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Preparation of high quality spherical powder of TC4 ELI titanium alloy
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Abstract: Using titanium alloy rod TC4 ELI as raw material, spherical TC4 ELI powder was prepared
by plasma rotating electrode method (PREP). The effects of current and electrode speed on the particle
size distribution and powder properties were investigated. The morphology of the powder was observed
using a scanning electron microscope (SEM). The research results show that when the current remained
constant at 600 A, the yield of 53~106 um TC4 ELI powder increases with the increase of electrode
speed. At an electrode speed of 44000 r/min, the yield of powder with a particle size of less than 106 um
increases slightly with increasing current. The obtained powder has a loose packing density in the range
of 2.59~2.72 g/em’, a compacted density of 3.0 g/cm’, an oxygen content in the range of
560x10~°~750x10"“and a fluidity(calculated as 50 g) of 30.6~35.7 s. The powder has high sphericity
rate, good sphericity, smooth edges without impurities and a sphericity greater than 90%.

Key words: TC4, spherical powder, plasma rotating electrode method, yield

Y5 B H#3:2023-12-07

BE&WH: /W4 E SRS E (475: 2020YFG0215) .

YEE BT s 63, 2000 4F W A, Lo, WO I BERE A6 N, A 0 5% AR, 32 2 A SR L AKORT A1 R BT 3 R BF 5T, E-mail:
1148077417@qq.com;  IVEHE: D%, 1972 4R A, 2o, PUIBRBHN, #5042, 322 SR BBRORT MRL BT H AR T LR 9 IR 25 &
5T, E-mail: hudie5656@163.com,


https://doi.org/10.7513/j.issn.1004-7638.2024.04.004
https://doi.org/10.7513/j.issn.1004-7638.2024.04.004
https://doi.org/10.7513/j.issn.1004-7638.2024.04.004
mailto:1148077417@qq.com
mailto:hudie5656@163.com

.24 - W ek #8K

2024 45 45 4

0 Bl%¥

BRG 4 DR ELAT S om B (R RE L JE hL IR
T K R I AR A AR A R A, CAENG PR Lt
HLRUEE S BB, FE AN SR A AR B
5T 24 P ER IR S LT 2= e hg L A WP
E5) L7/ N N 1) 7 N TA S R .0 e 107 N E R R B
Ml T 5 L AT ek A S e . b L kA
LA A8 Z R GRS, DA 30 i T e =
FsE b, F= R A, BRI — 24 I -

H b, & &3IE B ARG & T 2H s Ll
(GA) ., B FYUMFAIE (PA), S Tl k%
fb¥: (PREP) DL J2 2 85 T ER 1k (PS) Fi R . PA il
W ARBINZ R AP&C A FIZEWT . FH L GA 1 PS
AR, PREP il % 1A M ARHA & AR, KN
T BE 2D | b B oA Ry BRI Sy A BROE B v AR AR
JET PREP R o T 55 B AR s e (1 LA
sk iy T A5 A S TR JIBE,, Y v R e 2 50 4
I B, T N TE TS T R TR e, FER
T3k FIVE R R IE BRI A A, % T 20 il a9 ik A v dkt
B T S EGEHRE i, > T V5 GRS, B A O
3 TR BRI B 1 BUAR /D S R R A K
K EE A B T 2S8R RST ek
FE B HISAR LG SR L R/ INEA B R
I Sk A5 FARSEN YT HAFSE T PREP
ARSI TE N £ WA Inconel 718 M, &5
F W] PREP 151l 25 R K BRI B 55, 24 & /b
R 2 RIS AG Y AR AR o B AR X A AR
FEA I 2 R, R R R BROE B B AIG, BT
IR IC R Bt ™, Hsu T I 2" BF5E45 L f b 1)
B O BT ERIE M R O RLAR 0 A B2 . Tang
WV 5 K BUAE A [R) % 3R B PREP 32 il 4 19
Ti6AI4V KA LIERIE | TR AVRASHLIN A = A 8
FEALE, [ Bl SR A 38 o, R ok AR vh o AR, FLRLAR
N

