
� 49�    � 11�                              ��������	                                  Vol.49,   No.11 

2020�      11�                     RARE METAL MATERIALS AND ENGINEERING                     November  2020 

 

�����2019-11-15 

���	����	
��
��2015A010105011�������	�����
��2016A030313483� 


��
�� ����1973������ !�"#$%&�'()*+%,�-��� �. 510640�/01020-87112111�E-mail: 

ylong1@scut.edu.cn 

 

������� CoCrFeMnNiGd

0.15

�	
�� 

�
�� 

�

�  �������  ��	
����


 

 

("#$%&� ����234567)89:;<=>��� �. 510640) 

?

�  ��@A'(B�CDE/FGHIJKLM67NOPQ CoCrFeMnNiGd

0.15

B��RST CoCrFeMnNiGd

0.15

U

VB�KWX)YZ[J\]^�_WX`abJc��d` fccefdb�gNb`hijCk�Gd

2

O

3

�Dl Gdm

NimMnKnLJcb[opIJqrKsU�gNbKtuvwxyz{|vwx&�B�K}~���rvw��

��Y�vw��[� 900 �IJ�45����K�B��YZ�_}~���r�σ

0.2

�m�}�r�σ

max

�mw�

�K�Y���ε

p

�D���r���� 1662 MPam2518 MPam30.6%D 4580 MPa[  

�����245�UVB�������hi Gd�WXJc���YZ 

�������TG139        ������A        �����1002-185X(2020)11-3841-06 

 

�����high-entropy alloys�HEAs��	
�

�
���������������������

� !"�#$%&'(2004��Cantor)*

[1]

% Ye

)*

[2]

+,-./0�1#234���&'56�

����7
89:;<=>?��@A	BC 5 �

D 5 �EF4GEHIJKDL�HIJK��MN

OP������QR�4G�IJ+STUV

5%~35%WX(�	YZ�[\]^�����__

0`?1,Vab���c
34�������de

�fgh�ighjk�lm�Hn���

[3-5]

�op�

qr�

[6]

hqst�

[7]

huvM�

[8]

��j�w�

[9]

Hx

M��H( 

CoCrFeMnNi ���	yz&'{!"����

�W
�|1}��l��~fg��

[10, 11]

(Eab

���N��� CoCrFeMnNi��	d�� 1000 ��

����l��V 75%�~����fg�	 230 

MPa

[12]

(������������������M

��hT�[\�1�>����n���

[13, 14]

(Joo

[15]

H�������M�mechanical alloying�MA�%

��H J¡]�spark plasma sintering�SPS��¢

�� 900 £¡]P¤� CoCrFeMnNi�������

�fg¥>�¦ 1064 MPa�§¨©ªr«X�¬­�

�®Crª�¯� ZrO

2

°±²³+´Eµ���M�

¶P���fg�· 1574 MPa(�����2¸V¹

5cº�»¼½]^�~¾�p¿p2�&'0À�

Á����	2º[\«���ÂÃ|1������

Ä¦���Å�Vcº����

[3, 16]

(FeCoNiCrTi

0.2

[16]

