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Abstract. The present investigation reveals the effect of processing parameters on the properties of alumina-titania
(Al,03-TiO») nanocomposites. A polymer-assisted (Pluronic P123 triblock co-polymer) co-precipitation route has been
employed to synthesize Al,O3-TiO, nanoparticles. As a surfactant, pluronic P123 polymer exhibits hydrophobic as
well as the hydrophilic nature simultaneously which detains the agglomeration and hence the nano size particle have
been obtained. Effect of surfactant concentration on morphology and particle size of product has also been investigated.
Thermal behaviour of the prepared powder samples have been studied using differential scanning calorimeter/thermal
gravimetric analysis and dilatometer. Formation of aluminium-titanate (Al,TiOs) phase has been confirmed using
X-ray diffraction analysis. It has been observed by field emission scanning electron microscopy analysis that the par-
ticle size reduced effectively (below 100 nm) when polymer-assisted co-precipitation route is used instead of the
simple co-precipitation technique. A highly dense microstructure of sintered samples has been obtained, driven by reduced

particle size.
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1. Introduction

An overall fast growing modernization demands a spark in
the development of advanced ceramics, which are essen-
tial for severe structural applications. Naturally occurring
or conventionally used materials such as metals and clay-
based ceramics seem to deny the promises that are required
for higher temperature and such adverse conditions. In the
past few decades, there has been a breakthrough and ceramic
matrix composites are proposed to be a promising candi-
date for such applications. Ceramic matrix composites are
basically a class of materials in which both the matrix and
reinforcement phases are composed of ceramics. In gen-
eral, they are used in various structural applications such
as rockets, jet engines, gas turbines, heat shields for space
vehicles, fusion reactors and heat treatment furnaces [1].
Reinforcement phases provide strength, whereas the matrix
itself supports the whole structure, which results in a product
with superior mechanical and thermal properties; a scope to be
used in severe working environment. Among all the ceramic
matrix composites, alumina-titania (Al,O3;-TiO,) compos-
ites are preferable for high performance coating applications
where large thermal barriers are used. Al,O3—TiO, compos-
ites are well known for their high toughness, low thermal
expansion, low thermal conductivity, high adhesion strength
and most importantly high thermal shock resistance. Above
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all, they also exhibit excellent abrasive wear resistance to
high temperature erosion as well as better cryogenic compat-
ibility. Metals when compared with Al,O3;—TiO, composites,
show low emissivity over the whole radiation spectrum and
thus cannot dissipate heat by radiating in the thermal infrared
region. It is well known that most ceramic materials show
strong efficiency of photon emission thus exhibiting a high
emissivity value. Al,O3-TiO, coating have high thermal
emissivity (>0.95) [2]. The sintered form of Al,O3;-TiO,
composite shows the aluminium-titanate (Al,TiOs) phase,
which exists in two allotropic forms, i.e., o and p, where
B is the low temperature phase [3]. It is evident from lit-
erature that the presence of Al,TiOs phase improves the
thermo-mechanical property of the composite. Therefore,
Al,O3-13 wt% titania (TiO,) composite is studied by most of
them, owing to its better thermo-mechanical property. Com-
mercially available Al;O3—13 wt% TiO, composite powder
having particle size in the range of few microns is named
as Metco 130. It has been found that coatings of Al,Os—
13 wt% TiO, nanoparticles have better properties like high
abrasive wear resistance, better fracture toughness and good
bond strength than the properties of Metco 130 [4,5]. To get
final fine-grained and dense microstructure composite, it is
required to produce precursor nano-powder. Final proper-
ties are derived by each phase present in the material and
hence it would be essential if effects are tailored up to the
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raw level. Initial parameters such as composition, prepara-
tion route, particle size and sintering temperature are prime
