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Abstract

Open-cell ceramic foams are promising materials in the field of microwave heating. They
can be manufactured from susceptor materials and can, therefore, be used as selective
heating elements. In this study, the complex permittivities of ceramic foam materials,
including silicon-infiltrated silicon carbide (SiSiC), pressureless sintered silicon carbide
(SSiC), silicate bonded silicon carbide (SBSIiC), and cordierite were determined. The
dielectric properties of the foams were determined by the cavity perturbation technique
using a TEi04 WR340 waveguide resonator at 2.45 GHz. Samples were preheated in a
tubular furnace, enabling temperature-dependent permittivity measurements up to 200 °C.
The effective dielectric constant and effective loss factor were found to depend on the
porosity and material composition of the foam. The SiSiC material had a higher effective
dielectric constant than the SSiC and SBSIC ceramics. The effective dielectric constant of
the foams showed a trend of gradual increase with increasing temperature. Some selected
dielectric mixing relations were then applied to describe the effective permittivity of the
foams and compare them with predictions from finite element simulations performed using
the CST Studio Suite. The foam morphologies and simple block inclusions were used in the

simulations.

Keywords: A. microwave processing, C. dielectric properties, D. silicon carbide, D.

cordierite.
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1 Introduction

Open-cell solid foams are interconnected solid networks (also referred to as skeletons),
through which fluids can pass (see Figure 1A). They exhibit characteristics that make them
extremely attractive for various thermal applications, such as heat exchangers, porous

burners, electric heaters [1], and catalyst supports [2,3].

Figure 1. (A) Image of the SiSiC foam morphology obtained by SEM; micro X-ray

tomography (LCT) cross-sectional images of the SiSiC foams (B) 30 ppi and (C) 45 ppi.

Microwave heating has been increasingly applied to many industrial processes and can also
be considered as a promising approach for the selective heating of foams. The microwave
absorbance and the heating characteristics of a material are commonly described by its
complex permittivity, which is constituted of real and imaginary parts (e = &' — je''), i.e.,
the dielectric constant (¢') and dielectric loss factor (&), respectively. The effective
permittivity (eq¢) IS the dielectric permittivity of a system or object that is made of two or
more materials. In the case of open-cell foams, which can be manufactured from any
sinterable material (e.g., ceramics), &q¢ IS @ function of the permittivities of the fluid (e,;,)

and solid (&ceramic) Phases.

Silicon carbide (SiC) is a ceramic base material that is suitable for the manufacturing of
open-cell solid foams. Its high-temperature stability, hardness, and corrosion resistance

make it an outstanding candidate for many engineering applications. Due to its excellent
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microwave susceptibility (i.e., the degree of absorption of the electromagnetic energy and
its conversion to heat), SiC is used to improve the heating efficiency in microwave
applications, either by blending low-loss materials with SiC particles or by placing those
materials close to or in contact with the bulky susceptor portions [4]. The temperature-
dependent complex permittivity of SiC powder (bulk density of 1.89 + 0.06 g/cm®) was
measured at 2.45 GHz by Fernandez et al. [5], as shown in Table 1. However, the
permittivity can be significantly influenced by doping or impurities. For example, boron-
doping increases both the dielectric constant and loss factor, from e = 6.70 — j0.02 to € =

65.44 — j32.40 (at 2.45 GHz) [6].

Table 1. Complex permittivity of SiC powder and cordierite.

The porosity (P) of solid foams is defined as the ratio of the volume of voids to the total
volume of the foam. As P increases, the effective permittivity decreases. For example, an
SiC foam with P = 83.7 + 1.0 % and a linear pore density of 50 pores per inch (ppi), has an
goff = 4.7 — j0.33 at 2.45 GHz (at room temperature of approximately 20 °C) [6], which is

lower than the e for P =41.1 + 0.18 % (SiC powder) [5], as reported in Table 1.

The objective of this study was the analysis of the relationship between the morphology and
effective permittivities (at 2.45 GHz) of SiC-based and cordierite-based open-cell solid
foams. A low-loss magnesium-aluminum-cyclosilicate (Mg2Als(SisAlO1g)) ceramic
material known as cordierite was compared with the SiC-based foams; the permittivity of
cordierite bulk as indicated in the literature is provided in Table 1. Thus, a systematic study

of the dielectric parameters was performed for ceramic-based solid foams with different
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porosities, pore densities, and compositions. Furthermore, the effective permittivities that
were predicted by some mixing relations were compared against those derived from

performed electromagnetic simulations.

2 Experimental methods and materials

2.1 Experimental dielectric measurements

Different techniques can be used to measure the dielectric properties of solid materials [9].
Among them, the cavity perturbation technique compares the resonance frequency (f;) and
quality factor (Q,) of a cavity without perturbation against the resonance frequency (f,) and
quality factor (Q,) of the same cavity after perturbation by a small material sample. The

complex permittivity of the perturbation sample is then calculated according to

I ﬁ(fl_fz)

= A + 1, and 1)
o=t (o) @
B+V:\Qy Qp)

where 1, is the cavity volume and Vj is the sample volume [10]. The coefficients A and B
can be determined by calibration, either using samples of an identical size and well-known
permittivities that are similar to the material of interest or by employing a numerical
calibration procedure. The latter is based on full-wave 3D electromagnetic simulations of

the forward problem. By variation of the sample permittivity within the anticipated interval,
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these simulations allow the correlation of the calculated frequency shift (f; — f5) and the
changes in the quality factor ( /Q1 /Qz) with a given permittivity. The complex

permittivity is then calculated from the measured scattering parameters (S-parameters)
using this correlation [10]. The transmission factor S,,, which is the ratio of the transmitted
power (at output port 2) to the incident power (at input port 1) characterizes the resonance

behavior.

