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ABSTRACT

MICROWAYVE PROCESSING OF CERAMICS AND CERAMIC COMPOSITES
USING A SINGLE-MODE MICROWAVE CAVITY

By

KI-YONG LEE

This research seeks i) to use a single-mode microwave cavity to process ceramics
and ceramic based composites, ii) to study the conditions or parameters needed to
successfully apply the microwaves to processing of materials, and iii) to study the
interactions between materials and microwaves.

In sintering studies, alumina ceramics and alumina matrix 10wt% zirconia
composites were microwave-heated between 1500°C and 1600°C giving a density of
about 96% up to nearly 100% of theoretical without ‘thermal runaway’ or cracking. The
density, hardness, and toughness for individually- and batch-processed specimens were
relatively uniform with respect to the cavity mode and specimens’ location inside the
insulation called ‘casket’ during microwave heating. For example, the mean and standard
deviation of the hardness was 16.19 GPa + 0.58 GPa for a total of 24 alumina specimens
microwave-heated in batches of 6 specimens each. This corresponds to a coefficient of
variation of only 0.036.

Microwave power was successfully utilized to burn out organic binder from ceramic

powder compacts without cracking the specimens and without using any insulation






material to enclose the specimens. The extent of binder burn-out significantly depended
on material composition due to the dielectric properties of each material. For example,
AL O3/10wt% SiC burned out the binder more successfully than either monolithic
alumina or alumina containing 10wt% zirconia.

In a joining study, ceramic materials and glass ceramics were successfully joined
using a spin-on material interlayer under ambient or low externally applied pressures.
Notches of submillimeter dimension were made in the specimens prior to joining. During
the joining process the notch dimensions changed by no more than a few percent.

In addition, this study revealed that compared to conventional heating, microwave
heating has remarkable effects in crack healing. For alumina specimens with initial
Vickers cracks about 350um long, the cracks were nearly completely healed by
microwave heating at 1742K, while conventional heating healed the identical cracks by
only about 40% to 50% of the initial crack length.

In microwave hybrid heating utilizing a casket, the casket plays an important role.
The measured steady-state inner wall casket temperature, T;, varied from about 1100°C to
1500°C depending on the casket geometry at 600 Watts input power. In addition, for a
microwave input power of 200 Watts to 700 Watts, T; ranged from 740°C to 1574°C
depending on a combination of casket geometry and microwave power. Based on the
experimental data, a simple model equation was developed to describe T; in terms of the
casket geometry and the microwave power level. A least-squares fitting indicated that
the model equation well described the experimental data obtained in this study. The R?,
coefficient of determination value was 0.954 for all 144 data used for fitting without

grouping the data.
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points without error bars, the symbol size exceeds the standard
deviation. Figure (b) also includes data for Al;03/SiC/binder
specimens for which the binder was removed by conventional
heating.

SEM micrograph of fracture surface of alumina discs joined at
1625°C for 10 minutes. Arrows indicate the joined interface.

SEM micrograph of polished surface of joined alumina discs heated
at 1625°C for 10 minutes. Arrows indicate the joined interface.

SEM micrograph of polished surface of joined alumina discs heated
at 1625°C for 10 minutes. Arrows indicate the joined interface.

An elemental map showing the position of aluminum ions near the
joint for joined alumina discs.
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Figure 5. Micrograph showing Vickers indentation impression for 98 179
Newton Vickers indent, microwave-heated at 1500°C for 1 hour.

Radial cracks have healed.
Part I )
Figure 1. Schematic showing notched specimen preparation. 186
Figure 2. Schematic for refractory casket used for microwave heating, 186

showing dead weights placed on the specimen for joining.

Figure 3. SEM images of silica film spun on alumina specimens at (a) 500 188

rpm and (b) 2000 rpm.

Figure 4. Silica film thickness as a function of spinning speed. 189

Figure 5. SEM images of notch made in MaCor™ specimen (a) before and 191
(b) after joining.

Figure 6. SEM images of notch made in alumina specimen (a) before and 192
(b) after joining.

Figure 7. Total fraction of pores along the joint interface in joined MaCor™ 193
and alumina specimens as a function of film thickness.

Chapter 4

Part1

Figure 1. Schematic of indented alumina specimens used for both the 200
conventional and the microwave heating experiments. The
indentation crack lengths are exaggerated.

Figure 2. The crack healing rates Aa/At for polycrystalline alumina specimens 202
with (a) 49 N and (b) 98 N indentation cracks, annealed by
(i) microwave heating, with a ramp rate of 75°C/min. (MWF),
(ii) microwave heating, with a ramp rate of 10°C/min. (MWS),
(iii) conventional heating, with a ramp rate of 10°C/min. (CV).
The solid lines represent a least-squares fit to quadratic polynomial
of the form Aa/At = a + bTmax + ¢T?max, Where Trmay is the dwell
temperature for each annealing treatment.

Figure 3. A modified Arrenhius plot of In[TmaxAa] versus 1/Tma (equation 4 206
[35, 49)) for polycrystalline alumina specimens annealed by
(a) microwave heating, with a ramp rate of 10°C/min. above 1000°C,
(b) microwave heating, with a ramp rate of 75°C/min. above 1000°C,
(c) conventional heating, with a ramp rate of 10°C/min. The solid
lines represent a least-squares fit to equation 4.
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Figure 9.

Figure 10.

Figure 11.

The calculated diffusivity ratios (equation 7) based on the values
of activation energies Q and constants C given in Table 1 for each
of the heating modes.

Schematic of the casket (specimen enclosure) used in this study.
The aluminosilicate (SALI) specimen setter was included in
Caskets 1-4.

Apparatus for microwave heating using a cylindrical single-mode
cavity.

Schematic of cylindrical single-mode microwave cavity. The
short position, L, (cavity height) and the probe position, L, are
illustrated.

Schematic showing the measurement of the temperature of the
casket’s inner wall. The optical pyrometer is sited through
cavity viewport A and through a 5 mm hole in the casket wall.

Temperature versus microwave input power for microwave heating
of caskets with and without specimens.

The temperature dependence of the thermal conductivities of the
zirconia cylinders (ZYC) and aluminosilicate refractory board
(SALI) as specified by the vendor (Zircar, data taken from ref. [38],
curve fit done by the authors).

For various aluminas, €' (a) and tan & (b) as a function of
temperature (after [1]).

A three-dimensional plot of the steady-state temperature T;
measured at the inner wall of the caskets' zirconia cylinder as a
function of total casket length and the radius ratio b/a.

Measured T; versus the total volume of each casket included in this

study. Note the lack of correlation between T; and the total volume.

Measured T; versus the ratio of total volume/total surface area of
the casket. Note the lack of correlation between T; and the volume/
surface area ratio.

Measured T; versus the outer surface area of the casket. Note the
lack of correlation between T; and the outer surface area.
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Figure 12.

Figure 13.

Figure 14.

Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Part 11
Figure 1.

Figure 2.

The inner wall temperature, T; as a function of the ratio b/a

(b = outer radius of zirconia cylinder, a = inner radius of zirconia
cylinder). The least-squares fit to equation 14 describes the data
well for the Group 1 caskets.

The inner wall temperature T; as a function of the ratio b/a

(b = outer radius of zirconia cylinder, a = inner radius of

zirconia cylinder). The least-squares fit to equation 14 (solid
curves) and to equation 24 (dashed curves) both describe the data
well for the Group 3 caskets.

Using equation 24 for several different b values, the predicted
values of casket steady-state temperature as a function of b/a for
several values of casket outer radius b, given Lt =4 cm, Lsy = 2.0
cm, and a fixed input power of 600 W.

The steady-state temperature, T;, as a function of the total casket
length for Group 2 caskets, for which the b/a ratio is fixed at 1.5,
the SALI thickness is fixed at 2.0 cm, and the input power is fixed
at 600 Watts.,

For the Group 2 caskets, the temperature T; as a function of casket
length for three different input power levels: 540 W, 570 W, and
600 W.

The D, versus input power, where the D, values were obtained by
fitting the data in Figure 16 to equation 15.

The measured T; values versus the T; values predicted on the basis
of equation 24.

The total power absorbed, P, versus the input power for two
sintering runs for Sumitomo AKP30 and AKP50 alumina in
Casket 1, compared to a heating run for Casket 1 with no
specimen included.

Schematic of a refractory casket, showing a cross-sectional view
of the hollow ZYC cylinder and the aluminosilicate disk-shaped
end plates [1]. The symbols a, b, Lsa, Lz, and Lt are as defined
in equation 5.

Schematic showing caskets with differing b/a ratios for inner

radius, a, and outer radius, b [after 1]. In this study, the length of
zirconia cylinder, Lz, ranged from 2 cm to 5 cm.
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Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure Al.

Appendices
Figure A-1.
Figure A-2.

Figure I-1.

Figure 1-2.

FigureII-1.

Schematic of measurement of the casket inner wall temperature T;
and the outer wall temperature T, by an optical pyrometer.

The distance, u, from the bottom plate of the cavity to the center
of the hole made in the casket wall, is fixed at 2.5cm [after 1].

Measured outside casket wall temperature, T,, as a function of
microwave input power level, P;. Trends in the T, versus P; data
are highlighted by the solid curves that represent the least-squares
best fit to the empirical quadratic equation for T, versus P;
(equation 8b). Note that in Figures (a) and (b), the data for

b/a = 1.33 is not fit to equation 8b, due to the “jump” in T,

at P; = 350 - 450 Watts, as discussed in Section 3.1.

Measured casket inside wall temperature, T, as a function of
microwave input power level, P;. Trends in the T; versus P,
data are highlighted by the solid curves that represent the least-
squares best fit to the empirical quadratic equation for T;
versus P; (equation 8a).

Measured casket inside wall temperature, T;, as a function of total
absorbed microwave power, Pc. The curves represent the least-
squares best fit of the data T;, Pc, Lsa, b, b/a, and Lt in Group 4-7
to equation 9.

Schematic for electromagnetic field distributions of unloaded
TM 1 resonance microwave cavity mode.

Photo of microwave processing apparatus.
Photo of cylindrical single-mode microwave cavity.

Sem Images of Fracture Surface of Alumina Specimens Batch-
Processed in Various Microwave Cavity Modes.

Heat Distribution inside Empty Casket as Determined by
Thermally Sensitive Paper. The casket was heated in each cavity
mode (a) for 15 minutes at 80 Watts, (b) for 7 minutes at 90 Watts,
(c) for 15 minutes at 150 Watts, and (d) S minutes at 90 Watts.
The dark areas in (a)-(d) indicate regions of microwave heating.

Photo of Al,O3/binder compact specimens heated by microwave
heating.
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Surface profile for sintered AKP30 alumina, thermally etched via
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INTRODUCTION

For the last decade, microwave processing of materials (including inorganic and
organic materials) has been intensively developed and established since microwave
processing as a relatively new technology is known to provide many potential
advantages; energy savings, reduced processing time, and uniform and enhanced
physical properties of processed materials due to inherent heating characteristics of
microwave heating such as rapid, internal and volumetric heating characteristics.
However, unlike food processing by well-developed user-friendly microwave ovens,
microwave processing of materials encounters problems such as inability to heat low
dielectric-loss ceramics, thermal runaway, cracking, non-uniform heating, etc. Also,
compared to conventional heating, microwave heating can be relatively complex in that it
requires not only fundamentals of material processing but also various disciplines such as
electromagnetics, material science, physics, thermodynamics, etc. to better understand the
interactions between microwave energy and materials, and in turn to optimize a specific
material process. Thus without a high degree of technical knowledge and economic
consideration, one may not succeed in using microwave energy as versatile tools to
effectively process various types of materials.

The subtopics of the research included in this study are i) literature review and

theoretical background for microwave processing (Introduction), ii) sintering (Chapter 1),



iii) binder burn-out (Chapter 2), iv) joining (Chapter 3), v) crack healing (Chapter 4), vi)
effects of casket geometry and microwave power on microwave heating (Chapter 5), and
vii) thermal etching (Chapter 6). The experimental procedures, results and discussion
will be addressed under each subtopic.

Additional experimental data and results obtained in this study are included in
APPENDICES. In particular, Appendices A and B include photos of microwave
processing apparatus and material properties for microwave susceptor materials
(“caskets™) generally used for microwave heating in this study. Appendices I, II, III, IV,

V, and VI include additional data for Chapters 1, 2, 3, 4, 5 and 6, respectively.

1. GOALS OF THIS STUDY
This study explores various aspects of microwave processing of ceramics (sintering,
binder burn-out, and joining). In addition, the relationship between casket geometry and
steady-state temperature of the microwave-heated casket is studied in order to provide a
means of designing the microwave caskets required for sintering and joining. Also,
thermal etching is studied in order to obtain information on mass diffusion during
microwave heating, since diffusion is important in all high temperature processing of

ceramics.

1.1. For Sintering
The goal is to use a single-mode microwave cavity to sinter low dielectric-loss
ceramic materials such as aluminas and alumina matrix composites without problems

such as thermal runaway and cracking (Chapter 1) [1-3]. In addition, the
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alumina/zirconia particulate composites sintered in both the microwave cavity and the
conventional furnace are to be compared in terms of microstructures and densities as a

function of maximum hold temperatures for final densification.

1.2. For Binder Burn-out

Organic binders were burnt out from ceramic powder compacts without placing the
specimens in a refractory casket. The smoke and volatiles produced during burn-out
were removed more efficiently than would be the case if the specimens were enclosed in
a refractory casket (Chapter 2) [4-6]. Also, the binder burn-out research seeks to
maximize the binder burn-out rate without inducing cracking in the ceramic powder

compacts.

1.3. For Joining
Joining of monolithic and composite ceramic materials used a spin-on interlayer
(Chapter 3) [7,8]. Materials joined included alumina, alumina composites, and MaCor™,
a commercial glass ceramic. The joints should be mechanically strong, such that the
bond strength is an appreciable fraction (say, at least 50%) of the strength of the bulk
material, where the bond strength will in part be assessed by an indentation crack
deflection at the interface. The work joined densified ceramic components, machining
holes and/or channels of submillimeter dimension in individual components, and then
Jjoining the components while not modifying the dimensions of the channels or holes by

more than a few percent.



1.4. For Crack Healing

Distributed damage due to microcracks can affect a variety of material properties
such as elastic modulus, strength, and toughness. Reducing the size and/or the number
density of microcracks can enhance material properties. Also the gap between the
components to be joined can be considered as a crack. To better understand the
mechanism for joining ceramics using microwaves as well as to study crack healing
itself, a study was performed on crack healing of Vickers-indented polycrystalline
alumina via both microwave heating and conventional heating (Chapter 4) [9]. The crack
healing rates for both the heating methods were analyzed and compared utilizing a model

equation reported in the literature.

1.5. For Thermal Etching
Microwave sintering and joining (which are included in this study) are performed at
high temperatures, at which diffusion plays an important role. However, it is still
unknown what diffusion mechanism dominates during microwave heating. This study
includes AFM measurements of grooving width, depth and angles for both
conventionally- and microwave-etched polycrystalline alumina specimens (Chapter 6)
[10,11]. From the AFM data we should be able to calculate activation energies for
diffusion during microwave heating.
The thermal etching studies will be done in tandem with crack healing studies
(Crack healing in ceramics is an important potential processing step that might be
employed after components have been densified and has been ground to a final shape).

Crack healing itself is likely to be closely related to the joining process.






1.6. For Effect of Casket Geometry on Microwave Heating

In microwave hybrid heating which utilizes a casket composed of a microwave
susceptor material, the casket plays an important role by providing thermal insulation and
preheating a low dielectric-loss material to be microwave-processed. The effect of casket
geometry was investigated for caskets composed of hollow, partially stabilized zirconia
cylinder with aluminosilicate end plates (Chapter S) [12,13]. The length of the casket
used in this study ranged from 4 cm to 7 cm. The inner radius, a, of the casket ranged
from 2.54cm to 3.81cm, while the outer radius, b, ranged from 3.81cm to 5.08cm,
yielding the radius ratio, b/a of 1.27 to 2.00. Future study may include zirconia cylinders
having inner radii of 1.27cm and/or 5.08cm.

