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Table 1  Chemical composition of the TA32 titanium alloy  

(ω/%) 

Al Sn Zr Mo Si Nb Ta 

5.5 3.5 3.0 0.7 0.3 0.4 0.4 
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Fig.1  Stress-strain curves under the strain rates of 0.1 s

-1

 (a), 0.01 s

-1

 (b), 0.001 s

-1

 (c), and 0.0001 s

-1

 (d) at 650~850 4 

0.0 0.1 0.2 0.3 0.4 0.5

0

200

400

600

800

800 °C

850 °C

750 °C

700 °C

 

 

σ
/
M
P
a

ε

650 °C

a

0.0 0.1 0.2 0.3 0.4 0.5

0

200

400

600

800 °C

850 °C

750 °C

700 °C

650 °C

 

 

σ
/
M
P
a

ε

b

0.0 0.1 0.2 0.3 0.4 0.5

0

200

400

600

800 °C

850 °C

750 °C

700 °C

650 °C

 

 

σ
/
M
P
a

ε

c

0.0 0.1 0.2 0.3 0.4 0.5

0

100

200

300

400

800 °C

850 °C

750 °C

700 °C

650 °C

 

 

σ
/
M
P
a

ε

d



� 3 �                            �  ���TA32 ��	
�������������                    �829� 

( ) ( )RTQAF /exp −= σε

�

                     (1) 

��� 

( )

n

F ασσ sinh)( =

                        (2) 

���R���	
 8.314 J·(mol·K)

-1

�A�α�n��

	
�Q �����kJ·mol

-1

��

ε

�

� T �����

������� �s

-1

��!"#$(K)%�&'(�

(1)��(2)�)�	
�*+,-"./0123&

4567

[9]

�8�9:;<� 

sinh( )ασ ασ≈

                     (3 ) 

8�9=>:?<: 

e

sinh( )

2

ασ

ασ ≈

                       (4) 

@A�B(CD�9�E
�F�� 

1

2

,  0.8

( ) exp( ),  1.2

sinh( ),  

n

A

F A

σ ασ

σ βσ βσ

ασ ασ



<



= >







��

          (5) 

���A

1

=α

n

�A

2

=A⁄2

n

�� β=nα

[1,4]

%�&(G α�HI

JKL'(M�9=>N��F�� n�O�9=>�

F�P� β%QR�(5)�S 2T�F�U"
B(� 

B

nn

ln

1

ln

1

ln += εσ

�

                   (6) 

)ln(

1

)ln(

1

'

B

β

ε

β

σ +=

�

                      (7) 

���B=A

1

 exp(Q/RT)�B′=A

2

exp(Q/RT)%QVW��


XY(� σ-ln

ε

�

Z� lnσ-lnε

�

Z�[ \� 1/n �

1/β%]^_���N�` ε=0.175 ���
X�a�

Q��Y(� σ-lnε

�

� lnσ-lnε

�

bZ 2cd% 

Q
X�efghijB`kl�]mn�#$

N(G�[ opmqr�U>s�tu\B`vw

l 1/n� 1/β�xyvwl α=0.0042 MPa

-1

%zy.{

|tu' α}~]:?�vw����@��(6)��

(7)} 2���N�45R�%y�T����Nc(

�9H�?;���m������\QD/�� α

����`���T��c(��T��N�9}�

D�:;��ασ<0.8��}�:?��ασ>1.2����%

@A���o�c����
X�����(6)��(7)

vw n � β��op(G� α=β/n �������v

H�� ]¡¢"�x£?;�¤¥%Q¦�R�(5)

§¨U"
B(� 

[ ]

n

A

nRT

Q

n

lnln

)sinh(ln −+=

ε

ασ

�

            (8) 

] T o_�©ªN�

)]ln[sinh(ασ

�

ε

�

ln

efqC��

�]mn�#$Y(�[ �.qr%n«��QZ

3a B���
X�dmn T (G�¬e�m>£� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 2  ε=0.175 � σ-ln

ε

�

� lnσ-ln

ε

�

���� 

Fig.2  Fitting lines of σ-ln

ε

�

(a) and lnσ-ln

ε

�

(b) at ε=0.175 

 

¦@}QD�� α H~]��®¯�%o°*+�

�±²u³´µ α HY(>£�ij�¶·.tu(

G� α����	


[1,2]

%zy�¸�67tu¹u

º� α ���»¼�±²�½
�`R���v%

m¾D��
X�¿»67�À�"Á%ÂD�vÃ

7Ä�ÅlbN¤¥ α �vwtu��&ÆÇ�mn

� ln[sinh(ασ)]-ln

ε

�

Èe�É?Ê$�>£�\JÆN

�ËÌ� 

2

5

1

min ( )

i

i

k k

=

−

∑

                            (9) 

���k

i

�Í i�¬e�[ �

k

�c�¬e�[ s

H%Î���vÃÏÐ}Æ()W¬e
X(G�[

 �ÑÒÊ$É;��)¬e¡ÓÔÕ�>£�%@A�

B�t��(9)º�¬e¡Ó�>£Ê$�yÆ�(9)

UÉ;H<� α�¤¥¢ij� 

2

5

1

arg min ( )

i

i

k kα

=

= −

∑

                (10) 

k

i

��F�Ö®bN� 

"DÍ i �¬e���Y(& 4 T×��ØÙÚ

��dÛ�� 

[ ]

