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Commercially available alumina powder with high-purity submicrometer particle size and narrow particle
size distribution was fully densified by a microwave hybrid fast firing technique. The alumina compacts were
surrounded by susceptor material, which helped the heating of the samples, and sintered in a microwave oven at
afrequency of 2.45 GHz and a power level of 1.8 kW. The sintered samples reached densities of 99% in sintering
cycles of 30 to 40 minutes, a much shorter time than conventional sintering processes. The sintered samples
showed uniform microstructures with powder particle size/average grain size rations higher than 1:2.
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1. Introduction

The advantage of very fine-grained microstructures with
submicrometer grain sizes to obtain components with improved hardness,
wear resistance, strength, or optical performance is well known'?. Several
fabrication routes are available for the production of ceramics with high
density and controlled grain size. These include colloidal processing
of powders with a controlled (narrow) size distribution, various wet
shaping methods, pressure sintering, spark-plasma sintering and related
techniques and use of additives that are incorporated into solid solution or
form a discrete second phase, e.g., liquid-phase sintering!*!'. However,
these fabrication routes can be uneconomical for many applications or can
be difficult to apply successfully (e.g., choice of additives). Remarkable
progress in both processing and properties has been achieved in recent
years, but simple and economical routes are worthy of investigation’.

Great achievements to date have involved use of pressure; for
example, via hot pressing, hot isostatic pressing, sintering forging and
the “spark plasma sintering” routes. However, these routes involve
disadvantages, not the least of which is their coast, as well as a very
limited shape capability'2. The use of solutes to reduce grain boundary
mobility or second-phase particles to pin the grain boundaries has
been successful, but can only be pursued in a few systems because
the addition of different phases can degrade the final properties of the
product to levels unacceptable for many applications.

Control of the heating schedule to manipulate microstructure
during sintering is an approach that has long been known to have the
advantages of simplicity and economy. Numerous efforts have been
made to investigate its effectiveness’. One of these is the rate-controlled
sintering, in which attempts are made to keep the rate of densification
approximately constant by controlling the temperature'® and a related
two-peak firing'*. Another method is the two-step sintering'>!7, which
exploits the competition between the driving forces of grain boundary-
controlled densification and grain boundary-controlled grain growth
to achieve densification without grain growth during the final stage of
sintering'® and the two-step sintering with an initial precorsening step
prior to densification”'®!°. A third approach is non-isothermal rapid-
rate sintering. Non-isothermal rapid-rate sintering allows for a quick
passage through temperature range where surface diffusion-controlled
coalescence prevails over other sintering mechanisms'®.
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In fast firing, the objective is to enhance the ratio of densification
rate to coarsening rate by a rapid approach to the sintering temperature.
Because coarsening mechanisms (e.g., surface diffusion and vapor
transport) commonly dominate over densification mechanisms
(e.g., lattice and grain-boundary diffusion) at lower temperatures,
it has been suggested that rapid heating to higher temperatures
can be beneficial to achieve high density coupled with fine grain
size?*?*. In this case, the shorter time spent at lower temperatures
serves to reduce the extent of coarsening while the driving force
for densification is not decreased significantly'®. However, there are
some difficulties associated with conventional fast firing, such as
non-uniform microstructures, low density and specimen cracking,
which are related to differential sintering.

Use of microwaves allows transfer of energy directly into
the materials, where it is converted to heat through absorption
mechanisms such as ionic conduction, dipole relaxation, and
photon-phonon interaction. Thus, microwave-sintering techniques
allow a volumetric heating, which in turn allows application of
high heat-up rates, markedly shortening the processing time* and
overcoming difficulties of conventional fast firing technique.

