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Abstract

Sintering behavior of Al2TiO5 without and with various additives and the thermal properties of the sintered materialÐthermal
expansion and decompositionÐwere investigated. The precursors of Al2TiO5 powders were prepared by homogeneous precipita-
tion and coprecipitation. Sintering of pure Al2TiO5 gave a ®ne grained-structure at 1300�C, but resulted in large-grained and

cracked microstructures at 1400 and 1500�C. Addition of ZrO2 or BaO gave ®ne-grained microstructures with a small increase in
thermal expansion. Addition of ZrO2, BaO or ZrSiO4, especially ZrSiO4, was e�ective in suppressing the thermal decomposition of
Al2TiO5 at 1100

�C. # 1999 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

Aluminum titanate (Al2TiO5) is characterized as a
low thermal expansion material having a melting point
as high as 1860�C. However, its low expansion is due to
a prominent thermal expansion anisotropy which tends
to cause cracks in the sintered bodies, making it di�cult
to obtain a high-density [1]. In addition, Al2TiO5

decomposes into a-Al2O3 and TiO2 (rutile) in the tem-
perature range 900±1280�C. The mechanical strength of
Al2TiO5 ceramics increases as the grain size decreases
[2]. To suppress the decomposition of Al2TiO5 and to
prepare the ®ne-grained ceramics, many investigators
have examined the e�ect of various additives such as
MgO, SiO2 or ZrO2 [3±8]. Yano et al. [9,10] investigated
thermal and mechanical properties of Al2TiO5±mullite
composites.

In the present paper, the sinterability of ®ne powder
of Al2O3±TiO2 hydrate prepared by homogeneous pre-
cipitation and the e�ects of addition of low-thermal-
expansion glass, barium salts, ZrO2 and ZrSiO4 on the
sintering behavior of the Al2O3±TiO2 system were
investigated.

2. Experimental procedure

2.1. Preparation of powder and sintering

2.1.1. Homogeneous precipitation method
Titanium oxysulfate (TiOSO4), aluminum sulfate

(Al2(SO4)3) and urea ((NH2)2CO) were dissolved in dis-
tilled water. The solution was heated at 90�C and was
stirred by a motor-driven stirrer (1700 r.p.m.) during
synthesis until the pH of the solution reached 6.0. The
product was centrifugally collected, rinsed and dried in
vacuum at 70�C. The powder was then calcined in air at
800 to 1300�C for 1 h. After compaction into discs, the
green compacts were sintered in air at temperatures in
the 1300 to 1500�C range for 4 h.

2.1.2. Coprecipitation method

Al2TiO5 precursor was obtained by a coprecipitation
of mixing the sulfate ([Al2(SO4)3]=[TiOSO4]=0.05
mol dmÿ3, 250 cm3) and NH4OH (2 N, 100 cm3) solu-
tions. The precipitate was rinsed and dried in a vaccum
at 70�C and was calcined in air at 1000�C for 1 h. This
calcined powder and the additives were mixed in etha-
nol. For Al2TiO5±ZrSiO4 composite, the calcined and
ZrSiO4 powders (ZrSiO4; commercial powder irregular
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shape particles below 4 mm in diameters) were mixed in
the same way. After drying, the mixed powder was iso-
statically pressed to discs of approximately 10 mm dia-
meter. The green compact was sintered in air at 1300 to
1400�C for 4 h.

2.2. Analysis

The powders were analyzed by thermoanalysis (TG-
DTA). The crystal phases of the samples were identi®ed
by X-ray di�raction (XRD) using CuKa radiation. The
amount of the Al2TiO5 phase in the calcined powders
and sintered products was calculated from the calibra-
tion curves which were made by using the X-ray dif-
fraction intensities of (113) of a-Al2O3, (110) of TiO2

(rutile) and (110) of Al2TiO5. The specimens for thermal
decomposition were heated in an electric furnace at
1100�C for the prescribed time, and were quenched
rapidly to room temperature.

The densities of the green and sintered compacts were
obtained using a cathetometer and the Archimedes
method, respectively. The theoretical density of Al2TiO5

and ZrSiO4 used were 3.702 and 4.70 g cmÿ3, respec-
tively. The morphology of as-synthesized powder and of
fracture surfaces of sintered bodies was observed under
a scanning electron microscope (SEM). The sintered
bodies were analyzed with an energy-dispersion X-ray
microanalyzer (EDX) for aluminum and titanium.

