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Spheroidization of molybdenum powder by radio frequency thermal plasma
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Abstract: To control the morphology and particle size of dense spherical molybdenum powder prepared by radio frequency (RF) plasma
from irregular molybdenum powder as a precursor, plasma process parameters were optimized in this paper. The effects of the carrier gas
flow rate and molybdenum powder feeding rate on the shape and size of the final products were studied. The molybdenum powder
morphology was examined using high-resolution scanning electron microscopy. The powder phases were analyzed by X-ray diffraction. The
tap density and apparent density of the molybdenum powder were investigated using a Hall flow meter and a Scott volumeter. The optimal
process parameters for the spherical molybdenum powder preparation are 50 g/min powder feeding rate and 0.6 m’/h carrier gas rate. In ad-
dition, pure spherical molybdenum powder can be obtained from irregular powder, and the tap density is enhanced after plasma processing.
The average size is reduced from 72 to 62 pm, and the tap density is increased from 2.7 to 6.2 g/cm’. Therefore, RF plasma is a promising

method for the preparation of high-density and high-purity spherical powders.
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1. Introduction

Molybdenum is a refractory metal with high melting and
boiling points. Molybdenum alloys exhibit excellent proper-
ties, including high hardness and strength, good wear resis-
tance, small thermal expansion coefficient, good corrosion
resistance, and excellent thermal shock resistance [1-2].
Because of the good flowability and high apparent density,
spherical molybdenum powders are widely used in thermal
spraying, welding, contact material preparation, powder
metallurgy, powder injection molding, and other fields. In
thermal spraying, the resulting coating prepared using
spherical molybdenum powders is denser, more uniform,
and exhibits better wear resistance. Porous molybdenum
material with spherical molybdenum powder and intercon-
nected pores can be used to prepare homogeneous molyb-
denum-—copper alloys. Using spherical molybdenum powder
can ensure the uniformity of the molybdenum—copper con-
tact material, prevents the breakdown of local excessive ab-
lation, improves the performance of molybdenum—copper
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alloy contacts, and extends its service life. In the powder
metallurgy process, green compacts prepared from spherical
molybdenum powders undergo a uniform and small amount
of shrinkage during sintering to obtain an ideal sintered
body, which is conducive to subsequent processing. Addi-
tionally, in powder injection molding, products made from
spherical molybdenum powder also undergo a small
shrinkage, and accurate dimensions can be obtained because
spherical molybdenum powders exhibit good flowability
and high apparent densities.

Spherical molybdenum powder is a type of high-tech
material utilized in thermal spraying, powder metallurgy,
and other industrial applications because of the unique na-
ture of its preparation technology and excellent properties.
This material has attracted the attention of domestic and in-
ternational markets, resulting in further research and devel-
opment [3]. Currently, methods such as spray granulation or
the rotating electrode method can be used to prepare spheri-
cal molybdenum powder. However, these methods have
some shortcomings such as the high oxygen content,
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quasi-spherical shape, powder particle adhesion, large parti-
cle size, wide particle size distribution, and low preparation
efficiency. In China, no adequate research and development
of high-performance spherical molybdenum powder with
low oxygen content has been performed.

Thermal plasma technology has drawn considerable at-
tention over the last few decades because of its wide range
of operating conditions and various industrial applications
[4-7]. For instance, thermal plasma technology has been
developed to synthesize metals and ceramics [8§—14]. Com-
pared with direct current (DC) thermal plasma, radio fre-
quency (RF) thermal plasma produced by an RF electric
field without electrodes has particular advantages such as
high energy that is environmentally friendly, large volume,
and suitability for the synthesis of high-purity materials. RF
thermal plasma has been extensively used for the spheroidi-
zation of refractory metals, ceramics, and powders [15-18].
It has been successfully utilized to spheroidize tantalum
powder and tungsten powder. However, there are few re-
ports on the use of RF plasma to prepare spherical molyb-
denum powder. In the present paper, irregular molybdenum
powder particles that were carried by powder feeding gas
into the RF plasma torch, whose temperature is as high as
10000 K, were rapidly heated, melted, and then quenched to
form micro-spherical molybdenum powder particles, and the
effect of the processing parameters on the final product was
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also discussed. This method can also be extended to spher-
oidize and densify other refractory metals or ceramics
[19-23].

