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Nanostructured alumina-titania composite powders were used to prepare alumina-titania ceramics by
microwave sintering and conventional pressure-less sintering. The effect of microwave sintering and
conventional pressure-less sintering on densification, microstructure and properties of alumina-titania
ceramics were evaluated. The results showed that the alumina-titania ceramic prepared by microwave

sintering exhibited shorter sintering time, significantly enhanced densification, higher density, finer and
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more homogenous microstructure, higher strength, higher hardness and higher fracture toughness when
compared with conventionally processed counterpart.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Alumina-titania ceramic composite is a good ceramic material
for many applications, e.g. gas separation, biomedical processes,
support for transition metal catalyst, electronic and optical appli-
cations[1-5].It was also reported that addition of titania to alumina
considerably changed its sintering behaviour to manufacture dense
ceramics [6,7]. In addition, the fracture toughness and wear resis-
tance of alumina was improved with dispersion of titania [8,9].

On the other hand, many researches showed that grain refine-
ment in alumina ceramics led to improved properties [10-14].
Fine-grained alumina matrix ceramics were considerably inves-
tigated and reported to possess superior properties compared to
their conventional coarse-grained counterparts [15-17]. A number
of techniques have been attempted to produce fine-grained alu-
mina matrix ceramics, including hot pressing, hot isostatic pressing,
spark plasma sintering, microwave sintering, thermal spraying,
laser-based techniques, etc. [13]. Among the possible processes,
microwave sintering (MWS) has received much attention in recent
years [18-25]. Microwave processing is a distinctive and alternative
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technique when compared with the available processes utilizing
the conventional heating sources. Owing to microwave-material
molecular interaction, microwave heating is of internal and faster
[20]. Microwave sintering results in improved quality of the prod-
uct with time and energy savings compared with conventional
sintering [22]. Processing of fine-grained alumina matrix ceramics
via microwave sintering was highlighted also since the consolida-
tion could be achieved at much lower temperatures [23].

However, to the best knowledge of authors, there were
few reports on the preparation of alumina-titania ceramics by
microwave sintering, and especially on the microstructure and
properties of microwave sintered alumina-titania ceramics pre-
pared from nanostructured composite powders.

In the present investigation, nanostructured alumina-titania
composite powders were used to prepare alumina-titania ceramics
by microwave sintering and conventional pressure-less sintering.
The effect of microwave sintering and conventional pressure-
less sintering on densification, microstructure and properties of
alumina-titania ceramics were investigated in detail.

2. Materials and methods

Nanostructured alumina-titania composite powders with composition of
87 wt.% alumina and 13 wt.% titania were used to prepare alumina-titania ceramics.
The nanostructured alumina-titania composite powders were powder mixture with
alumina and titania mixing at a nanometer-nanometer level. The raw powders are
Al,0;3 (3 and -y phases, 99.9% grade, Degussa Co. Ltd., Germany) with a grain size of
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Fig. 1. XRD pattern of the nanostructured alumina-titania composite powders.

20-45nm and TiO, (anatase, 99.9% grade, Nanjing High Technology of Nano Mate-
rial Co. Ltd., China) with a grain size of 20-50 nm. The preparation process of the
nanostructured alumina-titania composite powders included three stages: (1) raw
powders mixing by wet ball milling, (2) spray drying of the slurry and (3) heat treat-
ment of the nanostructured composite powders. Fig. 1 shows the XRD pattern of the
nanostructured alumina-titania composite powders, which indicates the composite
powders consisted of a-alumina and rutile. Fig. 2 shows the SEM micrographs of the
nanostructured alumina-titania composite powders. After the above reconstitution
processing, nanostructured spherical composite powders with particle size ranged
from 10 to 50 wm in diameter had been obtained.

