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H I G H L I G H T S    

• General method for the design of 
overmoded resonant cavities in mi
crowave reactors.  

• Pilot-scale reactor for Chemical Vapor 
Infiltration of ceramic composites.  

• Critical coupling conditions reached 
for different samples and operating 
conditions.  

• Power dissipated in SiCf/SiC samples 
exceeding 60% of the total microwave 
power.  

• Infiltration of disc-shaped SiCf/SiC 
preforms with 10 cm diameter and 
1 cm height. 
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A B S T R A C T   

The use of high-quality resonant cavities in microwave-assisted reactors is highly desirable. Thanks to the low 
losses in the cavity walls and to the possibility to reach critical coupling conditions, high energy efficiency can 
indeed be achieved. 

This paper describes the design, building, and test of a microwave-assisted Chemical Vapor Infiltration reactor 
at a pilot scale, based on an overmoded resonant cavity operating at 2.45 GHz. 

First, a general design method is proposed, in which the dimensions of the cavity are chosen in order to obtain 
a defined mode density and a high fraction of microwave power dissipated in the sample. Among the modes of 
this cavity, the most efficient one for the microwave heating of the sample is then determined by means of 
rigorous numerical analysis. 

In the graphite reactor cavity built using this approach, the condition of critical coupling is met in a large 
variety of samples and operating conditions. Moreover, a good agreement between experimental and simulated 
heating dynamics is obtained, which confirms the validity of the proposed method. 

As a result, disc-shaped samples with a diameter of the order of 10 cm and a thickness of the order of 1 cm can 
be brought to an infiltration temperature of about 900 °C within 5 min, using a microwave power of 1000 W, 
with a well controllable and reproducible temperature variation. In the infiltration of Nicalon preforms, more 
than 60% of the microwave power is dissipated in the sample.   
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1. Introduction 

Microwave processing of materials presents great possibilities from 
an industrial point of view. In fact, the reduction of processing time as 
well as energy consumption and the improvement of material proper
ties, which represent goals of major importance in any manufacturing 
process, can all be obtained thanks to the microwave heating, which is 
an electromagnetic energy transfer into materials with dielectric losses 
rather than a heat transfer. Advantages taken from microwaves as 
heating technique are that both the heating is volumetric, with heating 
speed limited only by the available microwave power, and the thermal 
gradients are reversed in the treated sample [1,2]. Moreover, the 
variability of the dielectric losses among different materials or even 
different phases of the same material can enable selective heating of 
internal or surface phases, additives or constituents, with the possibility 
of self–limiting reactions [3,4]. 

Processing of materials using high-frequency electromagnetic fields, 
such as microwave (MW) and radiofrequency, is gaining more and more 
attention at the industrial level [5]. Its potential in heating applications 
has been known and exploited since the early ‘50s, when the first MW 
ovens were introduced to the marketplace by Raytheon [1]. Since then, 
many different attempts have been made in order to broaden the range 
of application of MW energy, especially as an alternative heat source for 
materials processing. Despite some low-temperature processing appli
cations (e.g. food, wood, rubber, polymers) have achieved industrial 
maturity in the ‘80s and are now considered as a standard production 
methods, MW processing has mainly remained restricted to laboratory- 
scale research as far as most classes of materials are concerned, in 
particular for high-temperature applications [6]. Successful applica
tions of microwaves regard sintering of metals and ceramics powders  
[7], joining [8], waste processing [9], chemical or electrochemical re
actor systems [10], composites technology [11]. 

A material processing technology which could highly benefit of the 
application of microwaves is the chemical vapor infiltration (CVI) of 
silicon carbide (SiC) based ceramic matrix composites (CMCs) as the 
SiCf/SiC composites [12]. 

CMCs represent one of the latest and most promising solutions for 
high-temperature applications in strategic industrial sectors such as 
aerospace, energy and automotive [13]. In these industrial areas, ma
terials are to be designed for severe environments, usually combining 
high temperatures, high-stress levels, and corrosive atmospheres. 
Among CMCs, SiCf/SiC composites attract much industrial considera
tion for thermally loaded components such as propulsion and thermal 
protection systems in space applications, and refractory materials for 
furnaces and energy reactors [14]. 

Huge market opportunities are expected for CMCs provided that the 
major identified gaps can be overcome, such as the high cost, the dif
ficulty of processing, and the materials reliability. New and more effi
cient manufacturing technologies can pave the way to improve material 
quality, reduce processing time, converge towards near-net-shape fab
rication, trimming of spent energy, and cutting of production costs. 

The CVI method is a process in which reactant gases diffuse into a 
porous fiber-reinforced preform and deposit a solid material, as a result 
of chemical reactions occurring on fiber surface, thus filling the pores 
inside. In the case of SiC-based CMCs, the ceramic gaseous precursor 
adopted is Methyltrichlorosilane, which reacts at high temperatures 
(900–1100 °C) in a hydrogen atmosphere to give SiC and hydro
chloridric acid as a byproduct: 

+CH SiCl SiC HCl3g
H

s g3 3( ) ( ) ( )
2

(1)  

This process is very slow because the movement of gas molecules is 
controlled by diffusion only and due to the use of relatively low pres
sures (100–1000 mbar) to prevent pores on preform surface from being 
prematurely closed. During the densification process, conditions are 
required for avoiding pore closure, to prevent macroscopic inter-fiber 

bundle pores which hamper both mechanical and thermal properties  
[15]. 

The use of MW radiation is a clean and attractive alternative due to 
its potential for generating a controllable inverse temperature profile 
during the heating of the ceramic fiber preform. In this way the reaction 
front of the microwave-assisted CVI process (MW-CVI) propagates from 
the center to the surface of the preform as its dielectric response 
changes. Previous works carried out by Binner [16], based on SiCf/SiC 
components (5 cm diameter, 1 cm thickness), has shown that by using 
microwaves to enhance the CVI process, fabrication times can be re
duced from hundreds of hours to around 100 h. 