3 % E URHE 4 ) TC4 ELL HL AR A E
7= PREP 134, i1 A28 i 375 R R AR R R 3k, BIF 9
<106 um TC4 ELI ¥y A B SAS S A e, 15 3 T 3%
FHT EBAM 44438 9 TC4 ELI BRIE WA . % 0T
58 JEURE R 2% () T P A X SiE AR Pl B, R A5 0
Jo B KA 4 1A i 2 A Ak, S s v s FH AR 3 4
MR = fE BA F 2

1 REARE &

1.1 eSS T2

WA - RIS 5] TC4 ELL &4k, W Hom
T HL@30 mm FFRIE FFEHAR (Fh2= 20 26 1),
THEEEN IT16, BEALUREAE S AH s IgE, 15
BF W GEH S, AR /N, AU (LA D)
KRS Ry SLPA-D B 53 I 55 B3 T ek 554k
il Ry 15 2%, 76 HLIR A 600 A, HE R B B 43 i
36 000, 40 000, 44 000, 46 000 r/min Kz FL % 5% 3
44 000 r/min, L3435k 450, 550, 650 A PG Fl T
SSHCFHIR, TFRORTE T A % F T <106 pm
TC4 ELI By RIAFR S PERE

®1 TC4ELI SkESBMUERS
Table 1 Chemical composition of TC4 ELI titanium alloy

bar %
Al Fe Vv N (6] Ti
5.92 0.021 4.10 0.007 0.044 o

El1 TC4 ELI §&HRBEHEUARE S BRIAR
Fig.1 Random sampling of microstructure in different
parts of TC4 ELI alloy bars

12 ¥k

¥ GB/T 6 003.1—2022 F 1 A T4 43 i il
13 1Ry A, REAR 43 2830 1 43 ) <53 53 ~ 106,
106 ~ 150, >150 pm, XF AN Fy T 2575 21 iR AR
JE 43 A Je <106 wm 400 ()RR R BEAT IR 5T . R
PR A R BT-200 A 4 45 M 0 3 A e B A
GB/T 1482—2022 F1 GB/T 1479.1—2011 Il 5 #3
R s PE RN R 9% BT, PHAS A ¢ BT-301 B A d
S FEASCIN 5 A AR B R S5 %5 B2, LECO ONHg36 %
AR E S HT AR IR A 48 B 1, JSM-6 460 #1142 3
RS T DA WA R R ETEA

2 RBEREMH

2.1 AR ORI AR FE 43 A1 A SR
PREP H B 25 1 X6 493 A R0 B8 43 A 52 W 38K
& 2 JEHLL A 600 A B, AS[a] F AR 265 o i 75 A # K



£ 4 4

B, 45 TC4 ELI k&4

e i BRI (il 5 -+ 25 -

RLRE A AR FR P 2 AT, PR A i /N2 R
<106 um YR AU, Bl PR S 15 K, hide
<106 pm FR AW B W . M55 KR
40 000 r/min LA B, By ARRARZE 1] 53 ~ 106 pm
X [AI5EIT, S PRS2 A, >106 pm AR 2RI/,
AT o XS BUE R AR (SEBM) o Hidz Ny
53 ~ 106 um FIAUAFHEE] 85% LU, 53 ~ 150 pm
AR WA %>89.5%, (B (<53 pm) 7 AR AT+
P&, PREP MoK A AT AL FH 24T 5 B AT>85% YT
Hiro 4%Eh 36 000 r/min B, HLARHE A, A
FEAAAE 53 ~ 106 pm F1 106 ~ 150 pm P-4~ 1X [A]
W, RE<106 pm 3 ARAL 5 EH Y 52.86%, iX & A
YR 600 A B, BB R A I A] PN B A Ak, K
SEAL AR TE R BHD S8 R KRR, 25 PR Al %
FERAIG, BSOS, AR S, O IR AR 2
TE R R AR R H 2 B AR Y 2300, X R
AL LEE R TR BB FERL ] (FD)!,

100
%5981 7 3 36 000 r/min
80 | = %3 40 000 r/min
I %5%: 44 000 r/min
IS B 5 46 000 r/min
ﬁ‘i 4852 44.64
= 40
20
7.429-79.04 3.56
434 : 251408, 5
0
<53 53~106  106~150 =150

B /um
El2 600 A TAREEMSHARIES
Fig. 2 Particle size distribution of powder obtained at dif-
ferent rotation speeds and 600 A

