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Introduction

A DC-RF hybrid plasma flow, which is produced by combining a radio frequency inductively coupled
plasma (RF-ICP) flow with a direct current (DC) plasma jet, is expected as a next generation plasma flow to
overcome some typical disadvantages of an RF-ICP flow, such as difficult ignition, difficult injection of
reactants to the centerline region from the torch head owing to its strong recirculation and instability against its
thermofluid characteristics. Then, it has been applied intensively to material processing by some researchers for
decades because of its prominent advantages. On the other hand, the fundamental characteristics are not
clarified enough even for a conventional RF-ICP flow because a direct measurement is restricted severely
because of its extreme conditions such as high temperature more than 10000 K and strong radiation. Then, the
further experimental investigation of the fundamental characteristics inside a DC-RF hybrid plasma flow is
required to utilize its functionalities effectively. In addition, a novel method to optimize its complex operating
conditions is also required because there are many controllable input parameters and some incompatible output
parameters in a DC-RF hybrid plasma flow system. In the present study, detailed experimental investigations of
thermofluid characteristics and interaction between a DC-RF hybrid plasma flow and in-flight particle behavior
are conducted. After that, based on the previously obtained results, a material processing is conducted actually.
In addition, a novel original method of multi-input and multi-objective optimization, in which statistical
analysis (Taguchi method) are combined with genetic algorism, is applied to optimize the whole DC-RF hybrid
plasma flow system to improve the process efficiency. The main objective of this Ph. D thesis is not only the
comprehensive experimental investigation of a DC-RF hybrid plasma flow system from the fundamental
phenomena to the real application, but also its optimization for in-flight particle processing from a view point of
electromagnetic thermofluid dynamics.

Advanced Control of Thermofluid Characteristics in a DC-RF Hybrid Plasma Flow System

Experimental investigation of thermofluid characteristics in a DC-RF hybrid plasma flow system and
its advanced control are conducted to enhance its functionalities.

— 2567 —



1. As shown in Figure 1, a DC-RF hybrid plasma flow is elongated further downstream, its temperature
at the centerline region increases, the plasma flow becomes stable and a large amount of reactive gas can be
injected without disturbing it under the optimized operating condition.

2. Two-factorial analysis is carried out effectively to analyze the effects of the input parameters on a
DC-RF hybrid plasma flow characteristics precisely. Compared with a conventional RF-ICP flow, a DC-RF
hybrid plasma flow has a prominent advantage in controllability.

3. Multi-factorial analysis using Taguchi method is applied to clarify the effects of the many input
parameters on a DC-RF hybrid plasma flow and to show the correlation between the input parameters and the
output parameters by the concrete formula as shown in Figure 2. The controllability of a DC-RF hybrid plasma
flow is also confirmed by the multi-factorial analysis.
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Figure 1 Photographs of a DC-RF hybrid

plasma flow for (a) conventional condition

and (b) optimized condition Figure 3 Plasma temperature

Optimization of In-flight Particle Characteristics in a DC-RF Hybrid Plasma Flow System

Experimental investigation to clarify the correlation between the operating condition and particles
behavior in a DC-RF hybrid plasma flow. In addition to the fundamental investigation, the optimization of
in-flight particle characteristics to increase particle temperature and particle velocity is conducted in a DC-RF
hybrid plasma flow system by using multi-input and multi-objective optimization.

1. The measurement of particle velocity and particle trajectory in a DC-RF hybrid plasma flow is

succeeded by using advanced particle image velocimetry (PIV) system. The strong back flow due to Rorenz
force is suppressed and the particle velocity is increased by decreasing operating pressure as shown in Figure 4.

2. Particle heating is enhanced by increasing operating pressure because particle residence time
decreases and Knudsen effect becomes weak as shown in Figure 5. Particle temperature increases and particle
velocity decreases with decreasing the swirl gas ratio because the recirculation is suppressed by decreasing the
swirl gas ratio. While particle heating is also enhanced by using the advanced particle injection system, the
plasma flow becomes instable.
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3. The operating condition is oi)timized by multi-input and multi-objective optimization, in which
Taguchi method is combined with genetic algorism, to increase particle velocity and particle temperature in
Figure 6. The negative correlation between particle velocity and particle temperature is shown on the Pareto
resolutions obtained by the novel optimization method.
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Figure 4 Visualizations in the RF coil region for a DC-RF hybrid plasma flow; Os, =17 /min, Q¢ = 3 V/min and
Rsyw = 0. (a) PIV photograph at P=93 kPa, (b) particle velocity and particle trajectory at P=93 kPa, (c)
particle velocity and particle trajectory at P=13 kPa.
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Figure 5 Particle temperature and particle velocity Figure 6 Pareto-optimal resolutions to maximize

for various operating pressures particle temperature and particle velocity

Optimization of Particle Processing in a DC-RF Hybrid Plasma Flow System

The main objective of this chapter is to clarify the fundamental processes such as evaporation,
nucleation, agglomeration and sintering during in-flight particle treatment using a DC-RF hybrid plasma flow
by focusing on the particle size. Here, the initial precursor of rutile TiO, particle (2 micrometer) is injected from
the torch head and much finer rutile TiO, paritcle is obtained from the downstream collector after the treatment.
Based on the previously obtained results, the following discussion is conducted in a view point of thermofluid
dynamics. The operating condition is optimized by multi-input and multi-objective optimization to decrease the
mean size of ultra fine particles, increase the conversion ratio to ultra fine particles and stabilize the plasma
flow during the processing, additionally.
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1. Heterogeneous nucleation on the surface of the seeds, which pass through the plasma flow without
any treatment, is dominant at reduced pressure because of a small amount of evaporation of the initial precursor
as shown in Figure 7. The ultra fine particles less than 0.3 z m due to homogeneous nucleation, of which
illustration is shown in Figure 8, are obtained in agglomeration for more than 33 kPa in Figure 9.

2. The mean size of ultra fine particles increases with increasing operating pressure and decreasing swirl
gas ration because particle residence time in the condensation region becomes small as shown in Figure 9.
Quench gas effect of producing ultra fine particles becomes prominent more than 50 /min.

3. Two kinds of reduction of rutile TiO, particles are.confirmed. The former slight reduction comes from
Ar" sputtering at the upstream region. The latter large reduction comes from the excess heating during long
residence time.

4. The operating condition is optimized by multl-mput and multi-objective optimization to decrease the
mean size of ultra fine particles, increase the conversion ratio to ultra fine particles and stabilize the plasma
flow during the processing as shown in Figure 10. Under the optimized operating condition, the mean size of
ultra fine particles is less than 130 nm, the conversion ratio is nearly 90 % and the plasma flow is very stable
during the processing. '

- Figure 7 SEM image of heterogeneous nucleation Figure 8 SEM image of homogeneous nucleation
at reduced pressure '
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Concluding Remarks

The characteristics of electromagnetic thermofluid dynamics, in-flight particle behavior and particle
processing are clarified experimentally in a DC-RF hybrid plasma flow system. The efficiency of thermofluid
control of a DC-RF hybrid plasma processing is confirmed in this study. Based on the detailed experimental
investigation, the whole system is optimized by the novel optimization method. Finally, the further possibility of
the flow control approach in a DC-RF hybrid plasma flow system for a real material processing is shown.
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