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ABSTRACT The uniaxial compression tests of AZ31 magnesium alloy at different strain rates of
0.01—10 s−1 and different deformation temperatures of 523—723 K were performed by using Gleeble–
1500 simulator with a maximum strain of 0.916. The influences of deformation temperature and
strain rate on the flow stress were investigated. The fine microstructure is attributed to dynamic
recrystallization during compression process at 523 K. The stretched grains of dynamic recrystallization
and growth up along radial direction were founded in microscopic observation at 723 K. Considering
plasticity deformation and friction induced temperature rise, the flow stress was corrected at high strain
rate by using temperature compensation. The peak flow stress and unified constitutive model were
established based on hyperbolic sine model. Strain sensitivity of flow stress was studied to describe
the coupling of materials parameters on the strain, and then the relationship between deformation
temperature, strain rate and strain during hot deformation was obtained. Comparing with experimental
results, the correlation coefficient and average relative error of predicted and measured values are 0.976
and 5.07% respectively, it is proved that the model reflects the real deformation feature of the AZ31
magnesium alloy.
KEY WORDS AZ31 magnesium alloy, hot–compressive deformation, constitutive relationship,

flow stress
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3�� [2].
9-:, (4./;)$ �$�4*.&/8<5

:5%0!'�, *6+&"$�4*19- �=:2
>�"/*7,? (0+"�$0+-��0+9�) !
%34#.5<-8. 6/0@1!=:'7+Æ�.9
�.&./A/@�!4B [3], *;, 720783:9
�� !=:'7Æ�4#C;<<D. + Carl . [4]

:1 AZ31 �� '0-E$ 0.001—2500 s−1 ;22,
'0-E93<'7�=:'7!=3.4; Takuda[5]

4�>(4#9 AZ31 � AZ91 0+�� =:'7C
;45, � Z <(!+5Æ=>5< Z <(/=:'

7!4#; Galiyev . [6] =#6>(4#F3< ZK60
�� !Æ�4#; Barnett[7] F3< AZ31 �� =#
67>(4#!Æ�4#(9; ;??. [8] 4� Zener–
Hollomon <(!>(+545< AZ31 �� &'0
-E7!&".8=:'7; 98:. [9] <D< AZ31
�� &"=:'70'2>, 9 Arrhenius Æ�(9C
;<Æ', ?1@<.9<(; @A8. [10] F3<#�

:;@!29 �!Æ�(9, ?1@<.9<(; B�
. [11] 8A AZ31 �� $ 623 K '!CD�*

112 kJ/mol; A<E. [12] .B<F�9'B4!=:
'7(3.9, ?4�G.99�C=:'77=C;"
HI>, 1@<.9<(; D9. [13] �19 AZ31 ��
 *.80+!<D, .B'0-E�0+"��=30
+CD�!:E<(.

$#9 AZ31 �� *0+Æ�4#!<D, ;E
�=#.8�C/8:F'0!=:'7 (+J4'7+
?;'7), K;<$�'0��C19-@G"<9=
:'7!=3, C6%5F3!(3.9D$=A!GB
�, )HI�45=:'7C'0!0'�J, >�+E
DF!Æ�4#KF.9, !G8(<D!'0-E�0
+"�0';2HL, +> 1 E? [8,9,11,13], M;8B!
=:'7Æ�4#L)N1ÆO�I@5AJ.

Æ*<�19 AZ31 �� C;9."*.80+
!�C, PN<@G.819-"<QB!=:'70',
<D<� =:'7/'0-E$0+"�!4#, F
3<=#KL"<�HF'0!=:'7KF.9, HI

*�M=@ AZ31 �� *6..*$�4**7<(
.5>%, H�*CFJ#D<DG� 4**7.5=
Æ(N.
1 >?@A

4�%� AZ31�� 6K, "'3EI (BOI(,
%) *: Al 2.5—3.0, Zn 0.7—1.3, Mn≥0.2, Ca≤0.04,
Si≤0.3, Cu≤0.05, Fe≤0.01, Ni≤0.005, "G ≤0.3, Mg
DO. P"4*ERQ* 8 mm, L�* 12 mm !SC
+.8@G. $ Gleeble–1500 *./MCC;9."*
.8�C, .8#$@GRNHCDEMF, H%4@G
/.ITS!GN, �1F9*&HTUG,$0+19
-!"�0'. �C"� T * 523, 573, 623, 673 �
723 K, '0-E* 0.01, 0.1, 1 � 10 s−1, @G4*-
E* 10 K/s. .8#@G$0+"�7-" 3 min, D.
80+O* 60%(I'0 0.916), 0+O3PJV, H-
W*0+EU. .8O!@GVF=C;=IQ, 0@G
!FO, $@GKJM-KJ#&KR-, =E %@G.
� 2000—5000 SLGHTPM, UNW* 10 mL Q�
XLM +4 mL XM +10 mL Y@, 9@G>ONN 2 s.
9@GIZOHFOJC;PVEUVR. YW�C19
-, �1@CM!PMSM#DK:4X�C(N, 9�
C(NC;SMO8A'7 – '07=.
2 >?LM

