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Table 1 Main chemical composition of the Ni and Ti alloys (wt.%)

Alloys C Co w Mo Cr Nb Al Ti Ni \Y
FGH%6 0.049 12.84 3.98 4.02 15.92 0.68 2.14 3.65 Bal. /
TC4 / / / / / / 6.50 Bal. / 4.13

1.1 EHikiE

EIGA TZ & —MiEEEEEFILTATINES
J& JEH B AL S SR E AR « AHF 5K A EIGA
T2l &mRa&MReem R, ShiksgrEEw
K1 fis. A P50 mm~P70 mm, K 500
mm~600 mm, FEEHIIFH 25 kW~35 kW, ZFib/E 1 2.5
MPa~4.0 MPa, S{AIRE 25 CHI 100 C, AR &
WMFE 20 kg/min~50 kg/min, FGH96 ik & & 1ak R &
W& 1 kg/min~3 kg/min, TC4 4k&&IEARERZE 0.2
kg/min~0.5 kg/min (3 2).
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Fig. 1 Schematic diagram of EIGA atomization equipment; (a)
Atomization equipment; (b) Free fall nozzle
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Table 2 The parameters during the EIGA atomization process

Atomization parameters Values

Electrode rod diameter (mm) 50~70

Melting power (kW) 25~35
Atomization pressure (MPa) 2.5,3.0,3.5,4.0

Gas temperature (C) 25,100

Gas mass flow rate (kg/min) 20~50

FGH96 superalloy melt mass flow rate .
(kg/min)
TC4 titanium alloy melt mass flow rate
(kg/min) 0.2~0.5
1.2 #RIRAE

EIGA fil# I RGN 3 DRI 28
(<250 pm). FGH96 ¥y K & il & i 50 4 FORLE B
(<63 pm) A1 TC4 FR& €k XKBOL b T RLEE B (15

um~53 pm). RHABOGKIEE 734X (laser particle size
analyzer, LPSA), #3##iH T 254 (scanning electron
microscopy, SEM), ZhaEE-#71{X (dynamic image
analyzer, DIA) , DLJ X SZWIZHHH A (X-ray
computed tomography, X-CT) Z&5ait B A A [F 554t
ST & W iR S SRS S RIEATRIE. K&
A 35 P s B P LR R 2 SO 0ok, KR e
KERIA IR E SONERIEAD , HERIE R BEE T 1.

KH LPSA 73 Hrky ARLEE e Hop Al . HUE B A<
AR, WA SR BUE NS F. RIERHE
an BEAT A, A B 5 SR A A (R A A 2%
TREAT o IR I KR 2220 0.3 mL HPR R,
TR B M AR FR 22 /00y 500 mL . B A
i REE L, G IR R 5%, JFaRl.
BURBUBH BELE 5 % 15 R[],

ffif FEI Nova Nano SEM450 434 tf 1 &4 5%

(SEMD XPFrRES#EAT RIE. K@ B KE T 3H

b, SR HISA . BENLEREZ M UZEEAT W,
IR ARIEHZE SR . ZITE N AR SHON &
iR A e MR & SR R TR B T B8k .

] 148 E Microtrac A 7] 42 /=[] Camsizer X2 37

BE T (DIAD X #y R BRI FEEAT 2 &0 Hr . BUE
B ATRNVERE, B S92 8 oK, JEEH] 2
£ 420 JIEER B SIREEAR LA BRORL , B i 3
min~5 min, PARAORAG I 2 R0k 25 BT 1000 54 .
fi F Camsizer X2 73 M8 AF ALBRAORL R , 515 2%
RIESRRIRMESE, FIAH Origin #A4-XF Camsizer X2
BAPSRI R AT 22 . BRIBEE (SPH) R
KGR BRIE IR 28], AR

4 A

SPH = |- (D

A, ARRBRILTA, PRRBREK.
I X-CT HARX 20 AT . BUE B RR
<63 um FJE SR, R ARFEAR T R 02 mm x 2 mm
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Vi AU RO X, SRIBUBITRL A — 28 = BB
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PR AR R 45 R

