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Abstract

Introducing thermal gradients to improve the Chemical Vapor Infiltration (CVI)
process is a key strategy to overcome its principal drawback, namely, the presence
of residual porosity in the central part of ceramic composite material preforms.

The aim is to create an infiltration front starting from the least accessible part
of the porous preform and progressing towards its surface. However, in practice, it
may be quite difficult to evaluate the magnitude of the thermal gradient necessary
for the achievement of this desired infiltration front. Modeling may bring solutions
for the design of a successful processing situation. This paper reviews four distinct
application examples, for which multi-physics numerical modeling studies have
been developed and validated. These cases are also examined using analytical
computations of a front infiltration criterion in order to discuss the influence of
processing parameters on the quality of the process and of the resulting material.

Keywords: Chemical Vapor Infiltration, Process Modeling, Ceramic-Matrix
Composites

1. Introduction

Ceramic-Matrix Composites (CMC) [1, 2] and Carbon/Carbon (C/C) [3, 4]
Composites (also called Carbon-Fiber Reinforced Carbon - CF(R)C) are outstanding
materials for highly demanding applications in which extreme mechanical, thermal
and chemical loads are present. These materials consist in a reinforcement made of
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carbon or ceramic fibers [5]surrounded by a carbon or ceramic matrix, optionally
in presence of an interphase located between the fibers and the matrix [6]. This
composite structure confers them a non-brittle behavior with progressive damage
during loading, therefore countering the largest weakness of ceramics as structural
materials. Successful applications of C/C composites encompass aircraft braking
discs [7], solid rocket motor throttles and divergents [8], thermal protection systems
for atmospheric re-entry [9], ion thruster grids [10] and other applications in
industry [11, 12]. C/SiC composites [13] were designed to overcome the poor
oxidation resistance of C/C composites, with successful applications as automotive
braking discs [14], rocket nozzles [15], thermal protection systems, parts for
industrial furnace management [16] and in aeronautic propulsion [17, 18]. The
development of SiC fibers has led to the emergence of SiC/SiC CMCs [19], with
applications in aeronautic propulsion [20] and nuclear fission technology [21, 22].

The development of non-oxide CMCs, featuring carbon or SiC matrices, is
strongly linked to the Chemical Vapor Infiltration process [23, 24, 25, 26, 27, 28,
29]. Indeed, a better matrix quality is obtained through this process as compared
to liquid-phase routes like Polymer Impregnation and Pyrolysis (PIP) [30] or
Reactive Melt Infiltration (RMI)/Liquid Silicon Infiltration (LSI) processes [31, 32]
, because matrix cracks are not generated and the fibers are not damaged by the
intrusion of the potentially corrosive molten silicon [33]. On the other hand,
CVI has the important drawback, in addition to being an expensive and time-
consuming process, of letting some residual porosity remain present in the as-
processed composite, which can significantly lower its mechanical performance as
compared to a fully dense composite [29]. So, one has to fight against the presence
of residual porosity. One of the best ways to achieve this is to use thermal gradients
in order to localize the deposition reaction precisely in the regions it does not have
naturally a tendency to occur, i.e. in the center region of a composite part. This
is the objective of Thermal-Gradient CVI (TG-CVI) which has been developed in
several variations [34, 26].

TG-CVI represents a significant time gain with respect to classical routes. It
is already implemented in some industrial applications [35, 36] and represents a
promising future in the frame of aeronautic propulsion ; moreover, its applications
are now growing towards other domains.

It has been shown that, by using microwaves to enhance the CVI process
[37, 38], fabrication times can be reduced from several hundred hours to around
100 hours [39, 40] and down to only ≈25 hours when RF-CVI is used to produce
C 𝑓 -ultra high temperature ceramic matrix composites (UHTCMCs) [41]. Similar
results were obtained with the MW-CVI pilot plant developed in the European
project HELM for the production of SiC-based CMCs (HELM: High-frequency
Electro-Magnetic technologies for advanced processing of ceramic matrix composites
and graphite expansion)[42]. The Horizon 2020 project CEM-WAVE aims at
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developing with this technology both oxide and non-oxide CMC tube parts to
replace metals in radiant combustion tubes used in secondary steelmaking. Indeed,
the achievable processing cost reductions anticipated with the industrialization of
MW-CVI (or any other TG-CVI variation) make these materials affordable in
the cited application, because of their superior resistance to creep and corrosion,
giving them larger lifetimes than their metallic competitors.

However, the overall cost of the process, its optimization, and sometimes even
its control are important issues. This is why process modeling is of interest [43].
It can help in finding the best directions to improve the process efficiency while
preserving or even improving the material quality, at a lower cost than carrying
out systematic experimental explorations of the processing parameter space.

