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OVERVIEW OF THE DOCTORAL THESIS
Current situation

TiO, ceramics is one of the most researched metal oxide materials, as it has
several high value properties. The physical and chemical properties of TiO,
ceramics are dependent on the production and processing technologies, and can
be made suitable for use in various industries. TiO, ceramics are used in
electronics, energetic, construction, and medicine.

Extrusion is widely used for production of technical ceramics as method for
shaping materials. Extrusion has several advantages for use in production of
materials that have novel applications.

There is no systematic research in scientific literature about production of
non-stoichiometric TiO, ceramics using extrusion. Therefore experimental work
encompasses research of both material properties and production technology.
And as a result of this work an original composition of ceramic paste suitable
for extrusion has been developed. Cylindrical samples have been extruded and
thermally treated in air and in vacuum environment. The uses of obtained
ceramics have been also researched.

The aim of the Doctoral Thesis

To develop optimal extrusion paste composition and process and parameter
set for thermal treatment technology suitable for production of conducting
TiO,., technical ceramics.

Tasks set for the Doctoral Thesis

1) To develop extrusion paste composition for successful extrusion process and
production of high-quality extruded green bodies;

2) To develop technological process for recycling production waste (waste
products incorporated into extrusion paste);

3) To determine plasticity of extrusion paste and its dependence on
composition;

4) To determine the influence of composition of extrusion paste on extrusion
process and relative density of extruded green bodies;

5) To optimize thermal treatment conditions (for both thermal treatment in air
and under vacuum) and to assess the influence on phase composition,
microstructure, porosity, shrinkage, and mechanical properties of ceramics;

6) To determine electrical resistance and thermoelectric properties after thermal
treatment under vacuum;

7) To evaluate the possibility of use of obtained ceramics as electrodes and
thermoelectric materials.



Scientific significance and novelty of the Doctoral Thesis

A systematic research of has been conducted to evaluate the interconnection
of extrusion paste composition, extrusion parameters and quality of extruded
green bodies.

The influence of thermal treatment conditions of extruded green bodies on
the structure, the morphology, and on physical, electric and thermoelectric
properties of obtained ceramics has been determined.

It has been ascertained that TiO, ceramic samples shaped using extrusion
and after thermal treatment in air (1100 - 1400 °C) and additional thermal
treatment in vacuum (1250 °C) contain TiO; g5 crystalline phase.

Practical significance of the Doctoral Thesis

A set of technological processes and parameters to obtain extrusion paste
have been developed. Depending on the application of TiO, ceramics, thermal
treatment parameters have been adjusted for ceramics intended for use as
electrodes or as thermoelectric materials.

Statement to defend

1. After development of original extrusion paste preparation technology
(TiO, 77.3-79.2 weight %, water 19-20.9 weight % and additives 1.8 weight
%), it is possible to obtain extruded green bodies with more than 50 % of
volume taken by anatase powder particles. Obtained particle packing ensures
low (less than 1.5 %) shrinkage upon drying extruded green ceramic bodies.
This invention has been patented.

2. The thermal treatment of extruded green bodies (first in air, then in
vacuum conditions) affects conductive properties of non-stoichiometric TiO,
technical ceramics. The electrical conductivity of non-stoichiometric TiO,
ceramics is caused by formation of oxygen vacancies in TiO, crystal lattice and
reduction of Ti*" to Ti**, giving the material a n-type electrical conductivity that
is utilized in thermoelectric materials and in electrodes.

3. The highest values of thermoelectric power factor are obtained, if TiO,
ceramics are thermally treated in air at 1100-1200 °C and additionally under
vacuum at 1250 °C. This ensures ceramics with comparatively lower density,
high Seebeck effect coefficient values and electrical conductivity. For use as
electrodes the extruded TiO, green bodies are thermally treated in air at 1300-
1400 °C and additionally under vacuum at 1250 °C — ceramics formed under
these conditions have low specific electrical resistance and comparatively high
density.



Approbation of the Doctoral Thesis

The results of scientific research for this Thesis have been reported in
international scientific conferences, 7 full-text publications and 14 peer-
reviewed conference proceeding abstracts. 1 patent has been granted for
invention described in this work in the Republic of Latvia.

SHORT OVERVIEW OF THE THESIS CONTENTS

In Introduction current situation and importance of this subject is
described, the aims and tasks set for this work are given, practical and scientific
importance of research results are listed, and Statement to Defend is given.

First chapter is Review of Literature, in which information about structure
and properties of TiO,, factors influencing TiO, phase conversion, TiO, non-
stoichiometry and its formation are given. Scientific literature concerning
electric and thermoelectric properties of TiO, ceramics is analyzed.

In scientific literature TiO, ceramics obtained using pressing (in form of
pellets) or TiO, thin films obtained by sol-gel or sputtering methods are
discussed. As there is no information on obtaining non-stoichiometricTiO,
ceramics using extrusion, in the literature review general information about
preparation of extrusion paste, extrusion technology and thermal treatment of
ceramic materials is discussed.

Second chapter is Description of Experiments, in which technologies used
to produce TiO,., ceramics and methods used to research obtained products are
described. Third chapter is Results and Discussion.

DESCRIPTION OF EXPERIMENTS
Technology to produce TiO,., ceramic samples

Schematic representation of processes used to obtain ceramics described in
this work can be seen in Fig. 1. Besides main stages, additional stages clarifying
how low-quality products are recycled are shown.

Main raw materials used are — TiO, (I) anatase powder (HOMBITAN LW-S,
Sachtleben Chemie GmbH, Germany, average particle size 300 nm), recycled
TiO, (1) rutile powder (<125 pm), distilled water, additives — oil (PRODUKT
KP 5144, Zschimmer & Schwarz GmbH) and binder (Zusoplast C93,
Zschimmer & Schwarz GmbH).

