
Vol. 125 (2014) ACTA PHYSICA POLONICA A No. 2

Proceedings of the 3rd International Congress APMAS2013, April 24�28, 2013, Antalya, Turkey

Microstructural Characterization and Thermal Properties

of Aluminium Titanate/YSZ Ceramics
E. Çitaka,b and T. Boyraza,∗

aCumhuriyet University, Metallurgical and Materials Engineering, Sivas, Turkey
bErciyes University, Fine Arts, Kayseri, Turkey

Yttria stabilized zirconia (YSZ, with 3 mol.% Y2O3) has superior high temperature properties such as high
tolerance for thermal shock, low thermal conductivity, mechanical properties, elevated melting point, good phase
stability, and excellent oxidation resistance. Aluminium titanate (Al2TiO5) exhibits extremely good thermal
shock resistance and low thermal conductivity coupled with good chemical resistance in molten metals. In the
present work, aluminium titanate/YSZ ceramics with di�erent percentages of Al2TiO5 was prepared using powder
metallurgy techniques. The microstructural, mechanical and thermal properties were characterized using X-ray
di�raction, scanning electron microscopy, di�erential scanning calorimetry, dilatometer and hardness. Thermal
shock resistance behaviour under water quenching of the as-prepared ceramics was also evaluated. The results
revealed that the addition of aluminium titanate to YSZ matrix improves the properties of the aluminium titanate/
YSZ ceramics.
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1. Introduction

Pure zirconia in equilibrium state exists in three poly-
morphic forms: the monoclinic phase is stable up to
1170 ◦C where it transforms into the tetragonal phase,
which is stable up to 2370 ◦C, and the cubic phase ex-
ists up to the melting point at 2680 ◦C [1, 2]. Obtain-
ing of stable sintered zirconia ceramic products is di�-
cult because of the large volume change accompanying
the transition from tetragonal to monoclinic (about 9%).
Stabilization of the tetragonal polymorph of zirconia over
wider range of temperatures is accomplished by substi-
tution of some of the Zr4+ ions in the crystal lattice
with slightly larger ions, e.g., those of Y3+ (ionic radius
of 0.96 Å). The resulting doped zirconia materials are
termed stabilized zirconia [3]. The superior mechanical
such as hardness, strength and fracture toughness, ther-
mal such as high tolerance for thermal shock, low ther-
mal conductivity, electrical and chemical properties of
yttria stabilized zirconia have recently become the focus
of growing scienti�c and technological interest [4, 5].
The aluminium titanate is a one mole alumina (Al2O3)

and one mole titania (TiO2) compound. This material
is conventionally prepared by reactive sintering of Al2O3

and TiO2 powders [6]. Aluminium titanate (Al2TiO5)
ceramics are excellent thermal shock resistant materials
on account of their unique combination of low thermal
expansion, low Young modulus, low thermal conductiv-
ity, and high melting point [7�10]. It is these proper-
ties that make Al2TiO5 suitable for high-temperature
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applications where thermal shock resistance and ther-
mal insulation is required, such as components of internal
combustion engines, exhaust port liners, swirl chambers,
valves, piston buttons, turbochargers, and manifold in-
sulations. Other important applications include thermo-
couple sleeves, burner nozzles and it is widely used as
refractory crucibles for metal casting and �ow regulation
[9, 11].
In the literature, Wei et al. prepared ZrO2�Al2TiO5

composite materials with high bending strength and good
thermal shock resistance expansion using partially stabi-
lized zirconia (Y-PSZ) powders coated with Al2TiO5 by
co-precipitation method [12]. Shimada et al. found that
aluminium titanate was strengthened by alloying with
3 mol.% yttria stabilized zirconia to attain a small ex-
pansion coe�cient of 2 × 10−6 and a high strength of
100 MPa [13].
In this study aluminium titanate/YSZ ceramics with

di�erent percentages of Al2TiO5 was prepared, mi-
crostructural physical, mechanical and thermal proper-
ties were characterized.

