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ABSTRACT

Using a self-heating, electronically tunable microwave dielectrometer, the
complex dielectric constant cf zirconia-based filaments was measured at 915 MHz
from 350° to 1100°C. This fibrous material cools rapidly to near room
temperature within several seconds due to a large surface area to volume ratio.
Such rapid sample cooling necessitates the use of a self-heating technique to
measure the complex dielectric constant at temperatures up to 1100°C. Sample
temperature was measured with optical fiber thermometry. The effect of sample
temperature measurement on data accuracy is discussed.

INTRODUCTION

Successful appiication of microwave heating for ceramic fibers will require
knowledge of the temperature-dependent dielectric properties of the desired
ceramic filament, These dielectric properties can greatly affect the design and
performance of the microwave process system, since they can change by several
orders of magnitude with increasing temperature. Furthermore, the diel:ctric



properties can significantly change due to chemical or structural changes in the

ceramic during processing. Process modeling will naturally need the same data to
produce realistic numerical resuits.

Because these properties are generally unknown, the dieleciric properties must be
measured over the range of possible process temperatures. Typically, fibrous
material cools rapidly from a high icmperature (>1000°) to near room temperature
within several seconds due to a large surface area to volume ratio. Also, test
samples cannot be consolidated into high-density bulk boecause this will
significantly alter the dielectric properties of the ceramic fibers. Dielectric
measurements under these sample constraints were performed with the self-
heating, electronically tunable microwave dielectrometer developed at the

University of Alberta [1-3]. Measurements were made for zirconia-based
filaments.

EXPERIMENTAL

The theory and operation of the self-heating, electronically tunable microwave
dielectrometer has been described in earlier work [1-3]. Dielectric properties were
measured at 915 MHz over a 350°-1100°C temperature range. Sample
temperature was controlled with a Luxtron/Accufiber Optical Fiber Thermometer
(OFT) unit, operating at a single-wavelength band of 0.3-1.12 um to measure
temperate over a 300°-1200°C range. A second OFT unit, operating with dual-
wavelength bands near 800 nm and 950 nm over a 550°-2000°C range, was added
to the system for dual-wavelength temperature measurements. kach OFT unit
used an open-ended sapphire lightpipe to monitor the sample temperature. The
lightpipe tips were positioned, as shown in Figure I, outside the measuring gap in
the dielectrometer, ~15 mm away for the control OFT and ~12 mm away for the
second OFT. The spectral emissivity of the zirconia-based filaments was 0.17 at
800 nm and 0.18 at 950 nm, as measured by the ripple technique {4]. Data from
the dual-wavelength OFT were recorded as single-wavelength temperature values

during measurement, which were later converted to dual-wavelength temperature
values.

Test sainples of 3M zirconia-based filaments were packed into a 7-mm OD x 5-
mm ID x 10-cm long fused quartz tube with one closed end. The organic sizing
on the filaments was removed by firing in air for 1 hour. Two sample groups with
significant different packing densities were prepared from chopped fibers in one
group and from coarse powder in the second group. Filaments were chopped



under a 1 w% aqueous solution of poly(ethylene oxide) (~5SMW) in a food
blender. Chopped filaments were dried aud then fired in air at 600°C for 1 hour to
burn off the poly(ethylene oxide). The coarse powder was prepared by lightly
grinding filaments in a porcelain mortar and pestle. The mean packing densities
of the chopped filament samples and the powder samples were typically 1.5 g/ml
and 2.8 g/ml. The mean packing density was calculated from initial sample
weight and initial sample volume which wz: measured by water dispiacement
after removing the heated test sample.

Dielectric properties were measured at two -different locations along eaca tubular
sample. The two measured segments along a sample were sufficiently spaced
apart to avoid overlapping heating between the first and second measurements.
Each location was measured either one, two or three times before moving to a
new location or to a new sample.

RESULTS AND DISCUSSION
Dielectric Properties

Figures 2 and 3 show temperature-dependent diclectric data measured for a
powder sample and for a chopped fiber sample. Above 600°C the dielectric
constant € for each sample increased rapidly. In the first measurement for the
chopped sample, the dielectric constant ¢’ at 975°C is approximately three times
greater than at 350°C. Similarly for the powder sample, the dielectric constant €’
at 900°C in the first measurement is approximately five times the value measured

at 350°C. Even larger increases are seen the dielectric loss data, approximately
100 times or more.

