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ABSTRACT

A two-dimensional finite-element model is used to compare isothermal and radio-frequency-assisted chemical vapor
infiltration of long cylindrical carbon preforms. Densification with radio-frequency heating at a constant input power
initially occurs radially around the central zone and then axially toward the ends of the preform. This densification pat-
tern results in significant entrapment of porosity at the center of the preform and requires a relatively long time for com-
pletion. A novel scheme for improved radio-frequency heating of long cylindrical preforms is proposed which entails
nsulating the axial ends of the preform, induction heating at a relatively high operating frequency, and linear ramping
of input power with time. Simulations show that, under these conditions, radial “in51de—ou1§” densification can be
achieved uniformly along the entire length of the preform. This scheme results in complete densification of the preform
and reduces the overall processing time fivefold when compared to the conventional isothermal process.

Introduction

Chemical vapor infiltration (CVI) has emerged as a lead-
ing technique for fabricating fiber-reinforced ceramic com-
posite materials. The conventional CVI process consists of
diffusion and chemical reaction of a precursor gas under
essentially isobaric and isothermal conditions to deposit
solid material within the pores of a fibrous preform. This
process, however, is extremely slow and expensive, since
low operating temperatures are necessary for uniform den-
sification of the preform. At higher temperatures, the rate of
chemical reaction exceeds the rate of mass transfer, leading
to premature plugging of pores at the surface of the preform
and entrapment of porosity inside the material.

A promising modification to isothermal CVI is to use
volumetric heating of the preform. Volumetric heating com-
bined with heat losses from the surface produces an “in-
verted” temperature gradient in the preform. This tempera-
ture profile favors a faster rate of chemical reaction in the
interior of the preform as opposed to the surface, thereby
minimizing the effect of increased mass-transfer resistance
with densification of the preform. CVI with volumetric
heating has the potential to achieve rapid and complete den-
sification of preforms. This process has been demonstrated
experimentally using microwave," or radio-frequency (RF)
induction heating.>*

Existing theoretical studies of CVI with volumetric heat-
ing are mostly restricted to one-dimensional (1D) models.>*
Moreover, the power distribution due to electromagnetic
radiation is treated as constant in both time and space, or
constant in time with a distribution corresponding to the
initial electrical properties of the preform.?® Recently we
reported the development of a 2D finite element model for
CVI with RF heating, which self-consistently accounts for
the variation in the power distribution as the preform den-
sifies.!” A mechanism was identified by which more power is
deposited in the densified regions of the preform that can
potentially lead to thermal runaway. Simulations show that
densification of a cylindrical carbon preform proceeds in an
“inside-out” manner from the central zone, first in the radi-
al direction and then axially toward the ends. The simulat-
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ed temperature profiles showed semiquantitative agreement
with experimental results reported in the literature.

This study further examines the potential of using RF-
assisted CVI (RFCVI) for the densification of cylindrical
carbon preforms by the thermal decomposition of methane.
First, 2D simulations of isothermal isobaric CVI are pre-
sented, since this is the most widely accepted mode of CVL
By studying the influence of operating temperature and
pressure, we form a base case for comparison with RFCVL.
To be a feasible process, RFCVI must provide a significant
improvement in performance compared to isothermal CVI.
Next, the densification behavior with RFCVI is compared
to that with isothermal CVI. We examine the influence of
key operating parameters of RFCVI including total input
power, pressure, and the effect of insulation for improving
performance. Based on our understanding of the physics of
RFCVI, we develop a novel scheme for tailoring RF heating
to achieve rapid and complete densification of cylindrical
preforms.

Mathematical Model

Figure 1 shows a schematic of the CVI apparatus modeled
in this study. A cylindrical 3D carbon preform is placed
coaxially at the center of the reactor. A helical RF induction
coil is used to heat the preform to the desired operating
temperatures. The entire assembly is enclosed in a metallic
chamber to contain radiation. Details of the mathematical
model formulation and the finite-element solution were
presented earlier in Ref. 10. Therefore, only the salient fea-
tures of the model are repeated here and modifications in
the mathematical formulation are emphasized. For conve-
nience, the mathematical model may be divided into two
modules: the electromagnetic (EM) module and the CVI
module. The governing equations of the two modules are
summarized in Table I.

The EM module solves Maxwell’s equations for the elec-
tromagnetic fields and the power distribution in the pre-
form due to the induction coil. Since the electrical proper-
ties of the material evolve with porosity over time periods
of several hours, the electromagnetic oscillations are as-
sumed to be time-harmonic in nature. This enables the
solution of the electric field in the frequency-domain as
opposed to the time-domain. Azimuthal symmetry is im-
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Fig. 1. Schematic of CVI reactor and RF induction coil studied.

posed by approximating the 3D geometry of the coils by a
set of collinear loops of current around the reactor. The
current is assumed to be constant along the length of the
coil as capacitive coupling is negligible at the typical val-
ues of the operating frequency used in CVI applications.

Table I. Summary of governing equations.
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The value of this current is self-consistently adjusted dur-
ing the densification process to maintain a specified value
of total power input in the preform.

