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Abstract−Mathematical modeling for the preparation of C/SiC composites from methyl-trichlorosilane in a F-CVI
(Forced-chemical vapor infiltration) reactor was studied. Changes of pressure, concentration and porosity with time
were predicted by the modeling. Pressure in the preform decreased sharply along the direction of gas flow. Pore
entrances were plugged at 130 min reaction time in the conditions of this research. As pore entrances became plugged,
the pressure at the pore entrance increased rapidly. The time when the preform should be overturned in the middle of
deposition process for a uniform deposition could be decided by observing the radius of pore entrance. At the gas outlet
of the preform, MTS was depleted completely and the fraction of HCl, i.e., the undesirable byproduct, became 0.42.
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INTRODUCTION

Ceramic composite materials have been drawing considerable
attention in the several industrial fields recently. This is because com-
posite materials compensate for shortcomings of each ceramic com-
ponent. Hence, good properties of every ingredients can be used.
For example, carbon materials are suitable for high temperature struc-
tural materials because of their good mechanical properties such as
hardness and wear resistance. They are also light and not corro-
sive. However, their utilization has been limited because they are
easily breakable. These shortcomings can be improved by rein-
forcing with fibers and making composite materials by Chemical
Vapor Infiltration (CVI). Fibers absorb energy when ceramic com-
posites are elongated and broken.

CVI was originated in efforts to densify porous graphite bodies
by infiltration of carbon [Delhaes, 2002]. The earliest report of the
use of CVI was a patent for infiltrating fibrous alumina with chro-
mium carbides [Jenkin, 1964]. Since then this technique has been
developed commercially such that half of the carbon-carbon com-
posites currently produced are made by CVI [Bickerdike et al., 1992].
In the method of CVI, the precursor gas diffuses into a porous pre-
form and reacts at pore walls, which leads to deposition of matrix
materials [Zhang et al., 2002]. The ideal result would be a dense
composite. It can produce large pieces of composite materials with
complex shape.

Many different types of CVI reactor have been developed. They
are the isothermal CVI (I-CVI), the temperature gradient CVI (TG-
CVI), the isothermal forced-flow CVI (F-CVI), the pressure-pulsed
CVI technique (P-CVI). In this research, F-CVI has been studied.

Manufacturing and modeling of fiber-reinforced ceramic com-
posites by CVI were studied by many researchers [Birakayala and
Evans, 2002; Luo, 2002; Nannetti et al., 2002]. Ceramic compos-
ites reinforced with fiber bundles were studied by Rossignol et al.

[1984] and Tai and Chou [1989]. Those reinforced with short fibers
were studied by Gupte [1989], Starr [1987], and Jensen [1989]. Man-
ufacturing ceramic composites reinforced with multilayer woven
fabrics and its mathematical modeling were studied by Chung et
al. [1991, 1992, 1993] and Kim et al. [1996]. Three void regions in
the preform were considered: holes between tows, gaps around fi-
bers, and spaces between plies. Reactant gases diffuse into three
void regions and react to produce solid deposits. Jin et al. [1999,
2000] modeled CVI assuming fiber surfaces as an evolving inter-
face. Numerical simulations were used to optimize parameters of
CVI processes [Li et al., 2003; Jiang et al., 2002]. An overall deposi-
tion reaction which is the first order on the reactant concentration
and the surface area available for deposition was assumed [Chung
et al., 1993; Lee, 2002].

Diffusion of reactant gases from the outside surface of a pre-
form results in a concentration gradient, a nonuniform deposition
profile. and, as a result, an occlusion of the outer surface of the pre-
form before filling the interior voids completely [Chung et al., 1991,
1992, 1993; Cho, 1996].

The objective of this work was modeling the preparation of fiber-
reinforced SiC/C composites by F-CVI of SiC from methyltrichlo-
rosilane (MTS) and H2. Effects of parameters of infiltration reac-
tion could be predicted by mathematical modeling. Time changes
of pore size, porosity, amount of deposition, and pressure gradient,
etc. were estimated.

