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Abstract - Manufacturing of ceramic/ceramic composites by chemical vapor infiltration of SiC from dichlorodimethyl- 
silane (DDS) in 2- and 4-ply woven carbon fabrics has been studied. Dense deposition was obtained at a low reaction 
pressure such as 10 torr, as expected, tlowever, little deposition was occurred at low DDS concentration such as 4%. 
Spaces between plies were left wild with little deposition. The amount of deposition was proportional to the pressure and 
the DDS concentration. From the experimental data of the amount of deposition, the first order deposition rate constant of 
40 cm/min was estimated. This value was bigger than our previous value. The tendencies for 4-ply sample were similar 
to those of 2-ply sample. Scanning electron microphotographs and pore size distribution analysis showed the same results. 
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INTRODUCTION 

Ceramic materials have good mechanical properties at high 
temperature, low density, and resistance to corrosion and ero- 
sion. Furthemrore, fiber reinforcement adds strength and tough- 
ness to ceramic materials. Such fiber-reinforced composites can 
be prepared by hotpressing and sintering mixtures of powders 
and chopped fibers and by chemical vapor infiltration (CVI) 
[Besmann et al., 1991 ]. 

CVI was originated in efforts to densify porous graphite bo- 
dies by infiltration of carbon. The earliest report of the use of 
CVI was a patent for infiltrating fibrous alumina with chro- 
mium carbides [Jenkin, 1964]. The technique has been devel- 
oped commercially such that half of the carbon-carbon com- 
posites currently produced are made by CVI [Bickerdike et al., 
1962]. In CVI, the precursor gas diffuses into a porous ceramic 
preform, predominantly made up of fiber materials. Then the 
chemical reaction at pore walls leads to a deposition of matrix 
materials. Ideally, the result is a dense composite. It can pro- 
duce large pieces of composite materials with complex shape. 

Manufacturing of fiber-reinforced ceramic composites by CVI 
was studied by many researchers. Ceramic composites rein- 
forced with a fiber bundle were studied by Rossignol et al. 
[1984] and Tat and Chou [1989]. Those reinforced with short 
fiber preforms were studied by Gupte and Tsamopoulos [1980], 
Starr [1987], Jensen and Melkote [1989]. 

Mathematical modelling of manufacturing of ceramic corn- 
posites reinforced with multilayer woven fabrics was studied 
by Chung et al. [1991, 1992, 1993]. An overall deposition reac- 
tion which is first order in reactant concentration and in surface 
area available for deposition was assumed [Chung et al., 1993]. 
In the previous works [Chung et al., 1991, 1992, 1993], mathe- 
matical modelling was confined to the preform itself. In other 

*To whom all correspondences should be addressed. 

words, the concentration of the reactant gas outside of the sam- 
ple was uniform. However, in this research, the whole reactor 
with a sample inside was the object of modeUing. Hence, the 
concentration outside of the sample was not uniform. 

Manufacturing of ceramic SiC/C composites by CVI was stu- 
died in this experiment. Deposition iri a single ply sample had 
been carried out by our group [Kim et al., 1996]. Depositions 
in 2- and 4-ply samples were carried out with the reaction con- 
ditions used for the single ply sample. Two void regions in the 
sample were considered: holes between tows and gaps around 
filaments in a tow [Chung et al., 1991]. Reactant gases diffuse 
into the three void regions and react to produce solid deposit. 
Diffusion of reactant gases from the outside surface into the 
sample results an internal concentration gradient. This concen- 
tration gradient can result in a nonuniform deposition profile in 
the composite and occlusion of the outer surface of the sample 
before filling the interior voids completely [Chung et al., 1991]. 

The objective of this work is to fabricate fiber reinforced 
SiC/C composites by CVI of SiC from dichlorodimethylsilane 
(DDS) and H2. How deposition ,can be controlled by changing 
the DDS concentration and the reaction pressure for a uniform 
deposition in the sample will be: studied. With scanning elec- 
tron microphotographs and the poresize analysis, aspects of de- 
posit were confirmed. Experimental data of the amount of de- 
position were fitted with results from the mathematical model- 
ling. In the fitting process, the overall lst-order deposition rate 
constant was obtained and compared with our previous value 
[Chung et al., 1992]. 