Figure 2. Schematic of the dielectric measurement system based on the cavity perturbation
technique. S, (f) is the frequency-dependent S-parameter response at port 2 to the signal at

port 1.

A schematic of the experimental system used to acquire the complex permittivity of the
samples is shown in Figure 2. A more detailed description of the dielectric measurement
system developed by Soldatov et al. can be found in [11]. The resonator was based on a
standard rectangular WR-340 waveguide cavity, and the length of the cavity was chosen to
be resonant at a frequency of 2.45 GHz in the TE104 mode. Thus, the electric field standing
wave pattern had four maxima along the longest side of the cavity. The microwave signals
were coupled using inductive coupling ports with a 10 mm width and 43.18 mm height on
both ends. The cavity was connected to a vector network analyzer (VNA Agilent E5071C)
with coaxial-to-waveguide adaptors and coaxial cables to measure the Sy parameter. Two
small opposing holes were made in the walls of the cavity at the position of one of the four

electric field maxima to enable the positioning of the sample inside the cavity (within a
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quartz tube sample holder). A pyrometer (CellaTemp-PA) at the opposite end measured the
sample surface temperature inside the resonator. A resistive tubular furnace (Carbolite
MFT) was placed in front of the waveguide, allowing the sample to be heated to 1200 °C
before entering the cavity. In this study, the temperature range for the characterization was
30 °C-200 °C. The parameters S1 and the temperature were recorded by a computer, which
provided automatic control of the entire data acquisition process as well as predefined
heating scenarios. The acquired data (i.e., resonance frequency shifts and Q-factors) were
then post-processed to obtain the real and imaginary parts of the effective material

permittivity (at different temperatures), via Equations (1) and (2).

2.2 Ceramic foams

Very high temperatures or pressures (or both) are required to densify pure SiC powder by
sintering due to its covalent bond characteristics [12]. Therefore, the use of additives to
make the sintering process easier is preferred. In this study, the following types of SiC

ceramics were investigated [13]:

= Silica-bonded silicon carbide (SBSIC) is an oxide-bonded SiC ceramic manufactured
from coarse and medium-grained SiC powders by sintering at standard pressure, during

which amorphous silica or cristobalite (or both) bond the SiC particles.

= Pressureless sintered silicon carbide (SSiC) is produced using very fine SiC powder that

contains sintering additives.
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= Silicon-infiltrated silicon carbide (SiSiC) is produced by the reaction of molten silicon
with compact SiC powder, containing a high amount of free carbon. Initially, the carbon
reduces the native silica layer on the SiC particles. The infiltrating melted silicon then
reacts with the remaining free carbon to produce secondary SiC, leading to SiC bonding
between the SIiC grains. The remaining melted silicon fills the inter-particle voids

creating a somewhat dense microstructure.

The compositions and structures of SBSIC, SSiC, and SiSiC are shown in Table 2 and Figure

3, respectively.

Figure 3. Schematic structure of (A) SBSIC, (B) SSiC, and (C) SiSiC.

Table 2. Material compositions.

Solid foams have a macro-porous open-cell structure composed of stiff vertices
interconnected with struts, which form a continuous grid. Images example of an SiSiC solid
foam and its pore structure, obtained by scattering electron microscopy (SEM) and X-ray
micro-computed tomography (UCT), is presented in Figure 1. The struts have small cavities
inside them, which are isolated from the exterior. As the pore density increases, the pore
size decreases. The foam structure results from the replication technique, wherein the
polymeric template defines the cell size and shape. The open-cell polymer foams were
impregnated with a ceramic slurry. The excess slurry was then removed by squeezing and

centrifugation, resulting in the uniform coating of the polymer foam struts. During the
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subsequent heat treatment, the polymeric template was decomposed (by pyrolysis), and the
ceramic material became sintered. The same SiC powders were used to manufacture the
SSiC and SiSiC test samples, which were used to identify the influences of the various
compositional materials and binding types (see Table 2). These powders were fine and
reactive, with a median grain diameter dso ~ 2 pum. The SBSIC also included a second,

coarser SiC powder (dso = 20 pum) to achieve a fine to coarse ratio of 2:3.

Cylindrical samples of the bulk material and the open-cell foams having nominal pore
densities of 30 ppi, 45 ppi, and 60 ppi and porosities in the range of 86.9 % to 96.5 % were
produced (IKTS Fraunhofer, Germany) for dielectric characterization based on the cavity
perturbation technique. The average cell diameters, densities, porosities, and dimensions of
bulk and open-cell ceramic foam samples are summarized in Table 3. The average cell
diameters of the foams were determined by optical 2D-image analysis of light micrographs
using a Pore!Scan-System from Goldlicke GmbH [40]. The density of the foam strut
material was lower than the maximum feasible density because no subsequent compaction,
excepting the eventual sintering shrinkage, can be applied to open-cell ceramic foams. The
same suspension was used for both sample types to identify the structure-related differences

between the foam and bulk samples.

Table 3. Bulk and foam sample properties.
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3 Calculations

3.1 Mesh construction for the numerical simulations

Two morphology classes, i.e., foams and blocks, were analyzed to compare their influences
on the effective complex permittivity. The foam morphology chosen for the simulation was
obtained from numerous 2D digital cross-sectional images of a rectangular 45 ppi SiSiC
foam sample (size: 40 mm x 40 mm x 25 mm, porosity: 85 %) recorded by uCT. The back-
projection algorithm [14] was used for the 3D sample reconstruction. The spatial resolution
of the reconstructed tomographs was 56 um per voxel. The foam stack was first cut to a
smaller representative cubic volume with a 15 mm edge length to reduce the computational
burden of the simulations. A representative cube is a rectangular cuboidal representation

that utilizes a particular volume of the foam that has the same porosity as the sample.

