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Abstract—A microwave cavity and heating system for mi-
crowave processing and in situ dynamic measurements of the
complex permittivity of dielectric materials at high temperatures
(~ 1000 °C) has been developed. The method is based on a
dual-mode cylindrical cavity where heating and testing are per-
formed by two different swept frequency microwave sources. A
cross-coupling filter isolates the signals coming from both sources.
By adjusting the frequency bandwidth of the heating source and
the level of coupling to the cavity, an automatic procedure allows
for the establishment of a desirable level of heating rate to the
dielectric sample to reach high temperatures in short cycles.
Dielectric properties of materials as a function of temperature are
calculated by an improved cavity perturbation method during
heating. Accuracy of complex permittivity results has been eval-
uated and an error lower than 5% with respect to a rigorous
analysis of the cavity has been achieved. The functionality of
the microwave dielectric measurement system has been demon-
strated by heating and measuring glass and ceramic samples up
to 1000 °C. The correlation of the complex permittivity with the
heating rate, temperature, absorbed power, and other processing
parameters can help to better understand the interactions that
take place during microwave heating of materials at high temper-
atures compared to conventional heating.

Index Terms—Cavity pertubation method, dielectric properties,
high temperature, microwave heating.

I. INTRODUCTION

EASUREMENT of dielectric properties of materials

at high temperatures is central for numerous indus-
trial, scientific, and medical (ISM) applications, including
microwave communications.

The design of microwave processing systems, in particular,
requires knowledge of the dielectric properties of materials
since they influence the ability of the material to absorb
microwave energy and transfer it into heat. However, these
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properties are dependent on the temperature and they change
when the material is heated [1]-[3].

Although microwave heating has been used for many
decades, the mechanisms of microwave and matter interactions
are still incompletely understood, especially at high tempera-
tures. One reason might be the lack of specific and advanced
instrumentation designed for this purpose [4].

To overcome the practical limitations imposed by the high
temperatures of samples, the methodologies normally applied
for dielectric measurements at low temperature require some
modification. These methodologies are very influenced by the
heating technique employed to provide the high temperatures
to the samples. Some of the reported techniques include: con-
ventional oven heating, infrared (IR) heating, laser heating, and
also microwave heating [5].

For example, a conventional furnace placed on the top of a
(TMOnO0) cylindrical cavity is used for heating small cylindrical
samples inserted in silica holders [6]. Once the desired tem-
perature is reached in the furnace, the holder is moved to the
cavity for dielectric measurements and then rapidly moved back
to the furnace. Since some cooling of the sample occurs during
transfer from the furnace to the cavity, the real temperature mea-
surement is estimated from cooling curves.

The cavity perturbation method (CPM) is reported to measure
the complex permittivity from the resonance measurements.
Accordingly, the CPM has become one of the most popular
methods for calculating the dielectric properties under these
temperature conditions [5].

The use of microwave for both heating and testing allows
short and fast heating cycles with lower thermal gradients and
at the same time in-situ dynamic sample measurements during
sample heating [5].

In previous works, Couderc et al. developed a dual-mode
cylindrical cavity technique using a heating mode of TMg1q at
2.45 GHz and a measurement mode of TE 17 at 3.1 GHz for
spherical samples, and TMg;2 at 3.7 GHz for rod samples [7].
The heating and diagnostic modes were individually coupled to
the cavity with minimum cross-coupling.

Xi and Tinga reported a dual-mode coaxial quasi TEM re-en-
trant cavity as a microwave heater and as a microwave dielec-
trometer for high-temperature measurements of small samples
[8]. In this experimental design, the diagnosis mode employed
a swept frequency source and a magnitude detector for the mea-
surement of the cavity resonance and dielectric determinations

0018-9480 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for inclusion in a future issue of thisjournal. Content is final as presented, with the exception of pagination.

by the CPM, and a single continuous wave (CW) frequency
power source for the heating mode. In both cases, complicated
and inefficient electronic tuners were required during heating
to adjust the power source (CW) frequency to the resonant fre-
quency of the cavity due to temperature-dependent changes in
the sample properties.

