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In-Flight Spheroidization of Alumina Powders
in Ar–H2 and Ar–N2 Induction Plasmas
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In-flight spheroidization of alumina powders in Ar–H2 (H2–7.6%, vol/vol) and
Ar–N2 (N2–13.0%, vol/vol) RF induction plasmas was investigated numerically
and experimentally. The mathematical model for the plasma flows incorporates
the k–ε turbulence model, and that for particles is the Particle-Source-in-Cell
(PSI-Cell) model. Experimental results demonstrate that spheroidized alumina
particles are produced in both Ar–H2 and Ar–N2 RF plasmas, with different
particle size distributions and crystal phases. Agreement between the predicted
and measured particle size distributions is satisfactory under high particle feed
rate conditions, while the results obtained for the Ar–H2 plasma are better than
those for the Ar–N2 plasma. The discrepancy occurring in low feed rate con-
ditions suggests that particle evaporation is an important factor affecting the
plasma–particle heat transfer.

KEY WORDS: RF plasma; particle spheroidization; size distribution; gas
mixture.

1. INTRODUCTION

RF induction plasmas have been widely applied to materials process-
ing such as spheroidization of ceramic powders and deposition of the
various coatings.(1,2) In-flight particles are heated in the high temperature
region of the plasma and eventually melted during the treatment. In the
particle spheroidization process, the molten particles are spheroidized by
rapidly cooling of particles from the liquid phase. The crystal phase of
a particle is determined by its temperature history. The heating efficiency
depends strongly on the particle properties and powder feeding conditions,
as well as the operating conditions of the plasma generator.(3)
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A preliminarily study on alumina (Al2O3) powder spheroidization in
RF plasmas has been carried out by Ishigaki and Boulos.(4) In a subse-
quent research, Ishigaki et al. investigated the deposition of spheroidized
alumina particles from both the vapor and the molten particle phases in
RF plasmas.(5) It was demonstrated that the growth form of the depos-
its produced from the vapor phase varied with the plasma-generating and
powder-feeding conditions. Two mixtures of plasma gases, Ar–H2 and
Ar–N2, were used in the experiments to examine their respective effects
on the evaporation and spheroidization of alumina powders. It was found
that the heat transfer rate between the plasma and the particles in the
Ar–H2 plasma is higher than that in the Ar–N2 plasma.

Both experimental and numerical investigations are important in the
research and development of the thermal plasma technologies. In plasma
processing of particulate materials, the experimental results usually pres-
ent information on the final characteristics of the particles. Alternatively,
mathematical modeling provides insight on the thermal histories of the
in-flight particles during the plasma processing. The objective of this study
is to investigate the particle spheroidization in RF plasmas, with empha-
sis on the effects of gas composition on the plasma–particle heat transfer.
Mathematical modeling of particle heating in Ar–H2 and Ar–N2 RF plas-
mas was conducted under turbulent plasma flow conditions. The predicted
results, mainly particle size distributions after plasma treatment, are com-
pared with the test results obtained under the corresponding experimen-
tal conditions. This leads to better understanding of the powder treatment
process in the RF plasmas, and consequently is helpful to optimize the
operating conditions in plasma processing of particulate materials.

2. THE EXPERIMENTAL SET-UP

Figure 1 schematically shows the RF plasma treatment system used in
the spheroidization of alumina particles. It includes an RF plasma torch,
a reaction chamber, and powder collection units. The RF plasma torch
is the Tekna PL-50 model, 170 mm in length and 50 mm in ID, with a
water-cooled quartz wall. The induction coil has five turns and the RF fre-
quency is 3 MHz. Alumina powders premixed with carrier gas are injected
into the plasma reactor through the central probe (90 mm) inserted into
the high temperature region of the plasma torch. Detailed configuration of
this RF plasma torch were shown by Chen.(6) Two kinds of working gases:
Ar–H2 (H2–7.6%, vol/vol) and Ar–N2 (N2–13.0%, vol/vol), were utilized in
the study to reveal the effects of working gas on the heating and spheroi-
dization of alumina powders. The water-cooled reaction chamber is made
of stainless steel with a diameter of 254 mm. The exhaust gases from the
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Fig. 1. Schematic of the RF plasma reactor used for alumina powder spheroidization.

chamber are treated through a cyclone and filters to separate the fine par-
ticles from the gases. The dimensions for the RF plasma reactor and the
operating conditions in the present study are listed in Table I.

