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Abstract: Microwave sintering has been applied
to a wide variety of materials during the past three
decades as an alternative to conventional thermal
sintering. Recent experimental results showed that
for semimetal or magnetic materials the magnetic
field (H) can have a significantly larger
contribution than the electric field (E) during
sintering. We have employed the COMSOL
Multiphysics™ package to simulate the sintering
process by adding the magnetic field contribution
into the heating source. We performed simulations
with both E and H fields or with isolated E or H
fields. For the systems of Fe;04, A,O; and ZnO
oxides, our simulated results are in good qualitative
agreement with the experimental sintering findings.
We also explored the sintering of nano-size ZnO/y-
Fe,O; and macro-size ZnO/y-Al,O; composite
particles.
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1. Introduction

Conventional thermal sintering technology has
been used for centuries to make different kinds of
objects from powdered materials. The use of
microwaves to process electromagnetic absorbing
materials has been studied since the 1970s and has
now been applied to a wide variety of materials [1],
including wood, foodstuffs, rubber, ceramics,
semiconductors and  metals[2]. Microwave
sintering can result in materials with different
micro-structures  and  enhanced  properties
compared  with  conventional  sintering[3].
Moreover, microwave sintering requires much less
energy than conventional methods.

Although microwave technology has been
used in sintering processes for many years, its
mechanism is still not well understood, especially
regarding the effects of the magnetic field of the
electromagnetic wave. In the literature, dielectric
properties are considered as main heating source
during microwave sintering and the contribution
from magnetic energy losses are ignored. However,
recent experimental results showed that the

magnetic field is also very important during
microwave sintering, especially for sintering of
ferromagnetic/magnetic  materials and semi-
metal/metal composite materials [3,4]. For
sintering these materials, by separating the electric
field (E) and magnetic field (H), the experiments
revealed that the magnetic field H can also play an
important role in the heating process [3,4].
Unfortunately, as far as we know there are no
theoretical studies or simulations that consider both
contributions from E and H fields in microwave
heating. Instead, most of the previous theoretical
work just treated sintering by considering only the
dielectric contributions and assumed that the
contributions from magnetic energy loss are very
small and consequently can be ignored [5-7].

In this paper, we include all the heating sources
from electromagnetic wave and perform a finite
element  simulation with the COMSOL
Multiphysics™[8] to explore the mechanism of
microwave sintering. In the next section, we
briefly describe our simulation procedure. Then we
present calculations for several types of oxides and
their composites and compare our results with the
available experimental findings. In the last section,
we summarize our results and conclusions.

2. Simulation Methods and Procedures

In this work we consider only two
dimensional (2D) microwave sintering geometries
in order to simplify the calculations. Figure 1
shows our simulation model which is a simplified
version of the experimental setup described in ref.
[1]. In this 2D model [8], the cylindrical sample is
placed in an insulating powder which is surrounded
by porous materials. For the electromagnetic
propagation and heat transfer modules, the
boundary conditions are different. In the heating
transfer module, the heat transfer from sample into
insulation powder, and then to the air, therefore,
the boundary condition between the powder and air
was taken to be the heat flux. In the
electromagnetic  module, we apply the
electromagnetic wave from top and bottom in our
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2D model while the boundary conditions were set
to port options in COMSOL package. The
boundary between the powder and the air is taken
as a perfect conductor as shown in Fig. 1. Since the
enclosure atmosphere can influence the thermal
and electrical properties of the ceramic sintering,
here for simplicity we consider an air atmosphere
in all our simulations.

In this 2D axisymmetric model shown in Fig.1,
we combine the propagation equation of the
electromagnetic waves (TMy; or TE mode,
correlated by Faraday’s law) with the heat transfer
equation in order to get the sintering temperature
distributions and other system properties. The
propagation of electromagnetic waves is governed
by the following equation (1) or (2), corresponding
to TM or TE mode respectively.

Vx[e(T)-VxH]-0 1 (TYH=0 (1)
Vx[u(T)-VxE]-0’c,(T)E=0 (2)
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Fig.1. The simulation model for microwave sintering
based on the experimental apparatus [1,2,8].

where ® is the electromagnetic wave frequency.
The permittivity € and permeability p, are complex

parameters of the form: & = & — j& and

Mo=p =

By applying standard boundary conditions and
using finite element methods, one can solve either
equations (1) or (2) to obtain the distribution of the
E and H fields. The power flux associated with
propagating electromagnetic waves is represented
by the Poynting vector S which is defined as [5,9]

S=%EXH* (3)

The Poynting theorem allows the evaluation of
the electromagnetic power dissipated in the
medium. This dissipated power is the total heating
source in the sintering process. The total heating

source (( ) includes the Joule resistive loss and the

electromagnetic power dissipated per unit volume,
as given by the following formula:

q=0E-E —Re(V-S)

* 1 " * " *
—oE-E +Ea)(grE-E +uH-H) (4

In eq. (4), the first term is the resistive loss from
Joule’s law, and the 2™ and 3™ terms are the
electric and magnetic energy losses from the
electromagnetic field. H™ and E° denote the
conjugate quantities of H and E fields. In egs. (1),
(2) and (4), the permittivity (g;) and permeability
(uy) are complex parameters and are temperature
and frequency dependent. From eq.(4) one can see
that electromagnetic energy losses are dominated
by the E and H fields and depend also on the
imaginary parts of permittivity and permeability
parameters, €’ and p”. All calculations in this
study have been performed using a microwave
field of 2.5GHz. In Table 1 are listed the complex
€ and , parameters for several oxides which were
used in our simulations.

