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Abstract: In this work a single mode resonant microwave cavity (2.45 GHz) is loaded with spherical
particles. A weakly coupled Electromagnetic-Thermal (EM-thermal) solver is used iteratively to
determine how the microscopic geometry (local curvatures between the particles, grain size and neck
size) modifies the electromagnetic field, and in turn the thermal field in the particles and also to quantify
the microwave effect for an experimental process. The modelling is performed with the conformal Finite
Element (FE) solver COMSOL Multiphysics.

Moreover, this paper will show that the electric field norm increases for 1 spherical particle of ceria with
different sizes and consequently the temperature increases. In addition, the electric field and heating
behavior has been studied in the case of three particles with different neck sizes. Finally, the effect of the
configuration versus the E field direction has been studied for three particles and has a significant result.

Keywords: EM-Thermal simulation, Cerium oxide, Microwave Processing, Effect of Neck Size,
Packing configuration.

Introduction ponderomotive force which combines the
diffusion mechanism and the
The microwave technology is one of electromigration fluxes of vacancies. On the
the candidates to improve the sintering of other hand, Johnson shows in his work [6]
materials produced by powder technology. It that for grains diameters below 3 pm, the
enables a rapid, selective and volumetric grain boundary diffusion predominates over
heating of the green bodies that can be volume diffusion for all sintering stages. In
beneficial to the mechanical and physical addition, Olevsky et al [7] conclude in their
properties of the final sintered parts [1, 2]. work that a considerable free surface
Despite numerous efforts it remains unclear electromigration appears during microwave
today how the local electromagnetic and sintering in a polarized electromagnetic
thermal field gradients can influence the field.
mass transfer mechanisms involved during Though microwave technology can be used
sintering such as grain boundary diffusion for the selective and rapid heating of many
and surface diffusion. Hao et al [3] suggest different classes of materials, sintering of
in their work about the microwave heating ceramics is one of the largest potential for
effect a model that includes the reduction in high temperature microwave applications
the formation energy of vacancy at the neck [8].
surface. Rybakov et al [4, 5] suggest a Cerium dioxide (Ceria or CeO,) ceramic
model to explain the nonthermal effect by a material find important uses, such as UV
1
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filters, electrolytes in SOFC (solid oxide
fuel cell) technology and as non-radioactive
uranium dioxide simulant
research, [9,10].

Today, the availability of user-friendly
softwares makes it attractive to address
multiphysics problems such as microwave
assisted  sintering, in  which the
electromagnetic interactions are coupled to
heat and mass transfer [11].

Therefore, in work a coupled
Electromagnetic-Thermal (EM-thermal)
solver is used iteratively to determine how
the microscopic geometry (local curvatures
between the particles, grain size and neck
size) modifies the electromagnetic field, and
in turn the thermal field in the particles and
also to quantify the microwave effect for a
realistic process.

In this paper we use COMSOL Multiphysics
to first explore numerically the effect of the
size of a single spherical particle on the
electric field magnitude and its heating
behavior. In a second step we extend the
model to a three particles system and
explore additionally the influence of the
contact point geometry and the effect of the
configuration relative to the E-field axis.
The dielectric and the thermal properties of
cerium oxide (ceria) particles up to 1000°C
have been determined in our previous study
[12].

in nuclear

our

Model and material parameters

The scenario consist of a single mode
resonating cavity based on a 260 mm
segment of a rectangular waveguide WR340
(86mm x 43mm) delimited by a short circuit
on one side and a symmetrical inductive
rectangular iris (65mm x 43mm) on the
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other side. The resonance of interest is a
TE o3 mode close to 2.45 GHz. The different
physics (called modules in the software)
such as electromagnetic module which is
solved in frequency domain and the heat
transfer in time domain are coupled
together.

The figure 1 presents the geometry and the
different elements of the cavity.

nall opening

Crucible

Figure 1: Geometry of the cavity and its
elements (distance in meters).

