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Abstract—Mathematical modeling for the preparation of C/SIC composites from methyl-trichloroslane in a F-CVI
(Forced-chemica 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 compodte materials have been drawing condderable
atention in the severd indudtrid fidds recently. Thisis because com-
posite materids compensate for shortcomings of each ceramic com-
ponent. Hence, good properties of every ingredients can be used.
For example, carbon materids are suitable for high temperature sruc-
turd materids because of their good mechanica properties such as
hardness and wear ressance. They are dso light and not corro-
dve However, ther utilization has been limited because they are
eedly breskable. These shortcomings can be improved by rein-
forcing with fibers and making composite maerias by Chemicd
Vepor Infiltration (CVI). Fbers aosorb energy when ceramic com-
posites are dongated and broken.

CVI was originated in efforts to dengfy 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 commercidly such that haf of the carbon-carbon com-
posites currently produced are made by CV| [Bickerdikeet d., 1992].
In the method of CV1, the precursor gas diffuses into a porous pre-
form and reacts a pore walls, which leads to deposition of meatrix
materias [Zhang et d., 2002]. The ided result would be a dense
compodte. It can produce large pieces of compodite materias with
complex shape.

Many different types of CVI reactor have been developed. They
aretheisothermd CVI (I-CVI), the temperature gradient CVI (TG-
CVI), the isothermd forced-flow CVI (F-CVI), the pressure-pulsed
CVI technique (P-CV1). In this research, FCVI has been sudied.

Manufacturing and modeing of fiber-reinforced ceramic com-
posites by CVI were sudied by many researchers [Birakayda and
Evans, 2002; Luo, 2002; Nannetti & d., 2002]. Ceramic compos-
ites reinforced with fiber bundles were studied by Rossignol et dl.
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[1984] and Tai and Chou [1989]. Those reinforced with short fibers
were dudied 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
a. [1991, 1992, 1993] and Kim et d. [1996]. Three void regionsin
the preform were consdered: holes between tows, gaps around fi-
bers, and gpaces between plies Reactant gases diffuse into three
void regions and react to produce s0lid deposits Jn e d. [1999,
2000] modeled CVI assuming fiber surfaces as an evolving inter-
face. Numericd smulations were used to optimize parameters of
CVI processes|[Li e d., 2003; Jang e d., 2002]. An overdl depos-
tion reaction which is the first order on the reactant concentration
and the surface area availdble for deposition was assumed [Chung
etd., 1993; Lee 2002].

Diffuson of reactant gases from the outsde surface of a pre-
form reaults in a concentration gradient, a nonuniform depogtion
profile and, asaresult, an occlusion of the outer surface of the pre-
form before filling the interior voids completely [Chung et d., 1991,
1992, 1993; Cho, 199].

The objective of thiswork was modding the preparation of fiber-
reinforced SIC/C composites by FCVI of SC from methyltrichlo-
rodlane (MTS) and H,. Effects of parameters of infiltration reec-
tion could be predicted by mathematical modeling. Time changes
of pore Sze, porodty, amount of deposition, and pressure gradient,
etc. were estimated.

MODEL DEVELOPMENT

The sysem is a cylindrica preform that is composed of layers
of carbon fiber bundle. However, spaces between layers and holes
between towsin the preform areignored. Fibers are nonporous Pores
among fibers are assumed to be digributed evenly in the whole pre-
form. A schematic diagram of the sysem is shown in Fg. 1. Tortu-
ogty of poreswas taken asa square of porosity.

Reactant gases of H, and MTS flow from one ddeto other Sde
of the preform by aforced convection flow in theisothermd reector
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Fig. 1. Schematic diagram of the preform.

(FCVI). Fractions of gases are functions of z only, the direction of
ges flow. Depogtion reaction occurs & the outside surfaces of cylin-
dricd fibersin the preform. Pseudo-deady dete is assumed for the
concentration digribution. In other words, the digtribution of gas
concantration reeches an equilibrium rapidly compared to the change
of fiber radius due to deposition. Although the actud infiltretion
reaction might have severd steps, it is supposed in this resserch thet
the following overdl deposition reaction of SCisafirg order reac-
tion for the concentration of MTS, i.e,, 1 mole of MTS changesinto
1 moleof SCand 3molesof HCI.

CH.SCl,—SC+3HCl @

Thereis only z-directiona convection in pores among fibers.
Hence, the molar baance of i-component isasfollows:

laQCi

A 92 —-2n7WkrC, =0 )]

Here, A is the cross-sectiond area of the preform, G the con-
centretion of i-component such as M TS, H,, and HCl, C, the cor-
centration of MTS, W the number of fibers per unit cross-sectional
area of the preform, r; the radius of fiber, k thefirst order deposition
rate condant, n is the soichiometric coefficient in Eq. (1), wheren
is a plus vaue for products and a minus vaue for reectants. The
firgt term in Eq. (2) is the change of i-component due to a convec-
tiond gas flow and the second one isthat due to a depostion. The
total molar balanceis asfollows

10QC _ _
ST ~ATWKTiCa =0 ®

The momentum baance equation for packed columns was used
for the calculation of pressure digtribution [Bird et ., 2002].

