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ABSTRACT Superplastic tensile tests were carried out for Ti–6%Al–4%V (mass fraction) alloy at 700–

850� with initial strain rates of 3×10−4–5×10−3s−1. The tensile results show that Ti6Al4V alloy exhibits
good low temperature superplasticity. The elongation of 536% was obtained at 800� with an initial strain
rate of 5×10−4s−1, and the elongation over 300% were obtained even at 700� (with an initial strain rate
of 5×10−4s−1). The strain rate sensitivity value m kept about 0.3 in the whole deformation temperature

range, and the maximal m value was 0.63. At 850 �, the deformation activation energy was very close to
self–diffusion activation energy of grain boundary, which shows the main deformation mechanism is grain
boundary sliding controlled by grain boundary diffusion. Yet, in the temperature range of 700–750 �,
the deformation activation energies were much higher than the self–diffusion activation energy of grain
boundary. The reason may be active dislocations motion. The deformation activation energy of 800 �
was between them, which shows a transition of deformation mechanism during temperature lowering.

KEY WORDS metallic materials, Ti6Al4V alloy, low temperature superplasticity, strain rate sensitivity
value, activation energy, deformation mechanism
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�&63 �A,./. Ti–6%Al–4%V(Ti6Al4V)(7
7Æ1, +2) ���89!3>:;�&%Æ6�
�, B<3:-�&%Æ���C,�4(;05
=6%Æ [5]�!<%Æ�' (SPD) 73=> [6,7] 4

./ 5-&%Æ�'��. ,�12./35?

'"�!>4, '2!�. 28+6)#35?�

01+3 Ti6Al4V ��7�)#!-��+ (700–

850 �) �&%Æ@9�', Æ::�'&�#/ 

&%Æ�'$&, 8;<:-�&%Æ�'?=.

1 DEFG
.5!��/ Ti6Al4V ��7�, @9�'

9�AB=>9:6/ 2 μm. + 700–850 � 

7C4@3��)#&%Æ@9, ;=8�>D ε̇

�@?/ 3×10−4–5×10−3s−1. AE&%Æ@9@

5./ (JB 4408–87), @9@9<F)Æ�9:/

15 mm×6 mm×2 mm. @9@5+ SANS =HA
$@5? CMT5105 B)#. CB@9@9(D>E

:��8?� 10 min, )@9B;FD; GC D@

EG<A>D3@9)#@9. =F@5+D�?

�>H)#.
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2.1 NOPQRSTOUVWXY

+!-��+, Ti6Al4V��@9�'C�BI

H+IÆBJ (J 1). KZ�'���(�, ��C

'DL[�&%Æ, ?9D((M�.

C 1 CK, + 700–850 �, N2��'��OG

+, @9�?9DKZ�'>D�5-H\I@(.

+ 850 ��ε̇=5×10−4s−1 *, ?9DE>>(], /

768%; + 800 ��ε̇=5×10−4s−1 *, ?9D/ 536%F

G�'+!-� 700 � (ε̇=5×10−4s−1), ?9DHG

&0L 300%. 3- Ti6Al4V ��, :>1&%Æ�
'��@?/ 900–950 � [7]. �'��3&%ÆÆ

$�APB+�@��OG+<(�Q@Æ CH
�^RMNNJ. &%Æ�'*, <(�Q@ÆC�,

CHM�CD, :?9DC�. E!3K, 28+-

->1&%Æ�'���OG+H) Ti6Al4V ��

 ��@�&%Æ, /5-L���&%Æ''��

MMLFE. O�.P, +!-����'*, !-

�8�>D�Q-NI!��&%Æ$. RS+ 700

�, ;=8�>D-- 10−3s−1 *?9D(- 300%,

H8�>D�- 10−3s−1 *?9D4/+5TBD
- 100% (ε̇=5×10−3s−1 *, ?9DS/ 82%). ,�,

E-�'>�!-, .*6JT+DC4@�@9@
9)3GA, +@9CP''�KO��HHL�P

)K, 5-L&%Æ$. $!Q)RI5-8�>D,

_ 1 Ti6Al4V S�UJUVTMUVKV

Fig.1 Macrographs of Ti6Al4V alloy after tensile de-

formation

` 1 Ti6Al4V S�NWLUVMVW

Table 1 Elongations of Ti6Al4V alloy after super-

plastic tension

Temperature/O ε̇/s−1 δ/%

850 5×10−3 263

850 10−3 758

850 5×10−4 768

800 5×10−3 240

800 10−3 466

800 5×10−4 536

750 5×10−3 256

750 10−3 347

750 5×10−4 406

700 5×10−3 82

700 10−3 252

700 5×10−4 366

700 3×10−4 359

���?9DN6$M�. RS, + 700 �8�>D

5/ 3×10−4s−1 C, ���?9DWH5-.

2.2 NOPQRab – aNcd
PJ 2 3 XD, KZ���(�, ���&%

Æ�' � +XQ: (1) ?9D@(. + 850 �

�?9D6/ 700 �*� 2–3 R; (2) -�Y�8

&. ���(�)&%Æ�'�Y�8&L[5-.

