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Abstract

The feasibility of densifying a-silicon carbide powder compacts—based on a liquid assisted sintering approach—by the use of
microwave powered furnaces, is examined. Despite the low penetration depth of GHz radiation, it is possible to obtain microwave
sintering of SiC. Spatial uniformity of fired state density and warpage/cracking tendency are more dependent on size than in the

case of conventional heating. Electromagnetic field intensity spatial variation—related to both the low penetration depth of the
carbide and the inherent non-uniformity of the MW’s distribution within the applicator—is one of the main factors which nega-
tively affect densification uniformity. Nonetheless, fired state bulk density of 98% t.d. may be achieved in the case of small com-
ponents. The phase composition of MWed and respectively conventionally sintered specimens is similar and so is the grain size

distribution. A larger fraction of the oxide second phase is accumulated in triple points than in the case of resistive furnace firing.
While MW sintering of SiC is feasible, it does not seem to generate practical advantages over conventional heating.# 2002 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

The use of microwave and other, lower frequency,
radiation powered furnaces, has been under investiga-
tion for use in sintering of ceramics.1�11 The main spe-
cific feature of microwave heating (MWH) is that the
specimens are subjected to the action of high frequency
electromagnetic fields during sintering. This fact has a
number of consequences, such as the development of a
heat source within the specimen (as opposed to conven-
tional external heating), preferential heating of porous
regions, and in some cases plasma formation.4,5,11�14

Non-thermal effects, such as material flow enhancement
along interfaces, which influence solid state sintering,
are deemed possible.3�6,15�17 Dissolution/precipitation
processes, which control liquid assisted sintering (LAS),
may also be affected by the use of MW’s.18 The beha-
vior of the ceramic materials during MWH, and, as a
consequence, the resultant effect of the above mentioned
phenomena on their sintering, markedly varies, being
dependent mostly on the material’s electrical and thermal

properties. Very large differences exist among ceramic
materials regarding these properties.
There are little experimental data regarding MWH of

covalent carbides a group of ceramic materials with
many practical applications.19�24 These materials are
characterized by high electrical and thermal con-
ductivity, high dielectric loss25 (in some cases), high
melting points and low sinterability. It is not possible to
assess the degree of utility of MWH for such materials,
based exclusively on theoretical grounds. On one hand,
they strongly interact with the MW’s, from low tem-
peratures, which allows their direct MW sintering
(DMWS) without the use of additional MWH igniters
(susceptors). On the other hand, the radiation penetra-
tion depth (Dp) is extremely limited. Due to this, only a
thin external layer of the specimen is engaged in a
strong interaction with the MW’s during the last stages
of densification, in which the open porosity is low. As a
consequence temperature gradients may develop within
the specimens with maxima close to the surface.26

In this work the feasibility of sintering silicon carbide
(SiC), a multifunctional covalent carbide material,27�31

by MWH was examined. This was done in order to
allow one to assess the MWH as an alternative to heat-
ing in conventional furnaces (CH). A liquid assisted
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sintering (LAS) approach, with liquids generated by
Al203+Y203 mixtures,32�35 was used. This approach
gave excellent results when sintering based on conven-
tional heating was used.

2. Experimental procedures

2.1. Processing

Specimens were formed from a powder having a
nominal composition of 91 vol.% SiC/1.4 vol.% C/5
vol.% Al2O3/2.6 vol.% Y2O3. A fine a-SiC powder
(grade UF15 of H.C. Starck, Goslar, Germany; specific
surface area A�15 m2/g, d50=0.55 mm; 1.5% O, 0.03%
Al, 0.05% Fe, 0.01% Ca) was the main component of
the batch.
Raw material mixing was done by processing for 1 h