To reduce the complexity of the dual process, Jow et al. de-
veloped a TMy12 single mode cavity for microwave processing
and measurement of the properties of polymers at low tempera-
tures with a swept frequency microwave power source (2.4-2.6
GHz) [9]. Dielectric properties were determined simultaneously
by the CPM from the resonance power absorption curve formed
by the measured reflected signals in the cavity through a direc-
tional coupler.

Nesbitt et al. reported a cylindrical cavity operating in the
TEj11 single mode around the resonant frequency of 2.45 GHz
for in situ diagnosis of cure reactions during microwave heating
[10]. A narrowband (2.3-2.7 GHz) solid-state amplifier fed the
cavity and the transmission signal in the cavity was monitored
through a coupling loop with a network analyzer, which allowed
the measurement of cavity resonance during heating for simul-
taneous determination of dielectric properties by the CPM.

The same principle was used by Guan and Nikawa with a
TMj1o single mode cylindrical cavity around the frequency of
2.45 GHz for heating and measuring the dielectric properties of
some ceramics at high temperatures [11]. In this setup, the signal
from the first port of the network analyzer was amplified with
a power source for heating, and by means of a coupling loop,
the transmission response was measured with the second port
of the network analyzer for dielectric calculations by the CPM.
The use of a single source for simultaneous heating and mea-
suring operations reduces the complexity of the dual operation,
but complicates the measurement of the cavity resonance. This
applies mainly for high-loss materials, where the resonance re-
sponse might disappear completely.

In this paper, a fast method for determining the dielectric
properties of materials at high temperature (~ 1000 °C) in
real time is described. The method consists of a dual-mode mi-
crowave cavity, where heating and measuring is performed si-
multaneously with two different microwave sources. The con-
flict between heating and testing procedures has been avoided
by the design of a cross-coupling filter that provides a high iso-
lation between both cavity modes. To ensure an efficient power
delivery to the microwave cavity during processing of a dielec-
tric sample at high temperatures, an automatic procedure adjusts
the sweep frequency band of the input power source and the de-
gree of coupling to the cavity contingent on the desired sample
heating rate. The heating system provides faster and more ro-
bust measurements in a wider temperature and materials range
of application than previous dual-mode systems.

Dielectric properties are calculated by an enhanced CPM,
which takes into account the depolarization of the electric field
into the sample by a quasi-static (QS) approximation [12], and a
new formula is suggested to remove the effect of the wall losses
of the testing cavity. The accuracy of dielectric measurements
has been evaluated by comparing the results given by the CPM
with a rigorous solution of the cylindrical cavity [13].
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Fig. 1. Schematic view of the dual-mode cylindrical cavity. H; = 85 mm,
Hy = H1 /2, doav = 104.92 mm, ¢noe = 12.1 mm, and ¢p;,- = 7 mm.

Experimental results of complex permittivity of ceramic and
glass samples are given in Section V for temperatures varying
from room temperature to 1000 °C.

II. MICROWAVE CAVITY DESIGN

The microwave cavity test cell has been designed to have two
dominant modes. In this dual configuration, one of the reso-
nant modes is used for heating a sample of dielectric material
with a high power signal and the second resonant mode mea-
sures the dielectric properties with low power signals. Unlike
previous dual designs [7], the microwave cavity has been de-
signed to heat in the cylindrical TE;1; mode and to measure
in the TMy10 mode. Both cylindrical modes could be used for
heating or measuring separately because both resonant modes
exhibit a strong and uniform electric field where the test sample
is positioned. However, T My is selected here as the measuring
mode because it causes a larger frequency shift as a function of
the sample dielectric properties, and therefore, higher sensitivity
in the dielectric measurements can be accomplished.

Fig. 1 shows the schematic view of the dual-mode cylin-
drical microwave cavity designed for high-temperature dielec-
tric heating and permittivity measurements.

The dimensions of the cavity must be designed carefully to
avoid other disturbing modes. The heating mode was selected
to have a resonance around the ISM frequency of 2.45 GHz for
future industrial application of the measurement results. Cavity
diameter and height were fixed to 104.92 and 85 mm, respec-
tively. The theoretical resonant frequencies of both modes were
calculated by analytical expressions [14], resulting in a value
of 2.432 GHz for the TE;1 mode and 2.187 GHz for TMy19
mode.