Alumina powders with a mean diameter of 24.5 µm and a standard devia-
tion of 6.0 µm were used in the experiments. The original particle crystal phase
was α-phase. After treatment, the alumina powders were collected from four
different places: the chamber wall, the bottom of the chamber, the cyclone
and the filters. The products were analyzed using sedigraphy, scanning electron
microscope (SEM) and X-ray diffractometry, in order to obtain information
on the particle size distributions, the particle shapes, the surface morphologies,
and the crystal phases of the particles.

3. THE MATHEMATICAL MODELS

3.1. The Models

The mathematical models include two parts: conservation equations
for the RF plasma and the k–ε turbulence model, and the Particle-Source-
In-Cell (PSI-Cell) model(7) for the particles.
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Table I. Dimensions for RF Plasma Reactor and Operating Conditions

Inner radius of central
tube (R1)

2.0 mm Length of plasma
reactor (LT )

1020.0 mm

Outer radius of central
tube (R2)

4.5 mm Thickness of wall (dw) 3.5 mm

Radius of sheath tube (R3) 21.0 mm Number of RF
coil (Nc)

5 turn

Inner radius of plasma
torch (R0)

25.0 mm

Radius of RF coil (Rc) 33.0 mm Plate power (P ) 40 kW
Radius of reactor (RT ) 127.0 mm Chamber pressure (p) 400 Torr
Position of first RF coil (L1) 60.0 mm RF frequency (f ) 3 MHz
Position of last RF coil (L2) 120.0 mm Flow rate of carrier

gas (Q1)
6.9 slpm (Ar/N2)

Length of plasma torch (L3) 170.0 mm Flow rate of plasma
gas (Q2)

28.0 slpm (Ar)

Length of central tube (Lp) 90.0 mm Flow rate of sheath
gas (Q3)

82.0 slpm (Ar)+

Length of sheath tube (Ls ) 50.0 mm 9.6 slpm(H2/N2)

The plasma model is based on the assumptions that the plasma is
a steady-state turbulent flow in axisymmetric cylindrical geometry, it is
in local thermodynamic equilibrium (LTE) and optically thin, and there
is negligible viscous dissipation. Based on the foregoing assumptions,
the two-dimensional conservation equations for the mass, the momentum
(u, v, w), the energy (h), and those for the turbulent kinetic energy (k) and
its dissipation rate (ε), are given. Those equations may be written into a
general form as follows:
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where ρ, u, v are the plasma density, axial and radial velocity components,
respectively. φ, �φ are a dependent variable and its diffusion coefficient.
The diffusion coefficient consists of molecular and turbulent transport
properties. Sφ and S

p
φ are the corresponding source terms contributed by

the plasma and particles. The dependent variables, transport coefficients,
and source terms for the conservation equations are listed in Table II. In
the table, µm and µt are the respective molecular and turbulent viscosi-
ties, λ is the thermal conductivity and Cp is the specific heat at constant
pressure, Prt is the turbulent Prandtl number, Scm and Sct are the molec-
ular and turbulent Schmidt numbers, respectively. σk, σε, Cµ, C1, C2 are
constants for the k–ε turbulence model. Fz and Fr are the correspond-
ing axial and radial components of Lorentz force, P0 and R are the volu-
metric Joule heating and the radiation loss rates, respectively. A detailed
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Table II. Dependent Variables, Coefficients and Source terms for the Conservation Equations
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description of the plasma model and the k–ε turbulence model may be
found in Refs. 6 and 8.

The particle model is based on the assumptions that a particle is
spherical in shape with infinite internal thermal conductivity. The effect of
particle vapor on the plasma transport properties is not considered, but
the contribution of particle vapor to the continuity equation is included.
The interactions between particles are also neglected. It should be pointed
out that some effects neglected in the model could have influence on the
particle dynamics and heat transfer in the thermal plasma. For example,
the drag coefficient of a particle may be affected by the shape of a particle.
It increases with the decrease of sphericity, which is defined as the ratio of
the surface area of a sphere having the same volume to the surface area
of the particle. Extensive reviews of the various effects on particle dynam-
ics and heat transfer are found in Refs. 9 and 10. The influence of plasma
turbulence on the particle dynamics, which leads to particle turbulent dis-
persion, is included. It is found that the dynamics of an alumina particle
with diameter of 45 µm is affected by the particle turbulent dispersion.(11)

Therefore, the plasma–particle heat transfer should be influenced by the
turbulent dispersion due to the change of particle trajectory and residence
time in the plasma. The exchange rates of heat and momentum between
the plasma and particles, shown as source terms in the governing equa-
tions for the plasma and particles, are taken into account through the PSI-
Cell model. The particle trajectory is obtained by integrating the equations
of motion for the particle. The particle temperature is determined by the
energy balance on the particle surface, which includes the energies for par-
ticle heating and evaporation, convective heat transfer and radiative energy
loss. Mass, heat and momentum transfer rates between the plasma and the
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particles are calculated simultaneously in the integration procedures. One
can refer to Refs. 11 and 12 to find details on the particle model that is
used in the present work.