The partially stabilized zirconia cylinders were selected for the casket
geometry/microwave heating study since sintering and joining work included in this
study used these materials. In addition, other researchers have used zirconia and/or

aluminosilicate specimen enclosures (caskets) [14-19].






2. GENERAL LITERATURE REVIEW
During the last decade, interest has grown in microwave processing of materials.
Many attractive advantages of the new and exciting technology of processing materials
utilizing microwaves have been well documented in the literature including MRS
Symposium Proceedings volumes 124 [20], 189 [21], 269 [22], 347 [23], and 430 [24],

and Ceramic Transactions, volumes 21 [25], 36 [26], and 59 [27].

2.1. DIFFERENCES BETWEEN MICROWAVE
AND CONVENTIONAL HEATING

Microwave heating is fundamentally different from conventional heating (Figure 1)
[28]. Electrical furnaces used for conventional heating of materials are composed of
heating elements and insulation (Figure 1a). For microwave heating, the cavity used to
heat the material is composed of a metal shell and microwave port through which
electromagnetic waves are guided into the cavity from the microwave power supply
(Figure 1b). In conventional processing heat is generated by an external heating source
which deposits thermal energy on the surface of the material. Subsequently this thermal
energy is transferred to the center of the material by thermal diffusion. In microwave
processing, heat is created within the material through the interactions between
electromagnetic fields and the molecular and electronic structure of the material.

As a result of the inherent difference between microwave and conventional heating,
the thermal gradients and the heat flow in microwave processed materials are opposite to

those in conventionally heated materials (Figure 2) [29]. As a consequence, one can heat
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Figure 1. Heating patterns in conventional (a) and microwave furnaces (b) [28].
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materials very rapidly and uniformly by microwave processing. Due to these inherent
heating characteristics of microwave heating, many attractive advantages have been
proposed and proved in literature. For example, an Ontario Ministry of Energy study
[30] showed microwave drying and sintering uses less energy than conventional drying
and sintering by a factor of about two and ten, respectively. In addition to the energy
savings, the nature of microwave heating (i.e. internal and volumetric heating) results in a
set of “microwave effects,” including lower sintering temperatures and a considerable
decrease in processing time [31,32], smaller grain sizes [33], and lower diffusional
activation energies [32] compared to conventional processing. Also, several researchers
[34-36] report microwave processing improves microstructure and mechanical properties.

Janney and Kimrey [31] reported that Al,O3, doped with 0.1 wt% MgO and sintered
under vacuum by 28 GHz microwave energy was densified much faster than by
conventional sintering (Figure 3). The apparent activation energy calculated for
microwave sintering was 160 kJ/mol, which was much lower than 575 kJ/mol for
conventional sintering (Figure 4a) [31]. Janney and Kimrey [37] also compared grain
growth in microwave annealed alumina with conventional annealing results (Figure 4b).
The apparent activation energy for microwave grain growth using the Arrhenius rate
equation was 480 kJ/mol, which was about 20% lower than 590 kJ/mol for conventional
grain growth (Figure 4b) [37]. The activation energies for conventional annealing and
sintering agree well with each other, while the activation energy for microwave sintering
does not agree with the activation energy for microwave annealing. The difference in
activation energies may be due to different sintering mechanisms dominating the

microwave processes compared to conventional processes [37].
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2.2. FUNDAMENTALS OF MICROWAVE HEATING
2.2.1. Interactions between Microwaves and Materials

The term ‘microwave’ refers to alternating current signals with frequencies between
300 MHz (3 x 10® Hz) and 300 GHz (3 x 10'! Hz) [38]. For a microwave signal, the
period, T = 1/f, ranges from 3 ns (3 x 10” sec) to 3 ps (3 x 1072 sec), respectively. The
corresponding wavelengths range from A = ¢/f= 1 meter to A = 1 millimeter, respectively,
where ¢ = 3 x 10® meter/sec, the speed of light in vacuum.

The frequency range used for microwave heating lies between 400 MHz and 40
GHz [39]. However, the allowed frequencies are restricted to discrete bands (Table 1)
[39]. Most microwave frequency bands are used for communications and radar, which is
regulated by the Federal Communications Commission (Internet address, http://www.
fcc.gov). The FCC allocated 915 MHz, and 2.45, 5.85, and 20.2-21.2 GHz for industrial,
scientific, and medical (ISM) use [40]. Only 915 MHz and 2.45 GHz are significantly
applied for industrial and medical use because of the suitability of these frequencies for
such purposes. Other frequencies available on a limited basis as power sources are 28,
60, 140 GHz, and 500 MHz.

In using microwaves in various applications including processing of materials, one
must consider health effects of microwave radiation. Guidelines for human exposure to
radiofrequency electromagnetic fields are established by FCC (Internet address,
http://www.fcc.gov/oet/info/documents/bulletins/#65). The first exposure standard for
microwave radiation, based on the amount of radiation necessary to heat human tissue
one degree Celsius, was 10 mW/cm? which was a tenth of the energy level required to

provide one degree heating [40]. The current revised standard, based on an exposure

12



Table 1. Frequency allocation for industrial, scientific, and medical applications and
areas permitted [39].

Frequency (MHz) Frequency tolerance Area permitted
896 + 10 MHz Great Britain
915 t+ 13 MHz North and South America
2375 + 50 MHz Albania, B“lgaéi;’n S;f’:’hl‘}gg}‘éa“a’ Hungary,
2450 + 50 MHz Worldwide except where 2375 MHz is used
3390 1 0.6% Netherlands
5800 +75 MHz Worldwide
6780 1 0.6% Netherlands
24150 + 125 MHz Worldwide

40680 Great Britain

13




level of 0.4 W/kg, is 0.5 mW/cm® at 2.45 GHz, above which potentially hazardous
damage may occur.

Depending on the material, incident microwave energy can be transmitted,
absorbed, or reflected. @ During microwave processing, a waveguide transmits
microwaves from a microwave generator to a microwave cavity in which material is
heated. Thermal energy for heating materials can be directly produced inside materials
either by electrical current induction at high frequency for conducting materials or by
dielectric or magnetic energy absorption for non-conducting materials [41].

Sutton [28] schematically showed the interactions of microwaves with different
types of materials (Figure 5). As shown in Figure 6, metals are opaque to microwaves
(i.e. good reflectors) and thus metals are very difficult to heat by microwave power [28].
Low-loss ceramic materials such as Al,03;, MgO, SiO,, and most glasses are transparent
to microwaves at ambient temperature [28]. For these low-loss materials, there is a
critical temperature, T,,, above which the materials begin to absorb and couple more
efficiently with microwave power. On the other hand, dielectrically lossy ceramic
materials such as C0,03, MnO,, NiO, and CuO absorb microwaves at room temperature
[28]. For microwave-transparent ceramics, absorption of microwave energy can be
enhanced by adding conductive or magnetic phases in the form of fibers, patticles, or
other additives [28,42]. The conductive or magnetic phases absorb microwave energy
more rapidly than the matrix and thus can be heated selectively and rapidly [28].

The interaction (or absorption) of microwaves by a dielectric material is related to
the material’s complex permittivity, £* (Farad/meter), composed of real part, &’ and

imaginary part, £”, by [28,43,44]
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Figure 5. Interaction of microwaves with materials at ambient temperature [28].
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e*=¢'-je"=¢,(¢ - jeuy) (1)
where Jj= J-1

& = permittivity of free space (g, = 8.86 x 10"'? Farad/meter)

&t = relative dielectric constant

&’«r = effective relative dielectric loss factor.

When microwaves penetrate and propagate through a dielectric material, internal
electric fields are generated. These internal electric fields induce translational motions of
free or bound charges (e.g., electrons or ions) and rotational motions of charge complexes
such as dipoles [28]. The extent to which the charges and dipoles respond to the electric
fields is represented by &7, which is in turn a measure of polarizability of a material in the
electric fields [28, 52]. The resistance of the induced motions due to inertial, elastic, and
frictional forces (which are frequency dependent) causes losses, attenuates the electric
fields, and results in volumetric and internal heating. All the loss mechanisms are

combined in one loss parameter, £% , by (Figure 6) [43,45-48]

n _ " " " ” 0',)( N
s,”—ss+£d+£,+ee+2—75r€- )]
o
where £" = Space charge polarization loss

(normally noted in heterogeneous materials)

¢"s = Dipolar losses which are usually encountered in the
microwave region of the frequency band

&” = lonic losses which are usually encountered in infrared
portion of the frequency band

&” = Electronic polarization losses which are encountered in the




optical region of the frequency band
obc = DC electrical conductivity of the material which is temperature
and material dependent (Siemens/meter)
f = frequency of the incident microwave energy (Hz).
Thus the effective dielectric loss factor, &%, measures the loss due to a summed effect of
the loss mechanisms in the frequency band and the loss due to DC conductivity.

Equation 2 thus can be rewritten as [43,45]

o
s;,=e:+27;f
6‘0

O

27fe,

3

where &£ =€ +¢€) +¢&+¢€) is a combined loss factor due to space charge polarization
loss, dipolar loss, ionic loss, and electronic loss for a given frequency band. Therefore,
we can express the AC (alternating current) conductivity, oac, as [28,45]

Oy =0, +20fe,8] = 2nfe 67, O]
where oac is the total effective conductivity (Siemens/meter) caused by conduction and
displacement currents. Of all the loss mechanisms, dipolar losses (£%) and conductive
losses (due to onc) are two main physical loss mechanisms by which microwaves interact
with ceramics, resulting in internal heating [49]. At radio frequencies (1-100 MHz) the
dominant mechanism is due to conductive currents flowing within the materials, which in
turn is due to the movement of ionic constituents [39]. The opc losses can be enhanced
by the presence of impurity constituents such as salts. For the frequencies ranging from 1
to 10 GHz the losses are due to the existence of permanent dipole molecules which tend

to re-orientate under the influence of an external electric field, E (Figure 7) [39]. Inertial,
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Figure 7. Dipolar reorientation in an applied electric field can result in heating [39].

elastic, and frictional motions between adjacent dipoles can lag the polarization in the
extremely rapidly alternating electric field. Therefore, power can be dissipated in the
dielectric material by such motions as depicted in Figure 7.

Walkiewicz, Kazonich and McGill studied conduction losses in microwave heating
[50]. Walkiewicz et al. heated various metal powders, inorganic chemicals, and minerals
in a microwave oven at power levels near 1 kW and recorded the temperatures after a few
minutes of heating (Table 2 shows the results [50]). Conduction plays an important role
in microwave heating (Table 2). In general, as the resistivity decreases (that is, the
conductivity increases), materials absorb microwaves more easily and thus heating
becomes easier. It is not easy to heat insulators like alumina and silica, while transition
metal oxides and sulfides such as magnetite and pyrite are easy to heat to higher
temperature [S0]. However, in spite of their high electrical conductivity, metals are not
heated as well as semimetals and narrow-band semiconductors because electric fields
Cannot penetrate much below the surface of metals [50].

When a material exhibits dielectric losses in the microwave frequency range, we can
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expect very efficient energy conversion (90% in the conversion process of microwaves to
thermal energy). If a suitable microwave applicator is used, refractory materials can be
heated to high temperature [41]. An alternative expression frequently used to describe
dielectric losses, is the loss tangent, tand, defined as the ratio of the effective relative loss

factor to the relative dielectric constant [28,49]

gn
tans =L = _J4c
' [
£, 27fe,E,

&)

Table 2. Heating characteristics and resistivities for minerals, chemicals, and metal
powders heated by microwave power of 2.45 GHz [50,51]. The materials were heated
for 7 minutes or less at microwave input power levels ranging from 500 Watts to 2000
Watts in a rectangular aluminum waveguide [51].

Material Type Materials Resistivity Range  Heating Characteristic
onemirts o SN, 1010w I
Alkalihalides KB RCh 10t 10° m) \:;ler ltle heating
Carbon and graphite C ~10 (Q-m) EaSill};)(})lgggd to
Mixed valent oxides Fgg%;,(]:qui% 102-10* (Q-m) Easily hle(?(;f)g(;o about
semiscl(l)ltﬁit:tors FeS, PbS, CuFeS; 10 - 10° (Q-m) Easily hle(;l(;ggcto about
Mo Mg 10 0tam e
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2.2.2. Variation of Dielectric Properties with Temperature and the Relation
Between that Variation and Thermal Runaway

The dielectric constant, 7, and loss tangent, tand, are not temperature independent
(Figure 8). Since the value of £/ is a measure of polarizability of a material in an electric
field, €’ increases with temperature due to an increase in polarizability caused by
volumetric expansion [28]. On the other hand, the loss factor, &”%, measures the extent
to which electric charges and dipoles dissipate the energy stored in the electromagnetic
field as heat in the material [52]. Thus the value of tand which is defined in equation 5 is
a measure of dielectric loss (or absorption) of microwave energy within the material [52].
Von Hippel [53] and Westphal, et al. [48,54] determined room-temperature dielectric
properties of various materials including organics and inorganics (Tables 3 and 4). At
room temperature tand for the low-loss ceramics such as alumina is very low and the
ceramics are essentially transparent to microwave radiation (Figure 8) [49,54]. However,
as temperature increases, the total electromagnetic loss for a ceramic increases. While
each loss mechanism contributes separately to the overall increase, conduction losses
typically predominate at high temperatures [55]. Although conduction losses of dielectric
materials are normally small near room temperature due to low conductivity, the
exponential increase in conductivity (in particular due to ionic conductivity) with
temperature results in a corresponding increase in the loss tangent [41,49,55]. Therefore
the loss tangent initially rises slowly with increasing temperature, until some critical
temperature, T, is reached, beyond which tand rises rapidly, resulting in more effective
heating [28,49]. For alumina, T is roughly 1000°C. Heating of low dielectric-loss

ceramics from low temperatures to the point where it becomes more lossy often requires
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Figure 8. Typical variations of €' (a) and tand (b) for aluminas as a function of
temperature [40,54].
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Table 3. Dielectric properties of various ceramics at room temperature (25°C) [54].

Material I()g‘;'c‘z?)’ (Igﬁ‘;') & tand
AIN (Carborundum) 8.5 ~8 ~0.003
AlyO3 (Coors Co. AD-995) 3.840 (3.33-3.80| 9.63 0.00008
BeO (99.5%)
(Amer. Lava Co. AlSiMag 754) 2.851 8.52 6.86 0.00031
BN (Carborundum Co.) 2.065 |4.99-5.08 ( 4.777 | 0.00033
CeF4 (MIT, Lab. for Ins. Res.) 0.06 15.8 0.253
CoO (MIT, Lab. for Ins. Res.) 0.001 12.9 0.0005
PbBr; (MIT, Lab. for Ins. Res.) 0.001 52.7 0.0052
MgOAI,0O; (Union carbide) 3.574 4.07-4.23 8.28 0.0001
MgO (Kodak) 8.5 9.72 0.00045
MnF; (Columbia Univ.) 0.01 6.7 0.004
Hgl, 5.49 85 13.9 0.003
NiO 0.001 11.9 0.0154
Si crystal (MIT, Lab. for Ins. Res.) 14 12 0.0090
SiC (Carborundum) 3 60 0.58
SiO, (fused silica) (Amer. Opt. Co.) 2.196 | 5.37-5.50 | 3.818 0.00015
Si3N4 (Admiralty Materials Laboratory) | 2.449 8.52 5.54 0.0036
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Table 4. Dielectric prdperties of ceramics (at 1 MHz, room temperature) [48].

