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Table 1  Chemical composition of industrial pure 

zirconium (ω/%) 

Zr+Hf Fe+Cr Hf C N H O 

�99.2 0.2 4.5 0.050 0.010 0.005 0.10 
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Fig.1  Sample preparation method and shape size of tensile- 

tensile fatigue specimen (mm): (a) sample preparation 

diagram and (b) sample size diagram 
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Fig.2  Cross section microstructures of commercially pure zirconium treated by USSP for different time: 

(a) 15 min, (b) 30 min, (c) 45 min, and (d) 60 min 
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  3  °Aj�YlxyY±M� USSP:;��Sjw²` 

Fig.3  Variation of thickness of plastic deformation layer and 

nano layer with USSP treatment time 

 

A 4
 USSPÌÍ YZÎ�þ�Çä� X÷	


÷A\4�A�[�<VÀ�N� USSP ÌÍ�

(1010)#(1011)#(0002)#(1013)�(0004)ÛA
÷]

0�Ú�OÈU04 

£D^_`2�ra YZÎ¦§ÌÍ�Çäx

�ÛÜÝÞ#�Ä��ò£Dbc�dra�x��

�]O�Ie�x 2àá4ªx�[�<VÀ�N USSP

ÌÍ 15 min"x�ÛÜÝÞ�´µ��;�TtUSSP

ÌÍZÎ�U���ÛÜÝÞfgh'i 37.9 nm��

Ä��� 0.313%U�i 0.708%���]O�–197.6± 

12.6 MPaU�i–397.2±19.7 MPa4 

���������	
��
������������

2.2.1  ��������	
��
��� 

<VÀ�5 USSP ÌÍ"Wí*0Q�1��

���x�ÛÜP;�Ûj��Q��YZ51�� 

 

 

 

 

 

 

 

 

 

 

 

  4  USSP:;¥¦��!567K��QRS 
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Fig.4  X-ray diffraction patterns of original sample and commer- 

cially pure zirconium treated by USSP for different time 
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Table 2  Surface grain size, microdistortion and residual 

stress of commercially pure zirconium treated by 

USSP for different treatment time 

USSP treatment 

time/min 

Grain 

size/nm 

Microdistortion/ 

% 

Residual stress/ 

MPa 

15 61.9±12.6 0.313±0.0284 –197.6±12.6 

30 55.2±8.6 0.434±0.0279 –273.2±21.1 

45 40.2±7.4 0.711±0.0449 –314.1±11.4 

60 37.9±3.9 0.708±0.0222 –397.2±19.7 

 

�uv��kWl5\&mn�LÛIJ�í*OÈ

��<É;4A 5 
 USSP ÌÍ YZÎ<VÀ��

È�É�T�Çäx�����;Y	4ªA�[�

N USSP ÌÍ�KLx�È�É�\o�Q��TÌ

ÍZÎU��x��È�É�fgU\�­5,YÌ

ÍZÎR��x���S'�x�È�É�S\4 

 YÌÍ<·R���È�É�T����;p

qrX�s4MT���U��É�*T"�tu\ß

5 275 µmÌ´µr�É�¨1600 MPa©�­vÉ�Y

	RT�pqTt���U\­h'�)pSr��É

�4wm USSPÌÍ<VÀ�x��x������Û

ÜP;pq�s4N� 15#30#45� 60 minÌÍ�Ç

äx�È�É�*kû
 3500#4600#4900 � 5500 

MPa4­r��È�É�
 1600 MPa�USSP ÌÍ 60 

min<VÀ��x�É�*�r�É�*� 3.3y4 

2.2.2  ��������	��
��� 

USSPÌÍÇä�þ�Çä�ÊË��A 6àá4

&'ÇäÆÇ 5 '��ÊË�)ýÙÚ*4þ�Çä

�ÊË� R

a


 0.41 µm�N� 15#30#45 � 60 min 

 

 

 

 

 

 

 

 

 

 

 

