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Table 1  Comparison of advantages and disadvantages of different atomization processes 

Atomization 

process 

Inert-gas 

Atomization 

Electrode induction 

melting gas atomization 

Plasma rotating 

electrod process 

Plasma inert gas 

atomization 

Advantage 

Avoid metal 

contamination 

during smelting 

Non-polluting powder and 

low energy consumption in 

production 

High powder purity 

and smooth surface 

High fine powder 

yields 

Disadvantage 

Fine powder yield 

is low

[15]

 

Fine powder yield is low, 

�45µm about 20%

[16]

 

Fine powder yield is low and 

cannot be continuously produced

[17]

 

The draft tube is easily 

corroded and the powder 

is easily contaminated

[18]
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Fig.1  Schematic diagram of the experimental device 
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High frequency 

induction coil 

Continuous 

Feeding device 

Ti wire 

Cooling water 

outlet 

Gas can 

Atomization 

droplets 

Powder 

container 

Cooling 

water inlet 

Vacuum 

equipment 

Gas inlet 

Main 

gas 

outlet 

Auxiliary 

gas 

outlet 

Laval type atomizer 

Gas 

inlet 

Gas 

outlet 

Laval tube 
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Table 2  Nomenclature of physical symbols 

Nomenclature Physical meaning Unit 

H Magnetic field intensity A·m

-1 

J Current density A·m

-2

 

B Magnetic flux density T 

A Magnetic potential vector Wb·m

-1

 

E Electric field intensity N·C

-1

 

Q

e

 Heat power by eddy currents W·m

-3

 

n normal direction  

C

p

 Heat capacity at constant pressure J·kg

-1

·K

-1

 

k Thermal conductivity W·m

-1

·K

-1

 

L Latent heat kJ·kg

-1

 

q

r

 Energy losses by radiation W 

T

amb

 Temperature of ambient K 

v Velocity m·s

-1

 

g Gravity vector m·s

-2

 

F

st

 Surface tension N 

t Time s 

d Diameter m 

r Radius m 

P Power kW 

m Mass kg 

Q Energy J 

h Height m 

Greek letters   

α 

The angle between the coil and 

the horizontal plane 

(°) 

ω Angular frequency rad·s

-1

 

ε Dielectric constant C

2

·N

-1

·m

-2

 

µ Magnetic permeability H·m

-1

 

µ� Air viscosity Ns·m

-2

 

ρ Workpiece density kg·m

-3

 

γ Viscosity mPa·s 

σ Conductivity Ω

-1

·m 

δ Penetration depth m 

η Effectiveness % 

Subscripts   

e Vortex  

p Pressure  

r Radiation  

amb Around  

st Surface tension  

wo Jobs  

do Drop  

ne Necking  

he Heating  

ou Output  

so Solid state  

li Liquid state  

ss Semi-solid  
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                            �3�
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�w}�÷��ð+K 

D εE=                                 �5� 

B µH=                                 �6� 

X�

r 0

ε ε ε= ����"�C

2

·N

-1

·m

-2
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r

ε —�£��

�"�

-12

0

8.854 10ε = × �Y@���"�C

2

·N

-1

·m

-2

�M

r 0

µ µ µ= �wñ�� H/m��
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µ ��£wñ��
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phase 1 phase 2
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( )

( )

m

phase 1 phase 2

1
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ρ
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ρ T
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phase 1 phase 2
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( )
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m
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1
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2 1
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Fig.2  Induction heating model: (a) three-dimensional model geo- 

metry, (b) two-dimensional axisymmetric boundary con- 

ditions and calculation domains, (c) meshing of the indu- 

ction heating computation model 
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Table 3  Boundary conditions 

Boundary conditions AC CF AB BD CD DE EG FG 

v/m·s

-1

 

0

v

=

r

∂

∂

 

v=0 v

0

 n·v=0 v

0

 n·v=0 n·v=0 v=0 

P/Pa 0 0 0 0 0 0 0 0 

µ'/N·s·m

-2

 

0

µ'

=

r

∂

∂

 

µ′=0 

0

ρµ'

=

r

∂

∂

 

µ′=0 

0

ρµ'

=

r

∂

∂

 

