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Table 1  Chemical composition of the pure Ti (ω/%) 

H O C N Fe Ti 

<0.015 <0.18 <0.08 <0.03 <0.2 Balance 
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Fig.1  Microstructure of as-received pure Ti 
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Fig.2  Geometry of fatigue specimen (mm) 
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Fig.3  TEM images of UFG pure Ti: (a) grain and     

(b) dislocation 

 

wxÂÃ�� 4b��oËwxÂÃMXy.,	Y

Za%oËYZa.¡U� ~�as,wxÂÃ

z{�JWklfg%  


�
� ��������  

.�Ù�¿�0�|h�2345Ù�� low 

cycle fatigue�LCF��0�Ø R r��'}  

min

max

R

ε

ε

=

                             (1) 

�¿�ε

max

'r,0��ε

min

'r[0�%0~��

�¿wü×}0�Ø�×}0�ú1�0 ú�Ð

N Origin �hÕÖ0 È0���¦� 5 >�%  

�ÕÖ0 È0��r�*+�ÕÖ�g�g

º�%(2%���0�Ø'-1 �-0.5 ~�}=0

�Øxæ1�UV0�ú�bc�*+��g`k

lbc��0�Ø' 0.5 ~�*+��g`�g×,% 

.0�Ø'-1 ~�*+.� 1 ù3è�ª³Õ

Ö�gÞâ�0�ú[H 0.6%~0 ú��×��  

40 µm 

20 

15 

9 

Φ
9

 

Φ
5

 

73 

R32 

a 

b 



�3138�                                       ¥¦§ef¨#$                                              � 49� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 4  6789:]^_`  

Fig.4  Microstructures of ultra-fine grained pure Ti: (a) subcrystalline 

and (b) dislocation cells in the lath 
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Fig.5  Cyclic stress response curves of UFG pure Ti:  

(a) R=-1, (b) R=-0.5, and (c) R=0.5 

 