To obtain paste for extrusion, first ceramic slurry (part of necessary TiO,
powder, water and additives) was prepared using a dissolver (Dispermat® CA
40). The prepared ceramic slurry and the remaining TiO, powder was made into
a homogeneous paste using a mixer/kneader device (AMK I11 U 8/1V) and aged
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for at least 72 h before extrusion. During the aging of the extrusion paste
moisture is equalized throughout the paste volume.

The plasticity of ceramic paste ready for extrusion was determined using a
penetrometer (AFG 100N). The plasticity is given as penetration resistance
against sensor penetration into paste per area unit (mN/mm?).

The ceramic paste was shaped using an extruder (DORST V 10 SpHV) with a
round-shaped die (@13 mm) to obtain cylindrical rods.

After extrusion rods were dried in a separate room intended for this purpose.
The moisture content in samples was determined every 24 h until it was
constant. After drying the relative density and shrinkage of the samples were
determined.

Thermal treatment conditions (maximum temperature, the rate the
temperature was increased, time of thermal treatment) were chosen according to
data available in scientific literature and data obtained using differential thermal
analysis (DTA) using BAHR Termoanalyse DTA 703 (to determine at what
temperatures  organic  additives  were  burned-out) and  heating
microscopy/optical dilatometer (HM/OD) EMO-1750/30-K (to determine
sintering temperature range), also X-ray diffraction (XRD) PANalytical X Pert
PRO and Rigaku SmartLab with a monochromator (to determine TiO,
polymorphs and detect changes in crystal lattice).

Thermal treatment of ceramics was done in muffle furnace Nabertherm LH
15/14 (for thermal treatment in air) and vacuum furnace CI'B - 2.4.2/15 U3
(6,6-10° Pa). After thermal treatment the relative density, porosity, shrinkage
and mechanical properties (three point flexural strength) of TiO, and TiO,.
ceramics were determined. The microstructure of obtained ceramics was
observed using field-emission scanning electron microscopy (SEM) Tescan
Mira/LMU. For TiO,, ceramics electrical resistance was determined and
thermoelectric properties examined.

For TiO, and TiO,, ceramics phase composition and structure was
additionally examined using X-ray diffractometer Rigaku SmartLab with a
monochromator, Fourier transform infrared spectroscope (FTIR) Varian 800
and Raman spectroscope Renishaw inVia micro-Raman.

After extrusion, drying, and thermal treatment (in air and under vacuum)
the quality of samples was assessed by visual observation. The samples must be
without visible defects — that is — without deformations, cracks or pores. Low-
grade samples were milled and the obtained powder sieved to obtain TiO, rutile
(TiO,R) particles with particle size <125 uym. TiO,R powder was recycled as
additive in some compositions of ceramic paste for extrusion.
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Several criteria were taken into account during development of ceramic
paste compositions: 1) paste must be able to experience plastic flow at constant
pressure during extrusion and it must be possible to shape the extruded paste
with a die; 2) after extrusion the product must retain shape during further
handling In Table 1 four series of extrusion paste compositions are given. The
series were prepared after analyzing the results of previous series (plasticity of
extrusion paste, pressure in press cylinder during extrusion, visual appearance
of extruded green bodies, and relative density after drying).

Table 1
Composition of extrusion pastes
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RESULTS AND DISSCUISON
Characterization of extrusion paste and extruded samples

To obtain high quality samples, extrusion paste must contain as small
amount of additives as possible. If the amount of additives is too large, after
thermal treatment the burn-out of additives may create undesirable porosity and
microstructural defects. This would increase amount of low quality samples.

For Series 1 TiO, and water ratio is varied. The amount of TiO, powder is
decreased from 76.15 to 73.95 weight % and the amount of water is increased
from 20.9 to 23.1 weight %.

In Fig.3 (a) it is shown that decreasing water content has an effect on
plasticity of the extrusion paste — the extrusion paste is more viscous (the
penetration resistance of penetrometer sensor increases from 27 to 45
mN/mm?). This has a significant effect on pressure in press cylinder. During
extrusion of paste P-13-12 and paste P14 separation of liquid from paste is
observed (at the press cylinder).

In Fig.3 (b) it is shown that, if the water content is decreased in extrusion
paste (relative to TiO, powder content), it is possible to obtain more dense
samples. If the water content is decreased to 20.9 weight % (P-15), the relative
density (RD) of the samples in increased by 1.3 % (if compared against paste P-
14 which contains 23.1 weight % of water).
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Fig.3. Series 1: plasticity of extrusion paste and pressure in press cylinder (a)
and the relative density of samples (b) depending on water content

For Series 2 the ratio of TiO, and binder was varied. The amount of TiO,
was increased from 76.25 to 77.3 weight % and the amount of binder was
decreased from 1.25 to 0.2 weight %. The water content was chosen after
analysis of results for samples from Series 1.
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In Fig.4 (a) it shown that decrease of amount of binder affects plasticity of
extrusion paste — the paste has higher plasticity (the penetration resistance of
penetrometer sensor has decreased from 43 to 36 mN/mm? and wherewith the
pressure at the press cylinder has decreased as paste flows more freely through
extruder. The differences in this case are not as pronounces as in Series 1.