µ′=0 µ′=0 µ=0 

 

 

 

 

 

 

 

 

 

 

 

 


 3  �������� 

Fig.3  Geometric parameters of the simulation model 

J>WIGAHr�ìí,-�Q��$¶[�<ß

ê6S�gh£ßêé�{u»�����!�	3


�Ä8» 4�÷øùì*ßêOâ6é� d

2

+ 24 mm  

.(�<ßê��ösQ��!·=����D

.(ßê¾ò·ÅÆ�O`�ö�Ç* £`a"{

È9¥�É�.(�×HÔÊ{Ä(�<ßê�ÝË 

 

� 
  ��-
���������� 

Table 4  Air-through gap of the through-heating 

induction coil

[28] 

Frequency/kHz 1 3 10 450 

Metal workpiece temperature/� 1250 1250 1250 �1250 

Air gap distance/mm 50 62 62 6~25 

Workpiece diameter/mm 0~10 

Ti wire 

Metal flow 

10 mm 

15 mm 

a 

b 

c 

Ti wire 

Induction coil 

A   B 

C  DE 

F    G 

Calculation domain 1 

Calculation domain 2 
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Fig.4  Schematic of coil heating 
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Table 5  Physical parameters of the calculation model 

Physical parameter Value 

Workpiece material Titanium 

Workpiece size (Ti wire), d/mm 4 

Workpiece shape Cylinder 

Coil material Copper 

Number of coil turns 3 

Single coil spacing/mm 1 

Inside diameter of the coil, d

2

/mm 24 

Single coil copper coil diameter, d

1

/mm 8 

The initial temperature, T

0

/K 300 

Calculation domain 1, W×H/mm 40×40 

Calculation domain 2, W×H/mm 5×15 

���������	
���

£>��å��{È9¥�XOæü� f �ì*

<opKd

0

/δ �ç�+ 4~4.5�X� d

0

+�×3
é

��δ+iè�

[28]
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0

+ 50 mm/s�'0ü��f

ou

=300�350�

400�450�500 kHz��§��í������ü�^
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� ����� !"#�$%&'�

Table 6  Typical frequencies for non-ferrous metals 

d

0

/mm f 

0~12 500~10 kHz 

12~25 10~3 kHz 

25~75 1 kHz 

875 50 Hz 
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Fig.5  Relationship between power frequency and penetration depth 
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Fig.6  Relationship between output frequency of power supply 

and degree of superheat of titanium metal melt 
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öfçÙ¼ Tztg+ü�`> 450 kHzO�iè
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[PÜ�=Ù¿°­ïù���¦ÚK 

do ne D

2πm g = r γf                          �18� 

3

D do

/f = m ρr                             �19� 

1 2
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X�Km

do

+¦ÚV~�kg��r

ne

+÷øý��m��γ

+7¦þö�mPa·s��f

D
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1
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ou
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Fig.7  Schematic diagram of droplet gravity method 
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Fig.8  Minimum feed rate that can form the flow: (a) 30 mm/s, (b) 35 mm/s, (c) 40 mm/s, (d) 45 mm/s, and (e) 50 mm/s 
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Fig.9  Several components of Q 
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Fig.10  Superheat of Ti melt at different output power 
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Fig.11  Schematic of Titanium wire melting experimental 

equipment 
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Fig.12  Titanium wire melting experiments at different feed rates: (a) 20 mm/s, (b) 30 mm/s, (c) 40 mm/s, (d) 50 mm/s, and (e) 60 mm/s 
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Fig.13  Temperature measurement results of titanium wire 

melting experiment 

12dD 12e·-�¾ v

0

+ 50 mm/s]�i�¿M� 10~15 

mm ��9¥¦¢��óôþ* [ v

0

ò
�`m

60 mm/s���i�!15 mm�9¥¦¢ 7ûi$�

��^���"#+ 10.0%���¶�£��øù¶

��§¼��  

£7û�§i$��øù��= FLIR-T620E$

×���\�£�w�<i$79¥¦Ú�y��§

�* �\ç�+–40 �%+2500 ��"#ç�+±2% 

ì* v

0

+ 50 mm/s�f

ou

+ 450 kHz�fg�����

� P

ou

�mi��×ö ∆T

su

+ 350±50 � ����ø

ù��m7û�ýi��×ö ∆T

su

+ 350±50 ���

� P

ou

+ 38 kW��\¶�,J 13·-  

[7ûi��×ö ∆T

su

+ 350±50 �]�·��

������^���£
��d"#+ 10.5%�"