Application of microwaves for heating, sintering/densification,
and annealing of ceramic powders and compacts is becoming a
well-researched area that has been gaining industrial acceptance. Its
advantages include the ability to deposit energy volumetrically in
the sample and the possibility of rapid heating and cooling profiles.
This makes the use of microwave technology very attractive because
of obvious economic benefits such as energy conservation, reduced
cycle time, reduced operating space, and improved environment®.
Most research on ceramic processing by microwaves to date is based
on conventional low-frequency (2.45 GHz) microwave applicators®.
However, such applicators do not couple microwave power efficiently
to low-loss ceramics, such as alumina, and large thermal gradients can
often develop in the sample. Moreover, at high heating rates, these
gradients may cause non-uniform properties and cracking??, which
are obstacles to attain high heating rates with uniform volumetric
heating of the ceramic body.
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Thermal insulation arrangements that reduce heat loss from
the material’s surface are commonly used to address the problem
of thermal gradients in the body, as also does hybrid heating,
whereby microwaves are supplemented with conventional heating.
By combining infrared heating and microwave heating, the thermal
gradients can be substantially reduced to obtain a uniformly heated
sample®. The hybrid heating system will heat sample more readily
at low temperatures, and at high temperatures will flatten out
temperature profile inside the ceramic body**3!.

Production of dense ceramic parts with submicrometer grains and
flawless microstructure is still one of the most challenging objectives
in modern ceramic technologies'®. Grain growth control during final
steps of densification is an extremely important processing concern,
due to the impact of grain size on the materials’ properties. The
need for retaining small grain sizes in ceramic compact requires
development of processing routes that drastically suppress grain
growth during densification®3>%. Thus, the aim of this work is
microwave hybrid fast sintering of submicrometer powders to obtain
fully dense polycrystalline alumina with submicrometer grains.

2. Experimental Procedure

A commercial, high purity Al,O, powder (AKP-53, purity
99.995%, Sumitomo Chemical America, Inc., New York) was used in
the experiments. According to the manufacturer’s specifications, the
as-received powder has an average particle size of 0.2 um and a surface
area of 10.4 m>.g"'. As described in detail elsewhere®*’, the powder
was processed to remove hard agglomerates prior to compaction.
Briefly the powder was dispersed in ethanol (=25 vol. (%) solids)
and ball milled for 22 hours in a polyethylene jar using zirconia
milling media. (MgCl,).9H,0, previously dissolved in ethanol, were
added to the alumina dispersion in the amount required to obtain a
MgO-dopant concentration of 100 ppm. The milled dispersion was
dried at room temperature under compressed air and continuous
agitation. The dried material was passed through a 80-mesh sieve. The
average particle size of the resulting powder measured by centrifugal
sedimentation technique (Horiba Instruments, Model CAPA-720)
was 0.21 = 0.08 um.

Powder compacts for sintering were formed by uniaxial pressing
under a pressure of 25 MPa, followed by cold isostatic pressure under
a pressure of 200 MPa. Powder compacts of 2.0, 4.5 and 14.0 g were
prepared. The 2.0 and 4.5 g samples had a diameter of approximately
20 mm and thicknesses of 2 and 4.5 mm, respectively, while the
14.0 g sample had diameter of about 38 mm and was 4 mm thick. The
compact had a relative green density of 60% of the theoretical density
(3.986 g.cm). They were heated in a conventional furnace to 600 °C
at 5 °C/min for 2 hours of dwell time for binder removal. After binder
removal, the samples were microwave hybrid sintered in a microwave
furnace (multimode cavity) at 2.45 GHz (Cober Electronics, MS6K)
using homemade susceptor materials® as auxiliary heating elements.
Details of the sintering assembly are given elsewhere®. Samples were
microwave-sintered using an input power of 1.8 kW and sintering times
ranging from 25 to 40 minutes. The 2.0 g samples were also sintered
in a conventional furnace (in air) (Lindberg Blue) at 1400, 1450 and
1500 °C with a heating rate of 5 °C/min and a soaking time of 2 hours.
The 2.0 g samples were also conventionally sintered at 1500 °C with
soaking times of 4 and 6 hours.

The final densities of the compacts were measured by the
Archimedes method* using five samples for each determination. The
microstructures of the microwave-sintered samples were observed
by scanning electron microscopy (SEM) (Phillips, XL30 FEG) of
fracture surfaces. The microstructures of the conventionally sintered
samples were observed using polished and thermally etched surfaces.
Specific regions of the microwave-sintered samples were observed
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and their grain size was measured by the linear-intercept technique
using at least 600 grains for each region (a near-surface and an interior
region, and the center of the samples). Details of the observed regions
are re given elsewhere*'. The average grain size of the samples was
measured using five samples.