Material

’

”

tand & Eeff
Alumina (ALO;) 0.0003 - 0.002 8.2-10.2 0.002 - 0.03
Spinel (MgO-AL,05) 0.0004 75 0.0003
G Al':‘(;‘:g‘;ioz) 0.004 - 0.005 62-68 0.025 - 0.034
Magnesia (MgO) 0.001 8.2 0.002 - 0.01
Beryllia (BeO) 0.001 5.8 0.006
Zirconia (ZrO,) 0.01 12.0 0.12
Thoria (ThO,) 0.0003 13.5 0.004
Hafhia (HfO,) 0.01 12 0.12
Ceria (Ce02) 0.0007 15 0.011
Boron nitride (BN) 0.001 4.2 0.004
Silicon nitride (Si;Ny) 0.0001 6.1 0.0006
Pyroceram 0.0017-0.013 5.5-6.3 0.01-0.07
Glass-bonded mica  0.0015-0.003 6.4-9.2 0.011-0.023
Mica 0.0002 5.4-8.7 0.001-0.002
(Nazo%:s(;-Si 09 0.0005-0.01 4.0-8.0 0.002-0.08
Quartz (Si0,) 0.0003 3.8-5.4 0.0015
Pb-Al silicate 0.001 8.2-15 0.008-0.015
A'““‘i(“:;g)“i“"de 0.0001 8.8-8.9 0.001

Silicon (Si)

11.9




either external preheating by using a microwave susceptor material as insulation or
adding a material with high loss at room temperature to the green body.

A material absorbs microwave energy more efficiently as the temperature increases
above the critical temperature, T, and the absorption of energy accelerates the increase
in tand. Consequently, the net result is an exponential increase in temperature, which is
called ‘thermal runaway’ or ‘thermal breakdown’ [48].

Thermal runaway depends on (1) the dielectric constants, (2) the porosity, (3) the
shapes and the sizes of ceramic particles, and (4) the shapes and the sizes of the pores
[56]. Thermal runaway is generally attributed to local heating or conduction losses,
which generate heat faster than it can be removed. Thermal runaway can cause
undesirable hot spots within a material, raising the local temperature to the point of
melting or evaporation [48]. Also, around the local hot spot, cracks may develop
depending on the material and the thermal gradients present.

If the cracking that may accompany thermal runaway is avoided, we may use the
thermal runaway phenomenon to heat materials very rapidly. Thermal runaway (and
cracking) can be controlled or prevented by two approaches [57]. Firstly, thermal
runaway can be avoided by increasing the materials’ thermal conductivity [57]. Thermal
runaway does not occur in ceramics having high thermal conductivity such as SiC and
ZrO;. Adding thermally conductive fiber or powder to a low thermal conductive matrix

not only improves the microwave absorption of the material, but also eliminates the
thermal runaway (e.g. addition of 20 wt% TiC into AlOs [58]) [57]. Secondly, when
changes in the power cause an instantaneous response in a given material, thermal

runaway can be prevented by varying or pulsing the microwave input power [57]. As an
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example, a-Al,O; was sintered without thermal runaway by controlling the input power

[33,57).

2.2.3. Heating Behaviors of Dielectric Materials
The heating rate and the triggering temperature (T) for the efficient absorption of
microwave power vary widely from material to material. McGill et al. [51] investigated
the effects of microwave input power on the heating rates of selected chemicals and
minerals, using input power levels ranging from 500 W to 2000 W (Figure 9). In general,
as the input power increased, the heating rates increased. However, McGill et al. [51]
observed that very low-loss materials such as SiO,, CaCO;, and CaCl, did not heat well
at any of the power levels tested. Very high-loss materials such as Fe;04 and CuO heated
rapidly at all power levels tested. For some oxides such as Al,O3, Fe;03, TiO, and ZnO,
the temperature increased steadily as the input power increased [S1]. On the other hand,
Cr;03, FeCr,04 and some chlorides such as CuCl and ZnCl, showed very rapid and
uncontrolled increase in temperature which is known as the ‘thermal runaway’ [51].
Sutton schematically showed the response of two different materials to microwave
heating (Figure 10) [28]. Material A absorbs the microwave energy efficiently at room
temperature and thus thermal runaway occurs as soon as the material is exposed to
microwaves at a given power level. On the other hand, material B is less absorptive (i.e.
low tan §), so that the thermal runaway does not occur at the same power level used for
material A. However, if we increase the power sufficiently, the initial rate of heating can
be increased to the point where thermal runaway can be triggered [28]. Microwave

heating of Fe;0, at 2.45 GHz shows type A heating behavior [51], while AL,O3 shows
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type B heating behavior [59].
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3. THEORETICAL BACKGROUND FOR MICROWAVE HEATING

3.1. FLOW OF ELECTROMAGNETIC POWER AND POWER DISSIPATION

WITHIN A DIELECTRIC MATERIAL

Electromagnetic waves (including microwaves) carry electromagnetic power. The
power dissipated in a ceramic material heated by microwaves can be estimated from a

relation between energy transfer rate and the electric and magnetic field intensities. The

derivation begins by considering Maxwell’s equations [38,60-63]

VxE= ——aél’l Faraday’s law (6)
- . - oD o e .
VxH=J+ M Ampere’s circuital law @)

where E = electric field intensity (Volt/meter)
H = magpnetic field intensity (Ampere/meter)

B = magnetic flux density (Tesla = Volt-sec/meter?)

J = electric current density (Ampere/meter’)

D= electric flux density (or electric displacement)
(Coulomb/meter?)

t = time (sec).

In general, a source of electromagnetic energy sets up fields which store electric and

magnetic energy and carry power which may be transmitted or dissipated as heat loss.

We can now consider a free space or any medium of volume ¥ enclosed by a closed
surface S containing fields £, A and current sources J,, M, (Figure 11) [38]. To

allow the power loss, the electric permittivity, &, and the magnetic permeability, u, are
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Figure 11. A volume V, enclosed by the closed surface S, containing fields E, H,and
current sources J,, M, [38].

often considered to be complex, such that £ = ¢’ —je”and u = u’—ju”. Then the power
balance equation known as Poynting’s theorem (after the physicist J.H. Poynting, 1852-

1914) is expressed as [38]

——i(ExH y-ds + e iE Edv+—£( 'E-E' +u'H-H )dv+j—1:(yH H -€E-E')dv

i(ExH ) .in"'x £|E| dv+—£(e

5 LAl -clEha
®)
where J, = electric source current (Ampere/meter2 )

J. = conjugate complex of J,

M, = magnetization of source (Ampere/meter)
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E" = conjugate complex of E
H' = conjugate complex of A
o = 27f = angular frequency,
here = frequency of electromagnetic waves (Hz)
j=+-1.
The integral on the left-hand side of equation 8 represents the complex power, Psource,

delivered by the sources J, and M_, inside S, which is [38]
Popee = —% [(E-7;+ 8 - ¥,)dv. ©)

The first term on the right-hand side of equation 8 represents complex power flow out of
the closed surface S. The vector E x H' represents the power flow per unit area. The
quantity is defined as [38,60-63]

P=ExH (W/m?). (10)
P is the Poynting vector, which is a power density vector associated with an

electromagnetic field. Then the first integral on the right-hand side of equation 8 can be

expressed as
1o, = - 1
P,,,,,=E<£(ExH )-d§=§c£F-d§. (11)

The real parts of Psouce and Poy in equations 9 and 11 represent time-averaged total
complex power supplied by a source within a region and the time-averaged complex
power transmitted from the region, respectively.

The second and third integrals in equation 8 are real quantities representing the

time-average power dissipated in the volume V due to conductivity, dielectric, and
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magnetic losses. Defining this power as Py, then

P, = 52’- [|E av +§ [ @& + w|a] yav (12)

which is sometimes referred to as Joule’s law.
The last term in equation 8 includes the time-averaged stored magnetic energy, Wp,

and the time-averaged stored electric energy, W, which are defined as

“Hlg.a
W,,,—4I,H H'dv (13)
and
E = =
W¢=ZI, E'dy (14)

where u and ¢ are real scalar constants. Therefore, Poynting’s theorem can be rewritten
as [38,60,61]
Prowrce = Pous + Pross + 2jOW,, = W,). (15)
Thus this complex power balance equation can be interpreted as that the power delivered
by the sources (Psource) is €qual to the sum of the power transmitted through the surface S
(Pow), the ohmic power dissipated as heat in the volume V (Poss), and 2w times the net
reactive energy stored in the volume V [38].
For a source free region in which J = 0 and M,= 0 (that is, in which power is
supplied from a remote space by electromagnetic waves), Psouce = 0, and the power
transmitted into the volume, Pj, = — Py, so that equation 15 becomes [60-63]

P = _Pout = PI

in 0SS

+2joW, -W.). (16)

Assuming low or no magnetic loss for a dielectric material (i.e. p" = 0), the time-average

power dissipated as heat in the volume V, P, can be written as
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Py =22 [|E[ v+ [ &|E[ av
2 2
) a7
=12
=5 I,(o-DC +a)£')E| dv
From equation 4,
O =0 +27f€,6". (18)
Thus equation 17 becomes
1 =2
Pow =5 [Ouc|E[ av. (19)

Since Poss is the time-average power dissipated in the volume V, the power absorbed and

dissipated as heat per unit volume of ceramic materials, Paps (W/m3), which provides the
basis for microwave heating, is related to the dielectric properties of the material from
equations 4, 5, and 19 by [28,43,45,49]
P =0 c|E[
= 2nfe ety |Ef (20)
=2nfe,€] tandlE"lz

where f = frequency of the incident microwave energy in Hz
& =8.854x 10" Farad/meter
= permittivity of free space

gt =relative dielectric constant

tan § = loss tangent

IEl = magnitude of internal electric field strength in Volt/meter.
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3.2. SKIN DEPTH AND POWER PENETRATION DEPTH

As expected from equation 20, the microwave energy dissipated in a ceramic
dielectric and the conduction losses increase by amplifying the electric field of the
microwaves within the material [55]. However, depending on the material (Section
2.2.1), the internal electric field is not the same as the electric field at the surface of the
material, since it is attenuated as the microwaves penetrate the material, reducing the
electromagnetic power (Figure 5).

Therefore, to better understand the interactions between dielectric materials and
microwaves that result in internal heating within the material, one can consider
penetration depth of the electromagnetic power into the material (as measured by the skin
depth).

As electromagnetic energy penetrates the material, its attenuation depends on the
materials’ dielectric properties. To obtain the expressions for the skin depth and the
penetration depth, we begin with considering time-harmonic electromagnetics (i.e.
sinusoidal variations of electromagnetic waves with time).

For spatially varying electric and magnetic fields that are sinusoidal functions of
time (i.e. time-harmonic fields), the field vectors are typically represented by vector

phasors that depend on space coordinates but not on time. The time-harmonic E field and

H field can be written as [62]
E(x,y,2,t) =R [E(x,y,z)e’™] 1)
H(x,y,z,t) =R [H(x,y,2,)e’™] (22)

where E(x,y,z) and H(x, y,z) are vector phasors that contain information on direction,

magnitude, and phase. Phasors are, in general, complex quantities [62]. For simplicity,
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consider a uniform plane wave propagating in +z direction which is characterized by

phasor electric field £ = 4,E, and associated phasor magnetic field # =a_H,. Thus E

and H are perpendicular to each other and both are transverse to the direction of
propagation (Figure 12). This wave propagation pattern is a particular case of a
transverse electromagnetic (TEM) wave. The phasor field quantities are functions of

only the distance z along a single coordinate axis expressed as [62]

E=4E =aEe” (23)

where E, = peak magnitude of the electric field wave. A propagation constant, y, is

defined as

y=jk = ja)\’,ug. (meter") (24)

Figure 12. £ and A fields of a uniform transverse electromagnetic plane wave [62].
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where k' = w\ ue’ = complex wavenumber.
Since y is complex, we can write [62]

y=a+ip @9)
where a and S are the real and imaginary parts of y, respectively. Thus the propagation
factor e can be written as a product of two factors, such that

E =Ee7” =Ee e ’* (26)
where both a and f are positive quantities. The first factor, €**, decreases as z increases
and thus is an attenuation factor. « is called an ‘attenuation constant’ with units of neper
per meter (Np/m). The second factor, 7%, is a phase factor, and f is called a ‘phase
constant’ and is expressed in radians per meter (rad/m).

On the other hand, from equations 1 and 3, it can be shown that

. ' N ] ' .6"
E =€ —J¢E =£(1—]—,J
'y

Jjowe

Therefore, from equation 24, the propagation constant, y, is expressed in terms of

27)

dielectric properties such that

W\172
y=a+jB= jw,/pe'(l —j%) (28)
or
172
y=a+ jf= ja),/,ue'(l + —;;:,) ) (29)

Now we define the skin depth, &, as the distance through which the amplitude of a

traveling plane wave decreases by a factor of e or 0.368, such that from equation 26
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[39,62] at &,

Ee ™ =¢'E,. (30)
Thus
ad, =1. @31
Therefore,
1
o, =— (meter). (32)
a

For a low-loss dielectric material, £" << &’ or o,./we' <<1 [62], thus the propagation

constant, ¥, can be approximated by using the binomial expansion on equation 29 such

that

8\¢

y=a+jﬂ;jwﬁ[ - 258+1(£—) } (33)

Thus the attenuation constant is [62]

a=2% \/—Z’ (Neper/meter). (34)
£
The skip depth for the low-loss ceramic is [62]
(meter). (35)
.“ o AC

From equation 35, the skin depth for low-loss ceramics increases as the AC conductivity,
Oac, decreases or the dielectric constant, &%, increases.
In a ceramic for which dielectric conductivity dominates the losses, as in very wet

ceramics (or good conductors such as metals) [39,62], then o ,. /@&’ >>1. Under this

condition, in equation 29, o .. / jws' << 1, then [62]
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y=a+jf= fw\/ﬂ_?\/ ;.’ajg, = jJouo,. . (36)

Also [j =(e/"?)"* =¢’""* =(1+ j)/ 2 and @ = 2.

Thus

a=f=\nuoc,: . (37
Therefore, the skin depth is [39,62]

5=t (38)

) NUOT 4 .

The skin depth increases as J7 and \/o,. decrease for a ceramic with dielectric losses

dominated by conductivity. However, for a lossy ceramic material in which both dipolar
and conductivity losses are present, approximations given by equations 33-37 are no
longer valid [39].

In Section 3.1, equation 20 shows that the power density, Paps (W/m3), is
proportional to the square of the internal electric field strength. Thus for a material in
which electromagnetic waves propagate in + z direction, the power attenuation can be
expressed in terms of the distance from the surface of the material as (Figure 13) [39]

P

abs

= P = Pe'* (39)
where P, is the power at the surface and a = 1/ from equation 32.

Analogous to the definition of the skin depth, &, the penetration depth, D, is
defined as a depth at which the power at the surface is reduced by 1/e, such that at z = D,
[39]

Pe’ =Pe™. (40)
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Figure 13. Skin depth of electric field intensity and power penetration depth [28,39].
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20D, =1. 41)
Therefore, the power penetration depth is

1 o
D =—=-"%, 42
P 2a 2 42)

Therefore, from equations 26 and 39, at z = &, the magnitude of the internal electric field

and power density within the material are
E.=E,e' =037E, (43)
giving 63% attenuation of the electric field and

P

s = Pe? =0.14P, (44)
giving 86% dissipation of power (Figure 13) [39].

Metaxas and Binner [39] found the power penetration depth, D, depended on
dielectric properties for various ceramics (Table Sa). At the microwave band frequencies
allocated for industrial uses, the power penetration depth could be very small. The size
of the ceramic to be heated, in particular when the ceramic is very lossy, could be many
times larger than D,, resulting in unacceptable temperature non-uniformities [39].

The dielectric properties vary with temperature. Therefore the power penetration
depth also changes as a function of temperature. For example, for hot pressed boron
nitride with critical temperature, T, ~ 700°C, as temperature increases from 600°C to

950°C, D, decreases from 7.62 m to 0.45 m (Table 5b) [399]. In particular, D, rapidly

decreased as the temperature increased above the critical temperature.
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Table 5a. Power penetration depth, Dy, for various ceramic materials [39].

