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�¶·û�Ö×h�ØÙö©ª«Ó WC-12Co

��ü;�¶·©ª«³; WC-12Co �8©ª«�

/ã<U���¾	B°	QR��FGhi

GO/WC-12CoH©ª«¥<�´¡¢����P�¶

·Ö×h�ØÙ� GO/WC-12Co ��8©ª«�,
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��
<U67����Ð¶·

� ©ª«ý���´¡¢��%<�
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1  �  � 

1.1  ���� 

���©ª«oò�����±²�F��T

���� SE1430 �A�©ª«(GO)�D��¾�

�� 1a � BDl<!��� 1 � BW"#��

Ò$4�ÌÍ%�©ª«Ñ4÷ø�cù��B�

� � � ± ² & � ' ( ) * ¶ · + , - . �

WC-12Co ;-�����14o 15~50 µm�D�

�¾��� 1b � B  

1.2  ����	 WC-12Co 
�� 

(1) æçè�hi  

c/01$Vc�o 99.7%� WC-12Co ��

* 0.3%�©ª«�&�23o 10 mm �jk4è�

�56789$8öjk4èÓ WC-12Co�©ª«

è� 5 h�è�
ÃMo 5 r/s�öè�ýmT:Ý

9$�ü;��K;cù<= 2 h�40 �>?  2 h

ý@cA14o 35~50 µm �©ª«¥<ý

WC-12Co ����B  

(2) æçéêhi  

c/01$Vc�o 99.7%� WC-12Co ��

* 0.3%�©ª«� B 1000 g 5678�÷øé

êü;�C B 500 g DJ26=]ü;��K;

cùE8�&� 10 mm FGH�K;<=I�o

60 min�K;Jgo 10 Hz�ÚÛ©ª«cù�ü;

:�Ký�LM	éêNOéêü;�éê��ä

Pü;:Q3 70 ��éê2R�ñ?SHT 120 

minP�Uý>?V=]@c�ÚÛ14o 35~50 µm

�©ª«¥<ý WC-12Co ����B  

(3) ë,ìíhi  

c/01$Vc�o 99.7%� WC-12Co ��  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

º  1  bcdª�]FPh¨���»yz  

Fig.1  Morphologies of graphene modified spraying powder:  

(a) GO and (b) WC-12Co 
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Table 1  Physical properties of graphene for testing 

Density/ 

g·cm

-3

 

Surface 

area/g·m

-2

 

Water mass 

fraction, ω/% 

D

50

/ 

µm 

C 

content, 

ω/% 

O 

content, 

ω/% 

¼0.1 180~280 ¼4 ¼10 75±5 16±3 

 

* 0.3%�©ª«� B¬:V@7«8+,£�é

êü;©ª«�WC-12Co �@7«8� � 100 �

ÚÛT¬:+<�ü;ú²��WxX8^3ë,

3 h Rü;ú²YZ[k�û�
�ìí�\çö

©ª«³; WC-12Co �ë,]²ìíR14o

35~50 µm ��ñ±²B  

(4) Wxîkhi  

c/01$Vc�o 99.7%� WC-12Co ��*

0.3%�©ª«� B¬:V@7«8+,£�éê

ü;©ª«�WC-12Co �@7«8 � 100 �ÚÛ

T¬:+<�ü;ú²��WxîkX?ö²ú¬

:M4�^�û�_`abä��cdV@c14

o 35~50 µm�©ª«³;WC-12Co³;�ñ±²B 

1.3  
��� 

&�efg OB QR��hihi���7i

*jkol`�j`oml`ñ�n`oo�`ñ�

��ØÙ!��� 2 � B��°ñ±²o 304 Ö  

b) 

a 

b 
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Table 2  Parameters of spraying 

O

2

/C

2

H

2

 O

2

/C

2

H

2 

in-gun ratio/% Frequency/shot·s

-1

 Powder feed rate/g·s

-1

 Distance/mm Barrel diameter/mm 

1.0 60 3 0.12 220 20 

 