MODEL DEVELOPMENT 

A mathematical model for the deposition process has already 
been developed to understand the relationship between the 
chemical reaction rate and various mass transport mechanisms 
[Chung et al., 1992, 1993; Kim et al., 1996]. The model pre- 
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dicts how concentration, amount of deposition, porosity, and di- 
mensions of the sample change with time. Details of modelling 
are presented in our previous paper [Kim et al., 1996]. 

As mentioned earlier, the whole reactor was considered for 
the mathematical raodelling. The simplified homogeneous mod- 
el [Chung et al., 1992] was used in this research. So spaces 
between plies was considered as void volume of gaps around 
filaments. 

The following: assumptions are used for the modelling. As 
shown in Fig. 2, I-, II-, IV-regions represent the regions before, 
above, and after the sample. Ill-region represents inside of the 
sample. The length of I- and IV-region is 5 cm, respectively, 
and the length of sample (II- and Ill-region) is 3 cm. The sub- 
strate consists of fabrics, gaps, and holes and has a porous flat 
surface with square holes. Filaments within a tow are arranged 
on triangular centers. There is no concentration gradient in the 
x-direction. The concentration in the whole system approaches 
a steady state rapidly. Then, as deposition goes on, the con- 
centration profile changes with the change of porosity and sur- 
face area. 

The plies are spaced so that holes in every ply are aligned 
above each other. Diffusion of gaseous DDS occurs from both 
surfaces to the center of the sample; through the holes and 
through the gaps around filaments. The model was developed 
by solving mass balance equations for DDS. 

Mass balance equations outside of the sample (ll-region) are 
as follows: 

ONAgx O Jag. 2kCag 
+ " - 0  ( 1 )  

3x az W 

b.c. at z=0, C, tgl~=~ ) =C4.~1~'=0 (before plugging gaps)(2) 

+ kCag =0 (after plugging gaps) (3) 
3x Az 

~}Nag~ Jagz ( 2  1 ) k C a g = 0  (4) 
at z=B, - ~ -  + Az - ,gr 7-+ ~ -  

Eqs. (2) and (3) are the boundary conditions before and after 
plugging gaps around the outer filaments of the sample. In 
front of the sample (I-region) and behind the sample (IV-re- 
gion), depositions occur on the walls of the carbon cylinder. 
Then a symmetric boundary condition was used instead of Eqs. 
(2) and (3). 

Mass balance equations in the gaps around filaments inside 
of the sample (Ill-region) are as follows: 

aJa~ + F2m'kCa. ~ = 0 (5) 
Oz' 

b.c. at z'=0, (~Ag [z=(I -~- CAs [Z=O (6) 

at z'=b, - - - " ~ -  =0 (7) 
" ClZ" 

Mass balance equations in the hole before and after plugging 
hole walls were also developed in the similar way. 

The rate of change of the radius of a filament is as follows: 

Or _ qM,, k C~a~ (8) 
at p,, 

i.e. r=rc)at t=0  (9) 

The rate of change of the thickness of the sample is as fol- 
lows: 

3b _ 2_qM,,k CAglz=o (10) 
at p= 

i.c. b = b  0 at t<tc (11) 

t, is plugging time around the filaments of surface. 
The rate of change of the thickness of the tube wall is as fol- 

lows: 

3BB = _ 2 q_ M.,k Cag I ~  (12) 
at pm " 

i.c. B = B ,  at t=0  (13) 

The amounl of deposition could be calculated with changes in 
dimensions of the sample [Chung et al., 1993; Kim, 1996]. 

E X P E R I M E N T A L  

The deposition system is shown in Fig. 1. The system con- 
sisted of three parts such as a feed supply system, an electric 
furnace, and a gas draining system. The feed supply system 
consisted of H: and Ar gas cylinders, flow meters, and a DDS 
vessel. A carbon tube was located in the middle of quartz jack- 
et in the furnace. The gas draining system consisted of a pres- 
sure gauge, NaOH trap, and a vacuum pump. The NaOH trap 
removes HCI in the exit gas. The reagent used was 99% DDS 
(Jansen Co.). 

The mullilayer woven fabric sample (Toray, T300 B6000) 
contained tows of 6000 filaments. Each carbon fiber filament 
was circulm- in cross-section and 8 btm in diameter. Each ply of 
the sample was preprocessed to be an aligned holes. The sam- 
ple was set in this geometry by coating it with a dilute solution 
of polymethylmethacrylate. Then, the sample in the sample hold- 
er was located in the middle of the carbon tube. 