In Fig.4 (b) it is shown that, if the amount of binder is decreased (relative to
amount of TiO,), more dense samples are obtained. If the binder content is
decreased from 1.25 to 1.1 weight % the increase of relative density is not
significant (P-17 and P-18). In turn, if the amount of binder is decreased to 1/6
of original amount, the relative density is increased by almost 3% (A6M). In
comparison to Series 1 samples with larger relative densities are obtained —
51.54 %.
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Fig.4. Series 2: plasticity of the paste and pressure in press cylinder (a) and
relative density of samples (b) depending on the amount of binder added

The use of minimal amount of binder (0.2 weight %) facilitates not only
extrusion process, densification of the samples and retention of extruded shape,
but also reduces CO, emissions compared to previous experiments, where the
amount of binder was more 6 times higher.

In Series 3 (after evaluation of previous Series 2) the amount of binder was
0.2 weight % and the TiO, and water was varied. The content of water was
reduced from 20.9 to 18.5 weight %.

In Fig.5 (a) it is shown that decrease of water content significantly affects
plasticity of extrusion paste, compared to previous experiments — the paste is
less plastic (the penetration resistance of penetrometer sensor has been
increased from 50 to 63 mN/mm? and wherewith the pressure in press cylinder
for extrusion paste A5 has increased several times — almost to 80 bar — which
inconveniences extrusion process.
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In Fig.5 (b) it is shown that decrease of water content affects relative density
of the samples. Compared to Series 2 samples with the highest relative density
(51.54%), in Series 3 relative density is increased by 2% (A5). But the extrusion
process of A5 paste in this series is inconvenienced by comparatively low
plasticity (related to water content in the extrusion paste). As a result the
extruded green bodies were deformed — cracks were formed and samples bent.
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Fig.5. Series 3: plasticity of extrusion paste and pressure in press cylinder (2)
and relative density (b) depending on water content

Samples extruded using extrusion pastes A6M and A6 had the highest
density (TiO, anatase 77.3-79.3 weight %, water 19-20.9 weight %, binder 0.2
weight % and oil 1.6 weight %. For aforementioned extruded green bodies TiO,
anatase powder particles take up more than 50% of volume. For cubic packing
of spherical particles the volume taken by particles is 52.36 % [1].

In Series 4 TiO, anatase and TiO,R ratio is varied; the water content is also
changed as the TiO,R particles are larger and already sintered. In Fig.6 (a) it is
shown that addition TiO,R has not significantly affected the plasticity of the
extrusion paste, if compared to previous experiments (penetration resistance of
penetrometer sensor increases from 38 to 51 mN/mm?), but pressure in the press
cylinder is 10 bar. Therefore it can be concluded that the addition of TiO,R
ensures ease of flow in the extruder, even if water content is decreased from 19
to 15 weight %.

In Fig.6 (b) it can be seen that, if TiO,R is added, samples with higher
relative density can be obtained (53.05%) compared to previous experiments
(except for A5 extrusion paste). If TiO,R composition is increased twofold, the
relative density increased by 1.5% (A7). In turn, if TiO,R and TiO, anatase
ratio is almost the same by weight, the relative density increases to 61.38 %
(A8).
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It was observed that green bodies extruded using A8 paste cracked upon
drying; this can be explained by high TiO,R content.

After evaluating all extrusion paste compositions (series), it was concluded
that most promising extrusion paste compositions for extrusion process were
A6M and A6 (TiO, anatase only), as well as A6-2M and A7 (recycled TiO,R
powder added).

The dynamics of drying of extruded samples were examined, and it was
concluded than extrusion paste lost 0.7-2.05 % moisture in the vacuum
chamber, which accounts for 4-10 % from initial amount of water in extrusion
paste. The moisture level (0.20 %) in samples becomes constant after 5-8 days,
and is dependent on composition of the extrusion paste. The shrinkage of
samples upon drying is approximately 1.5 %.

The thermal treatment regiment was developed. Using DTA it was
observed that the decomposition occurs at a temperature range 200-450 °C
(exothermic process), and P-15 extrusion paste has increased exothermic effect
than A6. The reason for aforementioned fact is that P-15 samples have the
highest amount of additives — 1.35 weight %, but A6 — only 0.2 weight %.

Using HM/OD it was observed that in temperature interval room
temperature 900 °C TiO, samples expand linearly, then the beginning of
sintering occurs (Tpgine. = 900 °C), and if temperature is further increased to
1100 °C rapid densification occurs (5-7.5 %/100 °C), the sintering of TiO,
anatase particles occurs, as well as phase change (anatase to rutile), and grain
growth. Linear shrinkage at this stage is 10-13 %. When temperature rises
further to ~1300 °C the shrinkage is slower (1-2.5 %/100 °C), and further linear
shrinkage is 2-5 %.

15



Using XRD it was shown that for TiO, samples after thermal treatment at
1100 °C phase change from anatase to rutile is complete.

After summarizing DTA, HM/OD and XRD results, and the information
found in the scientific literature the following thermal treatment parameters
(heating rates, soaking times) were chosen — see Fig.7.
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Fig.7. Thermal treatment conditions in air and in vacuum
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After extrusion and drying sample quality was evaluated by both
technological means and visually. As some extrusion pastes were not suitable to
obtain quality samples, only green bodies extruded from extrusion paste
(containing only TiO, anatase) A6M and A6 were processed further to evaluate
how extrusion paste composition affects properties of the ceramics after
sintering. Green bodies extruded from A6-2M, A7 and A8 extrusion pastes
were also processed to evaluate how addition of recycler rutile powder affects
properties of the ceramics. After thermal treatment in air and under vacuum,
electrical resistance and thermoelectric properties were investigated for ceramic
samples extruded from A6 and A7.

