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Abstract: A stepwise alkoxide hydrolysis processing was used to prepare alumi-
nium titanate±25 vol% mullite composite powders. The e�ect of three levels of

excess SiO2 (1, 3 and 5wt%, expressed relative to Al2TiO5) on densi®cation,
microstructure, mechanical strength and thermal expansion has been investi-
gated. The addition of excess SiO2 reduced the constrained e�ect caused by the

formation of Al2TiO5 and mullite. After the formation of Al2TiO5 and mullite,
the densi®cation rate was enhanced for the samples containing excess SiO2. These
e�ects can be attributed to the presence of a liquid phase at the ®ring tempera-

tures. The presence of liquid phases during sintering promoted grain growth of
Al2TiO5 and also the formation of acicular mullite. The mechanical strength of
the composition with 3wt% excess SiO2 showed a three-fold improvement over
the sample without excess SiO2, whereas the corresponding thermal expansion

was still relatively low (�1.3�10ÿ6 Kÿ1 from 20 to 1000�C). The reduced poros-
ity was believed to be the predominant factor contributing to the improvement of
the mechanical strength # 1998 Elsevier Science Limited and Techna S.r.l.

1 INTRODUCTION

Catastrophic failure of engineering ceramic mate-
rials generally happens when they are used in
severe thermal environments due to large thermal
stresses developed during abrupt temperature
changes. Thermal stresses are a function of thermal
expansion, thermal conductivity, strength and
Young's modulus. Since a near-zero expansion of a
material can minimize thermal stresses during
temperature changes, much work has been done to
search for very low thermal expansion materials
for severe thermal shock applications.1±4 Alumi-
nium titanate (Al2TiO5) has been recognised as a
low expansion material for several decades.5±7 It has
been evaluated for insulating components in auto-
motive engines, such as manifolds, portliners and
heads of piston,8,9 where thermal insulation and
thermal shock resistance are required. It has also
found applications in the metallurgical industries.10

However, a wider use of this material is limited by
two well recognised problems: ®rst, the very weak
mechanical strength due to the thermal expansion
anisotropy-induced microcracking, and second the
decomposition of Al2TiO5 into �-Al2O3 and TiO2

(rutile) between about 800 and 1280�C.11

In recently developed Al2TiO5±mullite compo-
sites,12±16 the mechanical strength was improved
while the favourable low thermal expansion of
Al2TiO5 could be maintained at medium values
between that of Al2TiO5 and mullite. Furthermore,
the decomposition propensity of Al2TiO5, which is
the other drawback of Al2TiO5, could be decreased
in this composite system.12,16

Since the engineering properties of Al2TiO5-
based materials strongly depend on the micro-
structure control, various powder processing
routes, namely conventional mixing oxides meth-
ods,17 gel-coating,18 or chemical precipitation,15,16

have been attempted to obtain the required micro-
structure. However, di�culties, such as a poor
sinterability, are generally encountered, especially
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in reaction sintering composite systems. This was
believed to be due to the rapid grain growth of
Al2TiO5 during its formation process19,20 and also
to the constrained e�ect of second phases,21,22 thus
yielding a porous material.
It is known that SiO2 can enhance densi®cation

of Al2TiO5
23,24 by the formation of a liquid phase

during sintering. However, an exaggerated grain
growth and microcracking can occur, decreasing
the mechanical strength. The purpose of this work
is to investigate the e�ect of excess SiO2 on the
densi®cation, microstructure and properties of a
Al2TiO5±25 vol% mullite composite prepared from
a stepwise alkoxide hydrolysis processing.