Temperature Frequency ,

Material °C) (MHz) &L E'er tanéd Dp(m)
Pyrolytic boron 800 2450 3 2x10% 169
nitride
Calcium titanate 25 2450 180 2x10° 131
Steatite 25 2450 6 2x107 23.9
Lime alumina 25 2450 7 6x107 8.6
silicate
Porcelain 25 2450 5 1.5x10? 2.9
Barium/strontiu
n titanate 25 2450 2000 0.5 1.74
Barium titanate 25 2450 700 0.3 1.72
-3
Hot pressed 500 8500 9 4x10 0.47
aluminum nitride 700 8500 9 15x102  0.12

Table 5b. Effect of temperature on power penetration depth, D, in hot pressed boron
nitride with the critical temperature, T, ~ 700°C [39].

Temperature (°C) &4 tan & Dp (m)
600 422 6x10* 7.62
700 4.25 8x10* 5.70
800 4.28 20x 10™ 2.27
900 4.35 70 x 107 0.64
950 4.4 100 x 10 0.45
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3.3. MICROWAVE APPLICATORS

The term ‘microwave applicator’ or ‘microwave cavity’ indicates a device that
applies the microwave energy from the generator (such as magnetron or klystron
microwave sources) to the workpiece (material to be heated). Industrial microwave
applicators for materials processing (including ceramics), fall into three categories;
traveling wave, single and multimode applicators [39]. This section gives brief
descriptions for the single and multimode applicators.

Microwave cavities are simply metallic enclosures which confine the electro-
magnetic waves and cause multiple reflections of the waves from the cavity walls,
establishing a standing wave pattern. Depending on the dimensions of the cavity and/or
the operating microwave frequency, a fundamental standing wave pattern can be set up
within the cavity [40]. Such a cavity is called a ‘single-mode’ cavity. The term ‘mode’
indicates a specific electromagnetic field standing wave pattern. Compared to the single-
mode cavity, in a ‘multimode’ cavity, several fundamental standing waves or modes are
superimposed to produce a standing wave pattern that consists of several modes [40].

The multimode applicators are most common type of applicators. For example,
home microwave ovens are multimode applicators designed for in particular, food
processing. In addition to domestic use, the multimode cavities are widely used in
industry since the applicators are relatively inexpensive, simple to construct, easy to
adapt to a wide range of material loads of different effective loss factors and sizes
[28,39,64]. When microwaves are introduced into a multimode cavity, the microwaves
reflect from the cavity wall to form a complex pattern of multiple standing wave patterns

(i.e. modes), such that the electric field distribution in the multimode cavity is given by
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the sum of all the modes excited at a particular frequency. Due to non-uniform field
distributions formed in the multimode cavity, heating efficiency and uniformity vary
depending on (1) the location of material within the cavity and (2) the size of the material
to be processed. The lack of homogeniety in the electromagnetic field can lead to
inhomogeneous heating and hot spots [28]. To improve the uniformity of heating, a
turntable which rotates at a constant speed can move the load through the nodes and
antinodes [39]. Another way to improve the heating uniformity is to use a mode stirrer
which is a structure such as a metallic multiblade fan [39]. The mode stirrer rotates
continuously and the resulting reflections of the field continuously perturbs the spatial
distribution of the electromagnetic fields which yields a better uniformity inside the
multimode applicator.

Compared to multimode cavities, the unloaded single-mode cavity is characterized
by a standing wave pattern or mode that is well defined in space. Knowing how the
electromagnetic field is distributed within the resonant cavity enables the material to be
placed in the position of maximum electric field for optimum electromagnetic energy
transfer, yielding high heating efficiency [28,39,52,65]. Therefore, maximizing the
electric field strength at the processed specimen location yields rapid and uniform
heating.

In exciting a specific mode in a single-mode microwave resonator cavity, two basic
methods are used (Figure 14). In general, either a loop wire (or antenna, Figure 14a) or a
straight wire (or antenna, Figure 14b) coupling probe placed at the position of maximum
magnetic field or electric field intensity, respectively, can be used to excite a specific

standing wave pattern (i.e. cavity mode) [38,60]. The maximum standing wave
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Figure 14. Methods of exciting wave modes in a resonator [60].

amplitude occurs when the frequency of the input electromagnetic waves is equal to the

resonant frequency [60].

3.4. MICROWAYVE CAVITY EQUIVALENT CIRCUITS AND QUALITY

FACTOR

A series or parallel RLC lumped-element circuit often can be used to better
understand and model the resonance and quality factor in a microwave resonator cavity
[38,60]. In this section, as an example, a series RLC equivalent circuit will describe the

resonance and quality factor (Figure 15).
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Figure 15. (a) A series RLC circuit equivalent to a microwave resonator and (b) a
resonant circuit connected to an external load, Ry [38].
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As discussed in Section 3.1, a cavity resonator stores energy in the electric and the
magnetic fields for any particular mode pattern. In any practical cavity the cavity walls
have a finite conductivity, resulting in nonzero surface resistance, which in turn causes
power loss by resistance heating [62]. The stored electric and magnetic energies inside
the cavity determine its equivalent inductance and capacitance. Also the energy
dissipated by the finite conductivity of the cavity walls determines its equivalent
resistance. For a series RLC lumped-element resonant circuit (Figure 15a), the input

impedance is expressed as [38]
1
Z,=R+jolL-j— 45
w= R+ jol=j—= 45)

where Zi, = input impedance ()
R =resistance (Q2)
L = inductance (Henry = Weber/Ampere = Volt-sec/Ampere)
C = capacitance (Farad = Coulomb/Volt).

Then the power delivered to the resonant circuit, Pip, is [38]

2
po=tyr-lzp-tz 2
2 2 2 "\Z, (46)
= —;—|I|2(R + jol - jZIC')
where V = source voltage (Volt)
I = current (Ampere)
I" = conjugate complex of I (Ampere).
The power dissipated by the resistor, R, is given by
P.. =%|1|2R. @7)
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The average magnetic energy stored in inductor, L, is

1
W, = lel L (48)

and the average electric energy stored in capacitor, C, is

w,=L
4

1
o’C

VC

2 1,2
C=— 49
4|1| (49)

where V_ is voltage across the capacitor. Equivalently, for electromagnetic waves [60]

1 2
W = |—ulH|"a& 50
" :JZ I l Y (50)

1 2
W, = |=¢|E| dv. 51
€ J. 2 | | ( )
Then substituting equations 47-51 into the complex power relation (equation 46) gives

[38,60]

P, =P

in loss

+2joW,-W,). (52)
Also, equation 45 can be rewritten as

loss

_2B, _ P +2j0(W, ~W.)
T 1 /2 '

(33)

For the given RLC circuit (or microwave resonator) (Figure 15a), resonance occurs when

the average stored magnetic and electric energies are equal, or

W, =W,. (54)
Then at resonance
Z,= —P§— =R. (55)
7] /72

That is, the input impedance at resonance is purely real impedance. Since at resonance

W, =W,, thus from equations 48 and 49 the resonant frequency must be given by
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[38,60,61]

1
o, =27, =—— (56)
7. JLC
or
f=—t (57)
° 2xdLC’
Equivalently, for electromagnetic waves,
1 v
-G = G (58)

fo= 27z\/;; 2w
where v is wave propagation velocity in a medium with 4 and & Geometric factor, G,
depends on the geometry and dimensions of the cavity and/or cavity mode type
(Transverse Electric, TE, or Transverse Magnetic, TM, modes). When the frequency of
an impressed signal equals a resonant frequency, a maximum-amplitude standing wave
occurs [60]. Theoretically, a given resonator has an infinite number of resonant modes
where each mode corresponds to a definite resonant frequency. The mode having the
lowest resonant frequency is known as the dominant mode.

Quality factor, O, of a resonant circuit or microwave resonator is defined as [38,43,

52,60-62,66]

0=21 (time-averaged energy stored at a resonant frequency)
(energy dissipated in one period of this frequecy)
w,+W,
° P

loss

(59

Thus Q (dimensionless) is a measure of the electromagnetic energy loss per cycle for a
cavity resonator. A lower loss implies a higher Q. In the absence of any loading effects

caused by external circuitry, the unloaded Q, Qunias is a characteristic of the resonant
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circuit (or cavity resonator) itself. At resonance W, =W,, such that from equations 48,

49, and 55

W, W, ol |1

" = . 60
R  o,RC (60)

Quntoas =@, P. =, P
If a resonant circuit is coupled to an external load resistor, Ry, in series, the effective
resistance in equation 45 is R+R\, shown in Figure 15b. Then loaded Q, Qiouq can be
expressed as

ol 1 1

= = = . 61
Qload R + RL R+ RL R R -RL ( )
o,L o,l ol
From equation 60, Q,,,.., = w—}":— and if we define an external Q, Q.., as
w,L L
0.= 2 for series circuit. (62)
L
Then the loaded Q can be expressed as
1 1 1 (63)

=—+ .
Qload Qe.xl Qunload
Equivalently, for a resonant microwave cavity made of a conductive wall in the presence
of a dielectric material, Qunioad = Qcavs and Qexs = Quier, SO that [38]

1 1 1
= +
Qload Qdml chv

(64)

where 0. = 20.W, _ w,L _ 1
P/OIJ R a)DRC

= quality factor for a resonant cavity without a load

Pyoss = power dissipated by the conducting cavity wall
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0, = 20W, i’ 1
el P, g tand

= quality factor of the cavity with a dielectric material, but
with perfectly conducting walls
P = power dissipated in the dielectric material.
When both wall losses and dielectric losses are present, the total power loss is Pjyss + Puiel,

so equation 64 gives the total Q for the resonant cavity loaded with dielectric material as

-1
Q,md=( Ly ] . (65)

leel Qcav

Then the power dissipated inside the dielectric, P/, is given by [41,42]

Paey % S5y Qual EI (66)
where quality factor Qj,.4, electric field E and dielectric losses &% are not independent
parameters.

As microwave energy is absorbed in a dielectric material, the material’s temperature
increases at a rate depending upon a number of distinct parameters. The heating rate is
determined by competition between the loss due to the motion of charges and dipoles and
conductive and radiative heat loss from the material [52].  For a single mode resonant
cavity, Palaith and Silberglitt [52] gave a simplified equation for the heating rate in terms

of incident power, and temperature of the material such that

8'
R AQu— L lp-SZ( 22 ) (©7)
d’ /f P & : Vc pc p VOIume material

where p is the mass density of the material, C, is the specific heat capacity, V. is the

cavity volume, P, is the microwave power incident on the cavity and T is the specimen
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surface temperature expressed in Kelvins. ¢ is the surface emissivity of the material and
o is the Stefan-Boltzmann (or radiation) constant which has the value 5.67 x 102 joule
cm? K™,

Therefore, high Q factors coupled with high electrical field strengths can cause very
high heating rates [42]. Single-mode, resonant cavities with high Q values of several
thousands are common and have been used by several investigators to heat ceramic
materials [42,52]. Since most ceramics of interest are not strong absorbers until a
temperature over 1000°C is reached, based on equation 66 this three-order-of magnitude
enhancement of the power in the cavity is crucial in microwave heating of ceramics [52,

28].

3.5. NOTATION FOR MICROWAVE MODES IN A CYLINDRICAL
MICROWAVE CAVITY
In this study a cylindrical resonant microwave cavity [64,65] has been used for
various researches. The cavity can be internally tuned to various electromagnetic modes
by adjusting the cavity height and position of the power launch probe. Thus this section
and Section 3.6 will discuss fundamentals about a cylindrical microwave cavity such as
notation for the electromagnetic resonance modes and a ‘mode diagram’ which shows
resonance frequencies of each mode theoretically expected for given cavity dimensions.
For microwave cavities with either rectangular or circular cross sections, two sets of
electromagnetic modes are admissible: transverse magnetic (TM) modes and transverse
electric (TE) modes [38,60-63]. Since a microwave cavity is a hollow metallic enclosure

which confines the electromagnetic fields, the electromagnetic waves are reflected from
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wall to wall. This process results in a component of either electric or magnetic field
being parallel to the axial direction of the cavity. Therefore transverse electromagnetic
(TEM) modes (i.e. E, = H, = 0) are not admissible for hollow metallic microwave
cavities. The system in which TEM modes can exist should involve two conductors, for
example, coaxial lines and two-open-wire transmission line systems [38,60-63].
Customarily, for notation of cavity mode in a cylindrical cavity, a cylindrical coordinate
system is used as shown in Figure 16. In Figure 16, a is a radius of the cavity and dis a
cavity height.

For the TM modes, there are no axial magnetic fields (i.e. H, = 0) but axial electric

fields E, #0, such that [60]

E,=E_J, [ Fon r}os(n¢)cos(%r z) (TMym modes) (68)
a
where E,, = amplitude of the electric field

Jn = Bessel function of the first kind
Ppm = my, x value at which J(x) =0
n = number of periodicity in ¢ direction (n = 0,1,2,3...)
m = number of zero fields in radial direction (m =1,2,3...)
! = number of half-waves in axial direction (1=10,1,2,3...).
TE modes have no axial electric fields (i.e. £, = 0) but axial magnetic fields (H, # 0),

such that
0o.. . (In
H,=H,_J,| ="r kcos(ng)sin 72 (TE,m modes) (69)
a

where H,, = amplitude of the magnetic field
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X

Figure 16. Cylindrical coordinate system used for notation of microwave cavity modes.

Jn = Bessel function of the first kind
Onm = my, X value at which J;'(x) =0
n = number of periodicity in ¢ direction (n = 0,1,2,3...)
m = number of zero fields in radial direction (m = 1,2,3...)
! = number of half-waves in axial direction (1 =1,2,3,4...).
Using equations 68 and 69, relative distributions of electric field, E,, and magnetic field,
H, can be depicted for a given TMm mode (Figure 17) and TE,m, mode (Figure 18),
respectively, as a function of angular position, ¢, radial position, r, and axial position, z.
In considering the distributions of electromagnetic fields within the cavity which

consists of good-conductive walls, there are fundamental boundary conditions to be
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Figure 17. Notation for TMpm modes for a cylindrical microwave cavity.
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Figure 18. Notation for TE,, modes for a cylindrical microwave cavity.
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satisfied. For time-varying electromagnetic waves, following boundary conditions
between two mediums should be satisfied [61,62]; i) the tangential component of an E
field is continuous across an interface, ii) the tangential component of an A field (A =
H/y) and thus the tangential component of the B field are discontinuous across an
interface where a surface current exists, iii) the normal component of a D field (D= ¢E)
and thus the normal component of E field are discontinuous across an interface where a
surface charge exists, and iv) the normal component of a B field (B = uH) and thus the
normal component of A field are continuous across an interface. In order to simplify the
analytical solution of field problems, good conductors are often considered perfect

conductors in regard to boundary conditions. In the interior of a perfect conductor the
electric field is zero and any charges the conductor will have will reside on the surface
only. Subsequently, from Maxwell’s equations (equations 6 and 7), B and A are zero in
the interior of a conductor in a time-varying situation. Therefore, at the surface of the
cavity walls, the tangential component of an E field should be zero. For example, E; =0
and E, # 0 at the side wall of the cavity for a given TMyyy mode (Figure 17). Also, at the
top and bottom plates of the cavity, E, # 0 and E, = 0 for a given TM,n mode. Likewise,
for a given TE,m mode, H, # 0, H, = 0 at the side wall and H, = 0, H; # 0 at the top and
bottom plates of the cavity (Figure 18).

