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ABSTRACT

The chemical vapor infiltration (CVI) process involves infiltrating a porous preform with reacting gases that un-
dergo chemical transformation at high temperatures to deposit the ceramic phase within the pores, ultimately lead-
ing to a dense composite. The conventional CVI process in composite manufacturing needs to follow an isothermal
approach to minimize temperature differences between the external and internal surfaces of the preform, ensuring
that reactive gases infiltrate internal pores before external surfaces seal. This study addresses the challenge of
premature pore closure in CVI processes through microwave heating. A frequency-domain microwave solver is
developed in OpenFOAM to investigate volumetric heating mechanisms within the preform. Through numerical
studies, we demonstrate the capability of microwave heating of creating an inside-out temperature inversion. This
inversion accelerates reactions proximal to the preform center, effectively mitigating the risk of premature exter-
nal pore closure and ensuring uniform densification. The results reveal a significant enhancement in temperature
inversion when high-permittivity reflectors are incorporated to generate resonant waves. This microwave heating
strategy is then coupled with high-fidelity direct numerical simulation (DNS) of reacting flow, enabling the analysis
of resulting densification processes. The DNS includes detailed chemistry and realistic diffusion coefficients. The
numerical results can be used to estimate the impact of microwave-induced temperature inversion on densification
in productions.

Nomenclature
A Pre-exponential coefficient
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1 Introduction

Chemical vapor infiltration (CVI) is a technology used to produce ceramic matrix composites (CMC). The CMC syn-
thesized through CVI exhibit exceptional mechanical properties under high temperature [2,3[]. In the CVI process, reactive
gases diffuse and react with a porous preform (either fibers, or powders) until nearly full densification is achieved [4]]. The
quality of the resulting CMC is largely dependent on the final residual porosity, a parameter that remains challenging to
control.

The conventional CVI operates as an isothermal-isobaric process. Both the gas precursor (e.g. CH3SiCls (MTS)/H;
for SiC infiltration) and the preform are heated and maintained at the reaction temperature (900-1100 °C) under reduced
pressure (1-10 kPa). Increasing the temperature and pressure would accelerate the deposition by theory, and therefore reduce
the overall processing time. However, the infiltration of the reactants might be blocked due to the faster deposition rate close
to the surface, the so-called, premature pore closure effect. The premature pore closure leads to residual porosity near the
center of the preform, significantly degrading the synthesis quality of the CMC preform.

To avoid the premature pore closure, the temperature and pressure need to stay relatively low to slow down the reaction
near the surface, facilitating the diffusion of the reactants into the center of the preform. Consequently, the conventional CVI
becomes inherently time consuming, with the processing times typically ranging from 600 to 2000 hours.

Fundamentally, the premature closure problem in conventional CVI arises due to gas concentration gradient, with the
concentration decreasing from the surface towards the preform center. In an isothermal process, the concentration gradient
leads to a faster deposition rate near the surface compared to the internal regions. To address this challenge, researchers have
explored various strategies to invert the density and/or temperature gradients [5H7]]. These approaches aim to elevate the core
temperature and/or reactants concentration above that of the external regions. Researchers at Oak Ridge National Labora-
tory [8}/9] invented a forced-flow/thermal-gradient method (FCVI), and were able to synthesize SiC-matrix components at
a significantly higher temperature within a much shorter time frame. This is accomplished by heating from one side while
infiltrating the gases from the opposite side.

Another promising approach to circumvent the premature closure involves the utilization of microwave heating [[10-15].
Unlike conventional methods, microwave is able to heat a structure volumetrically, enabling heating up the preform inside-out
during the CVI process. Devlin et al. [|[11]] conducted experiments investigating the deposition of SizNy through microwave-
assisted CVIL. This study demonstrated inside-out densification under specific conditions, attributing to the inversion of
temperature gradient generated by interactions between microwave and the material. Skamser et al. [12] adopted a hybrid
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approach to heat the alumina preform with both microwave and thermal radiation. A susceptor is employed to increase the
temperature around the preform to minimize the thermal runaway phenomenon. Jaglin et al. [[13] investigated the microwave-
assisted CVI for the production of SiC;/SiC composites through X-ray absorptiometry and scanning electron microscopy.
The experiments revealed inside-out densification with the center of the preform densified to 73% compared to the average
density of 55% after 24 hours. They also observed that the initial inverse temperature profile obtained gradually flattened out
after the densification front moved toward the edges. Binner et al. [14] improved microwave-assisted CVI to form SiC/SiC
composites from SiCy preforms by preimpregnating SiC powder. The samples loaded with powder showed higher infiltration
rates, and average densities as high as 75% after 10 hours were achieved. In a pilot-scale initiative in Europe, D’ Ambrosio et
al. [[15] outlined the design of a microwave-assisted CVI plant. The reactors in this pilot plant have the capacity to scale up
the size of SiC preforms to twice that of lab-scale ones. The initial trials reached an average reaction efficiency (defined as
the number of SiC moles deposited per MTS mole) of 25% with the desired inside-out densification enabled by microwaves.

