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Technical report

Microstructure and mechanical properties of MgO-doped
Al;TiO5 prepared by reactive sintering
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MgO-doped Al TiOs ceramics were reactively sintered from commercial a-Al,O;, TiO, anatase and MgCO; (basic) powders.
Powder mixtures with molar ratio of Al,05:TiO,:MgO = 1:1:0, 1:0.95:0.05, 1:0.90:0.10, and 1:0.85:0.15 were prepared by wet
ball-milling with ZrO, media. The green pellets were sintered at 1300-1500°C for 2 h in air to obtain dense samples. With changing
the MgO doping amount, A, TiOs/AL O3, ALTiOs/MgAl,04/AL O3, AL, TiOs/MgAlL,O4 composites were synthesized. MgO doping
was effective to reduce the AL TiOs matrix grain size and to reduce the strong anisotropy of AL TiOs, which resulted in fewer
microcracks. The maximum strength of samples sintered at 1400 and 1500°C were 106 and 32 MPa (15 mol % MgO), respectively.
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1. Introduction

Aluminum titanate (Al TiOs:AT) is widely known as a low
thermal expansion material with pseudobrookite structure.D?
Al TiOs has high thermal shock resistance and relatively good
chemical stability, and thus it is used as ladles for molten metals
and light-weight structural components at high temperatures.
Recently, AL, TiOs is also applied for diesel particulate filters.>"
However, due to its relatively low mechanical properties caused
by microcracks,®'9 commercial applications of AL, TiOs are
limited. These microcracks are attributed to anisotropic thermal
expansion of AL, TiOs under cooling from the sintering tem-
perature. In order to solve this problem, magnesium dititanate,
MgTi,0s,'1% which also has a pseudobrookite structure but
less anisotropy than Al,TiOs, and Al TiOs—MgTi,0Os solid solu-
tions!>!® have been investigated.

On the other hand, dispersion strengthening enhances mechan-
ical properties of Al,TiOs-based ceramics. For example, Al,-
TiOs/mullite composite,'”»?) AL, TiOs/Mg,SiO, composite,?V
and A1, TiOs/MgAl,04(SS)/Al,03 composite?® have been syn-
thesized and their mechanical properties have been reported. As
Ohya et al.?? reported, MgAl,O, spinel phase can be dispersed in
AL, TiOs as a secondary phase by controlling the ratio of Al,O3,
TiO, and MgO. However, the effects of the MgO contents were
not studied in detail.

In this study, we have reactively sintered MgO-doped Al,TiOs
ceramics from a-Al,O;, TiO, anatase and MgCO; (basic) pow-
ders, with changing the MgO doping amount to form MgAl,O,
as a secondary phase. For characterization, X-ray diffraction,
microstructure and fracture strength of MgO-doped Al,TiOs were
investigated. In addition, the relationship between MgO amount
and mechanical strength was also discussed.

2. Experimental

2.1 Sample preparation
Commercial a-Al,O3 (99.99% purity, Taimei Chemicals Co.
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Ltd., Saitama, Japan), TiO, anatase (99% purity, Kojundo
Chemical Laboratory Co. Ltd.), and MgCO; (basic) [99.9%
purity, Kojundo Chemical Laboratory Co. Ltd., actually compo-
sition of Mgs(CO3)4(OH),-4H,0] powders were used as starting
materials. Prior to the powder mixing, each starting powder
was characterized by TG-DTA to analyze the weight-loss during
the heating up to 1000°C, and required powder weight was
corrected using the TG-DTA results.>) Powder mixtures of c-
Al O3, TiO, anatase, and MgCOs (basic) with corrected molar
ratio of Al,O3:TiO:MgO = 1:1:0, 1:0.95:0.05, 1:0.90:0.10, and
1:0.85:0.15 were prepared by wet ball-milling with ZrO, media
for 2h using ethanol, and then the slurries were dried in an
evaporator. After that, the mixed powders were dried at 80°C
in air, and ball-milled with ZrO, media for 2 h. Finally mixed
powders were sieved through a 150-mesh screen.

The mixed powders were formed into pellets (diameter of
15mm) and into rectangular bars (4 x 6 x 50 mm) by uniaxial
pressing. After that, the green samples were prepared by cold
isostatic pressing (CIP) at 200 MPa for 10 min. Subsequently, the
green pellets were sintered at 1300—1500°C for 2 h in air to obtain
dense samples.