2.3. Measurement of thermal expansion

The variations of volume of the sintered bodies with
the temperature were measured with a thermal
mechanical analysis apparatus (TMA). Specimens for
measurement were pressed to rods of 5 mm in diameter
and 10±20 mm in length, and sintered for 4 h at pre-
scribed temperatures. The a-Al2O3 (the thermal expan-
sion coe�cient: 8.0�10ÿ6 Kÿ1) was used as reference
specimen. Heating or cooling rates were 5�C minÿ1. The

thermal expansion coe�cient was calculated from the
measurements in the 100 to 1000�C range.

3. Results and discussion

3.1. Homogeneous precipitates

The precipitation conditions were [urea]=10.0
mol dmÿ3 and [TiOSO4]=[Al2(SO4)3]=0.01 mol dmÿ3

Fig. 1. SEM photograghs of powders prepared by homogeneous pre-

cipitation method. Precipitation conditions: [Al2(SO4)3]=[TiOSO4]

=0.01moldmÿ3 (A), 0.025mol dmÿ3 (B), [(NH2)2CO]=10.0mol dmÿ3;
temperature=90�C.

Fig. 2. TG-DTA curves of the homogeneous precipitates measured at

heating rate 10�C minÿ1 in the ¯ow of air. A and B for samples are the

same as in Fig. 1. DTA; full scale is �25 mV.

Fig. 3. E�ects of calcination and sintering temperature on densi®ca-

tion. Green body: &. Sintering temperature: *, 1300�C; , 1400�C;
*, 1500�C. Sintering time: 4 h. Calcination time: 1 h. A and B for

samples are the same as in Fig. 1.
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(A) and 0.025 mol dmÿ3 (B). The precipitates are shown
in Fig. 1. TiO2 hydrate particles precipitate ®rst and
Al2O3 hydrate particles follow with the rise of solution
pH due to hydrolysis of urea. The small size of particles
(A) is probably due to precipitation taking place rapidly
at low salt concentration. On the other hand, pre-
cipitates (B) form slowly under high salt concentration,
and the particle growth occurs by aggregation of small
particles into the larger particles. TG-DTA curves are
shown in Fig. 2. Dehydration of both powders occurred
below ca. 400�C. The decomposition of the sulfate
group occurred above 600�C in specimen (A) and above
800�C in specimen (B). The decomposition temperature
is believed to change depending on particle size. Crys-
talline phases found in calcined powders are summar-
ized in Table 1. The precipitates were amorphous; both

Table 1

Crystalline phase in calcined powders

Calcination

temperature (�C)
X-ray analysis

Homogeneous precipitate Coprecipitate

(A) (B)

As-prepared Amorphous Amorphous Amorphous

800 A A A

900 A, AT ± A

1000 AT, A R, C, A AT, R, C, A

1100 R, C, AT ± R, C

1200 ± ± R, C

1250 R, C R, C ±

1300 AT, R R, C, AT R, C, AT

Key: A=TiO2 (anatase), R=TiO2 (rutile), C=a-Al2O3 (corundum),

AT=Al2TiO5. Calcination time: 1 h.

Fig. 4. SEM photograghs of fracture surfaces of specimen (A) sintered. Calcination and sintering temperatures: (a) 800�C, 1300�C; (b) 1000�C,
1300�C; (c) 1300�C, 1300�C; (d) 800�C, 1400�C; (e) 1000�C, 1400�C; (f) 1300�C, 1400�C; (g) 800�C, 1500�C; (h) 1000�C, 1500�C; (i) 1300�C, 1500�C.
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products calcined at 800�C contained an anatase phase.
Al2TiO5 phase was found at 1000�C in powder (A) and
at 1300�C in powder (B). The equilibrium temperature
for a-Al2O3+TiO2 (rutile)ÿ! ÿAl2TiO5 is 1285�C. The
formation of Al2TiO5 at 1000

�C in powder (A) seems to
be due to the thermodynamically unstable state of both
reactants, amorphous Al2O3 and TiO2 (anatase).

