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Fig.1 Morphologies of raw material powders: (a) W, (b) Mo, (c) Ta, (d) Nb, and (e) V

02,z TAE T NBLUES KRB, TIEERES
AR . BREEEHE )Y 960 r/min; BREHEL A 50:1; BREE
A 2> B 24 34 64 10 Al 14 he BEREESGUN M4l
S (99.99%)

W BREE 5ok A0k N G404 B TR BRI R R G
(TekSphero-40). BRAb i 2 o (1) 55 B 1 8 =i 56 5
TAA, L ETIAF] 8000~10 000°C, ¥y K45t 255 1
HE IS A AR s i, 7R SR T 5K J14E R 40 SRR, R AR
A B RERTE R . Bk T2 380k 1 fir.

R OHEEBTRELIZSH

Table 1 Radio frequency plasma spheroidization process
parameters

Parameter Value
Plasma power/kW 40
Powder feeding rate/g-min-! 20

Reaction vessel pressure/kPa 102.7
Centre gas (Ar)/L-min’! 55
sheath gas (Ar/Hz)/L-min"! 70/5

Carrier gas (Ar)/L-min"! 30
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Fig.2 XRD patterns of powders with different ball milling time
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Fig.3 Morphologies (a—e) and particle size distribution (f) of powders with different ball milling time: (a) 2 h, (b) 3 h, (¢c) 6 h, (d) 10 h,

and (e) 14 h
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Fig.4 TEM images of the powder after ball milling for 14 h: (a) TEM bright field image; (b) local TEM bright field image and SAED

pattern; (¢) TEM dark field image; (d) HRTEM image
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Fig.5 Oxygen and carbon content of powder with different ball

milling time

*W AMo EMTa « Nb ¢V
V bee

Ball mill powder

i
v
Spheroidized powd; v
v
% A g

W PDF#47-1319

Intensity/a.u.

MoNb PDF#65—578F
TaV PDF#65-7387 |
NbV PDE#65-9439 | . " .

20 30 40 50 60 70 80 I9O

26/(°)
6 ERALHT SR XRD &1
Fig.6 XRD patterns of powder before and after

spheroidization



- 3432 -

Wity e Jm A RS TR

53 %

N, BB 7b 20t AR HEAT EDS JCER Mo B,
AUEHRITTR AL, HoREELE S, By
TEER I AR R AP AE

8 NERAL G RIS AN EDS 0 3 1H 43 i o 418
JoR, BRI A NRER AR, BRSPS
201 4 B BUS: BORI R BORIE AL . TS R
ATHIR AU R 2 IR — BOA M R BRI b A2 55
3B B S AERIUS, AN 8a T LA FI /b8 5 Rk R
FAAE o X8 T/ BB R 2 BI04 8 1 b B
AR, RENSEETHRPL, SERAA
Ao IRl 8d o, ERACE R nEm A ), B R
TR, HEITR GRS RIS A WE .

HI T 23 # 1 B0k R B T 3R 0 A, TR R A
Jl G 381 50 W I T EE S 5 S AR R I By B B, Xk
JA 8L 3D FTEN S M 2, & 9 52 2 Mk R
AT EDS JuR M, MRS RE KD TRA
AEAS R Z B AE R A B, X 5 BRAL AT 81 4 oK
TR EREAR. N TR E R R SR ITTERZ
[ FR) 5 R, O A SR T I 7 3k BORE R AT X5 2650k
Jail oA, HAI S RINFE 2 P, BRACE R B4
J o 5 R ORI A i %, (H BB B R TR TR B

B 2 /N . B BE R BLERAIE 3D T B 9 B 75 AR
R R A T .

N TR KRB G H TR A oL, i —
AL EPMA B T 4% i ) & B A, a0 K
10 Fros , Bt A\ 6 386 5 1 8% A2 A 3R B 2 7 #1038
B g m . AEL 10b g5 F ] RLA Ry R UKL Y B R 4
o RARE AR, B I R 2 B gt X
AR R HUR A RE, R e A R I B ST &R
Ak, RIEE 6 Fron il XRD KIS, A& 2 4 1
VAT S0, P R B BRI M R o 48 E B RUIK .