#%â���D���&��  

������	�

1) ��øù�m¼7û�<i$���O*Ø

a 

b 

Metal droplet 

c d e 

15 mm length of 

metal flow 

Flow length 

More than 15 mm 



� 6�                    ������� !"#$%&'()'*+	,-&'�.��/0123                �1827� 

"K����ü�+ 450 kHz  

2) ��øù�m¼7û���ö 15 mm ¦¢�

���û¡ö+ 45 mm/s [h�
Ùi�M��×

ö+ 350±50 �]����������+ 34 kW  

3) ��øù�m¼ TC47û���ö 15 mm¦

¢����û¡ö+ 50 mm/s����^���"#

+ 10.0% [h�
Ùi�M��×ö+ 350±50 �¦

¢]����������+ 38 kW����^��

�"#+ 10.5% ��¶�^��¶��&r���

m¼7ûi$�3ð<='!  

 

����    References 

[1] Zhao Xiaohao(abc), Zuo Zhenbo(def), Han Zhiyu(g

hi) et al. Materials Review(��jk)[J], 2016, 30(23): 

120 

[2] Kima Y, Kima E P, Song Y B et al. Journal of Alloys and 

Compounds[J], 2014, 603: 207 

[3] Zhang Baicheng, Liao Hanlin, Coddet C. Applied Surface 

Science[J], 2013, 279(8): 310 

[4] Antony L V M, Reddy R G. JOM[J], 2003, 55(3): 14 

[5] Moll J H. JOM[J], 2000, 52(5): 32 

[6] Mais B, Mowbray G A. Metal Powder Report[J], 1998, 53(11): 

30 

[7] Liang Yongren(lmn), Wu Yinjiang(opq). World Non- 

ferrous Metals(rs�t��)[J], 2016(12): 150 

[8] Heidloff A J, Rieken J R, Anderson I E et al. JOM[J], 2010, 

62(5): 35 

[9] Charles F Y, John H M. US Patent, 4544404[P], 1985 

[10] Leybold A. EP Patent, 0451552 A1[P], 1991 

[11] Mangabhai D, Araci K, Akhtar M K et al. Key Engineering 

Materials[J], 2013, 551: 57 

[12] Franz H, Plöchl L, Schimansky F P. Titanium Org[J], 2008(9): 

1 

[13] Hohmann M, Pleier S. Acta Metallurgica Sinica[J], 2005, 

18(1): 15 

[14] Zheng Mingyue, Zhang Shaoming, Xu Jun et al. Chinese 

Materials Conference[C]. Singapore: Springer, 2017: 35 

[15] Yolton F, Froes F H. Titanium Powder Metallurgy[M]. 

