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Experimental and numerical thermal analysis for direct

microwave heating of Silicon Carbide
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Saint-Etienne, France A comparison between experiment and numerical simulation of microwave heating

Correspondence of a parallelepipedic silicon carbide (SiC) sample is presented. Using a 2.45 GHz
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single-mode cavity, the evolution of the surface temperature is first experimentally
studied for different orientations of the sample. A finite element analysis of this
electromagnetic - thermal coupled problem is then conducted with the COMSOL
Multiphysics®) software. Despite the different approximations of our model, a good
agreement between experimental and numerical results is found, confirming that the
heating of SiC depends only on the electric field. The effect of sample orientations

and the cavity length on heating is also highlighted and analyzed.

KEYWORDS:
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HIGHLIGHTS

Numerical and experimental study of microwave heating of a parallelepipedic silicon carbide sample.

Investigation of the effect of sample orientation in the electric field.

Emissivity measurement silicon carbide (SiC).

e Impact of sample dimensions and cavity length on the microwave heating.
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NOMENCLATURE

Electromagnetic symbols
o E electric field (V.m™!)
o H magnetic field (A.m™")

e D clectric displacement field (C.m?)

P dielectric polarization field (C.m?)
, complex relative permittivity (F.m~!)

° e: relative permittivity imaginary part (F.m™1)

e £, vacuum permittivity (8.85418782 x 10712 Fm™!)
e u, complex relative permeability (H.m™!)

. M: relative permeability imaginary part (H.m™!)

e 4, vacuum permeability (47 X 1077 H.m™')

e o, electric conductivity (S.m™!)

e o angular frequency (rad.s™h)

e j the complex number

e P, incident power (W)

o P reflected power (W)

Thermal symbols

e 7 density (kg.m™3)

: -1 -1
C, specific heat (J.kg™".K™")

x thermal conductivity (W.m~'. K1)

® heat flux (W.m™2)

0]

. surface to ambient radiative heat flux (W.m=2)
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e @, convective heat flux (W.m™2)

o Stefan-Boltzmann constant (5.670367 x 1078 W.m=2.K~*%)

® ¢ emissivity

QOpy heat source (W.m™?)

h heat transfer coefficient (S W.m—2.K~1)

T temperature (K)

T,., ambient temperature (K)

1 | INTRODUCTION

The sintering process by microwave heating has been studied over the last decades, both in the context of basic research!!! and

SH 104111

industrial applications, for various materials such as metals**, ceramics* and composites . Due to the penetration of the
electromagnetic wave into the material, this process offers volumetric heating, selective heating, low energy consumption and
short processing time. This work focuses on ceramic materials, which have no or low magnetic loss. In this case, the contribution
of the magnetic field to microwave heating is negligible'2"14, Hence, the heating is only due to the electric field, and is governed
by the dielectric loss. In fact, only materials with a high dielectric loss at room temperature (silicon carbide, zinc oxide, etc)
can be efficiently heated in direct configuration, i.e without using a susceptor'>. For materials with low dielectric loss (such
as alumina), a hybrid configuration using a susceptor, usually in Silicon Carbide (SiC), should be used to initiate microwave
heating 72,

Despite all benefits of microwave heating, the process is difficult to control. Indeed, conventional temperature measuring
devices, such as thermocouples, can not be used as it interacts with microwaves. For this reason, non-contact devices such as
infrared pyrometers and/or thermal cameras are more suitable for monitoring and controlling the process and they must in any
case be calibrated® 1%, In the case of single mode configuration, another difficulty comes from the sample position which has to
be in a maximum of electric field for an efficient heating. In addition, the sample tends to disturb the electromagnetic field during
heating due to the evolution of its dielectric properties with the temperature. This implies that the stationary wave remains no
longer stationary and the position of the short-circuit piston has to be continuously changed to control the heating.