2 SLIGZER

2.1 BRAE

AR RN AS [F] G S8 ARLFE PR e P 2 s o
Xt A SR, UAMIREE N 25 CHY, B 1L
JE ST, AR B RAR Dso BN, H 96.3 pm [
% 75.5 um. 1, 2.5 MPa F+ % 3.0 MPa i, Dso F#{i
BN, H196.3 um FFZE 95.4 pm. 24/ 3.0 MPa J1 £ 3.5
MPa i, Ll 3.5 MPa J % 4.0 MPa i, Dso FAGIREEE
K, H 95.4 pum BEZ 82.5 um, FEFEZ 75.5 pm.
A LAE )B4 £ S8 4.0 MPa PR KRR/, N T
BB, NEAEEAT M HFET
9 4.0 MPa i, FfE AR S 2 100 C, BokH
{ERi1E Dso B, B 75.5 um 3 —H %% 63.8 um.

RSB SRR, 1F 4.0 MPa FALIE I, %
SRR FET T, KR Dso [RIFE S ILFRACIE S, (H2 0%
RIERER/DN, H 89.3 um F& % 86.0 um. BTN &R &
SHERE S R IDRLE 25 RAT LL b, KINBE S 514
1 B ARRLEEA WAL, i — 2T s SR,
A LSRR — B AR R R . S IR il &
SR AR ARG B LUK & & T B .
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Fig. 2 Effects of gas regulation on the particle size of different

alloys; (a) Effect of atomization pressure on FGH96 nickel-based

superalloy; (b) Effect of gas temperature on FGH96 nickel-based
superalloy and TC4 titanium alloy (4.0 MPa)

2.2 HRFEFH

FACE S0t il G Ak R R TH SR A s ] 3
Fimn. BE&ESZAE S F AR A KR A Wb,
NFRRLANBIE 2 o S50 70 2.5 MPa i), By K 47
ERZ HIMIRIE M R . BEE FZ 40K 1% 3.0 MPa,
KA FIRER AR R IE s>, BATE S, T HLA48 R
TERD, KR/NBRLZ RIRE > . 55 AE Ji
—B T+ & 3.5 MPa ltf, By K HEERIE M R &, (B2
PEMSEZRHNZ, ZHEFRERTSER KEHR
A7, MFEAE SN 4.0 MPa i, ILETAR BIHEER I i
b, HRETERSE;—BHL, HRERTEEE,

K 3 ZALE I i & B R TSR IR (a) 2.5 MPa; (b) 3.0
MPa; (c) 3.5 MPa; (d) 4.0 MPa

Fig. 3 Effect of atomization pressure on powder morphology of
superalloy; (a) 2.5 MPa; (b) 3.0 MPa; (c) 3.5 MPa; (d) 4.0 MPa

HFEIETT 4.0 MPa B, AKX R A S A
BREEMMAF &S AL EAE 4 o, &
el a S AR, BEMNESN 4.0 MPa itf, BEES
PRIREEH 25 °C TFZ 100 C, mil & S0k AR T R4
SEEZ, DERSE/MET R, SERATLINE M
AR

HXTERESMm AR, 1E 4.0 MPa ZENT, HE
SEIERETHE 100 C, BR AR SR R £,
TEBGE/DMEREC BARESHZL . EMFRZLE
TR T, @RS EEL, RRaGSmAR
T EER SRR, AREIEL .
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Powders with gas pressure of 4.0MPa
Kl 4 SRR EXA RS S ATES I, (a) ik aErE 4.0
MPa & J3Hl1 25 °)CRARIREF; (b) HiR&41E 4.0 MPa JE /Al
100 °CSAREEF; () BKE41E 4.0 MPa JE /71 25 °CA AR E
T; (d) kA& 47 4.0 MPa JE /31 100 °CHAREE T
Fig. 4 Effect of gas temperature on the powder morphology of
different alloys; (a) superalloy under pressure of 4.0 MPa and gas
temperature of 25 °C; (b) superalloy under pressure of 4.0 MPa and
gas temperature of 100 °C; (c) titanium alloy under pressure of 4.0
MPa and gas temperature of 25 °C; (d) titanium alloy under
pressure of 4.0 MPa and gas temperature of 100 °C

