
� 47� � 7� ��������	                                Vol.47, No.7

2018� 7�                        RARE METAL MATERIALS AND ENGINEERING July  2018

�����2017-07-12

���	����	
��
�51171154�51101127�


��
�������1962 ���������������� !"#$%&�'� �( 710072�)*+029-88491479�E-mail:

liudaox@nwpu.edu.cn

���ZrN�����	TC4�
��
����

���

1

����

1,2

��	


1

���


1

����

1

����

1

(1. �������'� �( 710072)

(2. ,��-./$%0�12 34 621900)

� ��56789
:;<=>?@A�BCDEFGHI TC489
JKLF Zr�MF NNOPQ ZrN9
RS�

T!UVWR�SP�XY/Z9[BC\])^�SEM�_X`ab`c<defQghijkl6@Smnopq<

fQrSsmht�uvl6@Sw TC4 89
>?@Amxyz{<|C}~[p�J��TC4 89
DEFS�

ZrN-TiNZ9�JS<��m Zr-Ti����JSnO�JK� ZrN �5���fQ�����l 3.2��9/WQm

UVXY/��OF ZrN SJK�d���T�JSfQ������fQrSs��PQ��ht[F ZrN S�d

��l TC4 9
m>?= �¡¢£ ZrN-TiN S¤@�_JK¥¦Q�[SP XY/§�F ZrN m TC4 89
>?=

 d¨���©ª«�£ TC489
���¬­«�£ SPY/®¯�°±¢£Z9Y/²³l´µ�_htsm¶·

¸¹ º�T�JK¥¦Q��_no67�»¼½~l>?¾¿mÀ�<ÁÂ[

����89
ÃDEF ZrNÃUVWRÃ>?ÃZ9JK6@

�������TG174.4        ������A �����1002-185X(2018)07-2137-07

��������	
��
�������


���������������� !� "�#

$�%&'()��*�(+,-.

[1]

/0����

�	1�
2�345678Fretting Damage�FD9

:;<=�>?@AB���CDE16FG(HI

J��

[2]

/�?�KLMNOP���	1�
JQ

RO�STUVWX

[2-7]

/YZ['

[3]

�\]^_

[4]

�

`abcdef WC-Co

[4]

�\gYZ] TiN )

TiAlN

[5,6]

�hijklmn�o%pqn%rp

[2]

�

4gs'

[7]

,t
OP���J	1�
/0��u

vQRwxy�z�{�||}~���<=��J

��������{

[3,4]

��������	1���

���J(H������� !�5������

�)��������,/e��'8Shot Peening�

SP9� ��¡¢£����JMN¤¥¦§�0�

SP wx3	1�JOP¨©ª«

[3,5,8]

/¬ SP q�1

QRSTM�­�®¯°±²³´OP���	1)

����
JµJ�0��u¶­�··���¸�

¹�� SP ­�Cº»~�z�{J^¼y½¾�SP

­�C¿À^¼ywxÁ+||ÂÃ SP ÄÅJÆÇ

���JÈÉ

[3,5]

/ 

Zrq TiÊËÌÍ�ZrNMÎ�J	1)�s'�




[9,10]

�Ï�ÐYZÑ ZrÒ['wx8ÓÔÕÖÑ ZrN9

J¤¥¯�ª« ����J	1�
�̈ ×ØÎ�J

QRz�Ù����

[10]

/>?ÚÛ���QRÕÖÑ

ZrN qe�ºwx­��¯°±²³´ ����	

1)����
JµÜ/MW ZrN pyJKL(ÝÞ

ß

[9,11]