PPy o (HQ/A(17E)’

Az g U g
hae
+1727x10 LD @
df D gz
O o

Changes of fiber radius with time were caculated with the fol-
lowing equeation:
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Here, qisthe mole number of deposited SC from 1 moleof MTS.
M,, and 0., are the molecular weight and the dengity of SIC, repec-
tively. The amount of depogtion per unit cross-sectiond area of
the preform for the thickness of Az is expressed asfollows

KCa. ©)

Dz=n§D(rfz—ré)Aszm ©)

The porosity isobtained inasmilar way.
&=1-mW @]

Using dimensionless parameters such as o(=r,/r,) and é(=z/H),
equations were changed into dimensionless form and calculated in
the finite different method. Calculaions were carried out after the
z-axiswas divided into 20 dements.

Porosity & z, i.e, &, was cdculated firg and then P, C,, and Q,
were cdculaed. With these vaues, mole fractions of dl compo-
nents, x;s, were caculated. Fiber radiusr;, amount of infiltration D,
and average porosity &, were caculated. Calculaions were termi-
nated a the time when pores were plugged or pressure was more
than an appropriate limit vaue.

RESULTS AND DISCUSSION

Mathematica modeling was carried out with the parameter vd-
ues liged in Table 1 and the reaction rate congtant of 10 cvmin.
Thisvaue of reaction rate congtant was used in the previous papers
[Chung et d., 1991, 1992, 1993] Dimengions of the preform were
taken from asample used in the experiment donein our laboratory.
With the mathematicd modeling, changes of concentration, pres-
sure, porosity, and amount of deposition were estimated.

1 Changes of Pressure

Time changes of pressures a different pogtions in the preform
arein Fig. 2. In the reector, gas flows from the battom to the top of
the preform (in Z-direction). The curve a z=0 is the pressure change
with time at the gas inlet and thet a z=H isthose a the gas outl .
As in our experimenta setting, the pressure a the gas outlet has
been fixed as 100 torr. As the deposition reaction goes on, sizes of
pores decrease. Hence, pressures a dl positions increase with time.
Furthermore, the highest concentration of MTS is et the gas inlet
(z=0), and, as areault, the fastest deposgition rate is obtained there.
Hence, the pressure et the gasinlet increases sharply.

Table 1. Dimensions of the sample and deposition conditions

Deposition temperature 1,273K
Pressure at the exit 100 torr
Preform : Diameter 5cm
Thickness 12cm
Initia porosity 0.617
Number of layers 12
Side length of ahole 3.3x10°%cm
Thickness of one layer 0.588 mm
Number of fibersin abundle 3,000
Diameter of afiber 7 um
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Fig. 2. Changes of pressures at different postionsin the preform
with time. H meansthe thickness of the preform. z=0 means
thegasinlet and z=H meansthe gasoutlet.
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Fig. 3. Didributions of pressure along the direction of gas flow in
the preform at different reaction times.

Pressure digtributions dong the direction of gasflow at different
timesarein FHg. 3. At theinitid stages of process, pressure decreases
dowly from the bottom to the top of the preform. However, after
60 min of reaction time, the pressure around the gas inlet increases
rapidly. Neverthdess, changes of presaures aoove z=0.2H of the
preform are dight a dl reaction times.

Fg. 4 isthe time changes of fiber radius at different postionsin
the preform. As time goes on, fiber radius increases gradudly at
amog dl parts of the preform. As expected, changes of fiber radius
around the gas entrance (z=0) are big. At the upper hdf of the pre-
form (z=0.45H~H), the radii of fibers change very dowly. It isd-
mog the same as changes of pressures above z=0.2H are very smdl
in Fg. 2. The dopes of curves are rather decreasing after 80 min
dueto plugging of the gas entrance.

2. Changes of the Concentration
Fig. 5 is the time changes of the totd concentration of gases at
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Fig. 4. Changes of the fiber radii with time at different positions
in the preform. z=0 meansthe gasinlet and z=H meansthe
gasoutlet.
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Fig. 5. The concentration of the total gasvs time at different pos-
tionsin the preform.
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different positionsin the preform. Since theided gaslaw has been
applied, the totd concentration changes in a Smilar way as pres-
auresdo in Fg. 2. Thereisno big change of total concentration with
time above z=0.2H of the preform, but that a the gasinlet changes
congderably aspore 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
depogition rate increases with the increasing surface area. Asaresult,
the mole fraction of MTS decreases with time, asshown in Fig. 6.
According to the deposition reection Eq. (1), when one mole of
MTS reects, three moles of HCl are produced and the totd mole
number of whole gases increases by two moles. Hydrogen would
have some role in the deposition resction. However, according to
the reaction Eq. (1), the resultant number of moles of hydrogen does
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Fig. 6. Changes of the male fraction of each gas with time in the
middle of the preform (at z=0.5H).

not change:

Inthe middle of the preform, the mole fraction of HCI 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 dowly with time.