The CVI module consists of the governing equations for
energy balance, gas-phase mass balances, and solid bal-
ance for the evolution of porosity in the preform. The ener-
gy balance accounts for heat conduction and convection in
the preform with a time-averaged power input from the
RF induction coil. Heat loss occurs from the surfaces of the
preform due to convection and radiation. As described in
Ref. 4, the effective external surface area available for ra-
diation is increased by a factor of (mw/2)* over the geomet-
ric area to reflect the curved surfaces of the fiber bundles.
Mass transfer of the gas mixture is modeled using the
Dusty gas model for the molar flux of each chemical
species. The Dusty gas model'' accounts for multicompo-
nent diffusion, Knudsen diffusion, and viscous flow of the
gas in the preform. The decomposition of methane is mod-
eled by first-order kinetics based on the methane concen-
tration. The evolution of preform porosity is calculated
from an overall solid-phase mass balance as carbon is
deposited in the pores of the preform.

In our previous work,'® the power input due to induction
heating (W) was weighted with the solid fraction (1 — €) in
the energy balance to emphasize that only the solid fraction
of the preform is directly heated by the electromagnetic
waves. The effective electrical conductivity of the compos-
ite used in Ohm’s law (Eq. 2, Table I) for power deposition
in the preform was estimated by the linear relation

o* =0/l —¢€) [1]

In that previous work,' the volume integral of the weight-
ed power input in the preform, W(1 — €), was kept constant
throughout the densification process to simulate constant
input power conditions. If Poynting’s theorem" is consid-
ered, the total power input due to the electromagnetic
waves must be conserved. Since the electromagnetic fields
are confined by a metallic chamber containing the CVI re-
actor, all power from the electromagnetic fields must be de-
posited in the preform (i.e., all the electric power is de-
posited in the form of thermal power in the preform). This
assumes that power dissipation in the metallic chamber is
negligible, which should be true if the metallic chamber
walls are far enough from the coils. Therefore, in this study
the heat source term in the energy balance is not weighted
by the solid fraction (Eq. 3a in Table I). The two approach-
es are equivalent, since the right hand dise of Eq. 3a is kept
constant in both cases. Moreover, a more suitable expression
for calculating the effective electrical conductivity of the
preform is considered for calculating the power deposition
profile in the preform.

In addition to the calculation of effective electrical con-
ductivity, modeling the densification process requires the
calculation of the effective thermal conductivity of the
preform and the effective binary and Knudsen diffusivi-
ties of the gaseous species. Effective medium theory (EMT)
has been applied in the literature for the calculation of
thermal conductivity®'® and effective diffusivities of
gaseous species in the preform.'* The EMT, however, may
give less accurate results for 3D pore morphologies com-
pared to 2D morphologies, especially near the percolation
limit." For instance, applying EMT for the calculation of
the effective electrical conductivity of a 3D carbon pre-
form gives the relation

(o0, — 0°) (o, — a°)

e +(1—e)Z—
o, t|=—-1|¢° o, +|=-1|c°
’ 2 & 2

where Z is the coordination number. Neglecting the gas-
phase electrical conductivity in comparison to the solid-
phase electrical conductivity and substituting a coordina-
tion number of 6 *'* simplifies Eq. 2 to

=0 [2]

¢ = 0'5(1 = gej [3]
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From this expression, a 3D preform with a porosity of
0.667 would have zero effective electrical conductivity.
The same result is also true for the effective thermal con-
ductivity of the preform. This conclusion clearly disagrees
with experimental results which show rapid RF induction
heating of 3D carbon preforms, with initial porosity of 0.7,
to temperatures ranging from 1400 to 1600 K. *

For a binary mixture of a conductor in a purely insulat-
ing phase, percolation theory'® predicts that the effective
electrical conductivity near the percolation threshold is

given by the relation
o° [1 - e) 4]
€

where ¢, is the percolation threshold and n is a pore-struc-
ture dependent parameter, usually greater than 1. For
ellipsoidal grain structures, the value of ¢, is usually close
to 0.84 and the values of n generally lie in the range
1.65-2.0. However, higher values of ¢, and n are expected
when the conducting particles have extreme geometries
like the fiber structures considered here. Carmona et al.”
measured the effective electrical conductivity of carbon
and graphite fibers in epoxy for different aspect ratios and
observed percolation threshold values close to 0.99 and n
values of 1.95 for carbon fibers and 3.1 for graphite fibers.
Similarly, Tomadakis and Sotirchos' conducted Monte
Carlo simulations for fiber structures and found a perco-
lation value of 0.963.

