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TAILORED Al,03-Al, TiOs-TiO, COMPOSITE CERAMICS FROM DIFFERENT TITANIUM PRECURSORS

Al,05-Al, TiOs-TiO, composites can be obtained by the infiltration of molecular titanium precursors into presintered a-Al,O5
(corundum) cylinders. Two titanium tetraalkoxides, and two dialkoxy titanium bis(acetylacetonates) serve as precursors for TiO,
(rutile) and Al,TiOs (tialite). The precursors were infiltrated as ethanolic solutions. After sintering at 1550, 1600, and 1650°C, the
prepared ceramics’ properties were investigated by SEM, in-situ HT-XRD, and conventional XRD. Titanium tetraisopropoxide
leads to the highest content of Al, TiOs in the composite. The more reactive the precursor, considering the Al,Os/precursor interface,
the lower and more anisotropic the grain growth, the more homogeneous is the TiO, contribution and the higher is the content of
AL, TiOs. Raising the sintering temperature causes an increase of the crystalline Al,TiO5 content as well as of the grain growth.
Moreover, the reactivity of the precursor molecule influences the Ti/(Al + Ti) ratio in the obtained tialite phase.
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1. Introduction

The properties of ceramics are strongly dependent on addi-
tives — e.g., for Al,O3, the addition of ZrO, [1], Y,05-ZrO, [2],
or TiO, is described [3-6]. In case of TiO,-doping of Al,O5 an
additional Al,TiOs5 phase is created.

Aluminum titanate (Al,TiOs, tialite) is a synthetic material
with a low heat conductivity [6], a low Young’s modulus, a low
thermal expansion coefficient and an extraordinary thermal shock
resistance [7]. This combination of properties offers a wide field
of applications, e.g. in metallurgy (riser pipes), in automotive en-
gines (portliner) or for heat isolation. The mechanical properties
like toughness of Al,TiOs are a consequence of crack shielding
of the microcrack structure. Microcracking occurs due to the
anisotropic thermal expansion behavior. There is a difference
between the linear, dependent on the crystallographic direc-
tion, and the averaged volumetric expansion coefficients [8].
Consequently, during cooling after sintering, microcracks occur,
relaxing the formed stress peaks. In addition, doping with TiO,
effects the properties of Al,Oj in different ways. Tracer diffusion
experiments, carried out by Fielitz et al. [9], using '30 and 2°Al
with titanium doped a-Al,Oj5 single crystals from a Czochralski
process showed that the diffusivity of Al is significantly higher
in comparison to undoped Al,05. The partial substitution of A"
by Ti*" causes positively charged lattice defects. Consequently,
Al vacancies with a high mobility occur. In case of Al,05-ZrO,
ceramics, doping with TiO, decreases the grade of ionicity of the

Zr-O bond, and thus the diffusivity of Zr in the lattice increases.
This enables the formation of liquid phases at grain boundaries,
which enhance the densification behavior. A high content of TiO,
leads to a higher content of liquid phases during the sintering
process. The higher the TiO, content, the higher the grade of
densification will be [10]. As a result, the microstructure of
the obtained materials depends on the amount of titania, too.
Titania promotes grain growth and, at low concentrations, the
elongation of the alumina grains. The textured grains hinder
grain boundary sliding and suppress superplastic deformation.
However, at higher concentrations of titania, no texturing effect
can be observed. Hence, grain boundary sliding, supported by
the diffusion effects from the decreasing ionicity [11] due to the
TiO, doping explained above, enables superplastic flow.

Tialite decomposes at temperatures between 900 and
1280°C [12-15] to a-Al,O5 and TiO, (rutile). Different dopants
suppress the decomposition, for example MgO or mullite
(3 Al,0O5 - 2 Si0O,). Corundum [16,17], however, accelerates the
decomposition.

The density of the ceramics as well as the erosion resistance
to molten Al can be controlled by varying the ratio of Al,O; and
AL, TiO5 [18]. Kalita and Somani [19] present Al,05-Al,TiOs-
TiO, composites with bioactive properties and an enhanced
flexural strength.

