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Abstract: This study aims at producing sphere Ti6Al4V powders with tailed physical characteristics for additive 

manufacturing application. Ti6Al4V powders were prepared by a novel electrode induction guiding gas atomization (EIGA) 

equipment designed independently. The yielding rate of fine powders could be improved by reasonably increasing feed rate 

and atomization gas pressure. Interestingly, the yield (35%) of powder particles below 45 µm by EIGA is significantly 

higher than the yield (~10%) by conventional plasma rotating electrode technology. The powder properties and 

microstructure were characterized by scanning electron microscope (SEM), X ray diffraction (XRD) and optical microscope 

(OM). The powders exhibited satisfactory flowability and high apparent density for good sphericity and smooth surface. 

The powders with tailed size ranges could be used for various additive manufacturing methods and injection moulding etc. 

The β phase of Ti6Al4V translates to needle-like α′ phase during atomization process because of the fast cooling rate 

calculated to be 10

4

~10

8

 K/s. 
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Recently, metal additive manufacturing has been widely 

investigated all around the world, which has been widely 

used in aerospace, chemical industry and medical device etc. 

This emerging manufacturing technology not only enables 

products with complex geometry shape, but also can pre-

pare products without mould, and thus the development cy-

cle is shortened and utilization ratio of raw materials im-

proved

[1-4]

. Up to now, metal materials such as 316L

[5]

, 

AlSi12

[6]

, Inconel 718

[7,8]

, Co-Cr

[9]

, and Ti6Al4V

[10-12]

 have 

been widely used for powder bed or powder deposition ad-

ditive manufacturing technologies. Above two methods 

have different demands for metal powder particle size. For 

powder bed additive manufacturing, the metal powder par-

ticle size should be usually below 45 µm

[13-15]

. While for 

deposition additive manufacturing, the powder size should 

be 45~150 µm

[16,17]

. A few researches about the preparation 

of metal powder and relevant physical properties for addi-

tive manufacturing were reported

[18]

. 

Titanium and its alloy have many particular characteris-

tics, such as low density, high strength weight ratio, fasci-

nating corrosion resistance and lower Young’s modulus. 

Thus, titanium and its alloy are widely used in many fields, 

especially the additive manufacturing, which possesses 

considerable market demand for suitable powder

[19-21]

. 

However, a challenge of additive manufacturing titanium 

and its alloy is the production of high purity spherical 

powders, owing to the high reactivity between titanium and 

crucible (Al

2

O

3

)

[22]

. Up to now, titanium and its alloy pow-

ders are usually prepared by the following methods without 

crucible: plasma rotating electrode process (PREP)

[23]

, 

multi-torch plasma wire atomization (PWA)

[22]

, plasma 

melting inducting gas atomization (PIGA), electrode induc-

tion guiding gas atomization (EIGA)

[24]

 and combustion 

reaction

[25]

. However, PREP produces very low yields 

(~10%) of ~45 µm powders, which is not suitable for pow-

der bed additive manufacturing. PWA and PIGA produce 

powders with high costs of production rate, equipment costs 

and energy efficiency. The powders produced by combus-

tion reaction have high oxygen content (0.5wt%~1.5wt%). The 

EIGA method has satisfactory yields (~35%) of ~45 µm pow-
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ders and relatively acceptable costs. This method holds 

great potential in titanium and its alloy powder production. 

EIGA process is certainly different from conventional 

gas atomization methods for the discontinuous metal liquid 

flow and extremely low superheat (about 10 �). To the 

best knowledge of the authors, the reports on EIGA process 

and relevant powder properties, especially the preparation 

of Ti6Al4V powder, are few. In this research, we reported 

the preparation of Ti6Al4V powder by EIGA method. The 

effects of the atomization parameters on the powders size 

distribution were discussed. The properties and microstruc-

tural evolution of Ti6Al4V powders were characterized. 

The cooling rate was also calculated to explain the phase 

composition. 

1 Experiment 

The schematic diagram of the EIGA equipment designed 

independently is shown in Fig.1. The titanium alloy bar is 

rotated into the induction coil and melted to metal droplets. 

Under the mutual effects of gravity and gas field, the droplets 

fall into the atomization tower through guiding nozzle and 

then are atomized by the high pressure argon gas. At last, the 

powders are collected by powder collection chamber. 

The Ti6Al4V powders were prepared with different at-

omization parameters, as shown in Table 1. The powders size 

distribution was obtained by the particle size analysis with 

screens. Then the powders were sieved into two different 

fractions. One fraction with a particle size ranging from 10 to 

45 µm can be used for selective laser melting (SLM). The 

other fraction with a particle size ranging from 45 to 150 µm 

can be used for laser engineered net shaping (LENS) and 

electron beam selective melting (EBSM). The flowability and 

apparent density of the powders ranging from 45 to 150 µm 

were measured by Hall-flowmeter equipped with a 25 mL 

container

[26]

. The powder chemical component was analyzed 

by inductively coupled plasma atomic emission spetrometry 

(ICP-AES) and oxygen nitrogen hydrogen analyzer. The sur-

face morphology and sphericity were observed by SEM. The 

microstructure of the powders was characterized with OM 

and XRD. 

