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Abstract

TiO,, TiO,_, and Ti3Os thick-film structures on corundum Al,O; substrates were prepared using screen-printing technology. The screen-
printed deposits were sintered up to 1500 °C in oxidising and reducing atmospheres to vary the Ti**/Ti** ratio and consequently water contact
angle. The structure of the thick films was studied with an X-ray powder diffractometer (XRD). The microstructural characteristics and the
chemical composition were checked with a scanning electron microscope, equipped with an energy-dispersive spectrometer (EDS). The Ti-O
films, up to 55 pm thick, exhibited excellent adhesion to the substrate and had uniform grain- and pore-size distributions. Tiz;O5 and Al,O3 were
found to be compatible phases up to 1500 °C in a reducing atmosphere. However, rutile-type TiO, and Al,O; are not compatible compounds at
temperatures up to 1400 °C, in either oxidising or reducing atmospheres. TiO, and TiO,_, form two types of reaction products with Al,O3. These

reaction products were found to have various Ti/Al ratios.
© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ever since a report about the photo-induced decomposition of
water on the surface of TiO, in 1972 [1], semi-conductor-based
photocatalysis has attracted a great deal of attention. These
compounds have the ability to detoxify environmental pollutants,
to decompose organic compounds, such as insecticides,
pesticides and surfactants, and to purify air and water [2,3].
Some of these compounds in particular titanium dioxide, exhibit
photo-induced super-hydrophilicity [4,5] in addition to photo-
catalysis. Photocatalysis and super-hydrophilicity mean that
when using light with a specific wavelength it is possible to
remove a contaminant on the TiO, surface, either by photo-
mineralisation or by washing it away with rain [6]. When TiO, is
irradiated with light of a specific wavelength its surface becomes
more hydrophilic [7]. However, it is difficult to preserve the TiO,
surface in this highly hydrophilic state and so efforts have been
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made to maintain the high hydrophilicity for longer times [8].
Recently, it was shown that the hydrophilicity of TiO, was
improved significantly by applying a low oxygen partial pressure
during the sintering of TiO, [9]. As a result, in the rutile TiO,
structure the Ti** is partially replaced by Ti**, so forming TiO,_,
and, consequently, the contact angle of the water decreases from
67 to 26° [9].

Titanium dioxide is commonly produced in the form of films
that are strongly bonded to an inert substrate such as glass or a
ceramic. The most often used methods include chemical vapour
deposition [10], sputtering [11,12] and chemical processes,
such as the chemical solution deposition method [3,13].

The films formed using these methods are relatively thin,
i.e., a few tens to a few hundreds of nanometers thick, and it was
demonstrated that a 15-nm-thick titania film will adsorb only
7% of the incident UVA irradiation at 365 nm [14]. To improve
the efficiency of the titania thick films, the total surface area of
the coating should be increased. Two approaches are possible,
i.e., increasing the specific surface area or increasing of the
number of active sites by producing open porosity. It is
essential, therefore, to optimise the microstructures of the films.
An attempt was made to produce titania films with thicknesses
from a few to a few tens of micrometers on various substrates.
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The typical processing method for the preparation of structures
within this range of thickness is screen-printing technology
[15].

The challenge with thick-film processing is to prepare a
uniform, defect-free deposit with the desired chemical
composition, microstructure and thickness, with good mechan-
ical properties and adhesion to the substrate in addition to the
required functional properties of the active material. During
thick-film processing it is necessary to control the chemical
reactivity between the active layer and the substrate at the
processing temperatures as this can deteriorate the mechanical
and the functional properties of the active layer [16].

The aim of the present investigation is to study the
processing of Ti—O thick-film structures deposited on a
corundum Al,O5 substrate using screen-printing technology.
Our particular interest is the design of highly hydrophilic Ti-O
surfaces. In our previous work we showed that the wettability of
a TiO, ceramic can be improved by the partial reduction of Ti**
by Ti** using a lower oxygen partial pressure during the
sintering process [9]. For this reason the TiO,, TiO,_, and
Ti,O; deposits were sintered in air and in a reducing
atmosphere in order to vary the Ti**/Ti®" ratio in the thick-
film Ti—O structures and consequently the water contact angle.
The compatibility between the Ti—O-based deposits and the
Al,Oj3 substrate at temperatures up to 1500 °C in air and in a
reducing atmosphere has been addressed.