Understanding microwave sintering requires a multidisciplinary perspective, combining electromagnetic, thermal and

mechanical approaches. Indeed, the propagation of an electromagnetic wave in a material generates heat dissipation, leading to
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temperature heterogeneities, which is turn active mass transport mechanisms resulting in densification of the material'Z. More-
over, the thermo-physical parameters involved in the description of these phenomena (specific heat C,,, thermal conductivity «
and complex relative permittivity €,), depend strongly on both temperature and density. To tackle this complexity, the numerical

2l6R8I18H23 iy cylindrical or hexagonal samples.

simulations are often associated with experiments to evaluate temperature fields
The purpose and the originality of this work is to study experimentally and numerically the direct microwave heating of a
parallelepipedic SiC sample with different orientations in a single-mode cavity excited at 2.45 GHz.
The rest of this paper consists of four parts. First, the theory of microwave heating is presented. Next, the experimental
procedure used to measure the surface temperature with a pyrometer is described. The third section is devoted to numerical

simulations performed with COMSOL Multiphysics®) software“%. The experimental and numerical results are then discussed

and confronted before to conclude.

2 | MICROWAVE HEATING THEORY

2.1 | Equations of electric and temperature fields

Let us consider the single-mode microwave cavity in which a sample of SiC is placed on an insulating support having a very low
dielectric loss. The figure[I | presents a 2D schematic of this cavity which corresponds to a waveguide delimited by an iris and

a short-circuit piston. Cavity is denoted by the domain Q Inside the cavity, the sample, corresponding to the domain

waveguide*

Q is placed on an insulating support which corresponds to the domain Q

sample> support *

The mathematical description of heating in a single mode cavity of this SiC sample, is based on two coupled equations. One
is dedicated to calculate the electric field and its evolution in the cavity and the materials inside (sample and insulating support),

the other is dedicated to calculate the temperature field.

The equation determining the electric field is obtained by a combination of Maxwell’s equations®> 20
-1 2 jo-e
VX(u, VXE,) =k <er - > E, @)
we

where p, is the complex relative permeability, €, the complex relative permittivity, o, the electric conductivity, @ the microwave
angular frequency, €, the vacuum permittivity, and k% = w? pye,, the vacuum wave number, with g, the vacuum permeability. In
Equation[T] the term 6, /we, corresponds to the electrical conductivity component in the permittivity imaginary part. Moreover,
in this expression, the electric field E has been written in the form E = E, exp(jwt) where ¢ is the time variable and j the

complex number such as j2=—1. Equation () has to be solved in the whole domain Q = Qyaveguide Y Lsample Y Lguppore (Figure

[I"] in which the material parameters are respectively those of air, SiC and insulating material.



Inés Ghorbel ET AL 5

The thermal problem, defined only in the heated subdomain Q51 U €200 Writes:
- dT
pCpE-FV-(—KVT):QEM )

where T is the temperature field, p the density, C, the specific heat, and « the thermal conductivity. The term Q ., corresponds

to the heat source expressing the coupling between the electromagnetic field and the thermal problem:

Oy = = lwegeE? + wpyu ' H?] (3)

N —

where €’ is the imaginary part of the complex dielectric permittivity, 4" the imaginary part of the complex permeability and H
is the magnetic field.

The electromagnetic loss given by Equation (3)) depends on both electric and magnetic fields. Assuming that the sample and
the sample holder, who have low permeability numbers, are placed in a maximum of the electric stationary wave, the magnetic

part of the heat source can be neglected'*#, and Equation (3) can consequently be simplified as:

1
Opy = 50e0e, E? @)

IRIS microwave cavity
)‘/ﬂ“"vamo(ﬂir)
B Saamnf,;;lle short-circuit
v || piston

[nsulating support Waveguide

Z

-

qupport.

FIGURE 1 Single-mode microwave cavity with the SiC sample on an insulating support.

