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Table 1  Chemical composition of the commercial 

pure (CP) Zr (ω/%) 

Fe+Cr C N H O Zr 

¬0.2 ¬0.05 ¬0.025 ¬0.005 ¬0.16 Bal. 



� 4�                            ���1vECAP+78;<=>@ABDEOPQRSW¤                       1203 

 

ECAPb7)���*�õ+ Cw,c-a.}~°�

��/012�3 180°¢£õta.b7��3w4

�bd'56~ó7�¢£}~E}~8�Ø 2.5 

mm·s

-1

�}~à59���:;<�z='��ï�

�)�`aÄ�3ÍPb7���)�>?�@AE

á}~°��¢£����ð Φ=9 mm²³LME�

ECAP b7+��²³����BÅ�oCD]Ø 8 

mm �(6�7$%��7�¶·�E��F�

GB/T15248-2008G�æLM14�Héê´µ��

wxI¿¹���EJK�´µ��7³�¶·"L

1Î#E��à�$$%����(MÅ�¢£N'�

OP�QRSp�ÒÓTUDóå�ÏH�ÐÑE 

ò´µ��'Jv$V&óØW100 kN �X

YZ[´µ��7�¢£E§514\-~Db��)

,�á]\~éêDb^ R=

 

–1���ê_Ø �*

`�+abc���Ø*�c25 ddEUefØ 12.5 

mm�g7ÔØh'g��E�âãï¦�Db8�ö

ÐÑLMò´µ�&

[13,14]

�ØijDb8�áLM

ò´µ�ÐÑ�� �§5�tkÔDb8�Ø

0.01 s

-1

¢£´µ���lDbH' 0.4%~1.2%>?�

fm�n�opØ 0.25~0.8 HzEqÝDb�����

´µrstuÝvØJv\eVwõx 20%y��z

É��{fm7á���À¢£|À����}§åE 

��������

IJKª�� TEM��"L 2Î#E{L�~� 

 

 

 

 

 

 

 

 

® 1  RS¯°O±²³´® 

Fig.1  Geometrical characteristics of specimens 
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Fig.2  TEM image of UFG CP Zr 
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Table 2  Data of UFG-Zr cyclic experiments 

Specimen ∆ε

t

/2/% Frequency/Hz ∆ε

e

/2/% ∆ε

p

/2/% ∆σ/2/MPa N

f

 2N

f

 E

NT

/GPa E

NC

/GPa E

*

/GPa Specimen status 

1# 0.4 0.6 0.39 0.01 331 51 530 103 060 83.4 85.6 84.5 Good 

2# 0.5 0.5 0.47 0.03 385 24 000 48 000 79.8 83 81.4 Fracture 

3# 0.6 0.4 0.51 0.09 428 3700 7400 82.7 86.3 84.5 Fracture 

4# 0.8 0.3 0.58 0.22 466 1000 2000 78.2 82.9 80.6 Fracture 

5# 1.0 0.25 0.63 0.36 516 400 800 79.9 83 81.45 Fracture 

6# 1.2 0/2 0.68 0.52 540 200 400 78.5 80.7 79.6 Fracture 
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Fig.3  Cyclic stress-starin curve of UFG pure Zr 
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Table 3  Cyclic stress-strain (CSS) data of UFG pure Zr 

State n′ K′/MPa R 

ECAP+RS 0.121 577.9 0.989 
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Fig.4  Cyclic stress response curves of the test material under 

different strain amplitudes 
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Fig.5  Mechanical hysteresis loops of the test material under different strain amplitudes: (a) ∆ε

t

/2=0.5%, (b) ∆ε

t

/2=0.8%, (c) ∆ε

t

/2=1.0%, 

(d) different strain amplitudes and same cycle, and (e) UFG CP Zr at strain amplitude of 0.5% 

 

��������	
����������	


����	�������� 5a~5c ��� !�

����	�" 2#$%&
��������� 5e

����� 0.5%'()*+� !�	$,��

����-./� 5e

2

0�/� 5e

1

0�123�4 

5� 5d67��
���	����.�8��

���9:������;<92�=>��92�?

2@A�BCD?2EF�BC8�����92G

924H����IJ 0.8%��	����KLM

NOP�H����2J 0.8%�-
���	��

��QRSTU%VW�.X�YZ>4� 5a~5c.�

�![�����\]������	^_KLST 

YZ�8`�	:abc�defg�?2EF�BC

QRhi ��?2@A�BCdjkI�����d

jlJYZ4�
���-QR mno�p�q

�	bc�?2@A�BCr2J?2EF�BC4C

stu�v�H���IJ 0.8%��	����8

�	$,w�9:[xMNy�z{UT|}~�T

����� 5e4���5J'()*+�������

M:a���=>������M:a������

�����s���B � 0��G��z{��	:

a��B����	�}�	���

[19]

4Moosbrugger

D McDwell ��� ;¡¢Y�[T�£|¤(¥ 

¦

[16]