2. Experimental

For the experimental work, commercially available TiO,
(99.9%) and TiyO3 (99.8%) powders, both from Alfa Aesar,
Karlsruhe, Germany were used.

The nonstoichiometric TiO,_, powder was prepared from
stoichiometric TiO, powder by heating it at 1400 °C in Ar/H,
(7%). After the firing of the TiO, powder in a reducing
atmosphere its colour dramatically changes from white to dark-
brown, indicating the reduction of the Ti** to the Ti** state and
the formation of nonstoichiometric TiO,_,. Both TiO, and
TiO,_, crystallise in a rutile tetragonal structure at room
temperature.

The Ti,O5, with a median particle size of 44 pm, was very
coarse. Therefore, to refine the particle size, the powder was
high-energy milled in a planetary mill (Retsch, Model PM 400,
Hann, Germany). The milling conditions are given in Ref. [17].
Ti,O3 crystallises in a thombohedral structure.

The TiO,, TiO,_, and Ti,O5 pastes for the screen printing
were prepared from 60 wt.% of powder that was mixed with
40 wt.% of organic vehicle, comprising a-terpineol, ethylcel-
lulose and [2-(2-butoxy-ethoxy-ethyl)] acetate. The paste was
screen printed on 250-um-thick corundum o-Al,Oj3 substrates
(Coorstek, Superstrate 99.6%, denoted Al,O3) and pre-fired at
600 °C for 1 h to remove the organic components. The TiO, and
TiO,_, were pre-fired in air, while the Ti,O5; was pre-fired in
vacuum in order to prevent the oxidation of Ti,Os5 to Ti,0,,,_;
[9]. Samples of TiO, powder were then sintered at 1100, 1200,
1300 and 1400 °C for 2h in flowing air. Samples of the
nonstoichiometric TiO,_, powder were fired at 1300 and

1400 °C in an Ar/H, (7%) atmosphere. Samples of Ti,O3 were
sintered at 1500 °C for 2 h in Ar/H, (7%). All the samples were
sintered with the heating rate of 5 °C/min and cooling rate of
10 °C/min.

Diffusion couples of TiO,_,/Al,03 and Ti,03/Al,05 were
prepared from TiO,_, and Ti,O3; compacts. These were then
surrounded by corundum a-Al,O3 powder (denoted Al,O3) and
heated at 1400 °C for 10 h in Ar/H, (7%).

During the thermal treatment of the samples in Ar/H, (7%),
titanium sponges were placed ahead of and behind the sample
in the furnace to trap the impurities and ensure that only
uncontaminated Ar/H, (7%) reached the sample. The furnace
tube was used exclusively for thermally treating Ti—O ceramics
and so any contamination from earlier firings is ruled out. The
oxygen partial pressure in Ar/H, (7%) was measured using a
Rapido 3100 Oxygen Analyser (Cambridge Sensotec Ltd.,
Cambridge, UK). The amount of oxygen in the gas before
entering the tube furnace was 10~'° ppm at room temperature
and at the exit of the tube furnace where the temperature was
between 400 and 500 °C it was 10" ppm. In order to check the
reproducibility of the samples sintered in Ar/H, (7%), three
samples were separately sintered at identical sintering
conditions in the furnace and afterwards analysed. The results
shown in Section 3 represent an average.

The X-ray powder-diffraction data were collected at room
temperature on a diffractometer (Endeavor Bruker AXS, Model
D4, Karlsruhe, Germany) using Cu Ka radiation. The data were
collected in the 20 range from 10 to 70°, in steps of 0.02° with
an integration time of 4 s/step. The phases were identified using
the PDF-2 [18] database.