2.2 | Boundary conditions

The boundary conditions associated to the electromagnetic and thermal problems are sum up in Figure 2] More precisely,
to close the electromagnetic problem (), a rectangular "port" condition, in the COMSOL Multiphysics@® denomination?%, is
considered. This condition consists in defining the power of the incident electric wave and its mode of propagation (transverse
electromagnetic mode TE(,). In addition, the cavity walls are considered as perfect electric conductors: the wave is totally
reflected by the internal surface of the cavity, i.e nXE = 0 on this surface, where n is the unit vector orthogonal to the cavity walls

(see Figure 2 a). Concerning the thermal problem (2), a radiative flux ®@,, evaluated with respect to the ambient temperature
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T,

a

= = 293 K, and a convective flux @, are considered on the surface I',_, of the sample (Figure[2 b). The normal component
of these fluxes is given, respectively, by

Q, =ope(T* =T} ) 5)
and
Q. =hn(T-T,,) (6)

where o is the Stefan-Boltzmann’s constant, e the emissivity, and /4 is the convection exchange coefficient (h = 5 W.m 2.K™!
in our simulations). At the sample / support interface (denoted I',,,,,; in Figure[2 b)), the thermal conductivity considered is the
average of the sample and insulating support conductivities. In addition, the external surface of the support is considered to be

thermally insulated.

Incident
ort {

power
Thaor IRIS L, _.
nxE=0
I'—c Sample I'—¢
e nxE=0 Fcond
YI | 1
7 [nsulating suppord Waveguide
: E= .
| " X] 0 nsulating support
(a) Electromagnetic problem (b) Thermal problem

FIGURE 2 Boundary conditions.

2.3 | Waveguide dimensions

A rectangular waveguide of section a X b, a = 86.68 mm and b = 43.18 mm (Figure[§_)), with an adjustable length / delimited
by an iris and a short-circuit piston (Figures | _aland[ b)), is used in this work. The iris has two roles: it allows the wave coming
from the generator to enter the cavity, and it reflects all or part of the wave reflected by the short-circuit piston. The length of a

perfect empty cavity can be deduced from the expression of the resonant frequency w,,,, (corresponding to a stationary wave):

nmp

= e (22) 4 (25) 4 (22

where c is the speed of light in vacuum, n, m, p are the mode coefficients. In our case, n = 1, m = 0 and p = 4 (TE,y,

excitation), while the angular frequency of the generated microwaves is w,q, = 27 X 2.45 rad.s~!. The corresponding theoretical
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length of the empty cavity is / = 345.44 mm. As will be seen below, cavity lengths provided by experiments or simulations
differ from this theoretical value for at least three reasons. First, the real cavity is not a perfect conductor, second the real cavity
includes additional elements such as a chimney or iris (Figure, and third, all elements inside the cavity disturb the resonance.
Therefore, the length of the single-mode cavity must be tuned by adjusting the length of the waveguide from the short-circuit

side (Figured_a) to an ensure efficient heating.

3 | EXPERIMENTAL PROCEDURE

3.1 | Pyrometer calibration

Due to the microwave-metal interaction, the use of thermocouples is not suitable for measuring the temperature of SiC sample
inside cavity. For this reason, infrared pyrometers are usually used. However, they must be calibrated for the specific material
under consideration. In this work, an infrared pyrometer (Fluke®) Process Instruments“Z, E3ML-F1-V-0-0) operating at wave-
length A = 2.4um is used. Calibration of the pyrometer requires determination of the SiC apparent emissivity in its environment
over a certain temperature range, here [373 K - 1173 K]. This determination is performed by focusing the pyrometer on the
sample placed in a conventional furnace under blackbody conditions?®. The temperature of the sample is measured using a type
K thermocouple connected to a data acquisition center. At stabilized and constant temperature, emissivity of the pyrometer is
tuned to fit temperature of the type K thermocouple

A 99% grade SiC (SCERAM Advanced Ceramics“ supplier) sample is parallelepipedic with dimensions 15.7 mm X 6.3 mm
X 19 mm. The latter is positioned on the bottom of a SiC hollow cylinder of height L = 61.47 mm and inner diameter d,,, = 10
mm satisfying the criteria to be in blackbody condition (L/d,,, > 425, see Figure . The focal length, defined in Figure
is taken as d,.,, = 500 mm, which respects the condition that the spot size, equal to d ., /100 is smaller than the internal
diameter of the cylinder d,,,.