Interestingly, in Figures 2 and 3, the dielectric properties from a second
measurement on the same sample volume yield even greater values than those
from the first measurement indicating a change in the material caused by the first
measurement. Dielectric data from a third measurement in Figure 3 closely agree
with those in the second measur.ment.

The heated volumes for all samples were partially sintered, as evident from the
presence of a weakly sintered piece found in the core of each heated volume.
Each sample was probably sintered during the first heating and measurement
cycle with possible further sintering with each repeat measurement. The sintered
core was also found in a sample that was measured only once. The increase in



dielectric properties in a second measurement in Figures 2 and 3 is likely caused
by partial sintering of the sample during the first measurement.

Temperature Measurement

Figure 4 shows the temperature values for the powder sample in Figure 2 as
me: sured by the control OFT (NDFT1) and the dual-wavelength OFT (OFT2). The
ratio temperatures in Figure 4 were calculated using the single-wavelength
temperatures from the dual-wavelength OFT. [n both measurements, the single-
wavelength temperatures from OFT2 were significantly greater than the
temperatures from OFT1. From OFT2, the temnerature measured at the 800 nm
band was always greater than the temperature measured at the 950 nm band,
although earh was conected with a measured emissivity. The OFT2-OFT1
difference is ~130°-150°C at the beginning of the test and ~200°C at the end of
the test. The three single-wavelength temperatures show a continuous rise
through the course of the measurement, where the slope of the OFT2 temperature
curves is greater than that for the OFT1 temperature curve.

Ratio temperature data from OFT2 display a vcry different behavior. In both
tests, these ratio temperatures are substantially greater than the three single-
wavelength temperatures. In fact, the ratio temperature is greater than the OFT1
temperature by ~500°C in the beginning and by ~400°C at the end. More
surprisingly, the ratio temperature is nearly constant in the middle of both tests,
although the single-wavelength temperatures show continuous increase. Since the
ratio temperature is largely unaffected by targeting error, the ratio temperature
might represent A hot spot temperature from non-uniform sample heating.
Conversely, because the sample’s 2.5-mm gap target area only fills a fraciion of
the OFTs’ conical field of view, the single-wavelength temperatur=s are probably
low, but increase with microwave input power.

Potential Sources of Temperature Error.

Large temperature variations in the measurements can be attributed to several
experimental error sources. These errors might contribute to temperature

variation between sensors and to general error in the temperature measurements as
discussed below.

Targeting Error: The Accufiber lightpipe sensor tip collects the emitted light
over an optical cone angle of ~52¢ If the emitting source does not fill the conical



view of sensor tip, the measured temperature will be less than the source
temperature in proportion to the fraction of view not filled by the source. The
amount of light collected by the sensor is filtered and then measured as a
photodiode current by a detector. Temperature is then computed from a
calibration table of temperature and photodiode current values. If the source does
not fill the conical view. the measured photodiode current will be lower than the
expected current, producing a low temperature reading.

The control OFT1 will likely be affected by targeting error because the sensor tip
was located ~15 mm back from heated sample surface. The visible heated sample
is ~2.5 mm high by ~5 mm wide surrounded by a 7-mm OD quartz tube. The 52°
optical cone of the sensor tip allows the sensor to view a circular spot with a
diameter approximately equal to the distance between the source and the sensor
tip. Both control OFT1 and OFT2 were probably viewing part of the
dielectrometer inner brass surface as well as the heated sample.

Absorption Error from the Quartz Tube: The quartz tube in which the samples
are packed will absorb and reflect a fiaction of the emitted light from the heated
sample. The correspondi.ig amount of light gathered by the OFT sensor will be
reduced by the absorption and reflection at the quartz tube. Tae resulting
photodiode current will be less than expected, yielding a low temperature reading.
At room temperature quartz has a large, constant spectral transmittance of >0.9
for 1-mm thickness over the 0.3-1.1 um band [5]. This error will certainly affect
the single-wavelength temperature measurements. The dual-wavelength
measurement will be affected if the spectral transmittances at 800 nm and 950 nm
are significantly different.

Other sources of error caused by the quartz tube may be the curvature of the tube,
the fogging by devitrification on the inner surface of the tube, and the changes in
light transmission through the quartz wall due a iarge thermal gradient across the
tube wall. Localized fogging of the quartz tube by devitrification at the inner
surface was observed for some, but not all, of the samples. Fogging is expected to
produce large temperature errors due to a significant decrease in the transmi‘tance
of the quartz wall. Fogging would result in still lower temperature readings.

