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A novel route for processing aluminium titanate (AT)/(alumina—zirconia (AZ)) with graded
microstructure and properties is described. This process offers a simple means of tailoring
the composition and microstructure of ceramic materials. The processing involves
infiltrating porous AZ preforms with a solution of TiCl4, followed by sintering at 1550 °C
for 3 h. The resultant material has a homogeneous core encased with a graded and
heterogeneous layer of AT/AZ. Analyses by X-ray diffraction and energy-dispersive
spectrometry have revealed the existence of concentration gradients, the AT content
decreasing with increasing sample depth. The presence of both AT and zirconia inhibits the
growth of alumina grains through a pinning mechanism. The existence of microcracking in
AT and zirconia grains has been revealed by scanning electron microscopy. The graded
material displays gradual changes in thermal expansion values due to the presence of
AT which gradually reduces in amount from the surface to the core. The inclusion of zirconia
has a favourable effect on the thermal stability of AT against phase decomposition.
 1998 Kluwer Academic Publishers

1. Introduction
Both alumina and aluminium titanate (AT) are ceram-
ics showing considerable promise for use in a number
of engineering applications. The former is widely used
in areas where wear, chemical and/or heat resistance
are required. Owing to its low thermal expansion,
excellent thermal shock resistance and low thermal
conductivity, the latter is a promising material for use
as a refractory and also as a thermal insulator in
engine components [1]. However, the full potential of
these materials has been limited by low toughness and
thermal shock resistance for alumina, and low mech-
anical strength and poor high-temperature stability
below 1280 °C for AT. In view of these limitations,
considerable effort has been directed towards improv-
ing the mechanical properties and thermal stability of
AT through (a) addition of stabilizers [2—4] (e.g. SiO

2
,

Fe
2
O

3
and MgO), (b) incorporation of second phases

[5 —9] such as mullite and zirconia, (c) reaction sinter-
ing of [10] Al

2
O

3
/TiO

2
/ZrSiO

4
and Al

2
O

3
/TiO

2
/

ZrSiO
4
/MgO and (d) grain refinement [11]. Similarly,

much attention has been focused on improving the

fracture resistance of alumina via microstructural de-
sign of duplex [12] or duplex—bimodal [13], hetero-
geneous [14—16] and layer structures [17—19].

Here we consider a new approach, in which micro-
structural elements are tailored to provide graded
compositions and to generate different modes of
strengthening and toughening. The basic idea is to
produce a graded dispersion of AT within the
alumina—zirconia (AZ) matrix through an infiltration
process to yield a layer of homogeneous AZ for
hardess and wear resistance, and a tough layer of
heterogeneously graded AT/AZ for damage disper-
sion. This concept is different from various ceramic
layer structures which have been developed where
alternating homogeneous and heterogeneous layers
are laminated to provide a combination of wear and
fracture resistance [19—21]. The concept of layered
and graded structures with improved mechanical
properties has been successfully exploited for mullite/
alumina composites by Green and Marple [22—24]
and composites of mullite/zirconia-toughened
alumina (ZTA), AT/alumina and AT/mullite/ZTA



by Low and co-workers [25 —29]. The method in-
volves encasing an alumina or ZTA host body with
a graded layer of mullite or AT layer. This was
achieved by infiltrating the host body with a silica-rich
(e.g. ethyl silicate) or TiO

2
-rich (e.g. tetraethyl or-

thosilicate) solution, followed by firing the composite
at an appropriate temperature. Owing to thermal ex-
pansion mismatch between mullite or AT and the host
body, desirable macroscopic compressive stresses can
be induced in the casing. The protective layer inhibits
crack growth and thereby improves the effective frac-
ture resistance of the material. A similar infiltration
process was used by Tu and Lange [29a] for syn-
thesizing non-oxide ceramics.

In this paper, Part I of the series, we describe details
of the synthesis, characterization and physical proper-
ties of a layered and graded AT/AZ composite pro-
cessed through an infiltration method. This method is
relatively simple and offers excellent control over the
depth of infiltration, which dictates the depth of the
graded layer. The presence of the in-situ AT phase in
the AZ matrix has a profound influence on the graded
and physical properties of the composite. The charac-
teristics and properties have been studied using X-ray
diffraction (XRD), neutron diffraction, energy-disper-
sive spectrometry, differential thermal analysis (DTA),
thermogravimetric analysis (TGA), thermal dilato-
metry and scanning electron microscopy (SEM).