Many modeling works on variations of TG-CVI have been developed so far
[44]. All of them are based on the solutions of balance equations for heat and
species mass concentrations; some also incorporate electromagnetics in order to
represent the heating system. These models span from simple 1D approximations
[45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57] to complex, 2D or 3D Finite
Element of Finite Volume analyzes [58, 59, 60, 61, 62, 63]. Their raw results
are temperature and mass deposition profiles or fields, for chosen processing
conditions (reactor geometry, temperature, pressure, gas composition, porous
preform characteristics). Comparative solutions for parameter variations help
finding tendencies towards process optimization, i.e. lesser residual porosity at
lowest energy and source gases expense. In addition to these classical approaches,
a specific study on the existence and characteristics of a possible “infiltration front”
has been made [64, 56]. The front existence criterion is a good indication of the
possibility of having an optimal inside-out infiltration in which the lowest possible
residual porosity is obtained; moreover, its characteristics (thickness, velocity) are
useful quantities for the actual implementation of the process. This front analysis
has been compared to 1D FE simulations only in one case [56]. We propose further
use in other situations, in order to grasp some more general understanding of the
effects of process parameters on the infiltration quality.

This paper is structured as follows. First, we will recall some basic notions
on the TG-CVI process, its modeling and the infiltration front analysis. Then,
we will describe four practical application cases of TG-CVI involving C matrix
infiltration; an analysis will be carried out for these cases using either FE simulation
and/or front analysis. A final discussion will help drawing some conclusions and
recommendations for future works.
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2. TGCVI : Principles and modeling

2.1. Process description
The general principle of CVI is the introduction of reactant gases inside a

hot porous substrate, so that they deposit a solid by heterogeneous reaction [65].
Figure 1 illustrates several variations of this concept. The basic implementation
is the Isothermal-Isobaric CVI (or I-CVI), which does not involve temperature
or pressure gradients; it has to be operated at low pressures in order to favor
gas diffusion through the fibrous preform over the chemical reaction rate. As a
consequence, processing times can be very long, which justifies the development
of thermal-gradient variations. Bringing a thermal gradient can be achieved by
using several distinct modes of injecting heat fluxes in the fibrous preform :

• Using the Joule effect brought by electrical currents circulating in a resistor
[66, 67].

• Using the preform itself to act as a heating resistor - this is E-CVI for
Electrical-CVI or H-CVI for Heaterless-CVI [68, 69].

• Creating the electrical current circulation inside the preform by induction,
usually in the radio-frequency (kHz) range [70, 71, 61] - this is RF-CVI.

• Using microwave absorption [37, 42, 39, 47, 72, 73] - this is MW-CVI.

Variations concerning the flow of gases are schematized in the lower right part
of Figure 1:

• The Forced CVI (F-CVI) in which the gases have to flow through the preform,
generating a pressure gradient [74, 75, 76];

• The Film-Boiling CVI or “Kalamazoo” process in which the hot preform
is immersed in the liquid precursor, ensuring a very large thermal gradient
[77, 78, 24, 79, 80].

• The Supercritical CVI (or C-SCF-I) process in which the preform is heater
electrically in a high-pressure reactor in order to increase the reaction kinetics
[81].

2.2. Model bases : electromagnetism, heat and species mass balance equations
As it clearly appears in the description of these processes, there are four

categories of phenomena that require modeling:
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Figure 1: Scheme of the basic I-CVI setup (left) and of TG-CVI variations (right). Top right: 3
variations differing by the heating mode; Bottom right: 3 variations differing by the gas circulation
mode.

• Heating is provided by electrical power, either under the form of electrical
conduction, RF induction or of microwave absorption. This involves the
solution of electromagnetism equations which differ according to the main
phenomenon: a simple Poisson equation may suffice for conduction, but for
RF-CVI or MW-CVI, one needs to write down Maxwell’s equations at least
in partly simplified forms.

• Once the heat sources are known, the heat equation is used to describe heat
transfer throughout the preform and with its surroundings.

• With knowledge of the temperature field, it becomes possible to describe
the transport/reaction phenomena for the precursor gases and optionally for
the by-product gases, inside the preform and optionally in the whole reactor
cavity.

• Finally, the reaction rates being known, it is possible to describe the local
solid deposition (or infiltration) rate; from this, updates to the porosity field
can be made and a new step of the simulation can take place.
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The couplings between the several segments of the model, which are linked to the
main phenomena, are described in Figure 2.
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Figure 2: Couplings between the main phenomena present in TG-CVI processes.