factors of concern to achieve desired phase and properties
in the material. However, while focusing on such properties,
primarily, the density of material should be considered. Inter-
estingly, the density can be altered just with a slight change
in the processing conditions. Therefore, the preparation route
must be selected carefully considering the desired density as
well as other physical, mechanical, structural properties etc.,
respectively. Solid state, plasma spraying, sol-gel method
and laser smelting are such popular routes to synthesize
Al,O3-13 wt% TiO, composite. Okamura et al [6] prepared a
non-agglomerated, mono-sized Al,O3;—TiO, composite pow-
der by the stepwise hydrolysis of titanium alkoxide in Al,O3
dispersion. Particle size was controlled by selecting the size of
starting Al,Os powder, whereas amount of TiO, was deter-
mined by the amount of hydrolysed alkoxide. Al,O3-TiO,
composite-powder compact containing 50 mol.% TiO,, when
fired at 1350°C for 30 min showed theoretical density close to
AL, TiOs (3.70 g cm™?) phase. Jayasankar et al [7] prepared
nano size alumina—Al,TiOs composite through a titania-
coated alumina particle precursor. They have used TiCly as
precursor of TiO, that is hazardous and costly. The start-
ing alumina particle size has no significant influence on the
formation temperature of Al,TiOs in the composite. X-ray
diffraction (XRD) analysis confirms the formation of Al, TiOs
after sintering at 1350°C and with 98% sintered density.
Few ressearchers have worked on polymer-assisted chem-
ical routes to achieve the final material in nano size range.
Among these, the polymer-assisted co-precipitation route
has gained attention of many researchers for achieving the
demand of synthesizing nano size powders and highly dense
microstructures. Processing of this route is simple and stearic
state of the particle surface along with overall homogeneity is
maintained. Amount of polymer, solubility of different reac-
tants, precipitation rate, as well as drying and firing schedule
can affect the particle size, morphology and phase forma-
tion. Few of the researchers have worked on polymer-assisted
synthesis routes for selected systems to achieve desired prop-
erties. Example, Landeros et al [8] synthesized the Li;SiO;
powders by hydrothermal crystallization using TRITON X-
114 as the surfactant. Microstructure of synthesized powder
revealed hollow microspheres with high surface area of
about 69.5 m? g~!. Huang et al [9] reported the synthesis of
hydroxyapatite (HA) by co-precipitation route using tri-block
co-polymer F127 as a surfactant. Use of a surfactant helped in
getting uniform nanoparticles as compared to the HA prepared
without using any surfactant. Synthesized HA was found to
have controlled structural properties with their usefulness in
biomedical applications. Mosayebi ef al [10] reported the
effect of surfactant used in co-precipitation route as well as the
effect of other parameters such as refluxing temperature, time
and calcination temperature on the synthesis of magnesium
aluminates (MgAl,O4) spinel. Successful synthesis of nano
crystalline (MgAl,O4) with high surface area was achieved
due to the addition of pluronic P123 triblock co-polymer.
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There are few reports on in-situ synthesis of Al,O3;-TiO,
composite powder by wet chemical method [11-13]. Study
of the effect of polymer concentration on morphology as well
as sintering behaviour of Al,03;-TiO, composite material has
not been investigated to a large extent. Therefore, the present
investigation has been focused on the preparation of Al,Oz—
TiO, composite by using polymer-assisted co-precipitation
technique, leading towards complete conversion of TiO; into
Al TiOs phase in a sintered product. Synthesized powder was
found in nano size range. Investigations were also done on the
morphology and sintering behaviour of the prepared material.
Achieved density was found to be better than other conven-
tional methods. Density of the sintered material has increased
with increasing polymer content during synthesis. However, a
reverse effect (i.e., agglomeration between grains) was seen in
the synthesized powder, which resulted in decrease in the den-
sity of sintered samples when polymer concentration is 100%.
Total amount of Al, TiOs phase also increased with increasing
polymer content in the initial solution. This enhancement in
Al TiOs phase is due to the high reactivity of calcined nano-
size grains.

