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� 1  TC49
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Fig.1  SEM (a, c, e, g) and 3D CLSM (b, d, f, h) images of the pure copper coating (a, b) and Cu/graphite composite coatings with 

different contents of graphite electroplated on TC4 alloy: (c, d) 2 g/L, (e, f) 5 g/L, and (g, h) 10 g/L 
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� 2  TC49
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Fig.2  Surface XRD patterns of the pure copper coating and Cu/ 

graphite composite coatings electroplated on TC4 alloy 
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Table 1  Surface roughness values of the specimens without 

and with coating 

Specimen R

a

/µm R

z

/µm R

Sm

/µm 

Substrate 0.9 7.3 8.6 

Pure copper coating 1.2 8.9 9.7 

Composite coating 1# 1.2 9.1 10.4 

Composite coating 2# 1.4 10.1 13.2 

Composite coating 3# 1.5 11.6 13.1 

° 1�ð¥�ij SEM�¯�µ¶�¯i~��

íð¥� Cu/('Ë�ð¥�235��c����

Cu/('Ë�ð¥ij·~Ü�¸A�¯8° 2 ��

XRD8�¶�i~�Cu/('Ë�ð¥�ij XRD«

©¹~Üº��íð¥�`ðF�('�_>��«

©¹�º*n»>~Ü�Ù��� Cu �¼«©¹�

('�¼«©¹½¾"¿�bc¢ Cu/('Ë�ð¥

«©¹#º�ÀÁÂÃÄ8Ê� 3D ®¯����i

j ¡���¶�(i 1)i~�B£�íð¥� Cu/(

'Ë�ð¥5�bc���ij ¡�� ��`ð

F�('�_>��ð¥ ¡�>Ñ8��ij ¡

�� �,���å,�Y��� �9:�$Y�

ÅÆÙ¿ÇÈ�É ~Ü
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° 3±m¢�íð¥� Cu/('Ë�ð¥Êj23

� SEM�¯8�° 3aé���íð¥�23��c��

ð¥�Ê´���Ëjg4Ì�~Ü�ÍÎ�Ï~�í

ð¥�Ê´�¶�A�� 8° 3b~3d ��Êj�¯

i~�ðF�('��_��$Ë�ð¥���_æð

¥235�~ÜÇÈ8Ë�ð¥��('�_ÐðF�

('�_�� ·� Ñó(Ë�ð¥��Ò7op¹

	(')DðF('�_	 2� 5 g/L�B£�Ë�ð¥

�('�_8:�	 1.2 vol%� 1.7 vol%�ðF('�

_	 10 g/L�B£�Ë�ð¥�('�_� s� 3.6 

vol%8xy�ðF�('�_�� 5 g/L�B£�Ë� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 3  TC49
� Cu6BH Cu/?@A96BC¢; SEM~� 

Fig.3  Cross-sectional SEM images of the pure copper coating (a) and Cu/graphite composite coatings electroplated on TC4 alloy: 

(b) composite coating 1#, (c) composite coating 2#, and (d) composite coating 3# 
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2.2.1  Cu/���������	
 

�ð¥�=�o¢�?¶�Ã° 4 �ï�é��

íð¥�Ë�ð¥ 1#�OðñòªÌmn~ÜP��

óÌmn�ð¥ôëõÍá!.��öOðñ�i~

íð¥�íð¥�Ë�ð¥ 1#$ 50 N ���Ì÷o
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¢ð¥�Ê´�¶����Ù�° 3 �ð¥Êj�¯

�8�¶��c8 
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° 5 ��¢ TC4 ����íð¥� Cu/('Ë�

ð¥�Ü���øHV
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ù8é� TC4�������

2900 MPa��íð¥����	 1100 MPa�Cu/('
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'�_�bcË�ð¥��ùÒ�+�Ù�('��
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'Ë�ð¥���å,Ð�n�#*òª8TC4 ��

��5��å,�	 0.60�P�Ò��Ñ8�íð¥

��5��å,$����� 7 minªû�� 0.34`

P�Zù�xSüm� s� 0.80�Y� 14 minSù

Ò��+s 0.7�ëSÑ����!.\n»�¼7î

�é#��íð¥�"�#��Y�!/ý»�Ù$

Sj�Y��¯8��H�Ï���þ~8Cu/('Ë 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 4  TC49
� Cu6BH Cu/?@A96BC�£¤¥¦§¨ 

Fig.4  Scratch voice signal curves of the pure copper coating (a) and Cu/graphite composite coatings electroplated on TC4 alloy: 

(b) composite coating 1#, (c) composite coating 2#, and (d) composite coating 3# 
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� 5  TC49
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Fig.5  Microhardness of the TC4 substrate and its pure copper 

coating and Cu/graphite composite coatings 
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­�Y�v6þ�
 TC4Ê´���ð¥�Y�

��¶�Ã° 7 �ï8TC4 Ê´���Y���	

27.5×10

-5 

mm

3

/(N·m)��íð¥�Y��ÜÝ�� TC4
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3

/(N·m)��

	 TC4Ê´��� 9.1%��íð¥� 22.1%�Ðð¥�
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Fig.6  Friction coefficients of TC4 alloy and its pure copper 

coating and Cu/graphite composite coatings 
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Fig.7  Wear rates of TC4 alloy and its pure copper coating and 

Cu/graphite composite coatings 
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 8  TC4��������� Cu/������� GCr15��� 30 min����� ��!�"#$%� EDS&''()* 

Fig.8  Worn surface morphologies of the pure copper coating (a, a

1

, a

2

) and Cu/graphite composite coating (b, b

1

) electroplated on TC4 

alloy sliding against GCr15 ball counterpart for 30 min; EDS analysis results of area 1 in Fig.8a

2

 (c) and area 2 in Fig.8b

1

 (d) 
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Abstract: Cu/graphite composite coatings with different graphite contents were prepared on TC4 alloy by cyanide free electroplating. The 

microstructure, wear behavior and wear mechanisms of the coatings were investigated. The results show that Cu/graphite composite 

coatings with compact structure and relatively strong coating/substrate combination can be obtained by cyanide free electroplating on TC4 

alloy. However, increasing the graphite content in the coating would reduce the bonding strength between the coating and the substrate, 

and lead to a small decrease in coating hardness. The wear tests show that Cu/graphite composite coating can protect the TC4 substrate 

from wear effectively, demonstrated by its much lower friction coefficients and wear rates than those of both TC4 substrate and the pure 

copper coating. Based on a comprehensive analysis of the wear morphologies, wear products and friction coefficients of the coatings, the 

main wear mechanisms of the pure copper coating can be deduced as ploughing wear, adhesion wear and peeling wear, while those of the 

Cu/graphite composite coating are concluded as slight layer cutting wear and fatigue wear. 

Key words: TC4 alloy; cyanide free electroplating; Cu/graphite composite coating; friction and wear; wear mechanism 
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