Waltham: Butterworth-Heinemann, 2015: 21 

[16] Wei Mingwei(u�v), Chen Suiyuan(wxy), Guo Kuai- 

kuai(z{{) et al. Materials Review(��jk)[J], 2017, 

31(12): 64 

[17] Lu Lingliang(|}}), Zhang Shaoming(~��), Xu Jun(� 

�) et al. Rare Metals(����)[J], 2017(1): 94 

[18] Kroeger J, Marion F, Kroeger J et al. Powder Injection 

Moulding International[J], 2011, 5(4): 55 

[19] Zhang Shaoming(~��), He Hiujun(���), Hu Qiang(� 

�) et al. CN Patent(����), 201711450429.0[P], 2017 

[20] Zhang Shaoming(~��), He Huijun(���), Zhao Xin- 

ming(a��) et al. CN Patent(����), 201711450429.0 

[P], 2017 

[21] Bojarevics V, Roy A, Pericleous K. Compel International 

Journal for Computation & Mathematics in Electrical & 

Electronic Engineering[J], 2011, 30(5): 1455 

[22] Kranjc M, Zupanic A, Miklavcic D et al. International 

Journal of Heat & Mass Transfer[J], 2010, 53(17): 3585 

[23] Bui H T, Hwang S J. International Journal of Heat & Mass 

Transfer[J], 2015, 86(3): 16 

[24] Zhao Qianzhe(a��). Numerical Simulation and Experi- 

mental Research for the Induction Heating Process of Steel 

Bar Production Line(����4$%��D
-�.��

/0123 )[D]. Beijing: North China Electric Power 

University, 2013 

[25] Lu Liangliang, Zhang Shaoming, Xu Jun et al. International 

Journal of Heat & Mass Transfer[J], 2017, 108: 2021 

[26] Gu Yujiong(���), Yao Jian(� �), Zhou Zhaoying(��

� ) et al. Acta Metallurgica Sinica(���k )[J], 1994, 

30(12): 543 

[27] Dai Yu (� �). Study on Super High Temperature Atomizing 

Process and Mechanism for Spherical Tungsten Carbide 

Powder(�J�'�+�-�"^)'*Z ¡/¢\2

3)[D]. Changsha: Central South University, 2008 

[28] Davies J, Simpson P (translated by Zhang Shufang(~£¤), 

Liu Xiangxun(¥¦§), Cai Weiwang(¨©ª)). Induction 

Heating Handbook($%��«¬ )[M]. Beijing: National 

Defense Industry Press, 1979: 30 

[29] Liu Huamin(­®¯), Liu Zhaomiao(­a°). The 13th Con- 

ference of Beijing Society of Theoretical and Applied 

Mechanics Beijing(2007 �±²³´µ¶���¡·

�)[C]. Beijing: China Academic Journal Publishing House, 

2007: 40 

[30] Volkov R S, Vysokomornaya O V, Kuznetsov G V et al. 

Technical Physics Letters[J], 2015, 41(2): 128 

[31] Лозинский М Г. Translated by Wang Dongsheng(¸¹º), 

Yang Jibao(»¼½). Induction Heating Industrial Applica- 

tions($%��-	¾%¿ )[M]. Shanghai: Shanghai 

Scientific & Technical Publishers, 1962: 42 

 

 



�1828�                                          �������	
                                           � 48� 

 

 

Numerical Simulation and Experimental Research on the Melting of Titanium Wire 

Based on Induction Heating Gas Atomization 

 

Zheng Mingyue

1,2

, Zhang Shaoming

1

, Hu Qiang

1

, Xu Jun

1

, Mao Weimin

2

, He Huijun

3

, 

Liu Yingjie

3

, Sheng Yanwei

3

, Zhao Wendong

3 

(1. Beijing General Research Institute for Nonferrous Metals, Beijing 100088, China) 

(2. University of Science and Technology Beijing, Beijing 100083, China) 

(3. Beijing COMPO Advanced Technology Co., Ltd, Beijing 101407, China) 

 

Abstract: A new preparation process for titanium powder for additive manufacturing, wire induction heating gas atomization (WIGA) was 

developed. The combination of numerical simulations and experimental investigations was used to investigate the high frequency induction 

melting of titanium wire. The numerical simulations obtained the optimal parameters of the titanium wire induction melting model, i.e. the 

angle of the induction coil 90°, the power output frequency f 450 kHz, the diameter of the titanium wire 4 mm, and the minimum wire feed 

speed 45 mm/s when forming a 15 mm length of metal flow. Under this condition, the critical output power is 34 kW when the molten 

metal generates 350±50 °C of superheat. An argon atmosphere protective titanium melting experimental device was established. Through 

experimental investigations, the minimum TC4 wire feed speed is found to be 50 mm/s when forming a 15 mm length of metal flow, and 

the error between the experimental and the numerical simulation is 10.0%. Under this condition, the minimum output power of the power 

supply is 38 kW when generating a molten metal with a superheat of 350±50 °C, and the experimental and numerical simulation error is 

10.5%. The experimental and numerical simulation results prove each other, and the engineering application basis of high frequency 

induction melting of titanium wire is obtained. 

Key words: additive manufacturing; wire induction heating gas atomization; melting model; numerical simulation and experimental 

investigation 
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