in an attrition mill (alumina balls, isopropyl alcohol,
balls:material ratio �3). Soft spheroidal pellets were
formed after adding PEG 400 (binder/lubricant). The
resulting ready-to-press material was obtained by sieving
(No. 20 mesh). Green specimens in the shape of discs
(diameter D=22–28 mm) or square plates (lg=48 or 58
mm) were formed by two stage pressing (peak isostatic
pressure of 280 MPa). Their bulk green density varied in
the BDg=1.8–1.9 g/cm3 range. Organic burn-out was
done at low temperature, 420 �C/4 h, in order to prevent
SiC oxidation. MW sintering was conducted in a furnace
operating at 2.45 GHz, using a large multimode appli-
cator (l=1.22 m) with mode stirrer (Model 101 of
MMT, Knoxville TN, USA). Specimen temperature was
measured with a two-wavelength pyrometer (Mirage of
IRCON, Niles, IL, USA) and the atmosphere was Ar/
8% N2. The specimens were placed in a refractory ‘‘cas-
ket’’, exhibiting suitable MW transparency, which is
shown schematically in Fig. 1. The casket provided the
required level of thermal insulation (maximal tempera-
ture on its external surface ranged from 600 to 750 �C).

A cylindrical layer of SiC grit (100–500 mm grains;
grade Carborex of Orkla Exollon, Norway), having a
thickness of �3 mm, was inserted in the casket in some
of the sintering experiments. This layer remains in par-
ticulate form even after repeated heatings.
Conventional sintering was conducted in a model

1000A resistive Astro furnace (TT Inc., Santa Rosa,
USA).

2.2. Characterization

The bulk density (BDf) was measured using the
Archimedes technique. The overall phase composition
was examined by XRD (Philips PW 1720, CuKa). The
microstructure, including local elemental and phase
composition, was studied by electron microscopy (SEM:
Jeol SM 5000; TEM: Jeol 2000 FX; HRTEM: model
3010 UHR Jeol). Grain size was measured applying the
lineal intercept method and assuming that the real grain
size is X=1.56 L (L=average lineal intercept). Mea-
surements were made from SEM micrographs taken on
polished surfaces after etching with Murakami‘s
reagent. The Vickers hardness (Hv) was measured with a
DUK IS indenter (Matsuzawa Seiki, Tokyo, Japan).
For transversal rupture strength (TRS) measurements,
bars (35�4�4 mm) were cut from sintered plates(lf=48
mm) and polished. Measurements were made with a
model 1273 testing machine (Instron Corp., Canton
MA; four point bending), with a cross-head speed of 0.2
mm/min.1

3. Results and discussion

3.1. The MW sintering process. Densification results

Ceramic grades of SiC are extrinsic semiconductors,
exhibiting at room temperature considerable electrical
conductivity (�e=10 S m�1) due to the presence of var-
ious impurities such as Si, Al, Fe, Mn, etc. The dielectric
loss is high with values of "00 > 100 being measured for
the imaginary part of the permittivity.25 For Dp, values
as low as 3 mm have been calculated at 700 �C.11 A fur-
ther decrease is expected at sintering temperatures.
These data suggest that while SiC is not an ideal material
for MWH (low Dp), its MW sintering may be feasible if
suitable processing conditions are provided. Below, the
results obtained while attempting to densify SiC by
MWH are given.
In the case of the MW processing set up used here,

pure SiC or SiC/Al2O3+Y2O3 specimen batches having
a mass 525 g could be heated up to �1950 �C when
subjected to the fields produced by forward MW power
time profiles in which peak levels of 2.8–4.5 kW were
maintained for time periods � 530 min. An increase of
peak power to �6 kWdid not result in further temperature

