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Abstract−The preparation of C/C composites by the chemical vapor infiltration (CVI) of the pyrolysis carbon from
propane was studied. Pyrolysis carbon was deposited at 30 torr and at temperatures between 1,173 and 1,233 K. The
rate of carbon deposition increased slightly with time. The main gas products in the exit gas were methane, ethylene,
and acetylene. The fraction of ethylene decreased and that of acetylene increased with the reaction temperature and
the propane concentration. The produced propyl radicals reacted further at a high temperature and at a high propane
concentration. These trends were similar to those of the reported data. Changes of the shapes of deposited carbon in
the pores of preform were confirmed with SEM photos. The mathematical modeling of the system with the deposition
rate constant from the reference estimated experimental data well.
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INTRODUCTION

C/C composites have good properties such as thermal and corro-
sion resistance. The shortcomings that carbon matrices are broken
easily are compensated by reinforcing with fibers and making com-
posite materials by chemical vapor infiltration (CVI). In this pro-
cess how the preforms are filled with deposited carbon uniformly
without any remaining pores is the main concern of many research-
ers. CVI originated in efforts to densify porous graphite bodies by
infiltration of carbon [1]. The earliest use of CVI was the infiltra-
tion of fibrous alumina with chromium carbide. Since then this tech-
nique has developed commercially and many carbon-carbon com-
posites have been produced by CVI.

The pyrolysis of hydrocarbons such as methane [2], propylene
[3], and propane [4] has been studied extensively. Murphy et al. [5]
studied the thermal decompositions of many hydrocarbons at high
temperatures between 1,173 and 1,373 K. Methane, ethylene, acet-
ylene, propane and neopentane have been pyrolyzed in a flow sys-
tem, and the volatile pyrolysis products were analyzed. Eleven aro-
matic hydrocarbons, containing 14 or fewer carbon atoms, accounted
for 98+% of the liquid products recovered in each case. Benzene
was the main product followed by naphthalene. Acetylene was found
to be a major component of the gaseous effluent. It was proposed
that acetylene may be a common factor in the pyrolysis of ali-
phatic hydrocarbons, perhaps acting as the precursor of both sur-
face carbon and aromatic hydrocarbons by a process of head to tail
linkage of two carbon units at active surface sites to form chains
that then undergo dehydrogenation to carbon or cyclization and de-
sorption as aromatic species.

Pyrolysis of propane like that of many other hydrocarbons leads
to hundreds of species and reactions [6-8]. Fig. 1 is the reaction mech-

anisms of the pyrolysis of propane. Firstly, methyl, ethyl, and n- &
i-propyl radicals are produced. Then the gas products, such as me-
thane, ethylene and acetylene, are generated [9,10]. Benzene and
toluene are also produced.

Ziegler et al. [10-12] had identified carbon/carbon composite syn-
thesis involves the deposition of a matrix of pyrocarbon produced
by the pyrolysis of a gaseous hydrocarbon in a preform made of
carbon fibers. They carried out the pyrolysis of propane in a wide
range of temperature (1,173-1,298 K) with a residence time of 1 s.
The pyrolysis generates various gaseous species such as hydrogen,
various light hydrocarbons, aromatic and polyaromatic hydrocar-
bon species (PAH). Khan et al. [13] also pyrolyzed propane in a

Fig. 1. Reaction mechanisms of the pyrolysis of propane at 1,248 K.
The main gas products detected in this research are meth-
ane, ethylene and acetylene. The reaction paths for the pro-
duction of big molecules were simplified. Details are in the
references 9-11.
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flow reactor system at temperatures ranging from 913 to 1,283 K.
The products of pyrolysis were collected and analyzed.

As shown in Table 1, Ziegler et al. [12] used 12.96% of propane
in nitrogen at 2.625 torr. On the other hand, Khan et al. [13] used
0.5% propane in nitrogen of 12.5 cc/min at 6 torr. In this research,
pure propane was used and effects of the propane concentration were
observed.