Additional meshes with lower porosities were produced using a 3D dilatation filter to study
the porosity over a wide range (see Section 4.3) [15]. This filter dilates the cross-sectional
structure of the foam using a spherical kernel diameter of 3 voxels, which increases the
skeleton volume, and, consequently, decreases the porosity. The mesh reconstruction (see
Figure 4) was then achieved by applying the marching cubes algorithm [16], following
which the small non-connected structures were eliminated. Further, mesh simplification
(i.e., the transformation of a given polynomial mesh into another with fewer faces, edges,

and vertices), mesh smoothing (i.e., the removal of noise from the mesh surface), and

10
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uniform mesh resampling (to optimize the point distribution) were performed [39]. A

detailed description of the mesh construction can be found in [17].

Figure 4. Foam morphology reconstruction and meshing.

Finally, the meshes were imported into the CST Microwave Studio Suite and incorporated
as inclusions in a box. The outer box represented the air and the inclusions for the ceramic
foams. The resulting boxes with the inclusions had porosities of 11 %, 30 %, 50 %, 70 %,

and 85 %, based on the ceramic and air domains.

For the block morphology inclusions, a series of blocks were used instead. The blocks were
generated in the directions of the box corners, resulting in an arrangement of eight blocks.
The block size was selected to obtain porosities ranging from 0 % to 100 % at 10 %
increments. Additionally, the porosities were adjusted to facilitate direct comparison with
the porosities of the foam morphologies mentioned previously. Two approaches were used
for the block model generation, wherein the properties of the blocks and matrix were
interchanged. The first approach involved block-shaped ceramic inclusions in an air matrix,
while the second used block-shaped air inclusions in a ceramic matrix. These arrangements
facilitated the comparison of the effects of the non-connected and connected ceramic
structures to those of real foam structures. Examples of the foam and block inclusions are

shown in Figure 5.

11
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Figure 5. Examples of the foam morphology inclusions (upper row), ceramic block
inclusions (middle row), and air block inclusions (lower row), within the boxes. Ceramic

and air materials are color-coded in red and blue, respectively.

3.2 Numerical modeling and complex permittivity calculation

Electromagnetic wave propagation was simulated at 2.45 GHz using the CST Microwave
Studio Suite and the model shown in Figure 6 to estimate the effective permittivities of the
different foams. Simulations of the hexagonal meshes representing the foam morphologies
(minimum 1 000 000 cells) and block morphologies (minimum 300 000 cells) were
performed using a transient domain solver. The boundary conditions were defined as
follows: the pairs of normal faces in the x, y, and z directions were taken as the electric
walls, magnetic walls, and free space boundaries with no reflections (i.e., open walls),
respectively. The input and output microwave ports were defined at reference planes shifted
to the normal faces in the z-direction of the models. The bulk permittivity from the
effective-medium approximation of the SiSiC was used for the ceramic inclusions (foams
and blocks). Air properties were set for the waveguide domain. Finally, the scattering
parameters were acquired by numerical simulation. The simulation setup and sequential

procedure are visually summarized in Figure 6.

Figure 6. Sequential procedure for the foam morphology (upper row) and block
morphology (lower row) inclusions used for computing the scattering parameters using

numerical simulations.

12
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In the next step, the effective permittivities were determined using the S-parameters [18].
The S-parameter retrieval method [19,20] was used to calculate the permittivity from the
reflected (S11) and transmitted scattering signals (Sz21). Initially, the impedance (z) was

obtained as

S (1+S4,)2 —5221'
—J (@ =812 =55 (3)

The refractive index (n) was then calculated by applying the obtained impedance and

Equation (4):

n= L Im<in S21 +2mm —i-Re<ln 521
koL | _Z=DSy 1-E=DSy [IT @)
(z+1) (z+1)

where k, is the wavenumber, L is the sample length in the wave propagation direction
between ports 1 and 2, m is the fundamental branch of the sinusoidal function periodicity
(in this work, m = 0 because L < Agyqm/4), and Afoq i the wavelength in the foam at

2.45 GHz. The effective permittivity was then calculated as

n
Eeff = ©)

13
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4  Results and discussion

4.1 Determination of the complex permittivity

Figure 7 provides the effective dielectric constants (g.¢) and the effective loss factors (e
of the cordierite and SiC-based samples obtained from the temperature dependence
measurements using the cavity perturbation method. Notably, the bulk did not necessarily
refer to samples having a 100 % theoretical density (as listed in Table 3) because of the
previously described preparation technique. In contrast to the SiSiC, the other bulk
materials had significant residual porosities (SBSiC: 29.1 %, SSiC: 8.7 %, cordierite:

29.3 %). The permittivity of the bulk SiSiC sample is not shown because it was detected
uncertainty regarding its composition and porosity. Further, the high losses of the bulk
SiSiC, SSiC, and SBSIC samples resulting from excessive perturbation caused the solution
of the inverse problem associated with the cavity perturbation technique to provide
unreliable results. Thus, the results for these bulk materials are also not shown. For all
materials, the samples had a range of complex permittivity values (represented by the error
bars in Figure 7), which was primarily caused by the spread in the sample geometry (see

Table 3).

