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� 2D woven cloth and random distributed felt were infiltrated.
� A novel pore structure evolution model was proposed.
� Simulation couples multi-step reaction model with pore structure evolution model.
� Transient 3D simulation of CVI process was successfully implemented.
� Predicted results of bulk density agree well with experimental results.
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Chemical vapour infiltration (CVI) is widely used for fabricating carbon fibre-reinforced carbon materials
for aircraft brake disks. This study aims at developing a numerical simulation method for predicting den-
sification of the material during the CVI. Based on the multi-step reaction and deposition models, includ-
ing the hydrogen inhibition model of pyrocarbon growth, transient 3D simulations of the CVI using
methane as a precursor of the pyrocarbon were carried out via the finite element method coupling the
mass transfer (by convection and diffusion) and the evolutive porous structure model with gas-phase
and surface chemical reactions. The CVI of two different types of preforms was studied. The pore struc-
ture evolution models were derived not analytically but numerically with the aid of a computational tool
for visualizing the fibre structures. An acceptable agreement was found between the predicted densifica-
tion profiles and the experimental data obtained using a laboratory CVI reactor at a temperature of 1343
K, a methane pressure of 30 kPa and a total deposition time of 120 h.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Chemical vapour infiltration (CVI) for fabricating fibre-
reinforced carbon matrix composites is a method that is used to
infiltrate pyrolytic carbon (pyrocarbon) matrix into the porous
fibre preform via hydrocarbon pyrolysis (Chand, 2000; Delhaes,
2002; Golecki, 1997; Vignoles, 2015a,b; Yan and Xu, 2010). The
isothermal and isobaric CVI (ICVI) process is one of the common
commercial methods for producing the carbon/carbon (C/C) com-
posite, which is an extremely complicated process (Zhang and
Hüttinger, 2001). Generally, the gas phase reactions of the reactant
gas molecules, surface reactions of precursors at active sites on the
fibre surface, diffusion or convection of the gaseous species in the
reactor, and pore structure evolution of the carbon preform occur
simultaneously during the infiltration process (Vignoles et al.,
2001, 2007). The primary objective for fabricating the C/C compos-
ite via the CVI process is to reduce the infiltration time while main-
taining its high and uniform density (Vignoles, 2015a,b).
Unfortunately, there is an inherent competition between the diffu-
sion of the gaseous species and the pyrocarbon deposition during
the progressive densification of the porous preform (Besmann
et al., 1991, 1996; Roman and Stinton, 1995). Time-dependent
structural characteristics of the carbon preform, e.g., equivalent
radius of pore, tortuosity, total porosity, and surface area to volume
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Nomenclature

Symbols used
q [kg m�3] density
m [Pa s] dynamic viscosity
u [m s�1] velocity
u0 [m s�1] inlet velocity
p [Pa] pressure
ci [mol m�3] concentration of species i
c0 [mol m�3] initial concentration of methane
Di [m2 s�1] Fick diffusion coefficient of species i
Ri [mol m�3 s�1] chemical reaction term of species i in the free

flow channel
Ri(Sv0Þ [mol m�3 s�1] chemical reaction term of species i in pre-

form
Di
eff [m2 s�1] effective diffusion coefficient of species i

MC 12[g mol�1] molar mass of carbon

n [–] porosity
n0 [–] initial porosity
q0 [g cm�3] initial density of the preform
qC 1.95 [g cm�3] pyrocarbon density
RC(Sv) [mol m�3 s�1] chemical reaction term of pyrolytic carbon

in preform
ki [s�1] or [m s�1] reaction rate constant for reaction i
T [K] temperature
Vi [cm3 mol�1] volume increment for species i
Mi [g mol�1] molar mass of species i
d [Å] collision diameter
T⁄ [–] reduced temperature
X(T⁄) [–] collision integral
e/j [K] maximum energy of attraction divided by Boltzmann

constant
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ratio constantly change, which dramatically prevents the gaseous
species from diffusing into the inner part of the preform. Accord-
ingly, the early surface pore closure is inevitably formed during
the industrial production process, and the intermediate machining
steps are recommended to open the closed surface pores of the
preform (Ibrahim and Paolucci, 2011). The numerical simulation
of the CVI process based on detailed models for the chemical reac-
tions and mass transport are expected to shed light on the under-
lying laws of the infiltration process, which further support the
development and optimization of the production process of C/C
composites (Li et al., 2008; Norinaga and Deutschmann, 2007;
Tang et al., 2014).