The general effective medium theory (GEMT)* is a phe-
nomenological model with a mathematical form similar to
the percolation equation. For a conducting material pre-
sent in a purely insulating phase, the effective electrical
conductivity is given by

of = (r{l — —E—-J [5]

€

Figure 2 compares the effective value of electrical conduc-
tivity from the GEMT model for ¢, = 0.963 and n = 2 to the
EMT of Eq. 3 and a fit to Monte Carlo simulations for fiber
structures reported in the literature.®'> The GEMT model
shows fair agreement with the Monte Carlo simulations for
all values for porosity. Both the GEMT model and the Monte
Carlo results agree with the EMT for porosity values less
than 0.5. The GEMT model was used in the present simula-
tions to calculate the effective electrical and thermal con-
ductivity of the preform during the densification process.
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F::Ig 2. Effective electrical and thermal conductivity as predicted
by different pore models. GEMT refers to Eq. 5, EMT refers to Eq. 3.
Monte Carlo results from Ref. 9 are also shown.
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In contrast to electrical and thermal transport which
occur primarily in the solid, mass transport of the gas species
occurs in the void fraction of the preform. Our previous re-
sults on RFCVI' were based on a randomly overlapping cap-~
illary model of uniform-sized pores. The pore-structure de-
pendent mass-transfer parameters were then defined by

S:—2(1—e)ln(1~e)’ SI=D§ =fi,
7, D,
e af p aTZ
Sq:&_i p,Bze__p (6]
* D nir m8

where S is the internal surface area per unit volume (solid
plus void) of the preform, r, is the radius of the capillary
pores, 7} is a reference value of pore radius for the calcu-
lation of Knudsen diffusivity, and 7 is the tortuosity factor.
The percolation threshold for the capillary model is zero
and the accessible porosity is always equal to the total
porosity of the preform. The tortuosity factor was assumed
to be constant at a value of three for all values of porosi-
ty.?*2! Monte Carlo simulations, however, show that the
tortuosity value can deviate significantly from this value,
especially for low preform porosity.*®

In this paper we use a randomly overlapping uniform
radius fiber model* (as opposed to a pore model used in
Ref. 10) and combine the former model with the GEMT
equation for calculating effective diffusivities. The effective
values of the mass-transfer parameters are then found as

s=Zhe g 7% 5|2
1 l—ep lﬁep Ty
no2
e—¢€ |71
B= -2 7
[l—ep]fi [

where 7, is the fiber radius and r, is the pore radius defined
by the relation

2
T, = S (8]

A value of n = 2 and a percolation threshold of 0.037 are
adopted which are consistent with the values used for cal-
culating the effective electrical and thermal conductivity.
Figure 3 compares the effective binary and Knudsen diffu-
sivities for the fiber and capillary pore models. In both cases
the initial pore radius is equal to the reference pore radius
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Fig. 3. Effective binary and Knudsen diffusivity predicted by dif-
ferent pore models. GEMT Fiber Model refers to a randomly over-
lapping fiber model representation of the preform (Eq. 7), and the
randomly overlapping capillary pore model has a constant tortuos-
ity factor of 3 (Eq. 6).
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Table Il. Parameter values used in the simulation
(unless noted otherwise in text).

Preform radius 0.0142 m
Preform height 0.0762 m
Preform initial porosity 0.70
Heat-transfer coefficient 10 W/(m? K)
Carbon thermal conductivity 150 W/(mK)
Carbon specific heat 0.675 kJ/(kg K)
Carbon density 2270 kg/m?®
Carbon emissivity 0.86
Frequency 50 kHz
Carbon electrical conductivity 5 X 10* S/m
Total initial power 6 kW
Nominal pressure 100 Torr
Initial fiber radius 10 pm
Ambient temperature 300 K
Ambient CH, mole fraction 0.6

Ambient Ar mole fraction 0.4

used for the calculation of effective Knudsen diffusivity. The
effective diffusivities with the fiber model are considerably
higher for high values of porosity but also decay at a faster
rate than the diffusivities from the capillary pore model.
Therefore, we initially expect a higher rate of mass transfer
with the fiber model which diminishes more rapidly as the
preform densifies. The fiber model is adopted for all the
simulations presented in this work, and differences in the
densification behavior due to pore-structure representation
are discussed.

An important limitation of the transport property models
presented here is that the effect of fiber orientation is not
included. The assumption of randomly overlapping fibers or
randomly overlapping capillary pores gives eftective trans-
port property values which are isotropic whereas, depend-
ing on the weave architecture of the preform, actual values
may exhibit a significant amount of anisotropy. Although
such anisotropy can easily be incorporated in the governing
equations by employing a tensor representation of the effec-
tive values instead of a scalar representation, only isotropic
values are used in the simulations presented herein.

Numerical Method of Solution

The governing equations were discretized spatially
using a Galerkin finite-element formulation® with linear
quadrilateral elements. From symmetry considerations,
only the upper right quadrant of the metallic chamber in
the r-z plane was considered. Up to 800 elements were
used to discretize the preform region for the CVI module
with an additional 400 elements used to discretize the
remainder of the metallic chamber for the EM module. The
EM module resulted in a set of complex arithmetic alge-
braic equations which were solved directly using a com-
plex matrix solver. The CVI module resulted in a set of

Fig. 4. Evolution of methane
mole fraction for isothermal CVI
ot (a) 9, (b} 27, [c} 54, and (d)
79 h. Temperature 1400 K and
operating pressure 100 Torr.

0.03
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ordinary differential equations (ODE) which were inte-
grated using LSODL?* a variable-order, variable time-step
ODE solver. Each function evaluation of the ODE solver
included a call to the EM module to determine the power
distribution in the preform self-consistently. The central
processing unit (CPU) time for each run was of the order
of 1 h on an HP 125 MHz workstation.