2.2 HIR/ N AR BE 43 A (52 e
B 5% 5 R 44 000 r/min B, A [A] HL 7 /N
1SR AR BE A3 A A& 3 s . B FL IR A3 KR,
FiAE<106 pm FPR AT RBEATHE N, 58 LT
Rl PRI A£<106 pum F3 RIS 3>93.85%, Y H il
K 650 A, Fifr<53 pm BYARIAEZIEF] 11.3%,
<106 um FyRILIFHEIEF] 98.06%
2.3 FEARAG R F IR NG AR () 5 T
il PREP Byt B b TAS B . 1258/
WIAEE . AN GUERE R AE 2R, 5T 7 EAEAS R
N[ T AR SR AR AR WA 4 FTR,

Wk R B AR ) BB | & sl
<106 um IR R WA . I (2). (b) AT LLE
7 B R B R A B R AT A LA K s
>2.4 glom’ MEER, T HIRA BB E N 2.64 glem’, T
B PREP 7AHil 4 MERIE By KA Be B DL 458 4
INEERARUEZR . 7 HUR AR IIFE R — 15 TR
ARy 0, RS HEH N 3.0 g/em’,
e il 2 T S HOIR LB E R R /N, Y
Uik 600 A B, B FUAFE R ISR, <106 pm AY#)
RSS2 38 T i A5 20 285 AT R AT Y A e ik
4 44 000 r/min I}, BEE FLLAN 450 A K3 650 A,
v 2 5 8 IR S8 B F R R 2E W A, R e L
T B, HL IR A 25 B S I /N

100

88.44 686.76

86.27— 859 [ H¥i: 450 A
g0 B 3 R S50 A
A 600 A
Bl 650 A

758 9.17 97413 521 354
7877 166
Nimn' | L 2 0610 028

<53 53~106 106~150 >150
BLRE /um

B3 AERRAENRIES S
Fig.3 Particle size distribution of powders obtained from
different currents

7 B AR B B K sh A ] 4(c) (d) B,
SR SN 661.43x10°°, A S R I sh I Bl
560x10 ° ~ 750x10 °, 46 Fr {iff Ff1 &) PREP 1545 75 il
By ok AR rh AR B A R R T AT, B oR A
PREP % £ Hh il b il i BRI S840, My KA & e 2
VAR T IAT E K hRUE 1 200x107°, 6 F A R,
£ 600 A RFLTE T, A S b AR e, A
3 LCAERE TN, WKl 4(c) FroR; FE5%3H R 44 000 r/min
R, Bl EEL A A0, 495 A R i 1) AR A A B S 1Y)
FA B 4(d) Fos, BHE SRR <106 pm 147
KRG HASE LA ], <106 pum RS AR Y 75 55k
1R, SR R, B PR R AR, RS P A
SRR . T HERY AR R s A 22 A, F Y
mahtE(50 g 11) 2k 32.9 s,



- 26 - W gk K 2024 45 45 45
@ 34 e ®) 34— 10
3.3 |—e—iRIHE 3.3 | —e— fRoc
e A 9566 972 4100 e 1100
g TR S 32} e T o 506 S
95.04 & 03.85 95.66 log ©
i T3y i
N~ 3 3 3 3 d N
80 X °30f e — 0 X
g w29t {70 &
= il =
60 v 2.8 160 v
2.7+ 2'-*65‘-%‘,2____‘--————"612'632-64 150
2.6
1 1 1 n 40 1 1 1 1 40
36000 40000 44000 46000 450 550 600 650
/(- min ™) HLIT/A
(©) o 120 (d) —
700 Pa-sloumtdbe e 1110 700 (7o 5 106 um i . /7‘50 1120
500 660 670 1100 60— 680 670 S
— 1o S e 600f * 4 0T
. 560 95.04 9566 972 Mo ‘_'__________9;;;1____9?;6 98.06 M
=) 500 + 80 o 5 S 500 | 9385 . 120 a5
X 70 X o x o
g 400 | 60 EU I 400 | )
<m . o ¥ & {60 EsH
& 300 56 10 ° 'ﬁ B 300+ < L‘E
140 S 2 140 =38
200f a—————*————=—2 130 V (1) R S — Vv
30.6 33.1 31.8 " 1o 314 339 31.8 342
100 | 100 120
10
ol— : : . 0L— - - —
36000 40000 44000 46000 450 550 600 650
B33/ (r-min ) /A