The powders were cold pressed uniaxially at 60 MPa into green compacts 40 mm
in diameter and 5 mm in thickness, after that the green compacts were cool-isostatic
pressed under 280 MPa. The green samples were then sintered in a microwave fur-
nace (multimode cavity) at 2.45 GHz. SiC was selected as a microwave susceptor to
assist heating and sintering of the green samples. The microwave sintering tempera-
ture was set at 1250 °C with a holding time of 10 min and an approximately heating
rate of 100°C/min. After the definite isothermal holding time, the samples were
slowly cooled down to room temperature in the furnace. The cooling rate was about
10-15°C/min. The as-prepared alumina-titania ceramics by microwave sintering
were referred to MWS1250. On the other hand, the green samples were pressure-
less sintered at 1250°C, 1350°C and 1450°C for 1h in air with the heating rate of
5°C/min for comparison. The as-prepared alumina-titania ceramics by pressure-
less sintering were referred to PLS1250, PLS1350 and PLS1450, respectively.

The density of the alumina-titania ceramics was determined using the
Archimedes method with distilled water as immersion medium. The hardness was
determined by a Vickers indenter with an indent load of 49N using ten indents
for each sample. Fracture toughness measurement was performed on single edge-
notch beam specimens (SENB) with a span of 16 mm. Flexural strength measurement
was performed on bar specimens (3 mm x 4 mm x 36 mm) using a three-point bend
fixture with a span of 30 mm. At least six specimens were tested for research
test condition. The phase constitution of the alumina-titania ceramics was deter-
mined by X-ray diffraction (D/max-yB, Rigaku, Japan). The microstructure of the
alumina-titania ceramics was characterized by scanning electron microscope (SEM,
Hitachi S-4700, Japan).
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Fig. 3. XRD patterns of the alumina matrix ceramics prepared by microwave sin-
tering and pressure-less sintering of the nanostructured alumina-titania composite
powders: (a) PLS1250, (b) PLS1350, (c) PLS1450 and (d) MWS1250.

3. Results

3.1. Phase constitution of the alumina-titania ceramics prepared
by microwave sintering and pressure-less sintering

The XRD patterns of the alumina-titania ceramics prepared
by microwave sintering and pressure-less sintering of the nanos-
tructured alumina-titania composite powders were shown in
Fig. 3. The nanostructured alumina-titania composite powders
consisted of a-alumina and rutile as shown in Fig. 1. It can be
seen from Fig. 3 that all the alumina-titania ceramics prepared
by microwave sintering and pressure-less sintering of the nanos-
tructured alumina-titania composite powders were composed of
a-alumina and rutile, which was the same as that of the composite
powders. That indicated there was no phase transition occurring in
the sintering process of ceramics, which would be advantageous to
the densification of ceramics.

3.2. Microstructure of the alumina-titania ceramics by
microwave sintering and pressure-less sintering

The nanostructured alumina-titania composite powders were
pressure-less sintered to the maximum temperature of 1250°C,
1350°Cand 1450 °Cfor 1 h,and which were sintered to 70.1%, 80.2%
and 91.5% density, respectively (Table 1). The relative density of the
as-prepared alumina-titania ceramics increased with increasing
the sintering temperature from 1250°C to 1450°C. The maxi-
mum relative density of the alumina-titania ceramics prepared

Fig. 2. SEM micrographs of the nanostructured alumina-titania composite powders: (a) overall SEM morphology and (b) high magnification SEM morphology of the particle

surface showing the nano-sized grains.
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Table 1

Properties of the alumina-titania ceramics prepared by microwave sintering and pressure-less sintering of the nanostructured alumina-titania composite powders.

Ceramic Relative density (%) Flexural strength (MPa) Vickers hardness (GPa) Fracture toughness (MPam'/2)
PLS1250 70.1 69.3 £ 15.9 0.81 £ 0.15 0.79 £+ 0.21
PLS1350 80.2 2394 + 25.1 5.96 + 0.24 1.74 £ 0.15
PLS1450 91.5 362.6 + 344 7.77 £ 033 3.64 £ 0.24
MWS1250 98.1 576.8 &+ 23.1 17.5 £ 0.6 411 +£ 0.36

by pressure-less sintering was 91.5% in the sintering temperature
range of 1250-1450°C, which meant the alumina-titania ceram-
ics were not fully densified. However, when the nanostructured
alumina-titania composite powders were microwave sintered to
the maximum temperature of 1250 °C for 10 min, which were sin-
tered to 98.1% density (Table 1). That indicated the alumina-titania
ceramics had been nearly fully densified by microwave sintering at
1250°C for 10 min.