Figures 19, 20 and Figures 21, 22 show three-dimensional views of field
distributions for various TE and TM modes established within a cylindrical circular

microwave cavity [61,62,64,67].
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Fignre 19. Field distributions of TEo11, TEoi12, TE111, and TE;;2 modes.
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Figure 20. Field distributions of TE 3, TE211, TE212, and TE3;; modes.
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T™M,,;; Mode

Figure 21. Field distributions of TMy;;, TMy;2, and TMy;3 modes.
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Figure 22. Field distributions of TM;;; and TM;;2 modes.
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3.6. MODE DIAGRAM FOR 7" IDEAL CYLINDRICAL SINGLE-MODE

MICROWAVE CAVITY

A mode diagram is a diagram which allows one to expect which mode is admissible
for a given geometry and dimension of a resonant cavity. Equation 58 states that the
resonance frequency for an electromagnetic mode depends on the geometry and
dimensions of a microwave cavity. The microwave used in this study is a cylindrical
circular resonant cavity of 17.78 cm (7 inches) in diameter. The cavity has a movable top
plate which determines the actual cavity height. The actual cavity height can be adjusted
in the range of 7.3 cm to 21.95 cm. Thus various cavity modes can be established for a
given cavity height of the cylindrical cavity.

The exact equation for a resonance frequency of a cylindrical circular single-mode

resonant microwave cavity is [60]

v P Y (i1zY
(fdwm = 5= (*ﬂ) +(—] for TMpm modes (70)
2r a

d
and
2 2
AN (%) + (l—”) for TEnm modes (71)
2z a d
where v = velocity of EM waves in a medium = 1/ \/;—1;

= ¢, speed of light in a vacuum = 1// y ¢,

3 x 10® m/sec

a =radius of a cylindrical cavity
d = cavity height

Ppm = my, x value at which J,(x) =0

60



Onm = my, x value at which J;'(x) =0
Thus for the cavity used in this study the value of a is fixed to 8.89 cm, while the cavity
height, d, varies from 7.3 cm to 21.95 cm. P,n and Onm can be determined from the
Bessel Function of the first kind as shown in Figure 23 (Table 6).

Based on equations 70 and 71, resonant frequencies for various modes were
calculated for the cavity heights ranging from 4 cm to 24 cm which include the allowed
cavity heights for the cylindrical cavity used in this study (Figure 24, Table 7). Since the
frequency of the microwave power source is 2.45 GHz, at which the present cavity is
designed to operate, the frequency range is confined to 2 GHz to 3 GHz for plotting a
mode diagram.

From the mode diagram, it can be assumed that TMo;1, TE211, TEo11 (TMi11), TE 112,
TMoi2, TE311, TEz12, TE 13, and TMy;3 modes are theoretically admissible for the present
7" empty cylindrical resonant cavity operated at 2.45 GHz (Figure 24, Table 7). Thus the
cavity without a material load can be tuned to one of those resonant modes by adjusting
the cavity height by changing the position of the movable top plate of the cavity.
However, it has been reported that once the cavity is loaded with a material to be heated,
the empty cavity modes are modified and may become hybrid modes or even new modes
may be introduced depending on the dielectric properties and location of the material
[65]. In spite of this discrepancy between the theoretically expected modes and the
practically operating modes, the mode diagram will be useful to predict, understand and
analyze the interactions between the material and microwaves during microwave heating

in a single-mode microwave cavity.
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Table 6. Values of (a) Py and (b) Qum Which are used to calculate resonance frequencies
for TMum and TE,, modes, respectively.

(a)
m
Prm 1 2 3
0 2.405 5.520 8.654
. 1 3.832 7.016 10.174
2 5.135 8.417 11.620
3 6.380 9.761 13.015
(b)
m
Onm 1 2 3
0 3.832 7.016 10.174
. 1 1.841 5.331 8.536
2 3.054 6.706 9.970
3 4.201 8.015 11.346
1.0
A Jo
g I\
[ ¥ J2
0.5}

-0.5F

Figure 23. Bessel function of the first kind, for order n, wheren=1, 2, 3.
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fo, GHz (resonant fregency)

L., cm (resonant length)

Figure 24. Mode diagram for 7” ideal cylindrical single-mode microwave cavity.
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CHAPTER 1

SINTERING

Part I. SINTERING OF ALUMINA CERAMICS IN A SINGLE MODE

CAVITY UNDER AUTOMATED CONTROL'

ABSTRACT
An automated processing system featuring a single-mode microwave cavity
operated at 2.45 GHz has been used to sinter a series of alumina powder compacts. The
automated control allows repeatable heating schedules for the processing. The resulting

sintered alumina specimens were crack-free and had small, uniform grain sizes.

1. INTRODUCTION

Microwave sintering can be an attractive processing technique since materials can
be heated directly and/or indirectly via the interaction with electromagnetic fields.
Typically microwave processing yields ceramic specimens having high densities and fine
grain sizes. Also, microwave processing allows high heating rates (short processing times),

compared to conventional heating.

! Ki-Yong Lee, Eldon D. Case, Jes Asmussen, Jr. and Marvin Siegel, Microwaves: Theory and

Application in Materials Processing III, Cer. Trans., vol. 59, Am. Cer. Soc. Inc., Westerville, Ohio, pp.
473-480 (1995).
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Multimode microwave cavities [1-6] require very high power due to the relatively
low coupling efficiency of microwave energy with materials. Also, a multimode cavity’s
nonuniform electromagnetic field distribution can result in inhomogeneous heating and hot
spots depending on the volume of the processed material and the location of the material
within the microwave cavity [7]. Nevertheless multimode cavities are frequently used due
to their low cost, ease of construction and adaptability [8].

To improve process control and heating uniformity, several investigators have
designed and used single-mode microwave cavities [8-13]. Single mode cavities can
maximize the electrical field strength at the location of processed material, potentially
yielding higher heating rates and more uniform heating than is the case for conventional
multimode cavities [7-9, 14]. Using an internally-tuned single-mode circular cylindrical
cavity, Asmussen et al. [8, 14] demonstrated that microwave energy can be coupled
efficiently into either low loss or lossy materials.

Most single mode cavities used for microwave processing ceramics are tuned by
manually adjusting the positions of the electrical short and the probe to maximize the
energy absorbed by the process material. Since the dielectric properties of material are
functions of both porosity and temperature, the dielectric properties of the ceramic change
during processing. This change in dielectric properties requires that the cavity be tuned
continuously to maintain efficient microwave coupling and an optimum heating rate.
Manual cavity tuning, however, is too slow and cumbersome to allow one to precisely tune
the cavity as the material's dielectric properties can change rapidly during processing.

Recently Asmussen and Siegel [15] developed a single-mode cylindrical cavity that

is tuned by computer-automated adjustments of the sliding electrical short and probe
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positions. Two computer-driven controllers (Microstep Drive Sx Series, Compumotor,
Fauver, MI) allow a rapid fine-tuning of the short and the probe positions to with an
accuracy of +0.1 mm. In this study Asmussen and Siegel’s computer-controlled microwave
processing system was used to obtain very similar heating schedules during processing of a
series of alumina powder compacts. Such repeatability would be difficult using manual

tuning techniques.

2. EXPERIMENTAL PROCEDURE

2.1. Experimental Apparatus

Figure 1 is a schematic of the microwave sintering apparatus. The microwave
power supply (Sairem, Model MWPS 2000, Wavemat Inc., Plymouth, MI, ) used in this
study can supply from zero to 2000 Watts of continuous wave microwave power at 2.45
GHz. Microwave power is generated by a magnetron. Waveguides then feed the
microwave power into the cavity through an adjustable tuning probe. Analog power meters
connected to the waveguide through attenuators indicate the forward and reflected power
levels.

The single mode microwave cavity (Model CMPR-250, Wavemat Inc., Plymouth,
ML) used in the study can be internally tuned to resonate in many different microwave
cavity resonant modes by adjusting the short and the power launch probe (Figure 1). Cavity
tuning was performed by continuous adjustments of the probe positions in order to
minimize the reflected power after every change of forward power.

An optical pyrometer (Accufiber Optical Fiber Thermometer, Model 10, Luxtron

Co., Beaverton, Oregon) was used to measure temperatures ranging from 500°C to 1900°C
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Figure 1. Schematic of microwave sintering apparatus.
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with an accuracy of +1°C. A 5 mm diameter hole through the wall of the insulation casket

allowed the pyrometer to be sited on the specimen during the experimentation.

2.2. Materials

Using the computer controlled single mode cavity, powder compacts of three
different commercial alumina powders (Alcoa A-16 SG, Sumitomo AKP-30, and
Sumitomo AKP-50) were processed. The average particle size for each of the powders is
listed in Table 1. Each powder compact was cold pressed at about 20 MPa into a disk about
22 mm in diameter and 1.7 mm thick. The initial green densities of the compacts were
approximately 50 percent with respect to the theoretical density of 3.987 g/ch for alumina
[16].

2.3. Microwave Sintering

Each of the alumina powder compacts was heated to 1575°C using the TMoi2
microwave cavity resonant mode and then held at 1575°C for 30 minutes. Alumina, which
is a low loss material, has a loss tangent ranging from 0.0003 to 0.002 [17]. The low loss
tangent of alumina at or near room temperature limits direct microwave coupling to the
alumina. However, the alumina specimens were placed in a casket composed of a zirconia
cylinder (Type ZYC, Zircar Products Inc.) 10 cm diameter and 7 cm height. Top and
bottom discs for the casket were made from alumina insulating board (SALI, Zircar
Products Inc.). The typical loss tangent value of zirconia is about 0.01 at room temperature
[17). Thus the zirconia casket helped to heat the alumina by radiant heating as well as

providing thermal insulation.
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3. RESULTS AND DISCUSSION

Under computer-automated control, the heating schedule from about 800 degrees to
the maximum temperature of 1575 C was very similar for specimens of each of the alumina
powder types (Figures 2 and 3). Over this temperature range, the heating schedule for the
alumina also was very similar to the “empty casket” (no alumina specimen present) runs.
However, the power level at which significant coupling first occurred (as evidenced by an
initial, rapid temperature rise) did vary in the following way. For the AKP-30 and AKP-50
coupling became significant at about 600 Watts of input power, while the A16-SG and the
empty casket first coupled at a input power of about 300 Watts and 275 Watts, respectively
(Figure 3).

The rapid temperature rise subsequent to the initial coupling with the microwave
power may be due to hot spots in the zirconia casket cylinder, which were observed as
bright spots with the unaided eye. The differences in the initial heating of the AKP grade
powders and the A16 powders may be due to differences in the dielectric properties of the
powders.

The sintered alumina specimens had densities ranging from 97.1 to 99.6 percent of
theoretical (Table 1), as measured by Archimedes method. Average grain sizes (Table 1)
were determined by the linear intercept method using SEM micrographs of fracture

surfaces.
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Table 1. Results on microwave sintered alumina.

Average particle  Average grain size

Material size (um) (um) % Densification
A16-SG 0.52 1.94 * 99.6
AKP-30 0.41 485+ 98.4
AKP-50 0.23 3.68 * 97.1

* Average intercept length was multiplied by a stereographic correction factor
1.5 to obtain the average grain size [18].

4. CONCLUSIONS
This study has demonstrated that an automated processing system featuring a
single-mode microwave cavity can be controlled to provide repeatable heating schedules
for a series of alumina powder compacts. The resulting alumina specimens were near
theoretical density with a uniform, small-grain sized microstructure. Future studies will
employ the automated processing system to sinter other ceramics and ceramic

composites.
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Part II. GRAIN SIZE, DENSITY, AND MECHANICAL PROPERTIES OF

ALUMINA BATCH-PROCESSED IN A SINGLE-MODE

MICROWAVE CAVITY?

ABSTRACT
Four different microwave cavity modes, namely, TMi11, TE112, TEn3, TMoi3,
were used to sinter alumina powder compacts in a batch process using a cylindrical
single-mode microwave cavity. The grain size, mass density, hardness, and fracture
toughness of the final densified products were examined in terms of (i) the position of the

specimen within the microwave casket and (ii) the cavity mode.

1. INTRODUCTION

Although microwave processing of ceramics typically involves specimens processed
one at a time, Katz et al. (1) and Patterson et al. (2) are among the researchers that have
batch-processed ceramics using microwaves. Katz et al. (1) used a resonant microwave
cavity to sinter 12.5 gram cylindrical powder compacts of alumina or alumina-5 vol% SiC
in batches of 20 specimens each. A maximum microwave input power of about 4 kWatts
yielded a sintering temperature of 1600°C. Using a multimode cavity at 2.45 GHz
Patterson et al. (2) sintered 12, 24, and 90 specimen batches of SizN4-5% Al:O3 and
SiaNs-5% Y203 powder compacts. Specimens were placed in a powder bed of 40wt%

SiC, 30wt% BN, and 30wt% Si3N4 held with an alumina crucible. The results of this

? Ki-Yong Lee, Luke C.G. Cropsey, Benjamin R. Tyszka, and Eldon D. Case, Materials Research Bulletin,
vol. 32, No. 3, pp. 287-295 (1997).

81




study and the work of Katz et al. (1) and Patterson et al. (2) will be compared in the
Summary and Conclusions section of this paper.

In this study, we used a circular, cylindrical single-mode microwave cavity for
batch-processing alumina powder compacts. First, at low temperatures and low
microwave input power, the heat distribution for various microwave cavity modes was
directly determined using thermally-sensitive paper within a casket (zirconia/alumina
enclosure). Next, alumina powder compacts were sintered and the grain size, mass
density, hardness, and fracture toughness were determined as a function of (i) the

specimen position within a casket and (ii) the cavity mode.

2. EXPERIMENTAL PROCEDURES

Disc-shaped compacts about 2.2 cm in diameter, 2 mm thick, and with a mean mass
of 1.993 + 0.003 grams were pressed from Sumitomo AKP30 alumina powder. Details of
ball-milling and pressing the powders are given elsewhere (3,4). A cylindrical single-
mode microwave cavity (CMPR-250, Wavemat Inc., MI) was used with a microwave
power supply (Sairem, MWPS 2000, Wavemat Inc., MI) which generates microwaves of
2.45 GHz and maximum power of 2000 Watts (3-5).

The microwave modes identified for the cavity loaded with the casket were TE21,
TMin, TE112, TMoi2, TE311, TE212, TEn13, and TMo13 modes. These modes are standing-
wave electromagnetic field patterns that are a function of cavity geometry and microwave
frequency (6). The microwave cavity used for this study had a movable top plate,
enabling one to change the cavity height and thus tune the cavity to either TM (transverse

magnetic) or TE (transverse electric) modes (3-5). Two TM modes and two TE modes,
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namely; TMi11, TE112, TE113, TMo13, were selected for microwave heating in this study,
since TMi11 and TE112 modes were separated from TE 13 and TMo13 modes by at least 6
cm in cavity height (Figure 1).

For low temperatures, the heat distribution inside the empty casket (without the
alumina specimens) was investigated using a thermally-sensitive paper (Graphic Controls
Corp., Buffalo, NY). Using a conventional electrical resistance furnace, it was
determined that at about 120°C the color of the paper changed from white to light blue
and that the paper turned to dark blue after an increase in time-temperature. The casket
containing a circular piece of the thermal paper about 7 cm in diameter was centered
along the axis of the microwave cavity. The microwave cavity was tuned to each of the
four cavity modes (3-5).

A different mode was used to sinter each of four batches of alumina powder
compacts, with six specimens per batch. The casket containing six specimens (Figure 2)
was centered along the cavity axis. Temperature measurement techniques in the
microwave cavity (via an optical pyrometer) are described elsewhere (4). For specimen
temperatures above 500°C, the microwave input power was increased by 50 Watts every
3 minutes and the cavity was re-tuned until the temperature reached 1500°C. The initial
input power for microwave coupling (4), the maximum input power, average heating rate
from 500°C to 1500°C, and the sintering time and temperature are summarized in Table 1
for each of the four modes.