Results and Discussion

The parameter values used in simulating the infiltration
of a cylindrical carbon preform by the thermal decomposi-
tion of methane are shown in Table IL*** Any departure
from these values is reported separately in the discussion of
the results. In order to characterize the performance of a
CVI operation, we consider the following “figures of merit”:

1. Total processing time (tp), which directly relates to the
economics of the process.

2. Final spatially overaged porosity (e), which deter-
mines the final bulk density and the mechanical properties
of the final composite material.

3. Maximum value of entrapped porosity (€,,), Within
the preform. We expect that the final mechanical properties
of the preform will also be affected by how the entrapped
porosity is distributed in the volume of the preform. For
instance, the properties of a preform with all the entrapped
porosity localized in a small region at the center will not be
the same as those of a preform with the entrapped porosi-
ty distributed uniformly throughout its volume.

Another important factor which is critical in determining
the final mechanical properties of the composite is the mor-
phology of the carbon deposited by the infiltration process.
This morphology may vary not only at different operating
conditions but also within different parts of the finished
product if, for example, large temperature gradients are
present during RFCVI. Unfortunately, a priori prediction of
the type of deposit morphology is not possible with the pre-
sent model.

Isothermal CVI—First, isothermal isobaric CVI of the car-
bon preform is considered. In this case, the RF induction coil
may be used to heat a susceptor lining the walls of the reac-
tor. The susceptor in turn heats the preform to the desired
operating temperature by radiation. Figures 4 and 5 show
the evolution of methane mole fraction and preform porosi-
ty during isothermal CVI at a temperature of 1400 K and a
pressure of 100 Torr. Isothermal CVI for the elongated pre-
form geometry is essentially a 1D process with densification
occurring along the entire perimeter of the preform. Densi-
fication proceeds in an “outside-in” pattern with a faster
rate of densification at the edges than at the center of the
preform. This densification pattern is due to mass-transfer
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limitations of methane within the preform. As the exterior of
the preform densifies, diffusional resistance for the precur-
sor gases increases, leading to the entrapment of porosity in
the center of the preform. The entrapped porosity is almost
uniformly distributed throughout the core of the preform.
The maximum value of entrapped porosity is located at the
center of the preform.

For a given preform, the operating parameters available
for improving the performance of isothermal CVI are tem-
perature and pressure. Figure 6 shows the effect of operat-
ing temperature on the performance of isothermal CVI for
a constant pressure of 100 Torr. Increasing the operating
temperature reduces the processing time dramatically but
only at the expense of more entrapped porosity at the cen-
ter of the preform. The maximum value of porosity in-
creases at a faster rate than the spatially averaged (bulk)
porosity, which indicates that the mechanical properties of
the composite material may deteriorate faster than what is
reflected by the bulk density alone.

Figure 7 shows the effect of operating pressure on the
performance of isothermal CVI at temperatures of 1300
and 1400 K. The processing time may be reduced signifi-
cantly by increasing the operating pressure due to the pres-
ence of higher concentrations of precursor gas. However,
since the binary diffusivities are inversely proportional to
pressure, mass-transfer limitations become pronounced at
higher pressures and lead to higher levels of entrapped
porosity. As the operating pressure is reduced, Knudsen
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Fig. 6. Effect of operating temperature on the performance of
isothermal CV1 at 100 Torr pressure.

diffusion begins to dominate earlier in the process over
binary diffusion and eventually mass transport of the pre-
cursor gas in the preform becomes independent of pressure.

Figure 7 shows that both the spatially averaged (bulk)
porosity and the maximum entrapped porosity increase
monotonically with pressure for isothermal operation of
1400 K. At a temperature of 1300 K, the bulk porosity and
maximum entrapped porosity increase as the pressure is
increased from 200 to 300 Torr but remain fairly constant
thereafter. Therefore, the effect of pressure is more pro-
nounced at higher temperatures compared to lower ones.
This is because densification occurs faster at the surface of
the preform at higher temperatures and mass transfer ef-
fects become more important. At lower temperatures, den-
sification occurs more uniformly along the radius of the
preform and mass-transfer effects become less critical. At
a temperature of 1300 K, although the final bulk porosity
is relatively insensitive to pressure, the processing time
increases significantly as pressure is lowered. Therefore,
reduction in entrapped porosity in the preform requires a
significant increase in processing time at low operating
temperatures.

Determining the exact values of the optimal tempera-
ture and pressure for the given preform geometry would
require an optimization procedure similar to that reported
by Ofori and Sotirchos™ with their 1D CVI model. This
optimum, however, is restricted to the particular reaction
kinetics considered in the model and the values of other
parameters such as binary diffusivities of the gases in the
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Fig. 7. Effect of operating pressure on the performance of isother-
mal CVI at 1300 K and 1400 K.
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reaction mixture and pore-size of the preform. Since the
focus of this study is a more general comparison of the
densification behavior of isothermal CVI and RFCVI, we
adopt a more straightforward approach to defining the
base case conditions for comparison.