2.3 MARKE

AR X A SRR A SR R BRI BE 5 i
wmE 5 Fior. BEESWE TR, miE Sk RERE
FE STt wn E B AR, IR A K, 7E 3.0 MPa i
R B, BORAEN 0.9810. 4540 )E /124 4.0 MPa
i, SEEETEZE 100 CH, mika 8 KEREE
P, H0.9786 F&% 0.9771, FHRIEEARWE. 55
BAESAR, WESERET S, KESHRERYE
ThE, H10.9549 FF& 0.9680. R Ei TS 5451t
T, miREEMARREER TREEH K.

3
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Fig. 5 Effects of gas regulation on the powder sphericity of different
alloys; (a) effect of atomization pressure on superalloy; (b) effect of

gas temperature on superalloy and titanium alloy (4.0MPa)
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Ht

D

TR RS T R AR R LR,
ARG SIS, ARG -EEAE, Rk
A 1 FL IR i B T R B 28 A K B 5 AL IR A O
UST, skt I G R, BT RSB E B
P BEE, 2 B - AR R R R R BB X T iR &
FIERE A BR . Rk, & TR KRG & R R A
FGH96 &4, JE T 0N Ai. 4REMH,
SRR 0 S BT — . AR TR Y
A &0 S EREEWE 6~8 Fir. MEZEL
FE1 T, M ARAEARSL R A S T s 5 PR, AR FE
UK, fE 3.5 MPa Bk B KME, fKRIEHN 0.014%.
BEESAEER 25 CHHE 100 C, FOMSEART
B, ¥ RAARFFLBR B 0.006%/MEE 2 0.01%.
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Fig. 6 Effects of gas regulation on the hollow powders content of
superalloy; (a) effect of atomization pressure; (b) effect of gas

temperature (on gas pressure of 4.0MPa)
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Fig. 7 Effect of atomization pressures on hollow powders content of

superalloy; (a) 2.5 MPa; (b) 3.0 MPa; (¢) 3.5 MPa; (d) 4.0 MPa
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25 )CRAKIRE R (b) (d) 4.0 MPa JE /7F1 100 °C AR E R
Fig. 8 Effect of gas temperature on the hollow powders content of
superalloy; (a) (c) under pressure of 4.0MPa and gas temperature of
25°C; (b) (d) under pressure of 4.0MPa and gas temperature of
100°C
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FGHO6 =il & 41 TC4 2k & & #W S Hun E
9 fisr (JMatPro 1153k, FIILEE & &K E S
MRS BENBR, BEEREN G, HE R
fE. W ARE K AR EZR . BRI E £ 27
Bl R EAAT TR, IR FE AR et FE
SR B MAEEAL. T EERRZ LR
Br, LA H R E S E LSS B B 5 )
S0, Lubanska $& H S Z AR K R E RS (Dso)
ALEI BL R o6 R AR R 471,

1/2
Do g || 1 |V )
d, " m, v ,We

Horr, Weber 1 (We) it LA R AT

2
plur dO
O

We = 3)

AR () M ) o, d, NSREER, k, N
WA, T REMERIE, k, I EE

40~50, m, B m, Sy BUMBKRSEIRRTE, v,

v, SRS RR SRR B IR, p, I,

u, NRSIERARIERE, o ABEARRIK .

W, HHESHARN, BARPERAE Dso FH
SRPEAREIE . R K A LU KN, 5 G
SR, BR A ed AR, REEEMERMK A/, EH
THEENEKEZ, B, Kea&BEHaton, ®
TR REBE AT il 5 B 780

BBk, REREEAET D RS L
EAMNTZA AR AR AR R R, HIELE
BURAS RS A B E0E TR R, EHAS
TER IR L . Reale We BUR, TTRERIA
FHRFACH I TR, SBORBIEEA D,
R RB AR WA . F, £MEATZSHT,
H RS M AR KT Rk & 8.