2. Experimental procedure
2.1. Processing of samples
A powder mixture of AZ was obtained by wet ball
milling 90 wt% a-Al

2
O

3
(Al000SG grade Alcoa, USA;

of median particle size 0.39 lm) and 10 wt% mono-
clinic zirconia (m-ZrO

2
) (SF Ultra Z-Tech, Australia;

of median particle size 0.40 lm). The slurry was then
dried and sieved until free flowing (45 lm grid size).
The powder mixture was uniaxially pressed in a metal
die at a pressure of 37 MPa to yield a bar sample with
dimensions of 5 mm ] 12 mm ] 60 mm. Partial sin-
tering at 1000 °C for 2 h was used to increase the
strength of the green body while retaining sufficient
porosity (approximately 46%) prior to infiltration.

The porous preforms were initially placed in a vac-
uum vessel (10~3 Torr) before being completely im-
mersed for 24 h in a solution containing 30 wt% TiCl

4
(BDH Limited, Poole, England). The infiltrated pre-
forms were then dried at room temperature for 24h
before being heat-treated in a high-temperature fur-
nace (Ceramic Engineering model HT 04/17) at a rate
of 1 °C min~1 to 450 °C for 30 min, followed by 5 °C
min~1 to 1550 °C for 3 h, and then furnace-cooled at a
rate of 10 °C min~1. For comparison purposes, a con-
trol sample of AZ (90:10 alumina: zirconia by weight)
was also prepared and heat-treated in the same man-
ner but without being immersed in the solution.

2.2. X-Ray diffraction and high
temperature neutron diffraction

The general phase identification and depth profiling of
phases formed in the graded sample were done using

XRD. XRD patterns of the sintered specimen at vari-
ous depths (0—1.5 mm) were collected using a Siemens
D500 X-ray diffractometer (CuKa tube) at 40 kV and
30 mA. An incident beam divergence of 0.3° was used.
These patterns were recorded from 17° to 100° in 2h at
a step size of 0.04°, and with a counting time of 2 s per
step. The subsurface measurements were made after
gradual polishing with emery paper to the required
depth.

Rietveld pattern-fitting was employed with the col-
lected patterns to estimate the phase composition.
Refinements were made with the LHPM program [30].
The refined parameters were the background profile
parameters and 2h-scale offset as global parameters,
and for each phase the scale factor, lattice parameters,
preferred orientation factor and pseudo-Voigt peak
profile parameters. The crystal structure models used
for the refinements have been described in [31].

The weight fraction of phase i at each depth was
determined by the external standard approach [32]

¼
i
"

s
i
(ZM»)

i
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s
s
(ZM»)

s
l
s

(1)

where s
i
and s

s
denote the Rietveld scale factors of

sample i and the external standard (i.e. high-purity
a-alumina) respectively. Z

i
is the number of formula

units of phase i (calculated from the refined lattice
parameters) with mass M

i
in the unit-cell volume »

i
.

The mass attenuation coefficient (MAC), l
s
, of the

standard was calculated whereas the MAC, l*, of the
specimens was determined by Compton scattering
measurements. Details of the experimental procedure
used in determining the MAC of the graded material
have been reported elsewhere [31, 32].

High-temperature neutron diffraction (HTND) was
used to monitor the evolution of phase transforma-
tions with the as-fired graded sample at various
temperatures (25 —1000 °C). This experiment was con-
ducted in order to explain the anomalous thermal
expansion behaviour of the graded material at temper-
atures in the range 700 —900 °C (see Fig. 7). The
HTND data collection was performed using the me-
dium-resolution powder diffractometer located at the
Australian Nuclear Science and Technology Organ-
isation in Lucas Heights, New South Wales. The oper-
ating conditions were as follows: k"1.664A°; 2h
range, 5—138°; step size, 0.1°; counting time, about
40 —50 s per step; monochromator of 8 Ge crystals
((115) reflection); 24 3He detectors 4° apart.

