
� 48�    � 8�                                    ��������	                                Vol.48, No.8 

2019�      8�                         RARE METAL MATERIALS AND ENGINEERING                      August 2019 

 

�����2018-08-28 

���	����	
���51474170����������
������14JK1391����������� !
����� 

�15JS058� 


���"�#$%$1971�&$'($�)$�*+,
-.�/01�2$�� �* 710055$E-mail: lazy_yxr@qq.com 

 

ECAP+��������	
������� 

 

���

1,2

��  �

1

��  �

1

�	
�

1

���

1,2

����

1

 

(1. �*+,
-.�$�� �* 710055) 

(2. ���/01-3�456$�� �* 710055) 

 

�  ��!789:;<=>?@ABC0DEFGHI0JKLMNO�4PGHI?QI0JKLRS?TUV

W$XY9 SEMNTUZ[>\]^_`?abMcdefgGHI0JKLh!7iRjkfl.mQI0JKL$

nSopqr1kstuMGHI0JKLTUVWvmQI0JKL$wxyz(σ

a

){TU|}(N

f

)~� σ

a

=750N

f

-0.06

$

TU�� σ

-1

� 285 MPa$�QI0JKL��P 70%MZ[abl�$TU���&mGHI0JKLhe�$TU

����������QI0JKLH�$TU��������M 

����GHIKL���TU�TU|}�TUZ� 

�������TG146.4

+

14        ������A        �����1002-185X(2019)08-2609-07 

 

�����commercial pure Zr�CP-Zr��	
�

����������������������

 ��!"�#$���%&

[1-3]

'����()*+

,-./01233456789:;�<�=>	

?@ABCDEFGHI��J 

[4]

'�K�LMN

OP./Q?(@*�<R��STUV����+

67:;W�X�HIYL�Z	[\:;X�]^

YL�_`ab	]^EFcdefg�hKijk


 �����lmn)�op	]^��' 

abqr�stuv�w �xy�]^��<

z{|}~�'� Turner �

[5]

ab�����uv�

100 µmw { 9 µm��	]^��|}����]

^��c������������'������

��\8�severe plastic deformation, SPD�����

������\8(equal channel angular pressing�

ECAP)�< ¡¢£�¤¥���¦§¨wu�©Cu

Gª«u�xy�	���¬�G�®<z{���

�+¯°±�²�Gp�\³´Xµ�¨��

[6-10]

'

Majchrowicz�

[11]

°�ab¶·¸uv¹º� 5483»

-¼�"�½²]^YL'ab���¾uv� 4500 nm

w { 169±100 nm��	]^��¿ 101 MPaop

{ 138 MPa��ÀÁ 36.7%'ÂÃ�abÄ��¨w

u"Å�]^��Æstuv¹º�ÇÈ��Â�É

eÊËBÌÍ�Îsuv¹º�ÇÈ�Ï±�eÊÐ

Ñ³´Òsuv¹º�ÇÈ���

[12-17]

'ÓÔÕÖ�

�uv¹º�ÇÈ�<Ï±C×ØAB�<���>

z+C×ØÙ8Ú�HÛ2�<��Ï±�¿�ÎÜ

 ÝQeÊ�8ÚGÐÑ

[18]

'+"ÅxyAB ECAP

\8Þ���£�ßàá�H§â�ãä (rotary 

swaging�RS)�å��xy<æçè��xy?@�

����\8�AB�eÊc×Ø�éijkÇÈe

Ê×Ø�êë�·�ìí��<îïlm�·®ð�

ñ�~�xy�]^��'òó�

[19]

ab¶ ECAP+

ôõ(cold rolling�CR)+RS ö��å ¡��÷®u

v¹º~180 nm �¨wu����]^��'nøq

r�¨wu�����]^��G]^ùú�ûu�

����®�|}op'üý���þ���¨wu

�����]^���]^EFG]^def �a

b��'�K��ab��0 ECAP+RS ö��å 

¡¨wu�����t�ab ¡�¨wu����

�½²��G]^�������	
�(SEM)°]

^d�iYDc��' 