The influence of thermal treatment on microstructure of TiO, ceramics

After evaluation cross-sectional fracture SEM images of TiO, ceramics (Fig.
8), after single-stage thermal treatment of ceramics extruded from A6M, it is
concluded that microstructure formed at temperatures 1100-1200 °C in non-
homogeneous, as grains with distinct boundary surface have not formed.
Bimodal porosity is observed — within the grains and amongst the grains. Size
of isolated pores is 0.5-2.0 um. Ceramic samples extruded from A7 after
thermal treatment at 1100 °C have a very fine-grained microstructure. After
thermal treatment at 1300 °C both kinds of samples have grains sized 7-20 um
and no significant differences are observed. Relative density of ceramic samples
extruded from A6M after single-stage thermal treatment is larger compared to
samples extruded from A7 (this is caused by addition of TiO,R).

Flg 8. SEM |mages of fracture surface of ceramic samples extruded from A6M
and A7 after single-stage thermal treatment at 1100, 1200 and 1300 °C
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After evaluation of SEM images of fracture surface of TiO, ceramics after
two-stage thermal treatment at 1100-850 °C (Fig.9), it is concluded that
samples extruded from A6M and A6 have a microstructure consisting of
needle-shaped grains. The width of the needle-shaped grains is 1-32 um, length
— 7-25 um. No needle-shaped grains are observed for other samples. Most likely
the addition of TiO,R has interfered with formation of needle-shaped grains.
For these samples the microstructure is very similar to that of samples after
single-stage thermal treatment. After two-stage thermal treatment the relative
density of ceramics is 1-3 % larger than for ceramics after single-stage thermal

treatment.
1100- 850 °C

' Flg 9 SEM images of fracture surface of samples after two stage thermal
treatment at 1100-850 °C

An additional thermal treatment was carried out at 1450 °C for samples
previously thermally treated in a single-stage at 1100 °C and for samples treated
in two-stages at 1100-850 °C. All such samples had no significant
microstructural differences — in both cases grains sized 20-50 pm had formed,
and the samples fractured both at grain boundaries and at grain volume.
Relative density after additional thermal treatment is in air is 82-89 %.

In SEM images of samples extruded from A6M show cross-sectional
inhomogeneities after thermal treatment in air at 1100 °C. Approximately 2
mm from edge of cylindrical sample there is denser microstructure with smaller
grains compared to that at the middle of the sample, see Fig.10. The formation
of these microstructures might be caused by thermal treatment conditions, the
sample preparation process (extrusion) — as sample is denser at the edges. As
sample is less dense in the middle, the grains are able to shift more at high
temperatures and form larger grains that at the sample edge surfaces. But after
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thermal treatment at 1300 °C or at higher temperatures, a homogeneous
microstructure has formed all over the sample cross-section.

A6M
middle

20 pm

of A6M samplé middle and edge after single-stage
treatment at 1100 and 1300 °C

If microstructure of A6 ceramic samples in longitudinal direction and cross-
section after thermal treatment at 1300 °C in air is compared (Fig.11),

chaotically placed grains are observed.
Lngitudinal direction A6M

Fig.10. SE images

Cross-sectional

Fig.11. SEM images of ceramic samples extruded from A6M and A7 (in
longitudinal direction and cross-sectional) after thermal treatment in air at 1300
°C
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But ceramic samples extruded from A7 (extrusion mass contains 15.32 %
TiO,R) after thermal treatment at 1300 °C show texturing of microstructure
in longitudinal direction (direction of extrusion).

The influence of thermal treatment on mechanical properties

Three-point flexural strength test results for TiO, ceramic samples after
thermal treatment at 1100 °C are shown in Fig.12. For samples extruded from
AB6M and A6 extrusion pastes (containing only TiO, anatase phase) there are no
significant differences in flexural strength (~ 22 MPa). Ceramic samples
extruded from A6-2M (containing 6.95 % TiO,R) also have similar flexural
strength values (~25 MPa). Ceramic samples extruded from A7 and A8,
(recycled TiO,R added) flexural strength significantly lowered with increase of
TiO,R content (A7-15.32 %, A8-41.75 %). Correlation between flexural
strength ad relative densities was observed.

Elastic modulus after thermal treatment in air at 1100 °C for A6M and A6
samples is approximately 18 GPa, but deformation 0.2 %. For other samples, if
TiO,R content is increased, elastic modulus decreases from 17 to 5 GPa, but
deformation from 0.2 to 0.1 %.

After additional thermal treatment in air (at 1100 and 1450 °C) the textural
strength of all tested TiO, ceramic samples is between 47 and 49 MPa. It was
also observed that relative density between various sample series is not
markedly different. This indicates that temperature of thermal treatment is also
high enough (1450 °C) for samples containing rutile to sinter similarly.

The elastic modulus after additional thermal treatment in air is 20-28 GPa,
but the deformation is 0.2 %.

Flexural strength of A6M sample series (thermally treated in air at 1100 °C
and additionally thermally treated under vacuum at 1000 and 1250 °C). It was
observed that thermal treatment under vacuum at 1000 °C does not affect
flexural strength and it remains approximately 20 MPa (compared with flexural
samples thermally treated only in air. But after thermal treatment under vacuum
at 1250 °C flexural strength has increased almost four-fold, whereas relative
density has increased only by approximately 3%.

Relative density of samples extruded from A6M after additional thermal
treatment in air is larger (84.64 %) than of those additionally thermally treated
under vacuum conditions at 1250 °C (81.13 %). Flexural strength of these
samples is almost two-fold larger than for samples additionally thermally
treated under vacuum conditions.