2.3. Microstructural observation
A graded sample was prepared for microstructural
study following the standard ceramographic pro-
cedure, i.e. polishing to 1 lm finish. The sample
was thermally etched at 1500 °C for 10 min to reveal
grain boundaries. Micrographs were taken with
a JEOL 35C electron microscope operated at 25kV
and 0.1lA. The micrographs of the graded material
were taken near the edge region, at depths of approx-
imately 300, 600 and 1000 lm. Grain size measurement
was conducted by the lineal intercept method [33].
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Energy-dispersive X-ray analysis was used to quali-
tatively display the graded profile in the functionally-
graded material (FGM) sample. A sample of 3.5 mm]
6.0 mm]1.5 mm was obtained by cross-sectionally
cutting the as-fired sample. Titanium X-ray mapping
of the sample was obtained after the sample had been
carbon coated.

2.4. Properties characterization
The bulk density and apparent porosity of the sintered
samples were measured following the Australian Stan-
dard AS 1774.5 [34]. The percentage reduction in
volume was used to determine the shrinkage values.

A Stanton Redcroft STA-780 thermal analyser was
used to study the evolution of thermochemical reac-
tions during the heat treatment of samples in air from
room temperature to 1400 °C at a heating rate of 10 °C
min~1 with alumina powder as the reference standard.

The thermal expansion behaviour of sintered sam-
ples in air from room temperature to 1300 °C was
characterized using a TMA Rigaku Thermoflex 8140
thermoanalyser. Sintered alumina was used as the
reference standard, and the heating and cooling rates
were 3 °C min~1 and 10 °C min~1, respectively. The
dimensions of the bar samples for thermal expansion
measurement were 20 mm]3 mm]3 mm. Depth
profiling of the thermal expansion coefficient (TEC)
was evaluated by gradually polishing away the sample
surface.

The effect of graded structure and ZrO
2

on the
short-term thermal stability of the AT phase at
1050 °C was also investigated. XRD patterns were
collected from sintered samples which had been an-
nealed at 1050 °C for up to 6 h in order to study the
thermal decomposition of AT. The rate of decomposi-
tion was determined using integrated intensity ratios
of AT to alumina and of rutile to alumina. The a-
alumina (0 2 4), AT (0 2 3) and rutile (1 1 0) peaks were
selected for the study.

3. Results and Discussion
3.1. Physical character and phase

distribution
Table I shows the mass change, bulk density, apparent
porosity and shrinkage of the as-fired, infiltrated and
uninfiltrated AZ composites. Assuming that all TiO

2
completely reacted with alumina in the matrix to form
AT and that 3 wt% tetragonal zirconia (t-ZrO

2
) was

present (Table II), this mass increase can be related to
the presence of as much as 9.2 wt% or 10.0 vol% AT
in the bulk. However, the concentration of AT is not
uniformly distributed throughout the sample. As shown
by the quantitative Rietveld analysis, the content of
AT varies from 44.5 wt% on the surface to 5.3 wt% at
a depth of 1.5 mm towards the core (see Table II).

The formation of in-situ AT (Al
2
TiO

5
) in the sample

is believed to occur via an endothermic sintering reac-
tion between Al

2
O

3
and the infiltrated TiO

2
at ap-

proximately 1280 °C [35]

a!Al
2
O

3
#TiO

2
(rutile)"b!Al

2
TiO

5
(2)

TABLE I Mass changes, densities, porosities and shrinkages of
the infiltrated and uninfiltrated (control) specimens: *M

!
, relative

mass difference after and before infiltration; *M
"
, relative mass

difference after drying and before infiltration; *M
#
, relative mass

difference after sintering and before infiltration; D, density; P, poros-
ity; subscripts i and f indicate initial (before infiltration) and final
(after sintering), respectively; S, volume shrinkage; values in paren-
theses are the estimated standard deviation to the left

Specimen *M
"

*M
#

D
*

D
&

P
&

S
(%) (%) (g cm~3) (g cm~3) (%) (%)

Infiltrated 5.4(4) 4.2(6) 2.3(1) 4.07(2) 3.3(3) 40.1(25)
Control 0.2(2) 0.6(5) 2.3(1) 4.06(3) 2.1(4) 46.5(14)

TABLE II Absolute weight fractions of phases in the functionally
graded AT/AZ composite at various depths and the AZ ceramic
control sample (the values in parentheses are the estimated standard
deviation to the left)

Depth Weight fraction (%) for the following phases
(mm)