Complex pore networks normally exist in the carbon preform,
as observed using X-ray computed tomography (Kastner et al.,
2012; Kinney et al., 1993; Panerai et al., 2015), which is also
applied to assess the geometrical and transport properties of the
preform at various stages of infiltration (Coindreau et al., 2011).
As an alternative method to the computed tomography, many ide-
alized pore models have been developed to analyse pore filling
during the CVI process, such as the cylindrical pore model
(Birakayala and Evans, 2002), random overlap model (Currier,
1991; Guan et al., 2013) and the node-percolation model (Starr,
1995). However, these models fail to give a sufficiently appropriate
description to the evolution of various pore structural parameters
among different fibre architectures during the progress of CVI. In
contrast to the drawbacks, the pore structure evolution model, as
in this study, is the real-time simulation with a three-
dimensional visualization of the pore topology evolution during
the densification process based on the approximation of the grow-
ing solid phase (Pfrang et al., 2007). The structural characteristics
of the preform in three dimensions (3D) during the CVI process
are then accurately computed via this model. This numerical
method allows researchers to build complex architectures of the
carbon preform and obtain the related structural characteristics
and gas transport properties.

The properties of C/C composites are controlled by the fibre pre-
form, the deposited matrix and the interaction between the pre-
form and matrix (Wu et al., 2017). The preform itself, as the
backbone of the C/C composite, plays the key role for the strength
and stiffness of the composite (Fitzer, 1987). Consequently, for the
first time, the two-dimensional (2D) woven cloth and randomly
distributed felt are used as research subjects to analyse and com-
pare the pore structure evolution and densification process
between these two types of preforms. The present study aims at
developing a general and efficient method for simulating the CVI
process for various carbon fibre preforms. The pore structure evo-
lution and related structural characteristics of these two preforms
were first numerically visualized by the approximation of the
growing solid phase in the CVI process. Second, based on the
above-proposed pore structure evolution model with the multi-
step chemical reaction model from our previous study (Li et al.,
2008), the CVI simulation of the preforms was realized by coupling
the convection-diffusion equations, the Navier-Stokes equation of
the laminar flow. Finally, as for the ICVI process to fabricate C/C
composite using methane, the experimental results from a labora-
tory CVI reactor were compared with the predictions for evaluating
the developed numerical simulation critically.

2. Experimental setup

Fig. 1 sketches the laboratory scale CVI reactor for the fabrica-
tion of C/C composite. Rectangular-shaped pitch-based 2D woven
cloth or carbon fibre felt with a dimension of 36 mm (length) �
16 mm (width) � 58 mm (height) was fitted in a sample holder
made of graphite. The narrow zone between the graphite tube
and the sample holder was treated as the gas flow channel. The
carbon fibre preforms were densified from methane (99.99%),
which was supplied from the bottom of the rector. The initial bulk
density, fibre diameter and porosity of the cloth preformwere 0.65
g/cm3, 7 mm and 63%, respectively; for the felt preform, they were
0.12 g/cm3, 13 mm and 93%, respectively. The CVI experiments
were performed at 1343 K, 30 kPa, for 0–120 h of densification.
The residence time of methane through the narrow channel was
0.4 s (cloth) or 0.5 s (felt). The experiments were conducted by
changing the infiltration time, and then the time-dependent
change in weight gain due to the CVI was measured. The simplified
3D geometry of the CVI reactor for the simulation of the infiltration
process is shown on the top right-hand side of Fig. 1. To save the
computation time, the geometry of the 3D CVI reactor was simpli-
fied into one-quarter of the original with consideration of
symmetry.