In the design of applicators for microwave-assisted processes, a key 
element is represented by the efficiency in transferring the electro
magnetic energy from the source to the sample [17–21]. Ideally, such 
transfer should be complete, in order to guarantee the highest overall 
energy efficiency. However, complete absorption of the electro
magnetic wave in the sample is not trivial, due to the unavoidable 
impedance mismatch between the wave in the propagating system and 
that in the sample, which causes a partial wave reflection at its surface. 

The coupling of microwave radiation to the sample can be enhanced 
by inserting the sample inside an electromagnetic resonator. In this 
manner, the sample is subject to multiple passages of the wave reflected 
by the conductive walls of the resonator. Once the proper working 
conditions are found, the electromagnetic energy absorption in the 
sample can be maximized both by the constructive interference of the 
waves inside the resonator and by the destructive interference of the 
waves outside the resonator. In the particular case of single-port re
sonators, at the so-called critical coupling condition the reflected power 
vanishes and all the incoming power is dissipated in the resonator 
loaded with the sample, despite the usually low power absorption over 
the single passage of the wave in the sample. A detailed discussion on 
the effects of the multiple-wave interference in a resonator and in its 
excitation circuit can be found in [22,23] and in the references therein. 

Whenever the critical coupling condition is reached, all the power 
available at the excitation port is dissipated in the resonator, partly in 
its walls and partly in the sample. The efficiency of the sample heating 
is maximized when the dielectric losses of the sample dominate over the 
resistive (Ohmic) losses in the resonator walls. 

The use of a resonant cavity can thus provide an efficient way to 
control and optimize the transfer of electromagnetic energy from the 
source to the sample. 

The microwave-assisted processes usually employ sources operating 
at Industrial, Scientific, and Medical (ISM) bands centered around 
915 MHz, 2.45 GHz, and 5.8 GHz [24]. In general, the dimensions of a 
single-mode resonator are about half of the employed wavelength. 
Thus, a cavity operating at the frequencies of the above ISM bands can 
be loaded with a sample with a typical size of few centimeters. Such a 
solution is of modest relevance for industrial applications, where larger 
sample sizes are needed. Moreover, the narrow bandwidth allowed by 
the ISM bands would require a continuous tuning of the single-mode 
resonator in order to compensate for the variations of the dielectric 
properties of the sample with the temperature, during the heating stage, 
and with the density, during the processing [17]. 

A solution that can overcome the drawbacks of single-mode elec
tromagnetic reactors is based on overmoded resonant cavities, having 
dimensions of several wavelengths. In these cavities, different modes 
can be simultaneously excited. The treatment of larger samples and 
more uniform field distributions, due to the simultaneous excitation of 
different modes, are benefits expected from using an overmoded reac
tion chamber in microwave-assisted processes [17]. The spectrum of an 
overmoded reactor should thus appear as a smooth, continuous dis
tribution of electromagnetic modes. Moreover, in the cases of fixed- 
frequency sources, such a continuous spectrum is necessary to avoid a 
mismatch between the excitation frequency and the reactor operating 
frequencies, which change with the dielectric properties of the sample. 
In this regard, the possibility to achieve a sufficient level of 
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predictability and control on the electromagnetic and thermal beha
viour of overmoded reactors for the MW processing of relatively large 
samples was strongly questioned recently [20]. 

The objective of this work is to illustrate the design, building, and 
characterization of an efficient and well-controllable MW-CVI reactor 
chamber for CMCs production at a pilot scale, based on an overmoded 
resonant cavity operating in the 2.45 GHz ISM band and feed by 
magnetron sources. The reactor, enabling both MW heating and con
ventional heating, was built in the framework of the European project 
HELM [25]. This paper will focus on the core of the reactor, the reaction 
chamber. Further details on the whole system are provided in [26]. 

2. Materials and methods 

2.1. Basic concepts in the design of overmoded resonant cavities 

In the design of MW reactors having large dimensions with respect 
to the employed wavelength, a basic difficulty is the presence of several 
modes that can be simultaneously excited at the frequency of interest. 
Furthermore, the process under study is made more complex by the 
insertion in the cavity of the sample to process since, in general, it 
causes an increase in the number of modes and a mixing of them. A 
general analysis of the electromagnetic behavior of large MW reactors 
loaded by the sample to process should include a large number of 
variables, such as the MW frequency, the shape and the dimension of 
the reactor and the properties of the material forming its walls, the 
shape and the dimension of the sample, and its dielectric properties. In 
literature, this problem is usually faced assuming simple geometries for 
both the reactor chamber and the sample to process, in order to obtain 
analytic approximations for the spectral density of the modes and for 
the power dissipated in the sample [17]. 

Aim of this section is to present a general approach to the calcula
tion of both the spectral density of the reactor and its efficiency in 
dissipating the electromagnetic power in samples with arbitrary shape 
and dielectric properties, without any assumption on the reactor shape. 
The only assumptions that will be made will concern the dimensions of 
the reactor, large enough to determine an overmoded behaviour, and 
the penetration depth of the radiation, which will be considered much 
larger or much smaller than the sample size. 

In the present context, an overmoded resonant cavity can be defined 
as a resonant system in which consecutive electromagnetic modes 
overlap. This condition can be discussed on the basis of general con
siderations, independent of its shape. The International System of units 
(SI) is adopted in the formulation of the equations of this section. 

