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Abstract

In the present work, Al,03-20 wt%Al,TiOs composite was prepared from reaction sintering of alumina and titania nanopowders.
The nano-sized raw powders were reconstituted into nanostructured particles by ball milling. Then, the nanostructured reconstituted
powders were pressed and pressureless-sintered into bulk ceramics at 1300, 1400, 1500 °C for 2h. The phase composition and
microstructures of reconstituted powders and as-prepared ceramic composites were characterized by using X-ray diffractometer (XRD),
scanning electron microscope (SEM), transmission electron microscope and energy-dispersive spectrometer (EDS). The microstructural
analysis of the ceramic showed that the average grain size of the alumina—aluminium titanate composite increases with increasing the
temperature. Also, SEM proved the existence of a proper interface between Al,TiOs and Al,O5 grains and preferential distribution of
aluminium titanate particles in the grain boundaries. XRD analysis indicated the absence of rutile titania in the sintered composite
ensuring complete formation of aluminium titanate. The hardness of the samples sintered at 1300, 1400, 1500 °C were 4.8, 6.2 and
8.5 GPa, respectively.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Aluminium titanate (AT), AL TiOs, is known to be a
promising candidate material in refractory and engine
components because of its low thermal expansion, excel-
lent thermal shock resistance, and low thermal conductiv-
ity [1]. AT exhibits two allotropic forms: o and 8, where
B-AT is the stable phase [2]. In general, AT can be formed
by the solid-state reaction between Al,O3 and TiO, above
the eutectoid temperature of 1280 °C [3]. AT exhibits
microcracking during cooling from the sintering tempera-
ture especially above the critical sintered grain size of
1.5 um. This fact will bring about the necessity for
obtaining fine-grained microstructures [4]. Alumina is
widely employed in various applications because of its
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high thermal stability, chemical inertness and wear resis-
tance [5]. In alumina based composites, much attention has
been focused on the improvement of fracture toughness
and thermal shock resistant in alumina either by the
addition of second phase or by the microstructure designs
such as duplex [6] or duplex-bimodal [7], heterogencous
[8-10], and layer structures [11-13]. Earlier reports suggest
the addition of AT particles of controlled size to improve
the thermo-mechanical response of alumina—AT composite
[14-16]. Improved flaw tolerance has been observed as a
result of the addition of AT due to induced residual
stresses by virtue of thermal expansion mismatch between
alumina and AT [7]. The functional and structural properties
of alumina—AT composite has made them suitable choices
for applications such as thermal barrier coatings, insulating
components for diesel engines and high temperature sub-
strates. Further improvement in mechanical properties
of alumina—AT composite is attributed to the combined
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effect of internal stresses developed due to AT and large
particle size of alumina [17]. Nieto et al. [18] reported on the
reaction sintering of colloidal mixtures using sub-micrometric
alumina and nano-titania. Jayasankar et al. [14] studied the
role of particle size of alumina on the formation of aluminium
titanate as well as the sintering and microstructural develop-
ment in sol-gel alumina—aluminium titanate composites. In
the present study, The effect of nanostructure powder mixture
and sintering temperature on the microstructural development
and mechanical properties of alumina—AT composite through
a reaction sintering method has been investigated.

2. Experimental

ALO;3 (o phase, 99% grade, PL-A-AlO, Plasma chem,
Germany) and TiO, (mixture of anatase and rutile, 99%
grade, P25, Degussa Co., Frankfurt, Germany) nanopow-
ders were used as the received powders. The nanosized
powders were blended in a ball-mill uniformly to produce a
powder mixture containing 80 wt% Al,O3; and 20 wt%
TiO,. Powder mixtures were uniaxially compacted under
different loads in a rigid die (10 mm diameter) using PVA
as the binder. The green density was obtained by measur-
ing the ratios of weight to volume of the green compacts.
These compacts were sintered at temperatures of 1300,
1400 and 1500 °C for 2 h in air. In order to obstruct the
decomposition of aluminium titanate, a cooling rate of

30 °C/min in the temperature range of 1200-800 °C was
applied. An X-ray diffraction instrument with CuKa radiation
(Philips, X’Pert) was used to determine the phase composi-
tion. Microstructural observations were performed using a
scanning electron microscope (Philips XL30, Netherlands)
equipped with energy dispersive X-ray spectrometer (EDS).
Transmission electron microscope (TEM, CM200FEG,
Philips, Netherlands) was employed to determine the size
and shape of the nanoparticles. Mechanical properties were
assessed by Vickers micro-indentation using loading values of
about 9.8-98 N (from 1 to 10 kg). Ten indents were made for
each measurement and hardness was calculated using Eq. (1)
according to ASTM C1327 [19].