MODEL DEVELOPMENT

The system is a cylindrical preform that is composed of layers
of carbon fiber bundle. However, spaces between layers and holes
between tows in the preform are ignored. Fibers are nonporous. Pores
among fibers are assumed to be distributed evenly in the whole pre-
form. A schematic diagram of the system is shown in Fig. 1. Tortu-
osity of pores was taken as a square of porosity.

Reactant gases of H2 and MTS flow from one side to other side
of the preform by a forced convection flow in the isothermal reactor
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(F-CVI). Fractions of gases are functions of z only, the direction of
gas flow. Deposition reaction occurs at the outside surfaces of cylin-
drical fibers in the preform. Pseudo-steady state is assumed for the
concentration distribution. In other words, the distribution of gas
concentration reaches an equilibrium rapidly compared to the change
of fiber radius due to deposition. Although the actual infiltration
reaction might have several steps, it is supposed in this research that
the following overall deposition reaction of SiC is a first order reac-
tion for the concentration of MTS, i.e., 1 mole of MTS changes into
1 mole of SiC and 3 moles of HCl.

CH3SiCl3�SiC+3HCl (1)

There is only z-directional convection in pores among fibers.
Hence, the molar balance of i-component is as follows:

(2)

Here, A is the cross-sectional area of the preform, Ci the con-
centration of i-component such as MTS, H2, and HCl, CA the con-
centration of MTS, W the number of fibers per unit cross-sectional
area of the preform, rf the radius of fiber, k the first order deposition
rate constant, n is the stoichiometric coefficient in Eq. (1), where n
is a plus value for products and a minus value for reactants. The
first term in Eq. (2) is the change of i-component due to a convec-
tional gas flow and the second one is that due to a deposition. The
total molar balance is as follows:

(3)

The momentum balance equation for packed columns was used
for the calculation of pressure distribution [Bird et al., 2002].

(4)

Changes of fiber radius with time were calculated with the fol-
lowing equation:

(5)

Here, q is the mole number of deposited SiC from 1 mole of MTS.
Mm and ρm are the molecular weight and the density of SiC, respec-
tively. The amount of deposition per unit cross-sectional area of
the preform for the thickness of ∆z is expressed as follows:

(6)

The porosity is obtained in a similar way.

(7)

Using dimensionless parameters such as σ(=rf /rfo) and ξ(=z/H),
equations were changed into dimensionless form and calculated in
the finite different method. Calculations were carried out after the
z-axis was divided into 20 elements.

Porosity at z, i.e., εz, was calculated first and then Pz, Cz, and Qz

were calculated. With these values, mole fractions of all compo-
nents, xi's, were calculated. Fiber radius rf, amount of infiltration D,
and average porosity εz were calculated. Calculations were termi-
nated at the time when pores were plugged or pressure was more
than an appropriate limit value.

RESULTS AND DISCUSSION

Mathematical modeling was carried out with the parameter val-
ues listed in Table 1 and the reaction rate constant of 10 cm/min.
This value of reaction rate constant was used in the previous papers
[Chung et al., 1991, 1992, 1993] Dimensions of the preform were
taken from a sample used in the experiment done in our laboratory.
With the mathematical modeling, changes of concentration, pres-
sure, porosity, and amount of deposition were estimated.
1. Changes of Pressure

Time changes of pressures at different positions in the preform
are in Fig. 2. In the reactor, gas flows from the bottom to the top of
the preform (in z'-direction). The curve at z=0 is the pressure change
with time at the gas inlet and that at z=H is those at the gas outlet.
As in our experimental setting, the pressure at the gas outlet has
been fixed as 100 torr. As the deposition reaction goes on, sizes of
pores decrease. Hence, pressures at all positions increase with time.
Furthermore, the highest concentration of MTS is at the gas inlet
(z=0), and, as a result, the fastest deposition rate is obtained there.
Hence, the pressure at the gas inlet increases sharply.
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Fig. 1. Schematic diagram of the preform.