2 EXPERIMENTAL PROCEDURE

Aluminium sec-butoxide (Al(OC4H9)3, Merck
reagents), titanium butoxide (Ti(OC4H9)4 Merck
reagents) and tetraethylorthosilicate (Si(OC2H5)4
TEOS, Af reagents) were used as sources of Al2O3,
TiO2 and SiO2, respectively. The synthesis of
Al2TiO5-25 vol% mullite composite powders with
0, 1, 3 and 5wt% of excess SiO2 relative to the
weight of Al2TiO5, (hereafter noted as S0, S1, S3
and S5, respectively) were carried out by the fol-
lowing procedure: after weighing, TEOS was dis-
solved into a de®nite volume of distilled water to
obtain a 0.1M TEOS solution. This transparent
solution was then heated and vigorously stirred at
70�C under re¯ux conditions for 8 h. The other
solution was prepared by dissolving the required
amount of Al(OC4H9)3 and Ti(OC4H9)4 into abso-
lute ethanol. The hydrolysis of Al(OC4H9)3 and
Ti(OC4H9)4 was carried out by mixing the hydro-
lysed TEOS solution and the Al(OC4H9)3 and
Ti(OC4H9)4 ethanolic solution together at room
temperature. A strong mechanical stirring was used
during the whole processing. After stirring 2 h, the
mixture was freeze dried. After being calcined at
500�C for 1 h to remove the organic residues, the
resulting powders were milled in a planetary ball
mill for 8 h, using absolute ethanol as the milling
medium, and then dried in an oven at 80�C.
The as-obtained powders were pressed into bars

(3.5�5�50mm) by ®rst uniaxial pressing at
50MPa and then isostatic pressing under 200MPa.
Sintering was performed in a box furnace, at a
heating rate of 5�Cminÿ1 up to 1600�C, holding
4 h and then cooling down at a rate of 5�Cminÿ1.
The X-ray di�raction analysis (XRD) was carried
out in a di�ractometer (D/max-C, Rigaku) using
CuK� radiation, voltage 40 kV, electric current
20mA. The powders for the XRD experiments
were obtained by grinding the sintered samples.

The morphology of the sintered specimens was
observed by scanning electron microscopy (SEM,
Hitachi, S-4100) in the backscatter mode. The
shrinkage behaviour of the powder compact was
recorded by a dilatometer (LINSEIS series), at a
heating rate of 5�Cminÿ1 up to 1600�C, with a
soaking time of 4 h. The corresponding densi®ca-
tion curve was calculated assuming isotropic
shrinkage and using the green density as the initial
reference. The green and ®red density was mea-
sured by the Archimedes method using mercury.
The thermal expansion behaviour of the sintered
body was also measured by dilatometry at a heat-
ing rate of 5�Cminÿ1 up to 1400�C and then at a
cooling rate of 5�Cminÿ1 down to 350�C. A SHI-
MADZU testing machine (Autograpa, AG-A ser-
ies) was used to measure the three-point ¯exural
strength. The specimens were polished with silicon
carbide abrasive paper (No.1000) before measure-
ments. The typical sample dimension is
2.5�3.5�40mm. The span length was 20mm and
the crosshead speed 0.5mmminÿ1. Each data point
is the average of 4±5 bars.

3 RESULTS AND DISCUSSION

3.1 Densification andmicrostructure

The relative density of the sintered samples is pre-
sented in Fig. 1, where the theoretical density
values were calculated from the initial composi-

Fig. 1. Relative density of aluminium titanate±mullite com-
posites vs excess SiO2 content for samples sintered at 1600�C

with a soaking time of 4 h.
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tions (assuming that the reactions are complete and
that excess SiO2 forms glass phases with a density
of 2.4 g cmÿ3). The addition of excess SiO2 has a
pronounced e�ect on the ®nal density of the com-
posite. The density increases with the increase of
the amount of SiO2 up to 3wt% where around
98% of the theoretical density was achieved. For
5wt% excess SiO2, the density is lower.
The sintering processes were also monitored by

dilatometry. Figure 2 gives the densi®cation curves
for the S0, S1, S3 and S5 samples. Some di�erences
in the densi®cation behaviour of the various sam-
ples are observed. The S0 sample, without excess
SiO2, shows a high contraction rate before
�1400�C, followed by a broad, pronounced pla-
teau which is associated with the formation of
Al2TiO5 and mullite. During the dwelling time, the
densi®cation rate slows down. The samples with
excess SiO2 show two separate plateaux. These
plateaux are smaller and smoother than that of the
S0 sample. It seems that the presence of excess SiO2

changes the Al2TiO5 and mullite formation kinet-
ics. The subsequent densi®cation of these samples
are not a�ected by the process of Al2TiO5 and
mullite formation and the density can quickly
exceed that of the sample without excess SiO2.
SEM photographs of the sintered samples are

shown in Fig. 3. For the left side photos, obtained
with a low magni®cation, it can be seen that non-
homogeneous microstructures with dense and por-

