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Energy Conversion during Microwave Sintering of a
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A quasi-analytic model has been developed to examine energy
conversion during the microwave sintering of a ceramic that is
surrounded by a susceptor. Low-loss ceramics, such as ZgD
couple poorly with microwave radiation at low temperatures;
however, because the dielectric loss usually increases rapidly
as temperature increases, coupling improves dramatically at
high temperatures. To improve heat transfer at low tempera-
tures, susceptors are used. Three processes of energy flow are
considered: microwave absorption due to dielectric losses,
blackbody radiation, and heat convection. As expected, the
susceptor (SiC) heats rapidly, relative to the ceramic (ZrQ), at
low temperatures; however, the ceramic attains higher tem-
peratures after a prolonged period of microwave exposure.
Below a critical temperature (800°C), the primary heat-
transfer mechanism to the ZrO, is blackbody radiation from
the susceptor. Above this temperature, microwave radiation is
the main source that contributes to the temperature increase of
the ceramic. The results of the simulation are in reasonable
agreement with recent experimental data.

I. Introduction

GRAMIC sintering is a fast-growing area of microwave applica-
ions! The advantages over conventional heating include rapid
heating rates, uniformity, and low power requirements. Zirconia
(Zr0,)? and alumina (AJO,)® are low-loss ceramics that couple
poorly to microwave radiation at low temperatures. However,

role, because of (i) spatial discontinuities of the dielectric coeffi-
cient in various regions and (ii) rapid variations of the dielectric
coefficient, as a function of temperature. Figure 1 shows
schematic illustration of the system. Zy@& the ceramic to be
sintered and is located in the center of the system; SiC acts as
susceptor, whereas AD; acts as an insulator that confines the heat
to the vicinity of the ZrQ. Note that the analysis that follows is
suitable for any low-loss ceramic when the dependence of th
complex dielectric coefficient on temperature is known. For ZrO
SiC, and ALO;, the dependence is shown in Fig. 2; this parametric
dependenceg(T)) tacitly will be assumed to be known, regardless
of the physical or chemical mechanism that controls the specifi
behavior. The temperature dependence of the dielectric coefficiel
clearly has a major role in the energy-conversion process, eithe
directly or indirectly via reflections. Our goal in this study is to
determine the temperature dynamics (spatial and temporal varii
tions) for all regions in space and examine the effect of geometri
parameters; all the other variables can be established after t
temperature is known.

Microwave radiation is the only source of external power; to
evaluate the temperature dynamics, it is averaged over tim
because any temperature—time variations are much slower than t
typical variation of the radiation field. Energy flow between the
various regions is assumed to be controlled by two nonlinea
processes: blackbody radiation and heat convection. To simula
such a system, a theoretical model has been formulated. Simul
tions indicate that the energy transfer may be divided into twc
domains: (i) below a critical temperatufg, the temperature of the

C

because dielectric loss usually increases as temperature increasegrQ, and ALO, varies slowly, whereas that of the SiC increases

(by five orders of magnitude in the case of Zr@hen the

rapidly; (ii) at temperatures abovie, the temperature of the ZgO

temperature increases from 300°C to 1500°C), ceramics can besteeply increases, overtaking the temperature of the $ids

made absorptive by increasing their temperature. A simple tech-
nique to implement such heating is to surround the specimen with
a susceptor; silicon carbide (SC)s commonly used for this

defined by the temperature of the ceramic being equal to that of th
susceptor and occurs at a timg For the same time, the 4D,
insulator shows only a small increase in temperature. The values

purpose. Several configurations have been suggested for heatingrc andr, are dependent on the volume of the Zr€mple and its

ZrO, and ALO, with a SiC susceptor. Det al® used a SiC-lined
susceptor that surrounded the specimen to sintgdAtompacts.
Janneyet al.® suggested an array of SiC rods to sinter ZfGnd
Ramestet al.” used a hybrid microwave-heating configuration for
ZrO, and ALO; compacts.

In this study, a simple model has been used to investigate
energy flow during the sintering of a small Zs@ample that was
surrounded by a susceptor. Contrary to other m&delbere
multiple reflections are ignored, these reflections have been

considered in the present study because they have an important
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emissivity (the latter of which is defined as the ratio of the total
emissive power of a material to that of a blackbody at the sam!
temperature). This quasi-analytic approach makes it possible t
determine the relative influence of the blackbody radiation anc
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Fig. 1. Schematic depiction of the cavity configuration for sintering
rO,.
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Fig. 2. Plots of the dielectric coefficient of the materials ((a) imaginary
part (losses) and (b) real part) versus temperature.
convection at any instant. In particular, the blackbody radiation is

increase in heat loss of the Zg@t high temperatures. Multiple
microwave reflections between the various regions have an im-

portant role, because the dielectric coefficient of each layer varies

dramatically with temperature.