pq�-)rsÑto 100 mm×20 mm×2 mm��

�ð�°ñ��û�ju�78vwD¼�xy�

Ký=]�z{k<=��z&� 46 ï|}~��

z��o 0.4 MPa�hi��$4T 400 µmB  

1.4  ���� 

û��� FEI��� Quanta 600�����c

���¾��14�����/ã¾����gc

����r������gBû���g%���

-.� Struers Duramin�Å�#4��r����

�Å�#4�É�o 300 g� ÉI�o 15 s���

rs� 10 �Ð���]� HB5143-1996 ����

g%���-.� Instron5882 ���
��r�

�Ó°ñ�,;A4���rs�r 3 ���1D

�÷�B���~���%<��� CETR ��-

.� UMT-3 ���U~���r�
�=]�r�

û�è-�� \	��rso23 Φ8 mm � ZrO

2

'(è�#4 (HRC)¡60BOrso Φ24 mm×7.8 

mm�����¢£<=���U¤$4To 0.3 

mm�r�ð�����¥�¢£R R

a

=0.4Br�

!�o¦��I� 30 min�§ÄG� D o 3 mm�

ç�É�c/o 10 NB  

2  ����� 

2.1  
��� 

� 2 oÖ×ü�ØÙhi�©ª«³;

WC-12Co �ñ¾�BÓ� 1b )C�¨� 2a W"#

�æçè�hi³;�ñ WC-12Co ©1°�äP

�ªT�13*¾Ü�«¬­h���è�M4�

I�®� WC-12Co ©1�0�¯�×IH� 2a 8

°±� GOPW"#�²¬ÜÒ�©ª«+À�

©1����³´µB�¶·?¸�©ª«°�®

�-¹@�º©ª«�����©1��»T+À�

«¬è���Ö¼�
������©ª«Ó

WC-12Co ©1Ö¼�T½ü;B  

¨�2bW"#�æçéêhi³;�ñ8©ª

«ÓWC-12Co©1¬ÅcJ�WC-12Co©1o¶·

C�¬Å�ìí©1�«¬éê��8C�¾õ�

éêM%�ªTè¾©1=]¿¥�®��©ª«

��ñ���+À�æçè�*æçéê»!Àm


���Á�©ª«ÓWC-12Co�+À��)C  
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Fig.2  Morphologies of GO/WC-12Co composite powder 

obtained by different pulverizing processes: (a) wet 

ball milling, (b) wet mixing, (c) sintering and 

crushing, and (d) spray granulation 

 

è�ØÙ23 10 mm �jk4è�æçéê��8

WC-12Co �ñ13�ÂH15~25 µmP�éê��L

Mé� WC-12Co ��©ª«�����Â�Ï"

� � è � Ø Ù 8 j k 4 è � © ª « Ã � �

WC-12Co ��>+À�½ÄBÞß�æçéê��

8�789$8�Å�©ª«�Æ	ü;ú²�


�WC-12Co �ñÇÈ	É
�éê���Ï"�

�®Ê�T½� �Ï"��©ª«��ñ���

+ÀB  

� 2c !ë,ìíhi�³;�ñ¾�BW"#

�ë,ìíhi³;�ñ�WC-12Co©1Ñt�¾

�ìË���³;�ñ13�ÂHÌ2 µm)�14÷

ø<�Õ�©ª«�Ò%²¬Ü%&vþ�Ë�ª

��	ë,� WC-12Co ©113�ÂH10~30 µmP�

ë,ýCÍìí�0 WC-12Co 13®ÍìËB 

¨� 2d W"#��î�1hi³;�ñÎè

Ü�14÷ø�©1�oYÏ�º^Ð¾�c�#

�Ñt�oYÏ�²¬ÜÒ�©ª«YZÑÒ�©

a 

b 

c 

d 
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o÷ø�«¬�î�1��8©ª«Àm@7«8

³´+À�©1��ý�þ�îkV®�0©ª«

Ó���cJ�T½äå�©ª«�ÔÕmV�©

1��+ÀB  

2.2  
����� 

� 3 oÖ×h�ØÙhi©ª« /WC-12Co �

���¾�BW"#�ë,ìíh�ÚÛ��/ã

Ö×H� 3cP����Ò���g[�DE 3 ­Ø

Ùhi��ÚÛ��/ã»�oØ´�÷ø�®�

��[�Ù��ÚÛ�����Ó°ñ½�,;³

´B×I�� 4 ­������g=]c��¬�

�î�1�ñhi��Ø´<U_�«¬�î�1Ú

Ûè¾���YÏ<�13÷ø<�Ü�<����

�8���ÝÞ+,¾0Ø´��UoTß

[14,15]

Bæ

çè��éêh�� WC-12Co �ñ�14�¾�

%&�0ìË�W"äPªT WC-12Co ���Ø

´/ã,
�>ìíh��0�ñ©1YÏ<�1

4ìË��������8��g�b�º-.+

, Co )��â��0��©1ÝÞ�+,���

/ãÖ×B  

� 4 oÖ×h�ØÙhi©ª« /WC-12Co �

�����gBWà�1#~5#rs���g , c/!