Consider first the mode density ( ) at the frequency of the 
electromagnetic modes of a cavity with volume V . According to the 
Weyl law [27], the asymptotic approximation for large frequency of the 
mode density is given by [28]: 

= V
c

( ) 8
2

3 (2) 

where c is the speed of light in vacuum. 
The level of overlap between the modes around the frequency is 

qualitatively determined by both the average mode spacing, whose 
approximation is 1

( )
, and the average linewidth ( ) of the resonance 

curves of the modes close to . Specifically, the property of the modal 
overlap can be considered to hold if the mode density is large enough 
that a number of modes greater than one is found in an average line
width. Actually, the spectrum of the cavity already becomes essentially 
continuous whenever 1

( )
is equal to ( ). In [29], by applying a 

Montecarlo method, this condition is found to determine the transition 
from a single-mode statistics of the field distribution to a multi-mode 
one. Therefore, according to the definition adopted in this study, the 
reactor cavity can be considered as overmoded when the condition 
above is verified. 

The average spacing between the resonance modes can be con
trolled by changing the volume of the cavity. At a given frequency , 
the larger the resonant cavity, the denser the mode spectrum. 

The linewidth , defining the level of the overlap between modes, 
can be conveniently given as the full-width at half maximum of their 
resonance curve. 

This quantity can be expressed in terms of the quality factor Q of the 
resonance mode, defined as [30] 

= =Q W
P

20
0 (3) 

where 0 is the resonance frequency, W is the stored energy, and P is 
the dissipated power. 

For an empty conducting cavity, the unloaded quality factor Q C0, of 
a given mode p, obtained neglecting the effect of the coupling to the 
excitation circuit, can be formulated as [28]: 

=
H H
H H

Q
dV
dS

2
p p

p p
C

V

S
0,

(4) 

where =
µ

is the skin depth of the electromagnetic radiation in the 
walls of the cavity, having a resistivity and a permeability µ [31], and 
Hp is the magnetic field of the mode p. 

A good approximation of the quality factor Q C0, , which is in
dependent on the cavity shape and on the specific mode, is given by  
[28]: 

Q V
A

3
2C0, (5) 

where A is the surface area of the cavity. The basic assumption behind  
(5) is that the electromagnetic fields are uniformly distributed in the 
reactor cavity, except close to its boundaries. A more accurate de
termination of the average value of the quality factor Q C0, of an ove
moded cavity can be found in [32,33], in which this quantity is ob
tained with a statistical approach developed for reverberation 
chambers. 

According to (2) and (5), the knowledge of volume, surface area, 
and resistivity of a conductive cavity enables the estimation of the 
mode overlap at a given frequency, under the adopted condition of 
overmoded cavity. This condition can be expressed as a relationship 
between the wavelength of the electromagnetic radiation and the 
volume A related to the skin depth: 

A16
3

3
(6)  

The increase of the cavity surface area A above the value provided 
by (6) reinforces the overlap between modes. However, in general this 
option is not convenient for the energy efficiency. 

To elucidate this point, consider a reactor loaded with a sample of 
volume Vs which is to be processed. The microwave power P coupled to 
the reactor is now partially dissipated in the walls of the reactor (PC) 
and partially in the sample (Ps): 

= +P P PC s (7)  

Equation (7) can be reformulated in terms of quality factors taking 
into account the second part of (3), as 

= +
Q Q Q
1 1 1

C s0 0, 0, (8) 

where Q0 is the total unloaded quality factor of the cavity and Q s0, is the 
unloaded quality factor of the cavity which is calculated taking into 
account only the dielectric losses in the sample. The latter is given by 
the relation 

=
Q

tan1 .
s0, (9) 

where the loss factor =tan '

''
is the ratio between the imaginary and 
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real part of the dielectric permittivity of the sample, 
= =i i( )r r

' ''
0

' '' , 0 is the permittivity of free space, and 
the pedix r indicates the components of the relative permittivity r [29]. 
The electric energy filling factor 

=
E E
E E

dV
dV

'
'

p p

p p

V

V

s

(10) 

represents the fraction of electric energy stored in the sample. 
In the same spirit of the approximation leading from (4) to (5), let us 

assume that the electric energy is distributed in a substantially uniform 
way in the reactor loaded with the sample. The physical basis of this 
assumption can be found in the discussions presented in [34]. The 
condition of constant electric energy density requires, in particular, that 
the penetration depth of the radiation in the sample is larger than its 
dimensions. In this case, the electric energy filling factor can be 
simply expressed as: 

V
V

s
(11)  

From the point of view of the MW-assisted process, the microwave 
power dissipated in the walls of the reactor due to ohmic losses re
presents a reduction in efficiency and should be minimized, in favor of 
the power dissipated in the sample. From (5) to (11), one can obtain the 
ratio between Ps and PC : 

P
P

tan V
A

tan V
A

3
2

3
2

.s

C

s

(12)  

The combination of (7) and (12) enables the determination of the 
fraction of power dissipated in the sample, which can be written as: 

=
+ +

P
P

1
1

1
1

.s
P
P

A
tan V
2

3
C
s s (13)  

Finally, from (12) it can be concluded that an increase in the surface 
area of the reactor cavity results in a decrease in the efficiency of the 
microwave heating of the sample, given the characteristics of the ma
terials constituting the cavity and the sample to process. Accordingly, 
the surface and, ultimately, the volume of the reactor cavity must be set 
to the minimum value compatible with the other constraints, in the 
considered case that one of overmoded structure. 

A similar conclusion holds for conducting samples. In the case in 
which the skin depth in the sample, s, is much smaller than the 
minimum sample dimension, the ratio between Ps and PC is given by 

P
P

A
A

s

C

s s

(14) 

where As is the sample surface area. 
In general, the accuracy in the determination of the ratio 

tanP
P

V
A

3
2

s
C

is strongly related to the accuracy in the determination 
of the filling factor . In specific cases, an exact calculation of is 
possible, as discussed for instance in [17,35]. 