No clear trend could be observed for the relationship of the permittivity to the skeleton
structure or pore size (in terms of the pore density). Notably, the pore density was provided
as the mean ppi-value and is a measure of the interface density [21], which corresponded to

the inverse of the mean chord length. The unit of ppi is not recommended for use in

14
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scientific papers because the inch is not a unit recognized in the international system of
units. However, it is used in various industrial standards for foam production [22] (as was
the case in this study). Further, it can be observed that, in most of the samples, the
permittivity decreased with increasing porosity because the contribution of the air to the

effective permittivity increased (&,ir < €ceramic)-

Figure 7. Effective dielectric constants (left) and effective loss factors (right) of cordierite
(first row), SiSiC (second row), SBSIC (third row), and SSiC (fourth row) at a frequency of

2.45 GHz.

As seen in Figure 7, the permittivity of the SiSiC differed significantly from that reported
for the SSiC and SBSIC, highlighting the impact of the free silicon infiltration. The
dielectric properties of SiC ceramic foams depend strongly on the characteristics of their

doping, additives, or impurities.

From Figure 7, it is evident that the SBSIC and SSiC had similar effective dielectric
constants. In comparison, the SiSiC exhibited a significantly higher effective dielectric
constant, presumably related to the free silicon that infiltrated the SiSiC foam structure
(Figure 3). Given that silicon is a semiconductor with a dielectric constant of approximately
11.9 [23] at 2.45 GHz, the resulting effective dielectric constant was higher as compared to

the SiC foams that did not contain free silicon.
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The effect of the temperature on the loss factor was considerable for the SSiC but not the
other foams, presumably related to the comparably higher fraction of silicon carbide and
the excess carbon that was not completely consumed by the native silica layer of the SiC
particles during the sintering process (see Table 2). When adding carbon to SiC (C-SiC)
[24], its conductivity changes from n-type to p-type, so a greater amount of carbon would
increase the conductivity and, therefore, its loss factor. Furthermore, increasing
temperatures result in increased carbon-based conductivity and permittivity [25]. Moreover,
after the manufacturing process is complete, some additive materials used in the
manufacturing process may remain as reacted materials or binders. In this study, boron was
employed as the sintering aid. Boron is a trivalent element that creates p-type electron

vacancies and, thus, further increases the electrical conductivity in the SSiC.

Highly porous materials always contain some water in their pores due to the ambient
atmosphere. Being exposed to elevated temperature causes water to leave the material, thus
leading to a decrease in its effective permittivity. This effect, however, coincides with the
change of permittivity in the skeleton material of the foam. The effect of water depletion on
the effective permittivity competes in foams made from typical dielectrics like oxides,
nitrides, or carbides, which have increasing trends in permittivity versus temperature.
Semiconducting additives, such as silicon and carbon (in this case conducting), in SiSiC
and SSiC foams, respectively, could cause increased effective loss factors, which correlates
with the SiC skeleton temperature behavior and inversely with water depletion. The
interplay of these three factors that define the resulting temperature behavior of the

permittivity of the foams in this study is clearly different between SiSiC and SSiC.
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Compared to SSiC, SBSIC has no carbon or boron source added, and includes alumina
(Al203) and silica (SiO.). Fused amorphous silica (SiO2) has a dielectric constant of

approximately eg;o,~3.8 throughout the frequency range of 1 x 107> to 40 GHz [26], and

is known for its very low loss factor of & ceq sitica < 1 X 1073 [27]. Thus, the competition
of only two substances, i.e., SiC and water, could be assumed. Interestingly, the water
depletion resulted in a declining trend of the loss factor with temperature, but an increasing

trend with the dielectric constant. This is likely a consequence of the relatively higher

contribution of the water loss factor than its dielectric constant.

The notable increase of the cordierite permittivity for P = 29 % is a result of its domination
of the skeleton material composition. In contrast, at P ~ 85 %, the water depletion almost
fully compensated for the trend of increasing permittivity. As seen in Figure 7, only the loss
factor of SSiC increased significantly with temperature. Thus, the microwave absorbance of
SiSiC and cordierite foams could be considered to be constant within the studied

temperature range.

The assessment of whether the foams behaved as homogeneous effective media is also
important. Foam can be considered to behave as an effective medium when the wavelength
of the incident electromagnetic radiation A is much larger than the mean cell size.
Therefore, the criterion used to determine whether the system behaves as an effective
medium is based on its inclusion size parameter, which is calculated as x = 2mr /A, where r
represents the inclusion or particle size. Mishchenko et al. proposed a threshold value of

x < 0.15 [37].
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The permittivity of a medium affects the wavelength according to A = A,/,/.¢¢, Where A,

is the wavelength in a vacuum. In this study, the cells are considered as spheres, and their
diameters ranged between ~ 1.46 mm (30 ppi) and < 1 mm (60 ppi). As shown in Table 4,
inclusion size parameters x < 0.15 were obtained for all foam types; i.e., they can be

treated as effective homogeneous media.

Table 4. Maximum inclusion size parameter (x) of foams; 30 ppi foams were used for the

calculations because they have the largest cell diameter.

4.2 Permittivity mixing relations

As in the effective-medium approximations and empirical mixing relations (see Table 5),
two-phase mixing relations were used to describe the effective permittivity of the ceramic
foams in terms of their porosities and bulk permittivities. The bulk permittivities of the
SiSiC, SBSIC, and SSiC were not determined and, accordingly, were considered as
parameters in the mixing relations that were fitted to the experimental data using iterative

least-squares estimation.

When the porosity reaches 100 %, the effective permittivity should approach the

!

permittivity of the material occupying the pores, in this case, air; eg(P = 1) = €}, =

1.00, which corresponds to &;, at 25 °C and is almost constant within the studied

temperature range. In contrast, if the porosity is 0 %, e.(P = 0) = e, represents the
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dielectric constant of the ceramic material of the skeleton or the fully dense ceramic

samples.