Figure 8 shows the evolution of the spatially averaged
(bulk) porosity of the preform for operation at 1300 and
1400 K at different pressures. Pore plugging, signified by
the curves in Fig. 8 turning horizontal, occurs earlier at
higher temperatures. For designating any CVI operation as
successful, we impose the condition that the final bulk
porosity should be less than 10% of the initial porosity. For
an initial porosity of 0.7, this condition would require a
final bulk porosity less than 0.07. As shown earlier in
Fig. 7, an operating temperature of 1400 K does not meet
this requirement for any value of operating pressure. Fur-
thermore, operation at 1300 K and 1 atm pressure yields
rates of densification comparable to operation at 1400 K
and 100 Torr pressure for all times and eventually pro-
duces considerably less entrapped porosity. Therefore
operation at a temperature of 1300 K is considered superi-
or to operation at 1400 K. In order to obtain a final poros-
ity within 10% of the initial porosity at 1300 K, however,
requires a reduction in the operating pressure to 200 Torr.
Therefore, an operating temperature of 1300 K and pres-
sure of 200 Torr are considered “optimal” with a process-
ing time of about 300 h. For RFCVI to be superior com-
pared to the isothermal process, densification of the

(a)
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preform to comparable levels of bulk porosity should be
possible in a processing time significantly less than 300 h.
Another important feature of isothermal CVI shown in
Fig. 8 is that the rate of densification declines rapidly as
the preform densifies. Therefore, the time required to den-
sify the preform to the minimum attainable porosity is
considerably longer than the time required to reach an
intermediate level of porosity. For instance, the minimum
attainable porosity for isothermal densification at 1300 K
and 200 Torr is 0.06 and requires about 400 h of operation.
However, the time required to reduce the bulk porosity
from 0.7 to 0.12 is only 150 h, whereas reduction from a
porosity of 0.12-0.06 requires an additional 250 h. The cri-
terion used for estimating the processing time in this study
requires that the final porosity be within 1% of the mini-
mum attainable porosity for a given set of operating con-
ditions. This provides conservative estimates of the pro-
cessing time. The actual processing time may be reduced
considerably depending on the economics and the desired
mechanical properties of the final composite material.

RFCVI.—In RFCVI, the induction coil is used to directly
heat the carbon preform to the desired operating temper-
ature while the walls of the reactor are kept cool. With
power deposited within the volume of the preform and
cooling at the surfaces by convection and radiation, an
“inverted” temperature profile is attained with the maxi-
mum temperature at the center of the preform. The pre-
cursor gas diffuses into the preform and reacts to deposit
carbon within the pores. The lower concentration of the
precursor deeper into the preform is more than compen-
sated by the higher temperature there.

Figures 9-12 show the evolution of power density, temper-
ature, methane mole fraction, and porosity in the upper-
right quadrant of the preform during the densification pro-
cess. Clearly, the densification behavior in RFCVI is more
complicated compared to isothermal CVI. This is due to the
strong coupling between EM, heat, and mass transport as a
function of the evolving properties of the material.

Densification is initiated near the center of the preform
but is quickly confined to the radial edges. As the effective
electrical conductivity of the densified preform evolves,
more power is deposited in the densified regions. This local-
ized heating constitutes a thermal runaway mechanism and
results in a rapid increase in temperature around the central
axial plane of the prefrom. Since the total input power is
kept constant by adjusting the induction coil current, more
power deposition in the central zone implies that less power
is absorbed by the axial ends of the preform, causing a drop
in the temperature there. An off-axis peak in the radial tem-
perature profile (Fig. 10b and c} signifies an increase in
axial heat conduction toward the cooler ends of the preform
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compared to radial heat conduction to the hot edges. The
formation of this off-axis temperature peak has been ob-
served in experiments with a similar system reported in the
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At the elevated temperatures, mass-transfer limitations
become significant and cause the formation of a sharp con-
centration front of the reactant around the center of the
preform (Fig. 11). Depletion of reactant leads to the forma-
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tion of entrapped porosity around the center. Subsequent
densification occurs axially as the reactant concentration
front retreats toward the axial ends of the preform. Since
the region of localized heating also expands with densifi-
cation of the preform, the off-axis temperature peak splits
into two peaks which migrate toward the axial ends of the
preform (Fig. 10d). No additional entrapped porosity is
formed during the axial densification of the preform.

The results shown in Fig. 9-12 correspond to the fiber
model for transport properties. These results are qualita-
tively similar to those reported earlier in Ref. 10 with the
capillary pore model for pore structure. A closer compari-
son of the results shows that only the numerical values
(such as the level of entrapped porosity at the center) are
different in Fig. 12 compared to Fig. 8 of Ref. 10. This is
due to the combination of higher input power (6 kW com-
pared to 4 kW) and the different transport property values.
In addition, varying the exponent n over the range 1.65-3
in the GEMT equation for the calculation of effective pro-
perties produced no distinct change in the overall densifi-
cation pattern. Our earlier study' discusses in detail how
this densification behavior agrees with experimental re-
sults reported in the literature.

