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Abstract

Mullitization behaviour of a mixture of clay and alumina as the starting materials was examined by microwave heating of (a) mixed powder and
(b) compacted powder samples for different soaking times. X-ray diffraction results showed that in compacted samples mullitization process was
completed after 20 min heating with a density of about 87%. Densification and microstructure of samples with different green densities heated in a
microwave oven and conventional electric furnace were compared. Results showed that the grain growth of mullite was restricted by microwave

heating.
© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Mullite 3A1,05-2Si0, is one of the extensively studied
crystalline phases in the Al,O3—SiO, binary system [1-3] and a
promising ceramic with good chemical, mechanical and
electrical properties [4-8]. It is also used for high temperature
applications due to its low thermal expansion, high creep
resistance and good thermal shock behaviour [9,10]. Kaolin is a
main source for synthesizing mullite and during heating some
changes take place in its chemical and mineralogical
composition [11]. The formation of mullite from reaction
sintering of kaolin and alumina confirms a good way of
combining reaction and densification mechanisms [12-18].
These inversions and transformations depend on a number of
factors, among which are the temperature and duration of
heating, the atmospheric conditions, chemical composition and
form of the precursor material, and the dopants which are
frequently added to accelerate the reaction [19].

Microwave technique has been extended as one of processes
for synthesis and sintering of oxide materials. Microwave
irradiation was found effective to produce the zeolite from coal
fly ash in a short period [20,21]. Reaction sintering of
(3A1,05 + 2810,) powder compacts was studied using either a
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conventional electric furnace or a 2.45 GHz microwave furnace
[22]. The decrease in temperature associated with a microwave
effect was =50 °C. This much lower temperature difference
was attributed to the experimental conditions used in particular
the choice of a frequency of 2.54 GHz instead of a higher
frequency which is suitable to detect the microwave effect.

In microwave processing energy is directly transferred to the
material through interaction of electromagnetic waves with
molecules leading to heating. With use of microwave for
sintering a dense material with improved microstructure can be
obtained in a much shorter time as compared with the
conventional processes.

In this work the synthesis and sintering of mullite ceramic
from the reaction sintering of clay and alumina heated by
microwave energy and electrical furnace has been reported.

2. Experimental procedures

Mullite ceramics were prepared by reaction sintering of clay
and alumina as the starting materials. The chemical composition
of alumina (a-Al;O3, dgg < 10 wm) and clay (Zenouz, Iran,
doo < 3.5 pm) is shown in Table 1. Powder mixtures were ball-
milled for 2 h in deionised water, dried at 100 °C for 24 h and
pressed uniaxially between 127 and 764 MPa to form pellets of
10 mm diameter. Fig. 1 shows the arrangement of the microwave
system used in the present work. Alumina and clay exhibit low
dielectric losses (0.1 £0.03 and <1, respectively) and are
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Table 1
Chemical composition of raw materials.

Oxide A1203 S102 F6203 TlOz MgO CaO Na02 K20 LOL
Clay 3922 4846 0.2 025 03 05 - 1.1 997
Alumina 98.7 0.07 0.035 0.015 - 0.04 043 - 0.7

Pyrometer

Microwave Cavity —*

Sample
Insulation

Silicon Carbide

Alumina disc

Fig. 1. Schematic diagram of microwave system.

difficult to heat in a microwave furnace at room temperature,
therefore SiC crucible with a high dielectric loss (300 % 50) was
used as a susceptor [23-25]. The temperature measurements
were carried out using an optical pyrometer (Model:
RAYR312MSCL2G) focused through a hole in the top of
insulation on the surface of the sample. Fig. 2 shows a
temperature versus time curve of microwave heating. The
conventional heating process was carried out in an electrical
furnace with 10 °C/min heating rate and 2 h soaking time at
1400 °C. The green densities of the compacted samples were
determined from the dry masses and dimensions of these
specimens. The density and porosity of sintered specimens were
measured after 5 h boiling and a 24 h soaking in water, according
to ASTM C373-88. The phase evaluation was investigated by
means of X-ray diffraction method (Siemens, D500 system)
using Cu Ka radiation working with 30 kV accelerating voltage,
a 25 mA current and 2° 26/min. Mullite formation progress was
examined by considering the intensity ratio of XImullite/
(SImullite + Slalumina) peaks. For this means, the planes
(110),(120),(210)and (00 1) for orthorhombic mullite and
(012) and (1 1 3) for rhombohedral alumina, was used. The
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Fig. 2. Microwave heating curve.

microstructure of sintered specimens was observed by SEM
(Stereoscan 360, Lecia Cambridge Instrument) on the polished
and thermal-etched (1100 °C for 20 min) surfaces.

3. Results and discussion

Figs. 3 and 4 exhibit the result of phase composition of
powder (PS) and compacted powder (CS) samples pressed at
127 MPa and heated in the microwave oven for different
heating times. It is observed that the mullitization progress in
bulk samples is higher than that of powder samples as the
intensity of alumina peaks (especially for (0 12) plane)
decreases in the former. For all heating times, the mullitization
behaviour of CS samples is higher than that of PS samples
(Fig. 5) and the mullitization is completed in the CS samples
only after 20 min heating (from room to maximum temperature
of 1280 °C). The advanced mullitization behaviour of CS
samples as compared with PS samples can be attributed to the
fact that the temperature in a dielectric material composed of
more than one dielectric constant region is different while the
local temperature depends most importantly on the local
dielectric constant and other secondary properties such as heat
capacity and density [26]. The accomplishment of mullitization
in microwave-heated samples after 20 min and reaching to
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Fig. 3. X-ray diffraction patterns of powder samples (PS) heated in microwave
furnace for different soaking times from room to maximum temperature: (a)
5 min (770 °C), (b) 10 min (940 °C), (c¢) 15 min (1218 °C) and (d) 20 min
(1280 °C), A: alumina, 4: quartz and @: mullite.
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Fig. 4. X-ray diffraction patterns of compacted samples (CS) heated in
microwave furnace for different soaking times from room to maximum
temperature: (a) 5 min (770 °C), (b) 10 min (940 °C), (c¢) 15 min (1218 °C)
and (d) 20 min (1280 °C), A: alumina, 4: quartz and @: mullite.
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Fig. 5. Formation of mullite vs. heating time (equivalent temperatures are
shown in Fig. 2) (Im: integrated intensities of mullite and Ia: integrated
intensities of alumina).