Calibration of the pyrometer is performed using a cycle programmed with a heating rate of 5 K/min and a temperature stage
of 30 min for every 100 K from 7, to 1173 K. The apparent emissivity is evaluated at the end of each temperature stage. Its
temperature dependence is represented in Figure[3_b| This apparent emissivity increases from 0.88 to 0.98 when the temperature

ranges from 373 K to 1173 K. The result is consistent with the value of 0.9 used by Maniére et al.%".

3.2 | Microwave set-up

Figure 4 | presents the experimental set-up used to study microwave heating of the SiC sample. The single-mode cavity is
composed of a 2.45 GHz microwave generator (Sairem GMSP10, Solid State®%), a WR340 waveguide, an iris, appertures with

cylindrical chimneys and a short circuit piston. The SiC sample is placed on an alumina-silica insulating support (80 % Al,O5 -
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Pyrometer

N ]

~ €
E A = 0.98
>
. =
Conventional furnace ‘ S 0.96
i)
R
(I'['m-u/ E 0.94
[}
= 092
Cylinder_ 8
(Sic) ;e
8 0.90
(o
Sample —] < 0.88
(SiC) ~ . ' -
Th ""';*"1 \ 400 500 600 700 800 900 1000 1100 1200
e Temperature (K)

(a) (b)

FIGURE 3 Pyrometer calibration: (a) material and method used, (b) emissivity evolution during heating cycle.

20% Si0,), assumed to be transparent to microwaves. The geometry of the support was designed to minimize the surface area in
contact with the SiC (Figured_a)). In order to obtain an efficient heating of the sample, the heated system (sample and support)
is placed in a maximum of the electric field. As discussed before, due to the dielectric parameters of the material, the electric
field is disturbed and the cavity must therefore be tuned by changing the length / of the waveguide with the short circuit piston,
until the reflected power P, is minimized.

The heating is performed in considering four sample orientations. The figure[5_|shows these orientations with respect to the
electric field polarization k. Each case corresponds to a different orientation of the sample in the cavity, and therefore with
respect to the electric field.

For each sample orientation, the resonant length is first determined at room temperature in applying the nominal microwave
power of 50 W and in monitoring the reflected power who vanishes at the resonance. The nominal microwave power of 50 W is
then kept without subsequently changing cavity length during heating. For cases 1 to 4, the cavity length are 334.0 mm, 337.5
mm, 345.8 and 338.7 mm, respectively.

Time evolution of the reflected power P, is presented in the FigurelB__l Once the resonance found, the reflected power increases
until to reach a steady state which depends on the sample orientation. At steady state, the reflected power value ranges between
1 W (case 1) to 11 W (case 3).

Figure [7 | presents the temperature change over time of the SiC sample for the four orientations. In each situation, the tem-
perature increases until reaching a constant value after about 200 s. This steady temperature is 900 K, 860 K, 820 K and 820
K for case 1 to 4, respectively. The final temperature is correlated to reflected power as the lowest is the steady value of P., the

highest is the steady temperature.



Ineés Ghorbel ET AL

[
Iris Chimney
‘ short-circuit
. - iston
Microwave P
generator
2.45 GHz Javeguide
Insulating
A support
o
(a)

(b)

FIGURE 4 Schematics (a) and photography (b) of single-mode microwave device.

case 1 case 4
(ﬁ.3x19x15.7mm) (6.3x15.7%19mm)

Dimensions are given along X, Y and Z directions

(19%15.7x6.3mm)

/@@

case 2

case 3
(15.7%6.3x 19mm)

FIGURE 5 Different orientations studied for microwave heating. The red point is the point focused by the pyrometer.
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P, (W)

FIGURE 6 Reflected power for the four studied orientations, with an incident power P, = 50 W.
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FIGURE 7 Temperature evolution during heating for the four configurations.
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4 | NUMERICAL SET-UP

3D simulations of microwave heating are performed using the Finite Element (FE) software COMSOL Multiphysics® 2. The
electromagnetic problem (Equation (I))) is solved by a frequency approach, whereas the thermal problem (Equation (2)) is
solved by using a FE approximation in space, combined with an implicit time discretisation. In this work, simplicial meshes and
continuous piecewise linear approximations of both electric and temperature fields are considered. In comparison to experiment
set-up (Figure[d_al), the geometry of the cavity considered in our simulations is simplified and is presented in Figure[§_| Indeed,
the holes and cylindrical chimneys are not taken into account in order to reduce the computation cost.