Modeling of the manufacturing of fiber-reinforced ceramic com-
posites by CVI was studied by many researchers. Gases diffuse into
the void regions and react to produce solid deposits. Numerical simu-
lations were used to optimize parameters of CVI processes. In the
research of CVI of SiC, it was assumed that an overall deposition
reaction is the first order on the reactant concentration and the surface
area available for deposition [14,15]. The same assumptions were
used in this research.

The process of the preparation of C/C composites by the chemi-
cal vapor infiltration (CVI) of pyrolysis carbon was studied in this
research. This work describes the experimental and modeling stud-
ies of the formation of pyrocarbon obtained by the pyrolysis of pro-
pane at 1,173-1,233 K. Pyrolysis carbon was deposited on the lateral
surfaces of carbon fibers in the layered preform. The amount of de-
posited carbon and the compositions of the exit gas after the deposi-
tion reaction were measured and compared with the reported data.
The mathematical modeling of the system has been done with the
deposition rate constant from the reference [16]. Time changes of
the amount of deposition were estimated and compared with the
experimental data. Changes of the shapes of deposited carbon in
the pores of preform were confirmed with SEM photos.

MODEL DEVELOPMENT

The cylindrical preform is composed of layers of woven fabrics.
Fibers in the preform are assumed nonporous. It is also assumed
that pores distributed evenly in the whole preform as shown in Fig. 2.

The reactant gas, i.e., propane, flows from one side of the pre-
form to another in the isothermal reactor. For the gas concentration
distribution, a pseudo-steady state was assumed. It is supposed that
propane infiltration reaction is a first-order reaction of propane by
which 1 mole of propane creates 3 mole bulk carbon [17].

C3H8→3C+4H2 (1)

There is a z-directional convection in the pores among fibers.
The mole balances of each ingredient were also made.

(2)

Here, A [cm2] is the cross-sectional area of the preform, CA [mol·
cm3] the concentration of propane, W [cm−2] the number of fibers
per unit cross-sectional area of the preform, rf [cm] the radius of
fiber, k [cm·s−1] the first order deposition rate constant, νA the stoichi-
ometric coefficient in Eq. (1). The first term in Eq. (2) is the change
of propane due to a convectional gas flow and the second one is
that due to a deposition on the lateral surfaces of cylindrical fibers.

Vaidyaraman et al. [16] reported the rate constant for carbon de-
position from propane as follows.

ln(ks)=2.2−23,610/RT (3)

Here, ks [cm·s−1] is the rate constant for deposition on the surface,
R the gas constant [cal·gmol−1K−1], and T [K] the reaction temper-
ature. They obtained the activation energy as 23.6 kcal·mol−1 which
is much lower than the 48-60 kcal·mol−1 reported in the literature [18].
They mentioned that the discrepancy might be due to the scattered
data and the uncertainty of the concentration near the hot side.

The momentum balance equation for packed columns was used
for the calculation of pressure distribution. Changes of a fiber radius
with time were calculated with the following equation.

(4)

Here, q is the mole number of deposited C from one mole of pro-

1
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Fig. 2. Schematic diagram of the preform used in the numerical
modeling.

Table 1. The experimental conditions used in our research and in the references

Conditions
in this research

Conditions in the experiments
by Ziegler et al. [12]

Conditions in the experiments
by Khan et. al. [13]

% of propane 100% 12.9%% in N2 0.5% in N2

Temperature [K] 1,173-1,233 1,173-1,298 913-1,283
Partial pressure of propane [torr] 30 2.6 6
Total pressure [torr] 30 20 1,216
Flow rate of propane [cc/min] 30 5 12.5
Reactor volume [cm3] 1,250 90 190
Residence time [s] 25 1 1.8
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pane, Mm and ρm are the molecular weight and the density of de-
posited pyrolysis C, respectively. The amount of deposition per unit
cross-sectional area of the preform for the preform thickness of ∆z
is expressed as follows.