Al
2
O

3
AT m-ZrO

2
t-ZrO

2
Amorphous

0.0 44.4(12) 44.5(15) 5.3(3) 1.0(1) 5(2)
0.1 56.4(15) 34.6(12) 5.8(2) 0.7(1) 2(2)
0.3 80.2(19) 9.5(6) 7.0(2) 1.2(1) 2(2)
0.4 78.9(20) 8.3(6) 7.0(2) 1.0(1) 5(2)
0.8 81.0(20) 7.2(6) 6.8(2) 1.1(1) 4(2)
1.2 84.1(16) 7.7(9) 6.5(2) 2.4(1) 0(2)
1.5 85.7(17) 5.3(9) 6.7(2) 2.1(1) 0(2)
Control 90.3(18) — 4.0(2) 5.0(1) 1(1)

Figure 1 (a) DTA and TGA curves for an AZ preform infiltrated
with TiCl

4
. (b) An enlarged view of the DTA at 1000—1500 °C is also

given.

The thermochemical reactions during the firing of an
infiltrated sample from room temperature to 1400 °C
is depicted in Fig. 1. The first endotherm, centred at
100 °C, is attributed to the removal of physically
absorbed water. The exotherm at 300 °C may be re-
lated to the decomposition of residual organic matter.
The formation of crystalline AT is revealed by an
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Figure 2 X-ray characteristic emissions of Ti Ka (- - -d- - -), Al Ka (—r—) and Zr La (—m—) with depth of FGM sample measured using
energy-dispersive X-ray microanalysis. Error bars indicate 2] estimated standard deviations.

endothermic enthalpy effect at 1380 °C which is
approximately 40 °C higher than that observed for
pure AT [36—38] and graded AT/alumina [28]. This
higher temperature of AT formation may be at-
tributed to the existence of limited solid solution be-
tween ZrO

2
and AT [39]. The display of a negative

reaction enthalpy suggests the importance of entropy
in the formation of AT, i.e.!¹ *S exceeds#*H to
give a negative *G. It appears that a random distribu-
tion of the Al and Ti atoms on the sites of the pseudo-
brookite structure [36] is crucial for the stabilization
and formation of AT.

Table I shows that the apparent porosity of the
infiltrated sample is 3.3% whereas that of the uninfil-
trated control sample is 2.1%. A higher sintering tem-
perature (above 1600 °C) or hot pressing may be
necessary to achieve nearly full densification. The
graded material produced here has a much higher
final density when compared with other non-graded
AT composites [11, 40, 41], where at least 12% appar-
ent porosity was observed. The volume shrinkages of
the infiltrated and uninfiltrated samples are 40.1 and
46.5%, respectively, after sintering. The lower shrink-
age of the infiltrated sample can be attributed to the
presence of AT, which expands by 11% during its
formation, and this hinders sintering or shrinkage.

Qualitative analysis of the XRD data shows that the
phases present in the material were AT, a-alumina,
m-ZrO

2
and t-ZrO

2
. These phases were observed at

all sample depths. The absolute weight fractions of
phases in the FGM at various depths are presented in
Table II. The gradual decrease in absolute weight
fraction of AT with increasing depth shows that the
material exhibits a graded compositional character.

The depth profile of alumina content increases com-
plementarily with that of AT.

The average content of t-ZrO
2
in the graded sample

was less than that in the AZ control sample. It is
interesting to note that this content increased slightly
with increasing depth. As proposed by Wohlfromm
et al. [42], the ‘‘weak’’ AT matrix was responsible for
the inability to retain the t-ZrO

2
phase at room tem-

perature. Since the amount of AT decreases with in-
creasing depth, it follows that the ability of the graded
material to retain t-ZrO

2
should be higher in the core

than near the surface. It appears that the presence of
AT has induced residual tensile stresses near the sur-
face which may be responsible for enhancing the tet-
ragonalPmonoclinic phase transformation. The
microstructural study (see Fig. 4) confirms the results
of phase analysis in that no zirconia grains were em-
bedded within alumina grains at the near-surface re-
gion, a characteristic associated with m-ZrO

2
particles

[43]. By contrast, fine t-ZrO
2

particles were embed-
ded in alumina grains near the inner region.

The amorphous phase content at various depths
was determined by subtracting the total crystalline
phases content from unity. Approximately 3 wt%
amorphous material was found in the graded material.
The value of amorphous phase MAC (CuKa) at each
depth is between 69.8 and 125.8 cm2 g~1 [32]. This
value indicates that the phase is either amorphous
AT [36] or amorphous TiO

2
(MAC (CuKa)"

127.25 cmg~1), which has experienced incomplete
crystallization to form rutile.