In Fg. 6, the mole fraction of HCI increases steadily, but, after
110 min, it increases geeply. It is due to plugging of pores a the
gas entrance. Since the entrance presaure rises, the pressure in the
middle of the preform rises and the rete of deposition becomes fadter.
So the mole fraction of HCl increases rgpidly after 110 min of reac-
tiontime.

The digributions of MTS mole fraction in the preform at differ-
enttimesarein Fg. 7. It decreases dong the direction of gasflow.
Around the gas entrance, thetotal concentration is high and the reec-
tion rateis fagt. So the concentration of MTS decresses quickly and
MTSisadmog depleted before reeching the gas exit. The mole frac-
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Fig. 7. Digributions of the mole fraction of MTS in the preform
at different times.
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Fig. 8. Digributions of the mole fraction of HCI in the preform at
different times.

tion of MTS becomes 0 & z=0.1H a 130 min of reaction time. It
isdueto plugging of poresat the gas entrance.

The digributions of HCl male fraction in the preform at differ-
ent timesarein FHg. 8. Asmentioned above, when onemoleof MTS
is consumed, 3 males of HCI are produced. Furthermore, as the de-
position process goes on, the deposition rate becomes fagter dueto
the increased surface area. Hence, more M TS is consumed and the
fraction of HCl increeses. When MTS is depleted completely at
130 min asin Hg. 7, the mole fraction of HCl does not change any-
more.

3. Changes of Porosity and the Amount of Deposition

Porosties are cdculaed by usng vaues of fiber radius. Hence,
changes of porogty are smilar to changes of fiber radius. Fig. 9 is
the porogty didributions a different reaction times. The time of
plugging pores at the gas entrance is 130 min. At thistime, the po-
rosty of the preform  the gasinlet is 0.093 which is theoreticaly
the lowest value Until 20 min of the reaction time, changes of pres-

0.0 0.2 0.4 0.6 0.8 1.0
Dimensionless distance

Fig. 9. Digributions of the local porosity in the preform at differ-
ent times.
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Fig. 10. Changes of the local amount of deposition per unit cross
sectional area of the preform at different postionsin the
preform. Dotted points are the experimental data [Park
et al., 2001].

arearelitleasshownin Fg. 3, S0 porositiesin the whole preform
are rdatively uniform. From this grgph, it might be concluded thet,
in the middle of the deposition reaction, the preform should be over-
turned a a proper time after 20 min of reaction time to get a uni-
form depostion through the preform.

Fg. 10isthe amount of depogtion vs. time a different postions
in the preform. The amount of deposition increases seadily. Asthe
concentration of MTS increases sharply after 100min & the ges
entrance, the amount of depodtion incresses in a Smilar way. As
pores become plugged, the increasing rate of the amount of depo-
gtion decreases.

The experimentd databy Park et d. [2001] show asimilar vdue
a the entrance of the gas channd. On the contrary, the experimen-
td vadues a z=0.5H and H are quite more than the cdculated val-
ues That was because of allittle different structure of the reactor.
The exit gas was accumulated at the end of the preform for awhile,
Hence more deposition was possible in the middle and a the end
of the preform. Furthermore, the amount of depogtion a theend is
more than that in the middle of the preform because of the accu-
mulated reactant gas d the exit. Even though the experimenta deta
do nat fit to the numericd cdculaion results because of the dif-
ferent gtructure of the reactor, they indicate the reasonableness of
the operationd parameter vaues.

CONCLUSIONS

Mathematicd modding of the chemicd vapor infiltration of SC
into the fabric preform in the isotherma forced flow reactor with a
gas mixture of reactant MTS and hydrogen was Sudied. When the
reaction time is 130 min, pore entrances are plugged. At the time
of plugging pores, the pressure & the ges entrance increeses sharply.
There remains a non-uniform depostion through the whole pre-
form et the time of plugging pores. When pores at the gas entrance
are plugged, the fractions of MTS and HCl & the gas exit goproach
0and 042, 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

: cross sectiona area of the preform
: concentration of gas [mol/cm?]
: diameter of afiber [cm]
: height of the preform [cm]
: depodition rate constant per unit lateral surface areaof a
fiber [cm/min]
m . molecular weight of deposited SIC [g/mal]
: number of fibersin abundle
: stoichiometric coefficient
: pressure [torr]
: volumetric flow rate of gas[cm/min]
: number of deposited SC molecule per molecule of reac-
tant MTS
- radius of afiber [cm]
time [min]
W : number of filaments per unit cross-sectional area perpen-
dicular to the axis of filaments[cm™]
z : distance dong the direction of gasflow [cm]

~IeO>

LO0UTVT-SzZzZ

-

Greek Letters
& :loca porosty of aply
U :viscosity of gas[g/em S|
p  :dendty of gas[g/cm?
P :dendty of the deposited SIC [g/cm’]
: dimensionless radius of afiber; r,/r,,
: dimensionless distance in z-direction; z/H

g
¢
Subscripts
A :MTS

i : i-component
f : fiber

o :zerotime

z az
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