The SEM micrographs of the alumina-titania ceramics prepared
by microwave sintering and pressure-less sintering were shown
in Fig. 4. There was obvious microstructure difference for the
alumina-titania ceramics prepared by microwave sintering and
pressure-less sintering. The grains shape of PLS1250 ceramic was
still spherical. There was a little grain growth for PLS1250 ceramic
compared with the composite powders (Figs. 4a and 1b). Grain
size of the spherical grains in PLS1250 ceramic was in the range
of 200-300 nm. Although the grain boundary had formed, there
were a large number of pores forming pore network in PLS1250
ceramic. The microstructure of PLS1250 ceramic was porous. More
mass transfer between grains of PLS1350 ceramic occurred than
that of PLS1250 ceramic (Fig. 4b and a), and many grains coalesced
into irregular blocky grains. But the mass transfer of PLS1350
ceramic was still insufficient and there were also many pores
between grains. The grain size of PLS1350 ceramic increased to
300-400 nm. The grains of PLS1450 ceramic grew evidently com-
pared with that of PLS1350 ceramic. There were large equiaxed
grains formed in PLS1450 ceramic because of coalescent of fine
grains (Fig. 4c). Although the pores in PLS1450 ceramic was reduced

compared with that of PLS1350 ceramic, there were still some big
pores retained in PLS1450 ceramic. The relative density of PLS1450
ceramic was 91.5%, which indicated the alumina-titania ceram-
ics were still not fully densified despite pressure-less sintered to
1450 °C. However, when the nanostructured alumina-titania com-
posite powders were microwave sintered to 1250°C for 10 min,
MWS1250 ceramic was quite dense. Although there was a little
grain growth for MWS1250 ceramic compared to the compos-
ite powders, the microstructure of MWS1250 ceramic was much
finer (Fig. 4d). That indicated dense fine-grained alumina-titania
ceramic had been obtained after microwave sintering at 1250°C
for 10min. The higher density and finer microstructure of
MWS1250 ceramic compared with that of the PLS1250, PLS1350
and PLS1450 ceramics were attributed to the use of the supe-
rior microwave sintering method, which will be discussed
later.

3.3. Mechanical properties of the alumina-titania ceramics by
microwave sintering and pressure-less sintering

Table 1 showed the properties of the alumina-titania ceramics
prepared by microwave sintering and pressure-less sintering of the
nanostructured alumina-titania composite powders. The mechan-
ical properties of MWS1250 ceramic were much higher than that of
PLS ceramics, e.g. the flexural strength, Vickers hardness and frac-
ture toughness of MWS1250 ceramic were 59.1%, 125.2% and 12.9%
higher than that of PLS1450 ceramic, respectively.

Fig. 4. SEM micrographs of the alumina-titania ceramics prepared by microwave sintering and pressure-less sintering of the nanostructured alumina-titania composite

powders: (a) PLS1250, (b) PLS1350, (c) PLS1450 and (d) MWS1250.
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It is known that the flexural strength of ceramics increases
with increasing of the ceramics’ relative density [26]. MWS1250
ceramic was much denser than PLS ceramics (Table 1). Therefore,
the flexural strength of MWS1250 ceramic was higher than that
of PLS ceramics. In addition, there is an empirical relation between
strength and grain size in ceramics. The smaller the grain size is, the
stronger the ceramic becomes. The grain size of MWS1250 ceramic
was much finer than that of PLS1450 ceramic. Therefore, the flexu-
ral strength of MWS1250 ceramic was higher than that of PLS1450
ceramic.

The hardness of ceramics increases with increasing of the
ceramics’ relative density, and decreases with increasing of the
ceramics’ grain size. MWS1250 ceramic was much denser and
finer than PLS1450 ceramic. Therefore, the Vickers hardness of
MWS1250 ceramic was higher than that of PLS1450 ceramic.

In the present investigation, the fracture toughness of the
alumina-titania ceramics was mainly determined by the relative
density of the ceramics due to the big difference of the rela-
tive density between PLS ceramics and MWS1250 ceramic (70.1%,
80.2%,91.5% and 98.1%, respectively). MWS1250 ceramic was much
denser than PLS ceramics. Therefore, the fracture toughness of
MWS1250 ceramic was higher than that of PLS ceramics.