Table 1. Dimensions of the sample and deposition conditions

Deposition temperature 1,273 K
Pressure at the exit 100 torr
Preform : Diameter 5 cm
Preform : Thickness 1.2 cm
Preform : Initial porosity 0.617
Preform : Number of layers 12
Preform : Side length of a hole 3.3×10−3 cm
Thickness of one layer 0.588 mm
Number of fibers in a bundle 3,000
Diameter of a fiber 7 µm
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Pressure distributions along the direction of gas flow at different
times are in Fig. 3. At the initial stages of process, pressure decreases
slowly from the bottom to the top of the preform. However, after
60 min of reaction time, the pressure around the gas inlet increases
rapidly. Nevertheless, changes of pressures above z=0.2H of the
preform are slight at all reaction times.

Fig. 4 is the time changes of fiber radius at different positions in
the preform. As time goes on, fiber radius increases gradually at
almost all parts of the preform. As expected, changes of fiber radius
around the gas entrance (z=0) are big. At the upper half of the pre-
form (z=0.45H~H), the radii of fibers change very slowly. It is al-
most the same as changes of pressures above z=0.2H are very small
in Fig. 2. The slopes of curves are rather decreasing after 80 min
due to plugging of the gas entrance.
2. Changes of the Concentration

Fig. 5 is the time changes of the total concentration of gases at

different positions in the preform. Since the ideal gas law has been
applied, the total concentration changes in a similar way as pres-
sures do in Fig. 2. There is no big change of total concentration with
time above z=0.2H of the preform, but that at the gas inlet changes
considerably as pore entrances at z=0 become plugged after 80 min.

Changes of the mole fraction of each component with time in
the middle of the preform are in Fig. 6. As the infiltration process
goes on, the surface area around fibers becomes large. Hence, the
deposition rate increases with the increasing surface area. As a result,
the mole fraction of MTS decreases with time, as shown in Fig. 6.

According to the deposition reaction Eq. (1), when one mole of
MTS reacts, three moles of HCl are produced and the total mole
number of whole gases increases by two moles. Hydrogen would
have some role in the deposition reaction. However, according to
the reaction Eq. (1), the resultant number of moles of hydrogen does

Fig. 2. Changes of pressures at different positions in the preform
with time. H means the thickness of the preform. z=0 means
the gas inlet and z=H means the gas outlet.

Fig. 3. Distributions of pressure along the direction of gas flow in
the preform at different reaction times.

Fig. 4. Changes of the fiber radii with time at different positions
in the preform. z=0 means the gas inlet and z=H means the
gas outlet.

Fig. 5. The concentration of the total gas vs. time at different posi-
tions in the preform.
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not change.
In the middle of the preform, the mole fraction of HCl increases

with time as that of MTS decreases. As explained above, the mole
number of hydrogen does not change and, on the other hand, the
mole number of total gases increases with time. Therefore the mole
fraction of hydrogen decreases slowly with time.

In Fig. 6, the mole fraction of HCl increases steadily, but, after
110 min, it increases steeply. It is due to plugging of pores at the
gas entrance. Since the entrance pressure rises, the pressure in the
middle of the preform rises and the rate of deposition becomes faster.
So the mole fraction of HCl increases rapidly after 110 min of reac-
tion time.

The distributions of MTS mole fraction in the preform at differ-
ent times are in Fig. 7. It decreases along the direction of gas flow.
Around the gas entrance, the total concentration is high and the reac-
tion rate is fast. So the concentration of MTS decreases quickly and
MTS is almost depleted before reaching the gas exit. The mole frac-

tion of MTS becomes 0 at z=0.1H at 130 min of reaction time. It
is due to plugging of pores at the gas entrance.