A JEOL 5800 scanning electron microscope, equipped
with a Tracor-Northern energy-dispersive system (EDS), was
used for the overall microstructural analysis. However, prior
to being analysed in the electron microscope, the samples
were coated with carbon to provide electrical conductivity
and to avoid any charging effects. For a standard-less
analysis, the Tracor SQ standard-less analysis program, using
multiple least-squares analysis and a ZAF matrix-correction
procedure, was used. The samples were analysed using an
accelerating voltage of 20 kV and a spectra acquisition time
of 100 s. For major elements (mass fraction >0.1) an error of
standard-less EDS analysis of approximately +5% relative
can be estimated.

The contact-angle measurements were performed on the as-
sintered ceramic surfaces. After the sintering process the
samples were removed from the furnace and put directly into a
desiccator. The contact angle was measured for several samples
and the reported value is an average of these measurements. A
Fibro DAT 1100 Dynamic Contact Angle and Absorption
Tester (Fibro Systems AB, Stockholm, Sweden) were used for
the measurements. The volume of the water droplet was 4 pl.

3. Results and discussion
The microstructures of thick-film TiO, on an Al,O3

substrate are shown in Fig. 1. The TiO, layers sintered in air
at 1100, 1200, 1300 and 1400 °C exhibit single-phase
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Fig. 1. Polished cross-section of screen-printed TiO, on Al,O5 substrate fired in air for 2 h at (a) 1100 °C, (b) 1200 °C, (c) 1300 °C and (d) 1400 °C.

microstructures with a homogeneous pore distribution. The
thickness of the TiO, layer decreases with increasing sintering
temperature and ranges from 55 pm at 1100 °C to 45 pm at
1200 °C and 1300 °C to 35 wm at 1400 °C.

At the TiO,/Al,03 interface no secondary phases were
observed at 1100 and 1200 °C. However, the formation of a
reaction product was observed in the samples sintered at 1300
and 1400 °C. A very thin reaction layer of 1 wm was observed
at 1300 °C, and the thickness of this layer increased to ~5 pm
when the sample was fired at 1400 °C for 2 h. This thickening
of the reaction layer was expected, since the diffusion processes
are promoted when we have higher temperatures and longer
times. The energy-dispersive spectroscopy analysis (EDS) of
the reaction product formed at 1300 and 1400 °C showed that
the reaction layer consists of Al and Ti. The composition of this
reaction layer was calculated using the X-ray intensities of the
Al Kao=1.48keV and Ti Ko =4.51keV lines, taking into
consideration the atomic number, the absorption and the
fluorescence corrections. Oxygen was calculated by difference.
The results show that the reaction layer contains 25 at.% Al,
12 at.% Ti and 63 at.% O, which agrees very well with the
Al,TiOs phase, containing, theoretically, 25 at.% Al, 12.5 at.%
Ti and 62.5 at.% O. This observation is in agreement with the

Al,O53-TiO, phase diagram [19], which indicates that Al,TiOs
is a thermodynamically stable phase in the TiO,—Al,O3 system
at temperatures above 1200 °C.

The microstructures of a TiO,_, thick film deposited on an
Al,Oj3 substrate fired at 1300 and 1400 °C in Ar/H, (7%) are
shown in Fig. 2. The TiO,_, layer is homogeneous. At the
TiO,_,/Al,O5 interface the formation of a reaction layer is
observed and its thickness increases with the increasing
sintering temperature. In order to determine the chemical
composition of the reaction layer, the diffusion couple
TiO,_,/Al,03 was prepared and analysed.

The SEM image and the X-ray mapping of the Al Ka and Ti
Ka images of the TiO,_,/Al,O; diffusion couple are shown in
Fig. 3. At the TiO,_,/Al,O3 interface a 3—6-pm-thick reaction
layer is observed. It is clear that the reaction layer is separated
from the Ti—O ceramic by Kirkendal porosity. This phenom-
enon suggests that the diffusion of Ti ions into Al,O5 is
dominant and prevails over the diffusion of Al ions into TiO,_,.
The EDS analysis of the reaction product shows that it contains
15at.% Al, 20at.% Ti and 65 at.% O. The oxygen was
calculated by difference. It is evident that the composition of
the reaction layer between TiO,_, and Al,O5 is different from
that between TiO, and Al,Os;, which will be referred to as
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Fig. 2. Polished cross-section of screen-printed TiO,_, on Al,O5 substrate fired
in Ar/H, for 2 h at (a) 1300 °C and (b) 1400 °C.