�0�ú[H 0.9%~�U0�ú�bc�*+��

g`klZ[ty¨O%�0�ú' 0.9%~�UV

ÕÖ� �bc�qfJ*+¿�ÓßKÂÃ.p

c0 0�q�&N1�aª³YZf0�gh�

��sÓßKÂÃG/_BYZa5jJ����

� Ît�JW%o=e¾�ast*+�Þ'Õ

Ö�g%��tJW Î¡�GHYZf0gh�

B©2�ªub-�«�sYZ\ì�¬ bc�

*+�Þ'ÕÖ�g%�0�ú,H 0.9%~�UV

ÕÖ� �bc�t Î�JW.p q&N1�

aªJWª³Ig�or�¡®�kFÂÃö¯

ty¨O%JW�Iga©2Ju@YZ\ì�¬

1 10 100 1000 10000

200

400

600

800

1000

 0.4%

 0.6%

 0.9%

 1.0%

 1.2%

S
t
r
e

s
s
 
A

m
p
l
i
t
u
d

e
/
M

P
a

a

1 10 100 1000 10000

200

400

600

800

S
t
r
e

s
s
 
A

m
p

l
i
t
u

d
e
/
M

P
a

 0.4%

 0.6%

 0.9%

 1.0%

 1.2%

b

1 10 100 1000 10000

100

200

300

400

500

600

700

800

Number of Cycle, N

 0.4%

 0.6%

 0.9%

 1.0%

 1.2%

S
t
r
e

s
s
 
A

m
p

l
i
t
u
d

e
/
M

P
a

c

a 

b 



� 9�                              ���)�MNOJ��7;6789:VWXY�RTst                      �3139� 

°%or�0�úö÷' 1.0%� 1.2%����Ý�

UV0�ú�bc���g`�>bc%.0�Ø

R=0.5 ~��GH0�ØF/�pc0 0�qF

/��� ÎøtJW�0�ú�[%±%>²�

0�Ø³,�qfJ����u0�ú��³,�

ª³ÕÖ�g�Þâ��cz{%  

���� ����	
��  

� 6 'qfJ��×}0�ú�×}0�Ø1

kFÂÃ%G� 6a�6b r��.20�ú1� Î

�ÂÃ67´�,	�/_BYZa�XYF[�

jJ%µÕÖ� ä�ÂÃ�� 3��Ø�YZ_

B�z©2�jJ¶	z{bc%or";'¡U

ÕÖ� e¾s ECAP � +��·¸ Î�Ó

ßKÂÃª³�=�Hg%.¡UÕÖ� p q

&N1�:ÓßKÂÃ¿�/_BYZa¿�YZ

�=�\ì�\ìyab��YZ;ab&N�¹

º���stYZ\ì»��Í%'ø��0�×

��¤¼½c,íî�>?*+¤aª³ÕÖ�g% 

G� 6c�6d r�./0�ú1�¾qMjJ¶

	F�%�¿qÀ¿r?�Ý/0�ú1�jJJ

WF,%=ÁÂV�jJ�Jua@YZ�\ìÃ

³¬°&N�stYZª³����/0�ú1j

J¶	��YZ\ì�¬°F��YZ»�Ä�1

Â�YZÄ��B2H�eYZ�Å¢£��B�

>?qfJ��.2345Ù�¿�/0�ú1�

ÆÇª³ÕÖ�g%  

@Ø0�ú' 0.6%0�Øö÷' 0.5 �-0.5 1

� TEM IJ�� 6a�6b�6e�6f�r?�Ý�0

�Ø³,jJJW³f[�>?./0�ØÚÛ1

ª³øÕÖ�g%GïtÝ�(Ïµ� 5 �ÕÖ0

 È0��tÝ�(Ï�È�%� 7 '\N image 

pro plus �æÉ~Ý45ä�45¡�qfJ��

ß�JWXY�r?�Ý0�Ø³/JWXY³[�

�0�ú³/JWXY³,%  

.20�Ø-0.5 �-1 Ê0�ú' 0.6%�ÚÛ

1�qfJ��zkÂÃ¿ËªÞÌJÍ� 8%Ì

JÝÞV�.� e¾¿YZ\ìÎ¬�ÏÎÐX

�0 º¿���ªÌ³ÝÞ%�Ì³ªt�

ÑÒ��s��� ��Í%;ï.20�ú~

�ÞÝÕÖ�g�o=Sµ� 5 >��(Ï=�%

�0�Ø' 0.5 ~��;ß�0 qÄ��"	F

/��sYZ\ì�Bc��YZab-�YZÓ

Åbc�*+ª³ÕÖ�g%ï~�YZê¬> 

Î�ÐX0 qFß�0 q[�«×Ç ÎÌJ% 

���  ��������  

� 9 �Ô²*+ÕÖ0 0�ÌÒ����o

ü��Ô²øÕÖ0 10 µ��0�ú�Ì

Ò�ÕÖ0 0���rG?1ÌÒT��

[9]

}  

p

( )

2 2

n

K

ε

σ

′

∆

∆

′

=

                           

(2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 6  6789:ª«MN¬ª«MNOI]^_`  

Fig.6  Microstructures of UFG pure Ti under different strain amplitudes and strain ratios: (a) R=0.5, ε=0.6%,� bright field;      

(b) R=0.5, ε=0.6%, dark field; (c) R=0.5, ε=1.2%, bright field; (d) R=0.5, ε=1.2%, dark field; (e) R=-0.5, ε=0.6%, bright 

field; and (f) R=-0.5, ε=0.6%, dark field 
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Fig.7  Average grain size of UFG pure Ti  
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Fig.8  Twins of UFG pure Ti at different strain ratios:      

(a) R=-0.5, ε=0.6%; (b) R=-1, ε=0.6% 
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Fig.9  Cyclic stress-strain curves 
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Table 2  Fitting results of n′ and K′ at different strain  

ratios 

R n′ K´/MPa R
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-1 0.17433 902.2379 0.867 

-0.5 0.19749 921.9565 0.993 

0.5 0.23352 945.3181 0.993 
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Fig.10  Hysteresis loop of UFG pure Ti at different strain  

amplitudes 

0.0 0.1 0.2 0.3 0.4 0.5

300

400

500

600

700

800

 R=-1

 R=-0.5

 R=0.5

S
t
r
e
s
s
/
M
P
a

Strain/%

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-800

-400

0

400

800

S
t
r
e
s
s
/
M
P
a

Strain/%

 0.4 %

 0.6 %

 0.9 %

 1.0 %

 1.2 %

N=0.5N

f

0

40

80

120

160

200

177

M
e
a
n

 
G

r
a
i
n

 
S

i
z
e
/
m

m
 149

104

146

ECAP+RS    R=0.5 ε=0.6%   R=0.5 ε=1.2%   R=-0.5 ε=0.6%

a 

b 

500 nm 



� 9�                              ���)�MNOJ��7;6789:VWXY�RTst                      �3141� 

 

 

 

 

 

 

 

 

 

 

� 11  F±«MN¬²ª«gh³�IT¯<°©  

Fig.11  Hysteresis loop under the same strain amplitude 

and different cycle number 
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Fig.12  Strain amplitude-life curves 
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Fig.13  Strain ratio-life curves 
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Fig.14  Maximum strain-life curves 
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Table 3  Fitting results of C and m under different  

strain ratios 

R C m R

2

 

-1 0.6075 -0.2025 0.996 

-0.5 0.6869 -0.1914 0.988 

0.5 1.3061 -0.2437 0.967 
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Effect of Strain Ratio on Low Cycle Fatigue Behavior of Ultra-fine Grained Titanium 

 

Yang Xirong, Yang Yuxin, Liu Xiaoyan, Luo Lei, Ding Kailun, Lei Manjiang, Liu Kuijun 

(School of Metallurgical Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China) 

 

Abstract: Ultra-fine grained (UFG) pure titanium was prepared by equal channel angular pressing (ECAP) and rotary swaging 

(RS). Low cycle fatigue tests with strain ratios of Ô1, Ô0.5 and 0.5 for titanium were carried out at room temperature. 

Microstructure was observed by TEM after the fatigue test. The effects of strain ratio on cyclic hardening and softening properties, 

cyclic stress-strain relationship and fatigue life of materials were studied. The results show that the cyclic hardening of UFG pure 

titanium is more obvious with the increase of strain ratio. Low cycle fatigue life of ultra-fine grained pure titanium decreases with 

the increasing strain ratio. Microstructure observation shows that under high strain ratio, the subgrain size is small and the number 

of subgrains is large, which hinders the movement of dislocations and leads to cyclic hardening.  

Key words: ultra-fine grained (UFG) pure titanium; strain ratio (R); low cycle fatigue; mean stress 
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