Emissivity Error: Using an incorrect emissivity can induce a large error in
temperature measurement [6]. The constant emissivity values used in this study
were measured at temperatures below 800°C. A change in emissivity at higher
temperatures would result in a temperature reading error for the single-wavelength



measurements. This error will yield either lower or higker temperatures,
depending on whether the emittance increases or decreuses. The rario
temperatures would be affected if the ratio of the two emittarices at 800 and 950
nm changed from the low temperature value. The OF ['1 measutement could have
the greater chance for emissivity error becavse the OFT1 detector was measuring
the collected light over a broad band of 0.3 to 1.1 pm, certainly broad compared
to the much smaller +50 nm bands at 8C0 and 950 nm.

Error from non-uniform heating: The OFT1 and OFT2 lightpipes viewed
different portions of the heated samples, as evident from Figure 1. If the sample
volume was not unitormly heated, the tempeatures measured by OFT1 and OFT2
could differ significantly. While this is not strictly a temperature measurcment
error, it will introduce an unaccountable different between OFT1 and OFT2. We
suspect that the samples may not heat uniformly because the quartz tubes for
several »2.-iplcs were not uniformly fogged by devitrification. Typically, these
quartz tubes were visibly fogged at one spot on the inner wall, but not uniformly
in a band around the tube.

Error from self-insulation: The test samples consisted of loosely packed chopped
fiber and powder. Thermal conduction across the zirconia-based samples will
then be proportionally lower than what is already expected from the low thermal
conductivity of zirconia. Microwave heating will naturaily produce an inverse
thermal gradient across the sample diameter. We would expect that the surface
temperature of loosely packed samples was measurably lower than the core
temperature in the sample. Self-insulation will produce a low-temperature error
that will be typical of all surface temperature measurement methods.

Interpretation of Experimental Data

The dielectric measurements with tcmperatures as measured by the single-
wavelength method, as shown in Figure 2 with GFT1 temperatures, exhibit the
anticipated continuous increase in €' and €” with increasing temperature. We
believe that the OFT2 temperatures are probably closer to the actual sample
temperatures than the OFT1 temperatures. However, both sets of temperatures are
probably significantly lower than the actual temperatures due to targeting error
and absorption error by the quartz tube. The ratio temperatures measured by
OFT2 are probably a better measure of the true sample temperaiure during the
dielectric measurement as the ratio temperature measurement is not affected by



targ=ting errur. Just how accurate the ratio temperatures are in this experiment is
not known without further experimental study.

The experimental picture for the diclectric measurements as seen from the ratio
temperature measurements is quite different from what is expected. In Figure 5
both the &’ and €” curves in the first measurement contain an abrupt step change at
1140°C, followed by gradual increases with increasing temperature. This step
change is not seen in the £’ and €” curves for the repeat measurement. Apparently,
the sample properties were significantly altered during the first measurement.
Presumably, that change in sample dielectric properties is associated with the
sintering that was observed in the first measurement.

CONCLUSIONS

During the first dielectric measurement, the dielectric properties of the zirconia-
based samples were changed due to the heating of the sample. Sintering of the
test sample was observed during removal of the samples from the quartz sample
holder. Sample sintering probably occurs during the first dielectric measurement.
Significant experimental uncertainty exists in the temperature measurement by a
single-wavelength optical fiber thermometry. Temperature measurement can be
significantly improved by eliminating targeting error with the lightpipe sensor and
by using the dual-wavelength optical fiber thermometry.
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Figure 1a. Positioning of the OFT
lightpipe sensors shown in sideview.

Figure 1b. Positioning of the OFT
lightpipe sensors in topview. OFT1
is the control OFT and OFT2 is the
dual-wavelength OFT.
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Figure 2. Measured dielectric constants for a zirconia-based powder sample
versus temperature measured by the control OFT. Mean sample density is 2.78
g/ml. Data for two measurement cycles are given.
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Figure 3. Measured dielectric constants for a zirconia-based chopped fiber sampie
versus temperature measured by the control OFT. Mean sample density is 1.82
g/ml. Data for three measurement cycl=s are given.
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Figure 4. Measured temperatures for the zirconia-based powder sample in Figure
2 for the first (A) and second (B) measurement cycles at the same position. Data
is plotted against its data point number in eact. measurement cycle.
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Figure 5. Dielectric constants for powder sample in Figure 2 versus the OFT2
ratio temperature.