The distributions of HCl mole fraction in the preform at differ-
ent times are in Fig. 8. As mentioned above, when one mole of MTS
is consumed, 3 moles of HCl are produced. Furthermore, as the de-
position process goes on, the deposition rate becomes faster due to
the increased surface area. Hence, more MTS is consumed and the
fraction of HCl increases. When MTS is depleted completely at
130 min as in Fig. 7, the mole fraction of HCl does not change any-
more.
3. Changes of Porosity and the Amount of Deposition

Porosities are calculated by using values of fiber radius. Hence,
changes of porosity are similar to changes of fiber radius. Fig. 9 is
the porosity distributions at different reaction times. The time of
plugging pores at the gas entrance is 130 min. At this time, the po-
rosity of the preform at the gas inlet is 0.093 which is theoretically
the lowest value. Until 20 min of the reaction time, changes of pres-

Fig. 6. Changes of the mole fraction of each gas with time in the
middle of the preform (at z=0.5H).

Fig. 7. Distributions of the mole fraction of MTS in the preform
at different times.

Fig. 8. Distributions of the mole fraction of HCl in the preform at
different times.

Fig. 9. Distributions of the local porosity in the preform at differ-
ent times.
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sure are little as shown in Fig. 3, so porosities in the whole preform
are relatively uniform. From this graph, it might be concluded that,
in the middle of the deposition reaction, the preform should be over-
turned at a proper time after 20 min of reaction time to get a uni-
form deposition through the preform.

Fig. 10 is the amount of deposition vs. time at different positions
in the preform. The amount of deposition increases steadily. As the
concentration of MTS increases sharply after 100 min at the gas
entrance, the amount of deposition increases in a similar way. As
pores become plugged, the increasing rate of the amount of depo-
sition decreases.

The experimental data by Park et al. [2001] show a similar value
at the entrance of the gas channel. On the contrary, the experimen-
tal values at z=0.5H and H are quite more than the calculated val-
ues. That was because of a little different structure of the reactor.
The exit gas was accumulated at the end of the preform for a while.
Hence more deposition was possible in the middle and at the end
of the preform. Furthermore, the amount of deposition at the end is
more than that in the middle of the preform because of the accu-
mulated reactant gas at the exit. Even though the experimental data
do not fit to the numerical calculation results because of the dif-
ferent structure of the reactor, they indicate the reasonableness of
the operational parameter values.

CONCLUSIONS

Mathematical modeling of the chemical vapor infiltration of SiC
into the fabric preform in the isothermal forced flow reactor with a
gas mixture of reactant MTS and hydrogen was studied. When the
reaction time is 130 min, pore entrances are plugged. At the time
of plugging pores, the pressure at the gas entrance increases sharply.
There remains a non-uniform deposition through the whole pre-
form at the time of plugging pores. When pores at the gas entrance
are plugged, the fractions of MTS and HCl at the gas exit approach
0 and 0.42, respectively.

The time when the preform should be overturned in the middle

of the process could be decided by observing the time changes of
fiber radius at the gas entrance.
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NOMENCLATURE

A : cross sectional area of the preform
C : concentration of gas [mol/cm3]
df : diameter of a fiber [cm]
H : height of the preform [cm]
k : deposition rate constant per unit lateral surface area of a

fiber [cm/min]
Mm : molecular weight of deposited SiC [g/mol]
N : number of fibers in a bundle
n : stoichiometric coefficient
P : pressure [torr]
Q : volumetric flow rate of gas [cm/min]
q : number of deposited SiC molecule per molecule of reac-

tant MTS
rf : radius of a fiber [cm]
t : time [min]
W : number of filaments per unit cross-sectional area perpen-

dicular to the axis of filaments [cm−2]
z : distance along the direction of gas flow [cm]

Greek Letters
ε : local porosity of a ply
µ : viscosity of gas [g/cm s]
ρ : density of gas [g/cm3]
ρm : density of the deposited SiC [g/cm3]
σ : dimensionless radius of a fiber; rf /rfo

ξ : dimensionless distance in z-direction; z/H

Subscripts
A : MTS
i : i-component
f : fiber
o : zero time
z : at z
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