Ir:vE7O℄igl

ln((1−fdrx)/fdrx) C 1 − (ε − εc)/(ε0.5 − εc), 0[ig kv, #y 6c ℄>, F+iglk3#< (12)℄>.

fdrx = (1 + 150(1−
ε−εc

ε0.5−εc
))−1

εc = 0.0834× Z0.0075

ε0.5 = 0.0426× Z0.0781 (12)<*, Z=ε̇exp(Q/(RT )),Q=158732.3 kJ/mol[16], R��k8N.'!< (12), V&bEÆ AZ31B �#t���#te�TX5l�a����ED��#y 7 ℄>.�K�|k3l;�9, 8j|IÆ�7O�7O�. #y 8 ℄>�bEÆ AZ31B lG:�BEW, ~*�BEW� 22 µm.�5��� 300 ���5TX� 0.1 s−1, #t�5IlbEÆ AZ31B �15_#y 9 ℄>. ly0v, e�I� 0.15 5, !na.(�
2�a���; e�I�pg 0.3 5, Y�
2(��a���; Y<�5Il�p,����B��, ~*�BEWu., �5I� 0.55,Y)\(�
2K�a���; �5IYg 0.8 5, z:�BY\�,��a����B℄l℄.

5 10 15 20 25 30 35 40 45 50
-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

 

(a)

lnZ

 

 

 Experiment data
 Linear fit

ln
(

p)

0 5 10 15 20 25 30 35 40 45 50
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

 lnZ

 

 

 Experiment data
 Linear fit

ln
(

0.
5)

(b)

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
-6

-4

-2

0

2

4

6

 250 oC, 1 s-1

 250 oC, 0.1 s-1

 300 oC, 0.1 s-1

 300 oC, 0.01 s-1

 350 oC, 0.01 s-1

 350 oC, 0.001 s-1

 Linear fit

(c)

 

 

ln
((

1-
f dr

x)/f
dr

x)

1-( - c)/( 0.5- c)	 6 aD AZ31B k6NM uD.�x
Fig.6 Relationships of lnZ−ln(εp) (a), lnZ−ln(ε0.5) (b) and ln((1 − fdrx)/fdrx)− [1− (ε− εc)/ (ε0.5 − εc)] (c)
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Fig.7 Kinetics curves of DRX of magnesium alloy AZ31B at ε̇=0.001 s−1 (a), 0.01 s−1 (b), 0.1 s−1 (c) and

1 s−1 (d)

	 8 aD AZ31B kF9�ADV
Fig.8 The initial grain of magnesium alloy AZ31B7O4|l�a����Nsk3w4�l��#y 10 ℄>. ly0�, .jk3Wil�a���k`�NC|IÆ��℄Yil�8X#.

4 ~�Y��gpwSV�Q.j���, � 10 %#tlD7r��4I 5 R,�I��~*�J�QR�5nx�l�a����BEW Ddrx, [ lnZ C lnDdrx Hy��7�9vE, igy 11.lQig, �a����BEW�Y<#�℄>:

Ddrx = 408.2583 · Z−0.1105 (13)

lq{?l�1E�MNk3A�n��ne�TXnx�Yil, 	7k26:B*��Ce�TXY5��N, aQ, �>}�anx�Yil�1E�MNk3�+>zp5<, ,sejg��anxlN�kv. �>5:B*lr i 51, '9`e�I εi 'q�51O
e�I εic, ��a����N�I� 0; '9`e�I εi \q�51O
e�I εic, �a����N0l< (7) C< (8) zeig�<:

∆f i
drx = ∆εi · (1− f i−1

drx )
lnkv · f

i−1
drx

εi0.5 − εic
(14)<*, ∆f i

drx ��'l�a����N�I; ∆εi ��'le��I; f i−1
drx �,X'l�a����N; εi0.5��51
2 50% �a���le�I; εic ��51O
e�I.��a����N�:

f i
drx = f i−1

drx +∆f i
drx (15)�a����Nzp�\q 0.995, o zp, �a����K.~*�BEWljW\q#�q/:

(1)��5:B*��BEW62f!l!n�a�
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	 9 aD AZ31B ��4��� 300 ���4SW� 0.1 s−1, "s�4H4k4^x
Fig.9 OM images of magnesium alloy AZ31B at the strain of 0.15 (a), 0.3 (b), 0.5 (c) and 0.7 (d) (T=300 �,

ε̇=0.1 s−1 )
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	 10 aD AZ31B ~`����Mv3�B6N���x
Fig.10 Comparison of the predicted value by the model with

the experimental data��, lq��5:B����, JY�a���|>Il�B9\:B.