YN�C(N8A AZ31 �� $HF0+,?7
!I'7 – I'07=+Q 1 E?. [H\B, $F@!
'0-E7, =:'7CI'0!Z46[-Z4, TA
J4OH]7^, POS#=Æ?@N;; $FF"�7,
=:'7CI'0!Z46[-C<, B1J4OZQ7
^, UI'0TAF@9�O"=Æ-VH0, TA<?
;. 1R=WX�H2!�� $&".8':@<:

;"[+:;@!2, J4T#4*\'];%YO, -
SO:@<ZI:;"[+:;@!2, C0+O!Z4
OXR�H\.&, S8:;"[+:;@!2-�4_,
9'<�H]4�, U9'<�G#:;@!2', =:
'7`T7^, U]:TA:;U^', '7V#%9?
@N;. _[H\B, J4'7C"�!C<6%4, J
4:@$I'0* 0.1—0.5 ', ?!C'0-E!Z4

P 1 AZ31 ����		���^W��� [8,9,11,13]

Table 1 Associated parameters of hot deformation for AZ31 magnesium alloy[8,9,11,13]

Temperature Strain rate Material Stress Activation energy Material Ref.

T , K ε̇, s−1 constant α exponent n Q, kJ/mol constant A

573—723 0.01—1.5 – – – – [8]

523—623 0.01—1 0.008 9.13 252.218 5.18×1020 [9]

523—723 0.005—5 0.01 7 112 – [11]

423—723 0.01—10 0.0173 8.38 163.51 4.85×1012 [13]
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J4�(OB1VT. 1�B*"�<&, ),#!de
I'77^, %5"0+f7^2, CQ"�!<&, :;
"[�:;@!2.[":@, EHS8J4CQ"�!
<&6.#. MC5I>[H8B: &"�2'0-E`
C<*0+19-!:;9', ?!S*4*19-!'
7^2, S� "#:@$�0+ [14].

+Q 2 E?, 0+19-, @G`TVFU(U (g

I(U) .8, 2hVQUiL. Q 2a - 523 K '

$07<�72hZI:@\V, F'2h:@:;@!
2, .Æ5@W4!2h. 6"�H&', Q 2b -!
723 K :;@!2HdXE, a2ej]�2e^,�
7H�, ;'2hLG, 6%5+EbG6Icke!2
h; $07<�7, :;@!2�LG!2h8AdI0
+, 2hVQUiL.

R 1 AZ31 ������		f
� – f
	�Y

Fig.1 True stress–true strain curves of AZ31 magnesium alloy for hot compression test at ε̇=0.01 s−1 (a), ε̇=1 s−1

(b), T=573 K (c) and T=673 K (d)

R 2 eZ�
� AZ31 ����[\�

Fig.2 Microstructures of AZ31 magnesium alloy at T=523 K, ε̇=0.01 s−1 (a) and T=723 K, ε̇=0.01 s−1 (b)

(Arrows show compression direction)
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3 STUVW
3.1 XYZ[\]

$."a'0-E.819-, ]P@G>O"�
-Va@, aM#0+b^'!*O^,�'_], %5
@G2cZI"��HF9�<&, �I.819?H
�a"H0!, $FF"��0+9�7, 0+*`'9
� =:'7!=3;E0l#.`'0-E [15]. $

Gleeble–1500 @CMC, 0+194�*&Ha'FO
@G-Z"�?@_&!"�, YN�CF8!$K`"
�* 523 � 723 K '@G0+19!a'"� – '07
=+Q 3 E?. [H\B, U'0-EG#.# 1 s−1 ',
M#0+*�GN*!gB, @G"�VhC<, .G"
<T 60 K, B6E8�C(N9�C!d=3HG; U'
0-E4#.# 0.1 s−1 ', @G"�$YW0+19-
=ÆbVH0, EF(N9�C!d=3L4, B;, Æ*
<O9&'0-E (1 � 10 s−1) 7!=:'7C;PN.

"< ΔT QB=:'7!0' Δσ [Hf75

1@ [16]:

Δσ = (
∂σ

∂(1/T )
)ε(

1
T + ΔT

− 1
T

) (1)

5-, σ *�CTU!gT'7, MPa.

