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Abstract

Chemical vapor deposition and infiltration of pyrolytic carbon for the production of carbon fiber reinforced carbon is studied by
modeling approaches and computational tools developed recently. Firstly, the development of a gas-phase reaction mechanism of chem-
ical vapor deposition (CVD) of carbon from unsaturated light hydrocarbons (C,Hy4, CoH,, and C3Hg) is presented. The mechanism con-
sisting of 827 reactions among 227 species is based on existing information on elementary reactions and evaluated by comparison of
numerically predicted and experimentally determined product compositions taking into account 44 stable gas-phase compounds formed
in a tubular flow reactor. Secondly, a model and a computer code for two-dimensional transient simulations of chemical vapor infiltra-
tion (CVI) from methane into carbon fiber reinforced carbon are presented. The chemical model is based on a reduced multi-step reac-
tion scheme for pyrolytic carbon deposition, which is derived from a mechanism based on elementary reactions, and a hydrogen
inhibition model of pyrolytic carbon deposition. The coupled governing equations of mass transfer, chemical vapor deposition, surface
growth, and gas-phase and surface chemical reactions are numerically solved by a finite element method (FEM). The computer code is
applied to reveal densification processes of felts with fiber volume fractions of 7.1% and 14.2%. Numerically predicted bulk density dis-

tributions agree well with experimental results.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The numerical simulation of materials syntheses based
on detailed models for the chemical kinetics and transport
processes are expected to support development and optimi-
zation of production processes. Chemical reactors for
materials syntheses are often characterized by interactions
between chemical reactions in usually more than one phase,
e.g. gas phase and solid phase, mass transport by convec-
tion and diffusion, heat transport in different phases, and
the continuous variations of geometrical and physical
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properties such as structure of fluid region, surface to vol-
ume ratio, and porosity.

The chemical vapor infiltration (CVI) of hydrocarbons
into carbon/carbon composites has ever received a strong
interest since its development in the 1960’s. Although
today, it is widely accepted that the interaction of homoge-
neous gas-phase reactions, heterogeneous surface reac-
tions, and mass transport controls the texture and the
densification mode of pyrolytic carbon (pyrocarbon), the
process has not yet been understood in detail [1,2]. Isobaric
and isothermal CVI of carbon is applied for the synthesis
of C/C composites in the aerospace industry, e.g. rocket
and missile nozzles and brake disks. A predictive and reli-
able model for CVI and chemical vapor deposition (CVD)
of carbon is expected to accelerate the development and
optimization of C/C composites.
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In this contribution, we will discuss modeling approaches
for CVD and CVI processes for synthesis of carbon/carbon
composites. A detailed elementary reaction mechanism for
modeling of gas-phase chemistry in CVD of light hydrocar-
bons is proposed. A lumped surface reaction mechanism is
suggested for the deposition of pyrolytic carbon from vari-
ous hydrocarbon precursors. In order to simulate CVI pro-
cesses, a reduced version of the gas-phase reaction model
was coupled with the surface reaction mechanism and the
porosity evolution model of carbon fiber felts. The model
accounts for the inhibition of carbon deposition by hydro-
gen. Predictions of gas-phase compositions in CVD and
bulk density distributions of carbon/carbon composites
are compared with data derived experimentally.

2. Modeling approaches

2.1. Development of a detailed kinetic model of gas-phase
reactions

In CVD and CVI of carbon, a wide variety of hydrocar-
bon and intermediate radicals is formed by gas-phase reac-
tions, and all of these species have a potential to chemisorb
or physisorb on the growing pyrolytic carbon surface and,
thus, to be integrated into the structure of pyrolytic carbon.
A gas-phase reaction model was developed to simulate gas-
phase reactions in CVD of carbon from unsaturated light
hydrocarbons by compiling elementary reaction models
reported in the literature. The reaction mechanism devel-
oped consists of 227 species in 827 reactions. The develop-
ment of the reaction mechanism is based on the following
approach:

First, hydrocarbon reactions are extracted from the
mechanism for the formation of aromatics in acetylene
and ethylene flames reported by Wang and Frenklach [3].
This mechanism is very comprehensive and covers the for-
mation of polycyclic aromatic hydrocarbons up to pyrene
but does not include the formation of hydrocarbons with
odd numbers of carbon atoms such as toluene and indene.
These latter reaction pathways were supplemented by a
mechanism developed by Marinov et al. [4]. The detailed
reactions on the Cz- and C4- species are included from
the mechanism reported by Hidaka et al. [5] and Tsang
[6]. The formation mechanisms proposed by Richter and
Howard [7] for the larger polycyclic aromatic hydrocar-
bons (PAH) up to coronene were added to account for
those larger species experimentally detected in the gas-
phase composition.