(2) �a���:B*, �X51l�a����B}�IX51l�a����B�℄.��5:B*, ~*�BEW
�<�|:

Ddrx =
√

D2
drx · f

2
drx +D2

0 · (1− fdrx)2 (16)=j)jn�y&x Marc, �7|6G[:BlN�kv, '!2�<hu��5�l 1/2 �K��%, ay:3�Q�u�52�<ay, n�y~$L�#y 12
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x

	 11 ~`����ADVB Z k.�
Fig.11 Relationship between dynamical recrystallization

grain size with Z

	 12 m�x}#0-t�$=^x
Fig.12 Schematic of finite element meshes and reference po-

sition for sample



�1518 ��I�A� q 48 (℄>.|6G[kvl�5��� 350 �, �5TX�
0.1/s. 1N��#�: bEÆ AZ31B l����v�
1, �Oe�N��v� 2, d�� 1780 kg/m3, FRs2�lR��N� 20 W/(m2

· �), FRsGvlR��N� 3000 W/(m2
· �), G[)J
��� 80 �. FRCGvlG:��� 350 �, FRCGvll)�N�

0.2, �*:R�N� 0.9. S�eE8j
� [16] {?lk3.y 13 ��&IKbEÆ AZ31B �G[:B*#tM 1 aD AZ31B k��
Table 1 Specific heat of magnesium alloy AZ31B

T , � 20 100 300 600

c, kJ/(kg· �) 1.040 1.042 1.148 1.414

G�I5l�BEW�%. ly0v, ��5G�, lq	<��
2�a���, ℄[	<�l�BEW�\. �5�K5, �l�5�l�BEW�\, *1(l�BEW�', lq#t�t�a����7lB�#t, �	<�C\�5�l:��Ue#W��%.��y 12 *l 3 %uJ� 3 %1.�%, �7�BEWl��. y 14 A 3 %#t�%Ml�B5_, \�5� A Ml�BS'qq�5� C M, �l�5� B Ml�B-\qq�5� C Ml�B. 7O℄igl~*�BEWsN�kvl�8��#y 15 ℄>, X�7O�M 2 aD AZ31B k�Nd�M
Table 2 Thermal conductivity of magnesium alloy AZ31B

T , � 20 50 100 150 200 250

λ, W/(m· �) 76.9 83.9 87.3 92.4 97.0 101.8

	 13 "sF�H4EQ�49A)k�ADV�$
Fig.13 Distribution of grain size in the sample at the stroke distance of 3.79 mm (a), 5.69 mm (b) and 9.48 mm (c)

	 14 x 12 )"s�$k��|
Fig.14 OM images of different areas in Fig.12

(a) position A (b) position B (c) position C
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Fig.15 Simulated and measured grain size at different posi-

tions in Fig.12Y\qkv�, bS�k,,8, G�����, �hK℄{?k3CjW��lE<9.

5 m|
(1) \q�OulGS Avrami �B5<l�a����EDk3l��, jIK/l�a����EDk3, �k3�E�a���lQ℄ – ET – Q℄lMNhu, $n℄�>1N.�k3��ta�1N<_`h��"℄�|lhu.

(2) {?K�a����BEWw4k3, �}Yil/l�a����EDk3�7zeigjq��anxl�Bw4l�'zp5<, �7�5:B*l�BEWw4.

(3) [w3l$n�a���h9l+MbEÆ
AZ31B �>, r: Gleeble �G[7O, �71NT4,

{?K�a����EDk3, �jqn�ykv�7�BEWlw4, r:Æ���C�8��, O�Kk3C��l��9.Os
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