In principle, four types of equations have to be solved simultaneously; however,
in practice, the evolution of the solid material is slow compared to all other
transport phenomena, which allows decoupling this last equation from the other
ones, or at least to treat all equations but the solid mass balance as steady-state
at a given infiltration stage. In 2D or 3D geometries, Finite Elements (FE) or
Finite Volumes (FV) solvers may be conveniently used for the numerical solution
of these coupled equations, which are essentially elliptic PDEs for the “pseudo-
steady-state” equations for electromagnetic conduction or induction and for heat
and mass balances and a simple ODE for solid mass balance. The details of these
equations can be found e.g. in [44]; we will only recall here a basis set. The
starting point, in any case, is the expression of the deposition rate:

𝑅d𝑒𝑝 = 𝜎𝑣 (𝜀)𝑘d𝑒𝑝 (𝑇)𝐶𝛼 (1)

The internal surface depending on the porosity, the equation for the advancement
of porosity is required :

−𝜕𝜀

𝜕𝑡
=

𝑀𝑠

𝜌𝑠
𝑅d𝑒𝑝 (2)

The gas precursor concentration has to be determined everywhere, so this turns
the species mass balance equation necessary for the model:

∇ ·
(
𝑃𝑖

R𝑇 v + J𝐷
𝑖

)
= 𝑅d𝑒𝑝 (3)
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where the diffusive fluxes depend on the gas diffusivity, itself a function of porosity
and, less importantly, of temperature. In TG-CVI, since the heterogeneous rate
constant depends strongly on temperature, we see that the heat equation is necessary
:

𝜌𝑐𝑝v·∇𝑇 + ∇ · qc = 𝑆ℎ (4)

where the heat capacity 𝜌𝑐𝑝 and the conductive heat flux depend on the porosity
and temperature. Here, we consider as negligible the effect of the heats of reaction,
which has been verified for the deposition of C from C𝑥H𝑦-H2 mixtures.

These three differential equations, in addition to eq. 1 and to the expressions
of the heat and mass fluxes, constitute the minimal set for an investigation of
infiltration in TG-CVI.

2.3. The “trilby hat effect”
All the above-mentioned CVI variants have the advantage of allowing to work

with higher pressures, higher temperatures, and consequently higher rates and
lower processing times. However, reports seem to indicate that such processes are
somewhat difficult to control, and that undesired behavior may show up.

Indeed, reports on the ”rapid process” [82] evidenced that, after a correct
initial phase where densification would start from the hot side as expected, the
density would eventually stop growing there, while keeping on increasing closer
to the cold side. The resulting material has not an optimized density. Some runs
of computed and measured infiltrations by the Georgia Tech team [52] also gave
nonuniform density gradients, with a density maximum lying somewhere between
the hot and the cold zone – if not sometimes at the cold side extremity. In the case
of CVI with volume heating, a similar behavior occurred. Morell et al. [83] report
a correct start of densification in the middle of the preform – as can be expected
from the temperature field resulting from the balance between volume heating and
surface radiative losses – followed by the break-up of a density maximum located
in a circular region surrounding a less dense center, and finally by the propagation
of a densification front towards the preform periphery. An MW-CVI model [45]
and a more generic TG-CVI model [84] also showed the same feature. Figure 3
schematizes this rather frequent scenario, that we can call ”trilby-hat effect”, due
to the resulting shape of the density profile. We will see in the next sections that
this effect can be understood as the unsuccessful construction of an infiltration
front [84, 64] at the beginning of the processing run.
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Figure 3: Density evolution with time in many thermal-gradient CVI experiments: the ”trilby-hat
effect”.

2.4. Front analysis
The principle of the front analysis is in some way similar to the combustion

front analyses of Zel’dovich and Frank-Kamenetskii [85] and of Novozhilov [86].
It is first assumed that a front exists and is moving at a (yet unknown) front velocity
𝑣 𝑓 . Then, a reference frame is chosen, focusing only the problem on the front zone.
The set of three equations (2,3,4), of which 2 are PDEs, is transformed into a set of
3 ODEs if the only space coordinate along which the front progresses is retained.
Suitable Cauchy conditions are specified on the left- and right-hand boundaries of
the front zone, but they outnumber the number of ODEs to be solved. This is an
over-determined problem, which becomes an eigenvalue problem, i.e., a problem
which only admits solutions for certain values of the parameters. This is also
analogous to a ”shooting problem”. Here, the eigenvalues are the velocity and
the front width. This problem has been solved by an iterative method based on
dichotomy [56]. The front width and velocity can be approximated as :

ℓ 𝑓 ≈ 𝜆𝑠𝑇ℎ

𝑞

R𝑇ℎ
𝐸𝑎

(5)

𝑣 𝑓 ≈ ℓ 𝑓 𝐴𝑘𝑑𝑒𝑝 (𝑇ℎ)
𝑀𝑠𝐶𝑏

𝜌𝑠
(6)

where 𝑇ℎ is the hot-side temperature of the front, 𝜆𝑠, 𝑀𝑠 and 𝜌𝑠 the solid-phase
conductivity, molar mass and density, 𝐶𝑏 is the precursor concentration on the
cold side, 𝐸𝑎 is the deposition reaction activation energy and 𝐴 an internal surface
area scale parameter. More precisely, 𝐴 is the slope of the 𝜎𝑣 = 𝑓 (𝜀) (surface area
vs. porosity) curve, evaluated at the end of infiltration (i.e. when 𝜎𝑣 → 0); it is
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conveniently scaled by 1
𝑑 𝑓