800 �B 850 �*�Y�8&S]N3!D, H

750 � 700 �*�Y�8&O>@(, 700 �*�

Y�8&6/ 850 �*� 3–4 R; (3) !.�Y�

Q@XT. 800�850 �&%Æ@9*, E-��"Z

Y "BJ$&@!, �'3 !.*65-Q@X

T. �'Q@XT�?., P�&%Æ�'OG+3

 NI&.?9D�Q$. "ZY$&�M��Z

Y6BUV�$Y, B&%Æ�' �!��8�>



3 � RZ[W:Ti6Al4V S�MX[NWLUVYKS\ 2713 � RZ[W:Ti6Al4V S�MX[NWLUVYKS\ 2713 � RZ[W:Ti6Al4V S�MX[NWLUVYKS\ 271

_ 2 NWLUVMTU\ – TUY]]

Fig.2 True stress vs true strain curves during

superplastic tension (a) ε̇=5×10−3s−1; (b)

ε̇=10−3s−1; (c) ε̇=5×10−4s−1

D^ZÆMNNJ; (4) _Z^Y�`^. 8&8�

`^�_Z^V[WWL&%Æ�'0\@8&[
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@A,�8&_]?=, & \a+�8&[@c.

��\aARY$=C, 8&I>_], HRI�'

Z+[=>@Xa!3H_e8&�Z�d(�. :

], =^_A. _A�=^+\>]`=>�fa*
''e)�8&b`H)Y�8&@(, 1Zb)=

^_A�^c?=fA, b`�8&I>_], Xa

��c3. f`=^_A�8&_]C, =^_A0

\3 RI)#, 8&BE-]`=>�f`HYd
(�, GCYd_], S!W>, ''L_Z^V[`
^. 850 �*�8&8�`^WWLe_�&%Æ�

'X`: -�Y�8&�!.�Y�Q@XT !(

�?9D. H 700–750 �*@9�'�8&8�`^

�KL�62, /ae_�&%Æ�'. :Q$�,�

'���5-)dfaAbbH=^_AEc��

R5-.

PJ 2 c3 XD, ε̇ >10−3s−1 *�'�Y�

8&O>@(>>(] (d]), GCZg>\aY�

c3H_eY�eQ, dBBJ. G ε̇ ≤10−3s−1 *,

+E>>(] (d]) e9�'hiL�F!.*6

�8�H3XT, Y�8&E>>(]C?g�@*
6�Q@, HCej)feQXT. 2*, KZ���
(�, 8�H3XThi�*6\I?.. 1Æ'f,

+:g��@N� [8]. J-&%Æ�'0\@ha
('H3�Q$, �ÆfQh/�a&%Æ�'Xa
� [9],��&%Æ�'*8aE�=^*5-�Q-

_A�,i, g�5->�Q,i�=^i$ha_
A8jB����', :g=>Xk�l(=>H\

a=H_<, E!haL('H3; O�ÆfQh/
�=>�AR.(Xa� [10], &%Æ�'*�'h

_=>AR.(, =>�.()=>5-�Q-=^

_A,i�gD5-, PHXa('H3. 3- �

h"&%Æ� Ti6Al4V ��, ��iN\'+:&

%Æ�'�0\@m+Z8�H3'f [11,12]. Cope

4 [12] 3 Ti6Al4V ��+ 760–940 �)#&%Æ@

9�',I>�j8& –j8�`^BWWD8�H

3X`, 8hD��!� (940 �) *�&%Æ8�

Xa�=>.(�ha8�H3�C$, H��!-

(760 �) *k� α NHm+Z(7�dfn$Ee.

28 850 �*�8&8�`^+'e_�&%Æ�

'X`, �'@�=>.(_eL8�H3�\aF
+ 800–700 ��'*Y�8&O>@(, 8�H3�

''3$�<(HdfM�@(�dfaAbb�
$Y.

2.3 aNiYjklmn m

&%Æ�&�XQ�Y�8& σ  8�>D ε̇

�J, >[k�Æ� Backofen ij [8]:

σ = Kε̇m (1)

j@, K �E��l@� 1, m o/8�>D^Z

Æh1, 3-62��� 2Æ��62�<(, m

]62. ,)�� �&%Æ, m ]Bk+ 0.3  B,

�p8+ 0.5 ol.



272 � � � � � � 22�272 � � � � � � 22�272 � � � � � � 22�

m C`���&%Æ�'$&. B�lm@9

 62�D>@9BQ@�', pDn�@9�j8
&Bj8�`^J, GCAE48�Qk, +B;�

')ÆpD lgσ–lgε̇ `^, k!`^�mDQ/E5

� m ].