The cavity is loaded with spherical ceria
samples (@ 0.1-3mm) surrounded by a
crucible, centered in one electric field
maxima (see figure 2). The cavity walls are
set at perfect metallic conductor. The
microwave input power is fixed at 1000 W
and the heating time at 2000 s. The
simulation process can be described as an
iterative process where the multi-physics

problem follows the different steps
mentioned below:
First, an  electromagnetic  stationary

calculation was made everywhere in the
cavity and within the sample taking into
account the dielectric properties (Equation
1) of the sample to provide the energy
absorbed. The boundary conditions applied
to the cavity walls supposed that they are
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perfectly conductors (Equation 2). Then, the
energy absorbed by the sample acts as a
local heat source (Equation 3). The heat
transfer in the solid is also included in this
study (Equation 4).The losses coming from
the radiation of the sample surface are given
by the Equation 5. Finally, the heat flow
(Equation 6) assumed for the air was also
included. The heat transfer and the heat
losses were calculated in a time domain

from dielectric losses and the losses by
conduction.

Now, we present the different equations
used which relate the different physics
involved:

V(y'VE)-k; [e‘, —j—ajE =0

WE,
(Eq.1)
Equation 1 represents the wave propagation
equation in the whole cavity.

whereas the electromagnetic study was in ; A Z; - 6
frequency domain. (Eq.2)
In this study, we were interesting to quantify Equation 2 represents the boundaries

the electric field in the whole cavity and the
dissipation energy due to electric field
contribution in the sample. The relative
permeability of the different objects
(sample, crucible ...) was fixed at 1;
therefore the calculated losses are resulting

conditions at the cavity walls where the
electric field is parallel, due to perfect
conductive of constitutive material.

P=(c+ Zﬂfgoggﬁ,)‘E‘z
(Eq.3)

The electromagnetic dissipation in the
materials is defined by equation 3
oT oT
pcp§+pcpu.VT=V.(kVT)+Qs pcp§=v.(kVT)+P
(a) (b)
(Eq-4)
Equation 4 (a) represents the general heat ~n.(~kVT)= go-(]:;b _ T4)(Eq.5)

transfer in the solid (sample), and in our
case, because sample is static the resulting
equation becomes Eq.4 (b)

or
Prey o+ Pyt VT = v.(k,VT)+Q,
(a)

Equation 6 (a) represents the heat transfers
in the air (the fluid) by conduction and
convection. In our case convection is not
taken into account and because air does not
heat by microwave therefore the heat
propagation equation becomes Equation.6

(b).

(Eq.6)

3

Equation 5 represents the radiative losses in
the materials (ceria sample and alumina
crucible).

or
Py = v.(k,VT)

(b)

with‘E‘ the electric field norm, f'the

frequency, o is the electrical conductivity of
ceria, ¢, the relative dielectric permittivity

the imaginary part of the
k ,kf the

thermal conductivity of ceria and the air
respectively, ¢,,c, the specific heat

of ceria, &,
diclectric constant of ceria,
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capacity of ceria and the air respectively, u,
u, the velocity field of ceria and the air, &
the emissivity of ceria, @ ,, Q the heat
source for the air and the ceria respectively.
Q ,is equal 0 (case of air) and Q to P (case

of ceria).
The cavity walls have been imposed to be

perfect electric conducting metal. The

crucible material is based on porous alumina
material. Its dielectric properties were very
low in order to get as highest electric field
magnitude as possible in the sample region.
The relative permittivity and the thermal
parameters of the ceria sample as function of
temperature are given in the table 1:

Relative permittivity

7.9519+0.0087*T — j*(1.4354 10 *T° —

+8.0780 107 *T —0.8058)

Emissivity

44388107 *T* +52856107° *T° —2.9991 107 *T°

1.463107 *T% —0.0003107 *7 +0.221

Specific heat capacity (J/Kg.K)

5421107 *7° —1.4389107°72
+1.2612*T +62.208

Thermal conductivity (W/m.K)
—1.157*1log(T)+8.7001

Table 1: Thermal and dielectric parameters of cerium oxide.

Results and discussions
Mesh optimization:

The selection of mesh element is

important in such finite element solver
because these elements are responsible for
the provided information delivered by the
software. Hence, the mesh element must be
less than A,/5 in which A, is the guide
wavelength and it is equal to 17.3 cm. The
reason is due to the discretization of the
wave in order to ensure a better accuracy in
the calculation. Otherwise, the results will
depend strongly on the mesh.
The mesh was tested wusing many
calculations in order to fix and optimize the
mesh size in the sample region. It is
important to know that the y axis is the axis
through the length of the cavity, the z axis is
the one through its height and the x axis is
the one through its width.

4

Actually, the mesh elements were divided
into three sizes depending on the concerned
objects:

1- The maximum element size
concerning the cavity was fixed at
Lz/6 (7.2 mm); with Lz is the height
of the cavity.