3TiO,—Al,0;. Of course, we are aware that in this case it is not
possible to determine the exact composition of the reaction
layer using the EDS method. However, from the results
obtained it is obvious that in the reaction layers formed at the
TiO,/Al,O5 and TiO,_,/Al,O5 interfaces the Ti/Al ratio is
different.

TiO, and TiO,_,, both with a rutile structure, and Al,O5 are
not compatible phases at 1300 and 1400 °C in air or in a
reducing atmosphere. TiO, and Al,O3 formed a compound,
Al,TiOs, at temperatures above 1200 °C in air. This observation
is consistent with the literature, which reports that the solubility
of Ti** in Al,O5 is negligible but the formation of Al,TiO5 takes
place in air at temperatures up to 1700 °C [20].

At the TiO,_,/Al,Oj5 interface the formation of the reaction
layer was observed, together with the Kirkendal porosity,
suggesting the rapid diffusion of Ti ions into the Al,Os. The
composition of the reaction layer formed at the TiO,_,/Al,05
interface is different from Al,TiOs formed at the TiO,/Al,0;
interface. Their compositions vary significantly in terms of the
Ti/Al ratio. McKee and Aleshin [20] who studied the reactivity
of TiO, and Al,O5 powders in Ar/H, (5%) report that when the
solid solubility limit of Ti ions in Al,O3 is exceeded, the
formation of a secondary phase is observed. The authors did
not, however, determine the chemical composition of the phase,

(@)

AlLO;

3TiO:-ALO:s

Fig. 3. Polished cross-section of nonstoichiometric TiO,_,/Al,O5 diffusion
couple aged at 1400 °C for 10 h in Ar/H, with X-ray maps of elements. (a)
SEM/BE image, (b) Al Ko X-ray map and (c) Ti Ka X-ray map.

but emphasised that it is not Al,TiOs. Although the phase
relations in TiO,—Al,05 system are well known, there is, to the
best of our knowledge, no literature data on phase relations in
the TiO,_,—Al,O3 system.

The microstructure of Ti,Os screen-printed on an Al,O3
substrate and sintered at 1500 °C for 2 hin Ar/H, (7%) is shown



D. Kuscer et al./Ceramics International 35 (2009) 1063—1069 1067

10um

Fig. 4. Polished cross-section of TiO5 screen printed on Al,O3 substrate and
fired at 1500 °C for 2 h in Ar/H,.

in Fig. 4. The 40-45-pm-thick Ti,O3 layer is both homo-
geneous and porous. The screen-printed Ti,O; on the Al,O3
exhibits a lower density than the screen-printed TiO, or TiO,_,,
even though it was sintered at a higher temperature.

The SEM image, together with the X-ray mapping of Al Ka
and Ti Ka images of the Ti,O3/Al,O; diffusion couple, is
shown in Fig. 5. After annealing the Ti,O3/Al,05 in Ar/H,
(7%), the prevailing phase in the Ti—O system was Ti;O5 (PDF-
ICDD 72-519) [18], with a small amount of Ti,O3 (PDF-ICDD
10-0063) [18] and TizO; (PDF-ICDD 11-0219) [18], as
observed using X-ray powder-diffraction analyses (Fig. 6).
To the best of my knowledge, only the high temperature,
gamma Ti3O5 phase is compatible with the corundum. For this
reason the Ti—O ceramic in the Ti,O3/Al,05 diffusion couple
will be referred to as Ti;Os. According to Fig. 5 the diffusion of
Al ions into the Ti-O accompanied by the enhanced
densification of the Ti—O ceramic in this region takes place.
The dense layer is 15 pm thick. From the X-ray mapping
images it is evident that this region contains Ti and Al and that
the amount of Al decreases from the Ti;O5/Al,O5 interface into
the TizOs. The EDS analysis shows that the amount of Al,O3
decreases almost linearly from the Al,05/TizOs5 interface into
the Ti;O5 (Fig. 7).