Fig. 2 shows the normalized analytical electric field distribu-
tion of both resonant modes in the empty cavity. The F-field
vector of the TE11; mode is perpendicular to the cavity axis
with maximum field magnitude at the center of the cavity. The
E-field vector of the TMy19 mode is parallel to the cavity axis,
also with maximum magnitude at the cavity center. The figure
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Fig. 2. Normalized analytical E-field magnitude in the dual-mode cylindrical
microwave cavity. TE;;; mode (leff) and TMg1o mode (right).

Fig. 3. Photograph of the manufactured dual mode microwave cavity.

also displays the location of the sample in relation to the max-
imum of F-field for each mode to ensure uniform processing
and testing. The sample size was fixed around 10 mm in diam-
eter and 15 mm in height, in accordance with the E-field repre-
sentation.

The sample of material is held in a quartz vial
(inner diameter ~ 10 mm, external diameter ~ 12 mm),
capable of handling high temperatures (~ 1300 °C), which is
inserted within the cavity through a cutoff hole located at the
central plane of the top wall. An IR thermometer is used to
measure the surface temperature of the dielectric sample from
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Fig. 5. Magnitude of scattering parameters of the cross-coupling filter with the
resonant peaks of the heating and measurement modes in the cavity.

outside of the cavity through a 7-mm-diameter cutoff hole
positioned in the lateral wall of the cavity. A third 7-mm hole
is used to place a video camera to observe the dielectric sample
during processing. The dimensions and positions of access
holes in the cavity were designed to ensure that they do not
disturb the fields or resonances of both modes, and to prevent
microwave leakage.

To avoid cross-coupling between heating and testing oper-
ations in the dual mode cavity, both resonant modes must be
well separated in frequency, and the type and position of suit-
able coupling devices of both modes must be designed for max-
imum isolation between them.

The high power signal (TE;;; mode) is fed into the cavity
via an electric probe placed at the sidewall through an V-con-
nector (inner diameter ~ 3 mm). The low-level measurement
signal (TMg;¢ mode) is coupled to the cavity by a second elec-
tric probe located at the central plane of the bottom wall using
an SMA connector (inner diameter ~ 1.5 mm). The cross-sec-
tional diagram of the cavity is shown in Fig. 1 and indicates the
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Fig. 6. Schematic of the experimental setup used for heating and dielectric measurements in a dual-mode microwave cavity.

relative positions of the electric coupling probes (/V-type con-
nector, Port 1; SMA-type connector, Port 2). Both probes are
mounted on a mobile mechanical device (not displayed in Fig. 1)
to modify penetration into the cavity, allowing adjustment to
the desirable level of coupling. Fig. 3 shows a photograph of
the manufactured cavity with the mobile coupling devices and
a Raman spectrometer.

Fig. 4 shows a measurement of scattering parameters of both
ports in the cavity by adjusting the penetration of probes close
to critical coupling. Both resonant frequencies are displayed
around the theoretical value with a small drift caused by the
equivalent circuit of the coupling network [15] and the access
holes. The figure also illustrates the frequency shift of each
mode when an empty quartz vial is inserted into the cavity.
The perpendicular (cross-polarized) configuration between both
coupling probes, related to the electromagnetic (EM) field pat-
terns, causes an approximate isolation (551 ) between modes of
3045 dB, measured with different penetrations of the probes in
the cavity. Therefore, an additional low-pass filter must be de-
signed to further attenuate the heating mode in order to ensure
an estimated isolation of 100 dB, required to avoid interference
into the measurement channel.

A. Cross-Coupling Filter

Since the frequency of the heating mode (~ 2.432 GHz) and
the frequency of the testing mode (~ 2.187 GHz) are very sim-
ilar, the cross-coupling filter requires a rejection level greater
than 60 dB on the side of the heating band, and at the same
time, very low insertion losses around the testing band (lower
than 3 dB). The proposed cross-coupling filter is a coaxial stub
filter with five sections. In this configuration, five short-circuited
coax stubs are directly folded to the main coaxial line as parallel
shunts, (shown in the inset of Fig. 5). The N connector-type
coaxial structure has been chosen because it is capable of han-
dling the high power required for a safe operation.