Comparison of RFCVI with isothermal CVI—In contrast
to isothermal CVI, densification of the preform with RFCVI
is a complicated 2D process. Densification proceeds in an
“inside-out” pattern initially in the radial direction around
the central zone of the preform and subsequently in the
axial direction toward the ends of the preform. This behav-
ior indicates that the preform geometry plays a more im-
portant role in RFCVI compared to isothermal CVI. Al-
though low bulk porosity values are achieved with RFCVI
in our study, the maximum porosity is considerably higher
in RFCVI compared to isothermal CVI. This is because all
the entrapped porosity is confined to a small region at the
center of the preform in RFCVI, whereas it is distributed
over a much larger volume of the preform in isothermal
CVL In fact, the maximum porosity is close to the initial
porosity in RFCVI, indicating that only minimal densifica-
tion occurs at the center of the preform. We suspect that the
mechanical properties of a composite material with negli-
gible densification at the center are quite poor in compari-
son to preforms with similar bulk densities but with dis-
tributed porosity.

Figure 13 compares the rate of densification of the pre-
form with RFCVI to the isothermal case. Initially, rapid
densification of the preform is possible with the RFCVI
mainly due to thermal runaway at the center of the preform.
This trend also agrees with experimental results which
show a significant increase in bulk density within the first

Isothermal CVi
———— RFCV! (Base Case)

g
o
T

o
i

e
w

LA SRR SR ER NN BLEREN

Spatially-Averaged Porosity
~
T

[
-
L

50 75 100
Time (hours)
Fig. 13. Comparison of rate of densification with isothermal CVI
{1300 K, 100 Torr) and RFCVI at base case conditions {see Table I,
no insulation).
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30 h of processing. However, the initial period of rapid den-
sification of the preform with RFCVI also corresponds to
the time at which all the entrapped porosity is formed. As
the preform begins to densify axially, no additional en-
trapped porosity is formed, but the rate of densification is
inhibited by the low temperatures at the ends of the pre-
form. Since the densification pattern is always “radial”
along the entire perimeter of the preform in isothermal CVI,
the rate of densification with isothermal CVI eventually
overtakes the rate of densification with RFCVI. Therefore, a
considerably longer time is required with RFCVI compared
to isothermal CVI for complete densification of the preform.

It is clear from this study that a radial densification pat-
tern is superior to an axial densification pattern for the
long cylindrical preform geometry. Therefore, the influence
of operating parameters for RFCVI was examined for
improving the densification behavior. Although the numer-
ical values of entrapped porosity and processing time
change, the overall densification pattern shown in Fig. 12
is surprisingly similar with respect to the parameter values.
For higher values of input power, the center of the preform
heats up to higher temperatures and the radial densifica-
tion becomes confined only to the edges of the preform.
Subsequent densification then proceeds axially toward the
ends of the preform similar to that shown in Fig. 12. Al-
though the processing time may be reduced by increasing
the input power level, the entrapped porosity at the center
of the preform increases and the maximum porosity rapid-
ly approaches the initial porosity of the preform.

The effect of pressure on the densification behavior is
similar to that of input power. As pressure is increased the
concentration of the reactant gas increases leading to faster
rates of reaction. However, increased mass-transfer resist-
ance at higher pressures increases the value of entrapped
porosity and the maximum porosity.

The densification behavior also proved to be relatively
insensitive to the configuration of the induction coil. The
effect of coil configuration was studied by altering the
current in the individual loops of the coil. Even when all
the current was confined to the outermost loops of the coil,
the temperature of the axial ends of the preform was lower
than the center and eventually densification proceeded
outwardly from the center to the axial ends of the preform.
This is because after the initial transient heating of the
preform, the pseudo-steady axial temperature profiles due
to induction heating always peaked at the center of the
preform. Once densification is initiated at the center of the
preform, the power distribution changed to deposit more
power in the densified regions that led to the same behav-
ior as shown in Fig. 12.

Tailoring RF heating for long cylindrical preforms—
Based on our understanding of the RFCVI process, we pro-
pose the following modifications for improved infiltration
of long cylindrical preforms.

Insulate the ends of the preform.—One of the major reasons
for the slow rate of densification with RFCVI (Fig. 13) is
the low temperature at the ends of the preform. As densifi-
cation is initiated, more power is deposited at the center
compared to the axial ends. For a constant input power, the
temperature of the axial ends of the preform remains low
even as the center is heated. The ends slowly heat up only
as the preform densifies in the axial direction. This prob-
lem is directly related to the elongated geometry of the pre-
form and would become more severe as the aspect ratio is
increased.

In order to reduce the axial temperature gradient in long
preforms, we propose insulating the ends with a dielectric
material. This way, all heat loss is now limited to the radi-
al edges of the preform. This favors a more uniform axial
temperature distribution with a higher temperature at the
axial ends of the preform compared to the case without
insulation. A radial temperature profile promotes simulta-
neous densification along the entire length of the preform
as opposed to an axial densification pattern.
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Use higher RF frequency.—The origin for the entrapped
porosity in RFCVI is the thermal runaway mechanism by
which more power is deposited in regions of the preform
which are already densified. We propose that increasing the
operating frequency will reduce and to some extent reverse
the coupling between power density and preform porosity.

