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Abstract

A gel-coated powder processing, i.e. mullite precur-
sor gel coating synthesised AlL,TiOs solid solution
(with 2-5 wt% MgQ) particles, was used to prepare
an Al,TiOs25 vol% mullite composite precursor.
The mullitisation, densification, mechanical and
thermal properties of the composite have been inves-
tigated. It was found that direct mullitisation occur-
red at 988°C in the composite precursor this being
attributed to the presence of Al,TiO; particles. Two
different mullite morphologies with near isometric
and acicular shapes were observed. The formation
of acicular mullite is ascribed to the presence of a
liquid phase at the firing temperature as a conse-
quence of composition alterations due to segrega-
tion of AlL,O; and SiO, Good dispersion of the
mullite grains along the grain boundaries was
observed in samples that aitained high densification.
The thermal expansion coefficient of the composite
was still relatively low (~2-7 X 10°K'). During
long-term (100 h at 1100°C) decomposition tests
the Al,TiOs chemical stability was maintained. ©
1996 Elsevier Science Limited.

1 Introduction

A low thermal expansion coefficient (TEC) and a
high thermal shock resistance are important for
materials when they are used in severe thermal
environments. Aluminium titanate (Al,TiOs) has
been recognised as a low TEC material for several
decades.’”* However, industrial application of this
material has been hindered by two well-recognised
problems: first, the very weak mechanical strength
due to thermal anisotropy-induced microcracking,*
and second the decomposition of Al TiOs into
a-Al,O; and TiO, (rutile) between about 800°C
and 1280°C.% Some oxide dopants like MgO, SiO,,
Fe,0;, Sn0O,, Ca0, and other rare-earth oxides
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have been used to control the decomposition of
ALTiO..°® Only MgO and Fe,O; seem to produce
phase stability by the formation of intermediate
phases such as magnesium titanate or iron titanate
first and then a solid solution between ALTiOjs
and the as-formed intermediate phases.” However
long-term stability is still hard to achieve.

The importance of the recently developed
AL TiOs-mullite composites®'® (or other systems
such as ZrO,-ALTiOs and ZrTiO,~ALTiOs'""?) is
that such composites offer a compromise between
the low strength and low thermal expansion of
ALTiO; and the good strength and moderate
expansion of mullite providing thus an oppor-
tunity to tailor the required properties through the
selection of composite compositions. For instance,
strengths as high as ~230 MPa were reported'
in the AL TiOsmullite system when it contained
~30 wt% AL TiOs. This is a big improvement in
the mechanical strength compared with those
quoted for single-phase Al,TiO; (typically, 5-10
MPa), although the favourable TEC value of
ALTIO; (£ 1 X 10°K™) was also increased to ~7
X 109K, between 20 and 1000°C. When the
amount of AL, TiOs was increased, the mechanical
strengths for the corresponding composites
decreased, but were still around 80 MPa at 75
wt% Al TiO; with a TEC of ~3-5 X 10°K™!. How-
ever, lower strength values were quoted by
Freudenberg et al'* who studied the thermal
stability of the same system as in Ref. 13 and
obtained strengths of ~50 MPa. This variation in
mechanical strength values present in the litera-
ture serves to illustrate that the engineering prop-
erties of Al,TiOs-based composites depend not
only on the composite composition, but on the
processing variables and consequent microstruc-
ture control as well.

The preparation of Al,TiOs-based composite
powders by different methods, namely conven-
tional methods using oxide mixtures'” and sol-gel
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methods,”'° has been attempted. Most of them use
reaction sintering where difficulties such as densifi-
cation are generally encountered, especially when
a high ALTiO; content is involved. Few groups'
have tried to use synthesised Al,TiO; powder to
prepare Al,TiOs—mullite powders, but the under-
standing of the process remained insufficient,
especially for mullitisation processes and its corre-
lation to microstructure.

In the present work, a synthesised AL, TiO5 pow-
der (containing 2-5 wt% MgO, on the weight of
AL TiOs), aluminium sec-butoxide and tetraethyl-
orthosilicate were used to prepare Al,TiOs-25
vol% mullite composite powders by the gel-coated
method, i.e. A,O; and SiO, gels coating AL, TiO,
particles. Similar powder processing has been
attempted in other composite systems'>!® to con-
trol microstructure. The selection of this composi-
tion is based on the expection that near this
composition point an improved mechanical
strength will be achieved without great deteriora-
tion of the Al,TiOs favourable low TEC and high
thermal shock resistance.