The structure has been modeled using the finite-difference
time-domain (FDTD) QuickWave-3D (QW3D) EM com-
mercial simulator and the position and length of stubs were
optimized according to the specifications described above.

Fig. 5 shows the QW3D modeling results of scattering param-
eters of the proposed filter (solid line), where a rejection level
of 80 dB for the frequency of the heating mode is achieved.
The same figure shows the results obtained from the measure-
ments of the structure (dashed line) and the measurement of
the two cavity resonant modes. Both responses (modeled and
measured) are in good agreement, confirming the validity of
the suggested design.

III. EXPERIMENTAL SETUP

The high isolation achieved with the filter between both
modes of the microwave cavity allows sample heating and
measurement of dielectric properties to be performed si-
multaneously with two separated microwave sources by the
method described below. Fig. 6 shows the block diagram of the
heating/measurement system

The microwave heating source is a narrowband
(2.2-2.6 GHz) solid-state amplifier (RCA2026U50, RFcore
Ltd.) driven by the RF output of a vector network analyzer
(VNA) (Rohde & Schwarz ZVRE). The network analyzer
output delivers an output of 0 dBm (I mW) and the gain
of the amplifier is around 50 dB. The maximum power
delivered to the cavity in this configuration is ~ 150 W. A
power isolator (Valvo VFU1045A) placed at the output of
the solid-state amplifier protects the amplifier and network
analyzer against power reflected from the cavity. The output
of the microwave amplifier launches the microwaves into the
cavity via a directional coupler and a high-power coaxial cable
(SUCOFLEX 106) connected with an N-type connector to
the coaxial probe coupling device. The directional coupler
(40-dB coupling) decouples the reflected signal from the
cavity to the second channel of the network analyzer, allowing
the signal to be monitored. Temperature measurements of
the dielectric sample through the vial container surface were
done using an IR radiation thermometer (Fluent RF23) with
an accuracy of 0.1 °C. To prevent thermal expansion of the
cavity during operation, the temperature of the cavity resonator
was controlled by a water-cooling system. Fig. 3 shows a
photograph of the system described (VNAs not shown).
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Fig. 7. Absorbed power in the heating mode of the cavity (TE;11) as a func-
tion of frequency (leff) and level of coupling S11 (right). (a) Narrow frequency
sweeps of the input source. (b) Broad frequency sweeps of the input source.

The network analyzer, IR thermometer, amplifier, and vari-
able coupling probe driver are connected to a computer via USB
links such that the selection of microwave frequencies and level
of coupling to feed the cavity can be adjusted either manually or
automatically. Through this interconnection of the network an-
alyzer, an open-short-line (OSL) calibration (with N-type high
power loads) can be performed with the computer for precise de-
termination of the input return loss in the cavity test cell system
during processing.

The absorbed power in the cavity and material sample de-
pends on the power delivered by the amplifier P; and the input
return losses S11 around the resonant frequency of the heating
mode TE;1; (Port 1 in Fig. 6).

This relation is given by the following equations:

P (1 — 511 (fi)\Q) ;

Pabs(fi): ’L:].,,N (1)

1 N
Paver - N ; Pabs (fz) (2)

where Py, (fi) is the absorbed power at a specific frequency f;
and P, is the average absorbed power for a frequency sweep
in the range [f1 < f; < fn] with N frequency points.

Fig. 7 illustrates the absorbed power calculation in the cavity
for two experimental tests with dielectric material samples, with
different frequency sweeps and couplings (S511).

By adjusting the frequency sweeps of the VNA in a narrow
band (2.3978-2.4027 GHz) around the resonant peak of the
cavity, and by adjusting the penetration of the coupling probe
close to critical values (511 < —25 dB), almost all the output
power of the amplifier is released to the cavity test cell in a
manner similar to a CW source (case (a) in Fig. 7). However,
for a frequency sweep covering a wider band around the reso-
nant peak of the cavity (case (b) in Fig. 7) and a coupling of
S11 = —5 dB, the absorbed power at frequencies far from the
resonant peak substantially differ from those near the resonance,
resulting in an effective pulsed heating.