Table 5. Mixing relations for the description of effective permittivities. (: The exponential
relation proposed by Pabst and Gregorova [29] is not identical to the simple exponential

relation promoted by Rice [36]).

4.2.1 Effective-medium approximations

The most popular effective-medium approximations [28-30,35] were used for simultaneous
data fitting: the Maxwell-Garnett approximation (Maxwell type relation), Bruggeman-
Landauer approximation (self-consistent relation), Differential Effective Medium (DEM,
differential relation), the exponential relation (from Rice [35]), and the Pabst-Gregorova
exponential relation [29] (see Table 5), as shown in Figure 8. The dimensional parameter
(d) for the spheres was set as d = 3. The adjustable parameter (B) of the Pabst-Gregorova
exponential relation was set to B = 2 for the spherical pores [29], and B in the exponential

relation (from Rice [35]) was estimated from experimental data fitting.

Figure 8. Comparison of the measured and predicted effective dielectric constants using
various effective medium approximation relation for SiSiC (upper-row, left), SBSiC
(upper-row, right), SSiC (lower-row, left) and cordierite (lower-row, right) at 2.45 GHz and
100 °C. The SSiC permittivities from power extrapolated to 100 °C powder* [5] and

foam** [6] were used for comparison.
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The estimated effective dielectric constants of the fully dense materials were: &;q;c =
95.05 + 0.31, epsic = 19.34 + 0.10, e&g;c = 20.26 + 0.40, and €.,.4 = 5.35 + 0.21.
Among the compared relations, the best agreement was obtained using the Maxwell-
Garnett relation for the SiC-based foams. The Maxwell-Garnett approach is a non-
symmetric relation wherein the sphere inclusions are well-separated from each other.
Because &};, < &cer, the Maxwell-Garnett approach corresponds to the Hashin-Shtrikman

upper bound, as shown in Figure 8.

Additionally, there was some agreement between the extrapolated permittivities (at 100 °C)
of the SiC powder [5] and foam [6] with boron impurities and the Maxwell-Garnett
approach relation for the SSiC, despite these materials having a slightly different
composition. Further, the dielectric constant of fully dense SSiC (gég;c = 20.26 + 0.40)
agrees with the extrapolated value of e{g;c = 20.3 £ 0.3 (at 100 °C) from a fully dense tile

sample [38] of SiC with boron impurities.

4.2.2 Fixed-parameter weighted mean relations

Fixed-parameter weighted mean relations [28], such as those based on the arithmetic,
harmonic, and geometric means (see Table 5) were also used for simultaneous data fitting.
The Hashin-Shtrikman (HS) bounds were used along the fixed-parameter weighted mean
relations because the foams were considered to be anisotropic. The results are shown in

Figure 9.
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Figure 9. Comparison of the measured and predicted effective dielectric constants using
the weighted mean relations with Hashin-Shtrikman bounds for SiSiC (upper-row, left),
SBSIC (upper-row, right), SSiC (lower-row, left), and cordierite (lower-row, right) at 2.45

GHz and 100 °C.

The estimated effective dielectric constants of the fully dense materials for the fixed-
parameter weighted mean relations were: g;;c = 91.07 + 0.31, &iggic = 19.73 £ 0.10,
&ssic = 20.63 + 0.40, and &/, = 5.69 + 0.21, which agreed exceptionally well with the

values estimated by the effective-medium approximations.

For the SiC-based foams, the weighted mean relations were practically reduced to the fitted
upper bound because the data were primarily concentrated at the right side of the graph
(P > 0.8). Thus, the lines for the upper Wiener or HS bounds (W,rithm = Yharm =

4

eom =~ 0) nearly overlapped. Conversely, the measured data for the cordierite was

between the HS bounds. All weighted mean relations agreed well with the measured data.
The weight parameters estimated for cordierite using the HS bounds were

llugeom/arithm/harm ~ 0.25 and E(,:ord =5.69.

4.2.3 General sigmoidal mean relations

The N-parameter (N) in the general sigmoidal mean relation [28] denotes the type of
volume-weighting (which is subharmonic for N < —1, harmonic for N = —1, geometric

for N = 0, arithmetic for N = 1, and superarithmetic for N > 1). Figure 10 shows the
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comparison of the measured and predicted effective dielectric constants for different N-
parameters; one parameter was fitted to the experimental data with the condition of N # 0,

and the other was fitted by setting N = 0.

Figure 10. Comparison of the measured and predicted effective dielectric constants using
the general sigmoidal mean relations for different N-parameters and bounds for SiSiC
(upper-row, left), SBSIC (upper-row, right), SSiC (lower-row, left), and cordierite (lower-

row, right) at 2.45 GHz and 100 °C.

The estimated effective dielectric constants of the fully dense materials for the general
sigmoidal mean relation were essentially equal to those obtained from the weighted mean
relation, which is probably related to both relations using the HS bounds. Good agreement
was obtained for the non-zero N-parameter (N # 0) for all materials N > 60.83, which
corresponds with the volume-weighted superarithmetic mean relations coinciding with the

Hashin-Shtrikman upper bound.

4.2.4 General power mean relations

Similar to the previous relation, the n-parameter in the general power mean relation [28]
denotes the type of volume-weighting, which is harmonic for n = —1, geometric for n =
0, and arithmetic for n = 1. The comparison of the predicted and measured effective

dielectric constants is shown in Figure 11.
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Figure 11. Comparison of predicted and measured effective dielectric constants using the
general power mean relations (solid line: n = 0, dashed line: n # 0); and bounds for the
SiSiC (upper-row, left), SBSIC (upper-row, right), SSiC (lower-row, left), and cordierite

(lower-row, right) at 2.45 GHz and 100 °C.