Such composites can be obtained by the pre-synthesis and
pre-calcination of powders derived from a sol-gel process from
aluminum propoxide and titanium propoxide. Samples were pre-

*  PROFACTOR GMBH, DEPARTMENT FUNCTIONAL SURFACES AND NANOSTRUCTURES, IM STADTGUT A2, 4407 STEYR-GLEINK, AUSTRIA

** MATERIALS CENTER LEOBEN, ROSEGGERSTRASSE 12, 8700 LEOBEN, AUSTRIA

*** JOANNEUM RESEARCH FORSCHUNGSGESELLSCHAFT MBH, INSTITUTE FOR SURFACE TECHNOLOGIES AND PHOTONICS, LEOBNER STRASSE 94, 8712 NIKLASDORF, AUSTRIA

#  Corresponding author: bdittert@web.de



1278

pared by uniaxial pressing and sintering at temperatures between
1000 and 1500°C [19, 20]. Besides self-synthesized powders,
commercially available powders can be used in typical ceramic
processes starting with casting, drying and sintering. Sobhani
[21] started with a mixture of a-Al,O3 with a particle size of
700 nm, and an anatase powder of 40 nm. Ball milling followed
by uniaxial pressing or wet bag isostatic pressing and sintering
up to 1500°C provides the composite materials. The phase con-
tent ratios can be controlled by heating rate, soaking time and
sintering temperature. Li [18] describes a comparable process.

Another method for the preparation of ceramic compos-
ites is the infiltration of precursor sols into presintered, porous
ceramic bulks. The infiltration of alkoxide-derived silica and
titania sols into presintered corundum [22], results in alumina-
mullite-aluminum titanate composites. Corundum-mullite
composites can be produced by a similiar route [23] using hydro-
lyzed tetracthyl orthosilicate solutions and Al,O5 preforms with
a porosity of 65%. Al,0/SiO, fiber composites can be obtained
by the infiltration of SiO, sols into Al,O5 fiber stacks [24]. Y-
doped Zirconium Toughened Alumina (ZTA) can be prepared
by the infiltration of various precursor liquids of Y-Tetragonal
Zirconia Polycrystal (TZP). Suspensions of nano-powders; or
of nanoparticles from completely hydrolyzed propoxides of zir-
conium and yttrium were used as particular precursors. Partially
hydrolyzed polymeric sols from propoxides of the mentioned
elements were infiltrated, too [25]. Acetonic solutions of aceto-
nates from element propoxides or pure propoxides solutions in
n-propanol can be used for the infiltration. Aqueous solutions
of Zr(NO3),, and Y(NO3)3) are adequate for the infiltration of
porous corundum samples. Using an aqueous nitrate solution,
the infiltration step shows the highest efficiency. A presintered
Al,03-ZrO, preform is the matrix for the preparation of a Al,O;-
ZrO,-Al,TiO5 material [26] by immersion with a TiCl, solution.
Stumpf et al. report about the densification of porous 3D printed
cellular alumina preforms. The infiltration and coating with
sols from Al,(OH)sCl * 2-3 H,O lead to corundum/corundum
composites [27]. Presintered 3Y-TZP specimen were used for
the preparation of ZrO,/glass composites by the infiltration
of silica sols or glass slurries, respectively [28]. AL, TiO5 was
formed in NiO/YSZ SOFC anodes by infiltration of aluminum
nitrate/titanium lactate aqueous solutions, and a heat treatment at
1400°C [29]. Additionally, non-oxide ceramics like C;/SiC-ZrC-
ZrB, composites were produced by the infiltration of a boron
containing sol into a C;/SiC fabric followed by the infiltration
of a ZrB, melt [30].

In this study, we use four different molecular titania precur-
sors for the infiltration of presintered bulks made of corundum
(a-Al,O3). Consequently, we investigated the influence on phase
content and microstructure of the obtained Al,05-Al, TiO5-TiO,
composite ceramics. Scanning electron microscopy (SEM), and
X-ray diffraction (XRD) were used for the characterization.
Depending on the phase content and the microstructure, the ap-
plication of the obtained materials can be the optimization of the
interface to different molten metals in order to produce tailored
riser pipes for metallurgy.