�����	Æ­Ç®� Ti 4G�¹5�ÈÉÊË

º�¶P��|1op�n���(Ì&'����

����MA+SPS����?Í�� CoCrFeMnNiGd

0.15

������`1 CoCrFeMnNi ����½Î�ÏÐ

F�­¯Ç®�ÑÒ4G Gd�&'�º]^Ón��

��ÔM�ÕÖ]���fMÓ×ØºfMHÙÚ�

EÛ·¤ÜÝ[\h>Þ����n����y�( 

���������

ßàN�I�	ágâ�V 99.5%� CohCrhFeh

MnhNi4G�����ãäV 48 µm(åæ�CVÑ

Ò4GçèvM�NEÌßàN���ÑÒé	 GdH

2

�

�Q GdH

2

��ê�ëìíîïè+ð5 Gd c±��

�ãäV 74 µm(ñ4G��òó
@�IJKdô�

�õ���¯ªr��QM-2SP20-CL�Qö÷��ª

r��ª�K	 9:1�øù 250 r/min�úûü Arý�

	þ�ý(�ªr 50 h�P¤������¯���

|Q���V��H J¡]	�Q�SPS, Sumitomo 

Coal Mining Co. Ltd, Japan�ö÷¡]��¡]�n	

50 MPa�¡]êg	 800
1000 £�þê«X 10 min�

{�P¤ Φ26 mm×10 mm��½��Ã
( 



�3842�                                      h��245)%,                                               � 49� 

�� X�����Bruker�Xpert power����

�h�½�Ãö÷�º+�(�ªr 40 h����ö

÷ DSC �+��STA449F3A-1084-M��Þêù�	

10 K/min�+�Ö��� Arýþ�(����J��

��NaNo 430, USA��Ã
ö÷[\Ó5++�(

�������JEM-2100F�Japan����ö÷º]

^h5+Eµ�J��+�(������ig  

(HCS-1000) ö÷Ã
ig!��"#	 4.9 N�500 g��

$%«X	 20 s�!® 10&'(�)*T+(��,

��à��AG-100 kNX, Japan��-.k� Φ3 mm×6 

mm �Ã
ö÷��n���!��/Ôù�	 10

10

-3 

s

-1

�Â
Ã
12 3<( 

������	
�

2.1  ��������	
 

)âÂªr«X���3 XRD!��]6e4 1a

N5(�(�ñ4Gµ GdH

2

�����6T?`� 0 h

�47F(ªr 5 h ��CV GdH

2

8®}Ç�{9:

5��M�Â« Mn���6:ÏÌ;<��=4G�

��6À�>?(10 h«�NihCo4G���6;<�

FehCr���6>?�Â«.@?` fccº���6(

20
40 h«�fccº���6fgAB¬­�C FehCr

4G���6D%>?(ªr 50 h�N14G���6

ÏÌ;<�P¤c
� fccº��6�EÀªr 50 h�

ÏÌP¤cº fcc]^���M��(FGªr 50 h�

XRD 47�H IP¤J fcc º��K_S	 0.3603 

nmLFG Wiliamson-Hall

[17]

-Mö
N I�HP

CoCrFeMnNiGd

0.15

�����*T��OP	 8.2 nm�

�Q/Ô	 0.74%(4 1b	ªr 50 h����¹R�

�ôÖ
ÎSTUhVWh�TU�Ö�

[18]

W����

X�¸VT���ª¹X�(��ö÷ EDS +��Y

Z°±4G[\���X��5+Ó]A5+ÏÌ


^�_Àªr 50 h����ÏÌ:`��M(4 1c	

ªr 50 h� CoCrFeMnNiGd

0.15

����� DSC�+�

a�(� 704 �«?` 1&}����6�0À�7&

êgb����X�H�/c�de�f¼µºÔ(7

:¾�%¡]êg	@� 800 �EF�gh�GW
(

���6E�a��i�1NÔMH�ÓºÔ�?N

j5�K�ÔM1#(�D%Þê«�a�?` 1&6

+êg	 1326 ��k�6(1&'0À CoCrFeMnNi

������'	 1607 K

[19]