2. Experimental

In this study, zirconia (Serp, France), 3 mol.% yttria
(Y2O3, Merck, Germany) was used for obtaining yttria
stabilized zirconia stoichiometric composition (YSZ, with
3 mol.% Y2O3) and aluminum titanate (Al2TiO5) was
produced by using alumina (Al2O3, Merck, Germany)
and titania (TiO2, Merck, Germany) powders. Start-
ing materials that we use are regarded as 99.9% per-
cent pure. After the zirconia and yttria were weighed
in terms of mole ratio of YSZ, with 3 mol.% Y2O3 mix-
tures were dispersed in acetone and milled as wet with
zirconia balls of Ø 10 mm for 3 h. The materials con-
taining Al2O3 and TiO2 were prepared in the same way
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by wet ball milling. Al2TiO5 ceramics were synthesized
by reaction sintering of an equimolar mixture of Al2O3

and TiO2 powders. The powders were �rst homogenized
by wet ball milling. The resulting mixtures were then
sintered at 1550 ◦C for YSZ and 1600 ◦C for aluminium
titanate (AT) in air for 2 h. Then, additions of AT in
weight proportions of 0, 5, 10 wt% were made to the
ZAT (YSZ+AT) mixture (hereafter these mixtures are
denoted ZAT0, ZAT5, and ZAT10, respectively). Each
lot was again wet mixed according to the procedure de-
scribed above. Then, we pressed mixtures at 200 MPa
into 30×30×5 mm3 specimens. The compacts were sin-
tered in air using a heating rate of 5 ◦C min−1, soaked at
1700 ◦C.
Bulk density, porosity and water absorption of the

sintered samples were measured. Micro hardness (Shi-
madzu, HMV) was measured on the polished surface
of the samples at room temperature. At least six in-
dividual tests with a peak load of 2000 g and a load-
ing time of 20 s were performed for each set of com-
posites. After sample sections were mechanically pol-
ished and then thermally etched at 1500 ◦C for 4 h in air,
the microstructural characterization of the sintered sam-
ples was carried out using scanning electron microscopy
(SEM) (Leo 440). The morphological parameters of the
various phases were characterized by using a semiau-
tomatic image analyzer, energy dispersive X-ray spec-
troscopy (EDX) and the formed phases were analyzed by
X-ray powder di�ractometer (Rigaku, Dmax, IIIC) us-
ing Cu Kα radiation. The thermal behavior of the ZAT
composition was characterized by di�erential scanning
calorimetry (DSC) (Shimadzu, DSC-60). Thermal ex-
pansion coe�cients were measured by using dilatometer
(Anter, USA).

3. Result and discussion

Table shows physical properties of the sintered ZAT
ceramics obtained for the di�erent mixtures prepared.
Both the bulk and true densities of the composites
decreased with increasing aluminium titanate content.
(Note that the theoretical density of ZAT0 is 6.05 g cm−3

whereas the density of Al2TiO5 is 3.20 g cm−3 [14].) Also
evident in Table is that the porosity and water absorption
decreased from 0 to 10 wt% Al2TiO5 content.

TABLE
Physical properties of sintered samples.

ρbulk
[g/cm3]

ρtrue
[g/cm3]

ρrelative
[%]

Porosity
[%]

Water
absorption

[%]
Sintered at 1700 ◦C

ZAT0 5.89 6.05 97.38 2.625 1.750
ZAT5 5.88 5.91 99.59 0.405 0.264
ZAT10 5.75 5.77 99.82 0.181 0.114

Figure 1 is representative SEMmicrographs taken from
the surface of the sintered ZAT0, ZAT5, and ZAT10 sam-
ples. It can be seen that ZAT10 appears to be denser and

fewer pores than the sample ZAT5 and ZAT5 appears to
be denser and fewer pores than the sample ZAT0. As re-
ceived, denser structure was observed with increasing alu-
minium titanate content. The addition of aluminum ti-
tanate also in�uences the grain morphology as is observed
in the microstructures of the composites. The grain size
is growing as the amount of aluminum titanate increases.
EDX shows that microstructure of ZAT10 sample was
used for phase analysis. Region A consists of two main
phases (YSZ and Al2TiO5) because it contained Zr, O,
Y, Al, and Ti. Region B is consisting of Zr, O, Y, and Ti.
Region C is consisting of Zr, O, Ti, and Y. Titanium con-
tent was found as 2.76% in the general EDX analysis (A),
2.38% within the grain structure (B) and 3.43% at the
grain border (C). Hence, TiO2 is more intense at grain
borders. The average grain size determined 2.1 µm for
ZAT0, 5.4 µm for ZAT5, and 7.8 µm for ZAT10.