The model is validated by comparison of the computa-
tional with experimental results for homogeneous gas-
phase pyrolysis of ethylene, acetylene, and propylene as
well as for heterogeneous CVD of pyrocarbon from those
precursors [8,9]. Concentrations of 44 species including
hydrogen and hydrocarbons ranging from methane to cor-
onene are analyzed. Sensitivity analyzes identifying elemen-
tary reactions with major influence on the overall process
supports the development of the mechanism.

More details of the mechanism development can be
found in our previous papers [8,9]; the mechanism can be
downloaded [10].

2.1.1. Multi-step chemical vapor deposition and hydrogen
inhibition model of pyrocarbon

Modeling and simulation of CVI are much more compli-
cated than those of CVD, because the model needs to
account for the dynamically evolving porous structures in
CVI. Due to computational costs, it is impractical (CPU)
to simulate CVI processes treating all gas-phase species
as pyrocarbon precursors, though all stable and intermedi-
ate species, in particular radicals, can potentially form
pyrolytic carbon on solid surfaces. Furthermore, in the
present work methane is used as carbon precursor and
the mechanism of methane pyrolysis is considerably less
understood in the temperature regime of CVD/CVI than
those of C,-pyrolysis [11-16], which were mainly applied
in the validation of the above described mechanisms of ele-
mentary reactions [8,9]. Thus lumped gas-phase and sur-
face reaction mechanism were developed to calculate
carbon deposition from those gas-phase species that dom-
inate CVI of pyrolytic carbon from methane.

A qualitative picture of the complex reaction mecha-
nism of CVD of pyrolytic carbon from light hydrocarbons
was proposed by Hiittinger [17]. In the present work, we
couple a multi-step chemical vapor deposition model with
a heterogeneous surface reaction model of hydrogen inhi-
bition of carbon deposition. The principles reaction path-
ways are shown in Fig. 1. A reduced gas-phase
consecutive reaction mechanism is employed to calculate
overall gas-phase reaction kinetic data (k;—k4) [18]. Origi-
nal surface reaction kinetic data (ks—kg) are obtained by
fitting them to CVD experimental results [19-21]. Based
on the hydrogen inhibition model proposed before [22],
effective surface reaction kinetic data K(i=26, 7, 8) of
CVI are defined as k; f;, where f; is the hydrogen inhibition
function. All surface reaction kinetic data used in the
present work are listed in Table 1. Carbon deposition
from methane directly is not likely to proceed and, there-
fore, neglected in the current model.

Homogeneous gas-phase reactions
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Heterogeneous surface
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Fig. 1. Multi-step chemical vapor deposition and hydrogen inhibition of
pyrocarbon from methane (v the residence time, p the pressure, 7 the
temperature, Sv volume-related surface area).
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Table 1
Original surface reaction kinetic data of various species

Species Surface reaction kinetic data (in Arrhenius format)
A (m/s) E, (KJ/ k1368 Hydrogen inhibition
mol) (m/s) function f;
CHy 724E+01 155.0 8.74E — 05 1.104/(1.104+%)
CH, 135E+01 126.0 2.09E — 04 3.269/ (3.269 + %)
CoHg  47IE+05 2170 244E-03 0.5887/(0.5887 + [3)

2.1.2. Mass transfer model and pore structure evolution
model

The major differences of CVI in comparison to CVD are
the large surface area of the CVI substrate and the contin-
uous variation of the surface area due to progressive densi-
fication of the porous substrates, which dramatically
influence the interactions of gas-phase and surface kinetics.
In the present work, a surface area model for carbon felts
with randomly distributed, non-overlapping fibers is
employed. The evolution of the volume-related surface
area as well as the equivalent radius of pores is calculated
numerically. Fig. 2 shows the evolution of the porous struc-
ture as a function of porosity.