1.41%�1.64%�12.6%�1.8%�1.2%Bë,ìíh

�ÚÛ����gU[�ª��	��14÷ø<

�Õ��� 3c � �14 30~45 µm ���áÏñ

���$VT 45%�14 10~15 µm ���áÏñ

��$Vc�T 55%�>QR��ØÙhiØ´4

�^��� â14o 30~45 µm áÏñ��$V

c�[	 95%��Ä����8Â13�����

Ïñ���Ü�<*´4Oa������8ão

�äåQRæ?���VµÂ�ºÂ13��8

WC-12Co �0cÖ÷ø�Co * WC �,;�Õ�

> WC � 550 çÔá�-cd>-0 W * C��

QRæ?Ó^3l`ü;ÝÞ��8è�34�^

H1500~2200 çP�Â13��8� WC Ôá^3

�-cd�QRéêë�^MH700~1000 m/sPê

ì��8Â13��5cdýíù����?
�

�[V C Ó[`jký¾0�`��îT[13

H30~45 µmP���T½Çï¾0����>ë,

ìíhi��ÚÛ��?
[©1Çï�½�<T

[V`��ð!�0����g�b�� ª�B

>æçéêh���î�1h��è�ü;h�Ú

Û��14÷ø��>hi�����gC�^B  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

�  3  ��������	
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Fig.3  Cross-section morphologies of GO/WC-12Co composite coating prepared by different powder milling processes: (a) wet 

ball milling, (b) wet mixing, (c) sintering and crushing, (d) spray granulation, and (e) WC-12Co 

d) 

b) 

a 

b 

c d 

e 
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Fig.4  Porosity of GO/WC-12Co composite coatings 

prepared by different powder milling processes 

 

2.3  
����� 

�  5oÖ×h�ØÙhi©ª« /WC-12Co�

��
<UB¨�5aW"#�æçè��æçéê

*�î�1hi��,;A4c/o61.63�69.24

*59.22 MPa�Ó®� ©ª«ªÕ�WC-12Co��

�§H62.56 MPaP�«¬�V©ª«�� ���

,;A467Ö[�ð!"	WC-12Co��^,;

A4� 1ñ	-.+,)Co�ÝÞ+,�©ª«

µB���/ã?
Ö567Co�cÓ��âBë

,ìíh�ÚÛ��,;A4UbH47.32 MPaPÓ

��?
/ã,
T�[|�B¨�5bW"#�æ

çè��æçéê��î�1hi��#4(HV

0.3

)

c/o8770�8430�9370 MPa�Ó®� ©ª«ª

Õ�WC-12Co��#4�§H8550 MPaP�«¬©ª

«�� Ö5¥ò���
<U�D#4�÷ø<

ÓWC'()�óùcÓ�/ã÷ø�Ø´<)|B 

� 6�C 4­h�ØÙÚÛ��¼�/ã¾�B

W"#�ë,ìíü�hi��¼ôõT��©ª

«�ð!"	ü;�ñ8©ª«Ó WC-12Co �¬

ÅÎcJÜ������8$V�Å�ºcJÜÝ

�©ª«ö^M�^3���OÜ÷\

[16]

BDE 3

­ØÙü�hi��?
»Ö×�4T²¬ÜÒ%

©ª«“µ;”�/ã?
�D8�î�1ü�hi

���?
©ª«mVU��ð!"	'(° WC- 

12Co �ñ$V�[�©ª«$VÅ�©ª«�ø+

À�©1���ùúT©ª«�ÝÞ��12è�

ûì���üUäý©ª«T½�äå���?   




[17]

B«¬Ç^©ª«¥< WC-12Co ´¡¢��

���T½\ç!��©ª«Ó WC-12Co ��÷

ø�^,;�+ÀB  
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Fig.5  Mechanical properties of GO/WC-12Co composite 

powder and coatings obtained by different 

pulverizing processes: (a) cohesive strength and   

(b) microhardeness (1#: wet ball milling; 2#: wet 

mixing; 3#: sintering and crushing; 4#: spray 

granulation; 5#: WC-12Co)  
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Fig.6  Fracture morphologies of GO/WC-12Co composite 

coating prepared by different powder milling 

processes: (a) wet ball milling, (b) wet mixing,    

(c) sintering and crushing, and (d) spray granulation 

 

2.4  
��� !����  

�  7oÖ×h�ØÙÚÛ���~����

�BW"#��T���~���=]�ÔÕ�"