, where 𝑑 𝑓 is a characteristic dimension of the fibers or
of fiber bundles. In addition to these expressions of the front width and velocity,
a front existence criterion has been derived. It may be expressed as the existence
of a minimal heat flux :

𝑞 ≥
𝜆𝑠R𝑇2

ℎ

𝐸𝑎

√︄
𝐴𝑘𝑑𝑒𝑝 (𝑇ℎ)

𝐷𝑔

.
1

Φcrit
(7)

where 𝐷𝑔 is a reference gas diffusion coefficient and Φcrit is a critical Thiele
modulus that can be computed from a local front simulation analysis. Another
way of interpreting the criterion is the following :

𝑣 𝑓 ℓ 𝑓

𝐷𝑔

𝜌𝑠

𝑀𝑠𝐶𝑏

≤ Φ2
crit (8)

Here, we recognize that the first fraction is a front-related reaction/diffusion ratio
while the second one is a condensation ratio.

Combining eq. (7) and eqs. (5-6) yields the characteristic length and velocity
of the critical front :

ℓ 𝑓 ,crit ≈ Φcrit

√︄
𝐷𝑔

𝐴𝑘𝑑𝑒𝑝 (𝑇ℎ)
(9)

𝑣 𝑓 ,crit = Φcrit

√︃
𝐷𝑔𝐴𝑘𝑑𝑒𝑝 (𝑇ℎ)

𝑀𝑠𝐶𝑏

𝜌𝑠
(10)

In practice, it may suffice to compute the critical heat flux at the initial condition,
because the thermal gradient generally increases during process operation.

For a situation with a given preform width 𝐿pref, hot-side temperature 𝑇ℎ and
cold-side temperature 𝑇𝑐, it can be assumed that the heat flux through the non-
infiltrated (“dry”) zone lying before the infiltration front can be written as:

𝑞 = 𝜆𝑠 (1 − 𝜀0)
𝑇𝑖 − 𝑇𝑐

𝐿dry
(11)

where 𝐿dry = 𝐿pref − ℓ 𝑓 ,crit and 𝑇𝑖 is the deposition “ignition” temperature, ie.
the minimal temperature above which the deposition rate is no more negligible.
One can choose eg. an arbitrary criterion of 𝑘𝑚𝑖𝑛 = 1.33 · 10−8m.s−1 for the rate
constant, which gives a linear deposition rate of 0.1 𝜇m in 24 hours. For a simple
Arrhenius law, one has :

𝑇𝑖 =
𝐸𝑎

R ln 𝑘0
𝑘𝑚𝑖𝑛

(12)
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For an Arrhenius-Kooij law, all formulae can be retained, substituting 𝐸𝑎 by
𝐸′
𝑎 = 𝐸𝑎 + 𝛽R𝑇ℎ. It is now possible to set a relationship between the largest

preform dimension possible and the hot-side temperature, for a given cold-side
temperature – which is the case in the Kalamazoo process. This dimension is :

𝐿𝑚𝑎𝑥 =

(
1 + (1 − 𝜀0)

𝐸′
𝑎Φcrit(𝑇𝑖 − 𝑇𝑐)

R𝑇2
ℎ

) √︄
𝐷𝑔

𝐴𝑘 (𝑇ℎ)
(13)

We will produce in the further sections some numerical estimates of these
quantities.

3. Practical cases of TG-CVI

We will now discuss four different implementations of TG-CVI, all aimed at
pyrolytic carbon matrix infiltration. They differ by the heating method, the reactor
size and by the carbon precursor composition. Table 1 lists these cases. Fig. 4
provides sketches of the 4 experimental setups.

Table 1: Description of the Thermal-Gradient CVI cases considered here.

Case Reactor size Preform
thickness

Heating
method

Carbon
precursor

Refs.

#1 Pilot, Diam.
56 cm

135 mm RF
inductive
heating

Methane
(low
pressure)

[71]

#2 Lab, Diam. 10
cm

15 mm Contact
with a hot
resistor

Cyclohexane
(liquid)

[79, 63]

#3 Pilot, Width
10 cm

35 mm RF
inductive
heating

Cyclohexane
(liquid)

[87]

#4 Lab, Diam. 7
cm

4.5 mm Contact
with a hot
resistor

Methane
(supercritical)

[81, 88]

Case #1 has the largest dimensions of all cases; in it, the intention is to prepare
C/C rocket nozzles. It involves plain CVI, using methane at low pressure (2.6 kPa)
as a source gas. A multi-physics model of case #1 has been validated in [71].
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Figure 4: Sketches of the 4 considered cases.