H =1.854(P/d*) (1)

where ‘H’ is the hardness, ‘P’ is the indentation load, ‘E’ is
the elastic modulus (assumed to be 390 GPa), ‘K. is the
indentation toughness, and ‘d’ and ‘¢’ are the indent diagonal
length and the crack length, respectively. The density of the
sintered specimens was measured by the Archimedes method
using distilled water as the liquid.

3. Results and discussion

The morphology (TEM micrographs) and XRD pattern of
the TiO, nanopowder are shown in Fig. 1. TEM microscopy
reveals a particle size of 11-27 nm for TiO, nanoparticles.
The phase content of the as-received powder was calculated
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Fig. 1. (a) Transmission electron microscopy (TEM) micrograph and
(b) X-ray diffraction (XRD) pattern of as-received TiO, nanopowder.
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Fig. 2. (a) Transmission electron microscopy (TEM) micrograph and
(b) X-ray diffraction (XRD) pattern of as-received Al,O3 nanopowder.
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from XRD pattern (Fig. 2b) to distinguish anatase and rutile
phases via their peak intensities (described in detail springer
[20]). The fraction of anatase and rutile phases within the
starting powder was found to be 77% and 23%, respectively.
The crystallite size of the anatase and rutile phases was
determined to be 21.7 and 14.5 nm, respectively, based on the
Scherrer equation. TEM and XRD results showed that the
particle size of alumina nanopowder is in the range of
5-150 nm with phase composition of a-Al,O5 (Fig. 2a and
b). Fig. 3a and b shows the morphology and XRD pattern of
the reconstituted powders, respectively. It can be observed
that the nanostructured reconstituted powders consist of
agglomerates composed of fine crystallites powder (Fig. 3a).
Fig. 3b shows the XRD patterns of the nanostructured
reconstituted powders. The mixture shows mainly three
major crystalline phases: a-Alumina, rutile and anatase which
are similar in phase composition to the nanosized raw
powders. Powder compressibility is considered as one of
the most crucial factors in producing dense ceramics directly
affecting the compact green density and consequently the
fired density of the final product. The compaction mechanism
of brittle powders in a rigid die is typically considered in three
stages including: (I) sliding and rearrangement of the parti-
cles; (II) fragmentation of brittle solids and (III) elastic
deformation of bulk compacted powders [21]. In the first
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Fig. 3. (a) Scanning electron microscopy (SEM) micrograph and
(b) X-ray diffraction (XRD) pattern of Al,O;-TiO, nanocomposite
powder.
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Fig. 4. Fractional green densities of composite nanopowder as function of
log compaction pressure (P).
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Fig. 5. (a) XRD patterns of the composites obtained from the nano-
structured Al,O3-TiO, powders sintered at different sintering tempera-
tures (b).

Table 1
Properties of Al,O3-20 wt% AL TiOs ceramic composites obtained at
different sintering temperatures.

Sintering Relative Apparent density Vickers hardness
temperature (°C)  density (%) (g/em®) (GPa)

1300 87.3 3.41 48403

1400 91.05 3.55 6.2+0.5

1500 94.1 3.67 8.5+0.7
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stage of the compaction process, particle sliding and rear-  increases, the movement of the particles is restricted and the
rangement of the agglomerated particles are the dominant energy applied to the powder compact is generally spent
mechanisms of consolidation. When the applied pressure through the fragmentation process of agglomerates and

friction losses. Zevert et al. [22] showed that in the case of

Fig. 6. SEM micrographs of nanostructured Al,03;-20 wt% TiO, pow- Fig. 7. High magnification SEM micrographs of nanostructured Al,O3—
ders sintered at different sintering temperatures for 2 h ((a—c) correspond- 20 wt% TiO, powders sintered at different sintering temperatures for 2 h
ing to 1300 °C, 1400 °C, 1500 °C). ((a—c) corresponding to 1300 °C, 1400 °C, 1500 °C).
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the agglomerated powders, there was a turning point (P,) in
the plot of the relative density versus the logarithm of the
applied pressure as shown in Fig. 4. The curve was divided
into two sharply separated linear parts with an interception
at point P, which is called the “strength of the agglomer-
ates”. After compaction at a pressure around P,, these
agglomerates are gradually fragmented and then rearranged
at lower pressures [22]. In this case, the agglomeration
strength of the powder is about 156 MPa. The value of P,
depends heavily on the synthesis method and calcination
temperature [23] (Fig. 4).