Elastic modulus after additional thermal treatment under vacuum at 1000 °C
is 21 GPa, but deformation 0.2%. Whereas after additional thermal treatment
under vacuum at 1250 °C elastic modulus is 21 GPa, but deformation 0.3%.
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Fig.12. Flexural strength and relative density of TiO, ceramic samples after
single-stage thermal treatment at 1100 °C and after two-stage thermal treatment
at 11100, 21450 °C and for A6M sample series after additional thermal
treatment under vacuum conditions at 1000 and 1250 °C

Analysis of phase composition and structure

After in-depth study of X-ray diffraction peaks (conducted using X-ray
diffractometer with a monochromator Rigaku SmartLab) it was ascertained that
after thermal treatment in air at 1100 °C TiO, ceramics consist of rutile
phase (Fig.13). After study of individual diffraction peaks, for example (110)
and (220) peaks, it can be seen that sample contains two separate TiO, rutile
phases (data base numbers: 00-021-1276 [a] and 04-007-4874 [b]). Crystal
lattice parameters differ for these rutile phases. For the first phase parameters
are: a=4.591884 A, b=4.591884 A, c=2.960341 A. But for the second phase
parameters are: a=4.599978 A, b=4.599978 A, ¢c=2.957185 A. For both phases
a=PB=y=90°. This separation is connected to structural changes, for example
appearance of oxygen vacancies and accordingly to formation of non-
stoichiometric TiO, (TiO,.y).
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Fig.13. X-ray diffraction pattern and shapes of two individual rutile peaks -
(110) and (220) for samples ceramic extruded from A6 after thermal treatment
at 1100 °C

X-ray diffraction patterns of TiO, ceramic samples thermally treated in air at
high temperature values (1200-1400 °C) and under vacuum at 1250 °C, see Fig.
14, match rutile structure. However three separate rutile phases can be observed
— two TiO, phases (database numbers: 04-007-4874 [b] and 01-072-7374 [d]),
and non-stoichiometric TiO; g5 phase (01-073-1782 [c]). These phases also have
different lattice parameters. Lattice parameters for phase [b] are: a=4.600702 A,
b=4.600702 A, ¢=2.961479 A; for phase [c]: a=4.591784 A, b=4.591784 A,
¢=2.956293 A; for phase [d] a=4.625430 A, b=4.625430 A, ¢c=2.956111 A. For
all phases a=p=y=90°.
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Electric and thermoelectric properties of TiO, ceramic samples

All samples for which Seebeck effect was measured (after sintering in air
and additional thermal treatment under vacuum conditions) were n-type
semiconductors. This has been observed before in the works of other
researchers investigating thermoelectric properties of “slightly” reduced TiO,
[2, 3, 4].

For Series 1 (extruded using A6) thermal treatment in air at several
temperatures from 1000 to 1400 °C and additional thermal treatment under
vacuum conditions at 1250 °C, temperature was increased at a rate 2 °C/min.

In Fig.15 the dependence of electrical conductivity on temperature for Series
1 is shown. It can be observed that, if the temperature for thermal treatment in
air (sintering before thermal treatment in vacuum) is increased, the electrical
conductivity also increases. It is possible that in these cases electrical
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conductivity is caused by defects within grain volume (caused in turn by
creation of oxygen vacancies within the TiO, crystal lattice and by reduction of
Ti* to Ti** during treatment under vacuum)

The highest electrical conductivity at temperatures from 300 to 600 K is
exhibited by sample A6-a.1400-v.1250-2 (~100-115 S/m).
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Fig.15. Electrical conductivity of ceramic samples prepared from paste A6
depending on the temperature

During construction of Arrhenius plot, the activation energy of electrical
conductivity was determined. For all samples from Series 1 activation energy is
in the 0.0053-0.0074 eV range and electrical conductivity is provided by
vacancies.

As Seebeck coefficient values are dependent on charge carrier concentration
(Seebeck coefficient increases as charge carrier concentration decreases [5]),
the samples with the highest Seebeck coefficient values (Fig.16) have lower
electrical conductivity (Fig.15). Samples A6-g.1100-v.1250-2 and A6-a.1200-
v.1250-2 (125-140 pV/K) have the highest Seebeck coefficients, but the sample
A6-a2.1400-v.1250-2 (85-100 pwV/K) the lowest values.
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In Fig.17 the dependence of thermoelectric power factor (S%) on
temperature is depicted. Sample A6-a.1200-v.1250-2 has the highest Seebeck
coefficient as well as thermoelectric power factor (1.2-2.0 -10° Wm™K™3), but
sample A6-a.1400-v.1250-2 — the lowest thermoelectric power factor (0.7-
0.9-10° Wm?K?).

2.0 - °
S o oo ® ¢
[ J [ J Y
:.Nl_s I‘. °® : : el ee® e o al000V.12502
S Y 'Y ) e a.1100-v.1250-2
= [ ) oV
g o0 vwo“?® e a.1200-v.1250-2
& Ve § vee 63 o0
=S [ee h ® oo 2.1300-v.1250-2
g 051 e a.1400-v.1250-2
o
0.0 T r .
300 400 500 600

Temperature, K
Fig.17. The thermoelectric power factor depending on temperature for ceramic
samples prepared from A6

Thermal treatment of samples of Series 2, extruded from A6 paste was
conducted at temperatures from 1000 to 1400 °C, further additional thermal
treatment was done under vacuum at 1250 °C. In this experiment increase rate
of temperature during treatment was 5 °C/min. In the following text the samples
from Series 2 are denoted as A6-a.1000-v.1250-5... A6-a2.1400-v.1250-5, etc.
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In Fig.18 the dependence of electrical conductivity on temperature for
samples from Series 2 is shown. The highest electrical conductivity is observed
for sample A6-a.1300-v.1250-5, (78-85 S/m). However, in general all samples
have ~20-25% lower electrical conductivity than samples in Series 1. It is
possible, that this is because of shorter overall thermal treatment time under
vacuum (it was longer for samples from Series 1 as heating rate was lower and
total thermal treatment time longer). It may be that samples that are thermally
treated for longer time have higher amount of defects and, therefore have higher
electrical conductivity. Also the fact that samples from Series 1 were heated at a
lower rate and therefore had higher relative density (which in turn insures
higher electric conductivity) must be taken into account [2]. Samples from
Series 1 were submitted to treatment under vacuum for twice as long, and
therefore should have higher amount of defects along grain boundaries.
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Fig.18. Electrical conductivity for ceramic samples prepared from A6
depending on temperature.