In the next two cases, the film-boiling (or Kalamazoo) technique is employed,
using liquid cyclohexane as a precursor. The contact of the preform with the boiling
hydrocarbon helps maintaining a very strong thermal gradient. Case #2 has been
extensively described in [79] and a multi-physics model has been proposed in [63].

Cases #1 and #3 are run in pilot-size reactors, in which the vessel dimensions
are appreciably larger than the other two cases; for both, RF heating has been
chosen as the most effective technique to achieve part heating. It is also attractive
for being a contactless technique. Case #3 concerns a reactor capable of preparing
a whole C/C brake disc; the preform thickness considered here is the half-width
of the disc. The geometry of the inductive heating differs from case #3 to case
#1, the latter case verifying a true axial cylindrical symmetry, whereas this is not
achieved in case #3.

Case #4 has the particularity of using very high-pressure methane as precursor:
the conditions can be called supercritical because indeed the critical pressure and
temperature of methane are overtaken, but the process is operated in a parameter
region where the perfect gas law holds [88]. It is otherwise quite similar to case #2:
a vertical carbon resistor and a fibrous preform inserted around it in a cylindrical
geometry.

All cases were run with preforms made of needled carbon fiber fabrics and/or
non-woven plies. However, in case #2, two types of carbon preforms have been
utilized : a very porous (> 90% ) carbon fiber felt (RVC 2000 ®from (formerly)
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Carbone Lorraine), intended essentially to study the infiltration kinetics, and a less
porous preform made of needled carbon fiber fabrics (Novoltex ®from (formerly)
Snecma), in the aim of preparing useful carbon/carbon composites.

4. Analyses of the practical cases

4.1. The pilot-scale RF-CVI reactor : case #1
The multiphysics modeling of this reactor has been carried out using the

following steps :

• First, the vector potential equation is solved in order to determine the power
of the induced electric current present in the preform;

• Then, the energy equation is solved, in which the radiative heat losses are
included as well as the input power.

• The Navier-Stokes equation is coupled to the heat equation for the gas outside
the preform and both equations are solved again, using the previous results
for initialization;

• Once the thermal landscape is set, the mass equations for gas precursor and
solid deposit are solved, until the porosity has varied by a prescribed amount
(e.g. 0.05)

• Go back to the first step and carry out the whole procedure again until final
processing time.

Fig. 5 illustrates some steps of this procedure.
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Figure 5: Illustration of the multi-physics computational steps in Case #1.
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The computations confirmed the experimental observations of a ”trilby-hat”
effect, as illustrated in the right part of fig. 5. This can be confirmed by comparing
the actual heat flux and the critical flux given by the front existence criterion. Fig.
6 displays such a comparison, either with fixed hot-side (1325 K) and cold-side
(873 K) temperatures, with varying preform half-width ( Fig. 6 a)) or with fixed
half-width and cold side temperature and varying hot-side temperature. It appears
that the criterion is not initially satisfied (the critical flux is above the actual flux);
however, if the half-width decreases, it is eventually met. This may explain the
“trilby hat” effect. Fig. 6b) indicates that the criterion could also be initially met
using a lower hot-side temperature; however, in these conditions, according to eq.
(6), the front velocity would be more than 100 × slower.

1100 1150 1200 1250 1300 1350 1400
Hot-side temperature Th (K)

Actual flux
Critical flux

Preform half-width Lpref (m)

Actual flux
Critical flux

104

106

107
Heat flux (W.m-2)

105

Heat flux (W.m-2)

104

106

107

105

108

0 0.02 0.04 0.06 0.08

a) b)

Figure 6: Comparison of the actual heat flux and of the critical heat flux in Case #1. a) With
variation of the preform half-width with fixed hot and cold temperature, b) with variable hot
temperature and fixed cold temperature and half-width. Vertical dark lines refer to the reference
case. On the left-hand side, the graphs are discontinued because the “actual flux” would undergo
divergence to infinity.

4.2. The film-boiling (Kalamazoo) lab-scale reactor: Case #2
The numerical model of this reactor could be restricted to a simultaneous