The CVI reactor and its geometrical model used in the
present work were described in detail before [22,23]. Gener-
ally, the reactor can be divided into two parts: the free flow
sub-domain (the narrow gap from the inlet to the outlet)
and the porous sub-domain (the felt). Obviously, the model
for the processes in the free flow sub-domain needs to
include diffusion, convection, and chemical reactions. Sur-
face reactions in this sub-domain can be neglected because
the very small surface area does not significantly affects the
gas-phase composition. On the other side, mass transfer by
convection inside the felt can be neglected [24]. The two-
dimensional (2D) transient mass transfer equations cou-
pled with evolution equations of porosity and bulk density
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and the chemical source terms are solved to simulate CVI
of the carbon fiber felts [22].

2.1.3. Simulation platforms

Simulations of gas-phase reactions in CVD were con-
ducted using two computational tools, DETCHEM"VS
[10] for simulation of a plug flow reactor with axial temper-
ature profile and HOMREA [25] for simulation of a homo-
geneous reaction system and sensitivity analysis. The input
data include the physical model parameters such as for-
ward reaction rate expressions and thermodynamic poly-
nomials for all participating species, as well as the
operating conditions such as temperature, pressure, inlet
velocity, and the mixture concentration at the inlet.

The present CVI model was numerically implemented
by coupling COMSOL for FE (finite element) simulation
with MATLAB for post-processing. Corresponding to
the experimental setup, densification of carbon felts with
initial fiber volume fractions of 7.1% and 14.2% were sim-
ulated. The carbon fiber felt with an initial fiber volume
fraction of 14.2% is obtained by pressing the carbon felt
of 7.1%. Other process parameters used for CVI simulation
are the temperature (1368 K), the methane pressure
(22.5kPa) at the inlet and the inlet flow velocity
(0.45ms™ ).

3. Results and discussion
3.1. Simulation of gas-phase composition in CVD of carbon

Fig. 3 shows the measured and predicted mole fractions
of major chemical components found at the exit of the
CVD reactor operated at a furnace temperature of
900 °C and a pressure of 15 kPa using ethylene (a), acety-
lene (b) and propylene (c) as precursors. For details of
the experimental procedure it is referred to Refs. [8,9].
The mole fractions are plotted as a function of the effective
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Fig. 2. Evolutions of equivalent radius (R,) of pores and volume-related surface area (S,) for carbon fiber felts as a function of porosity.



1100 A. Li et al. | Composites Science and Technology 68 (2008) 1097-1104
1.0E+00 1.0E+00 1.0E+00 [
L A [S< A E
[ C,H, A i =~ __A i
L L CH, ~~__ a4 L - CH, |
L ‘: —— A L
C,H l
3 * H, AN C,H, _
e &0 - H,
.- 7> “& *
—_ 1.0E-01 1.0E-01 A G, 1.0E-01 F /‘/%’ C.H,
L C u ° L
(2] [ N '/
s g e
i3] ! I
£ ; ) A |4
Q2 | / j\propvne N
Q .Q
€ 1.0E-02 | 1.0E-02 f-f-—r | - o | toE-02pffs O B
vinylacetylene Y~<__13CHs  CH,
b c
1.0E-03 1.0E-03 W - - - 1.0E-03 L4/ - - -
0 0.4 0.8 1.2 1.6 0 0.2 0.4 0.6 0.8
time [s]

Fig. 3. Comparison of model predictions (lines) with experimental mole
acetylene (b), and propylene (c) in a flow reactor at 900 °C and 15 kPa.

residence time at the isothermal zone in the reactor. In eth-
ylene pyrolysis (Fig. 3a), the model very well predicts the
consumption of ethylene as well as the formation of hydro-
gen, methane, acetylene, and benzene, while the formation
of 1,3-butadiene is over-predicted. Nevertheless, the predic-
tion curves well reproduce the experimentally observed
trends for all species, also the ones not shown but observed
experimentally. As shown in Fig. 3b, the consumption of
acetylene and the product formation are also fairly well
predicted. A significant over-prediction is observed for
vinylacetylene. The prediction curves reproduce the exper-
imentally observed trends for all other species. In case of
propylene as precursor (Fig. 3c), the consumption of pro-
pylene is under predicted at residence times less than
0.5s, but it is well predicted at longer residence times.
Methane, ethylene, and hydrogen profiles are well repro-
duced by the model. The curves representing the simulation
results also capture the experimental trends except for acet-
ylene and 1,3-butadiene.