From Arrhenius plot it can be concluded that for samples from Series 2 at
given temperature range charge carriers are vacancies. Activation energy was
calculated for all samples from Series 2. The activation energy for samples from
Series 2 was a bit higher than for samples from Series 1(0.0059-0.0086 eV).

Sample A6-a.1100-v.1250-5 has the highest Seebeck coefficient (170-190
puV/K) amongst samples from Series 2, but sample A6-a.1300-v.1250-5 has the
lowest (90-120 puV/K). In general Seebeck coefficient values are lower for
samples from Series 2 than for samples from Series 1. As samples from Series 2
have lower electrical conductivity, the charge carrier concentration is also lower
and therefore Seebeck coefficient values rise.
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Thermoelectric power factor for samples from Series 2 depending on
temperature is shown in Fig.20. Obtained results are very similar to those of
samples from Series 1, as the comparatively lower electrical conductivity of
samples from Series 2 in the case of thermoelectric power factor is compensated
by higher Seebeck coefficient values. The highest thermoelectric power factor
(1.8-2.5 -10° Wm™K®) was calculated for sample A6-a.1100-v.1250-5 that was
thermally treated in air at lower temperature. The lowest thermoelectric power
factor (0.7-1.0-10° Wm™K™) was calculated for sample A6-a.1300-v.1250-5
that was thermally treated in air at a higher temperature.
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Thermal treatment for samples from Series 3 (paste A7) was conducted in
air at two different temperatures 1000 and 1200 °C with further treatment under
vacuum at 950 °C or 1150 °C temperature. Heating rate during thermal
treatment in vacuum was 5 °C/min. The samples in further text are denoted as
A7-a.1000-v.950-5... A7-a.1200-v.1150-5, etc.

The amount of generated defects in TiO, crystal lattice and therefore electric
conductivity depends (oxygen vacancies, Ti** ions, etc.) on temperature of
thermal treatment under vacuum. As samples in Series 3 were thermally treated
under vacuum at lower temperatures (950 or 1150 °C) than samples from Series
1 and Series 2 (1250 °C), the electrical conductivity of samples from Series 3 is
lower (Fig.21). Samples from Series 3 thermally treated under vacuum at 1150
°C have higher electrical conductivity than samples that are thermally treated
under vacuum at 950 °C. Therefore electrical conductivity for samples A7-
a.1000-v.1150-5 and A7-a.1200-v.1150-5 is 7-22 S/m, but for samples A7-
a.1000-v.950-5 and A7-a.1200-v.950-5 lower by 1 S/m.
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Fig.21. Electrical conductivity for ceramic samples prepared from paste A7
depending on temperature

From Arrhenius plot for samples from Series 3 it can be concluded that at
lower temperature range charge is predominantly carried by vacancies, whereas
at higher temperature range intrinsic conductivity predominates. The plot can be
divided into two ranges — for first range (at lower temperatures) activation
energy is 0,033-53 eV (depending on chosen thermal treatment), but for second
range 0,043-0,102 eV.

As electrical conductivity for samples from Series 3 is lower (the charge
carrier density is lower as well) than for samples from Series 1 and Series 2, the
values of Seebeck coefficient are higher (Fig.22). For example, sample A7-
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a.1200-v.950-5 has the highest value ~330 pV/K, but sample A7-a.1000-
v.1150-5 the lowest value ~ 160 - 205 pV/K.

Temperature, K

x 380 -

>

= 340 - °

5 meg0® *° o: . o0 o0
5 igg S®e, % o e o *°0°
'S T °

£ 220 -..'0 oo ©° ® e0 o0 % :.
8 LX)
_‘g 180 1®eq o 00 o0 ©0 i

(5]

g 140 T T

» 300 400 500

e a.1000-v.950-5
e a.1000-v.1150-5
e 2a.1200-v.950-5
e 2a.1200-v.1150-5

Fig.22. Seebeck coefficient for ceramic samples prepared from A7 paste
depending on temperature

The thermoelectric power factor (Fig.23) for samples A7-a.1000-

v.1150-5 and A7-a.1200-v.1150-5 is 0.3-1.1-10° Wm™K2.
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From the obtained results it is concluded that both high Seebeck coefficient
values and high electrical conductivity are needed. Optimal treatment
conditions to obtain thermoelectric materials are the following: thermal

treatment in air at 1100-1200 °C and under vacuum at 1250 °C.

a.1000-v.950-5
a.1000-v.1150-5
a.1200-v.950-5
a.1200-v.1150-5

However TiO,, ceramic samples sintered in air at 1300-1400 °C and
additionally under vacuum at 1250 °C have higher electrical conductivity and
therefore these materials have the potential to be used as electrodes [6-8].
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CONCLUSIONS

. An original extrusion paste was developed, containing TiO, (anatase) 77.3-79.2
weight %, water 19-20.9 weight %, binder 0.2 weight % and oil 1.6 weight %,
where packing density of TiO, powder particles is larger than 50%. Using the
developed extrusion paste, successful extrusion process can be conducted and the
extruded green bodies are without defects.

. A technology to recycle the production waste of manufacture of TiO, ceramics
by using it as an ingredient for extrusion pastes. The paste utilizing recycled
waste consists of: TiO, (anatase) 63.9-71.25 weight %, recycled TiO, (rutile)
6.9-15.3 weight %, water 19-20 weight %, binder 0.2 weight % and oil 1.6
weight %.