3.2. The Boundary and Initial Conditions

The boundary conditions for the plasma flow and the electromagnetic
field are the same ones described by Chen.(6) The initial conditions for the
particle velocity and temperature are set to be equal to that of the car-
rier gas, e.g., the particles have a uniform velocity profile at the starting
point (the tip of the probe) with initial temperature of 300 K. The walls
are impermeable to particles, so the particles rebound into the plasma as
they reach the walls.

3.3. The Solution Method

The computations were performed based on the plasma reactor
shown in Fig. 1. The governing equations for the plasma were solved in
a 77 × 85 non-uniform grid system for the calculation domain using the
SIMPLER algorithm.(13) The thermodynamic and transport properties for
pure gases were taken from the tabulated data of Boulos et al.(14) For gas
mixture, the viscosity and thermal conductivity were calculated using the
Wilke’s formula,(15) and other properties were obtained using mass-frac-
tion-weighted average. The effects of pressure on the transport and ther-
modynamic properties were considered by using the relations given in Ref.
6. An illustrative plot of the thermal conductivities of pure Ar, H2, N2,
and the mixtures Ar–H2 and Ar–N2 used in the study, at 400 Torr, is
shown in Fig. 2.

In modeling the particles, the required particle number, represent-
ing particle size distribution, injection point, and turbulence history, was
tested until statistically stable solutions had been reached in each case. In
the present study, the alumina particles are assumed to have 41 different
sizes, each particle is injected into the plasma at 12 evenly spaced radial
positions in the central tube, and this is repeated four times, which cor-
responds to four different turbulent dispersion histories. The combination
of each probability for particle size, injection position and turbulent dis-
persion history yields a total number of 1968 trajectories.

4. RESULTS AND DISCUSSION

4.1. Temperature and Velocity Fields in the Ar–H2 and Ar–N2 RF Plasmas

The predicted plasma temperature and the axial velocity fields, at
plate power of 40 kW (equivalent to 28 kW deposited power in plasma)



In-Flight Spheroidization of Alumina Powders 561

Fig. 2. Thermal conductivities of Ar, H2, N2, 92.4% Ar + 7.6% H2 (vol/vol), and 87.0%
Ar + 13.0% N2 (vol/vol) at 400 Torr.

and chamber pressure of 400 Torr, are illustrated in Fig. 3(a) and (b),
respectively.

The average Reynolds number at the inlet of the torch is 2810 for
the Ar–H2 plasma, and is 2746 for the Ar–N2 plasma. The results for the
Ar–H2 plasma are shown on the left-hand side of each figure, with the
corresponding results for Ar–N2 plasma on the other side. It may be
noticed that in the upstream region of the flow (z < 300 mm), the tem-
perature of Ar–H2 plasma is much higher than that of the Ar–N2 plasma.
However, the high temperature region of Ar–H2 plasma shrinks much
faster than that of the Ar–N2 plasma. These lead to a broader Ar–H2
plasma, but a longer Ar–N2 plasma. These phenomena are mainly due
to the different thermophysical properties of H2 and N2. For instance, as
shown in Fig. 2, the Ar–H2 plasma has much higher thermal conductivity
between 3000 and 5000 K, which causes significant energy losses on the
fringes of the plasma and results in a shorter plasma plume. Similar phe-
nomena have also been reported by Girshick and Yu(16) in their observa-
tions and simulations for different RF plasmas.

4.2. Particle Size Distributions

Figure 4 indicates the particle size histories depend greatly on par-
ticle size. A small particle, of diameter dp = 6.5 µm, is seen to be fully
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Fig. 3. (a) Temperature and (b) axial velocity fields for Ar–H2 and Ar–N2 RF plasmas,
40 kW, 400 Torr.

evaporated after it travels around 300 mm in the Ar–H2 plasma. A larger
particle, with dp = 42.5 µm, does not experience any evaporation at all.
All particle evaporation occurs in a range from z = 160 to 380 mm in
the Ar–H2 plasma. Figure 4(b) shows that the smaller particles are evap-
orated more readily in the Ar–N2 plasma. Even a particle of diameter
15.5 µm becomes fully evaporated in this case, revealing a higher total
plasma–particle heat transfer during the heating history in the Ar–N2
plasma than that in the Ar–H2 plasma.