Fig. 1. Schematic representation of the MW heating system. 1—

applicator, 2—porous alumina tiles made heating chamber (casket),

3—sintered alumina containers, 4—bubble alumina, 5—SiC grit, 6—

pyrometer, 7—alumina tube, 8—sintered alumina specimens con-

tainer, 9—SiC specimens.
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increases. For a given power profile, no simple correla-
tion between load mass and temperature could be found
(maximal loads of �120 g were tested).
Pure SiC powder compacts heated to 1950 �C (dwell

times up to 1 h) did not attain practical levels of densi-
fication. The SiC/Al2O3+Y2O3 green specimens, on the
other hand, underwent marked densification when sub-
jected to suitable MWH schedules (see Table 1).
It was observed that in order to obtain BDf >90%

t.d. (t.d�3.30 g/cm3), even for small specimens, tem-
peratures greater than 1880 �C are required. In such
conditions advanced densification was obtained both in
the presence or absence of the SiC grit. The influence of
the SiC grit was felt mostly in the case of the large spe-
cimens. The maximal BDf obtainable could be raised, in
the case of the 58 mm green plates, from 93 to 95% t.d.
by sintering in the presence of the granular susceptor.
The density variations from specimen to specimen, of
the same batch, were also reduced together with the
tendency to cracking. Yields of 70–80% in uncracked
(after sintering) plates could be obtained in a repro-
ducible manner. The insertion of the SiC grit in the
casket, modified the approach from pure DMWS to
what may be called a hybrid MW heating (HMWH)
because heat generated by the grit contributed to the
specimen densification. In the set up used here, the porous
grit layer has only a moderate shielding effect, so that
direct specimen/MW’s interaction was possible. This
interaction was the main process producing densification.
Fig. 2 presents a MW sintering schedule resulting in

advanced densification, after a short dwell time (�30
min) at peak temperatures.
Increase of dwell times (30–90 min range) raised the

BDf of the sintered specimens as indicated in Fig. 3.
Further extension of the dwell time to 120–150 min had
little effect on BDf, contributing mostly to grain growth.
The BDf attained under a given set of sintering con-

ditions was noticeably dependent on the size of the spe-
cimens, despite their similar green density. This is also
illustrated in Fig. 3. In the case of large plates, shrink-
age on the sides of the applicator’s median longitudinal
plane was non-uniform. This seems to be an indication
of MW fields intensity distribution variation on a

macroscopic scale. The distribution is MW-system spe-
cific; variations are expected as a function of the set-up
for a given MW power profile. In the case of the small
discs, maximal densification values obtained were
BDf=98% t.d. In the case of the intermediate size plates
this value decreased to 96% t.d. while for the largest
plates the best attainable level of densification, in a
reproducible way, was BDf =95% t.d.. Attempts, prior
to this work, to sinter by MWH did not succeed in
densifying to practical levels (i.e. BDf .592% t.d.) SiC
powder compacts.19�22 As Table 1 shows, in the case of
the large specimens the densification level, attainable by
MWH, was lower than that provided by conventional
heating. Some MW sintered SiC components are shown
in Fig. 4. No effects of size, in the range examined here,
on the sintered density of conventionally heated speci-
mens were found.
A mass loss of 4.0–6.5% accompanied the sintering

process. The mass loss was not studied here, but it is
known that SiC vaporization and its reaction with sur-
face silica—and the liquid producing oxide additives—
generate gaseous phases in the temperature range where
sintering was done.32�37

Table 1

Properties of SiC/Al,Y plates (lf=48 mm) sintered, 90 min, by the aid

of MWH or CH

Characteristics Heating procedure

MWH CH

Heating conditions (�C/h) 1880–1900/1.5 1900/1.5

BDf (%t.d.) 95.0 98.5

O.P. (%) 1.2 0.2

Hv (GPa) 22–24 23–25

TRS (MPa) 290–340 370–400

Fig. 2. MW power and temperature time profiles, during a short firing

run which resulted in the densification of small specimens (discs having

D=25 mm) to BDf �92% t.d. 1—forward power, 2—reflected MW

power, 3—temperature.

Fig. 3. Dependence of sintered state bulk density on the length of

peak temperature dwell time and specimen size.