Since the resonant frequency and the matching of the heating
mode of the cavity varies as a consequence of the temperature

cavity (Port 2) through an SS-402 coaxial cable (see Fig. 6). To
remove the losses introduced by the filter, and systematic errors
in the cables, this network analyzer is calibrated [16] in the fre-
quency range of 1.9-2.2 GHz for measurement of the input re-
turn loss (S22) from which the resonant frequency and )-factor
of the cavity in the testing mode (TMg;19) can be determined
using the procedure previously described [15]. Automatic op-
eration of these measurements is also performed by connecting
the analyzer to the computer with a general-purpose interface
bus (GP-IB) link. A normal programmed regime consists of 150
frequency points each 1.2 s.

IV. HIGH-TEMPERATURE DIELECTRIC MEASUREMENTS

A. CPM

The CPM is one of the most common techniques for mea-
suring the complex permittivity of dielectric samples at mi-
crowave frequencies [17]. This method is based on the changes
in the resonance of a cavity due to the insertion of a sample of
material under test (MUT). The theoretical basis of these mea-
surements is well established, but it involves some simplifica-
tions. The main conditions for the applicability of the CPM is
that the EM fields in the cavity, with and without the sample,
must be approximately equal and the changes in the inverse of
Q-factor are less than the relative shift of frequency [18].

Under this assumption and by making use of a QS approxima-
tion [12], the dielectric constant ¢’ and the dielectric loss factor
e’ of a homogeneous and isotropic material can be related to
the shift in the resonant frequency Af/f and the change in the
Q-factor A(1/2Q)) with the following expressions [19]:

- ) - oo ()]

o3 s ()]

o wlE)
(o) o ()]

where N € [0.1] is the sample depolarization factor in the di-
rection of the electric field polarization, which measures how
much the internal field within the sample is weakened by the
polarization [20]. The sample filling factor, represented by 7,
indicates the relative volume sample/cavity weighted with the

!
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squared magnitude of the Fy field in the empty cavity resonant
mode [19]

L, | Eq|*dv

n=t (5)
2 [, |Eol*dv

The relative shift in the resonant frequency and the change in
the Q-factor are, respectively,

ﬂ_fu,_fuo

;A ©

LY _fuw 1 (1 1
A(@)‘fu 2 (Qu Qm)) 2

where f,o and (.o refer to empty cavity (unperturbed situa-
tion), while f,, and ¢, apply to the cavity with the specimen
(perturbed situation).

Equations (3) and (4) are valid only when E'-fields inside and
outside the sample are uniform and when the skin depth and
characteristic wavelength in the sample are much greater than
the sample size [19].

Parameters 77 and /N depend on the specific geometry of the
cavity, material sample, and resonant mode. Although the de-
polarization factors of some sample geometries has been the-
oretically calculated in free space by a number of researchers
(see, for instance, [20], [22], and [23]), they are usually not ap-
plicable with reasonable accuracy in the CPM and they need
to be determined by calibration procedures; typically, by mea-
suring materials with known permittivity [24]-[27]. The term
1/Q. — 1/Quo in (7) intends to remove wall losses in the per-
turbed cavity by assuming that the (J-factor of the walls remains
the same when the specimen is introduced into the cavity. Ex-
perimental results show that the insertion of small-sized and
very low-loss specimens in cavities increases the ()-factor (due
to the wall losses), thus making (7) negative, which is inconsis-
tent with (4). An amendment of perturbation expressions was
suggested in [28], where the “corrected” ¢-factor due to losses
in the cavity walls is written as

Qo= Quo [1+( 1) ] ®)
where v; and V are the volumes of the sample and cavity, re-
spectively. However, the @)-factor predicted by this expression
tends to be undervalued for low dielectric constants and over-
valued for high dielectric constants. By considering that the in-
crease of the J-factor due to losses in walls is due to the change
of stored electric energy because of the insertion of the dielectric
sample, i.e., Qo & Quo (W./W,.), where W, and W/ are the
electric energies stored in the cavity without and with a sample,
respectively, and by using the resonance frequency shift pre-
dicted by the perturbation theory, the following expression is
suggested here:

2
o o 1 €D BP
uld ™ wul :
fv|E0‘sz

~ Quo (2% — 1)

1+
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2
~ Jul
since 2z —1 =~ 2% forz ~ 1, and E; and F stand for the n-fields
in the empty cavity and the cavity with a dielectric sample,
respectively. This approach has been supported with multiple
simulations of small cylindrical dielectric samples of different
sizes centered in a resonant cylindrical cavity working at TMg1¢
mode performed with commercial full-wave simulators. .
Equation (7) is then rewritten as

1 fuwo 1 (1 f2 1>
Al=)=dw 2 (2 e .
<2Q> .2 (Qu 2 0w (19

The QS perturbation analysis of samples contained in holders
(such as the case of the cavity shown in Fig. 1) implies the anal-
ysis of three-phase media [23] and the precise knowledge of
the permittivity and dimensions of the containers. However, the
influence of sample holders in measurements is minimized by
considering the cavity with the empty sample holder as the un-
perturbed situation [29]. Under these assumptions and by taking
into account (10) for a thin and very low-loss sample holder, the
relative frequency and (J-factor shifts to be used in (3) and (4)
are expressed, respectively, as

A uts T Ju
Tf = 7 tﬂft (1)
A(L) _&.1.(L_L_Lf3ts 3t>
2@ futs 2 Quts Qut QuO f’LQLO
(12)

where f,; and @, are the resonance frequency and @)-factor of
the cavity, respectively, with the empty sample holder and £,
and ),;s with the sample holder containing the specimen.

The insertion hole in the cylindrical cavity shifts the reso-
nant frequency and lowers the ¢)-factor depending on the EM
fields, geometry, and material properties (near or through the
hole) [30]. In the microwave cavity shown in Fig. 1, the fields
in the hole remain nearly unaltered from the unperturbed to per-
turbed situation because the dielectric sample is far from the
hole. Therefore, the effect of the insertion hole on the resonant
frequency and @ -factor is assumed to be canceled by the pertur-
bation expression, which involves relative deviations and f,g
refers, henceforth, to the resonant frequency with the insertion
hole.

B. Accuracy of the CPM

The accuracy reached in dielectric determination by the CPM
is difficult to evaluate. Depending on the dielectric sample, the
assumptions made in the approximate theory of the perturba-
tion of cavities are not always valid. To verify the accuracy of
the dielectric calculations, a number of different samples in a
wide range of dielectric constant and losses were machined in
rods of 15-mm height and 9.8-mm diameter and measured inside
quartz vials at room temperature by the CPM described above.
The results were compared with measurements of the same sam-
ples, without the container, in a closed TMg1, cylindrical cavity
(diameter = 98 mm and height = 20 mm) solved by a rigorous
mode-matching method [13]. The measured complex permittiv-
ities are tabulated in Table I.
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TABLE I
DIELECTRIC PROPERTIES OF SAMPLES (15 mm X 9.8 mm) PLACED INSIDE QUARTZ VIALS, CALCULATED BY THE CPM AND COMPARED WITH
MEASUREMENTS CARRIED OUT BY A RIGOROUS ANALYSIS OF A CLOSED TM;9 (PARTIALLY FILLED) CYLINDRICAL CAVITY [13]

(f,, =2.18762GHz, £, =2.16147GHz, Q,, =10464, O =10502)

Material (22°C) S @H2) Q. Elpy  Etpy & +AE' g"+Ag"