1

1 4

ln[sinh( )], , ln[sinh( )

m

Y ασ ασ

×

= �

     

(11) 

-10 -9 -8 -7 -6 -5 -4 -3 -2

0

100

200

300

400

500

600

700

 

σ
/
M
P
a

 

 

 650 

o

C

 700 

o

C

 750 

o

C

 800 

o

C

 850 

o

C

a

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

 

 650 

o

C

 700 

o

C

 750 

o

C

 800 

o

C

 850 

o

C

 

 

l
n
σ

b

 ln

ε

�

 



�830�                                          �������	
                                            � 48 � 

24

1

ln1

ln1

×





















=

m

X

ε

ε

�

��

�

                      (12) 

��������	
� 

( ) YXXXb

i

'

1

'

−

=

                       (13) 

������� k

i

=b

i2

������ α ���

�� 

( )α

ii

yk =

                             (14) 

���(9)
� 

( )

5

2

1

( ) [ ( )] 

i

i

f y yα α α

=

= −

∑

                  (15) 

���� k

i

 !"����(15)� 
 f(α)#$%

&'� α=0.0064 MPa

-1

�(�)#�*+,)�-.

/��0123[1]�456
7�89:;< α=0.008 

MPa

-1

�=	>?�@56
7� αABCDEF56

GH;�-.FI
7��&JK 3L� 2�MN 

�� 2LK 3	O-.F���P� 0.002�Q

-.I���PR%� 0.000 892NST�-UI� α

&V
WX�YZ���P&[%R\ 50%]^N 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 3  α=0.0042 � α=0.0064 �� ln[sinh(ασ)]-lnε

�

���� 

Fig.3  Fitting lines of ln[sinh(ασ)]-lnε
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Fig.4  Fitting lines of ln[sinh(ασ)]-T 

-1

 at α=0.0064 

-10 -9 -8 -7 -6 -5 -4 -3 -2

-1

0

1

2

3

4

 

 650 °C

 700 °C

 750 °C

 800 °C

 850 °C

 

 

l
n
[
s
i
n
h
(
α
σ
)
]

b

-10 -9 -8 -7 -6 -5 -4 -3 -2

-2

-1

0

1

2

 

 650 °C

 700 °C

 750 °C

 800 °C

 850 °C

 

 

l
n

[
s
i
n
h
(
α
σ

)
]

a

 ln

ε

�

 

0.00090 0.00095 0.00100 0.00105 0.00110

-1

0

1

2

3

4

 

 

  

  

 

  

l
n

[
s
i
n
h
(
α
σ

)
]

T 

-1

/K

-1

1

0.1 sε

−

=

�

1

0.01 sε

−

=

�

1

0.001 sε

−

=

�

1

0.0001 sε

−

=

�



� 3 �                            �  ���TA32 ��	
�������������                    �831� 

))(min(arg ωω L=

                      (19) 

�(18)� λ��� L���	
�L�������

� log�x�� log�Ax�b���������� λ��

����� 5����� 
�!"#� L���

[14]

� 

�$%&'�()*��+,-�./0��1

�2
���34�56789&:�;<=>?@

AB-�C 1 DEFG�=> L(ω)���HI L(ω)

JK�L�MN�OPQ�-�� mR� 	S#-

��PQ� ω�S#�*�TU� 

VW�XYZ[�	
\Q]^� α_n_Q� lnA

��̀ NVWabc*�+,2
�deQ]�+,[

Af�g\*�+,hi���j-�kl 3 m�


K�.ZQ]^�*��+,���k� 6 m� 

 

 

 

 

 

 

 

 

 

 

 

� 5  ������ L �	
� 

Fig.5  L-curve at its distinct corner of λ=0.074 215 
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Fig.6  Fitting curves of α (a), n (b), Q (c) and lnA (d) by the regularization method 
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Table 3  Polynomial fitting coefficients of α, n, Q and lnA after 
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Fig.8  Comparison between the experimental (lines) and predicted stress at strain rates of 0.1 s
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Fig.9  Comparison between experimental and predicted stress of  

validation experiment 
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Fig.10  Correlation between the experimental and predicted stress obtained from modified regularization model (a) and least squares  

model (b) 
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Flow Behavior of TA32 Titanium Alloy at High Temperature and Its Constitutive 

Model 

 

Chen Can, Chen Minghe, Xie Lansheng, Gong Zonghui 

(Nanjing University of Aeronautics and Astronautics, Nanjing 210001, China) 

 

Abstract: In order to study the flow behavior of TA32 titanium alloy, a constitutive model was set up at high temperature. A tensile 

experiment was carried out at temperatures of 650~850 °C and strain rates of 0.1~0.0001 s

-1

. The result indicates that the TA32 titanium 

alloy maintains a relatively good comprehensive performance at high temperature. Work hardening and dynamic recovery are exhibited in 

the tensile process in the temperature range of 650~750 °C and low strain rate range of 10

-1

~10

-3 

s

-1

. However, the elongation of TA32 

increases enormously and strength decreases clearly as the temperature rises to 800 °C; at the mean time, a steady stage of stress occurs. 

The constitutive model of Arrhenius-type was constructed by a specific correction method based on statistics and regularization. The 

comparison shows a more accurate flow predicted stress through the modified model compared to the conventional least squares model. 

Key words: TA32 titanium alloy; constitutive model; high temperature flow behavior; regularization method 
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