2. Material and Methodology
2.1. Synthesis
2.1.1. Chemicals and materials

The titanium alkoxides listed in Table 1 were purchased
from ABCR (Germany), acetylacetone and ethanol were
purchased from Roth/Lactan (Austria). All substances were
used without further purification. Corundum hollow cylinder
preforms (h = 16.9 mm, d = 13.5 mm, 3,75 g) were obtained
by uniaxial pressing of commercial Al,O3; powder (dso = 300
nm, 99,99% a-Al,03) and a presinter process (850°C, 1 h).
Titanium alkoxide solutions were prepared by dissolving the
alkoxide in ethanol under argon atmosphere and vigorous
stirring. Dialkoxytitanium bis(acetylacetonate) solutions were
prepared by the addition of 2 M acetylacetone with respect to
1 mol alkoxide in ethanol similiar to the method described by
Jung et al [31]. The ratio of precursor and solvent was calculated
for a theoretical TiO, content of 10 mass% in the solution with
a total weight of the whole solution of 20 g. In Table 1, the
different precursors used in this work as well as the obtained
sintered samples are listed.

TABLE 1
Precursors and sintering temperatures
Precursor Ts[°C]
1550
_— ‘ o
Titanium (cuz)zuc/a\ﬁ/ “CH(CH,), 1600
tetraisopropoxide (CHHE~— 57" ™\ ()__CH(CH,). 1650
- o o 1550
Titanium tetra-n- CHy(CH)3~" N > (CHy)sCH; 1600
butoxide CHy(CHy)~07  Nq_—
5(CH,)y (o] (e} (CH,)3CH; 1650
H,C CH,
o9 1550
.. o NS
D1'1sopropoxyt1tan1um (CH,),HC-0-Ti-0-CHICH), 1600
bis(acetylacetonate) AN 1650
HJMCHJ
Hch\ﬂ/CHz
o9 1550
. . . NV
Plbutoxytltamum CH,(CH,),-0-Ti-0-(CH,),CH, 1600
bis(acetylacetonate) &% 1650
Hjc/g/u\cuJ

2.1.2. Infiltration, drying and sintering

Corundum preforms were stored for 24 h in closed vessels
at room temperature under air without any stirring in 20 g of the
precursor solution.

After drying for 1 week in air at room temperature and
a relative humidity of 30%, the cylinders were sintered in air
for 2 h at 1550, 1600 and 1650°C, respectively, with a heating
rate of 3°C/min.



2.2. Characterization
2.2.1. HT-XRD

The high temperature in-situ characterization experiments
(HT-XRD) starting with unsintered samples were performed
on a D8 Advance X-ray diffractometer (Bruker, Germany).
A copper X-ray tube at 40 kV and 40 mA (Cu K, wavelength
1.5406 A) was used for the measurements in Bragg-Brentano
beam diffraction geometry. For the detection of the diffraction
intensity a 1D linear position sensitive detector (LynxEye, also
by Bruker, Germany) based on the silicon strip technology
was used. Each diffractogram was recorded with a step size of
0.07° in 20 on the goniometer and 10 min total measurement
time for each scan at a specific temperature (5-70° 26 range).
For the high temperature in-situ experiments, a heating rate of
1°C/s was selected. These heating experiments were performed
up to a temperature of 1500°C at a heating stage HTK2000
(Paar, Austria), attached to the diffractometer. Temperature was
controlled by a type S thermocouple (Pt-10% Rh / Pt) directly
attached to the sample. The results were recorded both during
heating and cooling phases, and a 100°C temperature increment
was selected for the heating phase. All described experiments
were conducted under air.