2.2 Characterization

Microstructure and constituent phases of sintered un-doped
and MgO-doped samples were analyzed by scanning electron
microscopy (TM3000 Table Microscope, Hitachi, Japan), and
X-ray powder diffraction (Multiflex, Cu-K, 40kV and 40 mA,
Rigaku, Japan), respectively. Prior to the powder XRD measure-
ment, sintered samples were pulverized, and the XRD patterns
were collected in the range of 20 = 10-70°. The samples were
coated with Au by sputtering method (SC-701, 3.5 mA for 5 min
Sanyu Electron, Japan) to observe surface of sintered samples.

In order to evaluate fracture strength, sintered rectangular bars
were machined into the test pieces with dimension of ~3 x
4 x 40mm (JIS R1601). The tensile face and corners of each
sample were polished and chamfered by waterproof abrasive
paper (P800, Riken Corundum Co. Ltd. Japan). Fracture strength
was measured by three-point bending test with a span of 30 mm
and crosshead speed of 0.5 mm min~! by using a universal testing
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machine (Autograph AG-20kNIT, Shimadzu Co. Ltd., Japan).
Three to five samples were used for each measurement.

3. Results and discussion

3.1 XRD analysis

Figure 1 shows XRD patterns of the samples with changing
the MgO amount, obtained by reactive sintering at (a) 1300°C,
(b) 1400°C and (c) 1500°C for 2h, respectively. At 1300°C
[Fig. 1(a)], un-doped sample contained unreacted Al,O; and
TiO, as well as trace amount of Al,TiOs. Sample with 5 mol %
MgO was composed of Al,TiOs and Al,Os3, and samples with
10-15mol % MgO were composed of Al,TiOs, MgAl,O4 and
Al,O3. The phase relation in this study was in good agreement
with the previous report by Ohya.?? The MgAl,O, peaks became
stronger with increasing MgO content from 10 to 15mol %. As
can be seen in Fig. 1(a), the Al,TiOs peak at 62 to 64° shifted
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Fig. 1. XRD patterns of MgO-doped samples sintered at (a) 1300°C,
(b) 1400°C and (c) 1500°C.

toward lower 26 values as the MgO amounts were increased.
The peak shift implies the formation of Al,TiOs solid solution
(SS) containing MgO, which resulted in lattice expansion. Due
to the formation of Al TiOs (SS), Al,TiOs phase was obtained
at lower temperature than un-doped sample, in other words,
pseudobrookite phase was stabilized by MgO doping.?

At 1400°C [Fig. 1(b)], even un-doped sample was composed
mainly of Al,TiOs with trace of Al,O; and TiO,. Samples with
5-15mol % MgO addition sintered at 1400°C showed similar
XRD patterns with those of 1300°C. Slight differences between
1300 and 1400°C samples with MgO were relatively higher
crystallinity for 1400°C sample. At 1500°C [Fig. 1(c)], un-doped
sample was composed of pure Al,TiOs phase. Samples with 5,
10, 15mol % MgO addition sintered at 1500°C were composed
of AL TiOs + AL,O; (5%), Al,TiOs + MgAl,O4 + ALL,O5 (10%),
Al TiOs + MgAl,O4 (15%), respectively.

3.2 Microstructure

Figure 2 exhibits typical SEM images of the MgO 0-15 mol %
samples sintered at 1400 and 1500°C. For samples sintered at
1400°C (upper figures), un-doped sample contained a certain
amount of open pores. The matrix grains, Al,TiOs, were not so
anisotropic. At the grain boundaries, unreacted Al,O3 and TiO,
particles were observed. Sample with 5 mol % MgO consisted of
relatively dense Al,TiOs matrix with finer AL,O3 grains (~0.5—
1.0 um). Samples with 10-15mol % MgO consisted of Al,TiOs
matrix with Al,O; and well-faceted MgAl,O, grains. These
results were in good agreement with the XRD analysis.