2  Results and discussion 

2.1  Effects of atomization parameters on powder 

size distribution 

2.1.1  Effect of feed rate on powder size distribution 

The Ti6Al4V powders were prepared by different alloy 

bar feed rates with constant atomization gas pressure of   

4 MPa. The powder size distributions under different feed 

rates were shown in Fig.2. It can be seen that the yielding 

rate of fine powders increases with the increase of feed rate 

in the EIGA process. The yielding rate of powders size be-

low 45 µm was about 35% and power supply reached to  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic sketch of an EIGA process 

 

Table 1  Atomization processing parameters 

Powder 

Feed 

rate/mm·min

-1

 

Atomization pressure/MPa 

a 25 4.0 

b 30 4.0 

c 35 4.0 

d 40 4.0 

e 40 3.5 

 

maximum power when the feed rate was 40 mm/min. The 

raw materials can not be completely melted and the process 

would be unstable when the feed rate is beyond 40 mm/min 

for the limit of heating power.  However, for the tradi-

tional gas atomization, it is well known that the powder size 

increases with the increase of feed rate. The reason can be 

explained by the following mechanism. 

Time (t) of droplet from bar to atomization section could 

be calculated by the formula (Newton second law of mo-

tion): 

2

2v aH v

t

a

+ −

=

                           (1) 

Where v is the feed rate, a is the acceleration of droplet, H 

is the distance from the bar melting head to atomization 

section. 

As the feed rate v increases, the t decreases, which ulti-

mately leads to the less heat loss. As a result, under a rapid 

feed rate, the droplet possesses high atomization tempera-

ture and low viscosity, which is helpful for the melt droplets 

being fully broken into fine particles.  

2.1.2  Effect of atomization gas pressure on powder size 

distribution 

The size distribution of powders prepared with different 

atomization pressures is shown in Fig.3, under the feed rate 

fixed at 40 mm/min. The yield of fine powders increases 

with the increase of atomization pressure, due to the trans-

formation of motion energy of argon gas into the surface  
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Fig.2  Powder particle size distribution with different feed rate, P 

= 4 MPa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Powder particle size distribution with different atomization 

pressures when the feed rate is 40 mm/min 

 

energy of powders. The median particle size d

m

 decreased 

from 73 µm to 62 µm when atomization gas pressure in-

creased from 3.5 MPa to 4.0 MPa. Median particle size d

m

 

can be calculated by the following equation

[27]

: 

d

m

=KF

-1 /2

                                

(2) 

where K is a constant and F is the specific gas consumption 

in m

3

/kg. The value of K is a function of nozzle design and 

alloy properties. 

For a certain atomization nozzle, enhancing the atomiza-

tion gas supply pressure favors gas mass flow and gas con-

sumption. Consequently, d

m

 decreases with increase of the 

atomization gas supply pressure. 

2.2  Powder characterization 

The chemical composition of powders and raw material 

indicates that various element contents all meet the standard 

demand, as shown in Table 2. The atomization temperature 

is higher than Ti6Al4V melting point (1670 �) and the 

melting time is relatively short, so that the elements burning  

Table 2  Chemical composition of raw material and  

as-prepared powder (mass fraction) 

Element 

Nominal composi-

tion 

Raw material Powders 

Ti Balance Balance Balance 

Al 5.5%~6.75% 6.25% 6.22% 

V 3.5%~4.5% 4.38% 4.38% 

Fe ≤0.3% 0.15% 0.14% 

C ≤0.1% 0.019% 0.019% 

O ≤1600 µg·g

-1

 600 µg·g

-1

 ≤1500 µg·g

-1

 

N ≤300 µg·g

-1

 16 µg·g

-1

 16 µg·g

-1

 

H ≤125 µg·g

-1

 74 µg·g

-1

 74 µg·g

-1

 

 

loss is very few during the process. The oxygen content can 

be controlled under a satisfied standard for the argon protec-

tive atmosphere. The oxygen content of powders ranging from 

45 to 150 µm could be controlled below 1000 µg·g

-1

. The 

oxygen content of powders size below 45 µm was about 

1500 µg·g

-1

 because of the more specific surface area. 

Powder particles have good sphericity and smooth sur-

face observed from SEM images (Fig.4), although little 

imperfect sphericity and satellite powders are present. The 

satellite powders are due to collision between particles in 

flight during atomization process. Generally, the satellite 

powders by EIGA atomization process are smaller than by 

traditional gas atomization, because the metal droplets are 

not continuous during EIGA process, leading to the rela-

tively lower concentration of powders in the atomization 

tower compared with traditional gas atomization. 

Powders ranging from 45 to 150 µm have excellent 

flowability (24.3 s/50 g) and high apparent density   

(2.579 g/cm

3

), which can guarantee the laser deposition ad-

ditive manufacturing. Powders ranging from 10 to 45 µm 

have satisfactory flowability which ensures the powder 

layer uniformity of powder bed additive manufacturing.  