Il.  Theoretical Model

Ceramics usually are sintered in multimode cavities, and the

sample size usually is less than one vacuum wavelength. Exact

solution of the three-dimensional (3-D) electromagnetic and ther-
mal problem requires the application of various assumptions to
simplify the highly nonlinear problem. Our goal in this study is to

investigate the main features of the power flow, assuming two

heat-transfer processes: blackbody radiation and convection. In

addition, we consider the multiple-reflections process that is
associated with layers that have different dielectric coefficients.
Each layer in Fig. 1 is considered to be very thin (relative to the
wavelength); thus, spatial variations are negligible, as is the
contribution of heat conduction to power transfer. In the evaluation
of the electromagnetic field, we consider the multiple reflections

that are associated with dielectric discontinuities and temperature
differences between various layers. This consideration is important

in cases when simple exponential detafthe amplitude is not an

accurate description of the propagation of the electromagnetic

wave from the cavity into the various dielectric regions. The

present one-dimensional (1-D) model corresponds to the cross

section of an actual systefrthe sample to be sintered (Zg0is
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samples are relatively small, in comparison to the microwave
wavelength; this assumption is justified by the good agreemer
with experimental results, as will be described in section Ill. After
Eq. (1) is integrated, we have

dT_P
da/) T

where P; represents the total power flowing in or out of the
volumeV. Three separate power sources contributetor he first

is the time-averaged microwave power that is absorbed by a give
volume (P,,):

cppv( @)

1 sinh (qd
P = ws"[ A2 exp(fqooﬁ
q
(qd) 1 — exp(—2jkd)
2 % _
T 1BR explqd) Y 4 A 2k
. exp(2jkd) — 1

wherew is the angular frequency at an operating frequendy-of
2.45 GHz ( = 2xf), ¢’ the imaginary part of the dielectric
coefficient, andd the material widthk andq are the real and the
imaginary part of the termaf/c)e*?, respectively (where is the
light velocity), andj is the square root of- 1. TheAB matrix term

shown to be the mechanism that is responsible for the dramaticrEpresents the amplitudes of the two waves bouncing between d

two edges of each volume, whehds the forward wave amplitude
andB is the backward wave amplitude, so we can assign each lay:
an indexv. The electric field in each layer is assumed to be given

by
gl 2x]

E,=A, exp[ —j(%)si’zx] + B, exp[j< )

At any instant, the amplitudes are calculated assuming that th
dielectric coefficient of each layer is known, as well as the quality
factor and the power injected into the cavity by the microwave
generator. This assumption is fully justified, because temperatur
variations occur within minutes, whereas the radio-frequency (rf
field varies on a subnanosecond level. Practically, the amplitude
are expressed in terms of transfer matrices of the form

5 o i(3)era
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The second power-transfer contribution is the time-average
power that results from blackbody radiation emitted at a giver
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located at the center of the system, separated from the susceptor bjemperature. This contributiok(22), is defined as

Al,O,, and the susceptor, in turn, is isolated from the surroundings
by an additional layer of AlO,.

The conversion of microwave energy to thermal energy is
controlled by the relation

aT
Cpp =V(VT) + Q Q)
whereC, is the heat capacity per unit volumethe mass density,
T the temperaturd,the time,k the Boltzmann constant, ai@@the
instantaneous rate of heat transfer. For simplicity, we have

assumed a uniform temperature in each of the material layers,

tacitly assuming a thin sample. Even if, in practice, the layer is
thick, for simulation purposes, it can be divided into a set of thin

(PO =5 > oT{e., — SoT? (6)

i#v

where the indexes = 1, 2, ... andv = 1, 2, ... represent the
region in spaceS represents the material area, aadis the
Stefan—Boltzmann coefficients( = cmki/[15(hc)®]). The term

o;_,, Is an absorptlon factor_., = 1) that represents the actual
average power that is absorbed by material laygr

1

; (7)
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layers and the temperature gradient across each layer can bevhere€ represents the material emissivity ahd , is a factor that

neglected. In the specific case that has been studied here, theaepresents the actual power incident on lay€g, .,

=1).
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The third contribution to power transfer is the power-flow balance
that is associated with convectiofiP{?.)), as given by the relatidf
P = 2.0%S, X(T, = T)|T, - T,/ ®)

wheresd is a dimensionless parameter that has been introduced to
account for the relative importance of convection in the overall
energy balance. Substituting Egs. (3)—(8) into Eq. (2), we obtain
the detailed heat-dynamics equation for layer

dT,

vapvvu< dt > = <me>u + (Prad,,> + Pcon., (9)

As already indicated, we consider only the slow time variations,
which correspond to changes in the temperature of the material
(T(t)) and the convection power, so that the microwave radiation is
averaged. Equation (9) is a nonlinear differential equation for the
temperature of each layer. Solving this equation for each layer
gives the temperature of each layer as a function of time, which is
the main goal of this study.

