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BT R BEREE ] ) AITICNICu @ & &8 K XRD 1%
Fig.1 XRD patterns of AITiCrNiCu HEA powders with different

milling time

Bl 2 ANFEIEREE I [ AITICeNiCu Fif & 68 KK SEM U MEREE 40 h 58 K EDS JG 170 A
Fig.2 SEM images (a~g) of AITiCrNiCu 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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Fig.3 XRD patterns of the bulk AITiCrNiCu 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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o BEERARE M &, S o Rbe gl 30%,
T INBECE, RAFAE D AR 9N R4 fLIN .
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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) - - - - -

R2 BEEEBEXAESY
Table 2 Relevant parameters of AITiCrNiCu HEAs

AHmix/ ASmix/
kJ-mol’! J-(K:mol)”!
-16.80 13.38

TwK  6/%
1628.14 6.49

Q VEC

1.30 6.80
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Kl 4 NG T Yok &4 f) SEM F1 BSE i v
Fig.4 SEM (a~c) and BSE (d~f) images of the bulk HEAs sintered at different temperatures: (a, d) 950 ‘C; (b, €) 1000 C; (c, f) 1050 °C

#*3 B4 1050 CREMSHAEEH EDS HIFER
Table 3 EDS results of the HEAs sintered at 1050 C

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 2484  3.07 24.99 20.89
B 7.2 8.2 76.0 4.5 4.1
C 22.8 17.0 8.4 142  37.6

WoNE % Cu JUE fec M. & Cr ) bee2 AHAIE Cu )
fee FHAEFEMARAL LI 35 A, LRl e 45 W 19 T

5 I'/nm

s, W Cr AVE Cu BT AR KK Ju A
RGBT, JRFBAS 4G, Croui 5HALITR
MRA A7, S35 s #4 G8ME, JUH Cr
5 Cu JGEMIBEI +12 kI/mol, FrllsE Cr AHAIE
Cu MW BT, B 4f @G S48,
w Cu 5 & Cr AHNT AL B AR, 2 HTIAAIX 2 Bl
TR T BB S A8 A 0 B AR AT H

AR WS N m A4 TEM 355 & AR
YIARRE R (3 X B AT S AERE W S B . 1 Sa~5c

000

K5 mRa4 i TEM M358 K RT 5 BE S
Fig.5 TEM bright field images (a~c) and corresponding SAED patterns (d~f) of bulk HEAs: (a) 950 C; (b) 1000 C; (c) 1050 C;

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

corresponding to a bee2 structure along [111] axis; (f) SAED pattern of grain C in Fig.5¢ corresponding to a fcc structure along

[011] axis
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I3 K] 1000 CHY 1.9 um A1 1050 C 2.4 pme.
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i, w Cu AHTE SR AT R AR K K. g 4 w41, D
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24 NFMEE

Kl 6a & AITICrNiCu = 4 4 16 Hs 4 . 7 - A% i
2 o &1 6b I fmn 0 A < [ R SRR R % 5 B e 4 il 3 A
TR . v, Mkeshi %k 950 CINF, DA bedh
W ERAG, A rh A7 A I8 5 AN S0 TR K R ROk Al R
BUK BB 25 FLIR 3 BUA 4 1005 B RN B0 BERIS, 43 i)
N 6.22 g/em’ Fil 96.38%. PN A7 [ e 45 Bt b 23 Al A
MBI E S, RS EX SN EY R, B
DL A 4 Fe A R 30 R S AR AR T, R AR
FMTEEAR TSR TR B, R B A G (R 1, s
2f i R S SR JE 43 53l 2 1546 MPa il 5.64 GPa.

e Sh i R 1000 CIN, % T R AT oG R 2 (0]
M B I 7853, Be 4 A BUR 1 = s G ok R Ok,
MORHA AT NS0 , A & 08 RS0 BE 4371k 6.29
glem® F 97.57%, ICIR4E50 S MEATII A 1593 MPa
HEAAH 1.60%M %1, 0l AR,

P gE IR R TH A 1050 °C I, 78 AR IR [R] AH [H] 1
FAFTR T v 6 A R 20 2 R R B T 1
SN, G R BUE S 6.30 glem® I
97.60%, 5 1000 CheZs Mt Al AL R, H

F4 [ES5cH 1050 CREBMTHEE EDS SITER
Table 4 EDS results of the HEASs sintered at 1050 C in Fig.5c

(at%)
Grain Al Ti Cr Ni Cu (6]
Nominal
o 20.00 20.00 20.00 20.00 20.00 -
composition
A 20.54 2349 1.15 29.05 25.75 -
B 6.53 8.67 T71.55 691 6.31 -
C 13.88 0.43 0.74 0.85  84.07 -
D 39.08 0.16 0.11 0.18 0.05 60.39
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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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Fig.7 Fracture morphologies of the bulk HEAs sintered at different temperatures: (a) 950 ‘C, (b) 1000 ‘C, and (¢) 1050 C
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Microstructure and Mechanical Properties of Low Density AITiCrNiCu 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 AITiCrNiCu 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 um. The phase structure of the bulk high-entropy alloy is
beel (matrix phase) + bee2 (Cr-rich phase) + fee (Cu-rich phase), and the density is between 6.22~6.30 g/cm’. 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 AITiCrNiCu 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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