The penetration depth of the electromagnetic fields into
the preform is given by Ref. 12

1
S = 9
P VoS ol

where f is the frequency of the electromagnetic oscillations.
The operating frequency of 50 kHz used in the simulations
so far corresponds to the value used in experiments report-
ed in the literature. This frequency is chosen so that the
penetration depth would be equal to the radius of the fully
densified preform. However, if the operating frequency is
selected so that the penetration depth is equal to the radius
at the initial porosity, the penetration depth of the electro-
magnetic fields in the densified regions of the preform
decreases as the effective electrical conductivity increases.
The electromagnetic fields penetrate more into the porous
parts of the preform compared to the densified parts. There-
fore, as the induction-coil current is adjusted to maintain a
specified power in the preform, an increase in the coil cur-
rent effectively results in more power being deposited in the
porous parts of the preform. If the center of the preform
densifies first, more power is deposited at the ends of the
preform and localized heating is minimized.

Note that there is a limited range of frequencies which are
acceptable for RF induction heating of the preform. If the
operating frequency is too low then the coupling between
power deposition and solid is strong and can lead to local-
ized heating. If the operating frequency is too high, then a
large coil current is required to deposit the desired power
into the preform. This effect can be minimized to some ex-
tent by moving the coils closer to preform. Eventually, how-
ever, maintaining a specified value of input power in the
preform will be impossible. We chose an operating frequen-
cy of 500 kHz for which the penetration depth is 1 cm at the
initial porosity of 0.7 and 0.3 cm at the percolation thresh-
old of 0.037 when the preform becomes inaccessible to fur-
ther infiltration by the reactant gas.

Use power ramping.-—Another important operating para-
meter available in RFCVI is the power input from the RF
induction coil as a function of time. The results shown in
Fig. 12 are based on a constant total input power where the
current in the coil is continuously adjusted to maintain
that power. Since densification occurs slowly over a time
scale of several dozen hours, the input power may be

(a) (b)
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adjusted with time through a matching network to improve
performance.

Morell et al.’" have proposed schemes for reducing the
processing time, including a step increase in power level
and pulsed power. For the conditions of the present study,
however, 2D simulations show that a step increase in the
input power as the preform densifies axially results in the
additional entrapment of porosity in the preform. More
power is deposited at the center of the preform, causing the
center temperature to rise and the reactant concentration
front to rapidly retreat to the ends. Continuous pulsing of
power between two power levels yielded results intermedi-
ate to using constant power at the two levels separately.
Therefore, it should be possible to duplicate the densifica-
tion with pulsed power by using a constant intermediate
power level. In this study, we propose a simple linear ramp-
ing of power as the preform densifies. Initially at low power
levels, the preform temperature is low and densification
occurs in the interior of the preform. As the preform densi-
fies a gradual increase in power enables a faster rate of car-
bon deposition without additional entrapment of porosity.

Figures 14-17 show the evolution of power, temperature,
methane mole fraction and porosity as a function of time
for the modified heating scheme. The ends of the preform
are insulated, the RF frequency is 500 kHz as opposed to
50 kHz, and the input power level is linearly ramped start-
ing from 4000 W at a rate of 20 W/h. A relatively high
pressure of 1 atm is also used in the simulations to improve
the overall rate of densification.

Initial densification occurs at the center of the preform
similar to the previous case (Fig. 17) leading to some local-
ized heating at the center compared to the ends of the pre-
form. However, as the radial edges of the preform begin to
densify, the penetration depth of the electric fields begin to
diminish at the relatively high operating frequency. RF
heating with a low penetration depth at the center favors
more power deposition at the upper corners of the preform
which are exposed radially and axially to the electromag-
netic fields. The axial peak in power density at the center
of the preform gradually decays and new peaks are formed
at the ends of the preform (Fig. 14b and c). This indicates
that localized heating of the center of the preform is avoid-
ed with the modified set of conditions. As the preform den-
sifies further, power is deposited uniformly along the entire
length of the preform (Fig. 14d). The peak value of the
power density also rises steadily as the total power into the
preform is ramped as a function of time.

The effect of evolving power-density profiles is directly
reflected in the evolution of the preform temperature
(Fig. 15). The initial peak in temperature is located at the
center of the preform where densification is initiated. Note
that the axial variation of temperature is much smaller
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The methane mole fraction (Fig. 16) evolves as the pre-
form densifies and the temperature profile changes. Initial-
ly, the reactant is depleted as a peak in temperature is
formed at the center of the preform. However, as the center
temperature peak migrates to the ends of the preform, the
center cools down and is replenished with reactant. This
avoids the formation of entrapped porosity at the center of
the preform. As the preform densifies further, a reactant
concentration front is formed which moves radially out-
ward. This is a direct consequence of the “inside-out” radi-
al densification of the preform. Some entrapped porosity is
formed at the ends of the preform due to localized heating,
but the maximum porosity is about 0.07, which is much less
than that observed with the original RFCVI process. More-
over, the location of this entrapped porosity is favorable,
since the ends of the preform can become accessible to the
reactant gas once the insulation is removed.