�¡¢§¨U�©ª«R¬T�®¯°4 

�������-��	
 

Coffin

[20]

D Manson

[21]

�±²³´�#\]µ¶

�bc.·U|[¸%=>����¹��\]��

º»4Coffin-Manson¼½¾¿�À�#\]Á>��

�Â=>���«ÃÄ�M, 2N

f

SÅ,¼½À 

p

t e f

f f f

(2 ) (2 )

2 2 2 2

b c

'

N ' N

ε

ε ε σ

ε

∆

∆ ∆

= + = +      /40 

Æ¾/40.�E�Á>¡��ε

f

'�\]ÇA½,�σ

f

′

v\]ÈÉ½,�bv\]ÈÉÅ,�c�\]ÇAÅ

,4��=>��� ∆ε

p

/2DÁ>��� ∆ε

e

/2�Y,

DnoÊË��M$, 2N

f

�Y,fgÌ����Y

,ÍÎÏÐU��-��Ñ�/� 604���Ò�Óº

»Y*+���-\]��,wfg�Ó�©ªÔ  44 

5� 6 67�∆ε

p

/2-2N

f

Õ°Ñ�D ∆ε

e

/2-2N

f

Õ°

Ñ�Ö×Ø�ÙW�ÚÙWÛ�'()*+�bÜ\

]�� 2N

t

�-ÝÞ�ß¼½¾

[16]

À 

1/( )

f

t

f

2

b c

'E

N

'

ε

σ

−

 

=

 

 

                        /50 

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-600

-400

-200

0

200

400

600

 

 

∆ε/2=0.5%

S
t
r
e
s
s
/
M
P
a

Strain/%

 N

f

=1

 N

f

=2

 N

f

=10000

a

-0.8 -0.4 0.0 0.4 0.8

-600

-400

-200

0

200

400

600

 

b

∆ε/2=0.8%

Strain/%

 N

f

=1

 N

f

=2

 N

f

=500

-0.8 -0.4 0.0 0.4 0.8

-600

-400

-200

0

200

400

600

c

∆ε/2=1.0%

Strain/%

 N

f

=1

 N

f

=2

 N

f

=200

–

–

–

– – –

–

–

–

– –

–

–

–

– –

-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2

-600

-400

-200

0

200

400

600

 

d

 

 

Strain/%

 ∆ε

t 

/2=0.5% 

 ∆ε

t 

/2=0.6% 

 ∆ε

t 

/2=0.8% 

 ∆ε

t 

/2=1.0% 

 ∆ε

t 

/2=1.2% 

S
t
r
e
s
s
/
M
P
a

–

–

–

– – –

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-400

0

400

 

 

 

 

 N

�
=1            N

�
=10

 N

�
=10000    N

�
=20000

e

1

-0.05 0.00 0.05

-50

0

50

100

  

 

e

2

Strain/%

N

�
=1

N

�
=10

N

�
=10000

N

�
=20000

–

–

– – –

–

∆ε

t

/2=0.5% 

∆ε

t

/2=0.8% 

∆ε

t

/2=1.0% 



�1206�                                          �������	
                                           � 48� 

 

 

 

 

 

 

 

 

 

 

 

 6  ������������ 

Fig.6  Strain fatigue life curves of UFG CP Zr 
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Table 4  Strain fatigue parameters of UFG pure Zr 

State σ

f

'/E ε

f

' b c R 

ECAP+RS 1.15268 16.0814 –0.08952 –0.57061 0.998 
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SEM#$ 

Fig.7  SEM images of fatigue fracture of UFG CP Zr under strain 

amplitude of 0.5%: (a) low magnification of the fracture, 

(b) fatigue crack initiating on subsurface (1), (c) striations 

and secondary cracks in region (2), and dimples in the 

final fracture region (3) 
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Abstract: Ultrafine grained (UFG) commercially pure Zr was prepared by equal channel angular pressing (ECAP) and rotary swaging (RS). 

The low cycle fatigue properties of the UFG pure Zr were investigated by a method under axial loading controlled by symmetric strain. The 

characteristics of cyclic stress and strain response and hysteresis loop of UFG pure Zr were discussed. Softing and hardening 

characteristics and cumulative hysteresis of the UFG pure Zr were analyzed and then the fatigue life was predicted. The results indicate 

that the cyclic softening and hardening properties of UFG pure Zr depend on the size of the applied total strain amplitude, and the softening 

ratio is most significant when the total strain amplitude is more than 1.0%. The hysteresis loop area increases with the total strain 

amplitude increasing, and the “ratchet phenomenon” occurs when the strain amplitude is small. Regression analysis shows that the fatigue 

life of UFG pure Zr matches Coffin-Manson's empirical relationship. The fatigue mechanism of low cycle fatigue of UFG pure Zr is 

dislocation motion, and the fracture type is ductile facture. 

Key words: ultra-fine pure zirconium; low cycle fatigue; cyclic softening and hardening; fatigue life; fatigue fracture 
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