Sigmoidal relations did not well represent the effective dielectric constant of the SiC-based
materials because the data were mainly located at the right side of the graphs, which caused
unrealistically high values of the fully dense effective dielectric constant (&g;g;c > 1000)
and the n-parameters to be almost zero. In contrast, n = 0.327 was determined for the
cordierite to ensure satisfactory agreement between the experimental and predicted results.
This value was close to the n-parameter value (n = 1/3) predicted by Landau-Lifshitz and
Looyenga [33-34] for the formula (g4¢) /3 = (1 — P)(eler)Y® + P(el;,)Y/3. Interestingly,
this formula was developed for the finely dispersed mixing of isotropic particles, which
would seem a reasonable assumption for cordierite foams as well. The dielectric constant

estimated for the fully dense cordierite was €/,.q = 6.038.

4.3 Complex permittivity calculated by the numerical simulations

The effective permittivities were also calculated from the scattering parameters obtained
via electromagnetic simulations for the SiSiC foam inclusions (porosities of 11 %, 30 %, 50
%, 70 %, and 85 %) and their corresponding block morphologies at 2.45 GHz. The
effective permittivities of the fully dense SiSiC that were obtained from the effective

medium approximations were used. Predictions from the simulations in comparison with
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the effective medium approximation relations are shown in Figure 12. The simulated
effective dielectric constants of the foam morphologies demonstrated a tendency similar to
the Bruggeman-Landauer relation. Further, the effective dielectric constants of the block
morphologies with ceramic and air inclusions behaved similarly to the DEM-complement
relation [35] and Maxwell-Garnett relations, respectively; the DEM-complement relation

refers to the mixing wherein the phases and their volume fractions are interchanged, as is

A, 1 \1/d
the case for ceramic inclusions:g,‘*ff—‘;fer (?) = P.

air~ ©cer \<eff
Figure 12. Comparison of the effective dielectric constants for the SiSiC open-cell foams
and blocks at 2.45 GHz and 100 °C obtained via simulations with the experimental data and

effective medium approximation relations.

The Bruggeman-Landauer relation handles each phase symmetrically, making it invariant
to the simultaneous interchanges of the phase permittivities and porosities. The host
medium or inclusions are not required to be defined as ceramic or air for the entire porosity
range. Therefore, phase-inversion symmetry of the material is allowed, as is expected from
the foam morphology models. However, the relation predicts a percolation threshold at P =
2/3 (because air is an insulator), which results in an inflection at this point. This does not
hold completely in the case of the simulated foam with P > 0.70 (see Table 9), indicating
that the struts of the ceramic material were still connected at even high porosity values. The

permittivity of the simulated foam further explains the apparent agreement in the trends
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with P = 0.50, which matches the bi-continuous [30] segment (1/3 < P < 2/3) of the

relation.

The Maxwell-Garnett relation is derived from the effective-medium approximation
homogenization theory for approximately spherical dielectric particles that are uniformly
distributed on a background host medium [26] and provides better prediction accuracy
when large numbers of inclusions are present. Further, the inclusions are not required to be
the same size as long as they are much smaller than the wavelength of the operating field.
Additionally, the effective permittivity depends on the degree of polydispersivity of the
spherical particles [30], which leads to a percolation threshold of P = 1, i.e., the ceramic
phase is no longer connected when everything is entirely composed of air. This holds for
the air block inclusions because the ceramic remains interconnected throughout the porosity
range and thus, agrees well with the Maxwell-Garnett relation, which approaches the upper
HS bound because &;,.4 > €4, In comparison, the cells of the simulated foams tend to not
be as well-represented by spherical particles isolated in a host medium because they are
interconnected through open pores, resulting in less agreement with the Maxwell-Garnett
relation (see Table 9). Moreover, the measured data were better represented by the air block
inclusions, possibly due to the semiconductive silicon effectively connecting the entire

skeleton.

The DEM and DEM-complement relations are non-symmetric. These relations always

address the spherical inclusion phase as a dilute concentration with respect to the effective
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medium, which is the best approximation of the ceramic inclusions embedded in a

continuous medium, i.e., the ceramic block inclusions.

For the block inclusions, non-equal contributions generally arise due to the significant
difference between their dielectric properties. When the host medium was air (&3;,./€isic =
0.058), charge carrier accumulation near the interphase boundaries was promoted, which
caused the mixing to be a non-conducting network. Conversely, when the host medium was
the SiSiC (egisic/€4ir = 17.20), the mixing is a conducting network [34], which increases
the leak current and results in increased dielectric loss. Consequently, the dielectric loss
factor of the air block inclusions (SiSiC host medium) was higher than the loss factor of the

ceramic block inclusions (air host medium), as shown in Table 6.

Table 6. Comparison of the effective dielectric permittivities of the SiSiC, as predicted by
the Bruggeman-Landauer, Maxwell-Garnett, and DEM-complement relations, with the

results of the block and foam simulations.

5 Conclusions and outlook

In this study, the dielectric properties of SiC-based solid foams, namely SBSIC, SSiC, and
SiSiC, as well as cordierite were analyzed. The complex permittivity was of particular
interest because it provides the imaginary part or loss factor, which is a key parameter for
predicting and designing systems heated by microwaves. Both the effective dielectric

constant and the effective loss factor of the SiSiC and SBSiC foams had remarkably
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different values as compared to the pure SiC, which could be attributed to the additives or

dopants used during the sintering of the foams. The primary conclusions from this study

are:

The dielectric properties of open-cell solid foams based on SiC were strongly
correlated with the foam porosity. In contrast, no correlation was observed for the

pore density.