Finally, (12) and (14) provide a quick way to assess how effectively 
the MW power is used and thus to decide the convenience of the mi
crowave heating of a given sample. Together with (6), they represent a 
vademecum in the design of overmoded cavities of general shape for the 
MW-assisted processing of arbitrary samples, formulated for the first 
time to the best of our knowledge. 

2.2. Materials of interest and dimensions of the reaction chamber 

The quantities playing a key role in the design of an efficient mi
crowave reactor chamber with overmoded behavior are those defining  
(6), (12), and (14). 

In the case here considered, the microwave frequency is 2.45 GHz 
and the typical sample to be infiltrated with the MW-CVI technique is a 
preform based on polycarbosilane-derived Si–C–O Nicalon NL-202 fi
bers (Nippon Carbon, Tokyo, Japan), with minimum dimensions of 
about 10 cm in diameter and 1 cm in thickness. The determination of 
the most convenient dimensions of the reactor chamber requires the 
knowledge of both the dielectric properties of the sample and the re
sistivity of the chamber walls. 

The dielectric properties as a function of the temperature T of dif
ferent Nicalon preforms were determined using a rigorous measure
ment technique [36], whose detailed description will be published 
elsewhere. Fig. 1 shows the results of the measurements from room T to 
the usual infiltration temperature of 900 °C. 

Another essential point in the building of the reactor cavity is the 
choice of the material forming its walls, given the conditions it must 
satisfy. In particular, the electric resistivity of this material must be low 
to reduce the Ohmic losses in the cavity walls to a level well below the 
dielectric losses in the sample. Moreover, it must be chemically inert to 
operate for a long time in a chemically aggressive environment, char
acterized by a very hot sample and highly reactive chemical species. 
Finally, its resistivity must remain low enough after many infiltration 
cycles. 

A material that displays these properties is graphite, in particular 
the FP2584-grade graphite produced by SKT [38]. The choice of the 
most suited graphite grade was made after a direct determination of its 
microwave resistivity, obtained with a modified version of the Courtney 
method [39]. In this technique, a microwave resonator consists of a 
low-loss dielectric disc inserted between two metallic plates. Usually, 
the dielectric properties of the disc can be obtained from the resonance 
frequency and the quality factor of the resonant system provided that 
the resistivity of the plates is well known. However, this setup can also 
be employed to measure the effective microwave resistivity of the 

Fig. 1. Relative dielectric permittivity of polycarbosilane-derived Si–C–O Nicalon NL-202 preforms measured at different temperatures and infiltration levels. Left: 
real part of the permittivity. Right: imaginary part of the permittivity. The samples were provided by ATL [37]. 
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plates whenever the dielectric properties of the disc are known. 
According to the results of these measurements, the microwave re

sistivity of the FP2584-grade graphite at room T is 1400  ±  1 μΩ*cm. 
The resistivity of the reactor walls is expected to decrease to about 1000 
μΩ*cm during an infiltration run, when the walls reach temperatures 
between 200 °C and 300 °C [40]. 

It is now possible to define the reactor chamber shape and its vo
lume, given all the other quantities involved in (6) and (12). For the 
sake of simplicity in the manufacturing, a cylindrical geometry was 
considered, with a diameter of the order of 50 cm and a height of the 
order of 30 cm. The choice of an elongated cross-section for the cavity 
depends on the predominant interest in processing flat samples, whose 
lateral dimensions are much larger than the thickness. 

In the given setup, around 2.45 GHz the typical distance between 
consecutive resonant modes is of the order of 3 MHz, and their typical 
full-width at half maximum is 0.8 MHz. The insertion of the sample 
leads to an additional broadening of the resonance lines, owing to the 
dielectric losses introduced by the sample. This broadening is at least of 
factor 2, since the target is to have at least 50% of the power dissipated 
in the sample. A further broadening of the resonance lines is due to the 
coupling of the cavity to the excitation circuit propagating the micro
wave radiation. The linewidth of the resonance mode at the critical 
coupling is double to that at low coupling levels, at which the unloaded 
quality factor is calculated [17]. 

Taking into account both the presence of the sample and the critical 
coupling to the external microwave circuit, the proposed graphite 
cavity behaves as an overmoded resonator around 2.45 GHz. In the 
system composed by the graphite cavity and the 1.53 g/cm3 Nicalon 
sample of Fig. 1, the ratio P P/s C is expected to be 1.67 at the beginning 
of the microwave heating process, so about 63% of the electromagnetic 
power coupled to the reactor is dissipated in the sample and about 37% 
in the reactor walls, as calculated from the second part of (12) and (13). 
At the critical coupling, the above fractions refer to the total microwave 
power reaching the reactor. 

For the considered sample, a good microwave heating efficiency is 
thus expected with the proposed MW-CVI reactor. In general, the en
ergy efficiency of the reactor is expected to increase with the volume of 
the sample thanks to the increase of the filling factor, provided that the 
critical coupling condition is still fulfilled. 

The above results were obtained with the help of a general approach 
essentially based on the assumption that the electric energy is equally 
distributed in the volume of the reactor chamber. A more detailed 
analysis of the actual electromagnetic fields in the cavity, as well as of 
the resulting efficiency and temperature profile in the sample, requires 
a rigorous numerical modeling of the reactor, both empty and loaded 
with sample and sample holder. The aim of the next section is to il
lustrate this analysis and to present the room temperature tests of the 
reactor. All the numerical results are based on the Comsol Multiphysics 
software [41]. 