While the application of microwave heating has demonstrated success in various laboratories and has been adopted in
the industry, its utilization for heating and densifying porous ceramic structures presents unique challenges. The microwave-
assisted CVI process is complex, involving coupled chemistry and physics at multiple scales. The underlying heating mech-
anism leading to the observed temperature gradient inversion remains unclear. When an incident microwave interferes with
its reflection, the wave-shape heating pattern would be fundamentally different from those in conventional heating meth-
ods [16]]. The temperature profile generated by the microwave changes over time due to the evolving preform porosity
during densification [[13}/17]. In addition, the uniformity of deposition depends on the competing effects of chemical kinetics
and reactants diffusion, which the reaction rate has nonlinear dependency on the temperature through the modified Arrhenius
relationship. All these pose difficulties in understanding the real cause and effect in the CVI process. More theoretical and
computational insights are needed to interpret the experimental observations. There are very limited theoretical or compu-
tational studies [[17-25] on this specific topic. An early pore-resolved simulation of microwave-enhanced CVI by Morell et
al. [20], building on the initial models presented in [18}/19]], demonstrated how the pattern of microwave power dissipation
is influenced by both preform thickness and microwave frequency. Skamser et al. [22] developed a finite difference model
for microwave-enhanced CVI, resolving the change of the composition by assuming a generalized equation for absorbed
microwave power. This CVI model was also utilized to identify optimal conditions for producing dense ceramic matrix
composites [23]. Tilley and Kriegsmann [24] introduced a 1-D sharp-interface model and outlined a heating strategy based
on their simulation results. Goyal et al. [25]] developed a multiphase model for microwave heating by using the microwave
solver in COMSOL. Porter et al. [[L7] used a finite-difference time-domain solver implemented in QuickWave to explain the
experimental observations, and found that when the SiC samples are small, the resulting energy coupling is very sensitive to
the microwave frequency. They identified the important role of frequency in the microwave-assisted CVI process. Limited
physics understanding and computational exploration pose a gap in this knowledge, which becomes the main motivation of
this study. To facilitate wider adoption and scale-up of the technology, it is imperative to gain a fundamental understanding of
the creation and the effects of the temperature inversion and quantified characterization of the process, especially regarding
the relationships between the microwave frequency, size of the sample, characteristic wavelength, and the resonant waves
within the preform.

In this study, a frequency-domain microwave solver is developed in OpenFOAM to investigate the microwave heating
mechanism. The accuracy of the implementation is verified by comparing the results with established microwave heating
examples in food processing. Subsequently, we apply the microwave solver to examine the conditions to generate the
temperature inversion through standing waves. Through numerical simulations of microwave heating of 3-SiC, we identify
the necessary conditions to generate the resonant waves to obtain the inside-out temperature gradient inversions for different
preform porosities. Finally, we applied the obtained temperature inversion to high-fidelity direct numerical simulation (DNS)
of the reacting flow to model the process of infiltration and deposition.

2 Formulation
2.1 Governing equations
The governing equation for the electric field in the frequency domain in a source-free and isotropic medium is given by:

VE4+KE=0, 1)
k= w\/UE , 2

where E represents the electric field in phasor notation; k is known as the complex wave number; ® is the angular frequency;
€ is the permittivity; u is the permeability, which can be safely approximated by the permeability in the free space g for
non-ferromagnetic materials in this study. The impedance boundary is used for the microwave solver for this study, which is
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expressed as
VuE, + jkbEn = fE ; (3)

where E, is the electric field component normal to the boundary; k; is the wave number of the boundary; and fg denotes any
source introduced at the boundary. For a plane wave with an amplitude of E( perpendicular to the ceramic preform surface,
fE is defined by:

Je = j(ky +k)Eo “

where Ej is related to the wave intensity Iy by

1 €| .,
Ip==|{/—|E} - 5
0=75 ’1 / o | Fo )
In cases where no source is imposed at the boundary, fg = 0.
The most critical property that characterize the microwave heating is the permittivity. Permittivity is a measure of the

ease of electrical polarization in response to an external electric field. The permittivity is usually expressed in complex form,
as given by

e=¢-¢"j, 6)

where €' represents the real part, and €” represents the imaginary part. A useful parameter, so called the loss tangent or the
dissipation factor, tan d, is sometimes used for characterizing the heat loss in a dielectric material, which is defined as

7

and = = )

8/

The electromagnetic wave propagates in a material with a characteristic wavelength, defined as

Ae = . ®

In a semi-infinity medium, the intensity of the electromagnetic wave decreases to approximately 1/e of its original value
after penetrating a distance equal to the penetration depth L, into the material. The L, is defined as:

L,=—1/3m(k) . ©)

When an electromagnetic wave is mostly absorbed by the medium before being reflected, i.e. the thickness of the material
L > L,, there will be no standing wave formed within the material. The material will be heated following exponential decay,
also known as the Beer-Lambert’s Law.