2.2.2. XRD

The conventional characterization (ex-situ) by means of
the XRD method at room temperature was conducted on a D8
Discover X-ray diffractometer (Bruker, Germany) in parallel
beam geometry (40 kV, 35 mA, Cu K, radiation). This device is
equipped with a Sol-X energy dispersive detector (point detector)
and a polycapillary collimator. Then, the scans were performed
in the range 10 to 120° 26 with a step size of 0.03° in 26 and
a counting time of 5 s/step.

The TOPAS 5 software by Bruker AXS, Germany (1999-
2014) based on the Rietveld technique [32,33] was applied for
the determination of the phase content. The coherent diffracting
length (which can be interpreted as a diffraction crystallite size).
and the site occupancy factors of the Al and Ti atoms in the tialite
phase were also investigating by using this method.

A certain part of the overall peak broadening originates
from the diffractometer itself. The influence of the instrumental
system on the peak broadening is determined by a calibration
measurement using nearly defect free cubic lanthanum hexa-
boride powder [34] (NIST 660a Standard, a = 0.41569162 nm
+0.00000097 nm). Due to the precisely known lattice parameter
a of this standard, the instrumental influence on both, the peak po-
sition and the peak broadening can be determined in an accurate
way. The instrumental part of the peak broadening is separated
from the peak broadening resulting from the real structure by
the fundamental parameter model of Cheary and Coelho [35].

The diffraction peaks are broadened by the specimen too by
two types of effects concerning the real structure [36]: a) finite

1279

crystallite size and b) lattice strain (e.g. caused by dislocations).
The analysis of the XRD based crystallite size (volume weighted
coherent diffraction length) was conducted by the Double-Voigt-
Approach as developed by Balzar [37]. This method, which is
related to the older Williamson-Hall analysis uses the Scherrer
equation for the size-component with the crystallite size being
a refinement parameter.

Evaluation of the X-ray diffractograms by double-Voigt
peak broadening model revealed that for crystalline phases the
broadening due to strain effects is always small compared to
broadening caused by size effects.

The area of a diffraction peak is proportional to the square
of the corresponding structure factor, the phase fraction and the
Lorentz-Polarisation factor (26 — depending dwell-time and
polarisation effects).

The structure factor is proportional to the average atomic
form factor f'as calculated in equation (1) [38]:

f(%g):f’ccﬁ'fﬁ (%j)+OCCAl'fAl(%j) ()

d — lattice spacing parameter of the corresponding peak,
occy; — fractional occupation of Ti,
fri — atomic form factor of Ti,
occp; — fractional occupation of Al,
fa — atomic form factor of Al,

The atomic form factors for the Ti and Al atoms are dis-
played in Fig. 1 according to [38].
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Fig. 1. Atomic form factor of Ti atoms and Al atoms as a function of
the reciprocal lattice spacing

The detection limit for the Rietveld method of each phase
fraction is mainly influenced by the signal-to-noise-ratio. For
well crystalline phases without peak overlap [39], this limit is
near 1 mass%. In the actual work this value is higher due to
the lattice defects caused by the specific synthesis route of the
investigated specimens. These defects induce a broader peak
shape, which is correlated with a lower signal-to-noise-ratio
[40] that influences the phase detection limit.
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2.2.3. Backscattering scanning electron
microscopy

The surface of the samples after the heating experiments
was inspected to determine the grain-size by means of a scan-
ning electron microscope (SEM) EVO MA25 (Zeiss, Germany)
equipped with a lanthanum hexaboride cathode. The micrographs
were recorded at a magnification of 3000x using the backscatter
detector (BSD) at a voltage of 15 kV, and a working distance of
6.5 to 7.0 mm. The evaluation of these data was conducted by
means of the intercept method as presented in [41].

2.2.4. Vickers indentation

The hardness of the synthetic material was tested by deter-
mination of the diagonal length of a Vickers indentation (load:
10 kgf). These measurements were conducted on a Qness Q10
A+ device (Qness, Austria). The Palmqvist fracture toughness
method was performed using the related crack lengths of these
indentations [42].

3. Results and discussion
3.1. Phase evolution

After sintering, dense, white, light grey or bluish cylinder
samples were obtained. XRD data from Rietveld refinement
show that, besides corundum, TiO, (rutile) as well as tialite
(AL, TiOs) are components of the composite materials.