3. Results and discussion 

3.1. Reactor chamber design and room temperature tests 

The final structure adopted for the reactor chamber is shown in  
Fig. 2. It is composed of a cylindrical cavity with a diameter D of 
49.35 cm and a height H of 30.6 cm. The microwave radiation can 
enter the cavity through three identical circular waveguides oriented at 
120° to each other and placed in the horizontal median plane of the 
cavity. Each waveguide is cylindrical with an inner diameter of 9 cm 
and a length of 27.5 cm and is made by the same graphite material 
forming the chamber. The waveguides are connected to the electro
magnetic sources by means of WR340 rectangular waveguides made of 
aluminum. A system of moving stubs mounted in a magic T tuner is 
inserted in each excitation channel, with the aim of controlling and 
adjusting the coupling level until a nearly critical coupling level is 

reached. In the heating and infiltration tests, a normalized reflected 
power lower than −20 dB was considered equivalent to the critical 
coupling level for all practical purposes. 

The main reason behind the choice to excite the reactor by means of 
different waveguides is the flexibility of use. Switching from one sample 
to another characterized by different shapes, sizes, and dielectric 
properties can require very different levels of MW power to reach the 
desired infiltration temperature, possibly exceeding the maximum 
power delivered by a single magnetron. Moreover, the combination of 
several, lower power sources instead of a single source of high power is 
advantageous in terms of reduced risk of sparks or plasma generation in 
the excitation channel. In addition, the concurrent use of different ex
citation ports enables, in general, a better heating uniformity. 

In the lower part of the chamber, a movable graphite plate is in
serted with the purpose of providing a frequency tuning of the re
sonance modes. This element is necessary in order to match the fre
quency of the mode of interest with that of the magnetron source, 
which is fixed. The movable plate is a disc with 47.35 cm diameter and 
1 cm thickness, coaxial to the cylindrical chamber and placed at about 
0.6 cm from its base. Inlet and outlet gas connections were included in 
the modeling. 

The typical resonance spectrum calculated for the empty reactor 
excited through one of the three channels is shown in Fig. 3, for a 
frequency interval corresponding to the ISM band centered around 
2.45 GHz. In the simulations, the passive channels were terminated by a 
short circuit. Among the many modes that can resonate in this interval, 
the coupling system is efficient in transferring energy to those around 
2.441 GHz, 2.45 GHz, and 2.475 GHz. The electric field of these modes, 
in some representative planes of the reactor, is shown in the insets of  
Fig. 3. 

According to the electric field distribution, the mode with the 
highest electric energy in the central part of the reactor cavity, where 
the sample will be placed, is that resonating at 2.475 GHz. 

A graphite chamber was built following the design of Fig. 2. Its 
electromagnetic spectrum was determined by means of a vector net
work analyzer, connected to the microwave channel of interest by 
means of a coaxial cable-to-waveguide transition. In the measurement 
of the S11 parameter of the reactor, the stubs on the passive channels 
were adjusted in order to have a short-circuit condition. The reference 
level in the determination of S11 was obtained short-circuiting the end 
of the coaxial cable-to-waveguide transition. 

The experimental and the simulated spectra of this cavity are re
ported in Fig. 4, for frequencies around the 2.475 GHz mode, together 
with the spectrum of a magnetron source feeding the reactor. The latter 
was determined by means of electromagnetic compatibility techniques.  
Fig. 4 shows a good agreement between the modeling and the experi
mental results. The close matching between the resonance frequency of 
the 2.475 GHz mode and the main emission peak of the magnetron was 
obtained with proper positioning of the movable graphite plate. 

Another important element in the practical use of the reactor is the 
sample holder, whose function is to keep the sample in the most con
venient position inside the reactor cavity. The material forming the 
sample holder must be again inert with respect to the extremely re
active environment in which it is placed. Moreover, it must be as much 
as possible transparent to microwaves, so as to prevent absorption of a 
significant fraction of the microwave power, which could be detri
mental both for its chemical stability and for the efficiency of the in
filtration process. A material that was proved compatible with these 
conditions is a low-loss grade fused quartz (Momentive 214 [42]), 
whose relative permittivity at the infiltration temperature is about εr

qtz 

= 3.81-i*0.001, as measured. 
A ‘chair-like’ geometry was adopted for the sample holder, as shown 

in the inset of Fig. 5. In the infiltration processes, a disc of alumino- 
silicate fiberboard (Duraboard 1600 [43]), with 10 cm diameter and 
1 cm thickness, is usually inserted between the sample holder and the 
sample, in order to avoid local damage of the latter due to the direct 
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contact with sample holder columns. Moreover, the Duraboard disc 
reduces the thermal irradiation of the sample, which is thus subject to a 
slower cooling. 

The dielectric permittivity of Duraboard at the infiltration tem
perature resulted about εr

Dur = 1.45 – i*0.009. Thanks to the high 
porosity and low dielectric losses, the Duraboard disc does not interfere 
significantly either with the microwave heating and with the flow of the 
reactant gases. 

The effects of the quartz sample holder and the Duraboard disc on 
the experimental spectrum of the reactor is shown in Fig. 5. As ex
pected, the position and the coupling of the resonance mode are weakly 

modified by the presence of these elements, characterized by small 
volume and relatively low dielectric permittivity. 

The experimental spectrum of the reactor loaded with a 1.53 g/cm3 

Nicalon disc with 10 cm diameter and 1 cm thickness, placed on top of 
the sample holder plus the Duraboard disc, is shown in Fig. 6, together 
with the spectrum of the magnetron. 

The insertion of the Nicalon sample in the reactor gives rise to only 
a small shift in the resonance frequency of the mode of interest, which 
remains well superposed to the magnetron emission. Such behavior is 
common to several other materials of interest, as shown by Fig. 7, 
which reports the spectrum of the reactor loaded with similar disc- 
shaped specimens made of Tyranno ZMI fibers and carbon fiber cloth. 
The Tyranno ZMI fiber-based preform was coated with a pyrolytic 
carbon coating (thickness of 100 nm) and densified through conven
tional CVI from 1.008 g/cm3 up to 1.298 g/cm3. 