After solving Eq. (]I]) for the electric field E, the heating rate, or the microwave heat source, within the dielectric medium
can be obtained by

1
Omw = Ea»s”|E|2 ) (10)

Magnetic losses are usually negligible for most non-ferromagnetic materials.
The heat transfer equation needs to be solved to obtain the resulting temperature distribution within the preform under
microwave heating. The microwave heat source, Ony, is represented as a source term to the heat transfer equation as

oT
pcPE—szTszw. (11)

4

202 J9qUIeAON 0 UO 99 unfusp) ‘sqeT [euoleN aBpiy 3eo Aq Jpd'zzzL-+2-1U/L62S6€L/290290% L/S | | L "0L/10pApd-ajoile iajsueleay/Bi0-awse uoos|0oe)Bipawse//:dny woy papeojumod



The boundary is subject to convection heat transfer:
—kV,T =h(T -T.) , (12)

where p, ¢, Kk, h are the density, specific heat capacity, thermal conductivity, and convection coefficient, respectively.
Thermal radiative transfer is crucial for overall heat transfer, particularly when the preform is at elevated temperatures while
the reactor wall is at a significantly lower temperature. However, accurately modeling radiative transfer for the preform
requires solving the Radiative Transfer Equation (RTE) [26]], which is beyond the scope of this study. Therefore, the effect
of thermal radiative cooling of the preform is briefly discussed but not thoroughly addressed in this research.

The pore-scale reactive transport model used in this work was described in detail in [27], and implemented in the Quilt
library [28]. Initial distribution of particles in the preform is represented using a level set function, y, such that its zero-
contour corresponds to the particle surface. A representative volume element that resolves the thickness of the preform and
is periodic in the two lateral directions is shown in Fig. [T} In typical CVI processing, the chemical kinetics time scales
are several orders of magnitude shorter compared to gas transport. Hence, gas transport is assumed to be governed by
steady-state diffusion given in dimensionless form as

8

— 13
pgasD (13)

., 9C
V2C =0 with S ly=0=

where C is a progress variable representing the average gas composition. The far field condition C = 1 corresponds to the
pyrolyzed state of the gaseous precursors. C = 0 corresponds to a state where all gaseous precursors have been depleted
due to heterogeneous kinetics leading to solid phase deposition. The rate of consumption of C on the deposition front is
expressed in terms of the deposition rate @y, gas phase density, pgas and the effective diffusivity, D. The rate at which the
deposition front advances can be expressed in terms of the deposition rate and solid phase density, py as

@
Sj=—. (14)
1 D,
A continuous extension of the interface speed yields S;, which is used to solve the transport of level set function as
2

The chemical kinetics of the gas phase pyrolysis and surface depositions using MTS/H; mixture as precursor are based
on [29H31]] and discussed in detail in [32] to evaluate @ as a function of local temperature and C given in Arrhenius form:

@(T,C) = ky(T)C = Ae E/RTC | (16)

characterized by the pre-exponential coefficient, A and the effective activation energy, E,. For the present work, these
parameters are adopted from [27].

The microwave heating model described is implemented in the software platform, OpenFOAM [33}34]. OpenFOAM is
an open-source finite-volume library package that provides user-friendly C++ top abstractions for partial differential equa-
tions (PDEs). The original complex governing equation for microwave, Eq. (I)) is split into two separate PDEs to solve for
the real and imaginary parts in a segregated manner. Each PDE is solved by the conjugated gradient (CG) method. The
temperature profile calculated by OpenFOAM is fed to the level-set DNS solver Quilt for densification simulations. For
the fully coupled simulations, Quilt needs to return the porosity back to the OpenFOAM microwave solver to update the
permittivity of the preform. However, due to the time scale differences, we only present the one-way coupling results in this
study.

The schematic of the simulation geometry is shown in Fig. [T} The computational domain is scaled down to represent
the densification differences primarily in the thickness direction. Microwave heating is effectively simplified as a one-
dimensional simulation. The densification is simulated in 3-D with shortened transverse directions and lateral periodic
boundary conditions. In all simulations conducted for this study, microwave heating is applied only to one side of the
domain.

202 J9qUIeAON 0 UO 99 unfusp) ‘sqeT [euoleN aBpiy 3eo Aq Jpd'zzzL-+2-1U/L62S6€L/290290% L/S | | L "0L/10pApd-ajoile iajsueleay/Bi0-awse uoos|0oe)Bipawse//:dny woy papeojumod



Microwave
HH
iEEi|P
It /“”
Precursor gases

porous preform temperature mversion
~1 in thick

Synthetic AM preform geometry consisting of packed
particles (~20 pm)

1

Fig. 1: Schematic of the simulation domain.