Satisfactory agreement was obtained for cordierite foams by applying the mixing
relations. Notably, the general power mean relation (fitted to the experimental data)
returned an exponent n = 1/3, which agrees with that of the well-known Landau

mixing model prediction exponential value of n = 1/3.

The effective permittivities predicted by the Bruggeman-Landauer relation
reasonably agreed with the numerical simulations that were based on the real foam
morphology because this model accounted for the phase-inversion symmetry of the
foam skeleton as its porosity increased. By comparison, the Maxwell-Garnett and
DEM-complement relations were suggested to predict the numerical simulation
results based on simple block non-interconnected (air and ceramic) inclusions,

respectively.

Future work will focus on numerical simulations and experimental predictions of the

dielectric properties of other foam materials and the disclosure of SiSiC, SBSIC, and SSiC
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fully dense permittivities. Furthermore, the effects of dopants and sintering additives on the

dielectric properties of SiC foams will be studied systematically.
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Figure captions

Figure 1. (A) Image of the SiSiC foam morphology obtained by SEM; micro X-ray

tomography (UCT) cross-sectional images of the SiSiC foams (B) 30 ppi and (C) 45 ppi.

Figure 2. Schematic of the dielectric measurement system based on the cavity perturbation
technique. S, (f) is the frequency-dependent S-parameter response at port 2 to the signal at

port 1.
Figure 3. Schematic structure of (A) SBSIC, (B) SSiC and (C) SiSiC.
Figure 4. Foam morphology reconstruction and meshing.

Figure 5. Examples of the foam morphology inclusions (upper row), ceramic block
inclusions (middle row), and air block inclusions (lower row), within the boxes. Ceramic

and air materials are color-coded in red and blue, respectively.

Figure 6. Sequential procedure from foam morphology (upper row) and block morphology
(lower row) inclusions towards computational modeling for computing scattering

parameters using numerical simulations.

Figure 7. Effective dielectric constants (left) and effective loss factors (right) of cordierite
(first row), SiSiC (second row), SBSIC (third row) and SSiC (fourth row) at a frequency of

2.45 GHz.

Figure 8. Comparison of measured and predicted effective dielectric constants using
various effective medium approximation relations for SiSiC (upper-row, left), SBSiC

(upper-row, right), SSiC (lower-row, left) and cordierite (lower-row, right) at 2.45 GHz and

35



655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

100 °C (SSiC permittivities from power extrapolated to 100°C powder* [5] and foam™** [6]

were used for comparison).

Figure 9. Comparison of the measured and predicted effective dielectric constants using the
weighted mean relations with Hashin-Shtrikman bounds for SiSiC (upper-row, left), SBSiC
(upper-row, right), SSiC (lower-row, left), and cordierite (lower-row, right) at 2.45 GHz

and 100 °C.

Figure 10. Comparison of the measured and predicted effective dielectric constants using
the general sigmoidal mean relations for different N-parameters and bounds for SiSiC
(upper-row, left), SBSIC (upper-row, right), SSiC (lower-row, left), and cordierite (lower-

row, right) at 2.45 GHz and 100 °C.

Figure 11. Comparison of predicted and measured effective dielectric constants using the
general power mean relations (solid line: n = 0, dashed line: n # 0); and bounds for the
SiSiC (upper-row, left), SBSIC (upper-row, right), SSiC (lower-row, left), and cordierite

(lower-row, right) at 2.45 GHz and 100 °C.

Figure 12. Comparison of the effective dielectric constants for the SiSiC open-cell foams
and blocks at 2.45 GHz and 100 °C obtained via simulations with the experimental data and

effective medium approximation relations.
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Table captions

Table 2. Complex permittivity of SiC powder and cordierite.
Table 2. Material compositions.
Table 3. Bulk and foam sample properties.

Table 4. Maximum inclusion size parameter (x) of foams; 30 ppi foams were used for the

calculations because they have the largest cell diameter.

Table 5. Mixing relations for the description of effective permittivities. (* The exponential
relation proposed by Pabst and Gregorova [29] is not identical to the simple exponential
relation promoted by Rice [36]).

Table 6. Comparison of the effective dielectric permittivities of the SiSiC, as predicted by
the Bruggeman-Landauer, Maxwell-Garnett, and DEM-complement relations, with the

results of the block and foam simulations.
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Table 3. Complex permittivity of SiC powder and cordierite.

Frequency

Complex permittivity

Material Temperature (°C) (GH2) (&) Reference

30 11.45 — j2.00

SiC powder 50 2.45 11.72 — j1.65 [5]
70 11.87 —j1.36
~20 1x10° 6 — j0.06 [31]
~20 8.52 4.77 — j0.008 [32]

Cordierite
20 10 4.30 — j8.6x107* [7]
~20 18.3 4.89 — j11.6x107* [8]
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Table 2. Material compositions.

Material Ingredients
SBSIC | Bi-modal SiC powder composition, silica sources and alumina powder as
inorganic binder matrix.
SSiC Fine SiC powder, organic temporary binder acting as carbon source after
pyrolysis, and boron as a sintering aid.
SiSiC Fine SiC powder, organic temporary binder acting as carbon source after
pyrolysis to react with the infiltrated silicon.
Cordierite | Composition of cordierite chamotte, bentonite, alumina, clay, and
soapstone.
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Table 3. Bulk and foam sample properties.