Internal pores are presented in Fig.5. This phenomenon is 

common in gas atomization for gas entrapment. The internal 

pores reduce the tap density. Moreover, the internal pores usu-

ally decrease the density and mechanical property in thermal 

spray deposition, additive manufacturing productions etc. By 

region counting, powders with internal pores account for only 

about 2% in powders ranging from 45 to 150 µm. The percent 

(about 3%) of powders with internal pores in powders below 

45 µm is higher owing to the faster cooling rate. 

Ti6Al4V is a typical dual phase titanium alloy. However, 

the XRD peaks observed in Fig.6 are typical hexagonal 

close-packed structure of Ti without peaks of β phase. It is 

because the rapid cooling process begins above martensite 

phase transformation temperature, and thus β phase trans-

forms into needle-like α′ phase, as shown in Fig.7. The fol-

lowing section will calculate the cooling rate to elucidate 

the microstructural formation. 

0 20 40 60 80 100 120 140

d

c

b

 

a  25mm/min

b  30mm/min

c  35mm/min

d  40mm/min

a

0         40        80       120 

Particle Size/µm 

100

80

60

40

20

0

C
u

m
u

l
a
t
i
v

e
 
Q

u
a
l
i
t
y

 
P

e
r
c
e
n

t
a
g

e
/
%

 

25 mm/min 

30 mm/min 

35 mm/min 

40 mm/min 

 

0 20 40 60 80 100 120 140

3.5MPa

 

4.0MPa

0         40        80       120 

Particle Size/µm 

100

80

60

40

20

0

C
u

m
u

l
a
t
i
v

e
 
Q

u
a
l
i
t
y

/
%

 

4.0 MPa 

3.5 MPa 



1464                              Zai Xiongfei et al. / Rare Metal Materials and Engineering, 2019, 48(5): 1461-1466                        

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  SEM images showing the surface morphologies of EIGA powder: (a) 45~150 µm and (b) <45 µm 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  OM images showing the powder cross section: (a) 45~150 µm and (b) <45 µm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  X-ray diffraction pattern of the powders 

 

2.3  Calculation of cooling and solidification rates 

According to Ref.[28, 29], the heat transfer coefficient (h) 

between the argon and droplet during process can be calcu-

lated as follows: 

1 / 2 1 / 3W d w

W

W r

w

2 0.6 ( )

v v

K

h K P

D D

ρ

µ

−

= +

        (3) 

where K

w

 is thermal conductivity of the gas ( W·m

-1

·K

-1

), D 

the diameter of a droplet, P

r

 is the Prandtl number, v

d

 and v

w

 

are the velocities for the melt drop and the gas (m·s

-1

), re-

spectively, ρ

w

 is density of the gas (kg·m

-3

), µ

w

 is kinetic  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  OM image of powder showing the needle-like α′ phase 

 

viscosity of the gas (kg·m

-1

·s

-1

). 

During the atomization, v

d 

is roughly equal to v

w,

 so that  

W

2

K

h

D

=

                                  (4) 

According to Ref

 

.[30], the cooling rate v

c 

can be calcu-

lated by the formula 

d d e

p

d ( )

d

T hA T T

t VCρ

−

=

                          (5) 

Where V is volume (m

3

), ρ is density (kg·m

-3

), C

p 

is

 

specific 

heat capacity (J·kg

-1

·K

-1

), A is surface area of the melt drop 
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(m

2

), T

d

 and T

e

 are melt drop temperature (K) and environ-

ment temperature (K), t is time (s).  

Applying Eq. (4) and parameters to Eq. (5), the cooling 

rate can be calculated as follows: 

d W d e

2 2

p

d 12 ( ) 1

19 .2

d

T K T T

t C D Dρ

−

= ≈ ×

          (6) 

Where K

W

=3.55×10

-4 

J·cm

-1

·K

-1

·s

-1

, T

d

=1913.15 K, T

e

=  

300 K, ρ=4.5 g·cm

-3

, C

p

=7.955 W·K·m

-1

 

The cooling rate is estimated to be about 10

4

~10

8

 K/s 

during the atomization. Consequently, the fast cooling rate 

contributes to the needle-like α′ phase formation. 

3  Conclusions 

1) The yield of fine powders could be increased by using 

a higher feed rate and gas pressure. The yield of ~45 µm 

powders could reach to 35% under the optimal technologi-

cal condition of feed rate 40 mm/min and gas pressure   

4.0 MPa. 

2) The Ti6Al4V powders prepared by EIGA equipment 

meet the standard demands for additive manufacturing in 

aspects of chemical component, size distribution, flowabil-

ity and apparent density. The powders ranging from 45 to 

150 µm have satisfactory flowability (24.3 s/50 g) and high 

apparent density (2.579 g/cm

3

) which can be used for depo-

sition additive manufacturing. Powders ranging from 10 to 

45 µm have satisfactory flowability which ensures the 

powder layer uniformity of powder bed additive manufac-

turing.  

3) During gas atomization process, the β phase in drop-

lets translates to needle-like α′ phase in powder particle 

owing to the fast cooling rate (10

4

~10

8

 K/s) during the gas 

atomization. 
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