Table 1. Complex permittivity & permeability
For some oxides at frequency 2.5GHz

Materials g g’ w n’ Refs.

Fe304 | 250 | 3.1 75 | 2.0 |[10]

Al,O3 | 3.006 | 0.17 1.0 | 0.02 |[11]

Vary
Zn0O 40 | | 1o | oo |2
ZnOly-
Fe,Os 6.6 |05 12 |13 [13]
Powder, 114 |00 1.0 |00
Air

From Table 1 one can see that for the powder we
set the values of ¢’ and p’ to 1.0 and the values of
€’ and p” to zero. This simplification means that
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they only act as heat transfer media. From our
investigations, we found that the parameters ¢, and
W (especially their imaginary parts) are very
sensitive to the heating profile.

The heat transfer can be described by equation

oT '
pC, 5=V VT =g (5)

where p is the density, C, is the heat capacity, « is
the heat transfer coefficient, T is temperature, t is
the time. These parameters can be readily found in
handbooks [14,15].

By solving equation (5) with certain boundary
conditions shown in Fig.1, we can get the sintering
temperature T distributions in the sample as
function of the simulation time t.
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Fig.2. The sintering temperature at the center of AL,O;.
(a) experimental results from refs.[3,4].
(b) our simulation results with isolated E and H
And with both E and H fields.

3. Results and Discussions

For a given system, we have added the H-field
contributions (shown in eq.(4)) to the existing E
contributions in the electromagnetic wave module
of COMSOL software [8]. By solving the above

equations (1-5) we obtained the sintering
temperature distributions and other properties (such
as the electric and magnetic energy and flux
densities, and the E and H distributions, etc.). In
order to model the experimental procedure in
which the H and E fields are separated [4,16,17],
we simply set the values of €” or p” to zero and ¢’
or pu’ to 1.0 respectively.

3.1 Sintering of ALO;

Figure 2 shows our simulation results and the
corresponding experimental data [4] for the case of
Al,O; oxide. It can be seen that in both cases the
magnetic field contribution is much smaller than
the contribution from the electric field. In this case,
electric field plays an important role during
sintering. Although the contribution from magnetic
field is small, it can not be neglected for accurate
description of Al,O; sintering.

In agreement with experimental results (Fig.
2(a)), we obtained that the main heating
contributions is due to the E field (Fig. 2(b)).
However, our simulation predicted a much shorter
time period to reach the saturation temperature than
that determined experimentally. We note, however,
that our predicts are in agreement with those
obtained in ref. [4] for a series of 14 oxides where
saturation has been reached within 10 minutes of
irradiation. At this moment we don’t have a simple
explanation for the difference between Al,O; and
other oxides investigated in ref.[4].

3.2 Sintering of Fe;0,

The simulated results and the experimental
measurements for Fe;O, are showed in figure 3.
In contrast to the sintering behavior of Al,Oj;, both
E and H fields are important for the sintering of
Fe;04. We note that the contribution from H-field
is larger than the contribution from E-field. This
means that the H field is dominant during sintering
of Fe;O4. Comparing our simulation results with
experimental measurements, it can be seen from
figure 3 that they agree with each other very well.
Fe;O4 is a magnetic oxide material and its
imaginary part of p, is much bigger than that for
AlLyOs3. Therefore, it should have a larger magnetic
energy loss than Al,O; does.

It should be pointed out that the experimental
sintering for Fe,O; and FeO showed that the
electric field E plays an important role during
sintering of these two oxides [4]. It should be very
interesting to find out why the sintering behavior of
Fe,O; and FeO are different from Fe;O4 because
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the later can be treated as the combination of Fe,O;
and FeO. Unfortunately, we were unable to find
both & and p, values for Fe,O; and FeO systems
and therefore, we were unable to perform similar
simulation on these oxides.
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Fig.3. The sintering temperature at the center of Fe;Oy.
(a) experimental measurements from refs.[3,4]
(b) our simulation results with isolated E and H
and with both E and H fields.

3.3 Sintering of ZnO

As we mentioned above, the complex
permittivity and permeability are frequency and
temperature dependent. Since we fixed our
frequency at 2.5GHz, we only need to consider the
temperature dependence. For Al,O; and Fe;0,, as
described above in Table 1, the measured
parameters of g and p. only show frequency
dependence, hence, we have to assume they are
constant for all temperatures.