After sintering, the mass density of the 24 individual specimens was determined by

Archimedes method. Fracture surfaces of each specimen were examined by SEM (JEOL,

JSM 6400V) to determine the grain size using a line intercept method on the
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(c) TE113 mode (d) TMo13 mode

Figure 1. Schematics for electromagnetic field patterns of the indicated microwave
cavity modes. Solid lines represent electric fields (E) and dotted lines represent magnetic
fields (H).
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Figure 2. Schematic for casket used for microwave heating showing the positions of the
six disc-shaped powder compact specimens included in each processing batch.

Table 1. Summary for microwave processing during batch processes.

Initial input

Microwave Maximum  Average heating Sintering

cavity mode i‘;ﬁ;{iﬁ(g input power  rate from 500°C temperature and time
T™in 130 Watts 1060 Watts 16.0 °C/min. 1500°C for 30 min.
TEmn2 90 Watts 1250 Watts 14.0 °C/min. 1500°C for 30 min.
TEu3 100 Watts 1220 Watts 14.0°C/min.  1500°C for 30 min.
TMoi3 190 Watts 1130 Watts 17.3 °C/min. 1500°C for 30 min.
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micrographs.

The sintered specimens were polished with consecutive grits of 17, 15, 10, 6, and 1
pm diamond paste compounds (Warren Diamond Powder Company) using a Leco VP-50
polishing machine. Ten Vicker’s indentations were made on each specimen, with an
indentation load, load time, and loading rate of 98 Newtons, 5 seconds, and 60
um/second, respectively, to determine the hardness and fracture toughness of the

specimens.

3. RESULTS AND DISCUSSION

At low input power, the nonuniform heat distribution observed for each cavity mode
(Figure 3) likely resulted from spatial variation of the microwave power densities
absorbed by the casket. The central portion of the SALI setter within the casket
apparently did not couple well with the microwave field (Figure 3). The microwave-lossy
zirconia cylinder did couple well and the interaction between the microwave field and the
zirconia cylinder likely modifies the local electric field pattern (Figure 3).

Although at low microwave input power and low temperature the heat distribution
within the empty casket was nonuniform, the specimens sintered at higher input power all
had mass densities greater than 98.3% (Table 2). The mean grain size of batch-processed
specimens was similar from mode to mode ranging from 6.00 um for TE112 mode to 8.00
um for TMi11 mode, although the grain size was a weak function of the position of
individual specimens within the casket (Table 2).

The hardness, H, of the sintered alumina was determined by (8,9) H = aP/az, where

2a is the diagonal length of the indent, P is load and ¢ is 0.4636, based on the area of the
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Vicker’s indenter contact (8,9). The fracture toughness, Kic, was calculated by (8,10) Kic
= BP(E/H)”Zc'm, where 2c is the total radial crack length, B is a dimensionless constant
equal to 0.016 + 0.004, E is the elastic modulus (assumed to be 365.4 GPa, which
corresponds to sintered alumina at 95% of theoretical density (11)), and H is the hardness
determined at the load P.

For the 24 alumina specimens sintered in this study, the mean and standard
deviation of the hardness was 16.19 GPa + 0.58 GPa which corresponds to a coefficient
of variation of only 0.036 (Figure 4a). The hardness values obtained in this study thus are
reasonably consistent with the literature values for hardness of polycrystalline alumina of
13 GPa to 23 GPa (9,12-14). The fracture toughness ranged from 2.34 MPa.m'? to 3.03
MPa.m'? with the average value of 2.70 MPa.m'?. The standard deviation was +0.18
MPa.m'? which was 6.7% of the average toughness value. The toughness values
determined in this study were somewhat lower than the literature values of about 3 to 5
MPa.m'? (9,12-14).

The variations in the hardness and fracture toughness were examined in terms of (i)
the specimen position (Figure 2) and (ii) the operating microwave cavity mode (Figure 1).
The average hardness and fracture toughness values for the specimens heated at the same
position but in different batches (Figures 4a and 4b) differed by no more than 2.6% and
5.3%, respectively, from position to position. The hardness for the specimens heated at
positions 1 and 4 (Figure 2) were somewhat higher than for the specimens heated at
positions 2, 3, 5 and 6 (Figure 4a). The hardness of specimens heated at positions 3 and 6
were slightly lower than average (Figure 4a).

Unlike homogeneity in the hardness and toughness data as a function of specimen
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(a) TMi11 mode (b) TE112 mode

(¢) TE113 mode (d) TMo13 mode

Figure 3. Heat distribution inside empty casket (Figure 2) as determined by thermally
sensitive paper. The casket was heated in each cavity mode (a) for 5 minutes at 130
Watts, (b) for 1.5 minutes at 90 Watts, (c) for 2 minutes at 90 Watts, and (d) 4 minutes at
170 Watts. The dark areas in (a)-(d) indicate regions of microwave heating.



position, there are small apparent differences in hardness and toughness between
specimens sintered in the four different cavity modes (Figures 5a and 5b). The average
hardness of the specimens sintered in TEi2 mode was about 6.6% higher than the
average hardness of the specimens sintered in TE;13 mode, which is lowest. Also, the
toughness data differed from 2.45 MPa.m'? for TMi1; mode to 2.84 MPa.m'? for TEi1
mode by 15.9%.

Differing grain size among the sintered specimens is a potential source of hardness
or toughness variation. For large-grained alumina, fracture toughness reaches a
maximum for grain sizes of about 100 um (15,16), but for grain sizes below 10 um the
trend is less clear. Fracture toughness may increase or decrease with the grain size
depending on the test method or the specimen type (17). Rice et al. (15,16) show a
relatively constant Kic for alumina with grains smaller than 10 um, while for similar grain
sizes Claussen et al. (18) indicate Kic increases as grain size decreases. For fine-grain-
size alumina, Skrovanek and Bradt (19) found hardness was grain-size independent for
grain sizes between 2 um and 4 um, but for the grain sizes larger than 4 pm, the hardness
decreased with grain size.

In this study, the grain sizes for the entire set of 24 sintered alumina specimens
ranged from only 5.7 um to 9.4 um (Table 2) and thus not surprisingly the hardness and
toughness data are scattered within a relatively narrow band, with no definitive
relationships between grain size and hardness or toughness. However, some possible
trends in grain size do appear. For example, specimens sintered in TE112 mode with
smallest average grain size, (Table 2) yielded relatively higher hardness and fracture

toughness values (Figures 5a and 5b). Specimens sintered in TM 11 mode with largest
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Table 2. Density and grain size in terms of cavity modes and specimen location.

Cavity

mode T™in TE112 TEns TMoi3

Position | Density Grain | Density Grain | Density Grain | Density ~Grain
of size size size size

specimen | (%)  (um) (%) (um) | (%) (um) (%)  (um)

1 999  6.96 98.6  6.40 99.8 7.90 99.6 8.52

2 1000  8.10 1000  5.89 99.9 8.22 99.0 758

3 99.7 8.40 99.5  6.18 99.1 7.09 99.8 8.48

4 99.8 7.80 99.3 5.80 98.3 7.36 99.5 6.70

5 1000 734 999  5.65 99.8 7.97 999  6.74

6 99.8  9.42 994  6.10 99.9 7.65 99.3 7.39
Mean

99.9 8.00 99.5 6.00 99.5 7.70 99.5 7.57

density or
in size +0.1 +0.87 | 05 +027 | 0.6 10.42 +03  10.80

*  Density (%) is relative with respect to the theoretical value of alumina (3.987 g/cm3)

.
**  Grain sizes were determined by multiplying the average intercept length from the
SEM micrographs of fracture surfaces by the stereographic correction factor 1.5.
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average grain size have lower average fracture toughness than the specimens sintered in

the other three cavity modes (Figure 5b).

4. SUMMARY AND CONCLUSIONS

In this study and the studies by Katz (2) and by Patterson (3), relatively uniform
grain sizes and densities were achieved for batch-processed specimens under differing
microwave processing conditions. Each of the three studies involved microwave power
at a fixed frequency of 2.45 GHz, although Katz (2) and Patterson (3) each used about 4
kW of microwave power to achieve a sintering temperature of 1600°C, while this study
used considerably lower input power (from 1.0 to 1.25 kW) to achieve a sintering
temperature of 1500°C (Table 2). Two studies (this study and Katz (2)) used single-mode
microwave cavities while Patterson (3) used a multimode cavity.

Each of the three studies employed a casket (specimen enclosure) during sintering.
Patterson (3) used an alumina crucible, with a powder bed enclosing the specimens,
while Katz used a casket composed of cylindrical aluminosilicate surrounded by zirconia
board. At low temperatures, the temperature distribution in Patterson's (3) powder bed
was nonuniform, while at higher (sintering) temperatures hot-spots within the powder bed
were dissipated by thermal conduction, yielding isothermal conditions. Patterson's results
parallel this study's results; at low temperature the thermally-sensitive paper indicated a
nonuniform heat distribution within the empty zirconia casket, but the uniform final grain
size and density of the sintered specimens (Table 1) indicate a relatively uniform
temperature field within the casket at the sintering temperature.

Unlike the studies by Katz (2) and Patterson (3), this study determined hardness
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and fracture toughness for each of the batch-processed specimens. Also, this study
differed from those of Katz and Patterson in that four different microwave modes (Figure
1) were employed to heat the specimens. Despite the spatial variations in the
electromagnetic fields within the cavity for a given mode, and despite the differences
among electromagnetic field patterns from mode to mode (Figure 1), this study revealed
only relatively small differences in hardness and fracture toughness as a function of (i)
specimen position within the zirconia casket and (ii) the electromagnetic mode used to
sinter the specimens. Thus, the microwave casket (specimen enclosure) in this study and
in the studies by Katz (2) and Patterson (3) apparently can act to homogenize the
temperature field for batch-processed ceramics, such that the grain size, density (2, 3, and

this study), hardness, and fracture toughness (this study) can be relatively uniform.
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Part III. MICROWAVE SINTERING OF ALUMINA AND ALUMINA

MATRIX ZIRCONIA COMPOSITES USING A SINGLE-MODE

MICROWAVE CAVITY®

ABSTRACT
In this study, alumina and alumina-based zirconia particulate composites have been
successfully densified using 2.45 GHz microwaves in a cylindrical single-mode
microwave cavity. The ‘microwave effect,” that has been demonstrated by many
researchers on a wide range of ceramics, was verified by comparing the densities and the
microstructure of alumina/zirconia composites densified by microwave heating and

conventional heating.

1. INTRODUCTION

Recently, researchers have successfully processed a variety of ceramics using
microwave energy [1-7]. Microwave processing of ceramics can have a number of
benefits, for example, an Ontario Ministry of Energy study [8] showed microwave drying
and sintering uses less energy than conventional drying and sintering by a factor of about
two and ten, respectively. In addition to the energy savings, the nature of microwave
heating (i.e. internal and volumetric heating) results in a set of “microwave effects,”
including lower sintering temperatures [1], smaller grain sizes [9], and lower diffusional

activation energies [10] compared to conventional processing. Also, several researchers

* Additional report for sintering by Ki-Yong Lee, Paul H. Dearhouse, Eldon D. Case, and Jes Asmussen Jr.
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[11-13] report microwave processing can improve microstructure and mechanical
properties.

A number of researchers have encountered problems with microwave sintering,
including thermal runaway [14-16], inability to heat low dielectric loss materials without
a microwave susceptor [17], and cracking of the processed materials [18,19]. The
microwave sintering techniques used in this study employed a microwave susceptor
(casket) to sinter 5.1 centimeter diameter alumina and alumina/zirconia specimens
without thermal runaway and without cracking the specimens. However, the sintering
procedure was developed such that it accommodated two types of casket-microwave
interactions: (1) development of local hot spots in the cylindrical casket wall at
temperatures between about 800°C and 1100°C and (2) local melting of the casket end
plates at temperatures above 1550°C.

Recently Lee et al. [20] successfully densified alumina discs about 2 cm diameter
using a cylindrical single-mode cavity equipped with a computer-controlled tuning
system developed by Asmussen et al. [20]. In this study, the same single-mode
microwave cavity [20,21] is used to densify 5.1 cm diameter disc-shaped ceramic powder
compact specimens in TMi11, TE112, TEi13, and TMo13 microwave cavity modes. The
ceramic materials used in this study included (i) three grades of alumina and (ii) alumina-
matrix/zirconia particulate composites. In particular, we verified the advantages of
microwave heating by comparing the microstructure and densities of AlO3/ZrO;
densified by the microwave heating and the conventional means. X-ray diffraction
(XRD) of the sintered Al>03/ZrO, composites showed the presence of both tetragonal and

monoclinic zirconia phases dispersed within the composite specimens. The mass density
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and grain size of sintered specimens were found to be relatively uniform with respect to
both (i) the radial position within a given specimen and (ii) the cavity mode used to sinter

the specimen.

2. EXPERIMENTAL PROCEDURES
2.1. Materials and Specimen Preparation

For the alumina powder compacts referred to here as Group A (Table I), one
compact of each of three different grades of alumina powders (Sumitomo AKP30,
AKP50, and Alcoa A16SG) was prepared to determine the microwave sintering behavior
of each of the powder types. In addition, four Group B powder compacts (Table II) were
fabricated to examine the grain size and density uniformity across the disc-shaped
specimen after microwave sintering in various microwave cavity modes. Also, nine
alumina/zirconia ceramic composites were made using AKP50 alumina powder and a 0.4
micron [21] zirconia powder (Fisher Scientific Company).

A hardened tool steel die was employed to form the disc-shaped powder compacts
51 millimeters in diameter. All alumina and alumina/zirconia powder compacts were
pressed uniaxially at about 4.4 MPa using a Carver hydraulic press.

For the AKP50/10wt% ZrO; powder compacts, a mixture of alumina and zirconia
powders were ball-milled in a plastic mill for 24 hours using alumina grinding media.
Group B AKP30 alumina powders were ball-milled for 48 hours. The mass of the three
Group A alumina specimens and the nine alumina/zirconia composite specimens was
10.031 + 0.064 grams. The Group A alumina powder compacts were about 2.8

millimeter thick, while the alumina/zirconia powder compacts were about 2.7 millimeter
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Table I. Summary of microwave sintering of aluminas.

Material Average Sintering Heating rate  Average grain Relative
patticle size  temperature  (°C/min.) size (um)*  density (%)
(um) (C)
AKPS50 0.23 1600 12.5 9.50 96.6
AKP30 0.41 1600 - 1535 12.6 12.50 96.6
A16SG 0.52 1595 - 1580 12.1 6.74 96.1

*  Average intercept length was multiplied by a stereographic correction factor 1.5 to

obtain the average grain size [124].

Table II. Summary for microwave processing of four AKP30 alumina specimens each in
different cavity mode.

Microwave Initial input Maximum  Average heating Sintering temperature

cavity mode power for input power  rate from 500°C and time
coupling
TMin 150 Watts 1275 Watts 14.3 °C/min. 1500°C for 30 min.
TEi2 130 Watts 1180 Watts 15.2 °C/min. 1500°C for 30 min.
TEu3 100 Watts 1450 Watts 14.5 °C/min. 1500°C for 30 min.
TMoi3 200 Watts 1350 Watts ~ 14.2 °C/min. 1500°C for 30 min.
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thick. The four Group B AKP30 alumina specimens were 3.2 mm thick after uniaxial
pressing, with average mass of 11.928 grams and a standard deviation of 0.0006 grams.
The green (unfired) densities of all the powder compacts included in this study

corresponded to about 45 percent of theoretical.

2.2. Microwave Sintering

All specimens were sintered in air using a 2.45 GHz microwave system that
included a 2000 Watt microwave power supply (Sairem, MWPS 2000, Wavemat Inc.,
MI) and a cylindrical single-mode microwave cavity 17.78 centimeters in diameter
(CMPR-250, Wavemat Inc., MI) (Figure 1). The microwave cavity was equipped with a
computer-controlled tuning system for precise and fast tuning [20].