(@) (OARFFEET; (b) ()R T

4 TC4ELI BRZE. S RAEM<106 pm MHRKEE
Fig. 4 TC4 ELI powder density, oxygen content, flowability, and the yield below 106 pm under different currents and

speeds

24 MRS

&5 #1600 A 44 000 r/min F1600 A 36 000 r/min
B3 TC4 ELI K& &M AR OIS, 7T LU H
PREP 74 il 8 (BRI M AR B4R I Bk R 57, BROE B
I, NGO IEZA R, R GB/T 21 649.2-2017 Frif
R R R B BRIE KT 90% ., T A4 %" i 5%
K BRERIE BE 55 PREP 32 il Ry i FEL H Y07 A v B sl
(i) FFT3R AR SF [) 25 DA O, 224 ¥4 B0 [T e 1) R T Y i
BRACET [A]EF, B B AR R BROE B e o FEL U A A
450 A J& , R BSOS BT, M5V B
T BRI LR R BRIE B . I (o) FE AT AL
0 BB N A A H R K, & B A FE 600 AL 36 000
r/min 500, BERLTE R I R B AR AL, R e
TWARTERRRL I I SR ARG, e AT s B 250
TIAE, Adi45 T TR ARV AR B AR A
WPEAR . [FIBSR ) & R BRAE 32 2051 7wk () ik ],
SRR I N, KIORE /N v HE, T AL
TR AT A A EN AN ) TR BRI
AU, B A R A AU s 5 ey AR BROE B B ok

T

(a) (b) 600 A, 44000 r/min; (c) (d) 600 A, 36000 r/min
5 TC4 ELI $yRF5H
Fig.5 TC4 ELI powder morphology

3 &%

1) HLAR 5 s AR R 53 ~ 106 pm AR A
WA A S 35 A T 9 AT B4R 32 Il P R 2 T 11
SRR/ IS, FEAR e T g, Ry AR SR/, By R A
DX TR] R AR A S B BRI 73 AT FE 53 ~ 106 pm N,

2) #&3K 44 000 r/min, FHLIE>450 A B, HL T



£ 4 4

B, 45 TC4 ELI k&4

e ERIE R AR B ] 4 - 27 -

M ACRL BE (52 R B B . LR 450, 550, 600,
650 A i}, 53 ~ 106 pm K748 A4 43 A W A5 R 40 1) 2
86.27%. 88.44%. 85.96%. 86.76%, <53 um 4i#3UL
FRFEATIAR] 11.3%.

3) LI KT R A i ask /NS 52T <106 pm 45y
RO T . FEHLIN 600 A, LR H hy

S5 3k

44 000 r/min 254, 2K F PREP i £ B ERIE F3 oK
PERERE, Bk . BRIE R AF, 2o o4 .
HAAA R 670x107°, JRSLHE A 3.0 g/om’, Fadk
WA 2.63 glem’, By AR BIF SIS0 g 11) R 31.8 s,
I /& GB/T 42 622—2023 TC4 ELI 4k & 4 IV 257
AR, T b E AR

(1]

[2]

[4]

[5]

[6]

[8]

[91

[10]

[11]

[12]

[131]