IIl.  Simulation Results

Simulations of Eq. (9) were performed faiy o(t = 0) =
Toot = 0) = Tgic(t = 0) = 25°C,f = 2.45 GHz, and the
following material mass densitiep;,o, = 2520 kg/nt, pa o, =
1588 kg/nt, andpg;c = 965 kg/n?. A § value of 0.9 was séelected,
based on previous workand typical values were used for the
emissivity:€, 0, = 0.01,€5,c = 0.1, andé,,o, = 0.99 (all values

were assumed to be independent of temperature). The dielectric

widths of the materials were assumed to:jgﬁj2 =7.5mm,dy o,
= 12.5 mm, andlg,c = 10 mm. As indicated in Fig. 1, the system
is composed of seven consecutive dielectric layers@4l SiC,
AlLO,, ZrO,, Al,O,, SIiC, and ALO,). For this arrangement, the
factor matrix E]; ,—, . -that was introduced in Eq. (7) is given by

1 6/21 5/21 4/21 3/21 2/21 1/2

6/26 1 6/26 5/26 4/26 3/26 2/2

5/29 6/29 1 6/29 5/29 4/29 3/2

¢=| 4/30 5/30 6/30 1 6/30 5/30 4/3
3/29 4/29 5/29 6/29 1 6/29 5/2

2/26 3/26 4/26 5/26 6/26 1 6/2

1/21 2/21 3/21 4/21 5/21 6/21 1

(10)

The values of were determined by the actual power incident from
materiali to layerv ( see Skamsegt al®); however, the model is

not very sensitive to these values. We used the above-described

conditions for each material and, using time steps of 0.1 s, we
calculated the corresponding power source (using the correspond
ing dielectric coefficient, as in Fig. 2); then, using Eq. (9), we
updated the corresponding temperatli(® for each time step.
However, the strongly nonlinear character of the problem may
require quite different time steps for other configurations.

Figure 3 shows the time variation of the temperature of ZrO
SiC, and ALO;. The curves for ZrQ and ALO; show no rapid
initial temperature increase; however, after some period of time,
the ZrO, shows a steep increase in temperature that exceeds that o
the SiC at high temperatures. As expected,Qdl shows only a
small increase in temperature, because it has poor microwave
absorption. Figure 4 shows how the time of intersecti), for
ZrO, and SiC at equal temperature, increases as a function of the
ZrO, volume (which corresponds to the thickness in our model)
and decreases as a function of its emissigitAn empirical best
fit suggests that the intersection time (given in minutes) is
dependent on the volume (given in cubic centimeters) as

T(V) = 86V2 + 30V + 4

whereas its dependence on the emissivity varies as
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Fig. 3. Temperature—time curves for ZgOSiC, and A}O; under the
following conditions:f = 2.45 GHz,pz,o, = 2520 kg/n3, Pai,0; = 1588
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Fig. 4. Dependence of the intersection time between Zxad SiC on (a)
the ZrQ, volume and (b) the Zr@emissivity.

T(€) = 37 exd—4¢€) + 47

This last result could provide a simple method to determine the
material emissivity from an experiment that is based on the presel
model. In principle, the applied power also affects the intersectiol
time (r.) for a specific configuration; here, we tacitly have
assumed that this power is set by the characteristics of the furnac
One advantage of the present model is that each mechanis
(blackbody radiation and convection) can be turned on and off, t
xamine the effect of each process on the energy exchange. FigL
demonstrates the role of blackbody radiation in the energy
transfer process. Figure 5(a) shows the temperature dynamit
when all the processes that contribute to the energy flow ar
considered. Without blackbody radiation, the temperature of the
SiC increases rapidly to high values, whereas the,Zeperature
increases only slightly (Fig. 5(b)). Figure 5(c) illustrates the
temperature variation with time when the blackbody effect is
“turned off” after 30 min; the temperature of the SiC then increase:
rapidly, because the primary “cooling” mechanism has beer
removed, and no significant effect is observed in the ZrO
Figure 6 further demonstrates the influence of blackbody
radiation and shows the contribution of each factor (rf field,
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Fig. 5. Temperature—time curves (a) with the impact of the blackbody
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Fig. 6. Contribution of the rf field, convection, and blackbody powers,
each as a function of time, for (a) SiC and (b) Zr@lote the shift in the

role of blackbody radiation in the case of ZrGn the first period of time,
power is absorbed, whereas in the second period of time, power is
dissipated.

convection, and blackbody) on the temperatures of the, zntl

These aspects are critical for the evaluation of the power that i
deposited by the microwave field in each layer when the temper
ature—and, thus, the dielectric coefficient—vary rapidly. The
effect of each energy-exchange process on the temperature dyna
ics has been examined. Blackbody radiation has the dominant rol
whereas convection has a secondary role. Simulation results ar
previously reported experimental data agree well. The mode
allows determination of the time required to equalize the temper
ature of the sintered sample and the susceptor, thus providing,

this case, significant design information for the optimal sintering
system. The model that has been described here can be furth
extended using a three-dimensional model and giving conside
ation to the spatial variation of the temperature in each of the
material layers.
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