2 Experimental Procedure

The synthesis of the Al,TiOs powder was carried
out by first mixing the a-Al,O; powder (0-2 um
mean particle size, Alcoa Reagents), TiO, powder
(0-8 um mean particle size, Merck Reagents) and
Mg(NO,),-6H,0 in a planetary ball mill for 2 h,
using absolute ethanol as the milling medium. The
slurry obtained was dried in an oven at 80°C dur-
ing 12 h, heated at 1300°C for 1 h, and finally ball
milled for 6 h, using again absolute ethanol as the
milling medium. The X-ray diffraction patterns
for the powder obtained have shown that Al,TiOs
solid solution is the dominant phase. Aluminium
sec-butoxide (Al(OC,H,);, Merck Reagents) and
tetraethylorthosilicate (Si(OC,Hs),, TEOS, Fluka
Chimie AG) were used as sources of mullite. After
weighing, they were dissolved in absolute ethanol.
The synthesised Al,TiOs; powder was added into
the solution based on the volume ratio Al,TiOs:
mullite = 75:25. The hydrolysis of AI(OC4H,) and
TEOS was carried out by adding five times the
equivalent water to the suspension. Strong mech-
anical stirring was used during the whole process-
ing. After stirring for 1 h, the mixture was dried in
an oven at a temperature of 80°C.

The as-obtained precursor was characterised by
a differential scanning calorimetry (DSC, Netzsch
STA 404C model) at a heating rate of 10°C/min
up to 1400°C with a-Al,O; as the reference mat-
erial. The thermogravimetric analysis (TGA) curve
was also recorded by the same instrument. After,

the composite precursor was calcined at 500°C for
1 h, the resulting powder was pressed into bars
(3:5 X 5 X 50 mm®) by first uniaxial pressing at 50
MPa and then isostatic pressing under 200 MPa
pressure. Sintering was performed in a box fur-
nace, at a heating rate of 5°C min™ up to a setting
temperature, holding 4 h and then the samples
were cooled down at a constant rate of 5°C/min
until ~500°C.

The X-ray diffraction analysis (XRD) was car-
ried out in a diffractometer (D/max-C, Rigaku)
using Cu K, radiation, voltage 40 kV, electric cur-
rent 20 mA. The powders for the XRD experi-
ments were obtained by heating the precursor to
various temperatures, holding 1 h and then cooling
down quickly, or by grinding the sintered bodies
into powder. The morphology of the composite
powder and sintered specimens was observed by
scanning electron microscopy (SEM, Hitachi,
S-4100) using the secondary electron or the back-
scatter modes. Energy dispersive microanalysis
(EDX) was done for the same samples. The average
grain size, expressed as a mean diameter of area,
was measured by an image processing program.

The shrinkage behaviour of the powder com-
pact was recorded with a dilatometer (Linseis
series), at a heating rate of 5°C min™! up to 1450°C
with a soaking time of 4 h. The density was deter-
mined by mercury displacement. The correspond-
ing densification curve was calculated using the
measured green density as the initial reference and
assuming isotropic shrinkage. The thermal expan-
sion behaviour of the sintered body was measured
with the same instrument at a constant heating
rate of 5°C min™' up to 1400°C and then cooling
down to 500°C at a speed of 5°C min~!. The ther-
mal stability test for the composite was carried
out by annealing the sample at 1100°C in air for
100 h followed by identifying the crystalline
phases present.

A Shimadzu testing machine (Autograpa, AG-A
series) was used to measure the three-point flexural
strength. The specimens were polished with silicon
carbide abrasive paper (No. 1000) before measure-
ments. The typical sample dimension is 2-5 X 3.5
X 40 mm?>. The span length was 20 mm and the
crosshead speed 0-5 mm min™'. Young’s modulus
was calculated from the linear parts of the stress-
strain curves. Each data point is the average of
4-5 bars.