2. Experimental

2.1 Synthesis

Al,O3-13 wt% TiO, composite powder was synthesized by
using reagent grade aluminium nitrate [Al (NO3)3], titanium
dioxide [TiO, (99.0%)], nitric acid (HNOs3), sulphuric acid
(H,SO4) and ammonia solution (NH3) as the preliminary
materials. Ti-nitrate solution was prepared using the commer-
cially available TiO,. Details of the preparation of Ti-nitrate
solution are described elsewhere [14]. In polymer-assisted
co-precipitation technique, initially calculated amount of tita-
nium nitrate solution is added to 0.5 mol. A1(NOj3)3 solution
as required for 13 wt% TiO,. While heating and stirring, cal-
culated amount of polymer P123-(C3HcO-C,H40), is added
in the prepared AI(NOs3)s solution. This process is contin-
ued till the complete dissolution of the polymer takes place
and a homogenous solution is achieved. P123, which is
known as poly (ethylene glycol)—block—poly (propylene
glycol)—block—poly (ethylene glycol) is highly viscous and
has molecular weight as 5800. Concentration of polymer is
taken as 15, 30 and 100 wt% of the total calculated weight of
desired powder. Stirring of the whole solution is done simulta-
neously to make it completely homogenous. This metal nitrate
solution is precipitated very slowly using diluted ammonia
solution till the pH value of the complete solution reaches
between 9 and 10. Precipitate is centrifuged to remove ammo-
nia till the pH reaches the range of 6—7. Remaining precipitate
is washed using ethanol and dried in a hot air oven at a tem-
perature of 60—70°C for 24 h. After drying, it is ground and
treated at 600°C for 6 h. Ground powder is calcined at 1000
and 1200°C for 4 h. Pellets of final calcined (1200°C for 4 h)
powder were formed by pressing it on a hydraulic press at a
load of 4 tons. Sintering of the formed pellets is done using
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Figure 1. DSC/TGA plot of un-calcined powders (a) WOP, (b) 15P, (¢) 30P and (d) 100P.

air and atmosphere controlled furnaces at a temperature of
1650°C for 4 h. A nomenclature, e.g., WOP, 15P, 30P and
100P is given for the samples prepared by co-precipitation
according to the polymer concentration used during the prepa-
ration. Here, P denotes polymer as WOP represents sample
prepared without using polymer. 15P, 30P and 100P represent
15, 30 and 100 wt% polymer of the total calculated oxide,
respectively, which are used during co-precipitation.

2.2 Characterization

Simultaneous differential scanning calorimetry/thermo gravi-
metric analysis (DSC/TGA) of the dried powder was recorded
using STA449C/4/MFC/G (Netzsch, Germany) up to a
temperature of 1400°C in argon atmosphere at a rate of
10°C min~!. FTIR spectra of dried un-calcined specimen
were recorded using Perkin Elmer, RX-I FTIR spectrometer
in the wavelength range of 400-4000 cm ™. Phase determina-
tion of the calcined and sintered specimens was studied using

Rigaku Desktop Miniflex II X-ray diffractometer employing
CuKao radiation and Ni-filter. Diffraction angle was kept from
15 to 80°C and accelerating voltage of 30 kV. Thermal shrink-
age behaviour of the green compact was recorded with the
help of Netzsch, Germany, DIL 402C dilatometer up to a tem-
perature of 1350°C in an argon atmosphere. Microstructure
of the calcined powder and sintered specimen was carried
out using FEINOVANANO SEM 450 field emission scan-
ning electron microscope (FESEM). IMAGE-J software was
used for the grain size calculation of calcined and sintered
specimens. Density measurement was done with the help of
Archimedes principle.

