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Abstract: Micro-fine spherical alumina (Al,O3) powders with mean diameters of 7, 30 and 75 um have been synthesized by the
SY119-30kW radio frequency induction plasma spheroidization system. The effect of main operating parameters on spheroidization
process was investigated. The results show that different axial positions of the injection probe strongly influence the effectiveness of
the spheroidization treatment and Z=12.9 cm is the best position for Al,O; spheroidization process as it is the middle of coil center
for this spheroidization system. The obtained powders with smooth surface exhibit fantastic sphericity and preferable density. The
spheroidization efficiency of synthesized powders is almost 100% at feeding rate of 65 g/min with the chamber pressure of 0.079
MPa. In addition, the chamber pressure is also the vital factor that influences the fabrication process and it should be coordinated
with the carrier gas flow rate. The phase compositions characterized by X-ray diffraction (XRD) shows the same results under
different sheath gas (Ar or N) conditions. Furthermore, the purity of the fabricated powders is improved after high temperature

spheroidization treatment.
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Compared with  conventional processes, plasma
technology has so many advantages in high temperature
material processing that inductively coupled plasma (ICP)
have been widely used for both laboratory-scale studies and
industrial applications, such as thermal sprays™, waste
treatment'”, and thermal plasma metallurgy. As a high
energy density and high purity source, plasma has attracted
more and more attention in the field of powder synthesizing
since 1970 s, In recent years, much research has been
done in the synthesis of nano-particles and powder
spheroidization® ™). Compared to other available methods
such as sintering™, precipitation method, sol-gel method,
nucleation and growth method™, thermal plasma processing
is a more effective method of synthesizing high melting
point spherical powders with high purity because of its
advantages of high temperature flame (up to 10* K) with a
rapidly cooling system and the minimum
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contamination®*?,

Alumina (Al,O;) has been an extremely promising
material for a variety of applications including aerospace,
shipbuilding industry, national defense systems and other
industrial applications™*  because of its unique
performance characterized by high melting point (2324.15
K), high mechanical strength, outstanding corrosion
resistance and thermal insulating properties™**!. Moreover,
with high resistivity and good insulation performance,
Al,O3 has been also applied to the main parts of YGA laser
crystal and the substrates of integrated circuit. It is also the
wonderful thermal conductive filler for rubber plastic,
especially the micro-fine spherical powders with
high density!*").

In the present work, micro-fine spherical alumina (Al,O3)
powders with different mean diameters have been
synthesized by the Radio Frequency (RF) plasma
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spheroidization system. The interactions of the principal
controlling spheroidization process parameters including
injection probe position, powder feeding rate and reaction
chamber pressure have been studied.

1 Experiment

The SY119-30kW induction plasma system (Model
PL-35, Tekna Plasma System Inc., Canada) used in this
work mainly consists of a water-cooled induction plasma
torch, a 3 MHz radio frequency power supply system, a
water-cooled stainless steel reactor, big vibrating screw
feeder, gas feeding system and powder collection units.
Irregular alumina raw powders with mean diameters of 7,
30 and 75 um were used in the experiments.

During the induction plasma process, stable plasma was
first generated using argon as the center and sheath gas with
the flow rates of 15 and 60 L/min, respectively. Particles
conveyed by carrier gas were axially injected into the plasma
stream from the top of the plasma torch at a feeding rate of
5~280 g/min, and then got completely melted or evaporated
at the relatively high temperature region. The rapidly cooled
tail in large plasma volume could help rapid solidification for
the formation of spherical powders under the action of
surface tension of materials in the liquid state™®'%. The
detailed processing parameters are given in Table 1.

Morphology of the particles and number percentage of
spherical particles were characterized through the image
analysis of photographs obtained by scanning electron
microscopy (SEM, FEI, NOVA, NANOSEM, 450). Phase
identification was performed via X-ray diffractometry
(XRD, Bruker AXS, D8 ADVANCE A25-X1-1A32C4B,
Germany). The purity of the product was demonstrated by
XRF(1800, Shimadzu, Japan).