The e�ects of calcination and sintering temperatures
on densi®cation are shown in Fig. 3. Al2TiO5 was the
main crystal phases of all sintered bodies. In the case of
specimen (A), relative densities of sintered bodies were
around 90%. Fracture surfaces of specimen (A) are
shown in Fig. 4. At sintering temperatures of 1400 and
1500�C, a marked grain growth and many cracks were
observed. Specimen calcined at 1000�C and sintered at
1300�C had 92% of theoretical density and a micro-
structure with about 2 mm in grain diameters [Fig. 4(b)].
The high sintered density and the ®ne microstructure
are probably due to an Al2TiO5 phase produced in the
powder calcined at 1000�C which would serve as
nucleus to promote reactions in sintering.

In the case of specimen (B), relative densities of sin-
tered bodies at 1300�C were below 70% as shown in
Fig. 3. At a sintering temperature of 1500�C, the grains
grow, and there were many cracks. By sintering at
1400�C, the powder calcined at 1000�C gave a sintered
body having relatively small grain size with 94% of
theoretical density.

3.2. Coprecipitates and e�ect of additives

3.2.1. Properties of Al2TiO5 precursor prepared by
coprecipitation method

SEM photograghs of precipitates and crystal phases
of calcined powders are shown in Fig. 5 and Table 1,
respectively. The coprecipitates were aggregates con-
sisting of primary particles of about 50 nm in diameter.
Al2TiO5 is formed by calcination at 1000�C as shown in
Table 1. The formation of Al2TiO5 may be explained as
well as in the powder (A) prepared in homogeneous
precipitation method. From this result, calcination was
done at 1000�C in the following.

Fig. 6(a) shows a SEM photograph of the fracture
surface of sintered body at 1300�C. Al2TiO5 sintered
body consisted of crystal grains of about 10 mm, and
large cracks existed in the body. Small grains of 2±3 mm
in diameter were observed in the large grains.

3.2.2. E�ects of additives on microstructures of sintered
bodies

Ten weight percent of glass powders were added to
Al2TiO5 in order to accelerate the sintering and control
the microstructure. By adding Na2O±B2O3±SiO2, CaO±
Al2O3±SiO2 or ZnO±B2O3±SiO2 glass powders, the
grains of the sintered bodies grew and the density of
sintered body or Al2TiO5 formation ratio decreased in

several combinations of sintering temperature and
additives. By adding PbO±B2O3±SiO2 glass powder, the
formation of Al2TiO5 was inhibited and the density of
sintered body became low. Needle-like grains were
observed as shown in Fig. 6(b) which were found to be
TiO2 (rutile) by EDX and XRD analyses. It is thought
that excess TiO2 crystallized because the Al2O3 compo-
nent dissolved in the glass.

Sintered bodies with a ®ne microstructure were
obtained by addition of PbO±BaO±SiO2 or CaO±BaO±
SiO2 glass powder [Fig. 6(c)]. The depression of grain
growth by both BaO containing additives was con-
®rmed with 10 mol% addition of Ba(NO3)2, BaCl2 or
BaCO3. Regardless of the kind of barium salts, the
structure of the sintered bodies became ®ne-grained
with increasing concentration of barium salts [Fig. 6(d)]
and there were no cracks in grain boundaries of the
sintered body. Crystalline phase and relative densities of
sintered bodies are summarized in Table 2. BaO reacted
with the Al2O3 component to form BaAl2O4 in the sin-
tered body. The addition of ZrO2 was also very e�ective
for suppression of grain growth [Fig. 6(e)] in a similar
manner as in past studies [2,3], and, in this case, ZrTiO4

formed in the sintered body. It is thought that BaAl2O4

phase or ZrTiO4 phase formed in the sintered body
existed at grain boundaries and depressed grain growth.
Cracks might not occur easily in grain boundaries
because the stress due to cooling after sintering was
small due to ®ne grain sizes.