3. Results and discussion

3.1 Study of calcined powders

3.1a DSC-TGA: Figure 1 shows the DSC/TGA curve for
powder samples (a) WOP (b) 15P (c) 30P and (d) 100P
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Figure 2. XRD pattern of powders WOP, 15P, 30P and 100P calcined at (a) 600°C/6 h,

(b) 1000°C/4 h and (¢) 1200°C/4 h.

prepared by the co-precipitation route. First endothermic peak
has been observed in the temperature range 110-120°C for
all samples, which correspond to the removal of absorbed
water. A second endothermic peak is observed at a range
275-285°C, which is related to an early decomposition of
gibbsite into y-alumina phase [15]. At around 700-800°C,
a very small change in the DSC curve can be seen, which
may be because of the transformation of anatase into rutile
phase [16]. Close to 1000°C, an exothermic peak can be

. 900—1000°C
Y-Alumina ——

distinguished, which may be due to the crystallization and
phase transformation of Y-alumina into §-alumina. Partial
transformation from 6 to a-alumina has occurred at around
1100°C resulting in another exothermic peak [17]. Complete
conversion from 9 to a-alumina phase is observed nearly at
1200°C.

The phase transformation behaviour of alumina with tem-
perature has already been investigated which is as
follows.

a-alumina (via combustion synthesis) [18].

Y-AIOOH M Y-alumina m d -alumina &OOC) 6 -alumina % o -alumina (via sol—gel route) [19].
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Total weight loss for each powder is observed in a range of
35-39%, which is associated with the water absorption and
different phase transformations as mentioned above. It has to
be noted that beyond 600°C, a small weight loss is observed.
A slight hump near the temperature range of 1275-1380°C is
also observed for all samples, which may be responsible for
the formation of Al,TiOs phase. Formation of Al,TiOs starts
above 1250°C [20], which is attributed to high diffusion rate
between the fine alumina and TiO, particles. It can be con-
cluded from the DSC/TGA analysis, that the polymer content
has a minor influence on DSC/TGA behaviour and formation
temperature of Al,TiOs phase in the nanocomposite.

3.1b  X-ray diffraction: X-ray diffraction patterns of pow-
ders (WOP, 15P, 30P and 100P) calcined at temperatures
600°C/6 h, 1000°C/4 h and 1200°C/4 h is shown in figure 2.
Powder calcined at 600°C/6 h shows broad peaks, which are
associated with Y-alumina phase. Transformation of anatase
into rutile phase occurs in a temperature range of 500—-800°C,
whichis reported in the previous literatures [21]. In the present
study, no sharp peaks of TiO, were observed for the pow-
der calcined at 600°C. Only a few minor peaks of anatase
with very low intensity were observed, which means that only
anatase phase is present up to this temperature and rutile is
absent. The conversion from anatase to rutile is expected to
occur between 700 and 800°C. The slight change in DSC plot
in this range of temperature can be correlated to the phase
transformation from anatase to rutile. Powder calcined at
1000°C/4 h shows sharper peaks with increased crystallinity
and the presence of both a-alumina and rutile as major phases
[22]. The presence of §-alumina in a small amount can also
be seen up to this temperature. These phase changes can also
be confirmed with DSC/TGA analysis as an exothermic peak
near 1000°C. The powder, calcined at 1200°C/4 h, shows well
crystalline peaks of a-alumina and rutile phases. No Al,TiOs
phase is formed till 1200°C. Therefore, it is concluded that
up to a temperature of 1000°C, Y-alumina has been converted
into a-alumina and some has been remained as §-alumina.
However, at 1200°C, complete conversion into a-alumina has
been observed. A slight increase in intensity can be seen in
sample 30P as compared to other three samples. XRD results
are in the confirmation with the DSC/TGA results for phase
formation at different temperature.