2.2 Dielectric and thermal properties of SiC

The permittivity of the porous material depends on the chemical composition of the material, frequency of the mi-
crowave, porosity, and temperature. This work focuses on f3-SiC (3C-SiC) based ceramic packed-particle preforms being
processed at the temperature range of 900-1250 °C (1173-1523 K) subject to a microwave with wavelength of 2.45 GHz.
The bulk permittivity of 3-SiC is from the experimental measurement of Sugawara et al. [35]], while the thermal conductivity
of B-SiC is from [36]. While both the permittivity € and the thermal conductivity x have temperature dependencies, we use
the average values within the temperature range (1173-1523 K) instead of variable temperature-dependent properties. This
could simplify the problem with the expectation that the temperature difference within the material is relatively small (< 150
K) during the CVI process. The temperature-averaged bulk properties used in this study is listed in Table [T}

Table 1: Permittivity and thermal conductivity of bulk -SiC

Frequency of the microwave f (GHz) 245
Real relative permittivity el/e 18.5
Imaginary relative permittivity &'/ 8.8
Thermal conductivity Kk (WmK) 137

The multi-phase properties are from the Maxwell-Garnett formula [37]] for uniformly distributed spherical particles,
which gives:

(&+2&)+2(1—9)(& — &)
(& +2€) —2(1-9)(&—&)

Eoff = & a7n

where the subscript s denotes the solid phase, and the subscript g denotes the gas phase. The thermal conductivity follows the
similar Maxwell-Garnett relationship to porosity ¢ [38]. The effective material properties for the porous 3-SiC preform is
calculated and listed in Table The corresponding characteristic wavelength A. and penetration depth L, are also calculated
and listed in Table

3 Results and discussion
3.1 Verification

Due to the lack of computational studies in microwave-assisted ceramic processing, the initial set of simulations are
based on the applications of microwave heating in food processing. The food processing example is demonstrated previously
by Ayappa et al. [[39]]. We simulate the same microwave heating example to verify the microwave heating solver, as well as
to explain the physics insights of microwave heating.
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Table 2: Effective material properties for porous 3-SiC preform

0 €y/e0  €/e0 Ker, WK Ac,em Ly, cm

0.2 13.8 6.48 9.97 32 2.3
0.4 9.87 4.40 6.86 3.8 2.8
0.6 6.48 2.71 4.24 4.7 3.7
0.8 3.55 1.26 1.98 6.4 59

The food samples with specific thicknesses L are exposed to the incident microwave on one side. Both sides are subject
to convection cooling by air in room temperature. The properties of the food samples and the microwave are listed in Table

Table 3: Material properties and parameters for the food processing simulation

Frequency of the microwave f (GHz) 2.45
Power density of the microwave I (W/cm?) 3
Real relative permittivity e /ey 43
Imaginary relative permittivity e’ /g 15
Initial temperature Tp (K) 300
Thermal conductivity K(W/mK) 0491
Density p (kg/m®) 1070
Heat capacity ¢, J/kg K) 2850
Ambient temperature 1. (K) 300
Heat convection coefficient h (W/m2 K) 2
Characteristic wavelength Ac (cm) 1.84
Penetration depth L, (cm) 1.73

The resulting microwave heat sources within the material and the transient evolution of temperature profiles are studied
for samples with different sizes. Figure [2] shows the comparison of the simulation results with the reference [39] for three
different sizes, with (a) for L = A./2, (b) for L = A, and (c) for L = 2A.. Both the predicted microwave heat source and
temperature distributions from OpenFOAM numerical simulations match the reference solutions well. It can be seen that
the sample size L, characteristic wavelength A., and penetration depth L, are critical parameters for microwave heat source
patterns. When the size of the food sample is half of the characteristic wavelength A., which is shown in Fig. 2{a), the heat
source peaks at the edges of the food sample, and reaches its minimum close to the center of the sample. This is due to the
resonance from the reflection at the food-air interfaces. The reflected wave travels in the opposite direction with the same
wavelength and frequency as the incident wave, which forms a standing wave within the material. For this case shown in
Fig. a), the heat source generated by the standing wave exhibits its nodes at A./8 and 3A./8, while its antinodes are at
the center (A./4) and the interfaces (0 and A./2). This type of wave pattern cannot be predicted by the Beer-Lambert’s law,
which assumes a semi-infinite domain and results in the microwave heat source with the exponential decay profile from the
entry. The penetration depth L,, shown in Table 3] is very close to the characteristic wavelength A.. When the thickness of
the sample is much larger than the penetration depth, more microwave energy is expected to get absorbed before reaching
the other surface. Figure[2|c) shows the results for the sample size of 2A.. The profile of the microwave heat source becomes
more closely aligned with an exponential decay profile, diminishing the significance of the resonance effect.