2- The element
concerning the spherical sample was
fixed at r/10 in volume; with r is the
sample radius.

3- Moreover, a different element size
was applied to the sample surface
(or boundary) in order to get more
accuracy at the curvature region. Its
value was 1/15.

In addition, four calculations of a ceria
sphere with 100um of radius are presented
in figure 2 in order to quantify the effect of
the mesh size on the electric field norm
along y axis.

maximum size
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Figure 2: The variation of electric field magnitude through a spherical sample along y axis.

The element size of the mesh inside the
sample has three maximum values 0.5r, 0.2r
and 0.1r and in the fourth calculation the
surface meshing was imposed to be r/15
with 0.1r inside the sphere. It is clear from
the figure 2 that the accuracy is similar
inside the centre of the sample for 0.1r and
0.2r (in blue and red) whereas the curve
concerning the 0.5r (green triangles) is
different. Moreover, the one with 0.1r and
the imposed mesh at the surface (in purple)
provides more precision at the interface as it
appears lower on the left vertical line. We
have chosen therefore the fourth mesh
protocol which has these elements sizes:

1- 0.1r as maximum for the volume of
the sample
2- 1/15 as maximum for its surfaces

5

3- Lz/6 as maximum for the cavity
which is about 7.2 mm.

Effect of particle size:

The objective of this calculation is to
quantify the effect of particle size on the
electric field magnitude and therefore define
the optimal size in order to limit the
calculation time. In this section, we present
the results concerning the effect of particle
size for a configuration of cavity with
spherical ceria particle which is placed in
the centre (figure 3).
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Figure 3: Maxima of the electric field magnitude in xy plane and the sample position.

The spherical sample which has the thermal field norm along the (x, 0, 0) and (0, y, 0)
and dielectric parameters of ceria, is placed axis are presented in figure 4, both are
in the centre of a region of high electric field perpendicular to the E-field axis and along
magnitude. The particles radius varies from (0, 0, z) axis is presented in figure Swhich is
0.01 to 1 mm due to the limits of dimensions parallel to E-field.

of the software. The variation of the electric
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Figure4: The variation of electric field norm in the sample along x and y axis for four different sample
radii (0.01, 0.1, 0.5 and 1 mm).
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Figure 5: The variation of electric field norm in the sample along z axis for four different sample radii
(0.01, 0.1, 0.5 and 1 mm).

When the size of the particle increases the
norm of E-field increases from 10300 V/m
as the maximum obtained at the centre of the
smallest particle to 10350 for the largest
one. Moreover, the E-field gradient through
each particle is larger in x and y axis
compared in z axis, but once the particle size
decreases it remains constant; it will affect
the heating. The spikes seen in this figure
are just an artefact due to the discretization
principle in the Finite Element method.

Effect of neck size:

Three spherical samples (0.1 mm of radius)
are placed at the position on which the
centre of the system has the same position as
in case of one sphere. The ratio neck size
over grain size (X/R) has three different
values: 0 in case of no neck between the
particles, 0.1 and finally 0.2. The three
particles are rearranged along y axis which

7

is the axis along the length of the cavity
(figure 6).

e

Figure 6: Schematic presentation showing the
position of the system of three spheres (0.1 mm
of radius) and the axes in Y configuration.

The electric field magnitude in the particles
varies from 7000 to 10000 V/m and
becomes very high near the surface 20000
V/m. For more precision, the figures 7-a, 7-b
and 7-c present the variation of electric field
magnitude along X, y and z axis.

IET Review Copy Only



IET Science, Measurement & Technology

This article has been accepted for publication in a future issue of this journal, but has not been fully edited.

X axis

10000 -
e X /R=0
9500 e X/R=0.1

8500

Electric field norm (V/m)

8000 ! ' !
05

-0.05 . 0 0.
Distance (mm)
a)

11000 o
Y axi

9000

7000

e X /R=0.2

Electric field norm (V/m)

0.1

u
o
o
o

2 . 0 0.2
Distance (mm)

b)

The figure 7-a shows that the electric field
along x axis decreases significantly from
8800 V/m at the centre of the system (the
central particle) to 8200 V/m when the ratio
neck size over grain size (X/R) increases
from 0 to 0.2. In terms of power, this
variation corresponds to about 13% of the
total dissipated power, using the equation
5.2. Moreover, a similar gradient of electric
field norm through the sample for the three
cases of X/R ratio is presented and it is
about 300 V/m.