�0��àÙYZÑ ZrNJKLáÞâ�ãä�

MWYZÑZrNÙåqSP­�wx3�������

@AJKLæâçèé/ê?�ë(ÝKLÕÖYZ

Ñ ZrN Ùåq SP ­�wx3 TC4 �����ìêJ

@Aíî)�ï�ðêiï���ñòó16q��

ô�õN öST÷ø/ 

��������

ùú� TC4���J'�Ã;(¼û;ü)ê 6.7% 

Al�4.21% V�0.1% Fe�0.03% C�0.015% N�0.003% 

H�0.14% O�Çûê Ti/ýcþ��α

��

+ β

��

��

��/���
;äê�

b

σ =1080 MPa�

2.0

σ =1010 

MPa� δ =15%�ψ =41%/� 

TC4 ����YZÑ ZrN�����YZÑQR

��'�UÏ��Ö¥C TC4��QRïU ZrN��

'y�	ÐC TC4��QRÑ Zr��º3��YZÑ

ZrJ���
��ìYZÑ[wx�
�(��ü�



Ä2138Ä                                        Å»
Æ�Ç!�-                                             � 47� 

���[10]�wx��ê 850 ����wxÀ�ê 6 h/ 

e��'wx����t�øê 0.30 mmJ ZrO

2

����êe��¼�e�� !ê 100%�e��

�"#ê 0.17$0.40 mmA/ 


�þ�JÜ%�YZÑ ZrºÒ�ì['wxJ


�� ZrNQ&�YZÑ ZrNºÒ�ìe�wxJ


�� ZrN+SP Q&�TC4 ��'¢� BM Q&�e�

wxþ�� SPQ&/ 

��
úC PQ-6()*+,��
ú�-�ì�

��,.R/þ
��(Ý0�øê 6 mm/
ú�J

*bê 2400 r/min���� R= -1/123 TC4���

3456��-78,9:
�;�<=J�ÞQRw

x3�����ìê@A
úJ34>���ê 650 

MPa/
úC?�I�ì��ì
�©â� 3ó/@ 

�AB\CDEO�yJF�ãG�HI��)

��
�J�FK/� Xk9LkM;NÑ ZrN��

'yJ����/Ï�ª4^��:

�^�OP

RyQJ6'���êRS����TU3V9�ì

�
�QR�WX 100 g�YWÀ� 20 s/� Xk9

��M:
O�yÆÇ����� Ti Z Kα [k�Ti

81109\RLk�Ï� sin

2

ψJ¤¥:
�ÆÇ��

O
�yQ;]Ï�'�^�¥_y<=/O�yJ

z�Ï�`ìHaJ>��-�
úbcde

[2]

���

ø 5 mmJ^¼f'gh��C
�QRij�-�5

�WX��-�jWêklm6'�WX�ê 0.1�3

4��ê 200 N�>�noê 10

4

o/ 

������	
�

2.1  ��������	
 

Cë
úpóI TC4���QRÕÖYZÑ ZrN

yqr�ê 60 µm�Qyêr�s 10 µmQJ['�

y�ty� ZrN�êu��¨vw§=J TiN�8x

1 y&9/['�yIJoQyêQ�s 50 µm J Zr

q TiJÌÍy�zwâûÌÍ N{|

[10]

/>� Zrq

TiêÊËÌÍ�{|

[12]

�>?~�C 850 }I��w

x 6 h ¯~�ÞQJ��'y��ÀC
�QRMÞ

�J Ti wû/x 1 3�B TC4 ���'¢8BM9�

QRe�wx8BM+SP9�YZÑ ZrN Ùåqe�º

wx­�8ZrN+SP9
�J XRD x�/¯��²�

���QRe�wx~�Lk���V����¨Â

ÃLk��'�u�>�e�ÂÃ TC4��\��6�

HI�'������jJ��/TC4 ��QRYZ

Ñ ZrN QyJ\����81119\R�����e

�ºwx®�Ñ ZrN��'yJLk��'�u��

SPwxÂÃ ZrN��'y\��6�̈ ÄÅBQyÆ

Ç���J��

[3,13]