Short-cireuit
Sample histon

FIGURE 8 3D geometry of microwave cavity.

The boundary conditions are described in Section [2] The electromagnetic and thermal properties of the SiC sample and
alumina-silicate support, are given in Appendix [AT |as polynomial functions of temperature.
Regarding the high values of the SiC dielectric constant, the support is assumed to be transparent to microwave, i.e. €/ = 1

and 51’ =0.

4.1 | Mesh sensitivity analysis

A sensitivity analysis of the temperature to the mesh is first conducted in order to evaluate which mesh size can be chosen to
limit the computation time while having an acceptable discretisation error. Three different meshes, all made up of tetrahedrons,
are considered: a coarse mesh, a fine mesh and a very fine mesh. The corresponding characteristic lengths of elements used for
discretising cavity, sample and support are presented in Table[I |

The mesh size sensibility is conducted on the case 1 (Figure[5 ]) using a constant incident power P,, = 50 W. The temperature
evolution obtained with the three meshes is plotted in Figure[0 | A difference of 60 K is found on the equilibrium temperature
calculated with the coarse and fine meshes, whereas no significant difference appears when fine and very fine meshes are used.

Table [2 ] presents the computational time with respect of the number of degrees of freedom (DOF) of the coupled problem,
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TABLE 1 Characteristic lengths of elements of cavity, sample and insulating support for coarse, fine and very fine meshes.

Characteristic Coarse Fine  Very fine
lengths (mm) mesh mesh mesh
Cavity [7.6 - 42.3] [4-71 [2-3.5]

Sample & support  [8.45%1072 - 8.4] 2 [0.1-1]

obtained after 500 time increments. The computational time increases by a factor of ten when switching from the fine mesh to

the very fine mesh, while the quality of the results does not seem to be improved accordingly. Therefore, the fine mesh is retained

in the simulations presented in the next section.

D
=)
(an)

Temperature (K)
<t
38

— = coarse-mesh fine-mesh very-fine-mesh

100 200 300 400 500
Time (s)

FIGURE 9 Mesh sensitivity analysis: temperature evolution for three different meshes.

TABLE 2 Mesh sensitivity analysis: number of DOF and computation time (on 12 cores of an Intel Xeon Gold 6128 bi-
processor at 3.4 GHz) for three different meshes.

Coarse mesh  Fine mesh  Very fine mesh

DOF 4.3 x 10* 6.7 x 10 5.1x 108

Computation time (s)

1.3 x 10% 1.5x 103 1.3x10*
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4.2 | Numerical results

Before simulating the microwave heating, the resonance of the cavity has to be set by adjusting the length of waveguide. This
setting allows the existence of a stationary wave: the incident and reflected waves are in phase, their maxima add therefore
together, and a constructive interference occurs. At room temperature, the length obtained for the existence of a TE,y, mode in
the empty cavity is 342 mm. This value differs from the theoretical value of 345.44 mm given by relation (7), due to certain
differences in geometry (presence of an iris in the simulations). Figure[T0 | shows the intensity of the computed electric field
in such an empty cavity, represented in the YZ plan. As expected, the electric field has four maxima since a TE,, excitation has
been prescribed. The maximal intensity in this case is 6.49 x 10* V/m.

