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ABSTRACT

The use of microwave energy for ceramic
sintering offers exciting new possibilities for
materials processing. Based on experience
gathered in microwave processing associated with
the heating of fusion plasmas, we have developed
hardware and methods for uniformly heating
ceramic parts of large volume and irregular shape
to temperatures in excess of 1600°C, in vacuum or
pressurized atmosphere. Microwave processing at
28 GHz yields enhanced densification rates with a
corresponding reduction in s in ter ing
temperatures.

INTRODUCTION

The application of microwave processing to
ceramic sintering represents an inherently
interdisciplinary approach to materials processing
that requires expertise in both microwave and
ceramics engineering. In microwave heating,
energy is absorbed throughout the volume of a
material; therefore, the material heats uniformly
without gradients in temperature. In contrast, in
radiant or convection heating, energy is absorbed
only at the surface of a material and must be
transferred into the bulk of the part by conduction;
therefore, gradients in temperature within the
part must exist until the part achieves thermal
equilibrium. For the processing of ceramic
materials, the more uniform temperature
distribution afforded by microwave processing
leads to more uniform shrinkage upon sintering
and to more uniform microstructures.

SYSTEM DESCRIPTION

The microwave system consists of
transmission and applicator systems. The
transmission system, as shown in Fig. 1, consists of
a gyrotron, (Varian Associates Microwave Tube
Division, Palo Alto, CA.) arc detector, mode
absorbers, radius bends, waveguide sections, and a
vacuum pump section. The gyrotron is powered by
a 100-kV, 10-A cw power supply, (Universal
Voltronics Corporation, Mount Kisco, NY.) which
can be operated in either pulse or oteady-state
mode. The gyrotron operates at 28 GHz and is
rated to 200 kW cw. The circular waveguide
(6.35 cm-diam) output of the gyrotron is
overmoded for power-handling considerations.
The waveguide is made of high-conductivity copper
to reduce power losses. The diameter is strictly
maintained throughout the transmission system to
eliminate arcing and to reduce power reflections
back to the gyrotron. A fast (approximately 5



optical arc detector section is located just above the
gyrotron to protect the output window from arcing.
Next is a series of mode absorbers used to protect
the gyrotron from load mismatches. These mode
absorbers are reciprocal devices for any particular
waveguide mode. They provide a wal l
perturbation either in the form of circumferential
gaps or as a thin plasma sprayed coating of T1O2.
The perturbations selectively pass TEon modes but
are highly damping to most other modes. The
gyrotron microwave output consists of several
TEon modes, which pass ur attenuated through the
mode absorbers. These absorbers have operated at
>100kW output from the gyrotron with a load
power reflection coefficient as high as 0.7.(1)
Above the mode absorbers is a series of short
radius bends used for directing power to the load.
The bends forward-scatter microwave power from
the gyrotron into many different modes while
maintaining a vanishingly small reflection
coefficient. The transmission system also contains
a vacuum pumpout section,(2) which is used to
isolate the waveguide vacuum from that of the
applicator.

The applicator is a large aluminum tank,
which acts as an untuned cavity. Special
precaut ions have been t aken to ensu re
compatibility with the high-power microwave
environment. All O-ring joints have a slightly
protruding metal lip, which gives good metal-on-
metal contact interior to the O-ring. All pumping
and diagnostic ports have metal cutoff screens for
microwave shielding. The cavity and waveguide
systems are evacuated using separate 500-€/s
turbopumps. Temperature is monitored using
commercially available (Omega Engineering Inc.,
Stamford, CT.) thermocouples.

COLD TESTS

A cold testing scheme was devised to
determine characteristics of the applicator such as
the unloaded Q and field uniformity. The gyrotron
oscillator was replaced with a low-power backward
wave oscillator with appropriate mode transducers
and waveguide tapers to produce a TEot mode in
the 6.35-cm-diam waveguide. A dominant mode
waveguide with an isolator, a variable attenuator,
and a diode detector were inserted into the
applicator as a sensing probe. The remainder of
the system was unchanged. Cavity Q was
measured using the open-hole technique(3) and
was determined to be 127,000. Calculations yield a
value of 164,000. Field uniformity was measured
by passing a l-cm3 lossy ball through the
applicator and sensing changes to the diode
signal.(4) With this technique, a variation in



power density of no more than ±4% was noted
throughout the cavity.

SINTERING RESULTS

We chose alumina as the ceramic material for
study. It is one of the most widely studied ceramic
systems, and values have been published for
sintering rates, optimal sintering temperatures,
grain growth/densification tradeoffs, etc. (5,S)

Figure 2 shows the variation of sintered
density with temperature for a 60-min hold at thp
sintering temperature for both microwave
sintering and conventional sintering. Small
samples (2-3 g) were used for the conventional
sintering studies to reduce the variations in
density caused by thermal gradients in the parts;
larger samples (100-120 g) were used in the
microwave sintering studies. All sintering
experiments used the same powder (Sumitomo
AKP 50), formed in the same manner (isostatic
pressing at 30,000 psi), with the same additive
(0.1 wt % MgO), heated to the sintering
temperature at the same rate (50°C/min) and in a
hard vacuum. There is a striking acceleration in
the rate of densification for the microwave sintered
parts as compared with the conventionally
sintered parts. For example, a 60-min hold at
1200°C in the conventional furnace produced a
part that was 71.4% theoretical density (TD); in
contrast, a 60-min hold at 1200°C in the microwave
furnace yields a part that is 98.2% TD.
Furthermore, in. the microwave sintering case,
significant sintering occurs even at temperatures
as low as 950°C (92.0% TD). In conventional
sintering, virtually no densification occurs at this
temperature even after prolonged heating.
Finally, microscopy revealed that the
microstructures of the microwave-sintered parts
were uniform throughout the parts.
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Figure 1

Diagram of the microwave system
to sinter ceramic materials

Figure 2

A comparison of conventional radiant heat
vs microwave processing (60-min soak)