As presented in Fig. 2, the phase content of the obtained
materials is controlled by the type of precursor and the sintering
temperature. The formation of tialite according to the reaction
presented in equation (2)

a-Al,05 + TiO, (rutile) = B-Al,TiOs ©)

shows different grades of completion.

The infiltration of titanium tetraisopropoxide into the pres-
intered corundum cylinders leads to a content of corundum of 76
to 78 mass% with a maximum of 78 mass% at a sintering temper-
ature of 1600°C. Titanium tetrabutoxide causes contents of co-
rundum of 86 to 93 mass%, with a minimum at around 86 mass%
at 1600°C. When diisopropoxytitanium bis(acetylacetonate) is
used as a precursor, the content of corundum was between 82
and 91 mass% with the maximum at 1600°C, and the minimum
at 1650°C. The series from dibutoxytitanium bis(acetylacetonate)
has corundum contents from 79 to 88 mass% showing a decreas-
ing trend with increasing sintering temperature.

Regarding the content of rutile, the lowest content of 1
to 2 mass% occurs with using titanium tetraisopropoxide as
a precursor with a decreasing trend with respect to increasing
sintering temperature. Titanium tetrabutoxide leads to a rutile
content of 3 to 6 mass% at 1600°C. In case of diisopropoxytita-
nium bis(acetylacetonate), the rutile content is between around
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Fig. 2. Relative phase content of the obtained materials from different
precursors, and sintering temperatures

4 and 5 mass% at 1650°C, and at 8 mass% at 1550°C. Using
dibutoxytitanium bis(acetylacetonate), the sample contains rutile
between 4 (at 1600°C) and 10 mass% at 1550°C.

Titanium tetraisopropoxide causes an extraordinary high
content of tialite between 21 mass% at 1550°C, and 23 mass%
at 1650°C. With titanium tetrabutoxide, tialite contents of 2 (at
1550°C) and around 8 mass% (at 1600 and 1650°C, respectively)
can be obtained. Diisopropoxytitanium bis(acetylacetonate)
forms materials with 3 to 13 mass% tialite with increasing
sintering temperature. Titania derived from dibutoxytitanium
bis(acetylacetonate) causes increasing tialite contents from 2
(1550°C) to around 14 mass% at 1650°C.

In general, the content of tialite increases with the increase
of the sintering temperature in accordance with the results of
Kalita and Somani [19,20]. Low [13] explained the increase
of the tialite content with rising sintering temperatures by the
ongoing recovery of the previously decomposed Al,TiO5 at
temperatures above 1280°C.

Additionally, the reaction rate of equation (2) increases.
The duration of the heating process time increases due to the
same heating rate used for different temperatures. HT-XRD
measurements of samples infiltrated with dibutoxytitanium
bis(acetylacetonate) (see Fig. 3), show that there is no forma-
tion of anatase before the rutile crystallites occur from the
amorphous phase. Obviously, the crystallite size of anatase was
too small which comes along with massive peak broadening
to be detectable by XRD. The diffraction pattern obtained at
1000°C displays clearly the occurance of the rutile phase. At
1500°C, a restructuration process correlated with the solid state
reaction of rutile and corundum to tialite was observed. During
the whole cooling process, a diffraction pattern of tialite can be
observed. Simultaneously, the diffraction intensity of the rutile
pattern is close to the detection limit of the applied HT-XRD
technique.
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Fig. 3. Stacked plot of the diffractograms obtained during an high
temperature in-situ diffraction measurement of a sample prepared with
dibutoxytitanium bis(acetylacetonate). The temperature is indicated in
units of °C. The symbol ,,C* refers to the corundum pattern, the rutile
diffraction peaks are indicated by asterisks, the crosses refer to the tialite
peaks, HS indicates a peak originating from the heating strip. Ascent
and descent refer to the traces of the heating and the cooling phase

After the infiltration of the presintered corundum cylinders,
the alkoxide precursors hydrolyze and condense due to moisture
from air at the Al,O5 surface according to the equations (3) and (4).