3.1c Dilatometric analysis: Figure 3 shows the shrinkage
behaviour of compacted rectangular bar-shaped specimens
of calcined (600°C/6 h) powders of (a) WOP (b) 15P (c¢)
30P (d)100P. Three step shrinkage behaviours can be seen in
the dilatometric curve for each specimen. First step has been
observed at around 900-1000°C, which is due to the phase
formation of rutile followed by transformation of Y-alumina
into  and a-alumina. The second step change is around 1100—
1200°C, which is attributed to the complete conversion into
a-alumina. These changes at different temperatures can also
be confirmed from the XRD and DTA-TGA plots. Next step
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Figure 4. FTIR of un-calcined samples: (a) WOP, (b) 15P, (¢) 30P
and (d) 100P.

shrinkage can be seen above 1300°C, which may be due to the
formation of Al,TiOs phase. With increasing polymer con-
tent, shrinkage curves have been shifted to lower temperature
values, which are due to fine particle size and high reac-
tive nature of the powder. Jayasankar er al [23] reported the



532

onset of shrinkage at around 1100°C for Al,03-20 wt% TiO,
composites prepared by sol-gel route. The next shrinkage
was reported around 1250—-1320°C due to the Al,TiOs phase
formation.

3.1d FTIR spectra: Figure 4 shows the FTIR spectra of
uncalcined powder samples (a) WOP (b) 15P (c) 30P (d) 100P
in the wavenumber range of 400-4500 cm™!. All four sam-
ples show broad band in a range of 3400-3700 cm™!, which
corresponds to the adsorbed surface water molecules and
O-H vibrations of the group Al-OH and Ti—-OH. Again,
for the samples WOP and 15P, a narrow peak near 1632
cm~! is seen, which can be again attributed to surface
adsorbed water and OH bending modes. The presence of
Al=0O stretching vibrations can be seen in a range of
1362-1378 [24]. The band near 510 and 980 cm~! are
assigned to Ti—O bond vibrations and Al-OH connection
for octahedrally co-ordinated Al, respectively [25]. Previ-
ous studies have reported the FTIR of pure polymer Pluronic
P123 [26-28]. The characteristic bands of CH3, CH,, and
CH in P123 are located at 2,980, 2,922 and 2,851 cm™',
which are absent in our samples. In the present study,
there are no bands attributing to the presence of Pluronic
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P123 in the FTIR of dried powder samples. Therefore, it is
expected that the polymer has been removed during centrifuge
washing.

3.1e Microstructure: Figure 5 shows FESEM micrograph
of powder sample WOP after calcination at 1200°C/4 h. SEM
images were captured at different magnifications (a) 10,000 x
(b) 50,000 and (c) 60,000 x. Homogenous distributions and
well-defined boundaries can be observed from the micrograph
of sample WOP. Observed particle size for sample WOP was
found in the range of 0.786-2.12 pm. Figure 6 shows FESEM
micrograph (100,000 ) for powder samples (a) 15P (b) 30P
(c) 100P calcined at a temperature (1200°C/4 h). Particle size
of the samples was obtained in the range of 61-173, 41-138
and 29-75 nm for samples 15P, 30P and 100P, respectively.
It is clearly observed from the FESEM micrograph (figures 5
and 6) that the particle size of sample without polymer con-
tent is in the range of microns, whereas it has been reduced
with increasing polymer content during synthesis. Morphol-
ogy of the powder particles has also improved with increasing
polymer content along with the presence of a well-defined
boundary of the rounded grains formed in samples, 15P and
30P. For sample 100P, further reduction in particle size can

Figure 5. FESEM micrograph of WOP powder (calcined at 1200°C/4 h) at magnification
(a) x10,000, (b) x50,000 and (¢) x60,000.
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Figure 6. FESEM micrograph (100,000%) of calcined powders at 1200°C/4 h for (a) 15P,
(b) 30P and (c) 100P.

be clearly observed but aggregation of particles in the final
calcined powders can also be seen in the micrograph.