Microwave temperature measurements using a thermocouple
in a hybrid heating arrangement have shown good agreement with
measurements using optical-fiber thermometry and pyrometry for
alumina and zirconia*. However estimates based on simulations
conducted using a two-dimensional microwave-sintering code®
indicated temperature differences >20 °C, with an upper limit of 30 °C.
Another study* showed that when microwaves are present during
heating, the thermocouple can read >150 °C higher than the pyrometer,
which is mainly due to a field enhancement effect. The predicted field
pattern, instead of being uniform, is distorted and changes abruptly
near the thermocouple tip. Such local variations in the electric-field
(E) intensity cause even larger variations in the locally absorbed
power density, which is proportional to E%. Power deposition increases
sharply near the thermocouple tip, causing increased localized heating
results and possibly leading to thermal runaway and enhanced thermal
gradients®. This indicated that the presence of the thermocouple
within or near the sample had a strong effect on evolution of the
temperature in the sample during microwave processing. Thus, based
on the sintering arrangement used and aiming to avoid intensifying
the electric field around the samples, the temperature of the compacts
during the microwave hybrid sintering process was not measured.

The temperature inside the sintering arrangement was measured
without the presence of the alumina compacts, using a fixed power
of 1.8 kW and a platinum-sheathed type-B thermocouple, which
was grounded to the oven cavity. Measurement of the sintering
arrangement temperature without the samples aims minimize
thermocouple tip effects, and thus, have a confidence value of the
temperature reached by the susceptor material. The temperature
was measured for fifteen minutes (due to the maximum temperature
limitations of the thermocouple), and based on a mathematical
model the sintering arrangement temperature was extrapolated to
the compacts’ sintering times (25 to 40 minutes). The purpose of this
procedure was to estimate the temperature attained at the surface of
the alumina compacts during the microwave hybrid sintering process
due to the susceptor heating.

The temperature of the sintering arrangement was also estimated
using other extrapolating methodology*. The system (susceptor and
samples) was heated for thirty minutes at 1.8 kW, a thermocouple
was inserted through the isolation assembly after (8§ minutes) turning
off the power, touching the susceptor surface, and the temperature
of susceptor was recorded. To minimize the effects of inserting the
cold thermocouple, a very fine thermocouple type K covered by a fine
insulating alumina tube was employed. To estimate the temperature
attained by the susceptor, two assumptions were employed®. The first
was that temperature decreased according to a definite cooling rate
law from the instant that the microwave power was turned off, and the
second was that the insertion of the thermocouple did not seriously
affect the steady cooling curve. A mathematical model fitted the
cooling curve and the maximum temperature attained by the susceptor
was estimated by extrapolating the calculated curve to “time” zero.

3. Results and Discussion

Figure 1 presents the results for the relative densities versus
sintering time of the microwave hybrid fast sintered alumina compacts
and conventional sintered samples. The microwave-sintered samples
weighing 2.0 g reached almost full density after 30 minutes of heating,
while the 4.5 g samples reached its highest density after heating for
35 minutes. The sample weighing 14.0 g presented high density after
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heating for 40 minutes. It was observed that the density of the 2.0 g
and 4.5 g samples did not increase further with sintering time after
they reached their highest density. Comparing the density values with
the results obtained in the conventional sintering it can be observed
that the 2.0 g sample after only 30 minutes of heating reached the
highest density value of the conventionally sintered samples. Based
on previous conventional sintering studies**’, which used the same
procedure for powder de-agglomeration and compact forming, and
a two-step technique with an initial coarsening step at 1050 °C and
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Figure 1. Relative density of microwave hybrid fast sintered and conventionally
sintered alumina compacts.
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sintering at 1350 °C, which attained a relative density of 98.2 %, it was
found that the fast firing method used here presented better results than
the conventional sintering route, with densification results improved
by more than 1% and sintering time reduced by more than 85%.