Fig. 5a and b illustrates the X-ray diffraction patterns
recorded from the Al,O;—20 wt% AT composite sintered at
different temperatures for 2h. The XRD results clearly
indicate that the composites sintered at different tempera-
tures are composed of the same phases, i.e. a-Al,O3 and AT.
The latter is formed during the reaction sintering of Al,Os
and TiO,. The absence of diffraction peaks in the XRD
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patterns of TiO, is attributed to the reaction of TiO, and
Al,O5 to form AT. To better compare the relative intensities
of alumina and aluminium titanate composite, The XRD
pattern of sintered microstructures were applied in the 20
range between 25 and 28. These results confirm that
aluminium titanate is obtained through the reaction sintering
of alumina and titania nanopowder at temperatures between
1300 and 1500 °C according to previous results for micron-
sized materials [14,17,18]. The density and mechanical
properties of AlLO3—20 wt% AT bulk composites sintered
at different temperatures are listed in Table 1. As the
sintering temperature increased from 1300 to 1500 °C,
The apparent and relative densities increased from 3.41 to
3.67 g/em® and 87.3 to 94.1%, respectively. This can be
attributed to a large number of contact points formed
because of the nanostructured composite powders and the
higher fraction of fine particles resulting in shorter diffusion
paths. In such conditions, the average coordination number
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Fig. 8. Nanostructured Al,03;-20 wt% TiO, powders sintered at 1500 °C (marked area is the spot where the EDX analysis was performed).
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of particles will be increased leading to enhanced sintering
[24]. In spite of using nanosized raw powders, considerable
increase in the relative density of the sintered samples could
probably be ascribed to the agglomeration of nanosized raw
materials powder particles. The mechanical properties of the
reaction sintered Al,Os—20 wt% AT ceramics are also shown
in Table 1. From this table, the relationship between Vickers
hardness showed the same trend as the one between relative
density and sintering temperature. As known, ceramics
prepared by the nanostructured powders obtain highly
homogeneous microstructure as a result of their enhanced
sintering behaviour than those prepared by micron size
powders. Therefore, the nanostructured composites have
more improved mechanical properties compared with the
microstructured composites. reported in literatures. The
microstructure of the polished surfaces of Al;O3—20 wt%AT
sintered at different temperatures is shown in Fig. 6. Addi-
tion of AT to Al,O; is expected to control the grain growth
of both alumina and aluminium titanate. No microcracking
is observed in any of the samples sintered at different
temperatures indicating the absence of abnormal growth of
AT grains. Under present preparation conditions, the
aluminium titanate particles are preferentially distributed
at grain boundaries which could be a result of the nanos-
tructured composite powder as well as the homogenous
distribution of alumina and titania nanopowders. Also,
high magnification SEM revealed a proper interface bet-
ween AT and Al,O; grains along with preferential distribu-
tion of aluminium titanate particles in the grain boundaries
Fig. 7. The distribution of aluminium titanate grains in the
alumina matrix was confirmed by SEM-EDX analysis as
shown in Fig. 8. The microstructural analysis of the compo-
site sintered at 1500 °C shows that the grain size of aluminium
titanate is lower than that of alumina (Figs. 7 and 8).

4. Conclusion

AlL,O320 wt% AT composites were prepared by the
reaction sintering of alumina and titania nanopowders at
different temperatures. The relative density of the compo-
site after sintering at 1500 °C was 94.1%. No further
increase in density was detected which is attributed to
agglomeration of particles within the initial mixture. The
XRD pattern analysis confirmed the formation of alumi-
nium titanate in the Al,O3;—20 wt% composite sintered at
13001500 °C. Elevated sintering temperatures also improved
the hardness to 8.5 GPa.
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