Averaged cell Density Diameter /
Material Description ; 3 Porosity (%) height of
diameter (um) (9/cm’)
samples (mm)
Bulk - 2.14 29.1 7.9/10.0
30 ppi ~ 1460 0.18-0.28 90.7-94.0
SBSIC
. ~ 7.2+0.7/
45 ppi ~ 890 0.16 - 0.22 92.6 -94.7 93+07
60 ppi ~ 600 0.22 92.7
Bulk - 2.88 8.7 7.9/10.0
30 ppi ~ 1460 0.19-0.21 93.3-94.1
s8I 45 ppi ~ 890 011-015 | 952-964 | ©&9%10/
PPl = A &0 9.0+1.0
60 ppi ~ 600 0.11-0.17 94.7 - 96.5
Bulk - 2.69 0.0 7.9/10.0
30 ppi ~ 1460 0.27-0.35 88.0-88.9
SISIC 45 ppi ~ 890 0.20-0.22 90.9-91.8 7405/
bpi = Sl A 95405
60 ppi ~ 600 0.18-0.20 92.2-93.0
Bulk - 1.80 29.3 7.9/10.0
Cordierite 30 ppi ~ 1460 0.33-0.37 85.3-87.2
. ~ 7.4+05/
45 ppi ~ 890 0.27-0.49 80.7-89.5 95+05
60 ppi ~ 600 0.27 89.5
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694  Table 4. Maximum inclusion size parameter (x) of foams; 30 ppi foams were used for the

695 calculations because they have the largest cell diameter.

Foams SBSIC SSiC SiSiC Cordierite
Ebrraoppi | 185 1.67 7.10 1.45
A(mm) | 90.7 99.3 46.4 101.32
Xsoppi | 0.05 0.05 0.10 0.05
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697
698

699 relation promoted by Rice [36]).

Table 5. Mixing relations for the description of effective permittivities. (* The exponential

relation proposed by Pabst and Gregorova [29] is not identical to the simple exponential

Maxwell-Garnett approximation (Maxwell-

Effective-medium approximations

type relation non-symmetric) [30]

Bruggeman-Landauer approximation (self-
consistent relation symmetric) [30, 35]

Differential Effective Medium (DEM)
approximation (Bruggeman relation non-

symmetric) [30, 35]

Exponential relation [36]

Pabst-Gregorova ! exponential relation [29]

. ‘géff_séer = (P) i £
gop + (d — 1eler

air
£,

air

7
— Ecer

+(d - Deger

’ ’
Ecer — Eeff

! r
Eair — Eeff
(1-p) =-P) g
ler +(d — Deg &+ (d — Deggr
! r ’ 1/d’
glair — S,eff <gc’er> =1-p
Eair — Ecer \ Eeff
’
Eeff

—— =exp(—=B-P)

cer

Eor ( p )
e —-B——
gc’er exp 1-P

Weighted arithmetic mean of the upper and

Empirical mixing relations

lower bounds [28]

Weighted harmonic mean of the upper and
lower bounds [28]

Weighted geometric mean of the upper and
lower bounds [28]

General sigmoidal mean of the upper and
lower bounds [28]

General power mean of the upper and lower
dielectric constants [28]

T _ + -
Eeff = (1 - lParithm)‘gB + l‘UarithmgB

-1

r (1 - lpharm) l‘Uharm

Eeff = e +—
B

B

géff = exp[(l - lpgeom) 11’1(83') + l‘Ugeom 11’1(&‘];)]

et = (1= 8on)[(1 = PYED™ + Peg)V IV

+ 8o n{exp[(1 — P)In(ef) + PIn(ex)]}

_f1 if N=0
where & = {0 otherwise

1
ot = (1= 8o )[(1 = P)(eler)™ + Pggi )" I

+ 50,n{exp[(1 - P) ln(‘géer) +P ln(‘g;ir)]}

_(1 ifn=0
where 6y, = {0 otherwise
Wiener bounds (g5 = &) Hashin—Shtrikman bounds (g5 = &gp)

Upper Upper Hashin— 1= P)P(s' — ' )2
Wiener &y = (1 — P)eler + Pely, Shtrikman efis = (1 — P)eler + Pelyr — ( )P (Ecer - a”),
bound [28] bound [28] Beter = (1 = P)(eter — £51r)
Lower -1 Lower Hashin- ' /N2

— 1 — P)P(&er — &
Wiener &g = [(1 ; P) +,L] Shtrikman s = (1 = P)eler + Pelyy — ¢ - )P — a,")
bound [28] Eer i bound [28] Begir + P(ecer — £air)

42




700 Table 6. Comparison of the effective dielectric permittivities of the SiSiC, as predicted by
701 the Bruggeman-Landauer, Maxwell-Garnett, and DEM-complement relations, with the
702  results of the block and foam simulations.
Effective dielectric permittivity g (-)
Porosity _ _ _ _
Simulation Simulated Simulated blocks
- . . Bruggeman- Maxwell- DEM-
with foam blocks — air —ceramic
. . . - Landauer Garnett complement
morphology inclusions inclusions
011 [ 79.83—j2.99 | 7830—,3.94 | 20.74—j0.25 | 79.62 —j4.27 | 80.41 —j4.32 | 5559 — j2.40
0.30 | 51.03 —j1.43 | 56.80 —j2.96 | 7.99—j0.04 | 53.12—;2.82 | 58.37 —j3.12 | 19.35 — j0.43
050 | 26.42—j0.72 | 37.49—j1.97 | 4.29-j0.01 | 25.85—;1.28 | 38.74—2.05 | 6.65—j0.05
0.70 8.96 —j0.39 | 21.62—j1.09 | 2.49 —j0.00 5.11-;0.09 | 21.98—j1.13 | 2.75—;0.01
0.85 540 —j0.01 | 0.00—j0.00 1.64 — j0.00 1.75—j0.00 | 10.95—j0.54 | 1.71 —j0.00
703
704
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