The obtained results show that Ti;Os and Al,O; are
compatible phases up to 1400 °C in a reducing atmosphere. The
formation of a secondary phase was not observed between
Ti;O5 and Al,Oj3 in the screen-printed structure and in the
Al,03/Ti305 diffusion couple. The diffusion of Al ions into the
Ti;05 was observed in the diffusion couple, which improves the
densification of the Ti3;Os. To the best of our knowledge there
are no data in the literature about the influence of Al,O5 on the
sintering of Ti3Os in a reducing atmosphere.

The contact angles for water on the as-sintered thick-film
surface of TiO, fired at 1400 °C in air, the nonstoichiometric
TiO,_, sintered at 1400 °C in Ar/H, (7%) and the TizOs
sintered at 1500 °C in Ar/H, (7%) are 65 4 2°, 50 4= 2° and
30 & 5°, respectively. A water contact angle measured on the
TiO,’s thick-film surface is consistent with the measurements

Fig. 5. Polished cross-section of Ti,03/Al,0; diffusion couple aged at 1400 °C
for 10 h in Ar/H, with X-ray maps of elements. (a) SEM/BE image, (b) Al Ka
X-ray map and (c) Ti Ka X-ray map.

on bulk TiO, [9,21]. The water contact angles measured on the
TiO,_, and Ti3O5’s thick-film surfaces are lower compared to
that of TiO,. We believe that the decrease in water contact angle
is a consequence of partial reduction of Ti** to Ti** during the
thermal treatment of the samples in Ar/H, (7%). The reduction
of Ti** to Ti** in titania ceramic during sintering at lower
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Fig. 6. XRD pattern of Ti—O ceramic from the Ti,O3/Al,05 diffusion couple.
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Fig. 7. The amount of Al,Oj3 in the dense region of the Ti,O3/Al,05 diffusion
couple as a function of distance from Al,Os.

oxygen partial pressure is well known and is already explained
for bulk Ti-O in the literature [9]. The reduction is
accompanied by a colour change from yellowish for TiO, to
black for TiO,_,. We have observed that the samples after the
sintering in Ar/H, (7%) become black therefore we suppose
that the reduction of Ti** to Ti** occurred during the sintering in
Ar/H, (7%). The obtained results show that the hydrophilicity
of Ti—O based thick-films can be improved significantly by
decreasing the oxygen partial pressure during the sintering.

4. Summary

Thick-film structures in the Ti—O system were prepared on
Al,O5 substrates using screen-printing technology. The proce-
dure for fabricating Ti—O structures with various Ti**/Ti** ratios
involved controlling the pre-firing step and applying oxidising
and reducing atmospheres during the sintering. TiO,, TiO,_, and
Ti,O; pastes, prepared from micron-sized powder and an organic
vehicle, were screen-printed, pre-fired in air or vacuum, followed
by sintering in an oxidising or reducing atmosphere at
temperatures up to 1500 °C. The sintered Ti—O structures, i.e.,
TiO,, TiO,_, and Ti30s, have excellent adhesion to the Al,O;
substrate. The microstructure of the active layers is homogeneous

with a uniform grain- and pore-size distributions. TiO, and
Al,O5 are compatible phases up to 1200 °C in air. However,
above this temperature they form the Al,TiOs phase. In a
reducing atmosphere TiO,_, and Al,O3 form a phase with
different Ti/Al ratios than in Al,TiO5 above 1300 °C. Ti,O5 was
screen-printed on an Al,O5 substrate and then oxidised to TizOs
during the thick-film processing. The sintered Ti;Os layer on
Al,O3 has good adhesion to the substrate and exhibits a lower
density than the TiO, and TiO,_, thick films. At 1400 and
1500 °C the diffusion of Alions into the TizO5 was observed, but
without the appearance of any additional phase.

The hydrophilicity of Ti—O thick films can be improved by
lowering oxygen partial pressures during the sintering. The
water contact angle of TiO, on Al,Oj sintered in air is 65° and
decreases to 50 and 30° for TiO,_, and T30s, respectively, both
sintered in Ar/H, (7%).
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