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Abstract: Micron tantalum powder (Ta) has broad application prospects in biomedical additive manufacturing and other

manufacturing fields. The irregular tantalum powder was spheroidized by RF thermal plasma to improve its fluidity. The tantalum

powder before and after plasma spheroidization was characterized, and the formation mechanism of satellite powder in the process of

spheroidization was analyzed. The results show that the tantalum powder after plasma spheroidization has ideal sphericity and smooth

surface, and its Hall fluidity and apparent density are increased from 13.6 s-(50 g)™' to 6.73 s-(50 g)™' and from 6.83 g-cm” to 9.06

g-cm”, respectively. The spheroidization rate and spherical degree of tantalum powder can reach about 95.2% and 0.92, respectively.

The formation of satellite powder in the spheroidization process is mainly caused by the collision of droplets, and with the increase in

powder feeding rate, the collision probability of droplets increases, resulting in larger particle size of spherical particles due to the

droplet condensation.
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Tantalum (Ta), as one of the most valuable and unique
refractory metals, has a series of excellent properties such as
good corrosion resistance and strong toughness, malleability
(elongation 10%—25%) and great biocompatibility! . These
unique advantages lead to its widespread applications in many
fields including medical surgery, dentistry, and aerospace!®. In
the fields of additive manufacturing (AM) of bone trabecular
metal implants, in particular, it has been considered as an ideal
material to replace the human’s bone because of its out-
standing biomechanical adaptability. As the key material for
AM tantalum implants, micro-sized spherical Ta powder is
very hard to prepare and the performance (excellent
flowability, lower oxygen content and higher sphericity, etc)
is extremely strictly required in the medical implants, which
restricts its application in the medical treatment. Traditional
preparation methods of spherical powders include rotating
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15" and atomization method” "

electrode , which cannot satisfy
the requirements for the superior quality of spherical Ta
powder due to its extremely high melting point (2996 °C). In
recent years, the radio frequency-inductively coupled thermal
plasma (RF-ICTP) is one of the most widely applied methods
in the preparation of spherical powders and has been
extensively used for the spheroidization of irregular refractory
metal powders'' .

In the past decades, spherical powder has been studied by
many researchers using different methods and recently it has
increasingly rapid advances in the field of AM. The RF
thermal plasma spheroidization method is confirmed as one of
the most promising technique for surface shaping of irregular
powders because of its higher temperature and longer heating
residence time, which can ensure more effective melting of

refractory metal powders>". It is now well established from
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a variety of studies that the process of particle melting and
droplet solidification is very critical to the performance of
spherical powders in plasma spheroidization.
Recently, some researchers are focused on the preparation of
spherical refractory powders (W, Mo, ZrO,, etc) using the RF-
ICTP reported that the
spheroidization process is a combination of melting, sintering
and solidification, and proved that the best spheroidization can

be achieved when the plasma power is 43 kW for molyb-
1151

thermal

technologies. Hao et al'"

denum (Mo) powder spheroidization. He et al"*>' presented that
sphericity of coarse particles is evidently higher than that of
fine particles, and that the sphericity could be optimized by
adjusting the gas flow in tungsten powder spheroidization. Du
et al' found that some spherical particles have lines on their
surfaces due to insufficient heating in the RF thermal plasma
spheroidization. Up to now, far too little attention has been
paid to the preparation and characterization of various
spherical powders and the influence of plasma operation
parameters on sphericity and spheroidization rate from the
previous published studies" """, Satellite powder is one of the
most frequently stated problems according to the results of
present researches™ >
scant attention and the formation process of satellite powder

1. Surprisingly, the problem has received

in thermal plasma spheroidization has seldom been reported.

In this study, irregular Ta powder was spheroidized by RF
inductively coupled thermal plasma (RF-ICTP) process and
the characteristics of the powder after plasma treatment were
investigated. The formation mechanism and influencing
factors of satellite powders were explored in the RF-ICTP
process. Finally, the relationship between satellite powder
ratio and powder feeding rate was discussed. This study can
provide a new insight into the preparation of high-
performance spherical Ta powder for additive manufacturing.