Han Zhirong, Lin Yun, Liu Jie. Preparation of TC4 alloy powder for laser 3D printing[J]. Enterprise Science and Technology
and Development, 2019(1): 57-59.
CfdsleR, P22, X3 O 3D FTENH TC4 B2 BR I AT [1]. b BHE -5 %, 2019(1): 57-59.)
Chen Yingying, Xiao Zhiyu, Li Shangkui, et al. The preparation technology and research progress of metal powder for 3D
printing[J]. Powder Metallurgy Industry, 2018, 28(4): 56-61.
(Brazae, Bk, 2 B2, 55, 3D JTEIH SR MR Al 8 HoR MO ut e ()], iR Tlk, 2018, 28(4): 56-61.)
Liu Chang, Li Hui, Zhang Hanxin, et al. Research progress and development trend of titanium powder preparation process[J].
Rare Metals and Cemented Carbides, 2020, 48(1): 35-39.
(R, 288, SRR, A5 BB & T AT TE st e S R e e (7). i &R 5 BE T A 42, 2020, 48(1): 35-39.)
Li An, Liu Shifeng, Wang Bojian, et al. Research progress of metal powder preparation technology for 3D printing[J]. Journal
of Iron and Steel Research, 2018, 30(6): 419-426.
(22, XU, FARfE, 25 3D FTENH S @A A LRI TR [1]. BTSSR, 2018, 30(6): 419-426.)
Sui Yi, Feng Yicheng, Zhang Yu, et al. Research status of plasma rotating electrode atomization[J]. Heilongjiang Science,
2023, 14(14): 61-63.
(FERL, 1 SORE, 5K, A5, 45 B 1 e i A AL BT B (0], BRIETIREE, 2023, 14(14): 61-63.)
Tang Huiping. Research progress on engineering application technology of powder bed electron beam 3D printing Ti-6Al-4V
alloy[J]. China Material Progress, 2020, 39(Z1): 551-558.
(2SN BIAR R LT3R 3D TEN Ti-6A1-4V & & i TRERHEARMIIEHERE [1]. s ERBHEE, 2020, 39(Z1): 551-558.)
Li Xiaohui, Chen Binke, Feng Zhihua, et al. Preparation and characterization of tungsten powder by plasma rotating electrode
atomization[J]. Powder Metallurgy Industry, 2022, 32(1): 15-19.
(ZEIGEHE, BxRl, KGR, 25, 25 B 1 ie s st A s A i a8 B B PERERALE (0], BioRiA 6 Tlk, 2022, 32(1): 15-19.)
Lei Nanzhi. Research on the process and properties of spherical metal powder prepared by plasma rotating electrode
atomization [D]. Xi 'an : Xi 'an University of Technology, 2019.
(TR 2. 55 B Tl R S AR Tl A BROE 8 JR M R 19 T 20 S MERBRIESY [D]. P44 DY B TR, 2019.)
Tang Huiping. Research progress of plasma rotating electrode milling technology [J]. Powder Metallurgy Technology, 2023,
41(1): 2-11, 54.
(27800 A5 B T HERe AR A ORI TS HERE [J]. AR &R, 2023, 41(1): 2-11, 54.)
Yang Xingbo, Zhu Jilei, Chen Binke, et al. Research status of plasma rotating electrode atomization technology and powder
particle size control[J]. Powder Metallurgy Industry, 2022, 32(2): 90-95.
(b B, AR 207, Woalt, 2. 55 B T Ies i S5 AL BOR SOy AR BE = I BIF S BRAR (0], By R4 Tollz, 2022, 32(2): 90-
95.)
Hou Weiqiang, Meng Jie, Liang Jingjing, et al. Preparation technology and research progress of superalloy powder for
additive manufacturing[J]. Powder Metallurgy Technology, 2022, 40 (2 ) : 131-138, 144.
(edfni, dizis, Qeinh, 45, S0P 3 FH e i e M R 8 BOR ST FE it [J]. BiAf & 80K, 2022, 40(2): 131-138,
144.)
Wang Hua, Bai Ruimin, Zhou Xiaoming, et al. Comparative analysis of Inconel 71 powder prepared by PREP method and
AA method[J]. New Technol New Prod China, 2019, (19): 1-4.
(FA, [RGB, 4 PREP B2 AA B Inconel 718 BANT AT [1]. tP EHHE A BT i, 2019, (19): 1-4.)
Liu Shaowei, Duan Wangchun, Dong Bingbin. Effect of PREP process parameters on the properties of AlSil0Mg aluminum



. 28 -

N 2024 4F5 45 4

[14]

[15]

[16]
[171]

[18]

[19]

alloy powder for 3D printing[J]. Non Ferrous Metals Engineering, 2019, 9(9): 45-50.

(X6, B4, # 5ok, PREP 1.2 2404 3D FTEIH] AISi10Mg 36 4 0 AR PERE Y52 M0 [J]. A (44 J& T2, 2019,
9(9): 45-50.)

Hsu T ILWei C M,Wu L D, et al. Nitinol powders generate from plasma rotation electrode process provide clean powder for
biomedical devices used with suitable size, spheroid surface and pure composition[J]. Scientific Reports, 2018, 8: 13776.
Tang Junjie, Nie Yan, Lei Qian, et al. Characteristics and atomization behavior of Ti-6A1-4V powder produced by plasma
rotating electrode process[J]. Advanced Powder Technology: The Internation Journal of the Society of Powder Technology,
Japan, 2019, 30(10): 2330-2337.