2 Results and Discussion

2.1 Morphologies and size analysis

In this work, different kinds of fine spherical powders
with smooth surface are obtained. Fig.1 shows the scanning
electron micrographs (SEM) of alumina powders before and
after induction plasma treatment. It can be seen that the

Table 1 Typical operating parameters

Parameter Value
Power input/kW 28
Center gas, argon/L min™* 15
Sheath gas, argon or nitrogen/L min™ 60
Carrier gas, argon/L min™ 1~10
Water pressure/6.89 X 10 MPa >24

Reaction chamber pressure/

6.89 % 10° MPa 18
Powder feed rate/g min™ 5~280
Locations of powder probe, Z/cm 10~12.9

average particle size of raw alumina powders is 75 pum
(Fig.1a;) and 30 um (Fig.1b,), and all the particles are
stably aggregated with smaller rough powders. Fig.1a,, 1b,
show the RF plasma synthesized powders with power of 28
kW and the probe position of Z=12.9 cm. The process were
carried out with pure argon as center gas (15 L/min), carrier
gas (5 L/min) and sheath gas (60 L/min) at the same powder
feeding rate of 65 g/min. The reaction chamber pressures
were 0.079 MPa (a,;) and 0.078 MPa (b,). The processed
powders were collected at the bottom of the powder
collection units.

As shown in Fig.1, irregular initial powder particles with
rough surface aj, b, are nearly all changed to spherical a,, b,.
The results also clearly show that the spherical particles are
well-distributed and there is no adhesion among the particles,
which is good for the fluidity and fillability of powders.

Fig.2 shows the scanning electron micrographs (SEM) of
alumina powders with mean size of 7 um before (Fig.2a) and
after (Fig.2b) induction plasma treatment. The powders were
treated with the probe position of Z=12.5 cm, which is the
most different condition from before. This process was also
carried out with pure argon as center gas (15 L/min), carrier
gas (5 L/min) and sheath gas (60 L/min), but with the different
powder feeding rate of 35 g/min. The reaction chamber
pressure was 0.071 MPa. The processed powders were also
collected at the bottom of the powder collection units.

It can be found from Fig.2a that the irregular alumina
precursor with rough surface is not homogenous in
granularity and there are a large number very small
particles deposited upon the surface of coarse powders. But
Fig.2b shows that all the inhomogeneous irregular particles
are changed into spherical with different particle sizes.

Both the results in Fig.1 and Fig.2 reveal the remarkable
sphere formation; as a result, different micro size powders
could be produced. Comparing Fig.2b with 1a, and 1b,, it
can be easily found out that processed powders with mean
particle size of 7 um (Fig.2b) are not well-distributed like
(Fig.1ay) and (Fig.1b,), but they are seriously inhomogeneous.
The particle size of treated powders keeps consistent with
raw materials, that is to say the selection of raw materials
has a strong influence on particle size and uniformity of the
processed particles.

2.2 XRD and XRF analysis

Alumina is polycrystalline material and corundum
(a-Al,O3) has been the most widely used and known. A
typical XRD pattern of alumina before and after plasma
processing is shown in Fig.3. It shows that the initial
powder is amorphous. The XRD patterns of processed
powders exhibit the intensity peaks of a-alumina. The
results also implies alumina powders have not been
nitrogenized with nitrogen as sheath gas. We cost less
nitrogen with higher heat conductivity, so it may be a better
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100 pm

Fig.1 Morphologies of alumina powders with mean size of 75 pm (ai, a2), 30 um (bs, b,) before (a1, bi) and after (a,, b,) plasma treatment

(28 kW, V=65 g/min, Z=12.9 cm)

Fig.2 Morphologies of alumina powders with mean size of 7 um
before (a) and after (b) induction plasma treatment (25.8
kW, V=35 g/min, Z=12.5 cm)

choice as sheath gas. Because of the skin-effect, many
powders are adsorbed to the internal wall of the reaction
chamber. Fig.3 shows the powders got from the internal
wall of the reaction chamber have the same results of the
powders got from the bottom. It also shows that the reaction
environment is so clean that contamination is minimized.
Table 2 shows the quantitative composition results of the
raw powder with mean size of 7 um (represented by b)
compared to the processed powders (represented by a),
which were measured by X-ray Fluorescence (XRF).
Comparative analysis shows that impurities of low melting
point like Na,O, SiO, and Ga,O; all disappear after the
induction plasma treatment. And the content of alumina has
increased to 99.9080%. That is to say RF plasma
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Fig.3 XRD patterns of powders before and after plasma
spheroidization with different sheath gas (Ar and N,) (28
kW, V=65 g/min, chamber pressure=0.079 MPa, carrier
gas flow rate=5 L/min)

spheroidization is in favour of the purification of raw
alumina powders in the preparation process, which is an
important factor that overmatch other production methods.
2.3 Effect analysis of main operating parameters

