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Abstract: MoNbTaW powder prepared by spray granulation was used as raw material to prepare spher-
ical refractory high entropy MoNbTaW alloy powder by RF plasma spheroidization. The effects of
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spheroidizing power, carrier gas flow and sheath gas composition on the spheroidization rate of powder
were studied. The morphology, phase, particle size, fluidity and microhardness of the powder before and
after spheroidization were measured and analyzed by scanning electron microscope, X-ray diffractomet-
er, laser particle size analyzer, Hall velocity meter and nanoindentation test system. The results show
that the powder is not alloyed after ball milling, and the powder is completely transformed into body-
centered cubic phase after spheroidization. When the plasma power was increased from 32 kW to 40 kW,
the nodulization rate increased and the nodulization rate was close to 100%. When the carrier gas flow
rate was increased from 1 L/min to 4 L/min, the surface nanoparticles of the nodulization powder de-
creased and became smoother, and the nodulization rate was close to 100%. After the carrier gas flow
rate was further increase to 7 L/min, the powder appeared unmelted particles. Adding hydrogen in the
sheath gas was helpful to improve the spheroidization rate. After spheroidization, the particle size distri-
bution narrowed. As a result, the vibration density was increased from 2.00 g/cm’ to 8.33 g/cm’, the
loose density increased from 1.43 g/cm’ to 7.24 g/cm’, and the Hall flow rate increased from 50.8 s/50 g
to 8.5 s/50 g. The resulted microhardness reached up to 8.57 GPa.

Key words: MoNbTaW refractory high entropy alloy, ball milling, spray granulation, radio-frequency
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Fig.1 SEM images of raw powders
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Fig. 2 Particle size distribution of raw powders
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Table 1 Process parameters of radio-frequency plasma
spheroidization for MoNbTaW refractory high
entropy alloy

PR HA Y W B

P DIRAW

(grmin™)  (L-min™") (L'min™")
1 32 10 4 Ar 75
2 32 10 4 Ar/H, 75/5
3 32 10 4 Ar/He 75/5
4 40 10 4 Ar/H, 75/5
5 40 10 1 Ar/H, 75/5
6 40 10 7 Ar/H, 75/5
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2.1 MoNbTaW MEME = b & 4 A gk Ak A il 5

& 3 2 2 Zr 9IRS IR ER B R] 8 AR A o0
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Fig.3 SEM morphology of powder under different ball dry grinding time
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Table2 D,,, D, and D,, values and carbon and oxygen content of spray granulation powder with dry ball milling for 2, 4, 8,

12h
EREEHT ] /h D,/um Dsy/um Dyo/ym w(C)/% w(O)/%
2 1.98 544 143 0.22 0.28
4 1.69 4.58 12.7 0.35 031
8 1.15 2.75 8.70 0.44 0.42
12 1.12 2.88 14.6 0.57 0.52
by A 15.8 347 66.1

X BRI+ BEAS[F I R A A CL O Frs bt
TR, 5 2 fion. ATRLEBIMAR CL O &
SEYBEEREE B G s . Hrh, ¢ 38Ok Ak
JEERE (1) 5 DU 9 2 N A, O DI TR BR S 5 A A A it
AR, LR THAG R, M2 M BREREH S
RN O NT F—2thii RIT R sh s, ff
WEELIRAY C. O & iE, ZRBRIES. KA1 Fil C.
O i, f R R FEERES 8 h (KA A AT 5

4 AR R M A TE S . A 4(a)
AT UL, R A 10 S AT BRIE , (E A7 50 o0 s
PRGBS CANET R T7R ) o HBHER AR A5 7E
B AL E T BN, WO A T I R
FMK At S AR K, T LI T 2% T IR
£, FEONF PVA Ok ) 0 R TR, 7R I fE
FH R W AR T B i RSSO, B WA 2 fi T PVA

T [v1) R THT 930110 0 P T8 R T T Hg bR, B0l N
PRI 378 2 PRSI, PR i R TR T8 BE A, ot
FERERE Y T 4(b) Hrnl LATE i S ik Ry R R
TR , A1 2 LB, #9 A 2 Hi 41/ NBORL AN R R
LRGSR, T IE 2 5 A AR ARG R, Rids
AR AR AR R . g 2 BioR, dERIB R Dy, M
34.7 pm, X IER AT T EDS WA, 45 R K]
W. Mo, Ta, Nb WUFhTCZR /M5, 5 B
FHIE, PRI S IR L
2.2 BRIESBOS BRI AR A5 10
221 BRALIDFRXERAL A A5

PEHER 1 5 2 ARG 4 A SRR S B
IRDPRXS BRI AR B . A5 B TR D) H A Bk
At i v B R AR TR R A B AR Y
AR FERERITIRT, AR R W R 2 0%



2

AT, S SARAE B TR & BRTE MoNbTaW MERE Rkl 5 &k AR 15T - 163 -

IR IT HAEE e etk . B 5 R ERIE %R
T MoNbTaW &R AR (Y TE AR . 1T LA b Hb %%
S by AR BR Ak 2 Bl 7 45 B9 AR Ty 48 K BH g 42 T
40 kW T # AR BRIL R 100%, 10 76 AR D) R
(32 kW) T, By oK A7 TR 5 22 109 A J ok A B oA ¢

RERACHYIORL . AT RN, o TRk A R
M 35 A7 1 B A ) SORY, A SR A — R TR AT B
KL, P AR AR i ) FLIBRTR AT LU SR TR AHAECR,
32 kW HYBRAL IR BRI A R o A il I
BNRER

V%
JLHE
H#z S
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B4 BETRMFR SEM F51(a) (K15, (b) SEF0 EDS A%
Fig. 4 SEM images of spray-dried powder (a) low magnification; (b) high magnification

(a)(b) 32 kW
5 AEEBEFEINEFEHMK SEM ER(REEMSER)
Fig. 5 SEM photos of powders prepared by different plasma powers
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Fig. 6 SEM photos of powders prepared with different carrier gas flow rates
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Fig. 7 SEM photos of powders prepared with different sheath gas components
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B8 IRETEHFR XRD i
Fig. 8 XRD patterns of powder before and after spheroid-
ization
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Table3 Carbon and oxygen contents of granulated

powder and spheroidized powder %
BIARFNSE C& i OF it
w 0.003 6 0.016
Mo 0.003 1 0.081
TaH 0.004 0.038
NbH 0.016 0.008 4
BREETEE8 hie 0.44 0.42
TR 2.96 >1.50
ARG 0.058 0.55
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i Mo SR E N 32.84 %, Nb, Ta IR Z, W &%



- 166 - W gk Pl K

2025 5E5f 46
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(a)(b) B2 80 um HA; (c) (d) A 130 pm KK
B9 ARERSTBALMKRAESBE SEM F3 B FL 818
Fig. 9 SEM and EBSD of cross-section of spheroidized powder with different sizes
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JLHR
fE1 {2 ACK]
Nb 0.00 2.25 31.34
Mo 0.00 0.00 32.84
Ta 0.00 10.10 26.18
W 100.00 87.65 9.64

10 KREEEEUIKLMFK SEM 5K EDS SHL5R
Fig. 10 SEM image and EDS analysis results of incomplete alloyed spheroidized powder
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B 11 ERHRESMEETHREEEUNTE
Fig. 11 Schematic diagram of granulated powder alloyed by RF plasma spheroidization
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