3 Results and Discussion

3.1 Mullite phase formation
Figure 1 gives the DSC-TGA curves for the com-
posite precursor. The endothermic peak at ~60°C,
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Fig. 1. DSC-TGA curves for the composite precursor, at a
heating rate of 10°C min-'.

which is associated with a big weight loss, is
attributed to the removal of the absorbed water
and remaining ethanol. The following broad
exothermic peak between about 100 and 600°C is
a consequence of the oxidation of organic
residues. In this temperature range, there is an
~8% weight loss. No further weight loss is obser-
ved above 600°C; however, the DSC curve shows
a strong, sharp exothermic peak at 988°C, which
is attributed to the crystallisation of the so-called
pseudotetragonal mullite. The difference between
the poorly crystallised pseudotetragonal and well-
crystallised orthorhombic mullite, which can be
distinguished by taking X-ray diffractograms, is
that the (120) and (210) peaks of orthorhombic
mullite are distinctly split, and that no splitting is
observed for the pseudotetragonal mullite.!” The
XRD patterns for the powders heated at 900°C,
1050°C and 1300°C are shown in Fig. 2. Mullite
has already been formed in the sample heated at
1050°C. The main peak of mullite is overlapped
by the main, strong (101) peak of B-ALTiOs. No
splitting of the orthorhombic (120) and (210)
peaks is observed, which is indicative of the for-
mation of pseudotetragonal mullite at this temper-
ature. When the temperature is increased up to
1300°C, the (120) peak of orthorhombic mullite
separates from the main peak of B-AlLTiOs (the
(210) peak of orthorhombic mullite is still over-
lapped by the (101) line of Al,TiOs), indicating
that pseudotetragonal mullite has been trans-
formed into orthorhombic mullite. In the DSC
curve of Fig. 1, there is a small endothermic peak
at 1250°C, which indicates the formation of
ALTiOs from the remaining a-Al,O; and TiO,

mullite(210)

= mullite(120)
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Fig. 2. XRD patterns of the composite powders heated at
900, 1050 and 1300°C for 1 h. (@) mullite, (l) B-ALTIO;s;
(O) a-AL,05; ([) rutile).

(rutile) in the starting AL TiOs powder. This is
confirmed by the observation of a reduced XRD
peak intensity for both a-Al,O; and TiO, (rutile)
in the sample calcined at 1300°C.

The explanation for mullite formation is still
open to controversy,’*2 especially for the exo-
thermic reaction at ~1000°C. y-AlL,O; spinel (or
Al-Si spinel) and mullite or a mixture of them are
believed to be associated with that exotherm,
although it is known that its presence depends on
variations of the initial raw materials or the tech-
niques of preparation. It is important to note that
the ~1000°C exotherm associated with the for-
mation of mullite is generally observed in mono-
phasic mullite precursors, where a mixing scale of
Al,O; and SiO, components in a molecular level
was assumed. In the present case it might be that
the presence of Al,TiO;s can favour the nucleation
of mullite because of their similar crystal struc-
tures. Huling and Messing? found that the seed-
ing of crystalline mullite particles indeed can
lower the mullitisation temperature, although the
effectiveness was limited in their case.

3.2 Power morphology
Microphotographs of the ALTiOs; powder, the
composite precursor and calcined composite
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Fig. 3. SEM photographs of the powders and EDX spectra of the designated points. (a) The starting Al,TiO5 powder; (b) the
composite precursor; (c) the calcined composite powder.
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powder are depicted in Fig. 3. The starting
Al,TiOs (Fig. 3(a)) particles have approximately
prismatic shapes. The average particle size is
about 3 um. When the AL, TiO; powder was dis-
persed in the ethanolic solution of Al(OC,H,),
and Si(OC,Hj;), and the subsequent hydrolysis was
accomplished, the resulting Al,O; and SiO, gels
coated the surfaces of many Al,TiO; particles, as
observed in the microphotograph of the composite
precursor (Fig. 3(b)). This is confirmed by the cor-
responding point EDX analysis, which also shows
the heterogeneity of Al,O; and SiO, components
in the mullite precursor. Apparently, the well-
dispersed AL, TiO;s particles in the mullite precur-
sor can effectively prevent AlL,O; and SiO, gel
particles from forming big agglomerates. Figure
3(c) for the calcined powder shows that the dehy-
drated Al,O, and SiO, particles still stay on the
surfaces of Al TiOs particles after heat treatment.
This powder structure is important to yield the
required microstructure during subsequent firing.