BRAG TR Ry AR RLAR AT A 11 fros . 1A 11
AL, BRAK S R K Do Al Dso BLAZBE AT Bk /N,
Ds0=55.9 um, T Doo KLARIH/INE 25, Ky ARLBE 4347 BH
LA, XA T EREEE R R 2RO, WOBKE
ASCIN B E BRI UKL I 28 H S5 20T — R A RN [ 1
ROV UKL 204, 8] 0 00 45 =l R T 00K 1) KL B2 43 A1
BSEBRA PR TE o TRy R S ARAE B T AA ER A R R o,
FOREY R K B ek, RGO B A, HARKIE
N BBAN, B RAEBRA I R, RN B R
TR A 5y 52 A ZE RO, /NURL 0k K %2 05 1k
IEREE I FEPN R i 1T

Ta

Element Content/at%

W 11.51
Mo 30.04
Ta 10.54
Nb 27.49
10 pm v 20.43

7 EREE 2 h (KK SEM TSI EDS i il 40 H7
Fig.7 SEM images of powders after ball milling for 2 h (a—b) and corresponding EDS element mappings of W, Mo, Ta, Nb, and V (c)
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Fig.8  Morphologies (a—c) and EDS element mappings (d) of powder after spheroidization: (a) low-magnification SEM image;

(b) high-magnification SEM image; (c) cross-section backscattering image of powder
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Table 2 Chemical composition of powders after spheroidization

Element /% at%
w 31.65 20.24
Mo 15.60 19.11
Ta 25.90 16.82
Nb 17.4 22.02
\Y% 9.45 21.81

Fig.9 SEM image and EDS element mappings of spherical WMoTaNbV high-entropy alloy powder
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Fig.10  Cross-sectional SEM image of spheroidized powder (a) and
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Fig.11  Particle size distribution of powder before and after
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Fig.12 Oxygen and carbon content of powder before and after

spheroidization
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Fig.13 Thermodynamic calculation of reaction process: (a) Gibbs free energy required for metal oxidation; (b) Gibbs free energy required

for carbide decomposition reaction; (c—d) Gibbs free energy required for reaction of oxide and C; (e) Gibbs free energy required

for the reaction of oxides and H»
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Preparation of WMoTaNbV Refractory High-Entropy Alloy Spherical Powder by
Mechanical Alloying-Radio Frequency Plasma Spheroidization

Wang Fangiang', Shi Qi2, Liu Xin?, Liu Binbin?, Tan Chong?, Xie Huanwen?, Shen Zhengyan?, Zeng Meiqin'
(1. Guangdong Provincial Key Laboratory of Advanced Energy Storage Materials, South China University of Technology,
Guangzhou 510640, China)
(2. Guangdong Provincial Key Laboratory of Metal Toughening Technology and Application, National Engineering Research Center of
Powder Metallurgy of Titanium & Rare Metals, Institute of New Materials, Guangdong Academy of Sciences, Guangzhou 510650, China)
(3. State Key Laboratory for Advanced Metals and Materials, University of Science and Technology Beijing, Beijing 100083, China)

Abstract: WMoTaNbV refractory high-entropy alloy spherical powder was prepared by mechanical alloying and radio frequency plasma
spheroidization using elemental powder as raw material. The influences of ball milling time and radio frequency plasma spheroidization
process on powder phase, morphology, particle size and impurity content were studied. Properties of powder were analyzed and
characterized by XRD, SEM, TEM, carbon sulfur meter, oxygen, nitrogen and hydrogen meter, laser particle size analyzer, etc. The results
show that as the ball milling time increases, the low melting point elements gradually become solid solution to the high melting point
elements. When the ball milling time is 14 h, refractory high-entropy alloy powder with a single bcc phase structure can be formed. The
particle size gradually becomes refined with the prolongation of the ball milling time, and the impurity content increases with the
prolongation of the ball milling time. Powder milled for 2 h is subjected to radio frequency plasma spheroidization. The median particle
size of the spheroidized powder (Dso) is 55.9 um, and the oxygen and carbon contents are 0.054wt% and 0.021wt%, respectively. The
powder flowability is significantly improved to 8.4 s-(50 g)”!, and the tap density reaches 8.80 g-cm™.

Key words: mechanical alloying; radio frequency plasma spheroidization; refractory high-entropy alloy; spherical powder
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