  5  USSP:;¥¦��!567QRS§¨|HILM 
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Fig.5  Variation curves of microhardness with depth to surface of 

commercially pure zirconium treated by USSP for diffe- 

rent time 
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Fig.6  Surface roughness of commercially pure zirconium samples 

treated by USSP for different time 
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Fig.7  Surface morphologies of zirconium samples treated by USSP for different time: (a) 15 min, (b) 30 min, (c) 45 min, and (d) 60 min 
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Table 3  Fatigue data of original samples and commercially 

pure zirconium samples treated by USSP for diffe- 

rent time 

Fatigue life, N/cycle 

σ

max 

/ 

MPa 

Original 

specimen 

USSP- 

15 min 

USSP- 

30 min 

USSP- 

45 min 

USSP- 

60 min 

355 2 000 000 - - - - 

372 607 510 2 000 000 - - - 

390 421 732 754 234 2 000 000 - 2 000 000 

400 362 103 453 201 812 301 2 000 000 1 123 544 

410 306 173 361 234 542 123 923 541 893 245 

418 - - 462 468 791 434 - 

427 - - 413 568 655 961 - 

445 220 154 251 246 375 412 543 251 432 565 

464 155 047 172 451 265 741 351 244 283 213 

482 132 434 168 312 135 421 151 452 144 364 

500 112 050 124 855 104 235 135 014 125 176 

 

 

 

 

 

 

 

 

 

 

 

  8  USSP:;¥¦��!567¯��QRS S-N²` 

Fig.8  S-N curves of original sample and zirconium treated by 

USSP for different time 
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Fig.9  Fatigue life of zirconium under different average loading 

stress 
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Fig.10  Fatigue fracture morphologies of commercially pure 

zirconium: (a) USSP-45min and (b) original sample 

 

���������	
�

�x 3 �[����]O
 400 MPa Z�USSP

ÌÍ�È¯Q�<VÀ��`a78�v USSP ÌÍ

ZÎ
 45 minZ��`a78Q�t
OÈ4ÑXd

eE��]O5�
 400 MPa�)y3kl USSP Ì

Í 45 minÇämþ�Çä�`aÔÕ�Ö4A 10a#

10b kû
 USSP ÌÍ 45 min mþ�Çä`aÔÕ  

�Ö4 

��ÄÅ`aÔÕ���kl¬º»*m[o�

�#¬º�ðm`aÔ¬�uv�Ã

[19,20]

4mþ�Ç

ä,3�USSPÌÍ 45 minÇä�ÔÕ�Ö��R�

�>¬º²�xAÒÓµ(xA�)ªw¬º²Ò;


Ô�¬º²òÔÕ,yÊË�xA�Õ¹\�`a

<Ö,y¹«v×�<ØkÙ4Ú�Ú�Û(¬ºí

*�V,ySþ�Çä�USSPÌÍ 45 min<VÀ�

Û(¬ºí*�mÜ�x����Ý��!&´�à

h«4y3klnÂ�USSP ÌÍ�W�x����

��jÞ¸¹Ã¬º�»*ò5¬º[o�ß{�

USSP ÌÍÇäxÂ�Ý0��¬º[o�O�tu

�s USSPÌÍÇä`a78�Q�4 

��������

1) USSP ÌÍ��5<VÀ�x��Wx���

����1����B�#x���ù]O#É�#

xAÊË�ÚTtÌÍZÎ�U�­U�4 

2) USSP �È¯Q�<VÀ�`az1�TtÌ

ÍZÎ�U��<VÀ��`az1ãU\"h'ò

USSPÌÍ 45 min�<VÀ��`az1t\�́ 400 

MPa�¹þ�ÇäQ�Ã 11.2%4`a���ps�

��]OS"�USSPÌÍy`a78�Q�SOÈ4 

3) mþ�Çä,3�USSPÌÍ 45 minÇä�¬

º²�xAÒÓµ(xA�ÔÕ,yÊË�Û(¬º

í*�mÜ�x����Ý��!&´�àh«4Ý

0��¬º»*mß{[o��O�� USSP ÌÍÇ

ä`a78Q��cHþ�4 

 

����    Reference 

[1] Li Xianjun(·¸¹), Wang Gao(º »), Wen Zhigang(¼½¾) 

et al. World Nonferrous Metals(¿À«Á
¬)[J], 2012(7): 57 

[2] Li Peizhi(·Â½), Tian Zhenye(ÃÄ5), Shi Yufeng(ÅÆÇ). 