2. Experimental
2.1. RF thermal plasma setup

The spheroidization and densification of molybdenum
powder was performed in the RF thermal plasma system
under atmospheric pressure. A schematic illustration of the
setup is presented in Fig. 1. The plasma reactor system con-
sisted of an RF generator (100 kW, 4 MHz), plasma gen-
erator with a downward plasma torch, power supply unit,
cylindrical reactor, precursor feeding system, powder col-
lector, quenching chamber, gas delivery system, and off-gas
exhaust system. The plasma torch included three main parts:
a four-turn induction coil, cooled by water; an injection
probe, also cooled by water; and a confinement tube. The
reactor consisted of a 25-cm inner diameter vertical quartz
tube that was 200-cm long. The quenching chamber, con-
nected to the bottom of the reactor, was a water-cooled dual
layer stainless steel box, which cooled the outgoing gas to
less than 200°C. The precursor feeding system could feed
the irregular molybdenum powder precursor with a con-
trolled feeding rate into the plasma flame. The resulting
products were collected at the bottom of the chamber.
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Fig. 1.

Plasma gun assembly

Schematic diagram of the RF thermal plasma system: 1—entrained-flow powder feeder for raw molybdenum powder;

2—plasma torch; 3—cooling water outlet; 4—cooling water inlet; S—two-layer water-cooled stainless steel quenching chamber;

6—powder collector; 7—vacuum system.

2.2. Preparation of spherical molybdenum powders

Irregular molybdenum powder (99.9% pure, —200 to 325

mesh) produced by the Jinduicheng Molybdenum Co. Ltd.
was used as the precursor. Argon (Ar, 99.99% pure) was
used as the plasma gas (central gas and sheath gas) and hy-
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drogen (H,, 99.99% pure) was used as the carrier gas. Both
the argon and hydrogen were provided by the Yatai Gas
Company. Before delivering the precursor into the plasma
flame, the reactor was heated by the plasma flame for 8 min
until the system temperature reached a steady level. Hydro-
gen gas flowed through the precursor feeding system to
carry the precursor molybdenum powders into the plasma
flame. Because the plasma torch had an extremely high
temperature, approximately 10000 K, the injected irregular
molybdenum powder was rapidly heated, the surfaces of the
large particles were melted, and the small particles were
completely melted. When these melted particles passed
through the quenched chamber, they were condensed under
the effect of surface tension and became spherical particles.
The spherical molybdenum powders produced were col-
lected at the bottom of the chamber. The reactor was purged
with Ar at a flow rate of 5 L/min for 10 min before and after
each experiment. To operate the RF plasma torch in a con-
trolled fashion, the plasma processing parameters are very
important and are listed in Table 1.

Table 1. Experimental parameters for spherical Mo powder
preparation by the RF plasma

Center gas flow rate (argon) / (m*h™") 0.6
Sheath gas flow rate (argon) / (m*h™") 0.9
Carrier gas flow rate (hydrogen) / (m*-h™") 0.5-1.2
Powder feed rate / (g-min ™) 45-90
Raw molybdenum powder / mesh —200 to 325
Plasma power / kW 30

2.3. Characterization of the molybdenum powders be-
fore and after spheroidization

The product phases were analyzed using an X-ray dif-
fractometer (XRD, Rigaku D/MAX-2400) with the 20 angle
ranging from 20° to 80° at a scan rate of 0.02°/s operated at
40 kV and 30 mA with Cu K, radiation. Both the raw mate-
rials and produced powders were characterized by high-re-
solution scanning electron microscopy (SEM, JSM-6700F)
to determine the particle morphology. The tap density of the
molybdenum powder before and after plasma treatment was
measured using a Hall flowmeter, and the apparent density
was determined using a Scott volumeter. The flowability
was investigated using a calibrated funnel (the Hall flow-
meter).

2.4. Statistics of the spheroidization efficiency

The percentage of spherical particles in the sample after
spheroidization was calculated from the SEM images. The
particles in each sample were randomly counted 3 times,
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and the mean percentage was used as the spheroidization
efficiency of the sample.