1 Experiment

1.1 Materials and experiment set-up

The experimental tantalum powder (10 —90 pm, purity>
99.9%) from Zhuzhou Cemented Carbide Group Co., Ltd as
the raw material was prepared by sodium (Na) reduction
method. Laboratory apparatus used in this work was a RF-
ICTP powder spheroidization set-up, consisting of a 3+0.5
MHz high-frequency electron tube oscillator with 100 kW
power, a RF plasma torch with water-cooled ceramic tube and
copper coil, a system of gas and powder feeder, powder
and filter powder
container, and the vacuum system. The schematic illustration

spheroidization chamber, spherical
of the experimental set-up is shown in Fig.1.

1.2 RF-ICTP spheroidization of tantalum powder

The typical experimental processes of Ta powder
spheroidization can be briefly described here. Before the
experiment, a vacuum degree of 1x10" Pa was created by the
vacuum pump and then the system pressure was filled into
1.013x10° Pa (atmospheric pressure) with pure argon (purity>
99.99%) to reduce the oxygen content in the spheroidization

process. After the chamber pressure was evacuated to
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Fig.1 Schematic illustration of experimental set-up and

spheroidization

approximately 0.035 MPa, argon as a plasma-forming
medium was inputted into the RF plasma torch with central
gas of 25 L/min (slpm) and shielding gas of 20 L/min (slpm).
When the RF oscillator was turned on and the power was
increased slowly, a strong arc discharge formed in the ceramic
tube because of the electromagnetic energy from the RF coil.
After that, the gas flow of central gas and shielding gas was
then increased immediately to preserve a stable thermal
plasma jet. Then, the experimental Ta powders with the carrier
gas (argon) were fed into the plasma reaction region axially
through a powder feeder and a water-cooled probe inserted
into the plasma jets. Under the action of high temperature, the
solid tantalum particles were heated and melted rapidly into
liquid droplets with extremely high sphericity due to the
surface tension. Those droplets, once escaped from the plasma
jet zone, were solidified to form the spherical particles
immediately in the quenching chamber. Finally, the spherical
Ta powders were accumulated in the collection container at
the bottom of chamber. The typical
experimental parameters for tantalum powders spheroidization
with RF-ICTP are listed in Table 1.

Surface morphologies and microstructural characteristics of

spheroidization

the samples were observed by a field emission scanning
electron microscope (FESEM, JSM-7500F, JEOL, Japan). The
particle size distribution of Ta powders was investigated on a
laser particle size instrument (HELOS-RODOS/M, Germany).
The phase structure was measured by X-ray diffractometer
(XRD, EMPYREAN, Branch, Netherland) with Cu Ka

Table 1 Experimental parameters for Ta powders spheroidiza-
tion with RF-ICTP

Parameter Value
RF voltage/kV 7
RF current/A 7.8
Reaction chamber pressure/kPa 40
Central gas of Ar/L-min ' (slpm) 35
Shielding gas of Ar/L-min "' (slpm) 85
Carrier gas of Ar/L-min ' (slpm) 1
Powder feeding rate/g-min’ 25-70
Powder injection location, d/mm 60




Chen Lunjiang et al. / Rare Metal Materials and Engineering, 2023, 52(2):409-415

411

radiation between 10° and 90°. The Hall flowmeter and Scott-
method were used to determine the flowability (GB/T 1482—
2010) and apparent density (ASTM B 329, GB/T 1479.1 —
2011) of tantalum powders, respectively. The spheroidization
ratio y or satellite ratio y of tantalum powder after plasma
treatment was estimated approximately from FESEM images
based on the statistical principle of random sampling and
spherical degree o associated with particle size can be
obtained by the following equations:

xory=C,/C, x 100% )
2
v\

o=4n I Sy (2

where C, and C, are the average value of the total number of
spherical particles and satellite particles, respectively, counted
from the FESEM images of the prepared Ta powders by
multiple random sampling; ¥ and S, is the particle volume
and surface area calculated by the particle size of D, from the
test of laser particle

size for spherical Ta powders,

respectively.
2 Results and Discussion

2.1 Effect of plasma spheroidization on surface methodo-
logy and microstructure

The raw Ta powders used in this experiment present an
irregular surface morphology and some agglomerations of
ultrafine particles, as shown in Fig.2a and Fig.2b, in accor-
dance with the characteristics of Na reducing powder. The
range of size distribution with the median particle size
D,=36.99 pum is wide, and the apparent density and Hall
flowability are 6.83 g-cm™ and 13.6 s-(50 g)”, respectively, as
shown in Fig.2c.

At a powder feeding rate of 25 g-min”, the raw Ta powder
is spheroidized under the listed experimental parameters in
Table 1. The FESEM observations in Fig.3 illustrate that the
majority of prepared powders with excellent dispersion of
single particles after plasma treatment is spherical and the
spheroidization ratio is y =95% due to the action of high
temperature. The prepared powders with a good spherical
degree of 0~0.92 estimated from Eq. (2) present a smooth
surface, as shown in Fig.3a—3e. It is also demonstrated that
a small fraction of prepared powders are still not melted
(marked by A), or partially melted (marked by B) in spite of
the extremely high temperature of thermal plasma, as shown
in Fig. 3b. The uneven surface tension of droplets in all
directions may form pits on the surface of spherical powder.
All of these results are related to the behavior of particles in
plasma. In fact, the heating and melting of particles in plasma
spheroidization are mainly related to plasma temperature and
residence time of particles in the plasma. Once those particles
are far away from the high temperature zone or have a short
residence time before flying out of plasma jet, they will not
obtain sufficient energy to be heated and melted effectively in
the process of plasma spheroidization.

The single and most striking observation to emerge from
Fig. 3e is those satellite particles on the surface of spherical
powders, which result in a coarse surface, as presented in
Fig.4a. In plasma spheroidization, those tiny particles in the
raw powder may be evaporated to form the nano-particles due
to the excessive heating absorption from plasma in a short
time, which can be adhered on the surface of spherical solid
particles or droplets after solidification because of the nano-
effect in region A of Fig.4b. Furthermore, the collisions of
droplets in motion process occurring at the solidification zone
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Fig.2 FESEM morphologies (a, b) and particle size distribution (c) of raw tantalum powder



412 Chen Lunjiang et al. / Rare Metal Materials and Engineering, 2023, 52(2):409-415

Fig.3 FESEM morphologies of spherical Ta powders after plasma treatment

may form the satellite powders in region B of Fig. 4b (or
region C of Fig.3e).

The phase structure and oxidization of Ta powders before
and after RF-ICTP processing were characterized by X-ray
diffraction, as shown in Fig.5. It can be clearly seen from the
data in Fig. 5 that the main characteristics associated with
oxidization are detected at the diffraction peaks of (001),
(1110), (141) and (1111), indicating that the Ta powders are
still oxidized easily at high temperature in our setup even if

Fig4 FESEM morphologies of satellite Ta powders in the final

spherical products
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Fig.5 XRD patterns of raw Ta powders and plasma treated Ta

powders

the system has been cleaned and replaced with pure argon
before the experiment. The phase structure of raw tantalum
powder has a body centered structure indicated from the
diffraction peaks of (110), (200), (211) and (220), while that
of spheroidized tantalum powder appears with the
orthorhombic structure phase of Ta,O,. The oxidation
phenomenon in the RF-ICTP spheroidization can be improved
by increasing the vacuum degree of the system.