[, BTk Ee® R KB, — 751,
Wy ARBREHERE R, By AR KL, A ACBE [ I TR BE A,
g [ PR 5/ UL AR > i P 550 K VR0 A A AR At 432 14
JUSSEN; —Jrm, # BRI SRR AE
FA R Bk A A S A S TS, 00 R R0 AR 2
HaEE, FEHAZHLTZSHT, TC4 KEekh
AREHREREGEER, REEILHRESERK.
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Fig. 9 Thermophysical properties of FGH96 superalloy and TC4
titanium alloy; (a) Density; (b) Specific heat; (c) Liquid viscosity;

(d) Surface tension
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W, PEIRASE 3P 32 45 0008 T I A R0 T 11 B e 25 R
BUE, AR A A o A SO E T Yl
AR FACE F7, B AL E F75 AR S 3 R
VLK 10 s (FLUENT B ED . B0 7 ARFEZ%E
PR 0 S FE AR I A sg e, R IBE S S5 1L
JE 7781 2.5 MPa 712 4.0 MPa J5, i3 45 9 th TF iR #5647
iR, BEAHSRRA A R A B I . SRR
PRHIBE e F 35, [0k, /£ 4.0 MPa ZAbJE f1iT,
R AR BE R — 20 AR B A4k .

Velocity

E 10 ZA4kE J3x H IR AN i AR 5200 (a) 2.5 MPa; (b) 3.0
MPa; (c) 3.5 MPa; (d) 4.0 MPa
Fig. 10 The influence of atomization pressure on the transition
between open wake and closed wake; (a) 2.5 MPa; (b) 3.0 MPa; (c)
3.5 MPa; (d) 4.0 MPa

3. 3 SRIEERTH ARALEE R B 1R 2N AL )

AR R AR EERLIE I B RS2 M AL a1 11
JT7 - FGHO6 il & 4 Al TC4 5k & &AW it 2 3017
ERIX ], FGH96 %R, KiEFRMmEK IR, i
W7 5. AHERSHSET, FGHI6 Lt TC4 FifE
N, BB, HXNAREGSE, BEZSHEHAE,
PSRRI 0 O FEA WG K, 7E 4.0 MPa fFH
FEim A R AR, KR Dso FREEFAK. fEMLIEAD |-, 78
4.0 MPa LK, FHEASAERE S 100°C, K
Dso it — D% . MIEFRAEMIRSTTRE (X 4):

pV =nRT (4

b, p ARMRIIES S, V OSRERAER, no

SARBEREL RNSAEFERL TSR,
HAEE AR, THRAARE, A
., AIAERSARsh s, Sl et kshfes
Wi o R IR AR, Ik, ERm ksl e
S AEH R NS 7, AR AR B — 2B A
Wt VR JRURE B AN T A, 15 25 = PN )/
KU 3% 55 1B T =, 7E 2.5 MPa il 3.0 MPa %46 7)

N, HTYMLREEA R, S EORE/ R RS, A
AR IIER Y FE i A AL B EAT AN A = it — Do
FALE S % 3.5 MPa Fil 4.0 MPa i, BT 7742 KB A4
NIRRT PR R T ORI R,
REE MR, Rk, 4F A F7IAF] 3.5 MPa i, [l
MR T, TERSEAS, MABEE
FEURZET . HMFAE SN 4.0 MPa I, WEEAE
FEERE AL, AR IEMRESER—DME, HAREH
IR,

DR AR A BB AR 3R, B 40K J1H 3.5 MPa
FHZ 4.0 MPa, FiHZ4H BTN NN, BARAA
RHEIEEFE 11 m/s, TGRSR
B SR R FE T, SR A R AR 2
Yk, MARMBERIES 455, H0 T RERE R, Kk
I ARAE B BT O R AE TR BRI, BT DALEEAS 24
BRIERRL. [FIEF, BEAE 208 S EAWIE N, RS
RRGEFE TR, WA SRELARRE R I, M A
B AR [ AL R, SR TER S ET R,
M ARG %

£ 4.0 MPa 4L E TR, AAERIREFE 100 C
B, T AR B S RN R v, VRO AR S D AR
5, By Dso #E—B K. AR, BESEEEASE
100 °C, Bl & EK R BRI FE/NME PR . K 9 7E 4.0MPa
FWEIT, #— B AR, AT T = A
WA SR, NS Ashee, FibaMaan &
BHE— T m . B LR FHBURL 2 [R] F Rl AR 1S B
RIZ, SBTEREETR, MARREERK.