3.2. Simulation of bulk density and surface-related deposition
rate

The bulk density of carbon/carbon composites is the
most attractive and also an easily measured parameter.
For most applications a key goal is the achievement of a
high and uniform bulk density in a short densification time.
Fig. 4 compares the experimentally measured (symbols)
and simulated (lines) profiles of the bulk density as a func-
tion of the infiltration time. As expected, the increasing ini-
tial fiber volume fraction (Vf) leads to a higher bulk density
for short densification times, the mass gain after the first 60
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Fig. 4. Densification profiles of felts with various fiber volume fractions
(Vf) as a function of the infiltration time. Symbols: experimental results;
lines: simulation results.

hours, however, is very similar. According to the model
shown in Fig. 1, the volume-related deposition rate, R,
is defined as:

Rc = Sv(Ké . [C2H4] + K- [Csz} + Kg - [C6H6])

Where S, defines the surface area to volume ratio of carbon
fiber felts and [X] denote the concentrations of species X.
Obviously, an increase of S, does not necessarily lead to
an increase of R, because increasing S, indirectly hinders
mass transfer inside the porous medium leading to a de-
crease of (K6 . [C2H4] + K7 ' [C2H2] + Kg ' [CGHG]): which
is the surface-related deposition rate. In fact, the result of
the simulation confirms this consideration. As shown in
Fig. 5, the average surface-related deposition rate for the
felt with the larger initial fiber fraction is always smaller
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Fig. 5. Average surface-related deposition rate of pyrocarbon as a
function of the infiltration time. Solid line: Initial fiber volume frac-
tion = 7.1%; dashed line: 14.2%.

than that for the felt with the lower one. The behavior also
suggests a shift of the gas-phase composition from aro-
matic species to small linear species for increasing S,. Sub-
sequently, the overall surface-deposition rate will decrease
dramatically. Moreover, due to the relative increase of lin-
ear species exhibiting a considerably higher diffusivity than
aromatic species, the filling efficiency of micropores will be
enhanced, resulting in a decreasing volume fraction of
closed pores. The above deduction is qualitative, but con-
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Fig. 6. Distribution of the open porosity as a function of the equivalent
diameter of open pores for the carbon felt with the initial fiber volume
fraction of 0.142.

sistent. In Fig. 6, the measured distribution of the volume
of open pores is shown as a function of the equivalent
diameter of the open (void) pores. The height of the max-
ima as well as the width of the pore size distribution de-
creases with increasing densification time. Furthermore
the volume of the open pores at the boundary of the felt
significantly exceeds the volume of the open pores in the
center of the felt, which is understood by a larger ratio of
aromatic to linear species in the center.

3.3. Simulation of bulk density distribution

Successful densification from the center to the boundary
region of the porous substrates frequently is a major
request of the materials synthesis process. CVI was always
regarded as a diffusion-limited process, and, therefore, the
CVI reactors are commonly operated at low infiltration
rates and low pressure [26,27]. Recently, the densification
from the center to the boundary was achieved [23,28]. Sim-
ulation results shown in Fig. 7 confirm the experimentally
derived conclusions leading to the process illustration given
in Fig. 1. As shown in Fig. 2, the maximum of R, is at the
beginning of the densification process; however S, reaches
its maximum at decreased porosity, i.e. much later. These
facts are explained by the diffusion of small hydrocarbon
species into the porous substrate and of hydrogen outward
the substrate. Hence the concentration of aromatic species
and carbon deposition rate will increase in the center. At
progressed densification, S, reaches a maximum and then
decreases again while R, decreases continuously. This
behavior has severe consequences on the gas-phase compo-
sition in pores. Furthermore, the bulk density distribution
strongly varies from the bottom to the top of the carbon
felt, i.e. in flow direction, during the last stage of
densification.