2.2 Formation process of satellite powder in plasma

spheroidization

In the heating and movement process of Ta powder,
portions of the small particles are evaporated to steam due to
the low heat required and then recrystallized to adhere on the
surface of spherical particles, while the droplets melted from
the large particles collide with each other to form the satellite
powders, as shown in Fig. 6. As mentioned above, the
formation of satellite powders is mainly from the evaporation
and recrystallization of small-sized particles and the collision
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of droplets, which can be divided into three classifications
from FESEM morphologies of the final spherical products:
cladding, surface contact and point contact, as presented in
Fig.7. The droplets with high temperature have not yet been
solidified and struck into the solidified powder rapidly to form
the cladding type (Fig. 7a); the pre-solid droplets with high
temperature hit on the surface of liquid or solidified powder
promptly to form the type of surface contact (Fig.7b), while
the point contact type often occurs in the evaporation and
condensation process of droplets on the surface of solid
particles (Fig.7c¢).
2.3 Effect of powder feeding rate on properties of
prepared products

FESEM morphologies at different powder feeding rates M

are presented in Fig.8. It can be seen that the plasma treated
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Fig.7 Formation mechanism and classifications of satellite powders
in RF-ICTP spheroidization: (a) cladding, (b) surface contact,

and (c) point contact

Ta powders have perfect sphericity and smooth surface at a
low feeding rate, and the spheroidization ratio can reach up to
about 92.5% at M=36 g'min"'. When the powder feeding rate
increases, more collision among the droplets in the plasma jets
results in a low spheroidization and a high satellite ratio of the
final prepared powders. As a result, the diameter of final
powder is increased, which results in a wide distribution of
particle size due to droplet collision and condensation at a
high feeding rate, as listed in Table 2.

The perfect flow ability and apparent density of powders
are significantly important indexes for AM. The variation of
those properties with spheroidization ratio of Ta powders is
shown in Fig. 9. It is illustrated that the higher the
spheroidization ratio, the more satisfying the properties of
spherical powders, and the Hall flowability and apparent
density can reach up to about 6.73 s-(50 g)™ and 9.06 g-cm’,

Fig.8 FESEM morphologies of spherical products at different powder feeding rates: (a) M=36 g-min™, (b) M=52 g-min”', and (c) M=65 g-min”
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Table 2 Particle size distribution of plasma treated Ta powders

Feeding rate/g-min’' D,/um D,/um D,,/um
36 17.2 37.6 76.9
52 13.4 57.3 120
65 23 71.2 219
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Fig.9 Effect of spheroidization ratio on properties of plasma

prepared Ta powder

respectively. Although the satellite powder forms in thermal
plasma spheroidization, the properties of spherical Ta powders
are significantly improved compared with those of raw Ta
powders and the improvements are beneficial for additive
manufacturing.

As mentioned above, the formation of satellite powder
often occurs in the process of droplet solidification. The
longer the condensation time or the slower the velocity of the
droplets, the higher the collision probability among the
droplets, which will lead to more satellite powders. In
addition, the formation mechanism of satellite powders is also
related to the concentration of the droplets (powder feeding
rate) in the space of plasma discharge. The satellite powder
will result in a poor flowability and a low apparent density
due to its rough surface. Hence, on the premise of complete
melting of the particles, a lower powder feeding rate as much
as possible in plasma spheroidization will be beneficial to
reduce the satellite ratio, and the condensation time can be
adjusted by the plasma operation parameters (including
plasma power, gas flow and pressure, etc).

3 Conclusions

1) The formation of satellite powder will affect the
properties of plasma-spheroidized Ta powder, and the
collision of droplets and the adhesion of nanoparticles are the
main reasons for the formation of satellite powders.

2) The increase in powder feeding rate results in a larger
particle size of spherical Ta powder, which can lead to an
increased satellite rate due to the increasing collision
probability in the process of plasma spheroidization, and some
powders are oxidized to Ta,0, in the spheroidization of

tantalum powder. Therefore, it is recommended to control the
powder feeding rate at or below 25 g'min’' for the raw
tantalum powders with 10-90 um in size.
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