&%Æ�'�E=^_A�=HdfaAjom

aA4kÆ?=l2.'�, m]�(DB=^_A
Ec��RMNNJ [3]. SY=^_A3�'�m

n!(, k m ]Æ!(, We!-. Ti6Al4V ��-

�&%Æ@9� lgσ–lgε̇`^j8�>D^ZÆh1
m ]SJ 3 Eo. ;=8�>D/ 10−3s−1 *, m ]
B(- 0.3, 700 �* mmax / 0.31, 750 �* mmax

/ 0.38, 800 �* mmax / 0.55, 850 �*� mmax /

0.63. 3 lgσ–lgε̇ `^)#^Æp�, 3n 700�*�

mfit / 0.27, 750 �* mfit / 0.28, 800 �* mfit /

0.35, 850 �* mfit / 0.61, KZ���(�, m ]\
I@(. m C`���&%Æ�'$&, WWL��

+�'0\@q"ZYoo�$&. Ti6AI4V ��

�AB m ]B/ 0.3 ol, >(]E> 0.63, pK:

_ 3 Ti6Al4V S�M lgσ–lgε̇ ]]

Fig.3 lgσ–lgε̇ curves of Ti6Al4V alloy

_ 4 Ti6Al4V S�M lgσ–1/T nq]]

Fig.4 lgσ–1/T curves of Ti6Al4V alloy
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2.4 NOqrs
�r���'��FDob0\, �'���8

�>D3Y�8&�AP3!j (2) Co:

σ = Kεnε̇mexp(
Q

RT
) (2)

:@, K / 1, σ /8&, ε /8�, ε̇ /8�>D,

n /H3h1, m /8�>D^ZÆh1, R /4s

 1, T /�'��, Q /�'0\�ob$.

G��5+&%Æ^R*, 3h/ n ≈0, kBj

Co'/:

ε̇ = K1σ
1/mexp(

−Q

RT
) (3)

+ (3) jbrÆk3 (1/T )  ε̇ 5r_, I:

Q = 2.303R · [∂lgσ/∂(1/T )]ε · [∂lgε̇/∂lgσ]T (4)

AE62OG�@9@5$YpD lgσ–1/T `

^ (J 4). BJ@`^mDsfj (4) tD Ti6Al4V

��&%Æ@90\�ob$KC 2.

+(k1��@, \'&%Æob$qs-=

^tomob$, CK&%ÆY�B=^om0\

�J. Ti6Al4V ���=^tomob$/ 130–

169 kJ/mol[13]. 28@, KZ���5-, �'ob

$\I@(. 850 �*��'ob$B=^tom
ob$uÆNs, CK=^om-=�=^_A�&
%Æ�'�C,?=. H+ 700 � 750 �+, o

b$vpp�-=^tomob$ (C 2), pK!*

��'?=\aLu�. N�8n [13,14] �t6�
�+&%Æ�'*D'!��ob$. Meier[13] +

�� Ti6Al4V ��&%Æ*, + 775–875 ��8�>

D/ 5×10−3–10−2s−1�cquI�'*�ob$/

602 kJ/mol. Bryant[15] Nr+���8�>DOG

+uI Ti6Al4V ����'ob$/ 720 kJ/mol.

+2��@, t ≤750 �*, KZ�'���5-, d

faAr(bb, HdfaA)I����'ob$

@(, KL�- 850 �*��'ob$. $H, 700 �

` 2 Ti6Al4V S�MNWLYKstt (vw: kJ/mol)

Table 2 Activation energies of Ti6Al4V alloy during

superplastic deformation

Temperature/O
ε̇/s−1

700 750 800 850

5×10−3 242.46 228.80 184.60 106.70

10−3 363.72 343.23 276.92 160.06

5×10−4 402.61 379.93 306.53 177.18

Mean value 336.26 317.32 256.02 147.98
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–750 ��'*^P_A8x'/&%Æ�'�C,
?=, Qx\ae_�&%Æ�', 1B8&8�`

^EWW�$Y��e�. 800 �*�ob$u-b

ie6, CK!��*5-e_&%Æ�'iae_

&%Æ�'�0w, 9PEo8&8�`^J��3

uyNWWL1�Q. !*, ���5-SXaLY

�8& ob$�Dv@(, ,H$NI!��?9

D (536%), xÆpKL Ti6Al4V ��NI-�&%

Æ�%&.

3 I M
1. Ti6Al4V ��C'Dq"�+C4@�-�

&%Æ�'$&. �'��/ 800 ��;=8�>

D/ 5×10−4s−1 *, ?9DE> 536%. �'��/

700 � (ε̇=5×10−4s−1), :?9DHG&0L 300%.

2. + 700–850 �8�>D^ZÆh1 m *+

0.3 ol, + 850 �* m D'>(] (m=0.63), C'

Dq"�&%Æ.

3. �'�ob$KZ���5-H\I@(.

850 �*��'ob$B=^tomob$uÆN
s,CK=^om-=�=^_A�&%Æ�'�C
,?=. H 700–750 ��'ob$pp(-=^to
mob$, dfaA�ob$(��Q$. 800 �*

�'�ob$u-bie6, WWLKZ���5-
�'?=\I\a=�.
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