Further, the corresponding temperature variations are also shown in Fig. [3]in space and time. Again, the temperature
profile shows the expected exponential dependence on spatial location with its magnitude increasing in time for longer
samples, while it shows the edge heating profile for the L = 0.5\, sample. The temperature profiles generally follow the
trend of the heat source profiles, while appearing much smoother. The temperature is subject to the heat transfer depending
on the thermal conductivity within the material and convection at the interfaces.
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Fig. 2: Microwave heat source for the food samples with different lengths: (a) L = 0.54, = 0.92 cm, (b) L = A, = 1.84 cm,
and (¢) L =2A, = 3.68 cm.
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Fig. 3: Temperature distribution within the food samples at 20 s, 40 s, and 60 s with different sample lengths: (a) L =0.54, =
0.92 cm, (b) L= A, =1.84 cm, and (¢) L =2A. = 3.68 cm.

3.2 Microwave-assisted CVI simulations
3.2.1 Temperature Inversion

In this Section, we utilize the verified microwave solver for 3-SiC heating to identify the conditions for generating a
temperature gradient inversion within the 3-SiC preform. As was demonstrated in the previous example for food processing,
the temperature distribution is governed by various geometric and microwave parameters. Key findings include

1. The preform thickness L should be smaller than 2L, to generate a wave-like heating pattern. Otherwise, the microwave
heating rate will be higher at the heating surface than the core.

2. Distinct standing wave patterns of a microwave heat source emerge when the sample size L is close to the characteristic
wavelength A, of the microwave.

3. The peak of the standing wave should align with the center of the preform rather than any of the surfaces. This shift is
essential to mitigate the ‘edge heating’ effect observed in the previous food processing example as shown in Fig. 2{a).
Such ‘edge heating’ has also been reported by Jain et al. [40] for microwave-assisted thermal pasteurization. Here,
‘edge heating’ specifically refers to the peaks of the microwave heat source at the edges, rather than the peaks of the
temperature distribution, which can be shifted inward through surface cooling.

Based on the these observations, we choose to simulate the microwave heating of $-SiC preform with the sample sizes of
L =0.5A,, where the A, for samples with different porosities are listed in Table In actual production, while the sample size
remains fixed, the microwave frequency can be adjusted to modulate the characteristic wavelength A, ensuring it still meets
the L ~ 0.5L, condition. Precise control of frequency within a certain range can be achieved through recent advancements
in solid-state microwave systems [41}/42].

Additionally, to enhance reflections and shift the standing wave peak towards the center, two thin porous layers with
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relatively higher permittivity are introduced on each side. These reflector layers are porous, allowing gas transport, and
possess high thermal conductivity to facilitate cooling at the outer surfaces. Figured]offers a schematic view of the enhanced
microwave-assisted CVI process, showing the directions of precursor gases, preform and reflection layers, and the microwave
heating direction and penetrations. The incident microwave is polarized and propagates normal to the surface.

b

Precursor gases
Heat Convection
x -
=

SiC Preform|

« Heat Convection \ \ . & .

Fig. 4: Schematic of the enhanced microwave-assisted CVI process.

To show the differences, microwave heating of a porous $-SiC preform with and without the reflector layers are simu-
lated and compared. The preform has a porosity (¢) of 0.2 and a thickness (L) of 1.6 cm. The incident microwave intensity
at the upper surface (z = 0) is 3 W/cm? for both cases. In the scenario without the reflector, the SiC preform is directly
exposed to the precursor gas, which has the same permittivity of air (&€,;; =~ &, and for this case k;, = 51.4 ). For the case
with reflectors, the permittivity of the reflector material needs to be much higher than that of the SiC to shift the phase of the
standing wave. The relative permittivity of the reflector used in this study is 420 — 71.4j (which gives a k; of 1057 — 89).
Several key constraints besides the high permittivity must be emphasized regarding the porous reflector to enable selection
of material.

1. Thin: Since the idea is to only alter the dielectric property of the surfaces, the reflector needs to be as thin as possible to
minimize the microwave absorption by the reflector.

2. Non-reactive: The material must be non-reactive with the gases so that the gaseous reagents can be transported to the
preform without depletion. Moreover, depositions in the reflective layer could potentially close the pores and inhibit
transport.

3. High porosity and large pores: The porous reflector should have higher porosity and pore sizes compared to the preform
itself so that the infiltration does not encounter additional resistance.

4. The side of the reflector facing the incoming microwave needs to be less reflective (e.g. through anti-reflective coating).
One can also position the reflector on just one side, allowing the microwave enters from the opposite side.