The processed powders with mean particle size of 7 um
were discussed since it is more difficult to be synthesized.
Table 3 lists different operating parameters which were
used to optimize the spheroidization process. The principal
factors controlling the spheroidization process of Al,O;
powders are the powder feeding rate, the reaction chamber
pressure and their interactions with carrier gas flow rate.
The injection probe position may be the most important
factor because it guarantees enough energy exchange for
the powder melty.

The spheroidization percentage was measured by
scanning electron microscopy (SEM). 1000 processed
particles were counted for each process
2.3.1 Injection probe position

Fig.4 schematically shows the position of the injection
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Table 2 Quantitative result of XRF (b: initial powder particles, a: processed powder particles)

Analyte Result (b/a) Proc-Calc Line Net Int. (b/a) BG Int. (b/a)
Al,O; 99.6676%/99.9080% Quant.-FP Al Ka 144.279/135.619 5.957/5.828
Fe;0s 0.0400%/0.0503% Quant.-FP Fe Ka 0.179/0.210 0.071/0.065
Gaz0s 0.0165%/0.0417% Quant.-FP Ga Ka 0.212/0.080 0.229/0.039
Na,O 0.1586%/0 Quant.-FP Na Ka 0.036 0.004
SiO; 0.0734%/0 Quant.-FP Si Ka 0.033 0.002
Cr,03 0.0440%/0 Quant.-FP CrKa 0.091 0.042

Table 3 Main operating parameters and spheroidization percentage
Condition No. Zlcm Q1/Q: (L min™) Qz/L min* Vigmin®  P/6.89X10° MPa  Spheroidization/%
1 10.0 15(Ar)/60(Ar) 3 10 10 <10.0
2 11.0 15(Ar)/60(Ar) 5 10 11.5 <10.0
3 11.0 15(Ar)/60(Ny) 9 10 18 <10.0
4 12,5 15(Ar)/60(Ar) 3 10 10 ~96.1
5 12,5 15(Ar)/60(Ar) 9 10 10 ~88.3
6 12,5 15(Ar)/60(Ar) 9 10 18 ~95.3
7 12.9 15(Ar)/60(Ar) 5 65 115 ~98.4
8 12.9 15(Ar)/60(Ar) 5 128 115 ~83.1
9 12.9 15(Ar)/60(Ar) 5 235 11.5 ~61.2
10 12.9 15(Ar)/60(Ar) 5 235 18 ~53.2
11 12.9 15(Ar)/60(Ar) 9 235 18 ~76.5
12 12.9 15(Ar)/60(Ny) 5 65 11.5 ~99.9
13 12.9 15(Ar)/60(Ny) 9 65 18 ~97.0
14 12.9 15(Ar)/60(Ny) 9 235 18 ~78.6

Note: The measurement and the spheroidization ratio are defined as the number percentage of spherical particles out of the total particles.
Q1, Q2, and Qs represent center gas (Ar), sheath gas (Ar/N2) and carrier gas (Ar), respectively. V represents powder feeding rate (g/min). P
represents reaction chamber pressure
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Fig.4 Position of the injection probe