The thermal expansion curves are shown in Fig. 7.
The thermal expansion ratio of specimens without

Fig. 5. SEM photograghs of an Al2TiO5 precursor prepared by co-

precipitation. Precipitation conditions: [Al2(SO4)3]=[TiOSO4]=0.05

mol dmÿ3 (250 cm3), [NH4OH]=2.0 mol dmÿ3 (100 cm3).
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additives became small with increasing sintering tem-
perature [Fig. 7(a)]. A microcracking phenomenon
takes place during cooling from the sintering tempera-
ture, due to the unusually strong anisotropy in thermal
expansion of the orthorhombic b-Al2TiO5 crystallites
(aa=11.8�10ÿ6 Kÿ1, ab=19.4�10ÿ6 Kÿ1, ac=2.6�10ÿ6
Kÿ1). The thermal expansion of the specimen sintered at
higher temperature was small because of the existence of
more cracks due to grain growth. The sample without
additives showed large hysteresis in thermal expansion.
The thermal expansion coe�cient of the sintered body
with BaO or ZrO2 additives, obtained by sintering at
1300�C, was a little larger and the hysteresis became
smaller than in the absence of additives. This may be
due to the near absence of cracks in these doped sin-
tered bodies.

3.2.3. Al2TiO5±ZrSiO4 composite sintered body

Properties of the Al2TiO5±ZrSiO4 composite sintered
bodies were investigated for Al2TiO5 contents from 0 to
100 mol%. ZrSiO4 has a high strength and a low ther-
mal expansion.

Fig. 6. SEM photograghs of the fracture surfaces of Al2TiO5 sintered bodies. (a) No additive, (b) 10 wt% PbO±B2O3±SiO2, (c) 10 wt% CaO±BaO±

SiO2, (d) 10 mol% Ba(NO3)2, (e) 5 mol% ZrO2, (f) 80 mol% Al2TiO5±20 mol% ZrSiO4. Sintering conditions: 4 h at 1300�C (a±e) and at 1400�C (f).

Green and sintered densities (%): (a) 52, 92; (b) 56, 82; (c) 55, 85; (d) 56, 93; (e) 56, 94; (f) 57, 93.

Table 2

Analysis results of sintered bodies with additives

Additive Sintering

temperature

(�C)

Relative

density

X-ray analysis

None 1300 92 AT, R, C

1350 91 AT, R, C

1400 91 AT

10 mol% Ba(NO3)2 1300 93 AT, R, C, BA

1350 89 AT, BA

1400 90 AT, R, C, BA

10 mol% BaCO3 1300 96 AT, R, C, BA

1350 94 AT, R, C, BA

1400 92 AT, R, C, BA

10 mol% BaCl2 1300 92 AT, R, C, BA

1350 91 AT, BA

1400 91 AT, R, C, BA

5 mol% ZrO2 1300 94 AT, R, C, ZT

1350 88 AT, R, ZT

1400 88 AT, R, ZT

Key: AT=Al2TiO5, R=TiO2 (rutile), C=a-Al2O3 (corundum),

BA=BaAl2O4, ZT=ZrTiO4.
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E�ects of Al2TiO5 content and sintering temperature
on densi®cation are shown in Fig. 8. Only in the case of
sintering at 1400�C and Al2TiO5 contents above 60
mol%, the ZrTiO4 phase formed. In the case of small
Al2TiO5 content, the density following sintering at
1300±1400�C is low. This may be due to the low sinter-
ability of ZrSiO4 which is normally sintered at 1500±
1600�C [11]. The grain size decreased with increasing
ZrSiO4 content. The fracture surface of the 80 mol%
Al2TiO5±20 mol% ZrSiO4 specimen sintered at 1400�C
is shown in Fig. 6(f). The microstructure was ®ner than
that of specimen without additives sintered at 1300�C
[Fig. 6(a)].

The relationship between the thermal expansion
coe�cient over 100±1000�C and Al2TiO5 content is
shown in Fig. 9. Below 50 mol% Al2TiO5, the thermal

expansion coe�cient did not change with Al2TiO5 con-
tent and sintering temperature. On the other hand,
above 50 mol% Al2TiO5, the thermal expansion coe�-
cient decreased with increase of Al2TiO5 content in sin-
tering at 1400�C. It became a maximum value at 60
mol% Al2TiO5 and then decreased with increase of
Al2TiO5 content in sintering at 1300�C.

In the case of low Al2TiO5 content, the micro-
structure did not a�ect the thermal expansion coe�cient
because the main phase ZrSiO4 shows essentially low
thermal expansion. At large Al2TiO5 content, ZrSiO4

grains are dispersed in the Al2TiO5 matrix. When sin-
tering at 1300�C, ZrSiO4 depressed grain growth of
Al2TiO5 which is considered to be responsible for the
large thermal expansion coe�cients of 60 and 80 mol%
Al2TiO5 composites. By sintering at 1400�C, grain
growth was more pronounced, and cracks were pro-
duced at the grain boundaries. The 80 mol% Al2TiO5±
20 mol% ZrSiO4 composites had a ®ne microstructure
with 93% of theoretical density and low thermal
expansion, 2.7�10ÿ6 Kÿ1.