(5)

The porosity εz is obtained in a similar way.

εz=1−πr2
fzW (6)

With the dimensionless parameters such as σ(=rf /rfo) and ξ(=z/
H), equations were changed into a dimensionless form and calcu-
lated in the finite difference method. Calculations were carried out
after the length in the z-direction was divided into 20 elements.

Porosity at z was calculated first and then pressure, Pz, total con-
centration, Cz, and volumetric flow rate, Qz, were calculated. With
these values, the mole fraction of propane was calculated. The fiber
radius, rfz, the amount of infiltration, Dz, and the porosity, εz, were
calculated. Calculations were terminated when pores were plugged.

EXPERIMENTAL

As shown in Fig. 3, the experimental settings are composed of
gas supply parts, furnace, and gas exhaust parts. A horizontal cylin-
drical electrical furnace was used. A cylindrical graphite tube in the
quartz tube was positioned in the center of the heating section of
the furnace to prevent the deposition of carbon on the wall of the
quartz tube. The preform and the thermocouple were also posi-
tioned in the center of the heating section of the furnace. The carbon
fiber preforms (20×20×4 mm) made of layered woven fabrics were
used.

The experimental procedures were as follows. The carbon pre-
form was dried and weighted. This preform in the graphite tube was
positioned at the center of the tube furnace. The reactor was evacu-
ated and then heated while helium gas passed through. As the tem-
perature of the furnace reached 1,173 K, 30 cc/min of propane was
injected at 30 torr. After the deposition reaction, propane was switched
to argon and the reactor was cooled down. The exhaust gas was
analyzed with a gas chromatograph during the reaction. The pre-
forms after deposition were weighted and SEM photos of them were
taken.

The depositions of pyrolysis carbon from propane were carried

out at 1,173-1,233 K, 30 torr, and 30 cc/min of propane. The amounts
of deposition were measured at 3, 6, 9, 12, and 18 hours. The de-
position conditions and the physical properties of the layered car-
bon preform are in Table 2.

For the G.C analysis of the exhaust gas, the Porapak N packed
column and TCD were used. The injection and the detection tem-
peratures were 200 oC. The oven temperature started at 40 oC ini-
tially, and increased 20 oC/min up to 190 oC. The residence times of
the main products at our G.C conditions were 1.4 min for methane,
4.7 min for ethylene, and 5.9 min for acetylene. The other products
were not detected because of the small amounts.

RESULTS AND DISCUSSION

1. Effects of Temperature
Changes of the amount of deposition with time at different reac-

tion temperatures are in Fig. 4. Dots are experimental data and lines
are the fitting curves. At a constant temperature, the amount of de-
position increased continuously with time. The slope of a curve at
a certain point is the rate of deposition at that point. As time passed,
the rate of deposition increased slightly due to the increasing surface
area. This is explained in this way. The surface area is one of several
driving forces for deposition. Here, the surface area is mainly the
lateral surface area of fibers in the preform. Hence, the rate of de-
position increases with the fiber diameters increasing due to depo-
sition. As expected, the amount and the rate of deposition increased
with the increasing temperature. Furthermore, it increased more be-
tween 1,203 and 1,233 K than did between 1,173 and 1,203 K.

Fig. 5 is the initial rate of deposition per unit hour and unit mass
of the preform obtained with the graph in Fig. 4. When the experi-

Dz = π rfz
2

 − rfo
2( )∆zWρm

z=0

L

∑

Fig. 3. Schematic diagram of the experimental setting.

Fig. 4. Changes of the amount of deposition per unit mass of the
preform as a function of deposition time at different reac-
tion temperatures. The dotted and the solid lines are curves
fitting the experimental data.