/�À�²�e�wx~� ZrN

��'y\�������*6ê82009\R/DE

Q���x��80.33 mmA9Je�ºwx¨��

TC4���QR ZrN��'y���ªJ��)�y

½¾������å���My �8�ç ¡ò;9/ 

���

�����������


x 2 ê TC4 ���'¢�e�wx�QRYZ

Ñ ZrN Ùåqe�8�� 0.33 mmA9­�wx
�

PR^�;]:
�;/¯��²�YZÑ ZrN Ù

åqe�­�wx®� TC4 ��QR^�ª« 

��Ñ ZrN 
�QR^�(HK

0.1

)ê 17.75 GPa�­�

wx
�QR^�(HK

0.1

)�j² 19.30 GPa�;ä�

���'¢^� � 3.2 ¢) 3.6 ¢��£¤e�w

x¥
� TC4 ���QR^� �s 20%/YZÑ

ZrN ��'yJ^��¦Ð�QR��� ZrN )

TiN FÃJ���åo Ti-Zr ÌÍ�§ÍÅâûJ N

FÃ�¨ÌÍ�©Mª�/SP ºwx3Ñ ZrN ��

y^�J ���åÂÃJHI�'Ùj(^'Ý

�

[3,13]

/x 2 �ÀQ��QR��'y^�OyQ�

�«¬�;]�uª0qO�yÃ;)��J¬�

­;]���W

[10]

�u¶^�;]�M��QR®

W
�JOP�©M¯�°ï���±J²�)³

´e�wx��Jµ¶Ý�/  

���

����� TC4��������� 



Q 1ê��YZÑ ZrN�e��'8SP9Ù·¸

­�wx8ZrN+SP98¹+ººü»êe����£�

ê mmA93 TC4 �����78@AJ
ú�;/

�;Q��YZÑ ZrNwx� TC4��J��78¼

½ê'¢J 1/7.51�	ª«�{B���JÌM��

��/e��'wx®MNOPB TC4���'¢J

����
�å§ 0.33 mmA��Je�wx� 0.20 

mmA��e�wxJN;�/ 

 

 

 

 

 

 

 

 

 

 

È 1  ©ÉJK®¯kÊm XRDÈË 

Fig.1  XRD patterns of specimens with different surface 

treatments 
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È 2  ©ÉJK®¯kÊdefQrSsht 

Fig.2  Hardness distribution along depth of specimens with 

different surface treatments 
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È 3  ©ÉJKY/m TC49
>?ÐÑÒÓ 

Fig.3  Fatigue fracture morphologies of TC4 alloy with different surface treatments: (a) BM; (b) SP (0.33 mmA); (c) ZrN; (d) crack 

origin of ZrN; (e) ZrN+SP (0.33 mmA); (f) crack origin of ZrN+SP (0.33 mmA); (g) ZrN+SP (0.4 mmA); (h) crack origin of ZrN 

+SP (0.4 mmA) 
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È 4  ZrN< ZrN+SPkÊm¸ÔNÕ 

Fig.4  Indentation track morphologies of the ZrN and ZrN+SP layers: (a) ZrN and (b) ZrN+SP (0.33 mmA) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

È 5  ©ÉJK®¯m TC489
kÊJKNÕ 

Fig.5  Surface morphologies of TC4 alloy in different surface states: (a) ZrN; (b) ZrN+SP (0.27 mmA); (c) ZrN+SP (0.33 mmA);      

(d) ZrN+ SP (0.40 mmA) 
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Table 2  Surface roughness of TC4 alloy with different 

surface treatments 

Surface roughness/µm 

Surface treatment 

R

a
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ZrN 0.52 4.32 

ZrN+0.17 mmA 0.51 3.96 

ZrN+0.27 mmA 0.49 3.81 

ZrN+0.33 mmA 0.32 2.58 

ZrN+0.40 mmA 0.48 2.99 

BM 0.03 0.31 

BM+0.20 mmA 1.01 5.77 

BM+0.33 mmA 1.32 7.19 

 