R 3 eZ�	� AZ31 ��������


Fig.3 Temperature rises ΔT of hot compression for AZ31

magnesium alloy at T=523 K (a) and T=723 K (b)

YN5 (1) PN0+-E* 10 � 1 s−1 !I'7

– I'07=+Q 4 E?. [H\B, 9#'0-E*
10 s−1, U"�* 523 K ', .G=:'70'TA
40 MPa, M;[m, "<QB!'7ch9#@11@
�� Æ�(9!=3H�K;, 1i_H8=Æ*<9
'7C;PN!iE� [17].
3.2 `aZ[bcde

""$:;jejf<�7!Æ�4#�&�g=
�!, B;>�&/��!Æ�.9. Arrhenius Æ�(
9[H�:450+"�$'0-E.9""=0'7!

=3. HF!� � �*0+<D!d [18] >=: ""
$&"*0+19-,  ��� !*0+�&"a01
9g3%d, kD$*CD19. B;, 9#bFN;7!
=:'7;E0l# T � ε̇, kD$FW'0\'�:;
9'TS!:;U^19. *; Sellars � McTegart[19]

.B<�#PN Arrhenius 4#!67Ne.9:45
1f*CD0+;*, P

ε̇ = AF (σp)exp(− Q

RT
) (2)

5-, σp *J4'7, MPa; R *Ghc 3(,
8.31 J/(mol·K); A */""N;�4!3(; F (σp) �

R 4 AZ31 ���Æ�dif
� – f
	�Y

Fig.4 Comparisons between corrected and uncorrected

true stress–true strain curves of AZ31 magnesium al-

loy at ε̇=10 s−1 (a) and ε̇=1 s−1 (b)
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+7 3 f+5 [5]:

F (σp) = σn1 (low stress level) (3)

F (σp) = exp(βσ) (high stress level) (4)

F (σp) = [sin(ασ)]n (all stress level) (5)

5-, n1, β, α � n k*3(. YN=:'7$C5(9
-B1!+5, 5 (3—5) Ilm*6>((9$>((
9�67Ne(9. fg [19] >B, 5 (3) h�#=:'
7H2!"", 5 (4) h�#=:'7H&!"", 5 (5)
�njC5 2 fAJ. <D [20−22] >=, 5 (5) �H�
Y45 �""32*0+19. *;, Æ*<=#HC
""3( A, α, n � Q k*'0!>(!#., 4�G
.9:F3 AZ31 �� $'04# 0.7 '!Æ�(9.

$ ��� !*4*0+', '0-EiA*C
D!o=, Zener � Hollomon[23] .B, 0+"��'
0-E90+!=3[H4�"�no!0+-EB4
Zener–Hollomon <( Z :45

Z = ε̇(− Q

RT
) = [Asinh(ασ)]n (6)

β � n TSD$+74#:

α = β/n1 (7)

P5 (3, 4)Ilpe5 (2), RqkF'0KP9(,

,j8A

lnσ =
lnε̇

n1
− lnA1

n1
(8)

σ =
lnε̇

β
− lnA2

β
(9)

5-, A1 � A2 k*/0+"�^4!""3(.
YNHF0+,?7!�C(N, k= σ–lnε̇ �

lnσ–lnε̇ 7=. =:'70J4'E9'!(4, +Q 5a
� b E?, "kEIl* n � β, ?[1@ α 4, 1p
α = β/n1=0.0109. �1"HI>:1, $0+"�F@
', =:'7�'0-ETSD$9(4#, Uk=�%
4#(G# 0.97.

FM, 95 (6) 0KP9(, ,j8A

lnε̇ = lnA + nln[sinh(ασ)] − Q/(RT ) (10)

95 (10) fgPI[80+CD�

Q = R[
∂lnε̇

∂ln[sinh(ασ)]
]T [

∂ln[sinh(ασ)]
∂(1/T )

]ε̇ (11)

NI'7 – I'07=k= ln[sinh(ασ)] / lnε̇,
ln[sinh(ασ)] / 1/T 4#+Q 5c � d E?. 9Q 5
!!dC;=�"H, [/8HF'0,?7!'7>(
n H�""3( A, ?M5 (11) [f8HF!'07
! Q.