After the system was evacuated, argon gas was flushed to re- 
move air left in the system. After the furnace was heated to the 
reaction temperature, DDS and It2 gas entered into the system. 
Reaction conditions are summarized in Table 1. 

The amount of deposition was measured by weighing a sam- 

I ] 
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k ,,,acu u rll sensor 

~ f low meter _ H _ ~ : :  - ~  

'Js pUIl l  I) 

Fig. 1. Schematic diagram of the experimental apparatus. 
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Table 1. Reaction conditions used in the experiment 

Temperature 
Pressure 
Diffusion coefficient 
Flow rate of the carrier gas at 25"C 

11% of DDS 
4% of DDS 

Number of filaments in a two 
Radius of filaments 
Sample size (2b • L • W) 

950"C 
10, 30 torr 

236 cm2/min 

900 cm3/min 
500 cm~/min 
12000 
0.0004 cm 
0.0433x 2.4x 3 cm 

gas iT1 

LF [-s l"I~ ~t 
4 ~I~ ~I~ 

I I I I 
I I I I 
[ I I II I 1V I 

ztL_._ I I ~ _  /I 

sample 

g a s  o u t  

141 I, ~1,i 

{side vicw ()f the rcactor] 

Fig. 2. Schematic diagram of the system for the numerical 
analysis. 

pie during the deposition reaction. Scanning electron microsco- 

py (Hitachi model  S-2500C) and poresizer (Micromeritics 

model 9320) were used. 

R E S U L T S  AND DISCUSSION 

1. Deposition Rate 
From the mathematical modelling, changes of dimensionless 

concentration of  DDS with dimensionless distance along the 

axis of tube in the gas phase at the plugging time of the gaps 

around the outer filaments of the 2-ply sample are shown in 

Fig. 3. The lines indicate the DDS concentration in I-, II-, IV- 
regions of Fig. 2. In every region, there is a big concentration 

decrease following the z-direction. However, the relative reduc- 

tion of concentration following the z-direction in ll-region was 

more extreme than those in I- and IV-regions due to the large 

deposition area around filaments. Fig. 3 also shows the con- 

centration decreases following the z'-direction inside of the sam- 
ple. Line ii-1 is the concentration distribution along the gra- 
phite tube wall and line 11-9 is that on the outside surface of 

the sample. 
The amounts of deposition at different pressures are shown 

in Fig. 4. The amount of deposition is proportional to the pres- 

sure. The plots; are linear with one break point as expected. 

The first slope is due to the deposition in the gaps around fil- 
aments. The second one is due to deposition in the spaces 

between plies and on the surface of the sample. Because of the 
large surface area on the surface of filaments, the initial slope 

is much bigger than the second slope. In the actual experiment, 

the mass of the sample decreased about 30% at the beginning. 

This is due to firing of epoxy coated on the surface of fil- 

aments and vaporizing moisture among filaments. Hence, the 
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Fig. 3. Changes of dimensionless concentration of DDS with di- 
mensionless distance along the axis of tube at the plug- 
ging time of gaps around the outer filaments of the 2-ply 
sample. Reaction conditions; 950~ 10 tort, 11% DDS, 
900 mUmin. 
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Fig. 4. Changes of the amount of deposition with time at dif- 
ferent pressures for the 2-ply sample. Reaction conditions: 
950~ 11% DDS, 900 ml/min. Lines are mathematical 
modelling results. 

first data points in Figs. 4, 6 were adjusted by considering that. 

The first-order deposition rate constant of 40 cm/min was es- 
timated by fitting the experimental data with results from the 

mathematical modelling. This valne is bigger than tlhe previous 

value of 10 cm/min [Chung et al., 199l]. This is because of 
the difference in the assumed concentration outside of the sam- 

ple. In this research, there was a concentration gradient outside 

of the sample along the direction of gas flow. However, in the 
previous re,arch, the concentration was assumed constant around 

the sample. The high concentration in the previous research 

resulted in the smaller value of reaction rate constant. 
The amounts of deposition at different concentrations of 

DDS are shown in Fig. 5. With 40 cm/min of lst-order de- 

position rate constant, mathematical modelling results fitted the 

experimental data well. However, the experimental data of 4% 
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Fig. 5. Changes of the amount of deposition with time at dif- 

ferent concentrations for the 2-ply sample. Reaction con- 
ditions: 9500C, 10 torr, 900 ml/min for 11% DDS and 
500 mUmin for 4% DDS. Lines are mathematical model- 
ling results. 
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Fig. 6. Changes of the amount of deposition with time for the 2 

and 4-ply :sample. Reaction conditions; 950~ 10 torr, 
11% DDS, 900 ml/min. Lines are mathematical model- 
ling results. 