Table 2. Dimensions of the preform used in the experiment

Preform size 20 mm×20 mm×4 mm
Surface area 0.28 m2/g 
Average pore diameter 12.8 nm
Initial porosity 80%
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mental data of Ziegler et al. [12] were multiplied by 20, they matched
with ours. This means that the rate of deposition in our research
was 20 times fast. This can be explained with the concentration of
propane. As shown in Table 1, the pure propane at 30 torr was used
in our experiments. On the other hand, Ziegler et al. used 13% pro-
pane at 2.625 torr. The molar ratio of propane used in our experi-
ment to that in Ziegler’s experiment was almost 88. Because of this
difference in the concentration, there appeared almost 20 times dif-
ference in the rate of deposition. Differences due to the other driving
forces for deposition such as the initial surface area and the initial
porosity of the preform could not be compared clearly because of
the absence of data.
2. Changes of the Shapes of Deposits

As mentioned above, the amount of deposition increases with
time in Fig. 4. The surface area is one of driving forces for deposi-
tion. Here, the surface area is mainly the lateral surface area of fibers
in the preform. As deposition proceeds, the lateral area of fibers in-
creases with the increase of fiber diameters. Hence, the rate of de-
position increases. These phenomena can be shown in the changes
of shapes of deposits in the preform.

Fig. 5. Changes of the initial rate of deposition as a function of tem-
perature. The triangles are the results obtained by multi-
plying the data of Ziegler et al. [12] by 20.

Fig. 6. SEM photograph (×1,500) of fibers in the preform before
deposition.

Fig. 7. SEM photographs (×1,500) of the C/C composites after the
infiltration reactions for (a) 3 hrs (b) 6 hrs, and (c) 9 hrs at
1,203 K. Reaction conditions: 30 torr, and 30 cc/min C3H8.

Fig. 6 is the SEM photograph of fibers in the preform before de-
position. The pores among fibers are very large and fibers have smooth
lateral surfaces. How these pores are filled with the pyrolysis car-
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bon by the CVI of propane are shown in Fig.'s 7(a)-(c). They are
the SEM photos of C/C composites after the deposition reactions
for 3, 6, and 9 hours. The fiber radii increased with the deposition

time and the amounts of deposition on the lateral surfaces of fibers
also did. Furthermore, it is clearly seen that pores among fibers are
almost filled at 9 hour deposition.

Additionally, the effects of reaction temperature on the shapes of
deposits are shown in Fig. 8(a)-(c). There was not so much deposit
on the lateral surfaces of fibers at 1,173 K in Fig. 8(a). However,
there appeared a large amount of deposits, and the pores among
fibers were almost filled with deposits at 1,203 and 1,233 K.

Fig. 9 is the photograph of fiber bundles deposited for 9 hours at
1,173 K. Even if a few cracks are shown, most of pores among fibers
in the fiber bundles of the preform are filled with deposits.
3. Changes of the Compositions in the Exit Gas

Propane is decomposed thermally at a high temperature and pro-
duces many products. Ziegler et al. [12] and Kahn et al. [13] re-
ported that the thermal decomposition of propane produces many
kinds of products from light hydrocarbons to heavy hydrocarbons.
The main products are methane, acetylene, and ethylene as shown
in Fig. 1.

The compositions of these products at 1,173-1,278 K, measured
with G.C, are shown in Fig. 10(a)-(c). The methane composition
slightly decreases with the reaction temperature. The ethylene com-
position decreases and the acetylene composition increases with
the reaction temperature. The trends changing with temperature are
similar with the experimental data reported by Ziegler et al. [12].
However, the fractions of methane and acetylene were quite big
and those of ethylene were small compared to the data reported by
Ziegler et al. [12]. These phenomena can be explained in the follow-
ing way.

In the reaction paths shown in Fig. 1, propane decomposes first
into methyl, ethyl, and propyl radicals. Then the methyl radicals
change into methane. Additionally, the ethyl radicals change first
into ethylene and then into acetylene by the separation of hydro-
gen. Following these reaction paths, it might be explained that the
thermal decomposition of propyl radicals proceeds far and pro-
duces more acetylene at such a high concentration in our system.
The concentrations and the pressures used in the experiments are
shown in Table 1. The concentration of propane in our experiment

Fig. 8. SEM photographs (×1,500) of the C/C composites after the
infiltration reactions (a) at 1,173 K (b) at 1,203 K, and (c)
at 1,233 K. Other reaction conditions: 3 hrs, 30 torr, and
30 cc/min C3H8.