For ZnO, the experimental data for &’ at
different temperatures are available [12]. We have
used these experimental data in our simulation. For
those temperatures where experimental data are not
available, we use the interpolation function to
create the corresponding value. Figure 4 shows our
simulation results and the experimental sintering
measurements of ZnO.

From Fig. 4, one can see that both experimental
and simulation results show that the E field is more
important than the H field during sintering of ZnO.
Comparing with Al,O;, the H field contribution is
even smaller. Therefore, it’s reasonable to neglect
the H field contribution during sintering of ZnO
and consider only the dielectric contributions.

Comparing Fig.4(a) with Fig.4(b), it can be seen
that the simulation results have a depression within
the first 5 minutes. The reason for this is that the £”
values vary greatly when T<700°C.
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Fig.4. The sintering temperature at the center of ZnO.
(a) experimental results from refs.[3,4]
(b) our simulation results with isolated E and H
and with both E and H fields.

3.4 Sintering of nano-size ZnO/y-Fe,0;

The sintering technology has been used widely
to make composite materials from different kinds
of powder. Talbot et al[13] reported measurements
of the composition and frequency-dependent of &,
and p, for ZnO/y-Fe,0; composites prepared by
powder pressing as function of composition and
frequency. The electromagnetic properties of these
materials exhibit a strong dependence on the
powder size of the starting materials. They
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investigated nanometer-size and micrometer-size
particles and found that their behaviors are
different. For the nano-size powder, the material is
described by a unique set of € and p, parameters
(Table 1). In this case, we can treat these two kinds
of powder as a homogeneous material and apply
the same model as described above to do the
sintering. Fig. 5 shows our simulation results.
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Fig. S. The sintering results for nanosize ZnO with
v-Fe,0;, which are treated as a uniform material,
under isolated E and H and under both E and H fields.

From Fig.5, in sintering this kind of composite
material both H and E fields are important. The
contribution from the H-field is a little bit larger
than that from the E-field. It also can be seen that
the results with both fields present can not be
obtained by linear addition of the results for the
single fields. This can be understood based on the
nonlinear nature of Maxwell equations. Therefore,
the sintering temperature with both fields is
normally higher than the sum of E-only and H-
only results.

3.5 Sintering of macro-size ZnO/Al,O;

Based on the available parameters, we build a
2D model for composite ZnO/Al,Oz particles.
Different from the nanosize composie of ZnO/ vy-
Fe,03 as described above, composite ZnO/Al,O; is
heterogeneous and has individual particles with
different ¢ and p, parameters. Figure 6(a) shows
our simulating sample scheme. Different from the
sample shape shown in Fig.1, the shape of each
grain is set as a circle with the diameter of about 1
cm in 2D case, surrounded with powder.

Fig.6(b) and Fig.6(c) give the temperature
distributions on each grain along the sintering time
t. It can be seen that there are some differences
among those grains, especially during the first 100
seconds. The Al,O; grains located in the center
region have higher temperatures than the other
grains.
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Fig.6. The sintering temperature distributions for Al,O3
and ZnO composites which are treated separately.
(a)Sample grains surrounded with powder; (b) Al,Os;
(¢) ZnO. The plane is the position axis. Vertical axis is
the simulating time from 0 to 900 Sec.
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Overall, during the earlier stage of sintering,
the Al,O; absorbed more heat than ZnO grain and
consequently have higher T distributions.

Since our input microwave power is too low and
the sintering time is also short, we do not reach the
melting temperature in this simple modeling. To
study the melt interface region, the parameters for
the interface must be known as they are expected to
be different from those of individual component
systems.

4. Conclusions and Further Work

From the above discussions, it can be seen that
for ZnO, ALO; and their composites the E field is
more important than the H field, whereas for Fe;0,4
and ZnO/y-Fe,0; systems the H field plays a more
important role during sintering. Our simulation
results are in good qualitative agreement with the
experimental findings [3,4]. Although both E and
H fields contribute to the heating source, for
different materials there may be only one of them
which dominates the heating source during
microwave  sintering.  Generally  speaking,
ferromagnetic or magnetic materials (Fe;O4, as an
example) have larger p” values and therefore the
magnetic energy loss is more important during
microwave sintering and can not be neglected;
diamagnetic and anti-ferromagnetic materials (eg.
Al,0; and ZnO) have very small values of pu” and
therefore the E field plays the dominant role during
microwave sintering. It should be pointed out that
the sintering temperature is very sensitive to the
values of the pu” and &” parameters, which reflects
that in order to achieve good agreement with
experimental behavior those parameters must be
measured to high precision.

In addition, our simulation results also show
that the thermal properties (thermal conductivity,
Cp, x, etc.) and the size and shape of sample
particles also affect the sintering temperature
distributions. Sintering of composite materials and
the micro-structure among them are under
investigating by combining finite element methods
with an atomistic simulation approach.
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