Fig. 2. 3D view of the inner cavity of the reactor, including the excitation waveguides and the gas connections. The diameter D and the height H of the cavity are 
indicated, as well as with the movable plate. 

Fig. 3. S11 parameter of the electromagnetic signal reflected by the cavity 
shown in Fig. 2, excited through the waveguide on the left of the figure. Data 
obtained from numerical modeling. The coupling level was not optimized, as 
the main objective was to determine the frequency of the resonance modes. 
From left to right, the insets show the electric field distribution for the modes 
resonating at 2.441 GHz, 2.45 GHz, and 2.475 GHz, respectively. 

Fig. 4. Comparison between the experimental spectrum of the graphite 
chamber built following the design of Fig. 2 and its simulated spectrum (left y 
axis). In the determination of the experimental spectrum of the empty cavity, 
the coupling level was not optimized. The spectrum of a magnetron source 
exciting the reactor, with amplitude and baseline arbitrarily normalized, is also 
shown (right y axis). 
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The Tyranno fiber sample is representative of high dielectric loss 
materials, whereas the carbon fiber sample is representative of con
ducting materials. For all the materials considered in Fig. 7, the re
sonance mode of interest is always well coupled and only slightly 
shifted with respect to the empty reactor case. In general, a sample that 
is small with respect to the resonant system in which is inserted leads to 
a small frequency shift of the resonance mode, owing to its small filling 
factor [44,45]. 

The frequency detuning introduced by different samples can be 
overcome either by using a second available magnetron emitting at a 
higher frequency, as shown in Fig. 7, alone or in combination with the 
first magnetron, or by acting on the movable plate. In the infiltration 
tests conducted so far, all the investigated samples were processed by 
using one of the two magnetrons indicated in Fig. 7, without the need to 
adjust the position of the movable plate. 

As shown by Fig. 7, the coupling level achievable with the in
vestigated samples can easily be brought below −20 dB at the emission 
of one of the two magnetrons by optimizing the position of the tuning 

stubs. Accordingly, in practice all the microwave power reaching the 
reactor can be transferred to its electromagnetic modes. 

The 1.53 g/cm3 Nicalon sample will be taken as a reference in the 
following. The room temperature spectrum of the reactor loaded with 
the Nicalon sample is shown in Fig. 8. 

Two main modes are visible in Fig. 8, one resonating at 2.472 GHz 
and one resonating at 2.4763 GHz. The distribution of the electric field 
of these modes is shown in the insets of the figure. The mode at 
2.472 GHz corresponds to a ‘surface’, Whispering Gallery-like mode  
[46], in which the electromagnetic energy is prevalently confined 
around the surface of the cavity. On the contrary, the mode at 
2.4763 GHz corresponds to the ‘volume’ mode of interest, in which the 
electromagnetic energy is more evenly distributed in the entire volume 
of the cavity, in particular in its center, where the sample is placed. The 
slight discrepancy between the calculated (2.4763 GHz) and the ex
perimental (2.473 GHz) resonance frequency of the volume mode is 
mainly due to the irregular shape of the sample. 

In the design of the reactor, care must be taken to avoid coupling to 

Fig. 5. Comparison among the experimental spectrum of the empty reactor 
chamber, the spectrum of the reactor loaded with the quartz sample holder, and 
the spectrum of the reactor loaded with both the quartz sample holder and the 
Duraboard disc. The inset shows the typical arrangement of the quartz sample 
holder (shaded region) and of the Duraboard disc. 

Fig. 6. Experimental spectrum of the reactor loaded with the quartz sample 
holder, the Duraboard disc, and a Nicalon disc (left y axis), together with the 
spectrum of a magnetron source exciting the reactor (right y axis). Both the 
Duraboard disc and the Nicalon disc have a diameter of about 10 cm and a 
thickness of 1 cm. 

Fig. 7. Comparison among the experimental spectra of the reactor loaded with 
a Nicalon sample, with a Tyranno ZMI fibers sample, and with a carbon fibers 
cloth sample (left y axis), all placed on the quartz sample holder and the 
Duraboard disc. The spectra of two of the available magnetron sources, with 
amplitude and baseline arbitrarily normalized, are also shown (right y axis). 

Fig. 8. Calculated resonance spectrum of the reactor loaded with the quartz 
sample holder, the Duraboard disc, and a Nicalon disc. The position of the stubs 
was not optimized. From left to right, the insets show the electric field dis
tribution for the modes resonating at 2.472 GHz and 2.4763 GHz, respectively. 
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the surface modes, which make problematic the heating of samples 
placed in the center of the reactor chamber. This aspect is evidenced by 
the fraction of power dissipated in the sample (P P/s ) and by that in the 
walls of the reactor (P P/C ), both reported in Fig. 9. For the surface 
mode, the majority of the microwave power is dissipated in the walls of 
the reactor. On the contrary, for the mode of interest the 80% of the 
power coupled to the reactor is dissipated in the sample. This value can 
be compared with the value provided by the second part of (13), given 
by 54% taking now into account the extra surface introduced by the 
movable plate. Despite the simplicity of the analysis leading to (13), the 
agreement between the approximate and the rigorous result is still ac
ceptable. A similar agreement has been verified under very different 
conditions. 

Through the many infiltration cycles conducted so far, the efficiency 
of the reactor cavity was continuously monitored to check for a possible 
deterioration of its characteristics, in particular the resistivity of the 
graphite walls. This quantity can be directly obtained from the quality 
factor of a reference resonance mode, according to (4). After a marked 
increase with the initial infiltration processes, the resistivity of the 
graphite walls stabilized to about 4000 μΩ*cm at the typical tem
peratures of the reaction chamber. The fraction of microwave power 
currently dissipated in the reference Nicalon sample is P P/s 62%. 