solving of heat and gas species transfer equations, along with the solid deposit
mass balance equation. Since there was a Joule heating of a central resistor,
regulated thanks to a thermocouple, it has been sufficient to assign a fixed hot-
side temperature on the inner diameter of the annular preform. Moreover, it has
been found experimentally [79] that wrapping the preform with a thin Goretex®
cloth had the effect of localizing the boiling zone at the preform boundary, or
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somewhere outside it (further computations have confirmed this fact [87]); as
a consequence, modeling the phenomenon of precursor boiling inside the porous
media was deemed unnecessary and replaced by a simple Fourier thermal boundary
condition. Finally, because of the intense agitation of the fluid outside the preform,
all boundary conditions for the gases could be treated as “fixed concentration”
ones and the computational domain could be restricted to the preform only. The
modeling approach has been successfully validated against experimental data in
[89, 63], using a very porous preform made of a carbon fiber felt. The results
have shown a clear infiltration front, appearing immediately at the process start
and migrating towards the cold side. However, when a needled fiber fabric
stacking was used, the thermal gradient was much lower for the same heat flux
and the infiltration front would not show up [79]. The reason was that the second
type of porous medium is much less initially porous, therefore much more heat-
conductive; moreover, its internal surface area is less important. Fig. 7 illustrates
the comparison of the two structures, with a variation of the cold-side temperature
while maintaining the hot side at 1373 K: clearly, using the first type of porous
medium, the criterion is satisfied at the beginning of the process, whereas it is not
the case with the other type of porous medium.
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Figure 7: Comparison of the actual heat flux and of the critical heat flux in Case #2, with variation
of the cold temperature. a) with the RVC 2000 ® 94% porous felt of poorly conductive fibers, b)
with the Novoltex® needle-punched fabric stacking of more conductive fibers. Vertical grey lines
refer to the reference case.
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4.3. The film-boiling (Kalamazoo) pilot-scale reactor with induction heating :
Case #3

4.3.1. Direct numerical simulations
The difference between this case and the preceding one, apart from the

geometry, comes from the heating method: here, direct RF induction is utilized (as
in Case #1) instead of putting the preform in contact with a hot resistor. This has
imposed to incorporate, as in Case #1, the solving of the EM equations. Moreover,
the reactor was operated with resonance frequency tuning. The electrical circuit
is schematized in fig. 8; its main idea is as follows: (𝑖) the induction coils and
the preform are equivalent to an RL device. So, adding a condensator in parallel
to it allows creating an oscillating subsystem. (𝑖𝑖) A transformer helps converting
the frequency between the power grid input and the inductor system; it contains a
undulator and an impedance adapter. The undulator frequency is tuned in order to
obtain the resonance of the oscillating subsystem.

Inductor
& disk

Osc. 
circuit

Driving

Circuit 
linked to 

generator

Circuit for 
adaption

betw. 
generator

& osc. 
circuit

Coils

Disk

rotation axis

Disk 
preform

Densifie
d zone

10 cm

Gene-
rator

Figure 8: Description of the RF heating system. a) Equivalent electrical circuit; b) the inductor-
preform system, equivalent to an RL device.

During simulation, a feedback loop has to be operated in order to determine at
each infiltration step the value of the resonant frequency. To do so, two formulæwill
be used . First, the determination of the resonance frequency 𝑓res as a function of
the apparent electrokinetic properties 𝑅,𝐿 and 𝐶 of the inductor-preform system :
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𝑓res =

√︁
1 − 𝑅2𝐶/𝐿
2𝜋

√
𝐿𝐶

(14)

While the capacity is a property of the exterior tuning system, the resistance 𝑅

and inductance 𝐿 of the inductor-preform system are obtained by post-processing
the potential-vector field solved by FE on the computational domain. In cylindrical
coordinates, one has:

𝑅 =
𝑄𝑟ℎ

2∥𝐼𝑡𝑜𝑡 ∥2 (15)

𝑄𝑟ℎ = 2𝜋
∬

solids
𝜎−1
𝑒 ∥ 𝑗𝜙∥2𝑟𝑑𝑟𝑑𝑧 (16)

𝑗𝜙 = − 𝑗𝜎𝑒𝜔𝐴𝜙 (1 − 𝜑𝑐𝑜𝑖𝑙) + 𝜑𝑐𝑜𝑖𝑙

𝜎𝑒,𝑐𝑜𝑖𝑙𝑈𝑐𝑜𝑖𝑙

2𝜋𝑟
(17)

𝐼𝑡𝑜𝑡 =

∬
solids

𝑗𝜙𝑑𝑟𝑑𝑧 (18)

𝐿 =
𝑊𝑚

2∥𝐼𝑡𝑜𝑡 ∥2 (19)

𝑊𝑚 = 2𝜋
∬

domain
𝜇−1∥∇ × A∥2𝑟𝑑𝑟𝑑𝑧 (20)

where 𝑄𝑟ℎ is the total Joule power loss, 𝑗𝜙 the local value of the electrical current
density, 𝜑𝑐𝑜𝑖𝑙 is a phase indicator of the coil (1 in coil, 0 outside), 𝜎𝑒 the electrical
conductivity, 𝑈𝑐𝑜𝑖𝑙 the potential loss in the coil, 𝐼𝑡𝑜𝑡 the total circulating intensity,
𝑊𝑚 is the magnetic field energy and 𝜇 the magnetic permeability.