The performance of different strategies for improved
RFCVI is shown in Fig. 18 which shows the change of spa-
tially averaged (bulk) porosity under different operating
conditions. Insulation at the ends of the preform with
lower operating frequency leads to faster axial densifica-
tion of the preform. However, only the rate of advancement
of the axial densification front is improved. Thermal run-
away still results in entrapment of porosity at the center of
the preform. Increasing the frequency alone reduces ther-
mal runaway but still results in predominantly axial densi-
fication of the preform as opposed to radial densification.
Combining the effects of insulation and higher operating
frequency is essential for achieving the radial densification
pattern shown in Fig. 17. However, operation at a constant
high power may lead to the entrapment of porosity located
at the axial ends of the preform. By ramping the power,
entrapped porosity at the ends of the preform is reduced
significantly at the expense of lower rate of densification
due to the relatively lower temperatures (curve marked
insulation, ramped power, 500 kHz, 100 Torr in Fig. 18).
Fortunately, as in the case of isothermal CVI for low oper-
ating temperature, porosity entrapment with the improved
RFCVI scheme is relatively insensitive to the pressure.
Therefore, a pressure of 760 Torr can be used with the mod-
ified RFCVI to enhance the rate densification without sig-
nificant entrapment of porosity (curve marked insulation,
ramped power, 500 kHz, 760 Torr in Fig. 18).

Figure 18 shows that a final bulk porosity of 0.06 can be
achieved in about 60 h of modified RFCVI operation which
represents a significant improvement over the 300 h re-
quired for isothermal operation. Furthermore, all the en-
trapped porosity is located at the ends of the preform for
the modified RFCVI process, which becomes accessible
once the insulation is removed. Clearly, RF heating has
significant potential for reducing processing time com-
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Fig. 18. Rate of densification (expressed as spatially averaged
porosity vs. time} with RFCVI for different processing conditions.
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pared to the conventional isothermal process. However,
application of RF heating requires careful tailoring to
meet the specific requirements of the preform geometry. A
combination of several modifications, such as insulation
of strategic sides of the preform, higher operating fre-
quency, and ramping of power may be necessary to alter
the densification behavior favorably. Models such as the
2D finite-element model used in this study provide useful
tools for developing new schemes for improved perfor-
mance. Clearly, experimental validation of the methodolo-
gies presented herein is necessary to fully access the
potential of RFCVI and to evaluate the assumptions in the
model. These experiments, in turn, should provide valu-
able insight into how the model can be improved. From the
modeling point of view, future effort is directed toward
examining the scale-up of RFCVI to larger preforms and
applying this methodology to complex preform geometries
and complex chemistries.

Conclusions

A 2D comprehensive finite-element model was used to
study isothermal and RF-assisted CVI in a long cylindrical
carbon preform.

1. Isothermal CVI was essentially 1D with densification
directed from the edges of the preform to the center. The
entrapped porosity was distributed along the entire vol-
ume of the core of the preform.

2. Direct RF heating of the preform may result in signif-
icant entrapment of porosity at the center. For a constant
input power, densification occurs first radially around the
central plane of the preform and then axially toward the
two ends. This densification pattern produces only mini-
mal densification at the center of the preform. Although
fast rates of densification are possible initially, the overall
time for completion may be significantly more for RFCVI
processes than what is required for isothermal operation.

3. For RFCVI to be effective, tailoring of RF heating for
the preform geometry is necessary. The combined effect of
insulation at the ends of the preform, judicious choice of
operating frequency, and ramping the power resulted in
the radial “inside-out” densification of long cylindrical
carbon preforms. Simulations show that processing time
can be reduced fivefold with the modified scheme of RF
heating compared to the conventional isothermal process.
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LIST OF SYMBOLS
B permeability of preform, m?
c speed of light, m/s
c gas concentration, kmol/m®
Cs  solid concentration, kmol/m?
C,  gas concentration of ith species, kmol/m?
Cp, heat capacity of the ith species, J/(kg K)
Cp, heat capacity of solid, J/(kg K)
D, Knudsen diffusivity of the ith species, m?%/s
Df  effective Knudsen diffusivity of the ith species, m?/s
D,,  binary diffusivity of the i-j pair, m%/s
Dj  effective binary diffusivity of the i-j pair, m%/s

E electric field, V/m

E,  reaction activation energy, J/kmol

E, azimuthal component of electric field, V/m
J, impressed current density, A/m?®

J, diffusive molar flux of the ith species, kmol/(m? s)
k, reaction rate constant, 1/s

k* effective thermal conductivity, W/(m-K)

K.  complex relative permittivity

M,  solid molecular weight, kg/kmol

n exponent for effective transport properties
Ny  heat flux, W/m*

N, molar flux of the ith species, kmol/(m? s)



Ng  heat flux along preform surface, W/m?
N, total molar flux, kmol/(m? s)
P pressure, Pa
r radial coordinate, m
T fiber radius, m
Ty pore radius, m
R preform radius, m, also, gas constant, (kg m?)/
(s* kmol K)
s Stefan-Boltzmann constant, W/(m> K*)
t time, s
t, processing time, s
T temperature, K
W  power density, W/m®
x mole fraction of the ith species
z axial coordinate, m
Z coordination number
Greek
€ dielectric constant of free space, F/m
€ total porosity
€ accessible preform porosity
€ final spatially averaged porosity
€... Mmaximum value of porosity at the end of process
€ porosity at percolation threshold
ML,  magnetic permeability of free space, H/m
m tortuosity factor for effective diffusivity
P, solid density, kg/m?
o* effective electrical conductivity, S/m
o, electrical conductivity of solid, S/m
w angular frequency, rad/s
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