Qualitative energy-dispersive X-ray microanalysis
was used to verify the graded compositional character
of a finely polished graded sample. The X-ray emission
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intensities of Ti Ka , Al Ka and ZrLa were collected
from the (near) surface to the centre with both a spot
size and a step size of 50 lm. Fig. 2 shows the plot of
the X-ray emission integrated intensities of the lines
versus sample depth. It is clearly shown that titanium
emissions reduce with increasing depth whereas those
of aluminium and zirconium are nearly constant. This
observation suggests that infiltration has led to the
formation of a graded microstructure. Similar graded
profiles have been obtained for the infiltration pro-
cessed mullte/alumina system [22]. Therefore, these
results complement those of XRD quantitative phase
analysis.

Fig. 3a shows the Ti dot map for the region near the
surface (0—500 lm) of the graded material. The
back-scattered scanning electron micrograph of the
associated region is shown in Fig. 3b. A gradual de-
crease in Ti (or AT) content with increasing depth is
clearly evident. A similar depth profile character has
also been observed by Low and co-workers [28, 29]
for infiltration-processed AT/alumina and AT/mul-
lite/ZTA composites. This observation serves to verify
the graded compositional character of the material.

3.2. Microstructure
Micrographs of the infiltrated sample are shown in
Fig. 4. The alumina grains exhibit a dark color and AT
grains are slightly lighter or grey coloured. The bright
grains are zirconia. At 20 lm depth, many grey grains
are observed. The number of these grains reduces with
increasing depth, which indicates that the surface of
the as-fired infiltrated specimen is AT rich and that its
content reduces with an increase in depth.

Fig. 5 shows the results of alumina grain size
measurement using a lineal intercept method. The
average grain size of alumina tends to increase with
increasing depth. The grain growth of alumina is

Figure 3 (a) Ti dot map at region of approximately 0—500lm within
the AT/AZ FGM. (b) Back-scattered scanning electron micrograph
of the associated region. Note the same size of the indicator bars.

Figure 4 Microstructure of the as-fired infiltrated specimen at depth
of (a) 0.02mm (near the surface), (b) 0.3 mm, (c) 0.6 mm and (d)
1.0mm. The dark grains are alumina, the grey grains are AT, and
the light grains are zirconia. The sample was polished and then
thermally etched at 1500 °C for 10 min.

clearly controlled by the presence of both AT and
m-ZrO

2
, the content of which reduces with increasing

sample depth, presumably through a pinning mecha-
nism [13, 44, 45]. Additions of ZrO

2
[46] and mullite
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Figure 5 Average a-alumina grain size at various depths of the
functionally graded AT/AZ composite.

[47] have been observed to be effective in controlling
the abnormal grain growth of alumina.

There are other features which can be discerned
from the microstructural observation of the graded
material. Firstly, the ‘‘porous’’ polished surface can be
attributed to profused grain pull-outs during polish-
ing by virtue of a large thermal expansion mismatch
between alumina and AT [42, 44, 48]. Secondly, in-
tragranular microcracks prevail in AT grains (Fig. 6)
as a result of pronounced anisotropy in thermal ex-
pansion [49]. This type of microcracking is well dis-
tributed within the near-surface region and occurs
usually along the short axis, normal to the directions
of high expansion caused by the development of ten-
sile stresses [50]. It is worth noting that these intra-
granular microcracks generally occur in AT grains
which are larger than 2 lm. This suggests that there is a
critical grain size for spontaneous microcracking in
AT grains [42, 49]. The AT grains prefer to grow
along the long axis rather than the short axis, causing
tensile stresses to be induced along this axis which
result in the break-up of the grains. Thirdly, intra-
granular microcracking also occurs in zirconia grains
(see Fig. 6). Such microcracks tend to occur along the
short axis and are surrounded by AT grains. It is also
worth noting that no microcracks were observed in
alumina-surrounded zirconia grains. The microcrack-
ing in the zirconia grains is driven by the intragranular
microcracks in AT grains. Intragranular cracking of
m-ZrO

2
grains has been commonly observed in zirco-

nia-toughened alumina ceramics [43, 51]. Finally, it is
worth emphasizing that the infiltration process offers
a simple but elegant approach that can be utilized to
engineer ceramics with graded composition and
microstructure for both functional and structural ap-
plications.