3. Methodology

3.1. Reaction model

Due to the time-consumption and convergence problem using
the detailed reaction mechanism, a simplified chemical reaction
model (Becker and Hüttinger, 1998) was applied to simulate both
the methane pyrolysis and carbon deposition in the reactor, as
shown in Fig. 2. Methane (c1), ethylene (c2), acetylene (c3), benzene
(c4) and hydrogen (c5) were considered in the reaction model.



Fig. 1. Schematic diagram of the laboratory-scale CVI reactor and simplified 3D axial symmetry geometry for the laboratory scale CVI reactor. 1. Furnace; 2. High temperature
warning device; 3. Mass flow controller; 4. Pressure gauge with contact; 5. Pressure controller; 6. Cold trap; 7. Temperature controller; 8. Cooling water circulator; 9. Vacuum
pump.
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Methane was consecutively converted into soot in the gas phase,
and pyrocarbon was deposited from ethylene, acetylene, and ben-
zene. Meanwhile, hydrogen inhibition coefficients Ic2, Ic3, and Ic4
were applied to modify the kinetic data of the surface reactions.
ki denotes the reaction rate constant for the reaction i. The reaction
kinetic data in Arrhenius format and the hydrogen inhibition coef-
ficients were derived from our previous work (Li et al., 2005; Li and
Deutschmann, 2007).
3.2. Pore structure evolution

2D woven cloth and randomly distributed felt were infiltrated
in the experiments. The porous preforms are progressively densi-
fied during the CVI process, which leads to the variation of the
structural characteristics of the preform. Accordingly, it influences
the gas phase diffusion and pyrocarbon deposition inside the pre-
Fig. 2. Multi-step chemical reaction mode
form. Therefore, structural parameters, such as surface area to vol-
ume ratio (Sv), pore size (rp), tortuosity (s) and porosity (n), were
introduced into the pore structure evolution model. The computa-
tional tool Geodict (Math2Market, Kaiserslautern, Germany) was
used to visualize the pore structure evolution of the preforms dur-
ing the CVI process, and the related structural parameters were
given by the tool numerically.

To reproduce the porous structure of the preform in three
dimensions, we approximated the carbon preform as a porous
body and provided a digital representation of the preform as a
set of voxels. The 2D woven cloth with a volume of 700 � 700 �
414 voxels was generated to replace the structure of the cloth pre-
form in three dimensions, while the randomly distributed felt with
a volume of 256 � 256 � 256 voxels was generated, as shown in
the second column of Table 1. In this study, the computational grid
consists of cubic grid cells, and thus a voxel length of 1 mm is
required.
l considering the hydrogen inhibition.



Fig. 3. Evolution of Sv of preforms as functions of porosity.
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Assuming the deposited pyrocarbon grows uniformly and virtu-
ally on the carbon fibre surface, i.e., the approximation of the grow-
ing deposited pyrocarbon, the densification process was well
visualized with the deposited carbon (in green colo) surrounding
the carbon fibre (in red color) during the progress of CVI, as shown
in Table 1. In the case of cloth preform, the deposited pyrocarbon
thickness gradually increases from 0 mm to 63 mm, corresponding
to the decrease of the porosity from 64.37% to 7.86%. In the case
of felt preform, the deposited pyrocarbon thickness gradually
increases from 0 mm to 45.5 mm, corresponding to the decrease of
the porosity from 93.0% to 0.02%.