3. Results and discussion
3.1. X-ray diffraction analysis

Fig. 2 presents the X-ray diffraction patterns of the mo-
lybdenum powder after spheroidization. The results reveal
that there was no intervention of oxides and other impurities
that could be detected during the preparation of the spherical
molybdenum powder. The plasma gas did not come into
contact with the electrodes, which eliminated additional
sources of contamination. Furthermore, hydrogen, as the
carrier gas, also provided a reducing atmosphere, which en-
sured that the final product was high-purity molybdenum
metal powder. Studies have shown that plasma treatment
can effectively remove impurity elements in molybdenum
powder. For example, the content of oxygen was 860 ppm
before plasma treatment but decreased to 80 ppm after
plasma treatment. The reason for the decrease of the oxygen
content was that H' in the plasma atmosphere captured the
[O] in the molybdenum powder. Due to space limitations,
this aspect is not elaborated in this article.
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Fig. 2. XRD pattern of the spherical Mo powder after plasma
processing.

3.2. Morphology, particle size, and tap density before
and after plasma spheroidization

Fig. 3 presents high-resolution SEM images of the mo-
lybdenum powders before and after plasma spheroidization.
The SEM image of the feedstock molybdenum powder with
an average particle size of 70 pum is shown in Fig. 3(a), pre-
senting aggregates of irregular shape powders. Fig. 3(b)
shows typical SEM images of the synthesized molybdenum
powders with high sphericity and smooth surface after the
RF plasma processing; these powders were obtained under
the following conditions: carrier gas flow rate of 0.6 m’/h
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and powder feed rate of 50 g/min. The laser particle size
distributions of the molybdenum powders before and after
spheroidization are shown in Fig. 4. After spheroidization,
the curve of the particle size distribution is narrowed, the
powder particle size distribution became more uniform,
more than 80% of the molybdenum powder after spheroidi-
zation had the particle size between 44 and 86 um, and d(0.5)
was 62.220 pm. Compared with the feedstock molybdenum
powder with d(0.5) of 72.243 pm, the powder size after plas-
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ma treatment was obviously decreased. Plasma processing
was also observed to cause powder refinement in addition to
spheroidization. There are two reasons for the refinement.
First, the feedstock molybdenum powder was made up of
porous molybdenum powder with low density or aggregates
of many small particles; these aggregates or loose particles
would be cracked rapidly and refined. Second, the molyb-
denum powder went through the gasification—condensation
processing, which also caused the refinement.
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Fig. 4. Particle size distribution of the molybdenum powders in Fig. 3: (a) before spheroidization and (b) after spheroidization.

The tap densities of the molybdenum powder before and
after plasma treatment in Fig. 3 were determined to be 2.7
and 6.2 g/cm’, respectively, using a Hall flowmeter. The tap
density of the molybdenum powder after spheroidization
was greater than that of the raw molybdenum powder. The
fact that the molybdenum powder in this study has a large
tap density is related to its sphericity. A higher spherical ef-
ficiency results in a larger tap density.

3.3. Effect of powder feeding rate on spheroidization

In the complicated plasma processing, the powder feed
rate plays an important role in the spheroidization of mo-
lybdenum powders. Under otherwise identical conditions,
different feeding rates will lead to different spherical effects.
Fig. 5 shows the plasma-processed powder morphologies
obtained with different powder feed rates. The percentage of

spheroidization with a feeding rate of 50 g/min was 98% but
decreased to 90% for a feeding rate of 70 g/min; with a
feeding rate of 110 g/min, the spheroidization was only 30%.
The reason for this phenomenon might be that with much
more powders, a single powder particle can gain very little
heat energy under the specific conditions. When the precur-
sor powders were fed into plasma flame at a fixed feed rate
of less than 50 g/min, every single powder particle could
gain sufficient heat energy to melt itself completely. How-
ever, with a feeding rate greater than 50 g/min, every single
powder particle could not gain this necessary heat energy,
resulting in the reduction of the spheroidization efficiency.
Yet, too slow of a powder feeding rate also yields a series of
shortcomings, such as poor flowability and low apparent
density because every single powder particle absorbs too
much heat, leading to much smaller molybdenum particles
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Fig. 5. High-resolution SEM images of Mo products obtained with different powder feeding rates: (a) 50 g/min, (b) 70 g/min, (c) 90

g/min, and (d) 110 g/min.

and greater surface tension. Therefore, controlling the pow-
der feeding rate is very important to ensure spheroidization
efficiency. In the present paper, 50 g/min was selected as the
optimal powder feeding rate.