3.3. Thermal expansion characteristics
TEC values of the graded material at various polish-
ing depths and the control sample are shown in Table
III. The average value of TEC of the graded material
increases with increasing depth, i.e. from 5.6]
10~6 °C~1 on the surface to 7.4]10~6 °C~1 at 0.5 mm

Figure 6 Microcracking phenomena in AT and zirconia grains of
AT/AZ FGM.

TABLE III TEC values of the AT/AZ FGM and AZ control
sample between 20 and 1300 °C

Specimen Average TEC
(10~6 °C~1)

FGM, unpolished, between 20 and 750 °C 5.9
FGM, unpolished, between 800 and 1300 °C 5.0
FGM, unpolished, between 20 and 1300 °C 5.6
FGM, 0.3 mm polished 7.3
FGM, 0.5 mm polished 7.4
Control sample (non-FGM) 7.4

depth. This increase is associated with the gradual
removal of the low-thermal expansion AT phase from
the surface of the material. By polishing up to 0.5 mm
depth, the TEC value of graded material has ap-
proached that of the control sample, i.e. 7.4]
10~6 °C~1. The presence of a low-thermal-expansion
surface layer may impart improved thermal shock
resistance to the material.

It is interesting to note that the as-fired graded
material exhibits an anomalous thermal expansion
curve between 750 and 850 °C (Fig. 7a). The TEC
drops from 5.5]10~6 °C~1 at 750 °C to 4.5]
10~6 °C~1 at 850 °C. In order to explain the pheno-
menon responsible for this thermal expansion ‘‘kink’’,
HTND measurements were performed at various tem-
peratures (Fig. 8). As can be seen from the Figure, the
m-ZrO

2
peaks (denoted as Z-m) reduce significantly

with increasing temperature. This trend is accom-
panied by increases in the t-ZrO

2
peak intensities

(denoted as Z-t). This type of transformation is fol-
lowed by a reduction in unit cell volume by 4% [51].
Thus, this observation confirms that the anomalous
thermal expansion behaviour of the FGM was due to
the m-ZrO

2
P t-ZrO

2
transformation. It is also pos-

sible that crack healing in AT grains [52] may cause
a reduction in grain dimensions and thus a drop in the
thermal expansion of the material. This crack healing
is believed to commence at approximately 750 °C (see
Fig. 7b), which corresponds to the start of decline in
the thermal expansion curve. This phenomenon to-
gether with the m-ZrO

2
P t-ZrO

2
transformation is

believed to be responsible for the observed sharp drop
in thermal expansion values of the graded material at
elevated temperatures.
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Figure 7 Thermal expansion behaviour of AT/AZ FGM and AZ
control sample between 20 and 1300 °C: (a) FGM as-fired (— *—)
and after polishing up to 0.3mm (—]—) and 0.5mm (—C—)
depths; (b) the as-fired FGM (— *—) and AZ control (—]—)
samples.

Another anomalous behaviour in thermal expan-
sion is also observed in the control sample at approx-
imately 1100 °C (see Fig. 7b), where the TEC value
drops by approximately 0.2] 10~6 °C~1. This de-
crease is well established to arise from the m-
ZrO

2
P t-ZrO

2
transformation [51]. Such a drop

was not observed at 1100 °C in the graded material
because all m-ZrO

2
had already been transformed

into the tetragonal structure at a lower temperature,
i.e. 750 °C. The drop in the value of the TEC is greater
in the graded sample than in the control since the
former has more m-ZrO

2
at room temperature than

that of the latter, as previously described in Section
3.1. The presence of AT appears to have a profound
influence on the transformation temperature of
m-ZrO

2
to t-ZrO

2
, which may also be ascribed to the

existence of a solid solution between AT and ZrO
2
.

3.4. Thermal stability of aluminium
titanate/alumina—zirconia material

One of the limitations of AT is its thermal decomposi-
tion of the material into parent phases, i.e. a-alumina
and rutile, between 900 and 1100 °C [35]. Extensive
studies have been conducted by various workers to
understand the mechanism of decomposition and to
stabilize the material by incorporating second phases

Figure 8 Neutron diffraction patterns of the AT/AZ FGM collected
at room temperature (RT) and elevated temperatures (k"1.664As ).
Patterns are highlighted in the 2h range of (a) 27—37° and (b) 49—59°.
AT, aluminium titanate; A, a-alumina; Z-m, m-ZrO

2
; Z-t, t-ZrO

2
.

such as ZrO
2
[4], SiO

2
[4], MgO [3, 4, 53] and Fe

2
O

3
[2, 3]. It has been shown by these researchers that
MgO and Fe

2
O

3
are the most effective materials for

stabilizing the material, whereas ZrO
2

and SiO
2

are
less effective.