Fig. 3 predicts the variation tendency of Sv as a function of n for
the cloth and felt preforms, and the overlap between fibres during
the densification process was considered in the pore structure evo-
lution model. As for the 2D woven cloth, the non-random preform
architecture results in a two-pore size distribution, namely, micro-
channels within a bundle of fibres and macro-chambers between
bundles. The Sv value slumps sharply first, which is due to the fill-
ing of the micro-channels within bundles. When the value of the
porosity reduces to less than 44%, the Sv value declines slightly
due to the filling of the macro-chambers between bundles. For
the felt preform with randomly distributed and non-overlapping
fibres, Sv climbs steadily to a maximum value and then falls grad-
ually during the pyrocarbon densification. According to Fig.3, the
dependence of Sv on porosity is significantly influenced by the pre-
form structure. We approximated the dependence of Sv as a func-
tion of porosity using polynomial fitting, which was subsequently
used in the CVI simulation.

Fig. 4 gives the pore distribution profiles of preforms with vari-
able porosities. The pore distribution profile varies widely for dif-
ferent preforms. For the cloth preform, two peaks exist in the
pore distribution profile before the infiltration, corresponding to
the volume fractions of the macro-chambers between bundles
and the micro-channels within a bundle. When n = 0.37, the small
peak representing the micro-channels disappears, and the peak for
the macro-chambers moves left. Thereafter, the infiltration process
of the pyrocarbon mainly occurs in the macro-chambers. For the
felt preform, there exists various pore sizes from 1 mm to 100 mm,
and the pore size range gradually narrows down during the infil-
tration process. According to Fig. 4, the relationship between the
equivalent diameter of pore and porosity was obtained, which
was the useful input data for our simulation.
Table 1
Variation of preform structure by CVI using a computational tool for visualizing fibre stru

Pyrocarbon thickness, mm (Porosity, %) 0(64.37) 14(
Cross section of one fibre

Cloth preform

Pyrocarbon thickness, mm (Porosity, %) 0(93.00) 13(
Cross section of one fibre

Felt preform
Tortuosity is an important geometrical parameter as it is used
to compute the effective diffusion coefficient of the gaseous species
inside the porous preform (Epstein, 1989). The DiffuDict module of
GeoDict was applied to calculate the bulk tortuosity of the preform,
as plotted in Fig. 5. For the cloth preform, the tortuosity was anal-
ysed only at the early stage of pyrocarbon deposition inside the
micro-channels, i.e., the porosity of preform is higher than 44%.
That is because Knudsen diffusion can be eliminated due to the
large enough diameter of the macro-chambers (100.0–1000.0
lm) compared to the mean free path of the molecules when the
pyrocarbon is infiltrated in the macro-chambers. Therefore, the
tortuosity of the preform is not needed to obtain the effective dif-
fusivity of the gaseous species. The molecular diffusivities of the
gaseous species in the macro-chambers are treated as the diffusiv-
ities inside the cloth preform when the porosity is less than 44%.
For the felt preform, the tortuosity increases during the infiltration
process, especially when the porosity is less than 20.0%.
3.3. Mass transfer

Convection and diffusion are considered for the mass transfer of
the gaseous species in the gas flow channel of the CVI reactor. The
gas flow in the channel outside the preform is assumed to be lam-
inar flow due to the low Reynolds number. Coupling the Navier-
ctures.

37.43) 28(26.69) 63(7.86)

47.90) 26(10.40) 45.5(0.02)



Fig. 4. Pore distribution profiles of the preforms with variable porosities.

Fig. 5. Bulk tortuosities of the preforms with variable porosities.
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Stokes equation of the laminar flow with the convection–diffusion
equations, the mass transfer of the gaseous species in the narrow
channel was analysed. The Chapman-Enskog equation is used to
estimate viscosity for a dilute gas. The transport collision integral
X(T⁄) for the Lennard-Jones (12-6) potential as a function of the
reduced temperature T⁄ is derived from Neufeld et al. (1972).

l ¼ 2:6693� 10�6 ðM1TÞ1=2
d2XðT�Þ

T� ¼ jT=e

As for the mass transfer of the gaseous species inside the preform,
molecular diffusion and Knudsen diffusion are included. Molecular
diffusivity is given by the empirical equation of Fuller-Gidding,
which considers interactions between methane and each chemical
species in the gas phase. Knudsen diffusion is introduced when
the pore size inside the preform is comparable to the mean free
path of the gas-phase molecules. Consequently, the effective diffu-
sivity equation gives:

Di ¼ 10�7 T1:75
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Combing the structural parameters obtained in Part 3.2 with the
equations given above, the effective diffusivities of the selected
gas-phase species inside the preforms as functions of porosity are
calculated in three dimensions, as shown in Fig. 6. The effective dif-
fusivities of the gaseous species inside the cloth preforms are con-
sidered only when the micro-channels are infiltrated at the early
stage of CVI process. However, the effective diffusivities of the gas-
eous species inside the felt preform are computed throughout the
infiltration process.

3.4. Governing equations

Transient 3D simulation of the CVI process includes subdomains
of the gas flow channel X1 and the preform X2. For the gas flow
channel, the incompressible Navier-Stokes equation and convec-
tion–diffusion equation are applied to describe the velocity field
and the concentration field in the channel, respectively. For the
preform, the equations describe the gaseous species concentra-
tions, the average density and porosity of the deposited preforms
during the CVI process. The governing equations for the CVI simu-
lation are shown below:

Gas flow channel X1 :

qðu � rÞu ¼ r � ½�pI þ lðruþ ðruÞTÞ�
@ci
@t þr � ð�DirciÞ þ u � rci ¼ Ri; i ¼ 1;2;3;4;5

(
ð3Þ



Fig. 6. Bulk effective diffusivities of gaseous species within the preforms with variable porosities.
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Preform X2 :

@ci
@t þr � ð�Deff

i rciÞ ¼ R0
iðSvÞ ; i ¼ 1;2;3;4;5

@q
@t ¼ MC � RCðSvÞ
@n
@t ¼ �MC

qC
RCðSvÞ

8>><
>>:

ð4Þ

where Ri and Ri0(Sv) (mol m�3 s�1) represent the chemical reaction
term of the gas phase species i in the channel and the preform,
respectively. RC(Sv) denotes the reaction rate of pyrocarbon deposi-
tion. More details about the equation system and the related reac-
tion model of the CVI process can be found in our previous work
(Li et al., 2005, 2008; Li and Deutschmann, 2007). Then the equation
system can be solved using the following boundary and initial
conditions:

u ¼ u0 at @Xinlet
1

c1 ¼ c0 and ci ¼ 0 for i ¼ 2; . . . ;5 at @Xinlet
1

�n � Dirci ¼ 0 for i ¼ 2; . . . ;5 at @Xoutlet
1

qjt ¼ 0 ¼ q0 in @X2

njt ¼ 0 ¼ n0 in @X2

8>>>>>>><
>>>>>>>:

ð5Þ
4. Results and discussion

Fig. 7 illustrates the predicted results of the density distribution
of the cloth and felt preforms with increasing deposition time from
12-h to 120-h. For the cloth preform, the density is increased from
the outside to the inside, which indicates that the preform is well
infiltrated during the CVI process. However, for the felt preform,
there exist higher density regions at the bottom right corner and
the upper part of it after a 48-h deposition time. These regions have
a certain obstructive effect on the gaseous species to transport into
deep parts of the preform, increasing the tendency of the formation
of surface sealing. Especially, after a 120-h deposition, the surface
sealing apparently appears at the surface of the upper part of the
felt preform. For both preforms, a low-density region appears at
the bottom left corner, corresponding to the low deposition rate
in this area, which is due to the excess of the immature gas-
phase precursors for the pyrocarbon deposition near the inlet of
the narrow channel. The final bulk density for the cloth preform
is 1.629 g/cm3 and 1.656 g/cm3 for the felt preform after a 120-h
deposition time, according to the computation result.

