A nodal model for co-condensation synthesis of silicide nanoparticles
using inductively coupled thermal plasmas
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Abstract: In this study, our previous co-condensation model is improved with the concept of nodal discre-
tization for the size space in order to clarify the growth mechanism of silicide nanoparticles in an induc-
tively coupled thermal plasma reactor. When the silicon content in the feed powders is 66.7 %, nanoparti-
cles of MSi, (M=Mo, Ti) are fabricated as the main product. Nanoparticles of TisSi; are mainly synthesized
in the case of the silicon content 33.0 %. These results show good agreement with the experiment.
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1. Introduction

It is known that nanoparticles of silicides show unique
characteristics such as high electrical conductivity and
high heat/oxidation resistance [1]. In particular, disilicides
of molybdenum MoSi, and titanium TiSi, have been ex-
pected to be applied to solar control windows, electro-
magnetic shielding, and electrodes for Very Large Scale
Integration (VLSI). In addition, fabrication of the other
type of silicide such as TisSi; is also required since it has
substitutional alloying possibilities and potential for duc-
tile phase toughening as well as a high melting point [2].

An inductively coupled thermal plasma (ICTP) can be
considered as a useful tool for synthesis of those func-
tional nanoparticles with the precise control of the particle
size distribution and the corresponding stoichiometric
composition [3-11]. Furthermore, mass production of
them has been expected to be accomplished by an ICTP
operated at atmospheric pressure, because an ICTP pro-
vides several advantages such as large energy density,
high chemical reactivity, variable properties, large plasma
volume, as well as long residence/reaction time. Its
unique thermofluid field can promptly vaporize a large
amount of raw materials even with high melting/boiling
points. Moreover, effective fabrication of nanoparticles is
simultaneously achieved by nucleation and condensation
in a highly supersaturated state owing to the rapid cooling
at the tail of an ICTP.

However, the practical synthesis of the silicide
nanoparticles by an ICTP is a complicated phenomenon
including the field interaction with numerous variables.
The nanoparticles of silicides are synthesized through
co-condensation of multi-component vapors in a few mil-
liseconds [12, 13]. In addition, the growth mechanism is
dependent on the properties of silicon and the other metal.
In order to clarify the growth mechanism and to control
the process effectively, the experimental study has been
carried out [14]. Furthermore, in our previous numerical
study [12], a multi-component co-condensation model
was proposed. However, neither the growth by coagula-

tion between nanoparticles nor the thermophoretic effect
was considered.

In the present study, our previous model is improved
with the more general formula covering all range of
Knudsen number to estimate the growth rate by hetero-
geneous co-condensation more accurately. Moreover, the
effects of coagulation and thermophoresis are taken into
account. In order to numerically solve the governing
equation of the nanoparticle growth, the concept of nodal
discretization for the size space is adopted [15]. As a re-
sult, the improved multi-component co-condensation
model with nodal discretization is proposed and applied to
the practical condition of the synthesis to elucidate the
growth mechanism of silicide nanoparticles in an ICTP
reactor. Mo-Si system and Ti-Si system are investigated
particularly focusing on the fabrication of nanoparticles of
MOSiz, Tlslz, and TISSI3

2. Modeling

The thermofluid fields and the electromagnetic fields in
the ICTP are conventionally determined by solving the
two-dimensional conservation equations of mass, mo-
mentum, energy and concentration coupled with the
Maxwell’s equations.
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where p is the density, u is the velocity, p is the
pressure, 7 is the viscous stress tensor, J is the conduc-
tive current, B is the magnetic flux density, 4 is the
enthalpy, A is the thermal conductivity, Cp is the spe-
cific heat at constant pressure, E is the electric field



intensity, ¢, is the radiation loss per unit volume, Y is
the mass fraction, D is the diffusion coefficient, R, is the
net production rate, 7, is the magnetic permeability, o, is
the electrical conductivity, and ¢ is the time.

The precursor particles with a few micrometer diame-
ters are injected into the plasma as the raw materials. The
motion of the single in-flight particle is described by
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where m is the mass, d is the diameter, Cp, is the drag co-
efficient, g is the gravity, and the subscript p denotes par-
ticle. The temperature history of the single particle is ob-
tained by solving the equation of energy balance consid-
ering heat transfer due to the plasma flow and the radia-
tion loss.
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where ¢ is the emissivity, o, 1is Stephan-Boltzmann
constant, 7 is the temperature, 7, is the ambience tem-
perature, c is the specific heat, and x; is the fraction of
liquid phase. H,, and H, correspond to the latent heats at
the melting point 7,, and the boiling point 7}, respectively.
When the continuum-flow model becomes no longer ap-
plicable in the evaporation process with the decrease in
the particle diameter, the heat transfer is treated in a free
molecular regime.

For the computation of nanoparticle synthesis, the
concept of nodal discretization is adopted [15]. In the
nodal model, the particle size space is discretized into
nodes and the formed particles reside only at the nodes.
To cover the wide range of particle sizes, the nodes are
spaced linearly on a logarithmic scale.
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where v, is the volume of the particle, and f; is the geo-
metric spacing factor. The subscript k represents the node
number.

The governing equation for the particle concentration
N, at the node £ is given by the general dynamic equation
for aerosol [16].
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The each term of the right-hand side represents the net
production rate. The subscripts nucl, coag, and cond stand
for nucleation, coagulation, and condensation, respec-
tively [15, 17].
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where [ is the homogeneous nucleation rate, £ is the size
operator, S is the collision frequency function, ¢ is the
Kronecker delta.