Overall, the improved mechanical properties of MWS1250
ceramic compared with that of PLS ceramics were attributed to
the enhanced densification and the finer and more homogeneous
microstructure through the use of the microwave sintering method.

4. Discussion

The results obtained in the present study indicate that
microwave sintering is a great potential and time-saving method
for fabricating alumina-titania ceramics with uniform microstruc-
ture, which could influence the microstructure and thereby
improve the mechanical properties comparing with the conven-
tional pressure-less sintering.

As observed above, in comparison to the conventional pressure-
less sintering, microwave sintering of alumina-titania ceramics to
fully densification can be achieved at lower sintering tempera-
ture (1250°C) and shorter sintering time (10 min). A temperature
decrease of at least 200°C was observed in microwave sintering
as compared to conventional sintering for reaching fully densifica-
tion (>98% theoretical), and at the same time, microwave sintering
required at least 83% less processing time than required by conven-
tional sintering, and similar observations on other materials have
previously been reported by other researchers [13,27]. In addition,
the Vickers hardness, flexural strength and fracture toughness of
MWS1250 ceramic are higher than those of the conventionally fab-
ricated alumina-titania ceramics (Table 1), which should be due to
better densification of MWS1250 ceramic.

Solid state sintering is a diffusion controlled process with dif-
ferent modes, e.g. volume diffusion, grain boundary diffusion, and
surface diffusion [24]. As for ceramics, the diffusing species are
anions and cations. Microwaves, known as high frequency electro-
magnetic waves, were reported to interact with such ionic species
and induce their motion [28]. This induced motion was resisted due
to frictional, elastic and inertial forces. The electric field associated
with the microwave radiation was attenuated and caused volumet-
ric heating of the material due to the above resistance. Microwave
field generates oscillation of free electrons and ions at high
frequency resulting rapid volumetric heating of material through
thermal agitation [13]. Comparing with conventional pressure-less
sintering, microwave sintering requires less time due to volu-
metric heating. On the other hand, because microwave sintering
is a non-contact technique, the heat is transferred to the mate-
rial via electromagnetic waves and large amounts of heat can be

transferred to material’s interior, minimizing the effects of differen-
tial heating sintering [29]. High frequency magnetic field develops
heat source within the specimen resulting preferential heating of
porous regions with assisted material flow along interfaces. Ther-
mal conduction transfers the radiation energy from surface to
core by producing extreme thermal gradients, whereas microwave
heating excites every crystal lattice resulting uniform distribution
(or volumetric heating) of ceramic body. Hence, microwave sin-
tering leads to rapid heating with reduced thermal stresses and
higher heating efficiency. The reported “microwave effect” aug-
mented the kinetics of synthesis and sintering reactions by 2 or
3 orders of magnitude or even more when conventional heating
is substituted for microwave radiation [30]. For the above reasons,
the MWS1250 ceramic microwave sintered at 1250°C for 10 min
showed better densification, higher density and certainly higher
strength, hardness and fracture toughness than alumina-titania
ceramics conventionally sintered for 1h at the same temperature
and even higher temperatures.

5. Conclusion

Alumina-titania ceramics were prepared by microwave sin-
tering (MWS) and conventional pressure-less sintering (PLS)
from nanostructured alumina-titania composite powders. There
was obvious microstructure difference for the alumina-titania
ceramics prepared by MWS and PLS. The microstructure of PLS
alumina-titania ceramics were porous. The MWS alumina-titania
ceramic, however, exhibited denser, finer and more homogenous
microstructure compared with that of the PLS alumina-titania
ceramics, which were attributed to the characteristics of rapid heat-
ing and volumetric heating of the superior microwave sintering
method. The mechanical properties of the MWS alumina-titania
ceramic were, therefore, much higher than that of the PLS
alumina-titania ceramics, e.g. the flexural strength, Vickers hard-
ness and fracture toughness of MWS1250 ceramic were 59.1%,
125.2% and 12.9% higher than that of PLS1450 ceramic, respectively.
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