The predicted particle size distributions are compared with the cor-
responding measured values. In the experiments, most of the powders
were collected on the chamber walls. The particle size distributions were
obtained using sedigraphy. Figure 5(a) and (b) illustrate the predicted and
measured particle size distributions in different plasmas and under differ-
ent particle-feeding conditions. It is found in Fig. 5(a) that the particle
size distributions shift to the left-hand side of the figure when the particle
feed rate is decreased. This shift clearly indicates that particle evaporation
occurs during the particle spheroidization process. Generally, the predicted
results are found to be in fairly good agreement with the experiments. It
is noticed that the predicted particle sizes are always smaller than those
collected in the experiments. This tendency may be attributed to the pres-
ence of some spongy masses surrounding the larger particles. The agglom-
eration of such spongy masses on a particle, if present, interferes with
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Fig. 4. Al2O3 particle diameter histories in (a) Ar–H2 and (b) Ar–N2 plasmas. Mean particle
size 24.5 µm.
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Fig. 5. The predicted particle size distributions and the corresponding measurements of
Al2O3 treated in (a) Ar–H2 and (b) Ar–N2 plasmas.
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the correct size measurement, leading to an overestimation of the parti-
cle diameter. It could be observed on the SEM images shown later that
the condensation of vaporized powder into a spongy mass has a particu-
larly strong influence for low feed rates in the Ar–H2 plasma. Therefore,
the experimental data should be shifted to the left.

The greater deviation of predictions from the measurements under
lower feed rate conditions may be attributed to some effects of particle
vapor which are not taken into account in the model. When a particle is
evaporating, the vapor cloud forms and extends from the particle surface
to 3–5 times its original radii. The mass flux of the vapor from an evapo-
rating particle to the surrounding plasma reduces the heat flux to the par-
ticle by convective heat transfer which is in the opposite direction of the
heat flux from the plasma to the particle. This effect becomes particularly
pronounced at lower particle feed rates under which conditions the parti-
cles are easier to be evaporated. Moreover, the vapor surrounding an evap-
orating particle not only absorbs the thermal energy, but also modifies the
transport properties of the medium around the particle.(17,18) Neglecting
these effects results in an overestimation of the plasma–particle heat trans-
fer, which has significant influence on predicting particle sizes in the pres-
ence of particle evaporation.

The variations in the values of d50, the diameter of the 50% cumu-
lative particle masses, with the feed rate, are shown in Fig. 6(a) and (b)
for the Ar–H2 and Ar–N2 plasmas, respectively. These results again dem-
onstrate that the predicted and experimental data match each other very
well under high feeding conditions, but the differences become larger as
the feed rate decreases. The predicted d50 sizes are always smaller than
the experimental ones. It is also found that the predicted particle sizes are
much smaller than those obtained in the experiments under the low feed
rate conditions in the Ar–N2 plasma. These observations reveal that the
predicted heat transfer rate between the Ar–N2 plasma and the particles
is much higher than the real one.

Under both working gas conditions, the predictions made for Ar–H2
plasma provide a better fit to the experimental observations than those
for the Ar–N2 plasma. The measured particle sizes of the Ar–H2 plasma
treated powders are smaller than those of the Ar–N2 plasma treatment,
which can be interpreted to mean that the heat transfer rate in the Ar–H2
plasma is greater. However, the predictions of the model have an opposite
trend under low feed rate conditions.

This phenomenon could be due to the treatment of the thermophys-
ical and transport properties of the mixed-gas plasma. These properties
were calculated according to the concentration of each gas component in
the plasma. Diffusion in the mixed-gas plasmas depends on gradients in
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Fig. 6. The diameters of 50% cumulative particle mass of Al2O3 powders treated in
(a) Ar–H2 and (b) Ar–N2 plasmas.

composition, temperature and pressure, and the applied electrical field, as
well as ambipolar diffusion.(19) The diffusion coefficient was simplified in
the present model, and it may therefore have resulted in errors arising
in the prediction of concentration fields of the gases, and consequently
the thermodynamical and transport properties of the plasma. Some other
effects, such as demixing, may also affect the transport properties in the



In-Flight Spheroidization of Alumina Powders 567

plasma, and eventually influence the plasma–particle heat transfer. For
example, the demixing in an Ar–H2 plasma leads to a high concentration
of hydrogen in the high temperature regions, which increases the thermal
conductivity in these regions.(20)