��������

��������õJ�â�����99.99%�

�x¿�@"Åxy���������	 IÚ�

�q 1��' 

 



�2610�                                           �p���{01                                          � 48� 

 

 !""#$%&'()*�"

Table 1  Chemical composition of CP-Zr (ω/%) 

Fe+Cr C N H O Zr 

�0.2 �0.05 �0.025 �0.005 �0.16 Bal. 
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Fig.1  Specimen geometry of the commercially pure Zr: 

(a) tensile specimen and (b) fatigue specimen 
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Fig.2  Microstructures of the commercially pure Zr with coarse- 

grained (a) and ultrafine-grained (b) 
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Table 2  Mechanical properties of CG Zr and UFG Zr 

Material σ

0.2

/MPa σ

b

/MPa A/% Z/% 

CG Zr 245.0 341.0 35.7 53.0 

UFG Zr 711.5 729.5 13.0 47.5 
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Fig.3  S-N curves of CG Zr and UFG Zr at room temperature 
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Table 3  Basquin equation parameters for S-N curves of CG Zr and UFG Zr 

ANOVA 

Material σ

f

′/MPa b R Reduced Chi-Sqr Adj. R-Square 

F Value Prob>F 

CG Zr 278 –0.03 0.8923 29.99895 0.85633 3332.54977 1.14508×10

-5

 

UFG Zr 750 –0.06 0.9847 64.12133 0.97965 5032.47984 6.17287×10
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Fig.4  Typical morphologies of fatigue fracture surfaces of CG Zr (σ

max

=208 MPa, N

f

 = 24 600 cycles) (a, b) and UFG Zr (σ

max

=391 MPa, 

N

f

 = 44 600 cycles) (c, d) in the whole fracture (a, c) and crack initiation regions (b, d) 
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Fig.5  Typical morphologies of fatigue fracture surfaces of CG Zr (σ

max

=208 MPa, N

f 

= 24 600 cycles) (a, b) and UFG Zr (σ

max

=391 MPa, 

N

f 

= 44 600 cycles) (c, d) in the quasi-steady crack propagation region 

50 µm 

Striations 

10 µm 

50 µm 

Microcracks 

a 

b 

c d 

10 µm 



�2614�                                            �p���{01                                         � 48� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 6  0JKLTUZ�h¨©Z[>\ 

Fig.6  Typical morphologies of fatigue fracture surfaces of CG Zr 

(σ

max

=208 MPa, N

f

=24 600 cycles) (a) and UFG Zr (σ

max

= 

391 MPa, N

f

 = 44 600 cycles) (b) in the fast fracture regions 
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High-Cycle Fatigue Behavior of the Ultrafine-Grained Commercially 

Pure Zirconium by ECAP+RS Process 
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Abstract: Ultrafine-grained commercially pure Zr (UFG Zr) was fabricated by equal channel angular pressing (ECAP) coupled with 

subsequent rotary swaging (RS). The tensile properties and fatigue behavior of the commercially pure Zr with ultrafine-grained 

microstructure were investigated, and the results were compared with those of the commercially pure Zr with coarse-grained counterpart. 

Fracture surfaces were examined to study the fatigue fracture failure mechanism using SEM. The result shows that the ultimate tensile 

strength of UFG Zr is obviously higher than that of the coarse-grained Zr (CG Zr) at room temperature, while the CG Zr exhibits a higher 

fracture elongation. The fatigue life of UFG Zr is significant higher than that of CG Zr. The relationship between the applied stress (σ

a

) and 

cycles to failure (N

f

) is determined as: σ

a

=750N

f

 -0.06

. The conditional fatigue limit of UFG Zr is about 285 MPa, which is improved by 70% 

compared with that of CG Zr. The fractography analysis reveals that fatigue cracks mainly initiate from the surface of the UFG Zr 

specimen. The spacing of the fatigue striations of UFG Zr is smaller than that of CG Zr, which indicates that the crack propagation rate of 

UFG Zr is lower than that of CG Zr. 

Key words: ultrafine grained pure zirconium (UFG pure Zr); high-cycle fatigue (HCF); fatigue life; fatigue fractography  
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