The SEM micrographs of the fracture surfaces of the microwave-
sintered 2.0 and 14.0 g samples and the conventionally sintered sample
are shown on Figures 2 and 3, respectively. The grain size distributions
of the microwave sintered 14.0 g sample are presented at Figure 4.
The final density and average grain size of the sintered samples are
summarized in Table 1. It can be observed a very low grain growth,
with powder particle size/average grain size rations higher than 1:2.
This is higher than the values obtained in the conventional sintering
study®®37 (1:3.5-4), in which the highest density attained was 98.2%.

The microstructural homogeneity between the bulk and the
near-surface regions of the compacts (in every samples) indicate
that the microwave hybrid fast firing procedure used here produces
a uniform volumetric heating of the samples, which is not always the
case in the conventional fast firing and microwave fast sintering of
low loss ceramics at 2.45 GHz. This microstructural homogeneity
shows that the temperatures in the Center and in the Near-Surface
regions of the samples were similar, and that the estimation of the
maximum temperature reached on the samples surface will provide
a good indication of the maximum samples’ temperature reached
during the sintering process.

Literature reports®> powder particle size to average grain size
rations ranging from 1:3 to 1:5 for alumina compacts with densities
of about 99% and an initial powder size of around 0.2 um. These
values result from pressureless sintering processes. The reported
rations? for hot isostatic pressing (HIP) compacts (densities ~100%)
ranged from 1:2 to 1:2.5. Compared with the literature®, the powder
particle size to grain size ration obtained in this work is a very high
value and indicated that the sintering procedure used here has a great
potential to the processing of submicrometer alumina.

1 pm

(d)

(e)

Figure 2. SEM micrographs of the fracture surfaces of the microwave hybrid fast sintered 2 g sample sintered for 30 minutes: a) near-surface region; b) interior
region and of the microwave hybrid fast sintered 14 g sample sintered for 40 minutes; c) near-surface region; d) interior region; and e) center region.
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Figure 3. SEM micrographs of the conventionally sintered samples: a) at 1450 °C for 2 hours; b) at 1500 °C for 2 hours; and ¢) at 1500 °C for 6 hours.
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Figure 4. Grain size distribution of the microwave hybrid fast sintered 14.0 g
sample.

There is a significant and gradual grain growth in the conventionally
sintered samples with relative density (Table 1), and a noticeable
difference in the grain growth trajectories for the microwave-sintered
and conventionally sintered samples. The average grain size of *99%
dense microwave-sintered sample is 20 times lower than the average
grain size of the conventionally sintered samples.

Figure 5a shows the temperature of the sintering arrangement
measured when it was exposed to microwaves (1.8 kW). Note that
the susceptor material reached almost 1600 °C in just 15 minutes,
and that heating rates of up to 240 °C/min were achieved at around
600 °C (the heating rates were calculated through the differentiation
of the measured heating curve). The heating rate decreased with
rising temperature, which is attributable to the increase in thermal
losses with temperature®, but reached values exceeding 100 °C/min at
around 1150 °C. A curve was fitted to the data presented in Figure 5a,
using the equation T =aexp (b/(c +t)), where a=2020.87,b=-191.17
and ¢ = -75.47, obtaining a high degree of correlation between the
function and the data (R? = 0.9993).

According to the calculated curve (T = a exp (b/(c + t))),
Figure 5a, the temperature was extrapolated to estimate the
temperature of the sintering arrangement after 30 minutes of heating.
Although the physical meaning of the equation obtained has not yet
been clarified, the estimated temperatures attained after exposition
to microwave at 1.8 kW for 30 and 40 minutes were to be 1800 and
1860 °C, respectively. In this method of estimating temperature it
was assumed that the susceptor material did not present uncontrolled
thermal runaway after 15 minutes of heating. In previous studies®,
which used a pyrometer to monitor the temperature of the susceptor
material, but used a different heating arrangement, the uncontrolled
thermal runaway of the susceptor was visually noticeable after the
heating cycle. Based on this observation and on the visual aspect of the
susceptors after the sintering cycles, it is assumed that the susceptors
in this study did not undergo uncontrolled thermal runaway when
heated for 40 minutes at 1.8 kW.