. The addition of recycled low quality products (TiO, rutile powder) to the
extrusion paste leads to texturized ceramic microstructure in the direction of
extrusion; the texturation is most readily observed in ceramic green bodies
thermally treated at 1100-1300 °C.

If extruded TiO, ceramics are thermally treated in air at temperatures over 1300
°C, there are no significant differences between microstructure, density and
mechanical properties of ceramics extruded using pastes with different
compositions.

. After evaluating electric resistance, thermoelectric properties and phase
composion of ceramics after thermal treatment under vacuum conditions, it was
concluded that during thermal treatment under these conditions point defects are
formed in TiO, crystal lattice.

It is possible to use extruded TiO, ceramic samples, which are thermally treated
in air 1300-1400 °C and additionally under vacuum at 1250 °C as material for
electrodes inteded for water treatment using electrolysis.

. Extruded TiO, ceramic samples thermally treated in air at 1100-1200 °C and
additionally under vacuum at 1250 °C can be used as n-type thermolelectric
materials.

30



REFERENCES

. James E. Funk, Dennis R. Dinger, Predictive Process Control of Crowded
Particulate suspension. Applied to Ceramic Manufacturing, USA:Kluwer
Academic Publishers, 1994.- 786.p.

. S.-H.Song, X.Wang, P.Xiao. Effect of microstructural features on the
electrical properties of TiO,. Materials Science and Engineering B, 2002,
94(1), 40-47.

. M.AAfifi, M.M.abdel-Aziz, 1.S.Yahia, M.Fadel, L.A.Wahab. Transport
properties of polycrystalline TiO, and Ti,O3 as semiconducting oxides. J.
Alloys Compd., 2007.

. T.Baka, T.Burga, S.-J.L.Kanga, J.Nowotnya, M.Rekasa, L.Shepparda,
C.C.Sorrella, E.R.Vanceb, Y.Yoshidac, M.Yamawakic. Charge transport in
polycrystalline titanium dioxide. Journal of Physics and Chemistry of
Solids, 2003, 64, 1089-1095.

. Alam Hilal, Ramakrishna Seeram. A review on the enhancement of figurg of
merit from bulk to nano-thermoelectric materials, Nano Energy, Available
online 27 October 2012, In Press.

. Madars Reimanis, Jurijs Ozolins, Juris Malers, Janis Locs and Talis Juhna.
Water disinfection using TinO2n-1 electrodes. 2011 2nd International
Conference on Environmental Engineering and Applications. International
Proceedings of Chemical, Biological and Environmental Engineering, 2011,
17, 265-270, IACSIT Press, Singapore

. Model water disinfection with electrolysis using TinO2n-1 containing
ceramic electrodes. Reimanis M., Mezule L., Malers J., Ozolins J., Juhna T.
Environmental Biotechnology, 2011, 7 (1) 34-40.

. Reimanis M., Malers J., Ozolins J. Preparation of water using
electrochemical proceses. International Journal of Chemical and
Environmental Engineering, World Academy of research and publication
Press, 2010, 1 (1) p.p. 35-39

31



LIST OF PUBLICATIONS
Publications in scientific journals

1. Agnese Pura, Janis Locs, Indulis Freimanis and Liga Berzina-Cimdina. The
effect of thermal processing parameters on the microstructure of extruded and
sintered TiO, ceramics. Journal of Physics: Conference Series (JPCS)
(submitted).

2. Kristaps Rubenis, Jurijs Ozolins, Agnese Piura, Janis Locs, Madars
Reimanis, Inga Narkevica, Liga Berzina-Cimdina, The influence of thermal
treatment on the properties of TiO2 ceramics obtaned by extrusion, RTU
zinatniskie raksti, 2012, 25, 71-75. ISSN: 1407-7353.

3. Agnese Pura, Kristaps Rubenis, Dmitrijs Stepanovs, Liga Berzina-Cimdina,
Semiconducting properties of nonstoichiometric TiO,., ceramics. Processing
and Application of Ceramics, 2012, 6 [2], 91-95. (ISSN: 1820-6131).

4. Agnese Pavlova, Aigars Reinis, Liga Berzina-Cimdina, Juta Kroica
Staphylococcus epidermidis and Pseudomonas aeruginosa adhesion intensity
on a TiO, ceramic in an in vitro study. Advanced Materials Research, 2011,
222, 301-304. Available in databases-http://www.scientific.net, SCOPUS.

5. A.Pavlova, L.Berzina-Cimdina, J.Locs, J.Barloti, V.Teteris, Investigation of
the electrical properties of vacuum annealed titanium oxide-containing
ceramics, Processing and Application of Ceramics, 2009, 3 [4], 187-190.
Available in databases - http://scindeks.nb.rs(ISSN: 1820-6131).

6. A.Pavlova, L. Berzina-Cimdina, J. Locs, D. Loca, J.Bossert. Preparation and
characterisation of dense TiO, ceramics. Advances in Science and Technology,
2008, 54, 261-264. Available in databases - http://www.scientific.net,
SCOPUS.