Rare Metal Materials & Engineering(ª«
¬­®¯!

")[J], 1984(1): 65 

[3] Zhang Conghui(���), Yu Fei(È É), Wang Yaomian(ºÊ

Ë) et al. Rare Metal(ª«
¬)[J], 2013, 37(1): 1 

[4] Suresh S. Fatigue & Fracture of Engineering Materials & 

Structures[J], 1998, 28(12): 1153 

[5] Krupp Ulrich. Materials Today[J], 2007, 10(7): 53 

[6] Lu Ke, Lu Jian. Journal of Materials Science & Technology[J], 

1999, 15(3): 193 

[7] Wang Xin, Li Siqing, Meng Zhenwei et al. Journal of Aerona- 

utical Materials[J], 2013, 33(3): 34 

[8] Wen Ailing, Wang Shengwu, Ren Ruiming et al. Advanced 

Materials Research[J], 2010, 97(101): 2217 

[9] Wang Renzhi, Ru Jilai. Chinese Journal of Mechanical 

Engineering[J], 2015, 28(2): 416 

[10] Xing Y M, Lu K, Lu J. Apcfs & Atem[J], 2017, 2: 863 

[11] Lainé Steven J, Knowles Kevin M, Doorbar Phillip J et al. 

Acta Materialia[J], 2017, 123: 350 

[12] Ren X D, Huang J J, Zhou W F et al. Materials & Design[J], 

2015, 86: 421 

[13] Roland T, Retraint D, Lu K et al. Scripta Materialia[J], 2006, 

54(11): 1949 

[14] Huang H W, Wang Z B, Yong X P et al. Materials Science & 

Technology[J], 2013, 29(10): 1200 

[15] Wu X, Tao N, Hong Y et al. Acta Materialia[J], 2002, 50(8): 

2075 

[16] Yu Fei(È É). Dissertation for Master(Ì�Í¼)[D]. Xi’an: 

Xi’an University of Architecture and Technology, 2014 

[17] Xin Chao(Î 0), Xu Wei(Ï Ð), Sun Qiaoyan(ÑÒÓ) et 

a 

200 µm 

Crack source©

Secondary crack 

b 

Crack source 

Secondary crack 

200 µm 



�1960�                                          ª«
¬­®¯!"                                           � 48� 

al. Rare Metal Materials & Engineering (ª«
¬­®¯!

")[J], 2017, 46(7): 1954 

[18] Yang Qi, Zhou Wenlong, Gai Pengtao et al. Wear[J], 2017, 

372-373: 81 

[19] Cui Yuexian(ÔÕÖ), Wang Changli(º×F). Metal Fracture 

Analysis(
¬��Oc )[M]. Harbin: Harbin Institute of 

Technology Press, 1998: 76 

[20] Ralph B. Materials Characterization[J], 2008, 59(3): 348 

 

 

Effect of Ultrasonic Shot Peening on Tensile-Tensile Fatigue 

Properties of Commercially Pure Zirconium 
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Abstract: Ultrasonic shot peening (USSP) was used to treat commercially pure zirconium and its tension-tension fatigue properties were 

studied. The microstructure and surface hardness of the samples were characterized by optical microscopy (OM) and microhardness tester, 

respectively. The grain size, micro distortion and residual stress of sample surface were analyzed by X-ray diffractometer (XRD). The results 

show that after USSP treatment, the grain size is refined to the nano scale, and the residual compressive stress, surface roughness and hardness 

of the surface increase with prolonging the USSP time. USSP treatment can significantly increase the fatigue limit, which increases to the 

maximum 400 MPa of the sample treated by USSP for 45 min from 355 MPa of original commercially pure zirconium, with the increment of 

11.2%. The lower the loading stress is during fatigue loading, the more obviously the fatigue life increases by USSP treatment. 

Key words: USSP; roughness; fatigue property; fracture morphology 
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