Fig. 9 shows the XRD patterns from the surface of
the graded material after annealing at 1050 °C for 0, 2,
4 and 6h. Note that, from the compositional analysis
described earlier, the surface of FGM contained
44.5wt% AT, 44.4wt% a-alumina and 6.3wt% zirco-
nia. It is evident from the figure that the AT on the
surface of grade material has decomposed into a-
alumina and rutile. This phenomenon is particularly
evident from the increase in the intensity of the rutile
(1 0 1) peak with prolonged annealing time.

Fig. 10 shows the results of thermal decomposition
of FGM at various annealing times. Results from
a study of Hwang et al. [48] on the thermal decompo-
sition of AT-dispersed alumina are also presented for
comparison. It is clear that the AT-to-alumina peak
ratio in the graded material decreases slowly with
increase in annealing time, while the rutile-to-alumina
peak ratio increases with increasing annealing time.
By contrast, the AT-to-alumina peak ratio in the AT-
dispersed alumina decreases rapidly, and the rutile-to-
alumina peak ratio increases abruptly with increasing
annealing time, indicating a high degree of thermal
decomposition.

These results indicate that the presence of zirconia
has apparently affected the decomposition of AT in
a positive way. Fig. 10 also shows that the thermal
decomposition rate of graded material is clearly much
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Figure 9 XRD patterns (Cu Ka radiation) from the surface of the
FGM for decomposition study after annealing at 1050 °C for 0, 2,
4 and 6 h. Note in particular the peak increase in rutile (1 1 0). AT,
aluminium titanate; A, a-alumina; Z-m, m-ZrO

2
.

Figure 10 The decomposition rate of AT in the layered and graded
AT/AZ material for the integrated line intensity ratios of AT (0 2 3)
to alumina (0 2 4) (—r—) and of rutile (1 1 0) to alumina (0 2 4)
(—f—). The decomposition rate of a non-graded AT/alumina con-
trol material for the integrated line intensity ratios of AT (0 2 3) to
alumina (0 2 4) (—e—) and of rutile (1 1 0) to alumina (0 2 4) (—C—)
[48] is also presented for comparison. (- - - - - -), complete decompo-
sition level where the ratio of rutile to alumina is unity.

less than that of the AT-dispersed alumina system
[48]. While AT in the latter decomposed rapidly with
increasing annealing time, the former was reasonably
stable for short-term annealing times (less than 6 h).
However, it is believed that the thermal stability of
graded material will eventually degrade with longer
annealing times because ZrO

2
is not a good stabilizer

for AT [4]. As proposed by Wohlfromm et al. [42],
the negligible effect of zirconia in the stabilization of
AT may be attributed to the inability of relatively
large Zr4` (ionic radius, 0.79 As ) to substitute for the
smaller Ti4` (0.68 As ) or Al3` (0.51 As ) in AT. Oxygen
deficiency [6] in the AT structure may also reduce its
ability to be stabilized by zirconia. On the contrary,
MgO and Fe

2
O

3
are excellent stabilizers of AT [2, 3].

4. Conclusions
AT/AZ with graded properties has been synthesized
using an infiltration process. The presence of the

in-situ AT phase in the AZ matrix has a profound
influence on the physical properties of the composite.
The infiltration approach offers an elegant means of
tailoring the composition and microstructure of
graded materials. The characteristics and properties
have been studied using XRD, neutron diffraction,
DTA, TGA, thermal dilatometry and scanning elec-
tron microscopy.

XRD and energy-dispersive X-ray microanalysis
have verified the graded compositional character of
the material. The presence of microcracking in AT
grains and the growth control of alumina grains by
both AT and ZrO

2
have been revealed by SEM.

The graded material displays continuous changes in
thermal expansion values. The near-surface region has
a TEC value of 5.9] 10~6 °C~1 compared with
7.4]10~6 °C~1 at the core. This graded property is
due to the presence of AT, the amount of which is
gradually reduced from the surface to the core. The
presence of ZrO

2
has a favourable effect on the stabil-

ization and prevention of AT against thermal de-
composition.
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