3.3 Sintering and microstructure

The sintering of the powder compact was carried
out at temperatures of 1350°C, 1450°C and
1550°C during 4 h. The results are shown in Table
1. A quite dense sample with an ~97% of theoret-
ical density was achieved when it was fired at
1450°C for 4 h. The sample sintered at 1550°C has
a lower relative density. The theoretical density
was estimated from the initial composition (assum-
ing that the reactions of mullite and AL TiOy are
complete) with the values of 3-17 g cm™ and 3-70
g/cm™ respectively for the theoretical density of
mullite and ALTiOs;. The detailed densification
behaviour was also monitored by dilatometry, as
shown in Fig. 4. Densification begins at about
950°C, followed by two plateaux starting at about
980°C and 1235°C, respectively. The former is
attributed to the mullitisation process. Densifica-
tion slows down although no obvious volume
change is associated with this process, confirming
that phase transformation can influence densifica-
tion kinetics.”>?* The latter is due to the forma-
tion of a little amount of ALTiOs from the
remainder of rutile and a-AlLO,; in the starting
Al TiOs powder. Both are consistent with the
observation of the ~988°C exothermic peak and
~1250°C endothermic peak in the previous DSC
curve. After that, densification proceeds at a faster

Table 1. Relative density of the composite sample sintered at
various temperatures with a soaking time of 4 h

Sintering temperature (°C)  1350°C 1450°C 1550°C

Relative density 864 96-7 911
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Fig. 4. Densification curve of the composite sample, at a
heating rate of 5°C min™! up to 1450°C, with a soaking time
of 4 h.

rate as a consequence of the sintering of both
Al TiO; and mullite. A dense composite was
achieved after 4 h at 1450°C. Unlike other com-
posite systems in which densifications are gener-
ally retarded by introduction of second phases,??
the enhanced densification in the present system is
probably due to: (1) the use of pre-synthesised
Al, TiO; powder which can avoid the occurrence
of large size Al,TiO; ‘domains’, which were widely
observed in reaction-sintered Al,TiOs due to the
rapid grain growth of ALTiO%? (2) the forma-
tion of a grain boundary liquid phase due to the
presence of Si0,.%?’

Microphotographs of two representative areas
of the composite specimen sintered at 1450°C for
4 h are shown in Figs 5(a) and (b). The photo-
graphs were taken in the backscatter mode, where
the AL, TiOs grain is white and mullite is grey. The
Al TiO; mean grain size is about 3-5 um. This is
very close to that in the starting powder because
the synthesised Al, TiO5 particles will be quite inert
during sintering since the mullite second phase
would restrain the grain growth during the sinter-
ing of the composite. Two different morphologies
for mullite grains are observed. One is the near
isometric mullite grains about 2 um in size and
the other is prismatic mullite grains about 0-5 to
1-5 pm wide becoming acicular in shape. They are
mainly located at grain boundaries or triple points
of the ALTiO; matrix. Formation of these two
features of mullite morphology depends on the
mullite composition in the gel. Pask et al?¥ also
observed these two different shapes of mullite
grains in their stoichiometric mullite precursors
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Fig. 5. SEM photographs of the representative areas in the
composite sample sintered at 1450°C for 4 h in the back-
scattered mode, sharing two different mullite morphologies.

and postulated that the formation of acicular mul-
lite is due to the presence of a liquid phase at the
firing temperature and that the near isometric
shape mullite forms in the absence of liquid phase.
In the present case, the formation of these two
different shapes of mullite could be associated
with Al,O; and SiO, composition differences in
the mullite precursors. The point EDX analysis in
Fig. 3 verified that some parts of the precursor are
SiO,-rich. Probably, the acicular mullite was
formed in SiO,-rich regions due to the presence of
a liquid phase at the firing temperature, whereas

near isometric mullite formed in other regions.
The acicular mullite morphology is particularly
beneficial to hinder crack propagation.