 

 

 

 

 

 

 

 

 

È 6  ©ÉJKY/kÊ¶·¹ rSsmht 

Fig.6  Residual stress distribution for samples with different  

surface treatments 
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È 7  F ZrNÖ�!UVZ9Y/kÊ>?ÐÑ×eØnoNÕ 

Fig.7  Fatigue fracture cross-sectional images of the specimen: (a) ZrN, (b) ZrN+SP (0.33 mmA), and (c) ZrN+SP (0.40 mmA) 

 

Û-yâ¯��²�YZÑ ZrN�e��'8SP9

Ùå­�wx8ZrN+SP93 TC4 ���QRÜÝ�

Ùz���BM�)©� 2 Â¤RJ@A�@AþH

qe���4��à�W/ÕÖÑ ZrN� TC4���

QRFÃB ZrN ) TiN ���qw[J Zr-Ti ÌÍ�

HÃJ¬�HI�ª« �B���'¢QRJ^�

)®W
��0�á~�åQRz�ª«I���À

�QRÞß��4��
ÄÅBüñÞ4JQRÆÇ

����ý�ÆÇ���;]¬�Þ4�����©

��|J@A�É�~�������
ª«I�/

�x�üJe��'wxáÁÄÅQRÆÇ����

�'QyHI) �QR���°ï���±J²

�������±JÐÑÎÏ

[3,16]

���±²OP�

������
JµJ/Ï�����Je�ºwx

YZÑ ZrN J TC4 ����©¥
í¬e��'q

YZÑ ZrNJM��|M�����z�;��BÑ

ZrN ���oQy Zr-Ti ÌÍ�JF6�'���~

�B3���
OPãu~Ý�JM�ÆÇ���ð

;]�QR67©�ª��zQRMyÝ����ã

²B³� ����'¢����JN;/0�q�

��£¤e�wxn¿

[16]

�Á���Je�wx}Â

ÃÑ ZrN���
�Qy�����,©�@A�?

À©¥©
:;MNîOPÑ ZrN���J����


��z¯
}ÂÃ6����
Jº;/ 

��������

19TC4 ���QRÐ��YZÑ Zr�ÒÑ[�


í~�r�± 60 µmJO�y�Qy� ZrN�êu�

¨w§=J TiN ��oQyêw§= N {|J Zr-Ti

ÌÍ�/�x��Je�8SP9ºwx�ÑyHIO

P�^� ��QRÞß��{��ÀÄÅ;]Q�

üñ4JÆÇ���ð� �BÑyJQDz�/ 

29YZÑ ZrN ~� TC4 ��������ª�

{�¹���QR�^�J ZrN) TiN'��yJz

�{��ÀÑyQRÞß�Þ�/ 

39����J SPwx�Ñ ZrNJ TC4����

��ª« ��©¥��� TC4��'¢��z�4

�£¤e�wx�?�� SP CYZÑy§ÄÅBM

�JÆÇ���ð�z3Ñ ZrNyQRMÝ�)HI

�'Ý�/0��Á�ÓÁ{��J SP wxt©


ª« �Ñ ZrN���J����/�ê�?À­�

O�yJQRÜÝ��±²3�þ�/ 

 

����    References 

a c 

b 



� 7�                              ���Ì+DEF ZrN!UVZ9w TC49
>?Í5mxy                    Ä2143Ä 

[1] James C W, Starke Jr E A. Acta Materialia[J], 2003, 51: 5775  

[2] Du D X, Liu D X, Ye Z Y. Applied Surface Science[J], 2014, 

313: 462  

[3] Liu Daoxin (���)�Chen Hua (Ù Ú)�He Jiawen (Û�Ü). 