Ti(OR), + n H,0 — Ti(OR), ;(OH), +nR-OH  (3)
2Ti(OR), ;(OH), + — (OR), | Ti-O-Ti(OR), ; +nH,0 (4)

Besides, the alkoxide and its hydrolysis products condense
to the corundum surface as described in equation (5)

= Al-OH + Ti(OR), — =Al-O-Ti(OR); + R-OH  (5)

In all cases, an amorphous phase can be observed (see
Fig. 3). The reactivity of titanium tetraisopropoxide with regard
to the hydrolysis is higher than in case of the other precursors.
This is a consequence of the increasing effect of sterical hin-
drance with the rising number of C-atoms [43] in the alkoxy
group. Hence, titanium tetraisopropoxide is much more reac-
tive [44,45], especially in presence of moisture, and hydrolyzes
with a very high reaction rate that causes fast precipitation. The
dialkoxytitanium bis (acetylacetonate) complex precursors are
significantly less reactive due to the stronger sterical hinder-
ing effect of the acetylacetonate ligands. Additionally, the low
reactivity is caused by the stability of the acetylacetonate cycle,
and the delocalized p electrons. They hydrolyze very slowly and
form TiO, g(OH); ¢(acac), 5 - 0.4H,0O [46] or comparable species
under removal of the alkoxy groups. Besides the sterical aspect,
the reactivity of titanium alkoxides and dialkoxytitanium bis
(acetylacetonate) precursors is controlled by the partial charge
of the Ti atom, and the ligands as well as the grade of saturation
(coordination number, N). According to Blanchard [47], the abil-
ity to increase N is the most powerful factor. In Table 2, N values
of the precursor molecules used in this study are presented.
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TABLE 2

Coordination numbers N of the Ti atom of the different precursors

Precursor

Titanium tetraisopropoxide

Titanium tetrabutoxide

Diisopropoxytitanium bis(acetylacetonate)

RN =

Dibutoxytitanium bis(acetylacetonate)

Regarding all factors mentioned here, the reactivity of the
different Ti compounds can be ranked as follows:

titanium tetraisopropoxide > titanium tetrabutoxide >
diisopropoxytitanium bis(acetylacetonate) > dibutoxytitanium
bis(acetylacetonate).

Consequently, the xerogel products formed by the reac-
tions shown in the equations (3) to (5) have different grades of
crosslinking depending on the precursor. So, the mechanism
they undergo by turning to TiO, differs. TiO, from different
precursors disagree with regard to the reactivity to corundum.

3.2. Microstructure

The reactivity of the precursor influences the morphology
of the obtained ceramics (see Fig. 4). Backscattering scanning
electron micrographs (SEM) of the cylinder surfaces of samples
sintered at 1600°C, to mention two examples, disclose that the
precursors have different effects on the microstructure. Tita-
nium tetraisopropoxide forms a homogeneous structure with
a low grain growth. Partially elongated corundum grains being
typical for titania doped corundum according to Kebbede et al.
[48] can be observed. The diffusion along grain boundaries is
hindered and the growing grain is surrounded by an ultrafine
matrix. Such conditions are delivered by the TiO, derived from
titanium tetraisopropoxide. Obviously, the corundum grains are
coated with the precursor during the infiltration step. The high
reactivity of titanium tetraisopropoxide enables a surface reac-
tion according to equation (5).

During the crystallization, a layer of rutile is formed around
the grains, as the grey scale of the backscattering SEM indicates
in Figure 4a.

In the backscattering mode of SEM, elements with higher
atomic number appear brighter than elements with lower ones.
In the SEM micrographs presented in this paper, titanium and
aluminum are the elements of interest. The brighter the grain in
the BSD SEM micrograph occurs, the more densely it is coated
with titania and/or tialite. Additionally, it is smaller due to the
suppressing effect of the TiO, layer on grain growth. The high
content of tialite is a consequence of the large interface between
Al,O3 and TiO,. The high diffusivity of Al atoms in the presence
of Ti atoms enhances the formation of tialite along the grain
boundaries. The interface diffusion of Al is hindered. Thus,
no significant grain growth can be observed. When titanium
tetrabutoxide is used as a TiO, precursor, the grain growth is
significantly higher than in case of titanium tetraisopropoxide.