3.2. Microwave heating and infiltration tests 

In stationary conditions, all the microwave power absorbed by the 
sample through its dielectric losses is dissipated as heat, assuming no 
chemical reactions. Under the conditions of high temperatures and low 
pressures at which the infiltration reactions are usually conducted, the 
dominant dissipation mechanism is given by the thermal irradiation 
towards the much colder walls of the reactor. Accordingly, the micro
wave power Ph necessary to keep the sample at the infiltration tem
perature T can be estimated by means of the Stefan-Boltzmann law 

=P A Th s
4 (15) 

where =  5.67*10−8 W m−2 K−4 is the Stefan-Boltzmann constant, 
is the emissivity of the sample, As its surface area, and T the surface 
temperature in Kelvin degrees. 

Under the assumption that the sample is homogeneously heated, 
1, and neglecting the thermal irradiation towards the Duraboard 

disc, the power necessary to heat the reference Nicalon sample to 
900 °C is about Ph = 1200 W. 

In real process conditions, the spatial variation of the electric field 
in the sample volume and the limited thermal conductivity of most 

ceramic materials lead to an inhomogeneous sample heating, char
acterized by localized domains with much higher temperature (hot 
spots). The actual temperature distribution of the sample can be cal
culated by means of a multiphysics numerical modeling, in which the 
coupled electromagnetic and thermal problems are solved simulta
neously and in a self-consistent way. 

The accuracy of the multiphysics models describing the reactor 
loaded with the sample was first assessed comparing the power Ph
obtained from (15) with the numerically obtained value, in the same 
conditions of very high thermal conductivity and thermal emission 
from the free surfaces of the sample. In the case of the numerical model, 
the power Ph was directly determined as the microwave power released 
in the sample. The discrepancy between these calculations resulted 
lower than 1%. 

The preparation of realistic multiphysics models requires the 
knowledge, as functions of T , of the dielectric permittivity, the specific 
heat, the thermal conductivity, and the emissivity of the sample. For the 
materials of interest, all these quantities were determined in the fra
mework of the project HELM. 

In the case of the reference Nicalon sample, a multiphysics model 
was prepared with the aim of determining the sample heating dynamic 
and the temperature distribution in the typical infiltration conditions. 
The microwave frequency was set to 2.4763 GHz, corresponding to the 
volume mode of Fig. 8. The microwave power coupled to the reactor 
was fixed to 1000 W at the beginning of the microwave heating process, 
in which the temperature of the reactor walls and that of the sample 
was set to 200 °C. The dielectric and thermal quantities employed in the 
multiphysics model are reported in the Supplementary data associated 
with this article. In stationary conditions, the resulting temperature 
distribution on the surface of the sample is shown in Fig. 10. 

The evolution of the Nicalon temperature, determined at the hotspot 
on the upper surface of the sample, is reported in Fig. 11. The char
acteristic time of the nearly exponential curve describing the sample 
heating is of the order of 2 min. 

More information on the temperature of the sample and on the 
electromagnetic field in the reactor during the heating process, both 
obtained from the multiphysics model, is provided by two movies re
ported as Supplementary data in the online version of this article. The 
first movie (Sample heating.gif) shows the temperature of the upper 
surface of the sample during the first 500 s of the microwave heating. At 
the end of this period, the sample temperature is close to its stationary 
value. In addition to the sample temperature, the second movie (Sample 
heating and electric field.gif) reports the norm of the electric field in a 
horizontal plane close to the sample. The increase of the temperature 
from 200 °C to above 800 °C corresponds to a strong variation of the 
dielectric properties of the sample, according to Fig. 1. This variation 
reflects on the electromagnetic fields in the reactor. However, the 
second movie shows that there is just a small rearrangement of the 
electric field distribution during the sample heating. This fact confirms 
the robustness of the electromagnetic response of the reactor with re
spect to the dielectric properties of the sample, which was already 
evidenced by the curves of Fig. 7, demonstrating that a stable and 
controllable electromagnetic behaviour can be obtained also in over
moded reactors. 

The experimental tests on the reactor were conducted in conditions si
milar to those considered in the numerical models. The reactor was loaded 
with the quartz sample holder, the Duraboard disc, and the Nicalon sample, 
as shown in Fig. 10. A microwave power of 1000 W in the heating stage, 
and of about 850 W in the infiltration stage, was delivered to the reactor by 
means of a single excitation channel. The level of the reflected power was 
determined with the help of a high-power circulator mounted just after the 
magnetron, which conveys the reflected power to a detector. The latter was 
calibrated short-circuiting the port of the circulator towards the reactor and 
varying the power emitted by the magnetron. By acting on the tuning stubs, 
the reflected power was kept close to the detection limit of the system 
throughout the infiltration process. The temperature of the sample was 

Fig. 9. Calculated fraction of microwave power dissipated in the sample and in 
the walls of the reactor, in the case of reactor loaded with the quartz sample 
holder, the Duraboard disc, and a Nicalon disc (see also Fig. 8). 
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monitored by means of a digital pyrometer (Dias Pyrospot DSR 10NV), 
providing also its emissivity. 

The evolution of the Nicalon temperature during the heating and 
the infiltration process is shown in Fig. 12. The inset shows the control 
panel of the magnetrons, indicating a typical incident power (Pi) and 
reflected power (Pr) during the infiltration stage. 