5. The radiative transfer effects are strongly dependent on the material and porosity of the reflector.

This study focuses on understanding the physics mechanism for generating the inside-out heating patterns by microwave
within the preform. While the optimal choice of the reflector material and the above constraints in the real production
requires further investigation, for the purpose of proof of concept, the same reflector material is employed consistently in
the simulations throughout the paper. The results in terms of microwave heat source are shown in Fig.[5[a), and the desired
microwave heating pattern is obtained with the peak of standing wave close to the center of the preform when the reflectors
are added. Meanwhile, the microwave heat source without the reflector has the shape similar to the food processing case in
Fig.[2Ja) and SiC heating case in the literature [20] with the peaks at the edges.

Next, we study the heat transfer within the SiC preform, aiming for a reaction temperature range of 900-1100°C (1173-
1373 K). Achieving the temperature inversion also requires forced convection, in addition to the inversion of the microwave
heating rates. The gas flow speed in the reactor needs to be higher than in conventional reactors. An effective convection
coefficient heg around 100 W/m? is used for the heat transfer simulations. In a previous simulation study [20], 330 W/m?2
is recommended as optimum for its condition examined. Since the reflector is thin and with high thermal conductivity, and
hett = 1/(1/hing + Lret/ Kref ), the effects of reflectors on the heat transfer can be safely ignored. The surrounding gas tempera-
ture Tinr should be lower, within the range of 200-600°C (473—-873 K). In a conventional furnace, the gases will be at a higher
temperature to allow for the pyrolysis reactions before reaching the preform. However, with the microwaves responsible for
heating the preform, reagents might pyrolyze upon entering the preform rather than in the reactor chamber. This change has
the potential to reduce the overall energy consumption of the entire CVI process, comparing to energy consumption required
to maintain the entire reactor at an elevated temperature. The thermal conductivity k of the preform also plays an crucial
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role. At higher porosity (smaller k), larger temperature gradients within the preform are expected, combined with the heat
source inversion and the surface convection. As the preform becomes denser (larger k), the temperature gradient should
decrease, as was observed in the experiment [[13]]. In the production, change of microwave frequency and power is necessary
to maintain the wanted temperature inversion.

- 1,200 e )
g 4 —with reflector layer [ T
E [ “without reflector layer |
5 Lisor— 7 e

g3 ! »

s &

3 2

EE §MOO®
= =1 ~1=9 W/em2, Tinf = 673 K

4 § ~I =6 W/cm2, Tinf = 873 K

g, & 1,050] ~1=3 Wiem2, Tinf =873 K

SN TN T i
2
=

0 1,000
0 0.5 1 1.5 0 0.5 1 1.5
Z, cm Z, cm
(a) (b)

Fig. 5: Distributions of (a) microwave heat source under the microwave power density of / = 3 W/cm? on one side (z = 0
cm), and (b) steady-state temperature for the SiC sample with porosity ¢=0.2, L = 0.5A, = 1.6 cm, and the effective heat
convection coefficient /g = 100 W/m?2 K.

The steady-state temperature profiles for the §-SiC with ¢ = 0.2 are shown in Fig. b) to show the temperature gradient
inversions under different incident microwave power and ambient temperatures. Table ] summarises the simulation results in
terms of two quantities: the minimum temperature Tp,;, at the non-heated surface (z = L), and the difference between the core
and surface temperatures, AT = Thax — Tmin- The outcome has shown that microwave is able to generate the temperature
inversions under these realistic reactor conditions with the help of reflectors. Different combinations of parameters yield
different inverted temperature profiles. High microwave power (12 W/cm?) with low ambient temperature (473 K) produces
a substantial temperature inversion (A7 = 40 K), but the temperature range (1089—-1129 K) might be too low for effective
densification. Low microwave power (3 W/cm?) with high ambient temperature (873K) results in a limited temperature
inversion (AT = 10K). The case with I = 6 W/cm?, T.. = 873 K yields a suitable temperature profile for densification, with
Tmin=1181 K and AT = 20K.

Table 4: Summary of the temperature inversion within the SiC preform (¢ = 0.2, L = 1.6 cm)

I,Wiem?>  Ep,Vim Tw,K T, K AT,K

3 2407 873 1027 10
6 3405 873 1181 20
9 4170 673 1135 30
12 4816 473 1089 40

Temperature gradient inversion can also be achieved at other porosities. The steady-state temperature distributions for
B-SiC with ¢ = 0.6 are studied next, with a preform thickness L of 2.35 cm. Two conditions are studied, including one
case (HILT) with higher microwave power (9 W/cm?) and lower ambient temperature (723 K), and the other (LIHT) with
lower microwave power (6 W/cm?) and higher ambient temperature (823 K). The microwave heat source and the resulting
temperature profiles are shown in Fig. [f| Compared to the ¢ = 0.2 preform, which has a higher thermal conductivity,
the temperature inversions in the ¢ = 0.6 preform show larger temperature difference between the surface and core, with
the ATy ut = 75 K and ATyr = 113 K. The potential major benefit of microwave-assisted CVI is to increase the overall
preform temperature without premature pore closure, allowing for a substantial reduction in processing time. Regarding this,
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the HILT temperature profile seems to outperform the LIHT one for the densification. Densification simulations are required
for further analysis, which will be conducted and analyzed in the next section.