Champagne B, Angers R. REP atomization mechanisms[J]. International Journal of Powder Metallurgy, 1984, 16(3): 125.
Xie Bo, Li Jianjun, Qiao Zhonglu. Oxygenation of TC4 powder for 3D printing by electrode induction gas atomization[J].
Vacuum, 2020, 57(6): 80-83.

G, 2R e, T B, LB 25 Ak il 4 3D FTERH] TC4 MR ST [1]. 375, 2020, 57(6): 80-83.)

Wang Dongjun, Zhou Rui, Shen Jun. Solidification characteristics of rapidly solidified water atomized high strength steel
powder[J]. Acta Metallurgica Sinica, 2008, 44(2): 159-164.

CEZRA, JalS, T2, PRstsE I K 5t m o O R RO BEIETRHE [7]. 58241, 2008, 44(2): 159-164.)

Wang Qi, Li Shenggang, Lii Hongjun, ef al. Research on high quality titanium alloy production by atomization technology[J].
Titanium Industry Progress, 2010, 27(5): 16-18.

(CEBL 22260, BR7E, 45, S5kl & i dh B & S ARBORBIESE [9]. Bk Tl ik, 2010, 27(5): 16-18.)

it TR

(E#% 15 70

[16]

[171]

[18]

[19]

[20]

[21]

[22]

Wang Xiaojie, Zhu Shanshan, Wang Xiaopo, et al. High pressure liquid viscosity test system for falling body method[J].
Journal of Engineering Thermophysics, 2020, 41(4): 788-791.

(CE/NAS, RINAZ, EE, 26 SR m B L e R ST (7] TR B4, 2020, 41(4): 788-791.)

Wei Xiaolan, Xie Pei, Wang Weilong, et al. Calculation of phase diagram of ternary chloride system containing calcium and
thermal stability of molten salt[J]. CIESC Journal, 2021, 72(6): 3074-3083.

(B2, I, E480e, 55, &85 oo IR RMET T SR AETE ], fL T224, 2021, 72(6): 3074-3083.)

Yin Yue. Thermal stability of chloride molten salt and thermal properties of molten salt enhancement[D]. Guangzhou: South
China University of Technology, 2018.

OFH . BRI E T S A PS4k [D]. 7 AR B TR, 2018.)

Wu J, Ni H, Liang W, et al. Molecular dynamics simulation on local structure and thermodynamic properties of molten
ternary chlorides systems for thermal energy storage[J]. Computational Materials Science, 2019, 170: 109051.

Chen Feng, Wen Yuekai, Guo Yufeng, et al. Research status of viscosity characteristics of chlorinated molten salt system[J].
Inorganic Chemicals Industry, 2022, 54(6): 1-5.

(BRI, T, 285706, 4. S A Eh iR RSB PERTTEBUIR [9]. JCHLER Tolk, 2022, 54(6): 1-5.)

Fan Jianfeng, Yuan Zhangfu, Li Jing, ef al. Viscosity of molten CaCl,-MgCl, system[J]. The Chinses Journal of Nonferrous
Metals, 2004(10): 1759-1762.

(b0, FEFEAR, 255, . K5l CaCL-MgCL R RITRIE [1]. H A (42 8244, 2004(10): 1759-1762.)

Wei Xiaolan, Xie Pei, Zhang Xuechuan, et al. Study on preparation and thermophysical properties of chloride molten salt
materials[J]. CIESC Journal, 2020, 71(5): 2423-2431.

(B2, W, sk 0, 2. SR ERAT R ] a5 SO BT ERME BTRESE (D). A6 T244R, 2020, 71(5): 2423-2431.)

I mAAE



	0 引言
	1 试验材料与方法
	1.1 试验材料与工艺
	1.2 试验方法

	2 试验结果与分析
	2.1 电极转速对粉末粒度分布的影响
	2.2 电流大小对粉末粒度分布的影响
	2.3 电极转速及电流大小对粉末特性的影响
	2.4 粉末微观形貌

	3 结论
	参考文献