Fig. 1. SEM and EDX images analyses of ZAT0,
ZAT5, and ZAT10.

The X-ray di�raction patterns of the aluminium ti-
tanate and ZAT10 are shown in Fig. 2. XRD analysis
of the as-sintered samples revealed that main phases are
YSZ and aluminum titanate. Results showed that mo-
noclinic and tetragonal phases appeared in the samples.
The thermal behavior of the YSZ, AT, and ZAT10

ceramics were characterized by di�erential scanning
calorimetry (DSC) in Fig. 3. The �rst exothermic peak
for YSZ at 300 and 350 ◦C are observed in the DSC plot.
As indicated above, this fact suggests the loss of lattice
water and organic functional groups. Another exother-
mal peak is also observed around 480 ◦C, which could be
due to the crystallization of the cubic (c) and tetragonal
(t) phases [15].
The thermal expansion behavior of ZAT0 and ZAT10

ceramics are shown in Fig. 4. ZAT0 has a coe�-
cient of thermal expansion (CTE) of 10.8 × 10−6 K−1

for 3 mol.% YSZ in the range 298 and 1273 K [16].
Al2TiO5 has a coe�cient of thermal expansion (CTE) of
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Fig. 2. XRD analyses of aluminium titanate and
ZAT10.

Fig. 3. DSC curves of YSZ, AT, and ZAT10 ceramics.

1×10−6 K−1 [17]. Addition of aluminium titanate is ob-
served to decrease the CTE of ZAT0. Samples ZAT0 and
ZAT10 have CTE of 10.8×10−6 K−1 and 9.82×10−6 K−1,
respectively, in the range of 298�1273 K. It is well known
that a low CTE is one of the requirements for improving
thermal shock resistance at elevated temperatures.

Fig. 4. CTE plots of ZAT0 and ZAT10 ceramics.

Figure 5 shows microhardness of ZAT0, ZAT5, and
ZAT10 samples before thermal shock testing and after
thermal shock testing. Microhardness (Shimadzu, HMV)
was measured on the polished surface of the samples at
room temperature. At least six individual tests with a
peak load of 2000 g and a loading time of 20 s were per-
formed for each set of composites. After thermal shock
testing microhardness was measured again. The micro-
hardness increases with increasing aluminium titanate
content. In the case of ZAT10, the hardness has the

Fig. 5. Vickers microhardness ZAT0, ZAT5, and
ZAT10 samples before thermal shock testing and after
thermal shock testing.

biggest value (1085 HV2). Therefore, increasing content
can be attributed to the mechanical properties like hard-
ness. As aluminium titanate content increased thermal
shock properties of the material improved. Also, the de-
cline in the hardness of the material decreased as the
aluminium titanate content increased.

4. Conclusions

Aluminium titanate/YSZ ceramics with di�erent per-
centages of Al2TiO5 was prepared, microstructural and
thermal properties were characterized. More denser and
fewer pores structures were observed with increasing alu-
minum titanate content. The addition of aluminum ti-
tanate also in�uences the grain morphology as is observed
in the microstructures of the composites. The grain size
is growing as the amount of aluminum titanate increases.
YSZ�AT ceramic composites show increased hardness de-
pending upon the aluminium titanate content. Sample
ZAT0 has a hardness of 994.2 HV2 which increases fur-
ther to 1085 HV2 on addition of 10 wt% AT. As AT
content increased, thermal shock properties of the ma-
terial improved. Also, the decline in the hardness of
the material decreased as the aluminium titanate con-
tent increased. XRD analysis of the sintered samples re-
vealed that main phases are YSZ and aluminium titanate
(Al2TiO5). Results showed that monoclinic and tetrago-
nal phases appeared in the samples. The CTE of the YSZ
decreased as aluminium titanate was added in it. Sam-
ples ZAT0 and ZAT10 have CTE of 10.8×10−6 K−1 and
9.82× 10−6 K−1, respectively, in the range 298�1273 K.
It is well known that a low CTE is one of the require-
ments for improving thermal shock resistance at elevated
temperatures.
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