Co

3

= 1,350
=
561 s 1,300
£ 5
= o
2 2 1,250
= 4] g
B g
S g 1,200+
3 2 — HILT, I = 9 W/cm2 7 7501 —HILT, I=9 W/em2, Tinf = 723 K
§ -~ LIHT, I= 6 W/cm2 -=LIHT, I = 6 W/cm2, Tinf = 823 K
0 ‘ ' . ' 1,100 ; , — ,
0 0.5 i 1.5 2 0 0.5 1 1.5 2
Z, cm Z, cm
(a) (b)

Fig. 6: Distributions of (a) microwave heat source under the microwave power density of / = 6 W/cm? and I = 9 W/cm? on
one side (z = 0 cm), and (b) steady-state temperature for the SiC sample with porosity ¢=0.6, L = 0.5A, = 2.35 cm, and the
surface heat convection coefficient A = 100 W/m? K.

The effect of radiative transfer is briefly discussed next, based on the HILT example. Radiative transfer influences
overall heat transfer in two key aspects: first, through heat exchange between the outer preform surface and the reactor
wall, and second, via radiative transfer within the porous preform. For the former, the preform loses extra heat through its
surface in addition to the convection. To account for this, and considering the uncertainty regarding the radiative properties
of the reflector, a linearized radiative transfer coefficient A4, ranging from 100 to 300 W/m?2, is added the effective heat
transfer coefficient Z.g. For the later, hotter surfaces within the preform radiatively heat cooler surfaces inside the preform.
This effect is approximately incorporated by increasing ks by 10-30%. The results, as shown in Fig.[7] demonstrate the
potential magnitude of radiative cooling effects comparing to the original HILT condition. While it is clear that detailed
radiation evaluation is necessary for optimizing the CVI processing, due to the scope of this study, radiative transfer will not
be considered in the densification simulation to allow for more controlled analysis.

1,400

1.300) " T

--h_eff = 100 W/m?2, k_eff =424 W/mK ™~ ~
1,200] —h_eff = 200 W/m2, x_eff = 4.66 W/m K

]
g —h_eff = 300 W/m2, k_eff = 5.09 W/m K
g 7 7001 —h_eff =400 W/m2, k_eff = 5.51 W/m K
g,
£
& 1,000

900"

800 |

0 0.5 1 1.5 2
z, cm

Fig. 7: Comparison of temperature profiles including simplified radiation effects for the SiC sample with porosity ¢=0.6,
L= 0.5, = 2.35 cm, microwave intensity I =9 W/m?2, and ambient temperature Tipr = 723 K.
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3.2.2  Densification simulation

Densification is simulated to quantify the effects of temperature inversion on the synthesis quality of the preform. The
densification behavior under different temperature distributions are analyzed: uniform and inverted temperature profiles using
microwave heating. Firstly, a simplified 1-D form of Eq. is solved assuming a uniform specific surface area distribution.
Subsequently, the deposition rate is obtained from the distribution of C and the temperature profile. Figure |8 shows the
deposition rate distribution for two uniform temperature cases. Following key observations can be made. Naturally, the high
temperature case showed faster kinetics (depositions). The deposition rate near the outer surface for the 950° C (1223 K) is
more than twice that of the 900° C (1173 K). Faster kinetics near the outer surface and slow in the core at high temperature
leads to premature surface closure and leaves the core highly porous. Meanwhile, low temperature processing shows a more
uniform deposition rate. However, a slow deposition rate means that the processing times are much longer.
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Fig. 8: Distribution of deposition rates for uniform temperature cases.

As previously described, inverted temperature distributions can potentially overcome the composition depletion in the
core and lead to densification inside-out. However, the core temperature needs to be high enough to overcome this deficit.
We study the deposition rates by varying the core temperature keeping the surface temperature constant ( 900°C or 1173 K
). Figure 0] shows various cases with the core temperature being up to 50 K higher than the surface. It is observed that the
core temperature must be higher than a certain threshold to cause an inversion in the deposition rate and ultimately obtain
inside-out densification. Results from Figs. [8]and [0 demonstrate the motivation for controlling the temperature distribution
within a porous preform in CVI to achieve inside-out densification that can avoid premature pore closures.

Following the above preliminary analyses, we study the deposition rates obtained from particle resolved 3-D densifi-
cation simulations using the microwave heating temperature profiles as shown in Fig. [6[b) from the previous section. The
resulting gas composition distribution and deposition rate along the thickness of the preform are shown in Fig. [[0fa) and
Fig. [I0[b), respectively. Since Profile HILT has a higher surface temperature compared to Profile LIHT, the surface kinetics
rate in HILT is higher which leads to faster depletion of the composition along the thickness. The deposition rate on the
surface of the preform in case HILT is almost 4x that of case LIHT. On the contrary, deposition rate in the core shows
the opposite behavior with the resulting deposition rate of LIHT higher than that of the HILT. Consequently, the core tem-
perature in HILT is not high enough to compensate the low concentration as seen in Fig. [[0[b). The LIHT temperature
profile outperforms the HILT case for densification. The deposition rate is successfully inverted. This is a key observation in
understanding the densification characteristics in microwave assisted CVIL.