Transactions of Materials and Heat Treatment (�ÇÝY/

�Þ)[J], 2001, 22(3): 49  

[4] Kubiak K, Fouvry S, Marechal A M. Wear[J], 2005, 259(1): 

367  

[5] Zhang X H, Liu D X, Tan H B et al. Surface and Coatings 

Technology[J], 2009, 203: 2315  

[6] Yildiz F, Yetim A F, Alsaran A et al. Tribology International[J], 

2013, l66: 307  

[7] Wang S X, Zhao Q, Liu D X et al. Surface and Coatings 

Technology[J], 2015, 272: 343  

[8] Liu K K, Hill M R. Tribology International[J], 2009, 42: 1250  

[9] Deng J X, Liu J H, Ding Z L et al. Materials and Design[J], 

2008, 29: 1828  

[10] Tang Jingang(ß
à), Liu Daoxin(���), Tang Changbin 

(áâã) et al. Rare Metal Materials and Engineering (Å»


Æ�Ç!�-) [J], 2013, 42(2): 331  

[11] Xi Yuntao(äåæ), Liu Daoxin(���), Han Dong(ç è).�

Tribology(éê��Þ)[J], 2008, 28(4): 293  

[12] Liu Ansheng(�(�). Binary Alloy Phase Diagrams(ëì9


�È)[M]. Beijing: Metallurgy Press, 2002 

[13] Zhang X H, Liu D X. International Journal of Fatigue[J], 

2009, 31: 889  

[14] Liu Daoxin(���)�He Jiawen(Û�Ü). Tribology(éê�

�Þ)[J], 2005, 25(1): 13  

[15] Yu S M, Liu D X, Zhang X H et al. Applied Surface 

Science[J], 2015, 353: 995  

[16] Altenberger I, Nalla R K, Sano Y J et al. International 

Journal of Fatigue[J], 2012, 44: 292  

[17] Hong S J, Huang G H, Han W K et al. Surface and Coatings 

Technology[J], 2011, 205: 2714  

 

 

Effects of Combined Plasma Zirconium Nitride Metallurgy and Shot Peening on 

Fatigue Behavior of TC4 Titanium Alloy 

 

Liu Daoxin

1

, Tang Jingang

1,2

, Zhang Xiaohua

1

, Yu Shouming

1

, Liu Chengsong

1

, Li Bojian

1

  

(1. Northwestern Polytechnical University, Xi’an 710072, China) 

(2. China Academy of Engineering Physics, Mianyang 621900, China) 

 

Abstract: In order to improve the wear and fatigue resistance of titanium alloy, a plasma alloying technique was applied to treat TC4 alloy 

with zirconium followed by nitrogen, and the gradient metallurgical zirconium nitride (ZrN) layer was fabricated. The surface 

metallurgical layer was then treated by shot peening. The microstructure, chemical composition and microhardness profile of the modified 

surface layer were then evaluated by scanning electron microscope, X-ray diffraction and microhardness tester, respectively. The effect of 

the modified surface layer of TC4 titanium alloy on fatigue behavior and its mechanism were investigated. The results demonstrate that the 

modified layer is composed of ZrN-TiN compound phase layer (mainly ZrN) and underlying nitrogen-rich Zr-Ti solid solution layer, and 

the surface hardness is 3.2 times higher than that of the substrate. Proper shot peening does not cause obvious damage of the ZrN layer, but 

increases the surface hardness which decreases with gradient distribution along depth. The modified surface layer dramatically reduces the 

fatigue resistance of base material, due to the low toughness of ZrN-TiN layer and large surface roughness. After combination with shot 

peening, the fatigue resistance of TC4 alloy is improved significantly, which is much higher than that of the base material and than that of 

the shot peening alone. It is attributed to combined shot peening introducing a deep and high-value residual compressive stress into the 

surface, which reduces the roughness and improves the surface microstructure of TC4 titanium, and thus restrains the initiation and early 

growth of fatigue cracks. 

Key words: titanium alloy; plasma zirconium nitride; shot peening; fatigue; duplex surface modification 
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