3.2.4. Thermal decomposition of Al2TiO5

Al2TiO5 ceramics decomposed into a-Al2O3 and TiO2

(rutile) below 1280�C. It was reported that the decom-
position rate was fastest between 1100 and 1180�C
[12±15]. In the present study, the sintered specimens
were heated at 1100�C. The thermal decomposition
curves are shown in Fig. 10. The specimen sintered at
1300�C without additives decomposed about 75% in 8
h, but in Ba(NO3)2, ZrO2 or ZrSiO4 added sinters,
decomposition was depressed markedly. For the speci-
men with 80 mol% Al2TiO5±20 mol% ZrSiO4 was
sintered at 1400�C, the decomposition was not detected
in 8 h. Kato et al. [12] reported that the decomposition
process is nucleation and growth-controlled and that
nucleation at the grain boundaries of sintered samples is

Fig. 7. Thermal expansion curves of Al2TiO5 ceramics. Heating and

cooling rate=5�C minÿ1. (a) E�ect of sintering temperature on

Al2TiO5 without additives sintered for 4 h. (b) E�ect of additives on

Al2TiO5 sintered for 4 h at 1300�C.

Fig. 8. E�ect of composition on bulk density of Al2TiO5±ZrSiO4

composites sintered for 4 h. Sintering temperature: *, 1300�C; ~,

1350�C; &, 1400�C.

Fig. 9. Thermal expansion coe�cients of Al2TiO5±ZrSiO4 composites

sintered for 4 h. Sintering temperature: *, 1300�C; ~, 1350�C; &,

1400�C.

686 M. Nagano et al./Ceramics International 25 (1999) 681±687



favored by densi®cation. The decomposition in these
doped sintered bodies would be depressed by the
decrease of cracks at grain boundaries and the stabili-
zation of grain surfaces by covering them with BaAl2O4,
ZrTiO4 or ZrSiO4.

4. Conclusions

1. Al2TiO5 powder prepared by a homogeneous pre-
cipitation method was sintered at 1300 to 1500�C. The
precipitation conditions were [urea]=10.0 mol dmÿ3,
[TiOSO4]=[Al2(SO4)3]=0.01 mol dmÿ3 (A) and 0.025
mol dmÿ3 (B) and temperature=90�C. Formation of
the Al2TiO5 phase was con®rmed by heating at 1000�C
for powder (A) and at 1300�C for powder (B).

By sintering powder (A) at 1400 and 1500�C, grains
grew markedly and cracks were observed at grain
boundaries. Specimens sintered at 1300�C using powder
calcined at 1000�C had 92% TD and a ®ne micro-
structure with about 2 mm grains. The high sintered
density and ®ne microstructure are probably due to
Al2TiO5 phase produced in the calcination at 1000�C
which served as nuclei to promote reaction in sintering.

Powder (B) gave sintered densities above 90% TD at
1400 and 1500�C while below 70% TD at 1300�C. Sin-
tering at 1500�C resulted in large grains and many
cracks in the sintered bodies. Sintering at 1400�C of
powder previously calcined at 1000�C gave a sintered
body having ®ne grain sizes with 94% TD.

2. An Al2TiO5 powder prepared by coprecipitation
was sintered and the e�ect of additives on the micro-
structure of sintered body was investigated. The addi-
tion of ZrO2 or BaO was very e�ective for suppressing
grain growth, and led to dense sintered bodies having a
®ne microstructure consisting of about 1 mm grains.

BaAl2O4 or ZrTiO4 phase formed during sintering
depressed grain growth. With BaO or ZrO2 addition,
the thermal expansion coe�cient of the sintered bodies
became a little larger, but the hysteresis became small.
Composite sintered at 1400�C with 80 mol% Al2TiO5±
20 mol% ZrSiO4 has a ®ne microstructure and relatively
low thermal expansion. BaO, ZrO2 and ZrSiO4 depres-
sed thermal decomposition of Al2TiO5 at 1100

�C.
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