The average bulk densities of the infiltrated samples were mea-
sured by the draining method at room temperature. Fig. 8 shows
the comparison between the experimental and simulated results
of the bulk density for the preforms as a function of the deposition
time. Obviously, the deposition rate of the felt preform is much
higher than that of the cloth preform at the initial deposition stage.
The predicted results agree well with the experimental results for
the felt preform. However, the experimental results of the density
distribution illustrate that the pyrocarbon was homogeneously
infiltrated inside the felt preform, which shows a slight discrep-
ancy with the predicted results. For the cloth preform, there are
some numerical disparities compared to the experimental results.
These disparities may be attributed to the simplified reaction
model used here, which is not able to accurately predict the gas-
phase compositions. Overall, the variation tendency of the bulk
density for both preforms can be well revealed by the present sim-
ulated results. In Fig. 9, the comparison between the experimental
and the predicted results of the porosity variation for the preforms
as a function of deposition time is also displayed. For both pre-
forms, the predicted results agree well with experimental results
and the porosity decreases with the deposition time. After a 29-h
infiltration time, the micro-channels inside the cloth preform are
almost filled by the deposited pyrocarbon, according to the compu-
tation. According to the experimental results, the final porosities
for the cloth and felt preforms after a 120-h infiltration time are
0.150 and 0.240, respectively. It is very likely that the simulation
can reproduce the results of the experiments, and the different
trends observed for different preform structures during the densi-
fication process are captured successfully.

Lieberman and Pierson (Lieberman and Pierson, 1974; Pierson
and Lieberman, 1975) suggested that the concentration ratio R =
[C2Hx]/[C6Hy] in the gas phase significantly affects the pyrocarbon
texture. The guideline approximately follows that R < 5 corre-
sponds to the medium textured pyrocarbon, 5 < R < 70 to the high
textured pyrocarbon, and R > 70 to the isotropic pyrocarbon. Here,
R⁄ = [C6H6]/[C2Hx] is used, which denotes the maturity of the gas-
phase species. Meanwhile, the deposition rate of C6H6 is higher
than that of C2Hx (C2H4, C2H2). Therefore, the R⁄ ratio can be related
to the bulk density distribution of the C/C composite. Fig. 10 illus-
trates the simulated results of the R⁄ ratio distribution in the free
flow channel and the preforms after a 1-h and 96-h deposition.
The R⁄ ratio distribution for the 96-h deposition time is relatively
higher than that in the initial deposition time. In addition, the
region with a high R⁄ ratio represents the highly densified part of
the preform, which is coherent with the simulated results of the
density distribution in the preforms. According to the predicted
profiles of R⁄ in Fig. 10, the values of R for both preforms are all less



Fig. 7. Predicted bulk density distributions as a function of deposition time in the CVI reactor using woven cloth and felt as preforms (left side of the preforms is close to the
gas flow channel).

Fig. 8. Comparison of the measured material density with the predicted value
obtained using the simulation as a function of deposition time.

Fig. 9. Comparison between experimental and predicted porosities for the cloth
and felt preforms as a function of deposition time.
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Fig. 10. Simulated results of the concentration ratio of benzene to acetylene and ethene for preforms after a 1-h and 96-h deposition time.
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than 25 for 1-h and 96-h infiltration time. Therefore, we predict
that the medium textured and high textured pyrocarbon were
deposited inside both preforms.
5. Conclusions

Preforms of 2D woven cloth and randomly distributed felt were
infiltrated in the given experimental conditions. A software tool
was applied to reproduce the 3D digital structure of the two pre-
forms. The pore structure evolution model and related 3D struc-
tural characteristics of the preforms were obtained by
approximating the growing solid phase during the CVI process.
Combining the detailed structural characteristics with the multi-
step chemical reaction model, the transient 3D simulation of the
CVI process for the two preforms was successfully implemented.
The predicted results of the bulk density of preforms agree well
with the experimental results. However, the deviation between
the experimental and simulated results of the cloth preform is rel-
atively high. Therefore, except for the detailed mass transport
modelling that we have proposed here, the detailed reaction mech-
anism, including the gaseous species and surface species with an
acceptable scale, is needed to rebuild the previous models.
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