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¹ 1  º»Z[\]d AlTiCrNiCu�XJ�bc XRD¹¼ 

Fig.1  XRD patterns of AlTiCrNiCu HEA powders with different 

milling time 

 

 

 

 

 

 

 

 

 

 

 

¹ 2  º»Z[\]d AlTiCrNiCu�XJ�bcd SEM½¾LZ[ 40 h�bc EDS`a¿¡À 

Fig.2  SEM images (a~g) of AlTiCrNiCu alloy powders with different milling time and EDS element mapping (h~l) after 40 h milling:  

(a) 0 h; (b) 5 h; (c) 10 h; (d) 15 h; (e) 20 h; (f) 30 h; (g) 40 h  
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¹ 3  º»QRgWÁ�� AlTiCrNiCu �XJ�d XRD ¹¼

f�XJ�²�ÂÃ�²ÄÅ~4QRgWÆÇÈÉ 

Fig.3  XRD patterns of the bulk AlTiCrNiCu HEAs sintered at 

different temperatures (a); graph of lattice parameters and 

lattice distortion of high entropy alloy at different 

sintering temperatures (b) 
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Table 1  Atomic radius and the mixing enthalpy (kJ/mol) 

Element Al Ti Cr Ni Cu 

Al (0.143 nm) - -30 -10 -22 -1 

Ti (0.146 nm) - - -7 -35 -9 

Cr (0.128 nm) - - - -7 12 

Ni (0.125 nm) - - - - 4 

Cu (0.128 nm) - - - - - 
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Table 2  Relevant parameters of AlTiCrNiCu HEAs 
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 4  �������������� SEM� BSE�� 

Fig.4  SEM (a~c) and BSE (d~f) images of the bulk HEAs sintered at different temperatures: (a, d) 950 ; (b, e) 1000 ; (c, f) 1050 � � � 
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Table 3  EDS results of the HEAs sintered at 1050 �
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 in Fig.4f (at%) 

Zone Al Ti Cr Ni Cu 

Nominal composition 20.00 20.00 20.00 20.00 20.00 

A 26.21 24.84 3.07 24.99 20.89 

B 7.2 8.2 76.0 4.5 4.1 

C 22.8 17.0 8.4 14.2 37.6 
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 5  ����� TEM�� !"#$% 

Fig.5  TEM bright field images (a~c) and corresponding SAED patterns (d~f) of bulk HEAs: (a) 950 ; (b) 1000 ; (c) 1050 ; � � �     

(d) SAED pattern of grain A in Fig.5c corresponding to a bcc1 structure along [111] axis; (e) SAED pattern of grain B in Fig.5c 

corresponding to a bcc2 structure along [111] axis; (f) SAED pattern of grain C in Fig.5c corresponding to a fcc structure along 

[011] axis 
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Fig.6  Compressive engineering stress-strain curves (a) and 

hardness and relative density curves (b) of the bulk HEAs 

sintered at different temperatures 
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 7  �����������9:DEFG 

Fig.7  Fracture morphologies of the bulk HEAs sintered at different temperatures: (a) 950 �, (b) 1000 �, and (c) 1050 � 
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Microstructure and Mechanical Properties of Low Density AlTiCrNiCu High-Entropy 

Alloy Prepared by Spark Plasma Sintering 

 

Zhu Dezhi, Wu Jipeng, Liu Shiwen 

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

South China University of Technology, Guangzhou 510640, China) 

 

Abstract: Low density AlTiCrNiCu high-entropy alloy (HEAs) powder particles and bulk HEAs were prepared by mechanical alloying 

and spark plasma sintering. The effects of ball milling time on the alloying process of various elemental powders and that of the sintering 

temperature (950~1050 °C) on the microstructure and mechanical properties of high-entropy alloys were investigated. The results show 

that the high-entropy alloy powder is a single-phase bcc structure. As the ball milling time increases, the powder particle size first 

becomes larger and then smaller, and the final powder particle size is about 20 µm. The phase structure of the bulk high-entropy alloy is 

bcc1 (matrix phase) + bcc2 (Cr-rich phase) + fcc (Cu-rich phase), and the density is between 6.22~6.30 g/cm

3

. The increase of the 

sintering temperature is beneficial to the metallurgical combination of high-entropy alloy powder and promotes the densification of the 

bulk high-entropy alloy materials. When the sintering temperature is 1050 °C, the AlTiCrNiCu high-entropy alloy has good comprehensive 

mechanical properties, and its yield strength, compressive strength, plasticity and microhardness are 1410 MPa, 2000 MPa, 9.13% and 

5.14 GPa, respectively. The analysis considers that a high sintering temperature provides sufficient energy for sufficient diffusion between 

the atoms of the elements. However, TEM analysis indicates that a high sintering temperature also promotes the aggregation of the 

dispersed fcc-rich Cu phase at the grain boundaries. 

Key words: spark plasma sintering; high-entropy alloy; microstructure; mechanical properties 
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