The growth rate owing to heterogeneous
co-condensation is estimated from the net molecular flux
covering all range of Knudsen number Kn [18]
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where d, is the particle diameter, # is the concentration,
a,, is the accommodation coefficient of the species m, and
D,,, represents the diffusion coefficient of the vapor. The
subscripts 1 and S denote monomer and the saturation
state, respectively. The concentration in the saturated
state is modified by considering Kelvin effect.

3. Numerical results

Figure 1 shows a schematic illustration of the
nanoparticle synthesis system consisting of a plasma torch
and a reaction chamber. The operating conditions and
torch geometry are given in Table 1.

Figure 2 (a) and figure 3 (a) show the evolution of the
particle number density for Mo-Si system and Ti-Si
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Fig. 1 Nanoparticle synthesis system.



Table 1 Geometry and operating conditions.

Outer radius of inner slot (1;): 6.5 mm
Outer radius of outer slot (1,): 21.0 mm
Inner radius of injection tube (r3): 1.0 mm
Inner radius of torch (ry): 22.5 mm
Inner radius of chamber (rs): 100.0 mm
Outer radius of injection tube (Ry): 4.5 mm
Radius of coils (Re¢): 32.0 mm
Distance to frontal end of coil (L): 19.0 mm
Insertion length of probe (L,): 45.0 mm
Distance to rear end of coil (L3):  65.0 mm
Torch length (L,): 190.0 mm
Distance to end of chamber (Ls): 380.0 mm
Input power: 5.0 kW
Applied frequency: 4.0 MHz
Coil turn number: 3
Operating pressure: 101.3 kPa
Wall thickness (Sw): 1.5 mm
Flow rate of career gas (Q)): 1.0 SI/min
Flow rate of plasma gas (Q,): 3.0 SI/min
Flow rate of sheath gas (Q;): 30.0 Sl/min
Powder feed rate: 0.1-0.3 g/min
Si content in feed powders: 25-80 at.%

system respectively. Figure 2 (b) and figure 3 (b) present
the evolution of the silicon content in the synthesized
nanoparticles for Mo-Si system and Ti-Si system respec-
tively. The dashed lines indicate the moment when the
formation of the nuclei by nucleation is still more domi-
nant than the nanoparticle growth by condensation and
coagulation. The growth by condensation and coagulation
overcomes nucleation, as the nanoparticles are transported
downstream.

In Mo-Si system, the profile begins to have a peak in
figure 2 (a) when the silicon vapor starts to condense on
the molybdenum nanoparticles. In heterogeneous con-
densation, less vapor can condense on smaller nanoparti-
cles due to the rarefied gas effect with larger Knudsen
numbers. Thus, the profile passes into the bimodal distri-
bution around z = 230.0 mm. However, the first peak of
the smaller nanoparticles gradually disappears owing to
the consumption of the smaller nanoparticles by coagula-
tion. Figure 2 (b) tells that larger amount of silicon vapor
condenses on the larger nanoparticles until condensation
process finishes. After that, the nanoparticles slowly grow
by coagulation. Figures 2 (a) and (b) indicate that the
nanoparticles with the diameters larger than 10 nm ap-
proach the stoichiometric composition.

On the other hand in Ti-Si system in figure 3 (a), a
large number of nuclei are generated at the early stage z =
228.0 mm, and immediately coagulation process becomes
more effective. Thus, the profile does not show a re-
markable bimodal distribution since the smaller nanopar-
ticles are easily consumed for growth. Because of the
simultaneous co-condensation of the vapors of silicon and
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Fig. 2 Size/composition profiles of nanoparticles for

Mo-Si system: (a) Particle number density, (b)
Silicon content.
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Fig. 3 Size/composition profiles of nanoparticles for
Ti-Si system: (a) Particle number density, (b)
Silicon content.

titanium, the profiles of the silicon content keep identical
as shown in figure 3 (b).

Figures 4 (a) and (b) compare the particle size distri-
bution function obtained from the present model with that
obtained from the experimental study [14, 17] for both
systems. These results show good agreements in both
Mo-Si system and Ti-Si system, which validates the pre-
sent model for the nanoparticle growth.
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Fig. 4 Particle size distribution functions: (a) Mo-Si
system, (b) Ti-Si system.
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Fig. 5 Relative content of the compounds: (a) Mo-Si
system, (b) Ti-Si system.

Figure 5 gives the comparison of the present numeri-
cal and experimental results concerning the relative con-
tents of the compounds for the different silicon content in
the feed powders [14]. For MoSi,, these results also show
good agreement as shown in figure 15 (a). This guaran-
tees that the nanoparticles of the disilicide MoSi, are suc-
cessfully synthesized when the silicon content in the feed
powders is 66.7 at.%. In addition, the present computation
shows that the nanoparticles of MosSi; are mainly synthe-
sized in the case of the initial silicon content of 40.0 at.%.
In figure 15 (b) about Ti-Si system, TisSi; displays the
similar tendencies between the computation and the ex-
periment. Particularly in the case 33.0 at.% of the initial

silicon content, the relative content obtained from the
present model quantitatively agrees with the experimental
result very well. Therefore, the present model expresses
the growth mechanism of the silicide nanoparticles with
respect to the composition as well.
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