The single-mode cavity used in this study allows the microwave sintering to be done
using a standing wave electromagnetic field pattern. Instead of single-mode cavities,
most microwave applicators used to process materials are multimode cavities similar to
domestic microwave ovens. Multimode cavities are relatively inexpensive and easy to
construct, but the electromagnetic field distribution within the cavity is not well defined
and the power efficiency is relatively low [22]. Also, the non-uniform field distribution
within the multimode cavity promotes thermal instability in the processed material, which
can lead to local melting or cracking in the specimen. Single-mode microwave cavities
provide well defined electric field and enhanced power dissipation by the processed
material [22]. Precise tuning of a single-mode cavity to a characteristic mode can
optimize power dissipation in the processed material.

Each specimen was sintered using a microwave casket [20,21] composed of a
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Figure 1. Schematic of microwave processing apparatus.
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cylindrical zirconia microwave susceptor (Type ZYC, Zircar Products Inc.) having a 10.2
centimeter outside diameter and a 7.6 centimeter inside diameter (Figure 2). The top and
the bottom plates of the casket (Figure 2), which were each about 2 cm thick, were cut
from aluminosilicate refractory board (SALI, Zircar Products Inc.). In addition,
aluminosilicate fiber (SAFFIL, K-Industrial Corp.) was used as a setter material for
specimen inside the casket. The SAFFIL, which was shaped into a disc of about 7.5
centimeter in diameter and 0.5 centimeter thick, was placed directly on the SALI casket
end plate, and the specimens were placed on the SAFFIL disk (Figure 2).

For the three Group A Al;O3 specimens and five AKP50/ZrO; specimens (Tables I
and IIT), the microwave input power initially was set at 50 Watts with the cavity tuned to
TMin mode. Then the microwave input power was increased by 50 Watts every 3

minutes up to 150 Watts. The casket-specimen system was held for about 15 to 25

10.2 cm
e >
'y
g I <«—+{—Alumina SALI
(9]
1
: — Zirconia ZYC
E i
s L | Specimen
. i — Alumina SAFFIL
(3]
2 <+}—Alumina SALI
v
1.3cm 7.6 cm 1.3cm

Figure 2. Schematic of a casket and the disc-shape powder compact specimen about 5
cm in diameter.
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minutes at 150 Watts. Within about 5 to 10 minutes after the power was increased to 150
Watts, the casket began to heat significantly (corresponding to a specimen temperature of
about 500°C). For further heating the microwave input power was increased, followed by
tuning the cavity after every change of the power.

During microwave heating of the three Group A alumina compact specimens (Table
I) the microwave input power was adjusted to maintain a heating rate of 10°C/min. for the
temperature range of about 700°C to 1600°C (Figure 3a). As a result, an average heating
rate of about 12.5°C/minute was obtained for the entire interval from room temperature
(25°C) to the sintering temperature (Figure 3a, Table I).

Four Al203/10wt% ZrO. powder compact specimens were microwave processed;
one specimen at each of the following four temperatures: 1150°C, 1250°C, 1350°C, and
1450°C. Four additional Al203/10wt% ZrO, powder compacts were processed at an
identical set of temperatures using a conventional high temperature horizontal tube
furnace (Thermtec Furnace, MRL Industries, California) at a fixed heating rate of
10°C/minute. A ninth composite specimen was microwave-sintered at 1550°C using a
10°C/minute rate, the same heating rate as that of the conventional furnace. No
conventional sintering was performed at 1550°C since the maximum use temperature of
the conventional furnace was 1500°C. The Group A alumina specimens and the nine
AKPS50/ZrO; composite specimens were each held at the maximum temperature for 20
minutes.

Unlike the three Group A alumina specimens and nine AKP50/ZrO; specimens
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Table ITI. Summary of sintering of zirconia using microwave and conventional means.

Processing  Specimen Sintering  Sintering Average  Average Relative

temp. time heating rate grain size density

0 (min.) (C/min)  (um)* (%)

AVZr-1 1550 20 10 4.55 96

AVZr-2 1450 20 22 242 95

Microwave  Al/Zr-3 1350 20 20 ** 94.2
AVZr-4 1250 20 19 b 72.4

AVZr-5 1150 20 15 b 523

CAVZr-1 1450 20 10 0.77 87.4
Conventional CAVZr-2 1350 20 10 ** 69.8
CAVZr-3 1250 20 10 hid 60.7

CAVZr-4 1150 20 10 ** 52.3

*  Average intercept length was multiplied by a stereographic correction factor 1.5 to
obtain the average grain size [24].
**  Average grain size was not determined.
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Figure 3. Heating schedules for (a) microwave heating of aluminas, and (b) microwave
heating and conventional heating of AKP50/10wt% zirconia composite specimens.
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sintered in TM111 mode, the four Group B AKP30 alumina specimens were heated one at
a time in four different cavity modes, namely, the TM11, TE112, TE113, and TMoi3 modes.
A fixed microwave input power was used to initially couple the zirconia casket with the
microwave field, where the magnitude of input power required for the initial coupling
depended on the cavity mode (Table II) [23]. Immediately after the casket began to heat,
the input power was increased by S0 Watts every 3 minutes until the temperature reached
1500°C. The Group B specimens were held at the 1500°C for 30 minutes for final
densification (Table II).

To determine which zirconia phases were present in the final microwave-sintered
alumina-matrix/zirconia specimens, the x-ray diffraction (XRD) pattern was examined for
specimen AV/Zr-1 using Cu-Ka x-ray (A = 1.5406 A) (Scintag XDS 2000, Scintag Inc.,
U.S.A.). The specimen was scanned for the diffraction angle, 20, ranging from 20° to 70°
at step size of 0.03°, with an accelerating voltage of 35 kV and current of 25 mA. The
XRD patterns of AKPS0 alumina powder and the pure zirconia powder also were
examined to allow direct comparison with the alumina and zirconia phases in the Al/Zr-1
pattern.

Using a diamond saw, a bar-shaped specimen about 4 cm long was cut from each of
the four sintered Group B alumina specimens (Figure 4). Each bar was fractured into
three sections A, B, and C (Figure 4) to determine the mass density and grain size
depending as a function of radial position within the specimen. Grain sizes of specimens
were determined using a line intercept method on SEM (JSM-6400V, JEOL) micrographs

obtained from fracture surfaces [24].

107



Top view

Side view | 2.5mm

Y
Yy L

40 mm

Figure 4. Schematic for microwave sintered AKP30 alumina specimen used to examine
the uniformity in grain size and density along the diameter, showing the locations of
sections A, B, and C.

3. RESULTS AND DISCUSSION

3.1. Microwave Sintering of Alumina

Using 3.987 g/cm3 for the theoretical density of alumina [25] (Table I), relative
densities of up to 96.6% of theoretical were calculated for the three different grades of
pure alumina. Figures Sa, 5b, and 5c show the microstructure of AKP50, AKP30,
A16SG, respectively. Figure 5a shows the pores trapped at grain boundaries typical of
densified ceramic materials. The fracture surface of the AKP30 specimen shows the
cleavage planes indicating regions of transgranular fracture (Figure 5b). Figure Sc

indicates that the fracture mainly occurred by intergranular fracture.
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Figure 5. Fracture surfaces of microwave sintered aluminas: (a) AKP50, (b) AKP30,
and (c) A16SG.
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3.2. Microwave and Conventional Sintering of Alumina/10wt% Zirconia

The theoretical density of alumina and zirconia (monoclinic) is 3.987 g/ch [25] and
5.82 g/cm3 [26], respectively, yielding a theoretical density of 4.17 g/cm3 for the
alumina/10wt% zirconia composites. Relative mass densities of the alumina/zirconia
composites are given in Table III.

At a sintering temperature of 1150°C, the mass density was 52.3% of theoretical
(Table III and Figure 6) for both the specimen sintered in the microwave and the
specimen sintered by conventional means. However, as the sintering temperature
increased from 1150°C to 1350°C, the density of the microwave heated specimens rapidly
increased compared to the densities of the conventionally sintered specimens (Table III

and Figure 6). Specimen Al/Zr-3 (microwave-sintered) and CAl/Zr-2 (conventionally
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Figure 6. Relative densities of AKP50/10wt% zirconia composites densified by
microwave heating and conventional heating as a function of temperature.
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sintered) both were sintered at 1350°C for 20 minutes, using heating rates 20°C/minute
and 10°C/minute, respectively. Final relative densities of 94.2% for the Al/Zr-3 and
69.8% for the CAl/Zr-2 indicate the improvement in densification afforded by microwave
processing the alumina-matrix/zirconia specimens. Specimens Al/Zr-2 and CAVZr-1
both were sintered at 1450°C for 20 minutes, but the microwave sintered AV/Zr-2 was
well densified (95% of theoretical) while the density of the conventionally sintered
CAV/Zr-1 was 87% of theoretical density.

The microstructures for specimens Al/Zr-2 and CAl/Zr-1 showed significant
differences (Figures 7b and 7c). The average grain size of Al/Zr-2 was 2.42 um, while
the average grain size of CAV/Zr-1 was 0.77 um (Table II). The average particle size of
the AKP50 alumina powder was 0.23 um and the particle size for the zirconia powder
used in this study was less than 0.4 ym (Experimental Procedure). Specimen CAVZr-1
(conventionally sintered at 1450°C) was at the initial stage of sintering at that temperature
only three or four particles began to coalesce.

As is typical in both conventional and microwave sintering of ceramics [9], a higher
heating rate yields a smaller grain size. The smaller average grain size of specimen
AV/Zr-2 compared to specimen Al/Zr-1 (Table III and Figures 7a-7c) likely results from a
heating rate of about 22°C/minute for the Al/Zr-2 in contrast to a heating rate of about
10°C/minute for the Al/Zr-1 (Table III and Figures 7a-7c). Microwave sintering can yield
smaller grain size than sintering with conventional furnaces due to fast heating and
enhanced densification at lower temperature which is so called the ‘microwave effect’
[1,9,10,16,22]. The well-known and widely-discussed microwave effect results from the

direct interaction of the processed material with the microwave field, resulting in internal
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Figure 7. Fracture surfaces of AKP50/10wt% zirconia sintered (a) by microwave at
1550°C for 20 minutes, (b) by microwave at 1450°C for 20 minutes, and (c) by
conventional furnace at 1450°C for 20 minutes.
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volumetric heating. The typical loss tangent of alumina is about 0.0001 at ambient
temperature and thus does not absorb the microwave energy significantly [27]. However,
as the temperature increases to 1000°C, the loss tangent of alumina rapidly increases to
about 0.01 [27]. A loss tangent of 0.01 indicates significant interaction with the
microwave field. Although we heated the specimens using the casket composed of
microwave susceptor (zirconia), at high temperature the alumina itself absorbed the
microwave energy, yielding high densification even at the temperature as low as 1350°C
(Table III and Figure 6).

The x-ray diffraction pattern for the zirconia powder matched the pattern for
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Figure 8. X-ray diffraction patterns of AKPS0 alumina powder, zirconia powder, and
microwave sintered AKP50/10wt% zirconia.
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monoclinic zirconia [26]. The XRD pattern for specimen Al/Zr-1 indicated the presence
of both the monoclinic phase and the tetragonal phase of zirconia (Figure 8). The x-ray
pattern for tetragonal zirconia was identified based on the original work performed by
Ruff and Ebert [28]. Thus a partial transformation from monoclinic to tetragonal phase

occurred during microwave heating using the single-mode microwave cavity in this study.

3.3. Grain size and mass density as a function of the cavity mode and the radial
position within the AKP30 alumina specimens.

The four Group B AKP30 alumina specimens achieved an average mass density of
96.2% of theoretical with standard deviation of + 0.6%, as determined for the twelve
sections obtained from the four specimens (Table IV). The densities for sections, A, B,
and C (Figure 4) of individual specimens sintered in different cavity modes revealed no
significant variation in mass density as a function of the radial position within a given
specimen (Table IV). Also, from mode to mode the average mass density differed by less
than 1%.

Compared to the mass densities, somewhat larger variations in the grain size were
observed (Table IV) in terms of both (i) the radial position within a given specimen and
(ii) the cavity mode used to sinter the specimen. For the twelve specimen sections
examined in this study, the grain size varied from 3.83 um to 7.72 ym. For the three
sections obtained from each of the four individual specimens, the largest standard
deviation corresponding to 6.1% of the mean grain size occurred to the specimen

densified in TMo13 mode. Grain sizes averaged over a given cavity mode ranged from
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Table IV. Density and grain size measurements for alumina specimens in terms of cavity
modes and locations of individual specimens.

ct::c‘),cll? T™Min TEn2 TEns TMoi3

. Grain . Grain . Grain . Grain

Section th;:)lty size Dz;f )1ty size D?;:)lty size D?,}: )1ty size
(pm) (um) (um) (pm)

7.42 4.26 7.72 6.05
A 96.0 +0.35 94.9 +0.49 96.9 +0.48 95.6 +0.36
7.35 3.83 7.36 6.23
B 97.0 +0.35 959 +0.68 97.0 +0.24 96.3 +0.39
7.46 4.06 7.42 5.54

C 95.6 +0.33 96.3 +0.75 95.9 +0.12 96.5 1032
de?s?fynor 96.2 7.41 95.7 4.05 96.6 7.50 96.1 5.94
in size +0.7 +0.06 +0.7 +0.22 +0.6 +0.19 +0.5 +0.36

*  Density (%) is relative with respect to the theoretical value of alumina (3.987 ycm3)

[25).

**  Grain sizes were determined by multiplying the average intercept length from the
SEM micrographs of fracture surfaces by the stereographic correction factor 1.5

[24).
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4.05 pm for the TE112 mode to 7.50 um for the TE113 mode (Table IV). We assume
relatively large variation in grain size depending on the cavity mode may be due to
differences in electromagnetic field strength from mode to mode [23], although similar
heating rates, sintering temperatures and times were used for each of the four cavity
modes used to heat the four AKP30 alumina specimens (Table II). However, more work

needs to be done to clarify this effect.

3.4. Casket-microwave interactions

During this study, we have observed both local hot spots in the ZYC zirconia cylinder
wall of the casket and local melting in the SALI refractory board casket end plates. The hot
spots in the cylinder wall tend to occur at intermediate temperatures while the local melting
occurs near the maximum (sintering) temperature. Both phenomena are associated with
strong local microwave-power absorption, which alters the way in which energy is
partitioned within the microwave cavity and can lead to transient drops in the specimen
temperature. The time-power sequence of the microwave processing was modified to
accommodate these absorptions so that despite these perturbations, the alumina and the

alumina/zirconia specimens were sintered to high densities.

3.4.1. Local hot spots in the casket wall

For the Group A alumina compacts and the alumina/zirconia composite specimens,
the specimen temperature (monitored by an optical pyrometer) began to increase rapidly
above 500°C within 11 to 17 minutes after beginning heating in TMi11 mode (see

Experimental Procedure). During each heating run, immediately after the casket began to
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heat significantly at a fixed input power of 150 Watts, the reflected microwave power
increased, which indicates the cavity had become out of tune. Re-tuning the cavity only

(without increasing the input power) raised the specimen temperature from about 500°C to

about 800°C (Figures 3a and 3b). At this point, the heating rate control became difficult,
apparently due to non-uniform heating of the casket during the initial heating. Thus the
input power was held at 150 Watts for about 5 to 10 minutes until the temperature dropped
by about 50°C to 60°C and became stable. Then to heat the casket-specimen system to
higher temperature, heating was resumed by tuning the cavity and increasing the input
power.