When the sample and the support are inserted in the cavity, the electric field is modified. Figure [T0_p presents the new
electric field for the orientation corresponding to case 1. The incident and reflected waves are no longer in phase: four maxima
are still detected but with lower intensity, equal to 1.39 X 10* V/m. The resonance is recovered by adjusting the length of the
waveguide with the criterion of maximizing the electric field intensity, or alternatively, minimizing the reflected power P.,.
Thus, the resonance is reached for a cavity of 336.5 mm. The corresponding electric field is represented in Figure[T0 L, with a
maximum equal to 9.31 x 10* V/m. It can be seen that the highest magnitude is not within the sample, but outside it. This is due

to the high value of the real part of the SiC permittivity (see Appendix [A) compared to that of the air in Q (¢, = )2

cavity

&J

(V/m)
Iris i Z x10*

X Max
6.49 x 10 W o

a)

5

Max
1.39 x 10* 4

Max 5
9.31 x 10%

' ECE f 1

FIGURE 10 Computed electric field a) empty cavity, b) cavity, sample and insulating support before resonance, c) cavity,
sample and insulating support at resonance for case 1.

=

0
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For each orientation, the cavity length is set at room temperature, where the average of the electric field intensity over the
whole domain is maximum at the resonance. These average values are plotted with respect to the cavity length in Figure[TT |
for the four orientations. Additionally, the lengths determined experimentally are represented in this figure by star markers. The
difference between the lengths measured experimentally and the simulated lengths, varies from 0.36 mm for case 2, to 6.3 mm
for case 3. This difference comes from the assumptions made in the simulations: simplified geometry, cavity walls considered

to be perfectly electrically conductive, insulating support transparent to microwaves.

Ut
S
=

Average electric filed intensity (V/m)
&

336 342

Cavity length (mm)

FIGURE 11 Average intensity of the electric field obtained by simulation for different cavity lengths, in the four investigated
cases. Star markers correspond to the resonant lengths measured experimentally.

Using a constant power of 50 W, the microwave heating of the SiC sample is now investigated. The experimental and numerical
temperatures, measured at the sample surface, are plotted as functions of time in Figure[T2 ] for the four cases studied. A good
agreement between the simulation and the experimental results is observed for all four cases. Despite slightly lower kinetics to
reach equilibrium in the numerical description, the temperature difference at steady state is 2 K for case 1 and in the order of 20 K
for the other cases. These results indicate that the approximations done are not so restrictive to reproduce the experimental results
(insulating support considered as transparent to microwaves, cavity walls considered to be a perfect conductor, no description
of the chimney) and that the material parameters used are reliable. As expected, the orientation of the sample has a huge impact
on the heating. The maximum temperature at steady state is obtained for case 1 (T=916.5 K), followed by case 2 (T=905 K),
case 4 (T=892 K) and case 3 (T=735 K), respectively (Figureﬂz[). This result is related to the polarization field which is higher
when the sample is oriented along the electric field. In such situations, the dipolar losses are higher leading to a better heating,

as more energy is absorbed and converted into heat. The simulations nicely recover this effect since the correspondence between
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the equilibrium temperature and the height of the sample in the direction of the electric field direction is respected. Note that
the equilibrium temperature is correlated with the maximum values of average electric field intensity presented in Figure[IT |
The slight different between case 2 and case 4 may result from the difference of the surface area in contact between the sample

and the insulating support.

900

800

700

600

Temperature (K)

400

300

200

(6.3%1915.7mm)

casel

casel,,

exp

(19%15.7%6.3mm)

case2,,,

(15.7%6.3x19mm)
cased,um

cased.,,

case2,,,

(6.3x15.7x19mm)

case4
case4

num

cxp

100

200 300

500

Time (s)

FIGURE 12 Evolution of experimental and numerical temperatures during microwave heating, for the four sample orientations
investigated.

As mentioned previously, the heating is very sensitive to the length of the waveguide, which must be adjusted to maximize
the stationarity of the waves. Figure[I3 | presents the equilibrium temperature at the sample surface as a function of the length of
the waveguide, for the different sample orientations. These curves show that the length of the cavity has to be set with accuracy
to produce optimal heating of the sample. A deviation of one millimeter from the resonance length can lead to a drastic drop in
the equilibrium temperature. In the simulations, a precision of one tenth of a millimeter on the length of the cavity is required
to optimize the heating. It can be noted that the resonance length also correlates with the orientation of the sample with the
same trend obtained for the equilibrium temperature. Thus, the shortest cavity length corresponds to case 1 where the highest

dimension of the sample is aligned with the electric field.