R 5 eZ	�lq�Y�h�k
Fig.5 Relationships between lnσ–lnε̇ (a), σ–lnε̇ (b), ln[sinh(ασ)]–lnε̇ (c) and ln[sinh(ασ)]–1/T (d)



6858 86'6267 � 48 �

PC5<((4pe5 (2) -, P[8A AZ31 ��
 !J4'7Æ�4#.9

ε̇ = 7.465×1014[sinh(0.0109σ)]7.319exp[−189842/(RT )]
(12)

3.3 ghibcjklm
YNÆ67Ne>(!@m

sinh−1(ασ) = ln{ασ + [(ασ)2 + 1]1/2} (13)

M;8A=:'7 σ >5* Zener–Hollomon <(
!>(

σ =
1
α

ln{(Z

A
)1/n + [(

Z

A
)2/n + 1]1/2} (14)

P5 (6) pe5 (14) 8A.["A/!Æ�(9

σ =
1
α

arcsinh[exp(
lnε̇ − lnA + Q/(RT )

n
)] (15)

fnJ4'7Æ�(9!A/19, Il/BHF'
07 (ε=0.05—0.7, SlO* 0.05) ! α, Q, n � lnA,
r1I>, A/B!""<(/I'0TSD$F@!>
(4# [24], r1r@:1+�ls8j5i/�GjT
S!>(4#, /�`dH�, "%4#(TA 0.98 H
C. fC5(,1@!""c<(C'0!0'4#+Q
6 E?. /�B""<(C'00'!ls>(4#5

+7:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Q/1000 = 156.1 + 175.5ε + 579.1ε2−
1692.38ε3 + 1254.5ε4

lnA = 27.7 + 11.3ε + 247.6ε2 − 604.2ε3 + 424.9ε4

n = 12.8 − 53.4ε + 218.4ε2 − 356.2ε3 + 208.9ε4

α = 0.017− 0.051ε + 0.195ε2 − 0.307ε3 + 0.172ε4

(16)
PA/8A!c""<(pe5 (15) P[8Ac0

+,?7!=:'7. �3*<Z45 (15) 9cf0+
,?!&/h'�, _[KL""0+'=:'7!'0
km�. a9&"$�0+19:s, U""!9'_H
t_\'<�', [HK;'09?;=:'7!=3.
3.4 bcjklmino

*<C8C58A!DFÆ�(9KF=:'7!

p1�, PHF'0$HF"��'0-Epe5 (15),
8A%'!=:'7/�IEF4n 280 E(NC;<
9#, ?4�%4��Uk%9chC;C8.

%4#(�3�:I>�C4�A/4=�4#!

�l. Q 7 *Æ�4#KF=:'7/�C4!%4�.
[H\B, Æ�4#!KF4/�C4%4�H�, %4
#(o* 0.976. %4#(5&?HF@p>o��5�,
B*KF(N[�mZg&+:g2. *<p1Y45F

R 6 �����
	���
Fig.6 Relationships between material parameters α (a), n (b), Q (c), lnA (d) and strain
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3Æ�4#!@19�, QeUk%9ch δ[25]

δ =
1
N

N∑
i=1

|Ei − Pi

Ei
| (17)

5-, Ei *=:'7�C4, Pi *�1Æ�4#(9 (15)
A/!KF4, N *�CI>!�C(NuW( (Æ*<
- N=280), �1A/�C,?;22!gh, 8AUk
%9ch* 5.07%, >=4�5 (15) 8A! AZ31 ��
 =:'7#�H&!@�, Xmn_*9A/!Ef.

HF'0-E7=:'7/�C4!9#+Q 8 E

R 7 ������
�
����������

Fig.7 Correlation between the experimental and predicted

flow stress data from the constitutive equation

?. [H\B, $Q 8d - 523 K 'A/4/KF4ch

HG, @G$0+"�* 523 K '"�H2, 6'0-E
* 10 s−1 1_, S#�C!pB,?, 5@�Cch, B
6%5KF4/�C4HGgh. v;T0, $�C,?
;22A/!=:'74/�C4tq�-VF5, 1>
=Æ*<F3! AZ31 �� =:'7KFÆ�4#.
9#�L�!KF�7.
4 LW

(1) AZ31 �� $&"0+'!=:'70l#0
+"��'0-E. U'0-EF@', =:'7C0+
"�!<&6^2; U0+"�F@', =:'7C'0
-E!<&6ZG, >= AZ31 �� *'0-Ekm
"".

(2)KL�C19$�0+b�GNbQB!"�<
&, 9&'0-E=:'74�"�noPN=:'7,
PNO!.G=:'70'TA 40 MPa; 4�PN!=
:'7'04#F3<=#67Ne.9!=:'7Æ

�(9, G.9KL<'09""<(!=3, [H.�
Y45=:'79'0!km�.

(3)4�GÆ�4#.9KF=:'7#�H&!@
�, KF4/�F4%4#(* 0.976, Uk%9ch*
5.07%, �C,?;22KF!=:'7/�C4tq�
-VF5.

R 8 eZ
	�����
�
�������w

Fig.8 Comparisons between the experimental and calculated stress from the constitutive equation at strain rates

of 0.01 s−1 (a), 0.1 s−1 (b), 1 s−1 (c) and 10 s−1 (d)
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