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Fig.1  Cross-sectional morphology of Cu/Ni electroplated 

coating on TC4 alloy without heat treatment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¨ 2 UVMKLWXY¯W 3 h° Cu/Ni/Ti±«{¬r® 

Fig.2  Cross-sectional morphologies of Cu/Ni electroplated coating on TC4 alloy at different heat treatment temperatures for 3 h: 

(a) 500 �, (b) 600 �, (c) 700 �, and (d) 800 � 
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¨ 3  UVWXMKL° Cu/Ni/Ti«{r®8³´{[µ 

Fig.3  Cross-sectional microstructures and elements distribution of Cu/Ni composite coating electroplated on TC4 alloy at different heat 

treatment temperatures: (a) unheated, (b) 500 �, (c) 600 �, (d) 700 �, and (e) 800 � (A, B and C represent Cu-rich layer, 

Ni-rich layer and Ti-rich layer, respectively) 
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¨ 4  UVMKLWXY¯W 3 hZ Cu/Ni/TiABi{ XRD¨¶ 

Fig.4  XRD patterns of the Cu/Ni/Ti heat treated at different temperatures for 3 h: (a) 500 �, (b) 600 �, (c) 700 �, and (d) 800 � 
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Fig.5  Polarization curves of Cu/Ni/Ti at different thermal 

diffusion temperatures for 3 h corroded in 3.5% NaCl 

solution 
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Temperature/ 

. 

E

corr

/mV, 

SCE 

I

corr

/ 

×10

-3 

mA·cm

-2

 

b

a

/ 

mV·dec

-1

 

b

c

/ 

mV·dec

-1

 

Unheated –370.59 6.911 183.64 –142.35 

500 –330.87 4.024 148.77 –105.80 

600 –280.82 2.329 108.87 –91.75 

700 –201.14 0.5136 96.98 –59.43 

800 –207.21 1.622 76.07 –105.60 

}�o�\]^' 700 �p� !%&'�$��


�efg���x�OP�� NiOXTiO ��]��

��	�}���\]^'�. 800 ���� !"

��g 700 �l}c$.–207.21 mV�� !%&'

`7. 1.622×10

-3 

mA/cm

2

bd��efg�^p

Kirkendall�m?���-�������u}���

� ,�	 

�JuB���\]^'� TC4 ��HM Cu/Ni

����� ,������  Nyquist¡ 6a# Bode

¡ 6bX6c	
�¢A�o|£�¤¥¦§¨�Cu/Ni/Ti

KL� HM�©ª¡«A 2 C¬��"®�H

IJ©ª¡«f 2 C�¯°V±P�²$¤G\]©

ª#�¤G³ª´	����\]^' 500 ����

Cu/Ni/TiKLo 3.5% NaCl��� 1 Nyquistµ��

¤G?@ABC³ª´�5¶o$¤GAB·¸¹

�º�	Q°$¤G�»� Warburg \]©ª�

Warburg\]©ªHIJ�\]^' 500 ����Cu/ 

Ni/TiKLo 3.5% NaCl��� �¼�e½\]¾ 

��
�efgo�¿/��ÀM� Ái#
���

 wxÂÃÄÅe Cu/Ni/Ti HM�Æ��\]ÇÈ 

�

[22,23]

	5*�\]^'�uB�9��Nyquistµ$

¤G� Warburg \]©ªÉÊ�Ë�BC�a�³ª

´A	ÉÊ� Warburg\]©ªHIJ NiXTihi

\].23HMOP&Ì��x©ÍJ� lm�\

]�¼��-���\]^'��� Cu/Ni/TiKLo

3.5% NaCl ��� �¼�e½!ÎÂÃ¾ �	[

6��¤G�³ª´�ÏJÐÑÒ`a�o�\]^

' 700 ��.qa�}1o�\]^' 800 �ÓÔÕ

��¼�HIJ Cu/Ni/TiKLHM+ ,Ð`a1c

$	_¡ 6bX6c
�¢A 2C�"®�A 2C�¯

°V	Ö×©ª«ØÙ�� � ÚÛ�Y�!Ü�

R(Q(R(Q(RW))))ÝÞ�H@ß��\]1 Cu/Ni/Ti K

LHM� lm	Y�!Ü�à¡ 6dá�R

s

�!�Û

â���!©bR

f

� Cu/Ni/TiKLHMOP�N�!

©bR

ct

�!ÎÂÃ!©bW � Warburg ©ª�lã

Cu/Ni/Ti KL� �¼�äå��#\]�!�lm

���©ª	æç�\]^' 500X600X700# 800 �

Ìèéoß��êëéìí� 4.03×10

-3

X8.58×10

-3

X

2.69×10

-3

# 1.29×10

-3

�HIY�!Ü R(Q(R(Q(RW))))

î�gÌèV×é�ß�1�� UVWH 3Z@	 

$¤G�©ªÝ£(|Z|)
�ïð� wxOP�

N�ñò��	5*�\]^'�<9�Bode ¡�

f=0.01 Hz�|Z|ÑÒ`7�HIJñòN�:;OP	

[6�Q� Chen Ys

[24]

����ó�E£� Z éH

Ù Cu/Ni/TiKLo!�ô�¼��Z�!©eõ°� 

–8   –7  –6  –5   –4  –3   –2   –1 

lg(I/A·cm

-2

) 

0.6

0.4

0.2

0.0

–0.2

–0.4

–0.6

–0.8

E
/
V

 
(
v

s
 
S

E
C

)
 

Unheated 

500  � 

600  � 

700  � 

800  � 



�1902�                                          �������	
                                           � 48� 
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Fig.6  Nyquist plots (a) of original and fitted data and Bode plots (b, c) of original and fitted data for Cu/Ni/Ti at different thermal 

diffusion temperatures for 3 h in 3.5% NaCl solution, and equivalent circuit model used to fit the experimental impedance data (d) 
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Effect of Diffusion Temperature on Structure and Corrosion Resistance 

of Cu/Ni Composite Coating on TC4 Alloy Surface 
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Abstract: The diffusion behavior of Cu/Ni/Ti composite coating at different temperatures was studied by diffusion heat treatment. The 

influence of diffusion temperature on the structure and corrosion behavior of the coating was also discussed. The results show that the 

corrosion resistance of the coating surface can be effectively improved with the stable diffusion layer formed by the mutual diffusion of 

Cu/Ni/Ti atoms. As the thermal diffusion temperature is up to 700 °C, a compact structure of membrane layer, the Ni

x

Ti

y

 intermetallic 

compounds and a small amount of Cu

x

Ti

y

 intermetallic compounds form in the diffusion layer, and the corrosion resistance is the best. 

When the temperature is up to 800 °C, Kirkendall effect occurs and Kirkendall space aggregates and grows up, which form cracks and 

holes; thus the coating becomes porous, and the corrosion resistance is lowered.  

Key words: titanium alloy; diffusion behavior; Kirkendall effect; corrosion resistance 
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