Fig. 9. SEM photograph (×200) of the C/C composite after the in-
filtration reaction for 9 hrs at 1,173 K, 30 torr, and 30 cc/
min C3H8.
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is 88 times of that by Ziegler et al. [12] and 1,000 times of that by
Kahn et al. [13]. The high concentration gave ethyl radicals more
chances to collide with each other. As a result, more ethyl radicals
could become acetylene. So the fraction of ethylene became small
and that of acetylene quite big compared to the data reported by
Ziegler [12] and Khan [13]. For the same reasons, the fraction of

methane became quite bigger than the data by Ziegler [12] and Khan
[13].

The trends changing with temperature in Fig. 10 can be explained
in the same way. At a high temperature, the reactions can go fur-
ther, so ethylene decreases and acetylene increases.
4. The Numerical Simulation

The numerical simulations of the amount of deposition per unit
mass of the preform at different temperatures are shown in Fig. 11.
Dots are experimental results and curves are modeling simulations.
Results of the modeling calculations estimated the experimental
data well.

The rate constant, ks, in Eq. (3) was used for the modeling cal-
culations. As mentioned in the model development, Vaidyaraman
et al. [16] reported the activation energy as 23.6 kcal·mol−1 which
is lower than 48-60 kcal·mol−1 reported in the literature [18]. They
mentioned that the discrepancy might be due to the scattered data
and the uncertainty of the concentration near the hot side. How-
ever, the small activation energy reported by Vaidyaraman esti-
mated our experimental data at 1,203 K well. On the other hand,
when the rate constant was multiplied by 0.7 at 1,173 K and by 1.8
at 1,233 K, the modeling calculations fitted the experimental data
well. A smaller rate constant was used at a low temperature and a
bigger rate constant was used at a high temperature.

 
CONCLUSIONS

In this research, the process of the preparation of C/C compos-
ites by the chemical vapor infiltration (CVI) of propane was studied.
Pyrolysis carbon was deposited on the lateral surfaces of carbon
fibers in the layered preform. The amount of deposited carbon and
the compositions of the exit gas after the deposition reaction were
measured. And numerical simulations were carried out. The fol-
lowing conclusions were obtained.

1. The rate of deposition increased slightly with time due to the
increasing surface area.

2. The main gas products in the exit gas were methane, ethyl-

Fig. 10. Changes of the fractions of gas products such as (a) meth-
ane, (b) ethylene, and (c) acetylene with the reaction tem-
peratures in the propane pyrolysis. Reaction conditions
are 30 torr and 1,800 cc/hr. The circles are the data given
by Ziegler et al. [12] and the triangles are the data given
by Khan et al. [13].

Fig. 11. Comparisons of the modeling calculations with the exper-
imental data of the amount of deposition per unit mass of
the preform. Modeling calculations were made with 0.7ks
at 1,173 K, ks at 1,203 K, and 1.8ks at 1,233 K. Here, ks is
the rate constant in Eq. (3).
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ene, and acetylene. The fraction of ethylene decreased and that of
acetylene increased with the reaction temperature and the propane
concentration. The produced propyl radicals reacted further at a high
temperature and at a high propane concentration. Even if it is not
easy to compare different studies with different experimental con-
ditions, the trends of the data are similar to those of the data reported
in the references 12 and 13.

3. Changes of the shapes of deposited carbon in the pores of pre-
form were confirmed with SEM photos. Most pores among fibers
in the fiber bundles of the preform were filled with deposits.

4. The mathematical modeling of the system estimated the ex-
perimental data well with the deposition rate constant from refer-
ence 16.
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