Full-text publications in conference proceedings

1. Janis Locs, Agnese Piira, Kristaps Rubenis, Liga Berzina-Cimdina, Jurijs
Ozolins, The influence of extrusion process on the microstructure of ceramic
obtained. Proceedings of the 12" Conference of the European Ceramic Society
— ECerS XII, Stockholm, Sweden — 2011.4 pp. (CD ROOM, Nr. 2081) (ISBN:
978-83-60958-54-4)

2. Pavlova A., Mironova-Ulmane N., Berzina-Cimdina L., Locs J., Micro-
Raman spectroscopy of TiO, ®TT-2009 «AKTYAJIbHBIE TITPOBJIEMBI
OU3UKN TBEPJOI'O TEJIA», 2009, Tom 3, 90-92. Pieejamiba datubazes
http://www.physics.by/news.php (ISBN 978-985-6929-26-0)

Patent (Republic of Latvia)

1. A.Pira, L.Bérzina-Cimdina, J.Loc¢s, I.Freimanis. Titana dioksida keramikas
masa. Pat., Nr. 14365 (11.04.2011)
32


http://www.scientific.net/
http://www.scientific.net/

Peer-reviewed conference proceedings

1. A.Pura, K.Rubenis, I.Narkevica, J.Ozolins, J.Locs. Extrusion and thermal
treatment of TiO, ceramic for various applications. Book of abstract
Symposium: Bioceramics and Cells for Reinforcements of Bone, Riga, October
18-20, 2012, p.41.(ISBN: 978-9984-793-18-4).

2. Agnese Pura, Janis Locs, Indulis Freimanis and Liga Berzina-Cimdina. The
effect of thermal processing parameters on the microstructure of extruded and
sintered TiO, ceramics. Book of abstracts 2nd International Conference on
Competitive Materials and Technology Processes, Miskolc-Lillafured,
Hungary, October 8-12, 2012, p.63.(ISBN: 978-963-08-4874-9)

3. D.Stepanovs, A.Pura, L.Berzina-Cimdina, Semiconducting properties of
titanium oxide containing ceramics. Book of Abstracts, 9th Students’Meeting
and 2nd ESR COST MP0904 Workshop, SM 2011, Novi Sad, Serbia,
November 16-18, 2011, 71. (ISBN 978-86-80995-97-7)

4. Dmitrijs Stepanovs, Janis Barloti, Agnese Pura, Janis Lo¢s, Jurijs Ozolins,
Liga Berzina-Cimdina, The electrical properties of semiconductor TiOp.y.
Abstracts of the 52" International Scientific Conference of Riga Technical
University, October 13-15, 2011, Riga, Latvia, 103. (ISBN 978-9934-10-181-6)
5. K. Rubenis, L. Mezmale, J. Lo¢s, A. Pavlova, L. Bérzina-Cimdina. The use
of electrolysis for the deposition of copper on the surface of TiO, ceramic.
Proceedings of the XIX-th International Baltic Conference “Materials
Enigineering&Balttrib *2010”, October 28-29, 2010, Riga, Latvia, 37.

6. M. Reimanis, A. Pavlova, J. Locs, I. Freimanis, L. Berzina-Cimdina, J.
Ozolins. Dense titanium oxide ceramics for water preparation with electrolysis.
Proceedings of the XIX-th International Baltic Conference ‘Materials
Enigineering&Balttrib ¥*2010”, October 28-29, 2010, Riga, Latvia, 36.

7. D. Stepanovs, V. Teteris, J. Barloti, A. Pavlova, L. Beérzina-Cimdina.
Thermal processing parameters effect on TiO,. Proceedings of the XIX-th
International Baltic Conference “Materials Enigineering&Balttrib *20107,
October 28-29, 2010, Riga, Latvia,15.

8. Agnese Pavlova, Aigars Reinis, Liga Berzina-Cimdina, Juta Kroica
Staphylococcus epidermidis and Pseudomonas aeruginosa adhesion intensity
on a TiO, ceramic in an in vitro study. Book of Digest, 9th International
Conference on Global Research and Education, Inter-Academia 2010, August
9-12, 2010, Riga, LATVIA, 164-165.

9. Madars Reimanis, Agnese Pavlova, Juris Malers, Liga Berzina-Cimdina,
Jurijs Ozolins. Electrical conductive Ti O, ceramic extraction and use for
water treatment with electrolysis, ELECTROCERAMICS XII, Norwegian
University of Science and Technology, 13" June-16" June, 2010, Trondheim,
Norway. (CD-ROOM, Nr. 155)

33



10. A.Pavlova, L.Berzina-Cimdina, D.Stepanovs, J.Barloti, V.Teteris. Thermal
processing parametres effect on the ceramics properties composed of titanium
oxides. ELECTROCERAMICS XII, Norwegian University of Science and
Technology, 13™ June-16™ June, 2010,Trondheim, Norway. (CD-ROOM,
Nr.266)

11. L.Berzina-Cimdina, J.Locs, J.Barloti, V.Teteris, A.Pavlova. Investigation of
the electrical properties of vacuum annealed titanium oxide-containing
ceramics, VIl Students meeting, Processing and Application of Ceramics, Book
of Abstracts, December 2-5, 2009, Novi Sad, Serbia, 19.

12. Agnese Pavlova, Janis Locs, Rihards Neretnieks, Liga Berzina-Cimdina,
Use of extrusion Technology for obtaining of dense titanium oxide ceramics,
Book of Abstract for the Fourth International Conference on Shaping of
Advanced Ceramic, Shaping 4, November 15-18, 2009, Madrid, Spain, P1-22.
13. A.Pavlova, M.Reimanis, L.Berzina-Cimdina, J.Ozolins, T.Barloti, V.Teteris.
Fabrication of a conductive ceramic and its use in water treatment technology,
Book of abstracts, Functional materials and nanotechnologies 2009, Riga,
Latvia, 2009, 196.

14. A.Pavlova, D.Loca, J.Locs, L.Berzina-Cimdina. Synthesis and properties of
TiO, ceramic. In Abstracts of XVI-th International Baltic Conference Material
Engineering & Balttrib; Riga, Latvia, 2007, 38.

34