B2, SERae&AE, EAMEES, TC4
KA S ARBRIE B /Mg, RS R A Sk
R IR Lo B ARG AR, R B 4a 4k 5 2 Bk % B2

o RCRE KT SO/ S A i I TR 2 R
Kk, BEERM AR, B ARBRIEE/NET &
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Fig. 11 Synergistic effect mechanism of gas regulation on particle

size and morphology
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AR Z AR KRR A 7750, T
TARZE S R FZNSEREN ARG SE R (B
Bl A SMEE S AR EFRIE I, HR
T EIGA ¥ #2 sp S 3% (A0SR ) AR D
SRR CREEEFIRLIE) B bRz mapLa], 7383
BRI
(D xR G E8mAR, USEiRE 25 Ch, %
tJE 1T, By AR R {ERLAR Dso 963 um [FZE 75.5
um. HEALE SN 4.0 MPa itf, BEESAEETE,
KoK Dso B 75.5 um 4kS:[% % 63.8 um; &5 4k & &8
K, fE 4.0 MPa FALIE i, BESEIRETHR, WA
Dso FARIREE /N, H 89.3 pum F%% 86.0 pm. S A&
T UL A AR AR BE 1 40 Ak R LBk A 4 8 i i
2, MRASKSHT, miEa&mARENTRES
WA
(2) BEZWE TG, miRESh RKERIE LT &
Ja PR, ARALIREEAS K, 7 3.0 MPa I IiEF A H,
RN 0.9810. M54 18 4.0 MPa i, S Akl
FEFHZ 100 CHF, Ky ARBRIELELH 0.9786 F£ 2% 0.9771,

RRIEEAHE. SEESESAHE, MAEEEFE,
A4 K RERFE H 0.9549 F+ & 0.9680. R T 2%
B, mESEMAREERTH®RESEMEK.
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Effects of Gas Regulation on the Characteristics of Nickel-Based and Titanium
Alloy Powders prepared by EIGA
ZHANG Lichong', CHEN Hao?, LIU Yufeng'!, ZHENG Liang', XU Wenyong', LI Zhou!, ZHANG Guoqing'
(1. Science and Technology on Advanced High Temperature Structural Materials Laboratory, AECC Beijing Institute of Aeronautical Materials,
Beijing 100095, China)
(2. No.6 Military Representative Office of Equipment Department of Air Force in Beijing, Beijing 101300, China)
Abstract:  Electrode Induction Melting Gas Atomization (EIGA) is a crucial technique for producing ultra-high-purity metal powders, as it is a
crucible-free powder production method. This study focuses on the nickel-based superalloy FGH96 and the titanium alloy TC4, and investigates
the effects of atomization pressure and gas temperature on the particle size, morphology, and hollow powder content of the alloys. The study
combines atomization experiments with powder characterization. The results show that at a gas temperature of 25°C, increasing the atomization
pressure from 2.5 MPa to 4.0 MPa, reduces the median particle size (Dso) from 96.3pum to 75.5um. The sphericity reaches its maximum value
0.9805 at an atomization pressure of 3.5MPa. The powder volume porosity also exhibits a trend of first increasing and then decreasing. At an
atomization pressure of 4.0MPa, as increasing the gas temperature to 100°C the powders further refine, with the Dso values for FGH96 and TC4
powders decreasing to 63.8um and 86.0um, respectively. The gas heating effect is more pronounced for the superalloy powders. As the gas
temperature rises, the powder sphericity of the superalloy remains unchanged, while the powder sphericity of the titanium alloy increases slightly.
The powder volume porosity of the superalloy slightly increases. Due to differences in viscosity, surface tension, and density between the two alloy
melts, powder characteristics such as particle size and morphology exhibit distinct variation trends. This study provides a theoretical basis for the
customization of powder preparation processes for different types of alloys.

Key words: EIGA; FGH96 nickel-based superalloy powder; TC4 titanium alloy powder; gas regulation; powder characteristics
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