In these tests, the temperature of the sample was brought from the 
initial value of 200 °C, achieved by means of the conventional resistive 
heating enabled by the reactor, to about 800 °C on the sample surface, 
exciting the reactor with 1000 W of MW power. The pre-heating of the 
reactor to 200 °C is usually done in order to remove the possible re
sidual humidity, which would interfere with the chemical reaction (1). 
Taking account of the inverse temperature profile characteristics of the 
microwave heating, 800 °C on the sample surface corresponds to in
ternal sample temperatures suited for the CVI process. Once this tem
perature was achieved, the microwave power was reduced to about 
850 W and the reactant gases were made to flow in the reactor, so 
activating the infiltration process. In this stage, the total gas pressure 
was kept to 150 mbar. The infiltration shown in Fig. 12 lasted about 

50 min. In this period, the microwave power was slightly adjusted in a 
manual way, together with the position of the tuning stubs, in order to 
keep the desired surface temperature and a nearly critical coupling 
condition. 

According to Fig. 12, the heating of the sample from 700 °C to 
800 °C took about 2.3 min, in good agreement with the data shown in  
Fig. 11, where the same temperature interval is covered in about 
2.8 min. Starting from the initial temperature of 200 °C, the infiltration 
conditions are reached in about 5 min employing a microwave power of 
1000 W. The very fast heating of the sample represents a striking dif
ference with respect to conventional CVI processes, in which the entire 
reactor chamber must be brought to the infiltration temperature and 
the thermalization of the sample requires a much longer period. 

It is worth noting that the good agreement between the above 
theoretical and experimental heating times indicates that the doubts 
raised in recent literature [20] about the possibility to predict and 
control the electromagnetic and thermal behaviour of overmoded re
actors appear not justified, provided that great accuracy is dedicated to 

Fig. 10. Temperature distribution of the Nicalon 
sample, in the same configuration of Figs. 8 and 9, 
calculated with Comsol Multiphysics. In the mod
eling, the reactor is excited at 2.4763 GHz with a 
power of 1000 W, delivered through the excitation 
channel on the left of the figure. The initial tem
perature of the sample and of the reactor walls was 
fixed to 200 °C. The color legend on the right is in 
degrees K. 

Fig. 11. Time dependence of the temperature of the hot spot of Fig. 10.  

Fig. 12. Experimental Nicalon temperature during the heating and the in
filtration process, determined in the central part of its upper surface. The lower 
limit in the temperature reading of the detector is 700 °C. The inset is a picture 
of the control panel of the magnetrons, reporting the typical incident (Pi) and 
reflected (Pr) power during the infiltration stage. 

R. D'Ambrosio, et al.   Chemical Engineering Journal 405 (2021) 126609

9



the design of the reactor and to the characterization of the dielectric 
properties of the material to process. 

The results of a typical infiltration process of the Nicalon sample are 
reported in Fig. 13, which shows the SiC grown on one of the central 
laminae of the multilayer preform, together with a scanning electron 
microscope (SEM) image of the most infiltrated region. 

The analysis of the SiC infiltrated on the different laminae of the 
sample confirms the presence of a hotter region in the central part of 
the sample, in agreement with the temperature distribution shown in  
Fig. 10. Moreover, the decrease of the infiltrated SiC that is observed 
moving toward the most external laminae of the preform confirms the 
inverse temperature profile predicted by the modeling and expected, in 
general, in the microwave heating. 

The SEM image shown in Fig. 13 evidences the binding among the 
preform fibers due to the infiltrated SiC. A further discussion of the 
microscopic details of the infiltrated sample is beyond the scope of this 
paper and will be presented elsewhere. 

In the case of samples larger than those investigated in this work, 
better efficiencies are expected thanks to the most favorable ratio be
tween the power dissipated in the sample and the power dissipated in 
the walls of the reactor cavity. On the other hand, the microwave 
heating of samples larger than the employed wavelength is prone to 
scarcely homogenous temperature distributions. This inhomogeneous 
heating is exacerbated when the dielectric losses increase with the 
temperature. Indeed, in this case a positive feedback mechanism is es
tablished, which can generate several hot spots. In the proposed re
actor, the inhomogeneous microwave heating can be mitigated either 
by distributing the microwave power over the three excitation channels 
or by rotating the sample. 

In general, the use of magnetron sources, characterized by a fixed- 
frequency emission, often dependent on the emitted power and on the 
ambient conditions, can represent a serious limitation in the achieve
ment of the robust infiltration processing needed at industrial levels. In 
this respect, the passage to fully controllable solid-state sources re
presents an ineludible step in the implementation of well-controlled 

and reproducible processing, necessary for high production yield and 
quality. From the point of view of the design of overmoded reactors, the 
use of solid-state sources makes less stringent the condition of over
lapping consecutive modes and the use of a frequency tuning element, 
which is beneficial both for the energy efficiency and for the ease of 
construction. Moreover, different resonance modes can be excited in a 
rapid sequence by means of tunable solid-state sources. In this manner, 
a more homogeneous microwave heating can be obtained. 

The implementation of solid-state sources in the described MW-CVI 
reactor is the direction to which our current work is oriented. 

4. Conclusions 

In summary, an overmoded reactor cavity for MW-CVI of ceramic 
matrix composites at a pilot scale was designed, built in high-quality 
graphite, and tested. A two-step design was followed. First, the di
mensions of the cavity were chosen on the basis of the spectral char
acteristics and of the expected energy efficiency, obtained by means of a 
general analysis. Then, a resonance mode enabling a high heating 
efficiency was identified through a rigorous modeling study. 
Experimental tests on the reactor loaded with different samples showed 
that the critical coupling can be reached in a large variety of conditions. 
In the case of low-density Nicalon preforms, the power dissipated in the 
sample is greater than 60% of the power coupled to the reactor, despite 
the aging of the cavity walls due to the many infiltration cycles. Thanks 
to this efficiency, typical SiC-fiber reinforced preforms having a volume 
of the order of 100 cm3 can be heated up to about 900 °C in 5 min, using 
1 kW of microwave power. The proposed design method, whose general 
approach is substantiated by a good agreement between calculated and 
observed quantities, is expected to become an important tool in the 
design of overmoded reactors for different applications. 
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