A. Goldstein et al. / Journal of the European Ceramic Society 22 (2002) 1891–1896 1893



3.2. Phase composition and microstructure

The XRD patterns showed the presence, in the MW
sintered specimens, of a SiC (various polytypes; mostly
6H, 4H and 15R) and the yttrium garnet
3Y2O3

.5Al2O3(YAG). In Fig. 5 a segment from a
representative XRD pattern is shown. Amorphous
oxide phases, such as those observed by Sigl and
Kleebe34 have not been detected here (TEM examina-
tion), neither at SiC grain boundaries nor at carbide/
oxide interfaces. In Fig. 6 a typical SiC/YAG interface,
as revealed by HRTEM, is shown. The reduction of
oxides on the SiC surfaces (SiO2+C reaction) eliminates
the only oxide glass former present, thus preventing the
formation of an amorphous material.36,37 The excess
alumina in the initial composition (relative to YAG
stoichiometry) is probably lost by being transformed
into gaseous phases by reaction with SiC and/or sub-
limation.32,36�38 As a result the yttrium garnet seems to
be the only oxide phase present after cooling.
The spatial distribution of the YAG is somewhat dif-

ferent from that observed in specimens conventionally
sintered.34,39 Here, most of the oxide phase is accumu-
lated at triple points or in wide ‘‘wedges’’ present
between some of the carbide grains. This morphology is
presented in Figs. 7 and 8. Many SiC grain boundaries

are free of YAG particles. Such a YAG distribution
may be the result of an initial stage of solid state sin-
tering, followed by densification assisted by the liquid
phase. High intensity MW fields exist in the region of
contact between SiC particles as far as the open porosity
remains high.
The carbide appears in the form of fine equiaxed a-

SiC grains quite similar to those observed in con-

Fig. 4. Various SiC specimens sintered by MW heating.

Fig. 5. XRD pattern of sintered SiC/Al–Y–O specimen.

Fig. 6. High resolution TEM micrograph of a SiC–YAG interface.

Fig. 7. Low magnification bright field TEM micrograph of a sintered

SiC/Al–Y–O specimen, showing the YAG spatial distribution pattern.
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ventionally sintered specimens. The grain size distribu-
tion is quite narrow. For instance, a small size disc
brought to BDf=97% t.d. (1 h dwell at �1900 �C) had
a mean grain size of GS�0.6 mm, with all of the grains
smaller than 1.5 mm. The specimens sintered in the most
energetical conditions (�150 min dwell) still maintained
a quite fine grain size (GS�1.2 mm, GSmax �2.5 mm).

Fig. 9 shows a low magnification SEM micrograph of
the microstructure (specimen brought to BDf=98% t.d.
after 150 min dwell).

3.3. Mechanical properties

In Table 1 the values obtained regarding some of the
mechanical properties of MW sintered specimens are
compared with those of conventionally sintered
(1900 �C/1.5 h; Ar) specimens. The average strength of
the MW sintered plates is somewhat lower than those of
the conventionally fired ones. This is probably due to
the lower BDf of the MWed plates.

4. Summary and conclusions

Despite the low penetration depth of GHz radiation
in SiC, at high temperature, it is possible to sinter SiC/
Al2O3+Y2O3 powder compacts by MW heating (2.45
GHz). This is feasible even in the case of ‘‘large’’ specimens
�50 mm in size. The intra-specimen heat generation not
withstanding the spatial uniformity of the densification
process is not improved in the MWH case. Problems in
this sense are created by both the low Dp of SiC and the
inherent dynamic macroscopic level variation of the
MW field intensity within the applicator’s volume. Such
features determine, mostly in the case of large specimens,
non-uniform shrinkage and/or some reduction of the
maximal density obtainable under a given set of heating
conditions. Hybrid heating (obtained by insertion of
SiC grit in the casket) reduces cracking and improves
densification.
BDf values of up to 98% t.d. (small specimens) could

be obtained. For the case of large specimens the level of
densification is lower than that obtainable in similar
conditions when using conventional heating. The phase
composition and to a marked extent also the micro-
structure and the properties of MW sintered specimens,
are similar to those of parts fired in conventional fur-
naces, in the same temperature range.
While MW sintering (LAS) of SiC provides usable

components, it does not seem to generate practical
advantages over conventional heating.
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