	~�½�������ñ�»þ�¬��I��

“�*”�ô��I~���Ö�9:�~����

5�^�K�~����=]�=B“��”�ô�

~���� Tab�Uý~���÷ø=]�~

���òk�Ö[�!	�9B)C>"�® ©

ª«�WC-12Co��H5#��P�~����^�

�~�=]1000 sý#$!	�9HT0.5PBë,ì

íh�ÚÛ��~���U Ĥ3#��P�Î#$�

�!`HT0.68P�«¬ë,ìíØÙh�ÚÛ��

©ª«V®�%µ��´¡¢���Bæçéêh

�ÚÛ���~�����òkH1#��P�Ï�

~���8ë��9��÷¯P�0. 35Bæçè�

h�ÚÛ���~����bH2#��P�T0.33�

�Ï�~���8C�9:B�î�1h�ÚÛ�

��~���UbH4#��P�T0.3�)C®� 

©ª«�ªÕ����C4­h�ØÙ���¾�

H�2P�W"���î�1hi��8²¬Ü©ª

«���©1��ÑÒ�oYÏ�ºmV���Ú

Û��è¾4��B�C4­h�ØÙÚÛ����

/ãH�3P�W"���î�1h�ÚÛ��&o

Ø´�º#4�^�ab���~���8�-�

'(J�)g��¬:�4�Ç^���<BÞ¬

\��C4­h�ØÙÚÛ��¼ô©ª«���

ÓcÓÜ*�W"#A�î�1h�ÚÛ��?


“µ;”cÓT[V©ª«��~���8cÓ��

�?
�©ª«5Ö¼�+	�,���-�Df

$.�ª2,
�%<�����¡¢µ����

W"Ç^��´/�´¡¢%<�=¬0«¬��

�/ãØ´<�©ª«���8�mVÓ���´

¡¢%<´¿)|B  

�8oû�|£?1¾�Ec�Ö×h�ØÙ

hi���,�®¯2�¾�B)C® ©ª«�

WC-12Co���W"#�ë,ìíh�ÚÛ���

,�3�º�,�4�«¬��C���Bæçè

�h�ÚÛ����,ÓªÕWC-12Co���,

Õ/Ö[B>�î�1h�ØÙÚÛ����,3

4*54÷¬ÅÂ	® ©ª«�WC-12Co���

«¬��ST�����<UB  
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Fig.7  Friction coefficient of the coatings obtained by 

different pulverizing processes 

 

 

 

 

 

 

 

 

 

 

 

�  8  ���������! ?@A��   

Fig.8  Wear track morphologies of coating obtained by 

different pulverizing processesB1#: wet ball milling, 

2#: wet mixing, 3#: sintering and crushing,       

4#: spray granulation, and 5#: WC-12CoC  
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Fig.9  Wear out volume loss of coating obtained by different 

pulverizing processes  
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Fig.10  Wear track morphologies of coating obtained by different pulverizing processes: (a) WC-12Co, (b) wet ball milling,     

(c) wet mixing, (d) sintering and crushing, and (e) spray granulation 
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Fig.11  Wear track morphology of WC+GO coating obtained 

by spray granulation processes: (a) graphene oxide 

film and (b) Raman spectrum 
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Technology and Properties of WC-12Co Self-lubricating Wear-resistant Coating by 

Explosive Spraying 
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Abstract: Aiming to reduce the friction coefficient of WC-12Co wear-resistant coating, a self-lubricating coating was developed 

by adding graphene to WC-12Co coating deposited via detonation gun spraying. In this study, four powder processes, including 

wet ball milling, wet mixing, spray granulation, and sintering and crushing, were used to obtain graphene/WC-12Co composite 

powders. The microstructure and phase composition of graphene in powder and coating were analyzed by SEM, EDS and Raman. 

The mechanical properties of the coating were studied by the microhardness tester and the universal tensile machine. Results 

show that the spray granulation process is used to prepare the composite powder, a greater amount of graphene covers the surface 

of the WC-12Co powder, and the transparent thin-layered structure of the graphene remains unchanged. The bonding strength and 

hardness (HV

0.3

) of the resultant coating are approximately 68 MPa and 940, respectively. Graphene modification causes a 25% 

reduction in the friction coefficient. During the friction process, the graphene constantly forms a lubricating film that serves as an 

excellent self-lubricating layer. 

Key words: powder milling process; detonation gun spraying; graphene; self-lubricating; wear resistance 
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