It should also be pointed out that the computed density
gradient of the surface region from the top to the bottom
exceeds that of experiments, while the computed density
gradients from the center to the boundary region are smal-
ler than the experimentally determined gradients. These
findings can be attributed to the simplified reaction model
used here, which is not able to accurately predict gas-phase
composition.

3.4. Consumption of the aromatic and linear species

Although it is not yet known how the gas-phase compo-
sition affects textures of pyrolytic carbon, it is clear that
small linear species have different effects on carbon texture
than aromatic species. Lieberman and Pierson [29] estab-
lished a CVD model for carbon deposition correlating
pyrocarbon density to the [C,H,[/[CsH,,] ratio. Fig. 8 dis-
plays the spatial distribution of bulk density and consump-
tion ratio of aromatic to linear species after one hour
densification. Apparently the consumption ratio can be
associated to the bulk density distribution of C/C compos-
ites. This also suggests that texture variations of pyrolytic
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Experimental results of the carbon felt (Vf = 0.071),corresponding computed results
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carbon may result from that varying consumption ratio of
aromatic to linear species caused by the evolution of the
porosity.

3.5. Methane consumption and carbon yield

Residual fraction of methane (one minus methane con-
version) inside the reactor as predicted by the model is
shown in Fig. 9. Obviously, an increasing initial fiber vol-
ume fraction does not strongly affect the consumption of
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Fig. 9. Computed residual fraction of methane after 1 h, 60 h and 100 h
densification.

methane, supporting the assumption that methane does
not immediately contribute to the formation of deposits
on the surface of the substrate. With increasing infiltration
time, however, methane consumption is inhibited dramati-
cally, indicating that the variation of the properties of the
fiber felt during densification and the gas-phase species
concentrations have a strong effect on methane pyrolysis.
According to the multi-step chemical vapor deposition
and hydrogen inhibition model, it is clear that the decom-
position of methane only depends on gas-phase reaction
kinetics. Higher methane consumption at the beginning
of CVI means a longer effective residence time of methane
inside the felts, because of complex open pore structures.
However, more and more closed pores lead to very short
residence times and thus lower methane consumption at
the end of CVI processes. In order to investigate the effects
of increasing fiber volume fractions on carbon deposition,
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Fig. 10. Computed carbon yield as a function of infiltration time (related
to methane conversion and carbon selectivity).

the yield of carbon is given in Fig. 10, which is defined as
the carbon-related selectivity of the amount of carbon
deposited scaled by the total amount of methane converted
and entering the felt. It is clear that the carbon yield is
higher at the beginning of the CVI process and is lower
once the process is dominated by mass transfer. A higher
initial fiber volume fraction will result in a higher carbon
yield. Then, however, a more rapid decrease of carbon
yield with infiltration time is observed for the felt with
the higher initial fiber volume fraction. As shown in
Fig. 10, the carbon yield of 90% predicted for a felt exhib-
iting a fiber fraction of 14.2% suggests that carbon fiber
felts work as a “Starve Reactor” and a further increase
of the fiber volume fraction may lead to only a slightly
increase of carbon yield.

4. Summary

We presented an approach for coupling gas-phase reac-
tions and surface reactions to investigate chemical vapor
infiltration for the production of carbon/carbon compos-
ites. The gas-phase composition in CVD of carbon from
ethylene, acetylene, and propylene is calculated based on
an elementary reaction mechanism consisting of 227 species
and 827 reactions. Experimental data obtained from a con-
ventional flow reactor are used for model validation. Satis-
fying agreements are found between the computations and
the experimental results for major hydrocarbon species.

An inside-outside densification mode was confirmed by
numerical simulations of CVI processes. An increasing ini-
tial fiber volume will result in a decreasing surface-related
deposition rate but also in an increasing efficiency of filling
the micropores. The predicted methane consumption
implies that the decomposition of methane mainly depends
on the kinetics of gas-phase reactions. Moreover, the
predicted carbon yields during the early stage of the CVI
process show that, as a starve reactor, the carbon fiber felts
can absorb almost all carbon from methane infiltrated into
the felts.
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