DDS were a little bit deviated from the modelling line. This is 

because of the folmation of needle-shape deposit. The decrease 

of partial pressure of DDS due to the resistance of diffusion 

into the sample became a condition for needle-shape deposit 

formation. Hence, dense deposition inside the sample was not 

possible and the amount of deposition was less than the mathe- 
matical modelling line with 40 cm/min. However, the trend of 

the line of the amount of deposition on the surface of the sam- 
ple for 4% DDS concentration was similar to that tbr 11% 
DDS concentration. The amount of deposition for 4-ply sample 

increased in the similar way to that for 2-ply sample as shown 

in Fig. 6. 
2. Pore Size Distribution 

Incremental pore volumes of the 2-ply samples deposited at 

different pressures and different concentrations of DDS are 
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Fig. 7. Changes of the incremental pore volume with diameter 

at different pressures for the 2-ply sample. Reaction con- 
ditions; 950~ 11% DDS, 900 mi/min. 
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Fig. 8. Changes of the incremental pore volume with diameter 

at different DDS concentrations for the 2-ply sample. 
Reaction conditions; 950~ 10 torr, reaction time, 24 hr 
for 11% DDS and 54 hr for 4% DDS. 

shown in Figs. 7 and 8, respectively. The sample deposited at 

a high pressure, 30 tort, left more void volume than the sample 
deposited at a low pressure, 10 torr, did. The peaks of pore di- 

ameter around 100 I.tm and 8 p.m indicate spaces between plies, 

and gaps around filaments. Hence, at 30 torr, gaps around the 
outer filaments of the sample were plugged, before gaps 

around the inner side filaments were plugged. As shown in Fig. 

7, there are more pore volume in the sample deposited at a 
high pressure. This certifies again that deposition should be 

done at a low pressure for more dense deposition. The ex- 
planation that the sample deposited at 30 torr shows more de- 

position in the gaps around the outer filaments and on the flat 
surface of the sample will be continued the following SEM 

photo in Fig. 10(c) 
In Fig. 8, the sample deposited at a low DDS concentration, 

4%, has a more pore volume for all sizes of the pores. This 

contradicts to our expectation that the more dense deposition is 
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obtained at a low reactant concentration. It seems that the for- 
mation of needle-shape deposit is the main reason of having a 
more pore volume inside of the sample from the SEM photos 
in Fig. 13. 

The incremental pore volumes for 2- and 4-ply samp]e are 
shown in Fig. 9. All sizes of pores for 4-ply samples were left 
void compared with those for 2-ply samples. For the 4-ply sam- 
ple, it became hard for the reactant gas to diffuse into the gaps 
around the inner filaments of the sample. Hence, the 4-ply sam- 
ple became more spacious after deposition. 
3. SEM Observation 

The aspects of deposit were also confirmed with scanning 
electron microphotographs. Photos of the deposited surface of 
the woven sample are shown in Fig. 10. The photo in Fig. 
10(a) is the surface of the sample deposited at a lower pressure 
and a lower concentration. Compared with the photos in Fig. 
lO(b) and (c), there are less deposit even if it deposited for the 
longest time, 54 hr. It is consistent with the results from Figs. 5 
and 8 that little deposition was occurred due to the formation 
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Fig. 9. Changes af incremental pore volume with diameter for 2- 
and 4-ply samples. Reaction conditions; 9500C, 10 ton', 
11% DDS, 900 ml/min, reaction time, 24 hr. 

Fig. 11. SEM's of the cross-section of 2- and 4-ply samples. Reac- 
tion conditions; 950~ 10 torr, 11% DDS, 900 ml/min, 
reaction time 24 hr. 