The instantaneous deposition rate shown in Fig. [[0(b) seems promising. To quantitatively analyze the densification
behavior through the entire CVI process, we performed pore-resolved 3-D DNS simulations of the CVI process using the
microwave-heated temperature distributions, and compared them with a uniform isothermal processing case at 1000°C (1273
K). The simulation is conducted under the assumption that the preform is maintained at the same temperature inversion
throughout the densification. A representative volume element (RVE) used in the simulations is shown in Fig. [[T] The
packed particles are initialized as randomly distributed spheres with the size distribution following [32]]. Figures|11|(b) and
(c) also show the mid-plane slices of the domain to clearly visualize the particles. The average density of the initial packing
is approximately 0.22. Further, the study focuses on densification within the core and outer surface as outlined in the figure.
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Fig. 9: Distribution of deposition rates for different inverted temperature profiles. The surface temperature is kept at 900°C
(1173 K).
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Fig. 10: Composition (a) and deposition rate (b) distributions for the inverted temperature profiles using microwave heating.

Since the density distribution along the preform thickness is of importance, solid volume fraction within the domain is
averaged along the periodic directions. The resulting density distribution is shown in Fig.[T2] We observe that the density
throughout the thickness direction is below 0.8 for the uniform temperature case (1000° C or 1273 K) with a noticeable
gradient towards the outer surfaces. Note that the distribution also reflects characteristics of the initial non-uniform (random)
porosity distribution within the preform. Next, we analyze the densification results using the microwave temperature profiles:
LIHT and HILT. Corresponding to the trend observed in the deposition rate, core density in HILT is considerably lower than
in LIHT. There is only marginal growth of the solid phase in HILT particularly within the core. Both cases show similar
densities (85%) near the outer surface. However, density in the core for the HILT case is 50% while that in LIHT reaches
80%. It can be inferred that the density distribution for the LIHT profile is relatively much uniform and higher than the
HILT case. This is consistent with the observation of [22]], which discussed the benefit of smaller temperature gradients.
These results clearly demonstrate the suitability of temperature inversion achieved using microwave heating for improving
the densification quality of a porous preform.

The DNS simulations have shown that the densification quality depends on a delicate balance between chemical reac-
tion, gas diffusion, and temperature inversion. The pathway to accelerating high-quality densification through microwave-
generated temperature inversion has been demonstrated. Careful tuning of the CVI conditions is necessary to pinpoint the
conditions to get an inside-out densification. Such optimization requires fully-coupled simulation and experimental charac-
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4 Conclusions

This computational study focused on accelerating the CVI process by microwave heating. We had shown that the
temperature gradient inversion created by the resonant microwave with the $-SiC preform can significantly reduce the risk
of premature pore closure. The mechanism of microwave heating, and the necessary conditions to generate a standing wave
that has its peak at the core of the preform were analyzed. We also coupled the microwave-heated temperature profile to the
pore-resolved DNS simulations. The results have shown that even with the temperature inversion, premature pore closure
can still happen due to faster reaction rate at the surfaces and limited precursor transport, especially at a later stage of the
CVI densification. However, we had shown promising densification results which reduced the risk of premature disclosure
significantly compared to the isothermal synthesis at a similar temperature level. The conclusions drawn from the simulations
are:

1. The size and the permittivity of the material determine whether the heating pattern would be wave-like or following the
exponential decay from the surface.

2. Reflection of the microwave at the material surface is critical to enable the inside-out heating pattern and shift the peak
towards the core.

3. The microwave-assisted CVI process is a delicate combination of chemical reaction, precursor gas diffusion, and mi-
crowave heating.

In future studies, it is essential to address the limitations identified in this work. Further investigation into the materials
and parameters of the reflector is necessary through both experiments and simulation approaches. A more comprehensive
heat transfer model should include detailed simulation of radiative heat transfer. Incorporating temperature-dependent ma-
terial properties will enhance the fidelity of the simulations and enable a better assessment of thermal runaway scenarios.
Additionally, fully-coupled modeling at pore scale could provide more insights into optimizing the microwave-assisted chem-
ical vapor infiltration process. These advancements will contribute to a deeper understanding of the underlying mechanisms
and facilitate the development of more efficient industrial applications. Furthermore, additional strategies can be explored
alongside microwave heat source inversion, including pulsed microwave [[19], optimization of the initial ratio of the reactant
mixture [23]], and the use of multifrequency microwave sources [42]].
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