Figure 5b shows the cooling curve of the sintering arrangement
after heating for 30 minutes at 1.8 kW. A model fitted the data
presented in Figure 5b using the equation T = a exp (b/(c + t)),
where a = 64.83, b = 10035.12 and ¢ = 3016.69, obtaining a high
degree of correlation between the function and the data. According
to the calculated curve (T = a exp (b/(c + t))), the temperature was
extrapolated to time “zero” to estimate the maximum temperature of
the sintering arrangement after 30 minutes of heating. Although the
physical meaning of the equation obtained has not yet been clarified,
the temperature estimated was 1805 °C, which is congruous with the
temperature estimated by the first extrapolating method.

Based on the observed microstructure’s homogeneity (Figures 4 and 6),
itis supposed that the interior of the alumina compacts reached similar
temperatures to that attained on their surfaces, which were estimated
at around 1800 °C. This high sintering temperature is congruous to
the fast firing technique approach!*#S, which uses higher sintering
temperatures than the conventional slow-heating procedures.

Many studies have reported unexpected effects resulting from
the use of microwave radiation as an alternative energy source
during the processing of materials. These results have included
apparent evidence of accelerated kinetics for a range of processes in
ceramic, polymeric, and organic systems, and enhanced sintering of
ceramic powder compacts, including lower sintering temperatures.
These unexpected effects are called the “microwave effect”™. As a
general summary, the kinetics of synthesis and sintering reactions are
reportedly*** augmented by 2 or 3 orders of magnitude or even more
when conventional heating is substituted for microwave radiation.
In sintering processes, the microwave effect is quantified by the
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Table 1. Relative density and average grain size of microwave and conventionally sintered samples.

Samples? Density + Standard Average grain size + Standard deviation (um)
deviation (%) Near-surface Interior Center
Microwave — 2 g/30 minutes 99.2 0.1 0.18 £ 0.06 0.17 £0.05 -
Microwave — 14 g/40 minutes 99.1+0.1 0.17 £0.05 0.17 £ 0.05 0.17 £0.04
Conventional — 1450 °C/2 hours 97.1+£0.2 1.56 £ 0.91
Conventional — 1500 °C/2 hours 98.2£0.2 3.02 +£2.03
Conventional — 1500 °C/6 hours 99.1 £0.3 3.87+2.72
* Average particle size of powder measured by centrifugal sedimentation technique was 0.21 + 0.08 um.
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Figure 5. a) Temperature of the sintering arrangement and model fitted, which was calculated using the equation T = a exp (b/(c + t)), where a = 2020.87,
b =-191.17 and ¢ = -75.47 and b) Temperature of the sintering arrangement during cooling and model fitted, which was calculated using the equation

T =aexp (b/(c +t)), where a = 64.83, b = 10035.12 and ¢ = 3016.69.

difference between the temperatures of two treatments that lead to
similar microstructures. It is now generally, though by no means
unanimously, accepted that a microwave effect exists*’.

Recent work*’ investigated the microwave effect in the sintering
of different ceramics (zinc oxide, alumina, and zirconia) with quite
different abilities to absorb microwave radiation using a hybrid
heating system. Compared to conventional heating, the increase in
both the onset of densification and the final density achieved was
observed to be the greatest in materials that absorbed microwaves
mostreadily. The very lowest dielectric loss powders (Al,O,) showed
an extremely small, almost negligible difference in densification with
the use of microwave energy compared to conventional heating*'“7.

Based on our results, we found no evidence of a microwave
effect in this study, although we believe in the existence of the
microwave effect and had already found evidence of it in previous
works***. Despite the presence or not of a microwave effect, the
results obtained here indicate that microwave hybrid heating is a great
potential method for sintering submicrometer alumina with uniform
microstructures and suppressing grain growth.

4. Conclusions

It was concluded from this work that the microwave hybrid fast
sintering can be successfully employed in the uniform sintering of
almost fully dense submicrometer alumina compacts. The hybrid
procedure applied offers an efficient route to produce compacts with
densities of 99% and powder particle size/average grain size ratios
higher than 1:2 in sintering cycles of less than 40 minutes.
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