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 1  NiCoFeCuCr ����������� XRD � 

Fig.1  XRD patterns of NiCoFeCuCr alloy powders with  

various milling time 
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Table 1  Characteristic parameters of alloying elements 

Element Ni Co Fe Cu Cr 

Melting point/K 1728 1768 1811 1358 2136 

Atomic radius/nm 0.125 0.125 0.124 0.128 0.125 

Lattice constant/nm 0.352 

a=0.251 

c=0.407 

0.287 0.361 0.287 

Crystal structure fcc hcp bcc fcc bcc 

 

{¨z3467Þ� %�5{� 1~10 hÛ�f¹y�

P|}�Fe�Cr�Co �f¹y~��x����Cu

�f¹y*T«jR®15 h�V�x 43.7°�51°< 75°

���Î«���f¹y�b7 %ó5{�43.7°$

�f¹y���9â]��25 h�Vf¹y���<

y���
¬6Þ�Ýô������©���å�

�ç<�ê�.�ãäíîïð����óïð<ó

���	"{à��<{����f¹y|}bjR

��®> �.Ýô��
ñ�ÎË�i}�d��

x��$%�÷ø

[14]

6Chen �

[26]

gh� MA Ýô�

�����������B#����.\���.

QU��Q�Ì���®&�����.�� ��

�����������6XY����V

NiCoFeCuCrV�4�����BJ Cu�Co�Ni�Fe�

Cr�Æ� Cu x MA  ¡����õö�f¹y�P

« Ni*TjR6Guo�

[27]

�����|�¢� NiJ

3M�Co�Fe�Cu�CrJ3C�Çª CoNi, CoFeNi, 

CoCrFeNi < CoCrCuFeNi �k�BJ fcc uv6	i

1 @v¢� Ni J�4��£��¤¥ Ni ��V¦ì

{}%§¨¬�f¹yN��]�6t 1�Þ� 25 h

V./01}©ª|�fccÛ234��111Û{}�f

¹«J 43.7°�!" Cu�43.3°Û< Ni�44.5°Û$%6

# Yeh��

[1]

< Zhang±²�³

[9]

��� NiCoFeCuCr

�����u¬�ö6 

�������
��������

2.2.1  ������ 

t 2 J
>Þ� %V��®.s6	t@

v�Þ� 5 minV¯?x���çè��êë�*�

i}°±���²²��³´Z[�i}./��¯

°«µb�\³¶�4i}615 minVi}«JZ

[��0)�4³¶60.5 hV¯?9â·Ö�.�¸

«x���å�çè*9â�.“¹”�i}�«º�

�4ïðx�4�i}´»¼61 hVi}½¾¿�

�4³¶678Þ� %�5{���
ñçè�4

i}�i}´µ���°xê5<ð��Ýô�Q�

QöÀ�¯°i}�»¼P�Ñ|+&_"²Á�Â

b\cº�������ð�"�4i}65 hV¸«

ÃÄÅ���æ|�.r¬�¯°röÀÆÇ67 h

40 50 60 70 80 90 100

� �

� �

� �

� � � �

� �

�

�

�

�

�

�

�

�

�

�

� �

� �

� �

� �

� �

♥)

♥ )

♥)

� ��  ���  � � 

� �  � �               ♥ )

0 h

1 h

3 h

5 h

10 h

15 h

20 h

25 h

30 h

40    50    60    70    80    90   100 

2θ/(º) 

I
n
t
e
n
s
i
t
y
/
a
.
u
.
 

Fe 

fcc 

Co 

Cr 

Ni 

Cu 



� 1�                                 ������	 Cu
�������������                          �307� 

V¯°i}�ÎÈÉÎÊ6 

2.2.2  ������ 

t 3 J�Ëd HEA ����Þ�
> %V

� XRD tp�JÌ"�«�N HEA �4� XRD t

pZÍ"t�6	t@v�HEA���f¹y��#

�4����Î]��#t 1u¬�ö6$% 5 min

V�4�f¹y´���ÎÑÏ�ij�4i}.

/�����¯°«µ615 minV�4�yjR|}�

r�y
ÑÏ�Ðji}½³¶�f)��4678

 %5{�4yÑÒ|}�
ÑÏÎÊZQ�QjR�

ij¯°ZQ�QÓ�5 hV�4yr}�¯°rÓ6

7 hV�4�y<¨��@F�XJÞ� %Q{�i

}dÏ��ÎÊ·Ö�öì¯°ÈÉ6�

2.2.3  ����	
��� 

�Ëd HEA ����Þ�
> %Vi}.

s�t 4 Æu6út�@�Ôª�Þ� ¡i}�¯

°ÕÖ���×ßà¨�8x�4i}�ßà%��

¤«jR��t 4a~4d Æu6Þ� %Q{i}¯°

Q�QBØ�öÀ<ÆÇ�7 hVi}�Î¯°ÙÉ�t

4i�4jÆuÛ6t 5J¯°qr}.s�15 minVÚ\

0)�4×ßà¨�8x�4i}�ßà«ÕÖ��

Û
BØ��t 5aÆu678Þ� %¨d���Ü

Ý�Þ#�4��çÙÚu�"�4i}�ßà%¤ 

 

 

 

 

 

 

� 2  ����� !"#�$%&' 

Fig.2  Morphologies of pure copper after various milling times 
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Fig.3  XRD patterns of HEA coatings at various milling time   
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Fig.4  Morphologies of the surface coatings after various milling 

time: (a) 15 min, (c) 1 h, (e) 3 h, (g) 5 h, (i) 7 h and (b), 

(d), (f), (h), (j) are high magnifications corresponding (a), 

(c), (e), (g), (i) , respectively 
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Fig.5  Cross sectional images of coating layer at various milling time: (a) 15 min, (b) 30 min, (c) 1 h, (d) 3 h, (e) 5 h, and (f) 7 h   

 

 

 

 

 

 

 

 

 

 

 

 

 

� 6  � 5 h#��>?�@)AB 

Fig.6  EDS analysis of the cross-section of coating after milling 

for 5 h 
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Table 2  Chemical composition of point A in Fig.6 

Element Ni Co Fe Cu Cr 

ω/% 19.41 20.29 19.55 22.95 17.80 

at% 19.12 19.92 20.25 20.90 19.81 
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Fig.7  Schematic illustration of the mechanism of the coating formation: (a) particles are hammered into substrate, (b) powders are 

deposited on substrate through cold welding, (c) elements diffuse between the coating and the substrate, and (d) work hardening 

leads to spalling fatigue. 
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In-situ Synthesis of High Entropy Alloy Coating on Copper Surface Using 
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Abstract: NiCoFeCuCr high entropy alloy coatings were in-situ synthesized on the cooper surface using mechanical alloying (MA) 

method. The phase composition and microstructure of the coatings were characterized using X-ray diffraction (XRD), scanning electron 

microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). The formation mechanism of the coatings was studied. Results show 

that increasing of milling time can enhance the thickness and densification of the coating. The densest and the most uniform coating, with 

an average thickness of 40 µm, are synthesized after MA for 5 h, metallurgically bonding with the copper substrate. The formation 

mechanism of the coating can be simplified as follows: (1) Particles are hammered into substrate; (2) Powders are deposited on substrate 

through cold welding; (3) Elements diffuse between the coating and the substrate; (4) Work hardening leads to spalling fatigue. 

Key words: mechanical alloying; high entropy alloy; coating 
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