S | CONCLUSIONS

The purpose of this paper was to study the microwave heating of a parallelepipedic sample in silicon carbide, a material with

a high dielectric loss at room temperature. This study was carried out both experimentally and numerically at the macroscopic
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FIGURE 13 Equilibrium temperature as a function of the cavity length for the different sample orientations.

scale. The experimental procedure first requires calibration of the pyrometer in a conventional furnace where the use of a
thermocouple is appropriate. Apparent SiC emissivity is measured in this environment. The sample is then placed in a 2.45
GHz single-mode cavity. Four different orientations are considered. After adjusting the length of the cavity to the resonant
length at room temperature, the sample is heated with a constant power of SOW. The numerical simulations, performed using the
finite element software COMSOL Multiphysics®) , consisted in solving an electromagnetic - thermal problem under the same
conditions as in the experimental procedure. Despite the approximations made in the numerical modelling (insulating support
considered transparent to microwaves, cavity wall considered to be a perfect conductor, no description of the chimney), a good
agreement between the simulations and the experimental results is found for all four cases. In particular, the most efficient heating
is obtained when the sample is oriented along the electric field. The sensitivity of the electric field, and thus of the heating, to
the length of the cavity was also highlighted.

Even if the numerical model can always be improved (e.g. by using measured values of the dielectric loss of the insulating
support), these results show that we can be confident in the ability of the simulations to capture accurately the behaviours shown
in the experimental results. Such simulations could provide relevant data for analyzing the bulk temperature of complex-shaped
parts. Additionally, in future work, this model will contribute to simulate the heating and sintering of an alumina sample in a
hybrid configuration, i.e. with SiC susceptors. In this context, challenges are to characterize the densification and the evolution of
material properties during sintering. It involves to link microstructures and material properties. A fine description of temperature

gradients in the sample would allow to understand the densification gradients as well as the sample distortion that may appear.
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Finally, such a numerical model makes it possible to predict the final shape, and to optimize the position of susceptors and the

sample in the cavity.
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APPENDIX

A ELECTROMAGNETIC-THERMAL MATERIAL PROPERTIES
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TABLE A1l Electromagnetic-thermal material properties.

Material Symbol (unit)  Temperature range (K) Expression
G, Jkg LK 273-1200 K 5.82x10%+1.25T-5.31x1074T?
kK (W.m~1 K™ 273-1200 K 6.15x1072+ 1.74x107*T
Insulation®® 7 (kg.m™3) 273-1200 K 4.43% 10%-1.04 x10~2T
273-1200 K 0.83
£, 273-1200 K 1. (microwave transparent)
C, Jkg 'K 273-673 K -8.35+3.08T-0.00293T>+1.0268x1076T?
673-1200 K 772+0.431T-2.1x107>T?
kK (W.m~1 K™ 273-1200 K 192-0.326T+2.74x1074T2-7.71x1078T?
7 (kg.m™?) 273-1200 K 2977+0.051T-2.29x107*T2+2.98x1077T3
Sicili2 -1.92x10719T*+4.77x107 1473
€ 273-1200 K -1.239x10712T4+4.51x107°T3-6.1142x 1075T2
+0.0037T+0.1436
e'r 273-1200 K 6.4-1.67x1073T+1.88x107°T?
€ 273-1200 K 0.992-3.43x1074T+7.72x107°T2-7.15% 107°T3
+2.36x10~12T*
C, Jkg LK1 273-1200 K 961+0.177T
K (W.m~1 K™ 273-1200 K 0.0035+6x10~>T
Air 7 (kg.m™3) 273-1200 K 0.02897P/(RT)

£ 273-1200 K 1

r
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