probe within the induction plasma torch used in this
experiment. In this work, different probe positions have
been attempted. As shown in Table 3, the results of
condition 1 and 4, 3 and 13 clearly reveal the influence of
the probe position on the efficiency of spheroidization. Like
condition 1 with Z=10 cm, there are hardly obtained
spherical powders. It is because if the probe tip is too low
like Z=10.0 cm, large sized powders will not get enough
energy for melting, then the powders carried by argon will
be sent out of the plasma torch without being spheroidized,
but they keep the original state. Condition 4 with Z=12.5
cm gets an excellent result for the 96.147% spheroidization
percentage. However, the spheroidization percentage
reaches almost 100% when the probe position is set up to
Z=12.9 cm. Condition 3 and 13 show the same result with
the influence of powder feeding rate be cast aside. These
results also apply to powders with mean particle size of 75
and 30 pum.
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All the results in Table 3 reveal that it is necessary to set
the probe tip at the position around the middle of coil center
to ensure the injected powders penetrate the plasma and get
sufficient heat energy for complete melting. Then the
powders are melted completely and quenched quickly;
therefore, the powders get solidified with smoother surface
under the action of surface tension. If the probe tip is too
low, the powder particles will not get sufficient energy for
melting, let alone be spheroidized. So, the injection probe
position, along with the axis of the inductively coupled
plasma torch, is an important operating parameter to
optimize the spheroidizing treatment since it strongly
influences the thermal histories of the treated particles.
2.3.2 Powder feeding rate

The influences of different powder feeding rates on
spheroidization percentage have also been investigated.
Condition 7, 8, 9, 13, and 14 in Table 3 suggest that the
powder feeding rate strongly influences the spheroidization
efficiency. Results in Fig.5 further illustrate the interactions
of the powder feeding rate and carrier gas flow rate on
spheroidization rate, which were calculated through the
image analysis of scanning electron micrographs (SEM) of
the treated powders in condition 7 (Fig.5a) and 9 (Fig.5b).

It shows that high spheroidization rate (nearly 100%)
powders with smooth surface are synthesized at a proper
feeding rate. However, the spheroidization rate decreases
rapidly as powder feeding rate increases. That is because
the amount of obtained energy per unit mass decreases
when the powder feeding rate increases. The results also
demonstrate that the carrier gas flow rate is another
significant variable factor and strongly influences the
spheroidization efficiency, as shown in Fig.5. The trends of
the curve graph obviously exhibit that the excessive carrier
gas flow rate is not good for spheroidization in the case
of subatmospheric pressure in the reaction chamber (0.079
MPa<1atm).

2.3.3 Reaction chamber pressure

Reaction chamber pressure also a vitally important
operating parameter during processing for it is responsible
for the particle dwell time in the plasma flame. Numbers of
experiments have been carried out in this work and the
representative results are shown in Fig.6. The results
demonstrate that the chamber pressure is also a significant
factor in the spheroidization process, and it also shows
there are interactions between the chamber pressure and the
carrier gas flow rate. High carrier gas flow rate is not good
for spheroidization with subatmospheric pressure in
reaction chamber, while low carrier gas flow rate is also not
good for spheroidization with positive pressure as well.
Furthermore, both low and high carrier gas flow rate are not
favourable for spheroidization under atmospheric pressure.
Therefore, reaction chamber pressure should be coordinated
with the suitable carrier gas flow rate to keep the optimal
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Fig.5 Interactions of the powder feeding rate and carrier gas
flow rate on spheroidization rate 28 kW (Z=12.9 cm,
chamber pressure=0.079 MPa)
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Fig.6 Interactions of reaction chamber pressure and carrier gas
flow rate on spheroidization rate (28 kW, Z=12.9 cm,
powder feeding rate=65 g/min)

reaction conditions between 0.026~0.079 MPa in reaction
chamber; otherwise the plasma flame would be quenched,
as shown in Fig.6 (5 L/min and 3 L/min). These results
clearly indicate that chamber pressure is so important that it
requires careful selection and adjustment.

3 Conclusions

1) In this work, micro-fine spherical alumina particles
with mean diameters of 7, 30 and 75 um have been
synthesized. The particle size and distribution of raw
powders have a strong influence on the quality of processed
particles.

2) The alumina powders are not nitrogenized by nitrogen
as sheath gas during the spheroidization. The content of
alumina increases to 99.9080% after RF plasma
spheroidization process.

3) The probe tip position should be put in the hot core of
the plasma torch with Z=12.9 cm. Both argon and nitrogen
can be used as the sheath gas in this work. Powder feeding
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