maximum temperature of 1280 °C can be noticeable since as
reported [7] the clay and reactive alumina completely reacted at
1600 °C after 3 h heating and formed mullite phase. Since the
size and volume of pores are different in CS and PS samples
(CS sample has a lower porosity than PS sample due to the
compaction process) then the local electrical field strength
which affects upon thermal processing differs higher due to the
existence of the various volumes of solids and pores in CS and
PS samples. Further evidence from Fig. 5 reveals that mullite
formation is accelerated above 10 and below 15 min heating
which is due to the increase of equivalent temperature from 940
to 1218 °C. Figs. 6 and 7 show the result of density and porosity
of samples (pressed at different loads) heated in the furnace at
1400 °C holding for 2 h and in the microwave oven after 20 min
heating (from room temperature to 1280 °C). In all experiments
microwave heating was performed at 120 °C lower temperature
as compared with furnace heating because of the enhanced
sintering behaviour upon microwave heating at lower
temperatures than furnace heating. The results obtained from
densification experiments (Fig. 6) reveal that compacted
powders sintered in microwave furnace exhibit enhanced
densification as compare with those sintered in the electrical
furnace. In this case 87% theoretical density was obtained after
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Fig. 6. Bulk density of samples pressed at different pressures before heating
(GD) and after sintering in microwave furnace (MW) for 20 min and reached to
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Fig. 7. Porosity of samples pressed at different pressures and sintered in
microwave furnace (MW) for 20 min and reached to the maximum temperature
of 1280 °C, and conventional furnace (F) at 1400 °C (2 h soaking time).

20 min heating (from room temperature to 1280 °C) in
microwave conditions. A further observation arising from
Fig. 6 reveals that powder sample pressed at 255 MPa and
heated for 20 min in the microwave oven has a density equal
to 2.57 g/lem®, while to achieve almost the same density

EHT= 20,0 KV WD~ 17 mm RAG* X 4.00 K PHOTO= 1
10.0pm

EHI= 20.0 KV HD= 17 mm
10.0um

HAG= X 4.00 K PHOTO= 1

Fig. 8. SEM micrographs of powder samples pressed at 127 MPa (a) and
637 MPa (b) and heated in microwave for 20 min and reached to the maximum
temperature of 1280 °C.

the maximum temperature of 1280 °C, and conventional furnace (F) at 1400 °C
(2 h soaking time).
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Fig. 9. SEM micrographs of powder samples pressed at 127 MPa (a) and
637 MPa (b) and sintered in furnace at 1400 °C for 2 h.

(2.5 g/em®) in conventionally heating the temperature of
1400 °C with soaking time of 120 min is required. The
mentioned above implies that in microwave heating the reduced
activation energy for sintering and enhanced mechanisms that
lead to densification such as volume and grain boundary
diffusion are appeared due to a microwave effect in presence of
an external electrical field. It is obvious that if the resultant
densities from heating of the samples in microwave oven are due
only to indirect heating from the susceptor, then the density
values would be identical to those for the conventional heating.
On the other hand, contrast with conventional heating, the
preferential interaction of the microwaves with the porosity also
serves to accelerate densification [26]. Fig. 8 depicts there is no
sharp difference between the resultant microstructure of samples
pressed at 127 and 637 MPa and sintered in the microwave
furnace for 20 min from room temperature to 1280 °C. The
resultant microstructure of samples sintered in the electrical
furnace at 1400 °C for 2 h (Fig. 9) represents a remarkable
contrast between the samples pressed at different loads. In this
case sample pressed at 637 MPa (Fig. 9b) exhibits a
microstructure containing of needle-shaped particles. The
appreciably smaller grain sizes of samples pressed at

637 MPa and sintered in microwave (Fig. 8b) rather than that
heated in furnace (Fig. 9b) may be attributed to the faster heating
rate of the former (64 rather than 10 °C/min). Fast heating causes
a suppression of surface diffusion and coarsening mechanisms
that exist at lower temperatures [27]. Reaching fast to higher
temperatures encourages boundary and lattice diffusion mechan-
isms that lead to rapid sintering with little or no coarsening.
Furthermore, with regard to density and microstructure results
(Figs. 6, 8b and 9b) it is observed that the densification rate for
microwave-heated samples is significantly higher than the grain
coarsening relative to samples heated in the electrical furnace.

4. Conclusion

Phase progress results showed that the mullitization was
completed in the compacted powder after 20 min heating in
microwave furnace, whereas at the same heating conditions
alumina peaks were detected in the powder sample confirming
an incomplete reaction. The higher density was obtained at a
lower temperature by microwave heating rather than conven-
tional heating. The microwave process led to a reduction of
120 °C in sintering temperature for a given value of density. The
final density of the samples pressed at various loads and
sintered in the microwave furnace was higher than those
sintered in the electrical furnace. The microstructural
observations showed that mullite grains grew dramatically
with the increase of the green density in conventionally sintered
samples, while the faster heating in the microwave furnace
appeared to be helpful to reduce of grain growth.
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