3.4 Physical properties

The physical properties of the aluminium titanate-
25 vol% mullite composites prepared in this work
are given in Table 2. An improved flexural
strength was obtained for the composite sample
compared with the typical strength values for pure
AL TiOs.® This could be linked to the microstruc-
ture observed in Fig. 5: (i) a small AL, TiO;s grain
size is obtained in the composite sample due to
the use of synthesised and coated Al,TiOs powder
and the suppressed grain growth effect by the mul-
lite phase; (i) many fewer microcracks are initi-
ated along grain boundaries and within grains in
the composite sample; (iii) the formation of the
acicular mullite grains on grain boundaries during
sintering could effectively hinder the progress of
an advancing crack. It is probable that a combina-
tion of all these mechanisms contributes to the
increased mechanical strength.

The expansion behaviour in heating and cooling
for the sintered composite sample is shown in Fig. 6.
The curve exhibits a pronounced hysteresis loop,
which has been considered to be the characteristic
of anisotropic materials or composite materials
having phases with different expansion coefficients
in which large stresses are easily developed. As
observed in Fig. 5, microcracks are present within
grains or along grain boundaries. They probably
formed during the cooling stages due to the severe
thermal expansion coefficient anisotropy of the
individual ALTiO; grain and the difference in
TEC between Al TiOs and mullite. When the sample
is heated again, the as-formed microcracks will be
healed, and thus a low thermal expansion could be
observed. The thermal expansion increases after
the closure of microcracks. During the cooling
stage, the sample shrinks quickly due to the high
average thermal expansion coefficient. At a low
temperature, microcracks will open up again,
resulting in a reduced shrinkage process. The turn-
ing point temperature, which was not precisely
identified within the experimental temperature
range, is less than 500°C. Such a low temperature
is due to the improved mechanical strength.

Table 2. Physical properties of the aluminium titanate mullite composite sintered at 1450°C for 4 h

Green AlLTiO; Mullite Sintering Flexural Young’s Thermal Thermal
density grain grain density strength modulus expansion shock
(g em™) sice size (g/en™) (MPa) E (GPa) coefficient resistance
(nm) {pm) Q- 1000°C R, (K)
(10°K")
1.97 37 2:6 348 80-7 + 6-8 12:93 2:67 1566
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Fig. 6. Thermal expansion curve of the composite sintered
sample, at a heating and cooling rate of 5°C min™!, in air.

The thermal shock resistance parameter R,
shown in Table 2 was evaluated by the following
relation:?®

R,= AT= o (1-p)/aE

where R, is the thermal shock resistance parame-
ter, o the flexural strength, E the Young’s modu-
lus, « the thermal expansion coefficient, and u the
Poisson’s ratio, which is assumed to be 0-33.
From the equation above, the avoidance of frac-
ture initiation is required to obtain a high thermal
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Fig. 7. XRD patterns for the composite sample sintered at
1450°C, for 4 h, and after heat treatment test at 1100°C for
100 h. (@) mullite; (M) 8-ALTiOs; (O) a-Al,O5; () rutile.

shock resistance. The high R, value of the com-
posite sample is due to the low thermal expansion
coefficient and the improved mechanical strength.

The thermal decomposition behaviour of the
Al TiO; in the composite was checked by anneal-
ing the sintered composite sample at 1100°C in air
for 100 h, where the decomposition rate of the
AL TiO; solid solution is fastest,” and then grind-
ing the sample into powder. The XRD results for
the powders before and after the thermal treat-
ment test are shown in Fig. 7. Only a trace of
rutile was observed after the test, indicating that
the thermal stability of AL TiOs was maintained.
The presence of both SiO, and MgO is responsible
for the thermal stability.

4 Conclusions

In the present investigation, a gel-coated powder
processing method, i.e. a mullite precursor gel
coating pre-synthesised Al TiOs solid solution
particles, was used to prepare Al,TiOs25 vol%
mullite composite.

Mullite was directly formed by an exothermic
reaction at ~980°C and two different morpholo-
gies of mullite grains were observed. A micro-
structure with a good dispersion of mullite grains
in the AL, TiO5 matrix was achieved.

The composite shows an improved mechanical
strength over pure Al, TiO5 ceramics. The improved
strength is attributed to the enhanced densification
and the good dispersion of mullite grains along
Al,TiOs grain boundaries.

The thermal expansion coefficient of the com-
posite is maintained at a low value and long-term
(100 h at 1100°C) chemical stability of the Al,TiO;
phase in this composite was achieved.
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