For samples sintered at 1500°C (lower figures), the matrix
Al,TiOs grains became more anisotropic. From the SEM obser-
vation, obvious microcracks were confirmed and some liquid
phase was found for un-doped, 5, and 10 mol %-MgO added
samples. However, for the 15mol %-MgO added sample, with
plenty of MgAl,O,4 formation, the liquid phase was almost disap-
peared. These results imply the formation of MgAl,O, spinel
phase occurred coincidently with the disappearance of liquid
phase. The liquid phase formation can be attributed to a little
contamination from Y-stabilized ZrO, milling media, which may
produce Al,O3;-TiO,-MgO(-Y,03)-ZrO, based liquid phase
(confirmed by SEM-EDS, not shown). Also, a trace amount of
Si-O vapor from the MoSi, heating element might decrease the
liquidus temperature, because the liquid phase was found mainly
on the surface of the pellets. With the sintering at 1500°C, the
sample with 5 mol % MgO consisted of Al,TiOs matrix with finer
Al,O3 grains. The 10 mol % sample consisted of Al,TiOs matrix
with Al,O3 and MgAl,0y,, and the 15 mol % sample consisted of
Al,TiOs matrix with well-faceted MgAl,0, grains. However, for
1500°C samples, the matrix and secondary phases became larger.
From the SEM observation, on the whole, the sample with MgO
doping at 1400°C seemed to have higher strength due to their
finer microstructure.

3.3 Mechanical property

Figure 3 demonstrates the effect of MgO amount on the frac-
ture strength of samples sintered at 1400-1500°C. The fracture
strength increased with increasing MgO amount up to 15 mol %.
As is expected by SEM observation, samples with MgO doping
sintered at 1400°C showed better strength. The maximum
strength of samples sintered at 1400 and 1500°C were 106 and
32 MPa, respectively. The enhancement of the fracture strength
can be attributed to (1) finer microstructure by the second phase
dispersion and (2) fewer microcracks by the MgO doping (less
anisotropic matrix grains). Table 1 shows the fracture strength of

569



JCS-Japan

Maki et al.: Microstructure and mechanical properties of MgO-doped Al,TiOs prepared by reactive sintering

Un-doped

Un-doped

5 mol % MgO-doped

5 mol % MgO-doped

e

10 mol % MgO-doped

1S mol % MgO-doped

mol % MgO-doped

Fig. 2. SEM images of MgO-doped samples sintered at 1400°C (upper) and 1500°C (lower).

Table 1. Fracture strength of AL, TiOs-based ceramics

Sintering . - Fracture
Sample temperature (°C) Processing characteristics strength (MPa) References
Al,TiOs(ss)/MgAl,04 1500 Reactive sintering with Fe doping, Uniaxial press at 200 MPa 19.56 21)
Al TiOs/MgAl,04/ AL, O3 1350 Sintering from AT powder with additives, CIP at 98 MPa 181 22)
Al,TiOs/ALO3 1500 Sintering from Alkoxide derived AT powder ~42 24)
Al TiOs/ALO4 1350 Reactive sintering, Extruded sample with additives and binder 48.5 25)
Al TiOs/MgAlL,04/AL,O3 1400 Reactive sintering, CIP at 200 MPa 106 This study
120 17000 Thinking about the saving energy and CO, emission, the simpli-
% 100 fication of processing (viz., reactive sintering) will be beneficial.
&
% 4. Conclusions
> 80
g In this study, MgO-doped AL, TiOs ceramics were reactively
g 60 sintered from ®-Al,O3, TiO, anatase and MgCO; (basic) pow-
v ders. The formation temperature of Al,TiO5 phase was decreased
5 4 1500°C by MgO-doping. With changing the MgO doping amount,
g 2 Al TiOs/AlLO3, Al TiOs/MgAl,04/AL O3, Al TiOs/MgAl,O4
= composites were synthesized. SEM observation revealed that
o ; ‘ : MgO doping was effective to reduce the Al,TiOs matrix grain
0 5 10 15 20 size and to reduce the strong anisotropy of Al,TiOs, which

MgO-doped amount (mol%)
Fig. 3. Fracture strength of samples sintered at 1400 and 1500°C.

Al TiOs-based ceramics in literature as well as in this study. The
strength of reactively-sintered Al,TiOs-based ceramics in this
study was not so high as that from a pre-synthesized Al,TiOs
powder by Ohya et al.?? However, among the reactive sintering
methods, the result in this study (106 MPa) was rather high.
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resulted in fewer microcracks. The maximum strength of samples
sintered at 1400 and 1500°C were 106 and 32 MPa (15 mol %
MgO), respectively.
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