4.3. Particle Shape and Crystal Phase

Figure 7 shows SEM photographs of the initial and the Ar–N2
plasma treated alumina powders. The initial powders seen in Fig. 7(a) are
typical of those used for spray coating applications and show irregularity
in particle shapes. Figure 7(b) demonstrates that spheroidization is accom-
plished at the feed rate of 11 g/min, indicating sufficient melting of the
particles in the plasma. The powder surfaces are relatively clean, even at
the feed rate of 2 g/min, indicating that little agglomeration of particle
vapor has occurred, see Fig. 7(c). In Fig. 8(a)–(c), photographs for the
Ar–H2 plasma treated particles are shown. At the higher particle feed rate
(47 g/min), shown in Fig. 8(a), some particles are not sufficiently melted to
become spheroidized and remain irregularly shaped. When the feed rate is
decreased, the fraction of melted particle increases and eventually almost
all particles become spherical. At the feed rate of 11 g/min, particle evap-
oration occurs, and spongy mass appears, as illustrated in Fig. 8(b). When
the feed rate is further reduced to 6 g/min, a large amount of spongy mass
is generated, as seen in Fig. 8(c).

The crystal phase of powder products also gives information about
the melting and cooling histories of particles during their treatment in the
plasma. Homogeneous nucleation in liquid droplets and solidification of
alumina at considerable under cooling results in the formation of γ -alu-
mina rather than α-alumina because of its lower critical free energy for
homogeneous nucleation,(21) and α-phase alumina is formed in partially
melted particles only by solidification onto non-melted seeds. Therefore,
the volume fraction of the α-phase alumina, Cα, qualitatively indicates the
fraction of non-melted part in the particles. Figure 9 illustrates the mea-
sured volume fraction of α-alumina after treatment in Ar–H2 and Ar–
N2 plasmas under different particle feeding conditions. As expected, the
fraction of solid or the non-melted fraction of powders increases with the
powder feed rate. However, the volume fraction of α-phase in the Ar–N2
plasma treated powders is less than that in the Ar–H2 plasma treatment.

The α-phase formation in alumina can be attained through a mod-
erated under cooling and nucleation history in melts, while γ -phase for-
mation is preferred under considerable high under cooling.(21) Since the
temperature of the Ar–H2 plasma is obviously lower than that of the
Ar–N2 in the downstream regions, it would be expected that the cooling
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Fig. 7. SEM photographs of the Ar–N2 plasma treated alumina powders. (a) Initial powders;
(b) feed rate = 11 g/min; (c) feed rate = 2 g/min.
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Fig. 8. SEM photographs of the Ar–H2 plasma treated alumina powders. (a) Feed rate =
47 g/min; (b) feed rate = 11 g/min; (c) feed rate = 6 g/min.
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Fig. 9. The volume fraction of α-phase to the total amount of collected alumina powders.

rate of particles in Ar–H2 plasma is higher. This would result in the pro-
duction of γ -phase alumina. However, more evaporation takes place in the
Ar–H2 plasma, which will cool the gas surrounding the particles, decrease
the temperature gradient close to the particles, and therefore, the cooling
rate. The evaporated species coagulate to form a spongy mass surround-
ing the spheroidized particles. This explains the higher volume fraction
of α-phase that is formed in the Ar–H2 plasma compared to the Ar–N2
plasma.

5. CONCLUSIONS

In this work, investigations on the RF plasma spheroidization of
alumina powders involving particle heating and evaporation were car-
ried out. Mathematical modeling results are compared with experimen-
tal data obtained under the corresponding operating conditions. Heating
and evaporation of alumina particles in two different plasmas, Ar–H2
and Ar–N2, were studied to highlight the effects of plasma working
gases on the plasma–particle heat transfer, which determines the parti-
cle size, shape and crystal phase of the products. The SEM photographs
show that spheroidization of the alumina powder was achieved in both
the Ar–H2 and the Ar–N2 RF plasmas, with the crystal phase varying
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with the particle feed rate. The calculations predict that the
plasma–particle heat transfer rate in the Ar–H2 plasma is smaller than
that in the Ar–N2 plasma. The predicted particle size distributions for the
Ar–H2 and Ar–N2 plasmas fit the measurement results well under high
particle feed rate conditions. The overestimation of the plasma–particles
heat transfer rate in the presence of particle evaporation suggests particle
vapor plays an important role in the plasma–particle heat transfer. This
effect should be included in modeling particle heating in thermal plasmas.
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