3.2 Study of sintering behaviour

3.2a X-ray diffraction: Figure 7 shows the XRD pat-
tern for the samples WOP, 15P, 30P and 100P sintered at
1650°C/4 h. The presence of Al TiOs (AT) phase along with
a-Al,O3 has been observed in each sample. A very small
amount of TiO, has also been observed. It means that TiO,
is reacting with Al,O; and forming an AT phase, which
is stable at room temperature. It is also to be mentioned
that the peak intensity has been increased with increasing
polymer content, which confirms the enhancement of Al, TiOs
phase. The maximum peak intensity is observed for sam-
ple 30P sintered at 1650°C/4 h. AT phase formation starts
around 1300°C, which has already been confirmed from
the DSC/TGA data, dilatometric data and above-mentioned
references.

3.2b Density measurement: Table 1 shows the density
of specimen (a) WOP (b) 15P (c) 30P (d) 100P sintered

at 1650°C/4 h. It can be observed from the table that den-
sity has improved with increasing polymer concentration
during synthesis. Sample WOP is found to have the rel-
ative density of 92%. Density has improved for sample
15P, which is around 94%. Maximum relative density of
around 96% is achieved for sample 30P. It is to be noted
that better density has been achieved for samples prepared
by polymer-assisted co-precipitation route. Again a decrease
in relative density has been observed for specimen 100P
(around 93%). This reduced density may occur because
of the nanopowder aggregation of sample 100P during
calcination, which may result in cracks when sintering
takes place. This may have attributed to the reduction in
density.

3.2¢c Microstructure: Figure 8 shows the FESEM micro-
graph of specimen (a) 15P and (b) 30P sintered at a tempera-
ture of 1650°C/4 h at a magnification of 5000 x. It shows that
a highly dense structure is achieved by the polymer-assisted
co-precipitation route. Regular shape and well-defined distri-
bution of grains is also evident from the micrograph. Final
phase formation is attributed to the diffusion between syn-
thesized nano size particles. As shown in figure 8, micro
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Figure 7. XRD pattern of pellets sintered at 1650°C.
Table 1. Density of sintered samples.
Sintering Calculated Relative
Sample temperature density density (%)
WOP 1650°C/4 h 3.65 92
15P 1650°C/4 h 3.72 94
30P 1650°C/4 h 3.80 96
100P 1650°C/4 h 3.70 93
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cracks (marked on the figure itself) are formed in samples
sintered at 1650°C/4 h, which may be due to the anisotropy in
thermal expansion of Al,TiOs. This anisotropic nature of the
material is attributed to the resistance against thermal shock
[29].

4. Conclusion

An Al O3-TiO, composite powder containing 13 wt%
TiO, has been prepared by polymer-assisted co-
precipitation technique by varying the concentration of poly-
mer Pluronic P123. FTIR results illustrate the removal of
polymer content during washing. From XRD and DSC/TGA
analysis, a-alumina and rutile phases were observed in
powder calcined at 1200°C/4 h, but the phase formation
of AL TiOs is not visible up to this temperature. Addi-
tion of polymer content during precipitation significantly
reduces the particle size. With the addition of polymer
content, particle size of calcined powders decreases in the
range of 29-75 nm. However, the addition of a very high
polymer concentration (i.e., 100 wt%) resulted in agglom-
eration between particles. In the present investigation, 30P
has been found to show improved results. Samples prepared
by polymer-assisted co-precipitation route have better sin-
terability, as the onset temperature for polymer containing
samples is found to be reduced due to their nanosize. Al,O3—
TiO, nanocomposite powder can be sintered at 1650°C
with more than 96% of relative density. Phase analysis of
sintered sample shows formation of Al,TiOs phase. With
increase in polymer content, peak intensity of Al,TiOs
phase is also enhanced. It is found to be at a maximum
concentration of 30 wt%. FESEM analysis of sintered pel-
let shows a well-defined dense structure. Formation of the
Al,TiOs phase is attributed to the diffusion between fine alu-
mina and TiO, particles.

Figure 8. FESEM micrograph of pellets sintered at 1650°C: (a) 15P and (b) 30P.
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