Ptfe 2.15653 102412066 0.0007 2.069£0.010 _ 0.000720.0001
Rexolite 2.15460 102062549 0.0010 2.531x0.011 _ 0.00128+0.0001
Nylon Fiber Glass 2.15055 41213723 0.0511_ 3.709+0.018 _ 0.05701+0.0011
Borosilicate Glass 2.14842 6392 4449 0.0241 4.3540.045 _ 0.02374£0.0006
Tufnol 2.14731 3666 4.859  0.0734 4.711x0.022 _ 0.07190+0.0009
Porcelain 2.14621 3875 5292 0.0718  5.438%0.160 _ 0.07756+0.0037
Macor 2.14555 6619 5569  0.0260 5.676£0.031 _ 0.02384%0.0004
Alumina 2.13930 10596 8.823 _ 0.0007 9.007£0.051 _ 0.00025x0.0001
Ptfe+Graphite 2.12620 205 21.176_10.803  20.900:0.650 _9.72200+1.1300
E41030-Temex Ceramics _ 2.12504 10833 28108 0.0006  29.120£0.323 _0.00070+0.0003
E21836-Temex Ceramics _ 2.12345 1074633258 0.0043_ 33.800£0.407 _0.00450+0.0003
E5980-Temex Ceramics _ 2.11851 10736 65788 0.0199 658061266 0.01834=0.0060

Unloaded resonance frequencies and @-factors given in
Table I were determined by the procedure reported in [15].
Filling and polarization factors (n = 0.00238 and NV = 0.102)
of (3) and (4) were determined by calibration with reference
materials of known permittivities.

Table I also gives the combined standard uncertainties Ae’
and Ag” provided by the rigorous mode-matching method, de-
termined according to the law of uncertainty propagation based
on a Taylor expansion of first order, as stated in [31], and taking
into account all the individual contributions of uncertainties in
dimensions and measured magnitudes [32].

From the maximum discrepancies observed in Table I, the
accuracy of the CPM is estimated to be, on average, within
3% in the dielectric constant and around 10% in the loss factor
within the range 107> to 107*. For very low-loss materials
(As"” < 107%), even in cases where the Q-factor of the cavity
with samples is higher than the value of the empty cavity, the
suggested equation (12) removes the wall losses of the cavity
and the discrepancies in the loss factor found for this range of
losses are in the order of £0.0005.

The filling and polarization factors (n, N) are strongly related
to the dimensions of the samples employed in the calibration.
For example, the application of the CPM to a sample with a de-
viation of 5% with respect to these dimensions (radius or height)
might lead up to 40% error in the permittivity determinations.

The accuracy of permittivity calculations at high tempera-
tures during the microwave heating cycle is estimated to be very
close to the room-temperature measurements accuracy because
the thermal expansion of the testing cell is negligible due to the
thermal cooling and the rapid measurement cycle, and the di-
electric properties of the quartz vial holder remain practically
unaltered in the temperature range [33].

V. EXPERIMENTAL RESULTS AND DISCUSSION

Extensive measurements have been carried out to test the per-
formance of the method described and results for two mate-
rials are presented. The temperature dependence of the dielec-
tric properties of glass-ceramic (Macor from Corning Inc.) and

borosilicate-glass (Duran Glass from Schott AG) samples were
measured from room temperature to greater than 1000 °C.

Since the cavity remains cool during the heating experiments,
the sample experiments temperature gradients from the center
to the surface [34]. Since the IR thermometer measures the sur-
face temperature, a calibration process based on conventional
heating of samples having similar thermal properties with a ther-
mocouple placed at the center was applied to find the relation-
ship with the bulk temperature of the sample.

Dielectric samples were machined in rods of 15-mm height
and 9.8-mm diameter (to fit into the quartz vials) and elec-
tromagnetically processed in the heating mode of the resonant
cavity. For each heating experiment, an average of 100 swept
frequencies of the input source were automatically adjusted by
the proportional-integral-derivation (PID) control procedure be-
tween the range of 2.33-2.43 GHz to achieve an approximate
heating rate of 0.5 °C/s. The probe penetration was adjusted at
the beginning of the experiment to overcouple the cavity and no
additional movements were needed during the heating cycle.

Fig. 8 represents the bulk temperature reached in the Macor
sample measured by the IR pyrometer. Also described is the
average microwave absorbed power required by the sample and
cavity for each frequency sweep, calculated according to (1) and
(2) as a function of the processing time. The average microwave
power absorbed by the test cell was in the range 2-90 W and the
heating time for raising the temperature to 1100 °C was about
32 min.