However, in each of the heating runs, the increase in microwave input power was
accompanied by the development of a red hot spot in the casket wall closest to the power
launch probe. The first hot spot appeared with an initial size of about 1 cm diameter at a
specimen temperature of about 900°C. The intensity of the hot spot increased until the
specimen temperature reached about 1000°C, at which time a second hot spot developed in
the opposite wall of the casket. The appearance of the second red spot was accompanied by
a decrease in specimen temperature of as much as 30°C despite a 50 watt increase in input
power (Figures 3a and 3b). The microwave input power was held at 370 Watts to 430
Watts for 7 minutes to 15 minutes, during which time the first hot spot became less intense
and the second hot spot became more intense. When the specimen temperature began to
increase again at fixed input power, the input power was increased and tuning the cavity
was resumed and continued until the temperature reached the specimen’s final densification
temperature. Lee et al. [20] previously observed similar temperature changes accompanied

by a hot spot in the casket wall during microwave heating of both (i) the casket loaded with
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a 2 gram, 2 cm diameter alumina specimen and (ii) the empty casket. The hot spot
phenomenon is probably due to non-uniform heating of the zirconia cylindrical casket. In
particular, the location of the hot spot may be related to the power launch probe in the “side-
feed” microwave cavity used in this study and previous studies [20], although the details of
the material-microwave interaction are unknown.

The microwave sintering behavior of the Al203/ZrO; specimens was similar to that of
the alumina compacts; at about 1000°C the temperature decreased by as much as 60°C
although the heating rates ranged from 10°C/min. to 22°C/min. (Table III, Figures 3a and
3b). For AVZr-1 and Al/Zr-2, heated with the average heating rate of 10°C/minute and
22°C/minute, respectively, a temperature drop of 50°C was observed at about 1000°C
(Figure 3b illustrates the 50°C temperature drop for specimen Al/Zr-1). Specimen CAVZr-
1, which was heated in a conventional furnace with a heating rate of 10°C/minute, did not
show a temperature drop during heating (Figure 3b). Thus the temperature drop near
1000°C is apparently related to the microwave sintering process rather than some type of

endothermic process in the powder compacts themselves.

3.4.2. Local melting in the casket end-plates

The AKP50 powder compact was sintered at 1600°C + 2°C for 20 minutes by
controlling the microwave input power (Table I and Figure 3a). However, the AKP30
specimen temperature decreased to 1535°C within 20 minutes after the temperature reached
1600°C, although during this 20 minute interval the microwave input power was increased
by more than 50 Watts. The A16SG specimen’s temperature decreased from 1595°C to

1585°C within 20 minutes (Table I and Figure 3a).
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The observed decrease in specimen temperature likely was due to local melting in the
SALI aluminosilicate refractory boards that formed the top and the bottom casket plates
(Figure 2). Local melting of the SALI, which was observed after cooling the casket-
specimen system, apparently was caused by the microwave input power being absorbed
locally instead of increasing the specimen temperature. The local melting of the SALI
boards occurred despite the fact that the specimen temperature as measured by the optical
pyrometer was less than 1600°C and the vendor-specified melting temperature of the SALI
is 1870°C (SALI’s maximum use temperature is specified as 1700°C). For the 5.1
centimeter diameter alumina powder compact specimens used in this study, the melted area
of the SALI board was about 4 centimeters in diameter or larger. Local melting of the SALI
board also was observed during microwave sintering of 2-gram alumina specimens at
1600°C [20]. The size of melted area was about 2 cm, which was approximately the same
diameter or somewhat larger than the size of the alumina specimens. When the SALI of
about 7.5 centimeter in diameter and 0.5 centimeter thick was used as a setter material for a
processed specimen and the specimen temperature was increased to about 1600°C, severe
local melting of the SALI board occurred and ruined the specimen (Figure 9a). In this study
we used aluminosilicate fiber (SAFFIL, see Experimental Procedures) as a setter instead of
the SALI board. The maximum use temperature and melting temperature of the SAFFIL
were 1649°C and 1816°C, respectively, as specified by the vendor. Although the maximum
use temperature and the melting temperature of the SAFFIL were lower than the
corresponding temperatures of the SALI insulation material, the SAFFIL did not melt. The

SAFFIL disc separated the processed specimen from the local melting of the SALI bottom
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Figure 9. Schematics of the caskets showing melted area of the SALI insulation (a) when
SALI was used as a specimen setter, and (b) when SAFFIL was used as a specimen setter.
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plate of the casket, yielding well-densified specimens without either melting or warping
(Figure 9b).

Based on the experimental observations of this study for 10 gram alumina specimens
and results of a previous study for 2 gram alumina specimens [20], we believe that the local
melting of the SALI boards is due to a local thermal runaway [14-16] of the SALI end
plates. When the specimen temperature monitored by the pyrometer reaches about 1600°C,
the dielectric loss tangent of the SALI probably increases rapidly, resulting in more
absorption of the microwave power and increasing the local temperature of the SALL
Finally, the local melting may occur.

For the alumina/zirconia specimens, local melting did not occur in the SALI board,
which indicates that a sintering temperature below 1550°C (or corresponding microwave
power) was not high enough to cause the local melting. However, in a previous study [21]
alumina/zirconia specimens heated to 1600°C resulted in severe local melting in the SALI
boards. When a SALI board was used as a specimen setter [21] instead of the SAFFIL fiber
insulation used in this study (Figure 2), local melting resulted in a hole about 4 centimeter in
diameter in the SALI board and enclosed the specimen in the hole, causing the specimen
warping. The local melting confined in the area of the SALI bottom plate under the
alumina/10wt% zirconia specimen indicates that a processed specimen, in particular,
containing more dielectrically lossy material like zirconia probably promotes the local

melting in the SALI board.

121



4. SUMMARY AND CONCLUSIONS

In this study, relatively large (about 5 centimeter in diameter) disc-shaped alumina
and alumina base zirconia composites were successfully densified by a cylindrical single-
mode microwave cavity. The three different grades of alumina each about 10 grams
sintered in TM 111 mode showed final densities of about 96% of theoretical with fine grain
sizes (Figures 5a-5c) (Table I).

The four Group B AKP30 alumina specimens sintered at 1500°C in the cavity tuned
to TMu111, TE112, TE 113, or TMo13 modes yielded relatively uniform mass density and grain
size in terms of both (i) the radial position within a given specimen and (ii) the cavity
mode used to sinter the specimens (Table IV). The four Group B specimens had an
average density 96.2% + 0.6% of theoretical and an average grain size of 6.23 ym + 1.5
um. respectively. The small variations in mass density and grain size are likely due to the
hybrid effect of the microwave heating and conventional heating using a casket composed
of microwave lossy material [11,17].

The advantages of microwave heating over conventional heating have been verified
by heating alumina/10wt% zirconia particulate composites. = Microwave-sintered
composite specimen (Al/Zr-3) reached about 94% theoretical density at a sintering
temperature of 1350°C, while a specimen (CAL/Zr-2) conventionally sintered at 1350°C
reached only about 70% of theoretical density (Table III). The microstructures of the
composite specimens sintered at 1450°C also indicate that microwave heating enhanced
the densification over conventional heating (Figures 7b and 7c).

Although a microwave susceptor is required for preheating the specimens at low

temperature, a low loss material such as alumina can directly interact with the
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microwaves at high temperature, yielding internal, volumetric heating.
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CHAPTER 2

BINDER BURN-OUT

Part I. MICROWAVE SINTERING OF CERAMIC MATRIX COMPOSITES

AND THE EFFECT OF ORGANIC BINDERS ON THE SINTERABILITY"

ABSTRACT

A single mode microwave cavity operated at 2.45 GHz and equipped with an
automated tuning system has been used to process an alumina matrix, zirconia particulate
composites that contained ten weight percent of corn oil binder. This research shows that
binder burn-out can be achieved without using a susceptor and can depend greatly on the
electromagnetic cavity mode used. For example, nearly 100 percent of the binder was
removed from a disc-shaped Al;03/ZrO,/binder compact using TE,; mode, while the TMy,>
mode was quite unsuccessful at removing the binder. When a susceptor material was used,
binder burn-out and sintering was successfully performed as a one-step process, yielding a
highly densified ceramic composite with uniform, small-grained microstructure after a total

processing time of about 3.5 hours.

' Ki-Yong Lee, Eldon D. Case, Jes Asmussen, Jr. and Marvin Siegel, Proceedings of the 11th Annual ESD
Advanced Composites Conference, ESD, The Engineering Society, Ann Arbor, MI, pp. 491-503 (1995).
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1. INTRODUCTION

Microwave processing allows a rapid, uniform and volumetric heating of ceramic
materials [1]. Janney and Kimrey densified Al;O3 + 0.1 wt% MgO via microwave heating
far more rapidly than by conventional heating [2]. Tian et al. [3] achieved rapid
densification and ultra-fine microstructures in unreinforced alumina using a single mode
microwave applicator.

Once microwaves are produced by a generator, they are guided into a microwave
cavity which confines the electromagnetic fields. Upon proper tuning of the cavity, the
electromagnetic fields set up a pattern of standing waves (a resonance) within the cavity. If
the energy from the microwaves couples efficiently with the material to be processed, then
the material may be heated by the microwave energy.

Microwave cavities can be either single mode or multimode [4]. A single mode cavity
produces a unique standing wave pattern or mode for a specific cavity dimension. The
multimode cavity, such as a kitchen microwave oven, superimposes several fundamental
modes to produce a complex pattern of standing waves. Multimode cavities are more
commonly used than single mode cavities due to the low cost, ease of construction and
adaptability of multimode cavities [5]. However, the nonuniform electric field distributions
multimode cavities provide can cause inhomogeneous heating, resulting in low coupling
efficiency of microwave energy with materials.

To improve both the coupling efficiency and uniformity of heating, single mode
cavities have been designed and used by several researchers [5-10]. Either low loss or lossy
materials can couple efficiently with microwaves using an internally tuned single mode

cavity [5, 11]. In a single mode cavity, the internal electric field can be maximized at a
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location of the processed material by tuning the cavity. Tuning minimizes the reflected
power by two adjustments. A sliding short located on a movable top plate of the cylindrical
cavity changes the cavity length. A sliding probe located in the microwave power launch
assembly (through which the microwaves are fed into the cavity) determines the microwave
fields in the region near the probe and the cavity wall. The complex dielectric constants are
a function of temperature, thus continuous cavity tuning is required during heating in order
to optimize the coupling efficiency, which is a cumbersome job if the tuning is done
manually.

Recently Asmussen et al. developed a system for automated tuning of single mode
cavities which employs computer-controlled stepper motors to adjust the sliding short
position and the power launch probe positions. Using the computer-controlled tuning
system for a single mode microwave cavity, Lee and Case [12] demonstrated that repeatable
heating schedules can be obtained for sintering various alumina ceramics to high densities.

This study investigates the feasibility of using the automated single mode microwave
tuning system to sinter compacts of alumina/zirconia mixed with an organic binder. Several
researchers have sintered Al;03-ZrO, composites using microwave power [10, 13]. Kimrey
et al. [13] have reported that Al,03-10 to 70 wt% ZrO, was successfully densified using
2.45 GHz and 28 GHz microwave. Patil et al. [10] sintered Al;03-15 and 23 volume %
ZrO, powders without binders using a single mode cylindrical cavity operating in the TMy;2
mode.

Ceramic powders are typically compacted into desired shapes by techniques such as
pressing, slip casting, and injection molding and then densified at high temperature to obtain

strongly bonded components. Such consolidation techniques often rely on organic binders
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to play a role as binder, lubricant, plasticizer, and/or sintering aid etc. [14]. If the binders are
not removed prior to sintering at higher temperatures, the burn-out of the residual binder at
elevated temperature may result in cracking in the final component. Microwave power
allows rapid heating rates due to the interaction between electromagnetic fields and material
so that careful control of heating is very important to burn out the organic binders without
cracking material.

Several researchers [15-18] have removed organic binders from ceramic compacts
using multimode microwave cavities. Moore et al. [15, 16] developed a Microwave
Thermogravimetric Analyzer (MTGA) to investigate the binder removal mechanism. Using
a commercial microwave oven, Harrison et al. [18] fabricated lead zirconate-lead titanate
(PZT) and lanthanum containing PLZT ceramics by a series of thermal processing steps
including microwave drying, calcining, binder burn-off, and finally sintering at high
temperature.

According to Asmussen [11], a cylindrical circular single mode cavity TMp;> mode is a
logical processing mode for a cylindrical billet of material located in the center of the cavity.
For a thin slab of material located in the bottom of the cavity [11], either the TE or TM
modes may be used to heat the material.

Despite the microwave processing research discussed above, the present authors were
not able to find references in the literature to research using a single mode microwave
cavity: (1) to remove binder from ceramic compacts, or (2) to sinter ceramics containing a
binder phase. This study focuses on microwave binder burn-out and sintering in a single

mode cavity.
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In this study, two different processing procedures are used. In the first procedure, two
adjacent cavity modes, namely TE;;; and TM)2 modes, are used to only remove the binder
from Al;03-ZrO, powder compacts without using a microwave susceptor material. Both
fixed and stepped microwave input power levels were used during processing. In this first
procedure (without a susceptor) the specimens were not sintered.

In the second procedure for the Al,03/ZrO,/binder composite specimens, the binder
was removed and the specimens were sintered in a one step process. The one-step binder
removal/sintering process used TE;; and TMy,; modes with a susceptor (casket) composed

of a zirconia microwave absorber.

2. EXPERIMENTAL PROCEDURE

MATERIALS used to fabricate the alumina matrix/zirconia composites were Sumitomo
AKP-50 alumina powder and a purified zirconia powder (Fisher Scientific Company). The
average particle size for AKP-50, as specified by the vendor, was 0.23 um. However, the
vendor did not specify the particle size for the zirconia powders. Using an SEM (Hitachi, S-
2500C), we determined that the average particle size for the zirconia was less than 0.4 pm.
A commercial corn 0il was used for the organic binder, since it is readily available and non-

toxic when removed at high temperature.
The alumina powder, zirconia powder, and the binder were mixed by ball milling. The
ball milling also likely reduced the particle size somewhat, but the extent of particle size
reduction via ball milling was not determined in this study. All specimens used in the study

were approximately 90 wt% alumina and 10 wt% zirconia before adding the corn oil binder.
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The ball milling procedure was as follows. First, alumina powder and zirconia powder
were mixed in a plastic mill by ball milling for 24 hours using alumina grinding media. The
milled alumina/zirconia powder mixture was then heated overnight at 200°C to aid in
removing water that may have been absorbed by the powders. After adding ten wt% comn
oil, the 81 wt% alumina-9 wt% zirconia-10 wt% binder system was ball milled for another
24 hours. After removing the material from the ball mill, agglomerates were broken-up
using a mortar and pestle. The Al,03-ZrO, powder/binder material was cold pressed at
about 20 MPa into discs approximately 22 mm in diameter and 2 mm thick.

Using an electronic balance (Model EA-1AP, The Torsion Balance Co., Clifton, N.J.)
with an accuracy of + 0.0001 grams, the mass was measured before and after heating the
individual specimens. For the twenty seven powder compact specimens used in this study,
the mean and standard deviation for the specimen mass before heating was 2.0036 grams
and + 0.0089 grams, respectively. The compacts were stored in a desiccator to reduce the

absorption of ambient moisture prior to processing.

EXPERIMENTAL APPARATUS for this study includes the microwave processing
system and temperature measurement devices. Continuous wave microwave power was
generated by a magnetron (Sairem, Model MWPS 2000, Wavemat Inc., Plymouth, MI)
which supplies power from zero to 2000 Watts at 2.45 GHz. A hollow metallic waveguide
feeds the microwaves into an internally tunable single mode cavity operated at 2.45 GHz
(Model CMPR-250, Wavemat Inc., Plymouth, MI). The cavity was tuned by adjusting a
sliding short and a power launch probe to an accuracy of + 0.1 mm using computer-

<ontroller stepper motors (Microstep Drive Sx Series, Compumotor, Fauver, MI) [11, 12].
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To reduce contamination of the microwave cavity walls by smoke produced during
binder burn-out, a brass tube 5.3 cm in diameter and 24 cm long was affixed to the top,
circular plate of the cavity. Also, in some experiments, the elimination o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>