Fig. 4a. Backscattering SEM micrographs of composite materials prepared with precursors titanium tetraisopropoxide and titanium tetrabutoxide

(from left to right), sintered at 1600°C

Fig. 4b. Backscattering SEM micrographs of composite materials prepared with precursors diisopropoxytitanium bis(acetylacetonate) and dibu-
toxytitanium bis(acetylacetonate) (from left to right), sintered at 1600°C

Furthermore, the distribution of TiO, in the microstructure is
much less homogeneous. Corundum grains are not coated with
titania, but TiO, is concentrated in triple points.

There is no dense layer hindering the interface diffu-
sion causing the grain growth. Regarding the influence of
the precursors diisopropoxytitanium bis(acetylacetonate) and
dibutoxytitanium bis(acetylacetonate) (Fig. 4b), their hindering
effect on grain growth is low, too.

Grain growth occurs unhamperedly. Grains from corundum,
titania, and tialite can be observed.

The lower the reactivity of the precursor, the less homoge-
neous is the distribution of TiO, around the corundum grains.
Further, the higher is the grain growth and the lower the amount
of formed tialite. In Figure 5, the BSD SEM micrographs of the
sample infiltrated with dibutoxytitanium bis (acetylacetonate)
sintered at 1550 and 1650°C, are presented. Due to the inhomoge-
neous distribution of titanium in the material, no hindering effect
on the grain growth can be observed. The larger grain size and
the formation of tialite lead to a less homogeneous multiphasic
microstructure of the material.

The mechanism of tialite formation and sintering described
above is illustrated schematically in Figure 6. The distribution of
TiO, in the presintered bodies (top row) differs. The most signifi-
cant difference is, that, in case of titanium tetraisopropylate, the
grains are surrounded by a layer of TiO,. The other precursors
form accumulations in the triple points of the microstructure.
Consequently, the grain size of the sintered materials (bottom
row) is much lower, when titanium tetraisopropoxide is used as
the titanium precursor.

In Figure 7, the effect of the different titania precursors on
the corundum grain size at different sintering temperatures based
on the SEM data is presented. Similar to the results presented
by Kalita [19] concerning Al,05-Al,TiOs-TiO, composites, the
mean grain size increases with a rising sintering temperature.

In comparison, the behavior of the crystallite size (coher-
ent diffraction length) of corundum with respect to the sintering
temperature and the precursor is presented in Figure 8.

In opposite to the mean grain size (see Fig. 7), for all pre-
cursors except of titanium tetraisopropoxide, the crystallite size
decreases with the rising sintering temperature. According to
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Fig. 5. Backscattering SEM micrographs of composite materials prepared with the precursors dibutoxytitanium bis(acetylacetonate) (from left

to right), sintered at 1550, and 1650°C, respectively

Titanium
tetrabutoxide

Titanium
tetraisopropoxide

Diisopropoxytitanium
bis(acetylacetonate)

Dibutoxytitanium
bis(acetylacetonate)

Fig. 6. Schematic presentation of the influence of the Ti precursor distribution on the microstructure evolution of the ceramics obtained by infiltra-
tion and sintering as described above. The top row shows the infiltrated and dried presintered bodies, the bottom row shows the microstructure
of the ceramics with different grain sizes. The scheme shows the microstructure evolution with respect to the different precursors (columns from

left to right)

equation (6), juvenile corundum crystallites are formed during
the decomposition of the tialite phase. Hence, the average size
of the corundum crystallites decreases.