The figure 7-b which presents the variation
along y axis through the three ceria particles.
It shows the similar behaviour as in x axis at
the centre of the central particle: the
presence of neck in the packing decreases
the electric field norm by about 600 V/m.
Moreover, electric field difference is more
important between the neck region and the

o
~
1

8
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Figure 7: The variation of electric field norm
along x axis (a), y axis (b) and z axis (¢) for
three different neck sizes (0, 0.1 and 0.2).

outer particles about 3500 V/m than between
the neck region and the centre of the central
particle. The figure 7-c shows that the
variation along z axis has the same
behaviour as along x axis, except the E-field
norm gradient which it is about 800.10"
V/m® between the centre and the surfaces of
the central particle instead of 300.10* V/m?
along x axis.

Effect of the packing orientation on the
electric field:

As previously, a model of three particles (a
radius of 0.1 mm) having no neck placed in
a new configuration is presented in this
section. The figure 8 shows a schematic
presentation of the packing in z axis which
is parallel to E-field direction (see figure 2).
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It is important to mention that the central The figures 9 and 10 present the variation of
particle of this packing has the same electric field magnitude and the temperature
position as in the configuration along y axis respectively for the two packing along their
(figure 5) which is perpendicular to the E- corresponding configuration axes (y axis for
field direction. Y configuration and z axis for Z
configuration).
Figure 8: Schematic presentation showing the
position of the system of three spheres (0.1 mm
of radius) and the axes in Z configuration.
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Figure 9: The variation of electric field norm for Z and Y configurations along packing.

The electric field (figure 9) is in general direction. The value of the electric field in

higher for Z configuration because this the centre of the central particle of the Z

configuration is parallel to the E field configuration is 17000 V/m instead of 8000
| 9
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V/m for Y configuration. Moreover, the
electric field magnitude in Z configuration
close to the neck region is much more
important (about 170000 V/m) than the Y
configuration which is equal to 6000 V/m
and the variation has a reverse behaviour
when it passes from the centre of the system
to the neck region. Moreover, comparing to
the maximum E-field magnitude in the
empty cavity (see figure 2), the electric field
norm close to the neck region in Z
configuration is three times greater.
30

29
28
27
26
25
24
23

Effect of the packing orientation on the
heating

The radiative losses are not yet taken

into account in this configuration, only
conductive losses are presented.
The variation of the temperature for the two
packing orientations along their
corresponding orientation axes is presented
in figure 10.

Z configuration

Y configuration

22

Temperature (°C)

21

20 L 1
-0.2

0

0.2 0.4

Distance (mm)
Figure 10: The variation of temperature for Z and Y configurations.

Concerning the temperature, Z configuration
shows a higher value compared to Y
configuration which agrees with the fact that
the electric field is higher in Z configuration.
But due to low size of the particles the
temperature can attend not more than 30 °C

10

whereas for the same configurations of
particles with a radius of 1 mm and in the
presence of the crucible the temperature
difference between the two configurations in
the central particle is more than 400 °C
(figure 11).
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Figure 11: the variation of temperature within a cross section (in yz) of the three particles: (a) in Y
configuration and (b) in Z configuration.

The centre of the central particle has 220 °C
in case of Y configuration and 629 °C in
case of Z configuration. As this system
doesn’t take into account the radiative and
the losses, this drop in
temperature results from the material weight
which is 1000 times lower for 0.2 mm of
particle size compared to 2 mm of particle
size.

According to the results obtained for the two
packing orientations, we can deduce that the
Z configuration leads to an intensification of
the electric field and consequently a higher
heating. The significant modification of the
electric field leads to different temperatures
depending on the orientation of the packing.
Therefore, we could expect a differential
sintering according to this inhomogeneous
situation, like Whittaker [13] who supports
the idea that the mass transport mechanism
during the sintering of ceramic evolves
preferentially along the electric field vector.

convective

11

Conclusion

In this work, we present a model of single
mode cavity with conditions of microwave
heating process. The results show that for a
single particle, the particle size has a
significant effect on the electric field. In
addition, for the three particles case, the
presence of a neck modified the electric
field magnitude which would have an
influence on the densification mechanism.
Finally, the results obtained by this
Multiphysics simulation confirmed that the
microwave heating is possible for ceria
particles packing and it has a different
interaction according to the orientation of

interfaces with respect to the E-field

direction.
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