3.4. Spheroidization efficiency effect on the apparent
density and flowability

To evaluate the effect of the spheroidization efficiency on
the apparent density and flowability, the apparent density
and flowability of the sample in Fig. 5 were measured using
a Scott volumeter and Hall flowmeter, respectively. The
measurements results are listed in Table 2. Both the appar-
ent density and flowability increased with increasing spher-
oidization efficiency. After plasma treatment, the raw ir-
regular powders became smooth spherical particles, and the
contact area and gap between the particles decreased. There-
fore, a higher spheroidization efficiency resulted in im-
proved apparent density and flowability.

Table 2. Apparent density and flowability of plasma-process-
ed molybdenum powder with different spheroidization effi-
ciencies

Spheroidization efficiency / % 98 90 60 30
Apparent density / (g-cm™) 60 54 40 35
Flowability / (s per 50 g) 11 13 24 32

3.5. Carrier gas flow rate effect on spheroidization

Hydrogen in the experiment was used as the carrier gas to
inject the raw material of molybdenum powders into the
plasma torch. The reducing atmosphere of the hydrogen
plasma torch ensured that the molybdenum powders were
not oxidized, resulting in high purity. The carrier gas flow
rate, together with the amount of time in the plasma torch,
affected the molybdenum powder dispersed state. A faster
carrier gas flow rate resulted in improved dispersed proper-
ties, which would result in higher thermal efficiency of the
plasma torch and much higher uniformity of the produced
spherical particles. The residence time in the plasma torch
was shortened upon increasing the carrier gas flow rate;
however, enough heat was required to be absorbed in the
plasma torch to melt or vaporize the molybdenum powder.
Therefore, too high of a carrier gas flow rate will also affect
the quality of spheroidization.

Additionally, introducing hydrogen caused significant
changes in the nature of the plasma, such as increasing its
thermal conductivity and enthalpy, which ensured that the
high-energy plasma also enhanced the energy coupling be-
tween the plasma torch and raw powder. Therefore, the hy-
drogen content in the plasma torch was likely to affect the
particle size and morphology of the produced spherical mo-
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lybdenum powder. In the present study, the hydrogen con-
tent in the plasma gas was determined by the carrier gas
flow rate. Under otherwise identical conditions, different car-
rier gas flow rates will lead to different spherical effects. Fig.
6 shows the morphologies of the plasma-processed powders
obtained with different powder feeding rates. The percent-
age of spheroidization with the carrier gas flow rate of 0.50
m’/h was almost 100%, and the dispersion was decreased
compared with Fig. 3(b) (H, 0.6 m*/h). The percentage of
spheroidization with the feeding rate of 1.0 m’/h declined to
60%. There were two reasons for this decrease. First, the
velocity of the particles was increased by the higher carrier

h B g 2 S 0900 S0 @.00

gas flow rate, which would result in more opportunities for
the particles to contact and bond with each other; therefore,
the number of irregular particles was increased. Second, due
to the higher particle velocity, the residence time in the
high-temperature area of the plasma was shortened; thus,
some molybdenum powder particles did not have enough
time to be melted and escaped directly from the high-tem-
perature plasma torch, which caused a low spheroidization
efficiency. For the above reasons, it was necessary to select
an appropriate carrier gas flow rate during the spherical
molybdenum powder preparation. In the present paper, 0.6
m’/h was selected as the optimal carrier gas flow rate.

Fig. 6. High-resolution SEM images of the products obtained with different carrier gas flow rates: (a) 0.5 m’/h and (b) 1.0 m*/h.

4. Conclusions

(1) Dense spherical molybdenum powder with high pu-
rity can be prepared using RF thermal plasma. In addition to
spheroidization, RF plasma can purify, densify, and refine
the molybdenum powder. Under optimal conditions, the tap
density of molybdenum powder was increased from 2.7 to
6.2 g/lem’.

(2) The effects of the powder feed rate and carrier gas
flow rate on the morphology and particle size of the product
were systematically investigated. The optimal parameters
were 50 g/min powder feeding rate and 0.6 m’/h carrier gas
flow rate.

(3) Because the atmosphere inside the plasma torch is
controllable, which is helpful to prepare dense spherical
molybdenum powder with high purity, the entire process
cycle is short, fast, and shows good potential for industriali-
zation. Therefore, RF plasma is an efficient technique to
prepare spherical molybdenum powder with high tap den-

sity.
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