3.3. Hardness

In case of titanium tetraisopropylate, a HV10 of 1715 can
be obtained at a sintering temperature of 1550°C. At 1600°C,
HV10 is 1616. With a sintering process at 1650°C, a material
with a HV10 of 1679 can be obtained. Ceramic composites from

titanium tetrabutylate show HV10 of 1682, 1635, and 1700 at
sintering temperatures of 1550, 1600, and 1650°C, respectively.
Diisopropoxytitanium (bis)acetylacetonate causes HV10 of 1666,
1684, and 1661 at 1550, 1600, and 1650°C. The use of dibu-
toxytitanium (bis)acetylacetonate as infiltrated precursor leads
to HV10 of 1597, 1705, and 1640 at 1550, 1600, and 1650°C.

No correlation of HV10 with regard to the grain size of
corundum according to the Hall-Petch relation (H ~ d, with
H=HYV, d = average grain size) was observed (see Fig. 7). The
Palmgqvist toughness evaluation displayed also no clear correla-
tion as well.
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Fig. 7. Effect of the different titania precursors, and by the sintering
temperature on the mean grain size of corundum as determined by SEM
(intercept method)

3.4. Ti/(Al + Ti) ratio of the tialite phase

A deeper view shows that the Ti/(Al + Ti) ratio of the tialite
phase differs with the chemistry of the precursor and sintering
temperature. In Figure 9, the difference plot of a typical Rietveld
refinement is displayed (Rwp = 17.7, R Bragg corundum = 7.8,
R Bragg rutile = 7.0, R Bragg tialite = 8.2).

Naghizadeh et al. [49] reports about tialite-anosovite solid
solutions as a product of the partial thermal decomposition of
Al,TiO5 under the formation of juvenile Al,O3, and oxygen ac-
cording to equation 6:
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Fig. 8. Effect of the different titania precursors, and sintering tempera-
ture on the coherent diffraction length or crystallite size of corundum
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In Figure 10, the increase of corundum vs. Ti/(Al + Ti) is
presented. Inside the tialite phase, in case of pure Al,TiOs, the
Ti/(Al + Ti) ratio is 0.33, in case of pure Ti;O5 x = 1. Even in
case of the formation of corundum during the decomposition,
the content of tialite is constant. Hence, the higher the titanium
content of the tialite-anosovite phase, the higher is the content

Corundum 79.60 %
Rutile 671%
Tialite 13.68 %

65 70 75 80 &5 90 95 100 105 110

Diffraction angle [°20]

Fig. 9. Diffractogram obtained by a typical ex-situ diffraction experiment at room temperature as used for the Rietveld analysis from a sample
infiltrated with dibutoxytitanium bis(acetylacetonate) and heated at 1650°C. The symbol ,,C* refers to the corundum peaks, the rutile diffraction
peaks are indicated by ,,R“, the ,,T* refer to the tialite peaks. The calculated tialite pattern is highlighted



of corundum in the whole sample. The smaller crystallite size
(coherent diffraction length) of the formed juvenile corundum
effects the decrease shown in Figure 8. In case of titanium
isopropoxide, there is a decreasing number of small corun-
dum crystallites when the sintering temperature is raised. The
crystallite growth due to the higher temperature is obviously
more effective than the occurrence of juvenile corundum by
the decomposition.
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Fig. 10. Content of corundum vs. Ti/(Al + Ti)
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4, Conclusion

The infiltration of different titanium alkoxide, or dialkoxy-
titanium bis(acetylacetonate) ethanolic solutions into porous
corundum preforms leads to Al,053-Al,Ti,05-TiO, composites.
They differ with respect to the phase content and microstructure
after sintering at 1550, 1600, and 1650°C. The content of A1, TiO5
is significantly higher when titanium tetraisopropoxide is used as
TiO, precursor in comparison to other precursors. Additionally,
for all precursors an increase of the Al,TiO5 content with the
rising sintering temperature can be observed. Further, the grain
growth of corundum is influenced by the titanium molecule
used. Another result is that no anatase can be observed during
the transformation from the precursor gel to crystalline rutile.

We show that the chemistry of the titanium precursor
controls the phase content and the microstructure. In addition,
the Ti/Al ratio in the tialite phase are affected by the grade of
decomposition during the cooling process.
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