�l 1334 ����mJk

�6/	�����MN¹5( 

2.2  ��
�������� 

4 2a 	ªr 50 h �� CoCrFeMnNiGd

0.15

���

���µ�ô 1000  SPS� ¡]P¤��½���

XRD 47(ÕÖ� XRD 47ö÷+��/`n�%

��]^
^�op fcc ]^�»¼½ºæ�q1 2

&�ºc5(ÕÖÓrs PDFtu�K�vNw@B


�	 bcc ]^�ÑÒvM�º�Gd

2

O

3

��å
�	

GdMn

12

xy�z¢]^º(Ó3ººK��?º��

fg}��_À�8®º�}Ç({4	r|}~�

XRD��]6�HE�����5ñ��6���( 

4 2b	� 1000 �ï¡]� CoCrFeMnNiGd

0.15

�

½��� SEM�³��Jóu(4QHE�¤ 3�â

Â�g�}~B���}~h���}~Eµ���

}~(��3 EDS���+��e4 2bQ{4N5��

HE/`����}~T�+´� CohCrhFehMnh

Ni 4G�vN��	 fcc ]^�Ï½º(���}~

Q3Å�8 GdhNihMn 4G�FG���4GvN

��	 XRDQK�?¿�z¢]^º(���}~¥

	�8 GdhO 4G�º�7Ó XRD ]6Q�5�v

M�º���ÏÌHE�����º	ÑÒvM��� 

 

 

 

 

 

 

 

 

 

 

 

� 1  CoCrFeMnNiGd

0.15

B���v ¡¢�£K XRD�¤m¡¢ 50 h¥��K9¦§ EDS8�m¡¢ 50 h¥ DSC¨© 

Fig.1  XRD patterns of CoCrFeMnNiGd
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 alloy powders milled for different time (a); SEM image of alloy powders after ball milling for 

50 h (b); DSC curve of 50 h-milled HEA powders (c) 
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Fig.2  XRD patterns (a) and microstructures (b, c) of CoCrFeMnNiGd
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 high-entropy alloy sintered at 1000 : (b) SEM image and EDS �

analysis; (c) TEM image; (d~f) SAED patterns of grain A, B, C in Fig.2c 
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Table 1  TEM/EDS analysis of grain A, B, C for bulky CoCrFeMnNiGd
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 high-entropy alloy in Fig.2c (at%) 
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Fig.3  XRD patterns of CoCrFeMnNiGd
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 high-entropy alloy 

sintered at different temperatures (a); lattice constants and 

lattice distortion in fcc matrix of sintered alloys (b) 
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Fig.4  SEM backscatter electron images (a~e) of the bulk 

CoCrFeMnNiGd
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 HEAs sintered at different 

temperatures: (a) 800 �, (b) 850 �, (c) 900 �, (d) 950 

�, and (e) 1000 �; (f) phase volume fraction of the bulk 

CoCrFeMnNiGd
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Fig.5  Mechanical properties of the CoCrFeMnNiGd
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 HEAs 

sintered at different temperatures: (a) compression 

engineering stress-strain curves; (b) hardness and relative 

density 
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Table 2  Mechanical properties of the bulk CoCrFeMnNiGd
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Fig.6  Fracture morphologies of the CoCrFeMnNiGd
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Microstructure and Mechanical Properties of Ultrafine-Grained CoCrFeMnNiGd

0.15 

High-Entropy Alloy Fabricated by Powder Metallurgy 

 

Long Yan, Zhang Weihua, Peng Liang, Li Guiqi, Peng Haiyan 

(Guangdong Provincial Key Laboratory for Processing and Forming of Advanced Metallic Materials,  

South China University of Technology, Guangzhou 510640, China) 

 

Abstract: The ultrafine-grained CoCrFeMnNiGd

0.15

 high-entropy alloy (HEA) was prepared by mechanical alloying (MA) and spark 

plasma sintering (SPS). The microstructure and mechanical properties of CoCrFeMnNiGd

0.15

 high-entropy alloy were investigated. Results 

indicate that the sintered CoCrFeMnNiGd

0.15

 alloy shows a multi-phase microstructure including the fcc matrix, a rare earth oxide (Gd

2

O

3

) 

and a tetragonal phase rich in Gd, Ni and Mn element. As the sintering temperature increases, the content and size of the precipitated phase 

increase continuously, the compressive yield strength of the alloy decreases while the plasticity shows the opposite trend. The sintered 

alloy achieves the best comprehensive mechanical properties at the sintering temperature of 900 °C, with compressive yield strength of 

1662 MPa, compressive strength of 2518 MPa, plastic strain of 30.6 % and Vickers hardness of 4580 MPa.  
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