The inductive heating efficiency may be computed as the ratio of the total
energy produced by Joule effect in the preform divided by the total active power
of the device (considered as an 𝑅𝐿 system):

𝜂 =
𝑄𝑟ℎ

2Re
(∑𝑁𝑐𝑜𝑖𝑙𝑠

𝑖=1 𝑈𝑐𝑜𝑖𝑙,𝑖

)
𝐼

(21)

The full simulation algorithm is sketched in fig. 9.
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Figure 9: Flowchart for a numerical simulation of the Kalamazoo process with RF heating,
including a resonance frequency determination sub-loop.

Results of the simulation run are reported in Figs. (10) to (12). It is seen in
Fig. (10) that the increase of the resonance frequency with time, almost linear, has
been successfully reproduced, guaranteeing an almost constant efficiency of the
heating. On the other hand, the simulation tends to predict a too rapid increase of
the input power, as compared to experiments. From a thermal viewpoint, it appears
from Fig. (11) that the evolutions of the temperatures at selected locations have
been quite well reproduced, with a notable exception at the top of the preform, a
region where expulsion of the liquid from the preform has been predicted but not
achieved experimentally, as opposed to the rest of the preform.

Exp.

Calc.

Calc.

Exp.

48.9

48.8

48.7

48.6

48.5

Inductive heating efficiency (%)a) b)

Figure 10: Evolution with infiltration time of the RF inductive heating quantities. a) Left:
experimental and computed resonance frequency and input power, b) Right: computed heating
efficiency.

From the time evolutions of the temperature and porosity fields reported in
Figure (12), it is seen that the infiltration reproduces again the “trilby hat” effect,
though only with a slight depletion of the density in the middle of the preform
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Figure 11: Time evolution of the temperature recorded at several locations of the preform, marked
by red circles. Experimental and computed thermograms are compared in the graphs. The shaded
area in the time graphs corresponds to the moment where a film-boiling crisis is recorded in the
region lying between the preform and the induction coils.
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section, accompanied by a strong decrease of the space gradient of temperature in
the central region.
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Figure 12: Computed time evolutions of the temperature and the porosity.

4.3.2. Front existence analysis
This simulation case, together with a preceding one, can be now re-examined

using the analysis of the infiltration front existence and characteristics. In particular,
relation (13) will be useful: for a given cold-side temperature, it provides an
estimate of the maximum possible preform half-thickness for a front to exist. as a
function of the hot-side temperature. Figure 13 shows the curve associated to eq.
(13) and the representative points of case #3 and of case #2b (ie. the Kalamazoo
process with a Novoltex ® preform, very similar to the one of case #3) have
been inserted in the graph. Both representative points lie in the “no front” region,
not very far away from the boundary of the front existence region. Case #3 lies
closer to the boundary than case #2b, indicating that the criterion is only narrowly
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missed. – this is to relate to the fact that the non-optimal region (ie. the center
part of the trilby hat) shows only a small depletion. Clearly, the graph of figure 13
indicates that for an optimized operation of the process, it would be necessary to
lower the hot-side temperature while maintaining the same cold-side temperature.
To do so, the heating power should be reduced but the total operation time would
increase greatly, as suggested by eq. (10) in which the deposition constant has
an Arrhenius-like temperature dependence: the critical front velocity also has an
Arrhenius-like hot-side temperature dependence, though with half of the activation
energy.

Figure 13: Computation of the maximal possible half-width for front existence vs. hot-side
temperature, for a cold-side temperature of 378K, using eq. (13). The colored circles refer to the
situations met in practice of cases #2 (with Novoltex ® preform) and #3.

4.4. Case #4: The supercritical methane reactor
This process was first patented in 2006 [90] and described in a publication

in 2014 [91]; a recent re-assessment of the process has been carried out [88],
with a strong focus on thermal measurements. The detailed multi-physics model
framework developed for the preceding cases has been adapted to the present one.
The major modification was the chemical kinetic law, which has here to account for
the reversibility of the deposition reaction. Indeed, very high pressures are bringing
the system closer to thermochemical equilibrium between methane, hydrogen and
carbon, so that the attack of carbon by hydrogen to give back hydrocarbons cannot
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be neglected any more. The proposed formalism is :

𝑅 = 𝜎𝑣 (𝜀) 𝑘𝑑𝑒𝑝 (𝑇)
(
𝑃𝑚 − 𝑃𝑚,𝑒𝑞

R𝑇

)
(22)

where 𝜎𝑣 is the surface/volume ratio and 𝑃𝑚,𝑒𝑞 is the equilibrium partial pressure
of methane, computed using a free enthalpy minimization program fed by a
thermochemical database. The kinetic rate law constants 𝐴 and𝐸𝑎 were determined
from two sets of experiments : (𝑖) CVD deposition experiments on a single filament,
using directly eq. (22) for the interpretation and (𝑖𝑖) infiltration experiments, using
the front formulas (5) and (6) (in which 𝐶𝑏 has been replaced by 𝑃𝑚−𝑃𝑚,𝑒𝑞

R𝑇 ) to
retrieve 𝑘𝑑𝑒𝑝 (𝑇ℎ). Data obtained by these two methods were found giving results
in coherence with each other and with past determinations obtained at ambient
pressure. A remarkable result was the drop of the apparent activation energy from
≈ 280 kJ.mol−1 at ambient pressure down to 70 kJ.mol−1 at 50 bar, remaining then
approximately constant for higher pressures.