The time evolution of the resonant frequency and ()-factor,
calculated from the measured return loss (S22) in the testing
mode of the cavity, were used to calculate the complex permit-
tivity of the sample for each temperature during the microwave
heating cycle according to the CPM described above. Results
are represented in Fig. 9. A moderate increase of dielectric con-
stant of Macor is seen with increasing temperature and a pro-
nounced surge occurs at around 1000 °C. The dielectric loss
factor follows a similar pattern and a rapid exponential increase
occurs above this temperature. Specifically, this temperature (~
1000 °C) is related to the maximum operating temperature of
the material. A comparison of the calculated results with the
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Fig. 8. Macor sample temperature and absorbed microwave power by the
cavity test cell as a function of processing time.
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Fig. 9. Dielectric properties of Macor measured in the dual-mode cavity as a
function of temperature.

experimental results of Arai et al. [35] for the same material re-
vealed good agreement between both calculations, especially at
low temperatures.

For the second material (Duran Glass), Fig. 10 represents the
time evolution of the average MW absorbed power together
with the sweep frequency bandwidth automatic adjustments
of the input source in the heating mode of the cavity required
during processing. The heating time to reach 1000 °C was
around 43 min and the required average MW absorbed power
was in the range of 2-75 W.

As shown in Fig. 10, the heating process of Duran Glass re-
quires a continuous adjustment of the source bandwidth starting
from 80 MHz at room temperature (25 °C) to almost 2 MHz at
1000 °C. At these final temperatures, the high losses of the glass
together with the heat losses in the cavity compel the use of a
CW heating source, reducing the bandwidth to a small value.

Fig. 11 shows the complex permittivity of the Duran Glass
sample calculated by the CPM in the testing mode of the cavity.
The dielectric constant of Duran Glass, as represented in Fig. 11,
exhibited a smooth monotonic increase with increasing tem-
perature, revealing anomalies in the vicinity of the glass tran-
sition (1},) and melting temperatures (525 °C and 860 °C, re-
spectively). Specifically, the slope of the dielectric constant in-
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Fig. 11. Dielectric properties of Duran Glass measured as a function of tem-
perature.

creased markedly around the transition temperature (7). On the
other hand, the dielectric loss factor commences with a very low
value, but increases rapidly and exponentially at temperatures
beyond the 7}, , similar to the dielectric constant. This temper-
ature-dependent change in dielectric properties is attributed to
the transformation of the rigid supramolecular glass structure
to a different structure in the viscoelastic fluid state. Both glass
temperature and material melting points can be used as measure-
ment references from specific well-documented glass composi-
tions to verify that the calibration of the IR temperature sensor
to provide bulk temperatures of the sample in the microwave
cavity is correct.

In both experiments, no size changes in the dielectric samples
were observed during heating; thus, the accuracy of dielectric
calculations, as stated in Section IV-B, is estimated as 3% for the
real part and 10% for the imaginary part, in the entire measured
range of losses.

VI. CONCLUSIONS

A fast method for in situ and real-time measurement of the
dielectric properties of materials over a wide temperature range
(~ 1000 °C) in the microwave region has been developed. The
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method consists of a dual-mode cylindrical cavity, where the
sample is heated by microwaves and measured simultaneously
by two different microwave sources with no cross-coupling con-
flict between them.

The equipment enables a desirable level of heating rate in the
sample to be fixed by adjusting, manually or automatically, the
frequency bandwidth of the input source and the level of cou-
pling to the cavity, and a precise calculation of the absorbed
microwave power by the sample in the cavity is achieved. The
functionality of the microwave dielectric measurement system
has been demonstrated by heating and measuring glass ceramic
samples up to 1000 °C. Accuracies reached in the dielectric
measurements by the CPM have been evaluated by comparison
with more rigorous full-wave cavity procedures.

The correlation of the complex permittivity with the heating
time, heating rate, temperature, absorbed MW power, and other
processing parameters may help to improve the understanding
of the mechanism of interactions between microwaves and ma-
terials, especially at high temperatures, and facilitates compar-
isons with conventionally heated materials.
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