Fig. 10. SEM's of the surface of 2-ply samples deposited at 9500C. 
(a) 10 totr, 54 hr, 4% DDS, (b) 10 torr, 24 hr, 11% DDS, (c) 30 torr, 17 hr, 11% DDS. 
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Fig. 12. SEM's of the cross.section of the 4-ply sample. Reaction 
conditions; 950~C, 10 torr, 11% DDS, 900 ml/min, reac- 
tion time 24 hr. 
(a) The first ply, (b) The second ply. 

of needle-shape deposit. The deposit done at the conditions of 
10 tort and 11% DDS in Fig. 10(b) has a small droplet-like de- 
position sparsely. The surface of the sample deposited at a high 
concentration and a high pressure in Fig. 10(c) shows a lot of 
deposit of irregular shape. 

Photos of the cross-section of 2- and 4-ply samples are shown 
in Fig. 11. Surfaces of each ply of the sample are covered with 
dense deposit. However, spaces between plies are left void. Be- 
fore the complete plugging of the spaces between plies and the 
gaps around filaanents in the inner plies, the outside surfaces of 
the outer plies were plugged. So gaps around the outer fi- 
laments of the first and the fourth plies in Fig. l l (b) were de- 
posited more than those of the inner plies. Figs. 12(a) and (b) 
show the different aspects of deposit in the outer ply and the 
inner ply of the sample. Deposit in the first ply (i.e. the outer 
ply) is denser than that in the second ply (i.e. the inner ply), as 
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Fig. 13. SEM's of the cross-section of 2-ply samples deposited at 
950~ and 10 torr. 
(a) 11%, 24 hr, (b) 4%, l lO hr. 

expected. 
Photos in Fig. 13 are the cross sections of 2-ply samples de- 

posited with 11% and 4% DDS. Gaps around the outer fil- 
aments are plugged before gaps around the inner filaments are 
filled. Furthermore, the sample deposited with 4% DDS has a 
lot of pore volume even after a longer reaction time, 11(I hr. 
That is because of the formation of needle-shape deposit. The 
results are consistent with the results from Figs. 5 and 8 
Though, deposition had been carried out for a longer time (i.e. 
110 hr), there was a little deposition inside :he sample by the 
reason of the formation of needle-shape deposit. However, for 
both cases, shapes of deposit on the flat surtace of the sample 
and in the gaps around the outer filaments were similar. 

CONCLUSIONS 

The chemical vapor infiltration of SiC in 2- and 4-ply woven 
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fabric samples was studied experimentally in isothermal reactor 
with a gaseous mixture of reactant DDS and hydrogen. More 
dense deposition was obtained at a low pressure. For the 4-ply 
sample, there was a little deposition in the inner plies while 
gaps of the outer plies were completely plugged. At a low 
DDS concentration, SiC was deposited a little in the gaps 
around filaments, even though it was deposited for the longest 
reaction time. This is because of the formation of needle-shape 
deposit inside the sample. This was certified with SEM photos 
and porosity measurements. The rate of deposition was de- 
termined from the change of the amount of deposition. The es- 
timated first order rate constant was 40 cm/min, based on the 
surface area of the sample. The concentration gradient around 
the sample caused the lst-order deposition rate constant to be 
higher than the previous value. 
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NOMENCLATURE 

a : side length of the square hole [cm] 
B : distance between the inside wall of the tube and the sur- 

face of the sample [cm] 
b : half of the thickness of the sample [cm] 
Ca : mole cortcentration of the component A [mol/cm 3] 
F : number of f'flaments per unit cross sectional area of a tow 

[cm =] 
J, : diffusion flux of the component A [mole/cm ~ sec] 
k : first-order deposition rate constant [cm/min] 
L : length of the graphite tube [cm] 
L~ : length of l-region (in front of the sample) [cm] 
L~ : length of II-, Ill-region (sample) [cm] 
L, : length of IV-region (behind the sample) [cm] 
M. : molecular weight of deposited SiC [g/moll 
Na : molar flux of the component A [mole/cm 2 sec] 
q : number of molecule of Si/SiC generated from a DDS mole- 

cule 
r : radius of a filament [cm] 
t :time [min l 
W : width of the graphite tube [cm] 
x : coordinaLe in the direction of diffusion in the space bet- 

ween plies [cm] 
z : coordinate in the direction of diffusion above the sample 

[cml 
z" : coordinate in the direction of diffusion in the sample lcm] 

Greek Letter 
p~ : density of the deposited material [g/cmq 

Subscripts 
c : plugging time 

g : gas phase 
o : zero time 
s : solid phase 
x : x-direction 
z, z' : z- and z" -direction 
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