ous regions were obtained for the sample without
excess SiO2, clearly showing that the stepwise alk-
oxide hydrolysis processing used does not achieve
enough uniformity in the chemical and/or physical
characteristics of the composite precursors. A high
degree of homogenization is progressively achieved
when excess SiO2 is added to the composite com-
position, inducing a more homogeneous presence
of a liquid phase during the sintering process.
The high magni®cation photos, obtained from

dense areas in the respective samples, show clearly
the e�ect of the SiO2 additions on the micro-
structure of the sintered samples. A microstructure
showing equiaxed grains of aluminium titanate and
mullite is progressively substituted by a micro-
structure showing elongated tendency for the
grains of both phases. The presence of a silica rich
phase at the sintering temperature is known to
produce acicular grains of mullite25,26 and bigger
grains of aluminium titanate23 and also to enhance
the densi®cation of these monophasic materials.
Both e�ects are retained in the aluminium titanate-
mullite composite with the liquid phase helping to
overcome the densi®cation constraints caused by
the presence of the second phase.

3.2 Mechanical strength and thermal expansion

The e�ect of excess SiO2 on the room temperature
three-point bending strength is shown in Fig. 4.
The mechanical strength markedly increases with
the addition of excess SiO2. Slight variations due to
the variation of the SiO2 content shown in the ®gure
are probably due to variations in the ®nal density
achieved by the various samples. Microstructure
e�ects are di�cult to interpret but it should not be
forgotten that the result for the sample without
excess SiO2 is from a very poor non-uniform
microstructure.
The thermal expansion behaviour of the sintered

samples during the heating and cooling cycles is
shown in Fig. 5. The samples show a pronounced
hysteresis loop, characteristic of monophasic ani-
sotropic or composite materials having di�erent
expansion coe�cients in which large stresses are
easily developed. The four consecutive stages,
described previously for Al2TiO5 containing sam-
ples can be observed.18 The low expansion corre-
sponding to the closing of microcracks extends up
to 1200�C. The samples containing excess SiO2

present lower thermal expansion coe�cients than
that of the sample without excess SiO2, the thermal
expansion coe�cient of the S3 sample being the
lowest of all. The turning temperature points in the
cooling curves represent the temperature of
reopening of microcracks at �600�C. The amount

Fig. 2. Densi®cation curves of powder compacts S0 (0wt%
excess SiO2), S1 (1wt% excess SiO2), S3 (3wt% excess SiO2)
and S5 (5wt% excess SiO2), at a heating rate of 5�Cminÿ1

up to 1600�C, holding for 4 h.
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of expansion below this turning point has been
correlated with the density of microcracks present
in the cooled samples, which on the other hand

controls the expansion behaviour on heating.27 The
percentage of expansion occurring for each sample
between the turning point and 350�C is 0.094,

Fig. 3. SEM photographs of the samples S0 (0wt% excess SiO2), S1 (1wt% excess SiO2), S3 (3wt% excess SiO2,) and S5 (5wt%
excess SiO2) sintered at 1600�C, during 4 h.
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0.165, 0.241 and 0.235%, respectively for the S0,
S1, S3 and S5 samples. From these results, it can
inferred that the S3 sample, which shows the lowest
of the expansion coe�cients, is the one with more
extensive microcracking. The higher density and
the more homogeneous microstructure of this
sample, containing 3wt% excess of SiO2, is
responsible for the higher bending strength value
observed.

4 CONCLUSIONS

Aluminium titanate±25 vol% mullite composite
powders with three levels of excess SiO2 were pre-
pared by stepwise hydrolysis of Si(OC2H5)4,
Al(OC4H9)3 and Ti(OC4H9)4.
The addition of excess SiO2 can enhance densi®-

cation of the composites by the formation of a
liquid phase at the sintering temperatures. The
presence of a liquid phase during sintering pro-
moted the grain growth of Al2TiO5 and the for-
mation of acicular mullite.
The mechanical strength was improved with the

addition of excess SiO2, chie¯y due to the
enhancement of the densi®cation. The highest
strength was achieved when 3wt% excess SiO2 was
added, whereas the thermal expansion coe�cient
for the corresponding sample was maintained at a
relatively low value (�1.3�10ÿ6 Kÿ1 from 20�C to
1000�C).
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