The thermal study of the reactor evidenced a very steep thermal gradient, larger
than could be initially expected from the readout of the temperature obtained from
the thermocouple located in the center of the hollow heating tube. It was therefore
no surprise that the infiltration occurred “inside-out” with a well-formed front.
Indeed, even though the activation energy was rather low at high pressures, the
criterion for front formation was met by 2 orders of magnitude, as shown in Table
2.

Table 2: Actual and critical heat fluxes in supercritical CVI runs.

Run # Hot-side
temperature (K)

Heat flux
(MW.m−2)

Critical heat flux
(MW.m−2)

P3 1682 6.64 0.0648
P4 1698 7.97 0.0354
P6 1682 6.64 0.0848
P7 1698 7.97 0.0356
P8 1427 5.31 0.0444
P9 1682 6.64 0.0143
P10 1698 7.97 0.0526

5. Summary and final discussion

We can now summarize in Table 3 the results of the experiments and simulations
in the 4 practical cases described above.
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Table 3: Summary of the results found on the 4 Thermal-Gradient CVI cases.

Case Preform half-
thickness (mm)

Front existence

#1 67.5 No
#2(a) 15 Yes (with felt)
#2(b) 15 No (with Novoltex ®)

#3 17.5 No
#4 4.5 Yes

Clearly, it can be seen from this synthesis that the existence of an infiltration
front is achieved when the preform size is small enough; otherwise it becomes too
difficult in practice to produce the necessary gradient. Another factor comes from
the characteristics of the porous preform, as illustrated in case # 2 : when it is not
initially porous enough, the critical gradient is not reached.

We can go back to Eq. (13) which gives a maximal infiltrable thickness for
given hot and cold-side temperatures, rewritten as:

𝐿𝑚𝑎𝑥 =

(
1 + (1 − 𝜀0)

𝐸′
𝑎Φcrit(𝑇𝑖 − 𝑇𝑐)

R𝑇2
ℎ

) √︄
𝐷𝑔

𝐴𝑘0
exp

(
𝐸′
𝑎

2R𝑇ℎ

)
(23)

In this equation, it is seen that the maximal infiltrable thickness, for a given
chemical system and temperature gradient, relies on the initial porosity 𝜀0 and
the surface area evolution factor 𝐴. We can also see that the activation energy
has a negative influence on the maximal infiltrable thickness, whereas it has the
beneficial effect of lowering the value of the critical gradient (see eq. (7)), as had
been also found in the case of Temperature and Pressure pulsed CVI (TP-CVI)
[92]. Lastly, it can be seen that increasing too much the hot-side temperature
effect will affect negatively the efficiency of the process, because it will increase
the critical flux and decrease the maximal infiltrable length. On the other hand,
lowering the hot-side temperature has the detrimental effect of slowing down the
process kinetics (see eqs. (6) and (10)).

6. Conclusion and perspectives

This document has focused on the comparison of 4 distinct practical cases
of TG-CVI, featuring experimental data and modeling analysis through either
detailed multiphysics FE simulations or estimates made by an analytical model
of the infiltration front. The detailed numerical simulations have satisfactorily
reproduced the experimental results and helped providing insights into the process
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as they are able to provide access, in addition to verifiable data like thermograms
or final density profiles, to inacessible data like the evolution of density during the
whole process or the value of temperatures in inaccessible parts of the setup. A
central point for the engineer is the capability of achieving inside-out infiltrations
thanks to the existence of an infiltration front. It has been shown here that the
criterion given by eq. (7) successfully predicts the front existence or, conversely,
the existence of a “trilby-hat” effect. Such modeling tools are of importance for a
proper up-scaling of the thermal-gradient CVI process. Unfortunately, they tend
to show that increasing the thickness of the preform makes it harder to infitrate
optimally. In principle, this can be overcome by lowering the hot-side temperature,
at the expense of slowing down the whole infiltration process.

Future work on this topic includes the study of different setups, in particular
with other chemical systems (e.g. SiC or Al2O3 deposition) and other heating
modalities, such as micro-wave heating or localized laser heating in a “additive-
manufacturing” fashion. These modeling tools could also renew the interest in
temperature and/or pressure pulsing, by affording the capability of optimizing
processing conditions.
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boiling chemical vapor infiltration of 𝐶/𝐶 composites : Influence of mass
and thermal transfers. Carbon Science 2003;4(4):163–167.
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