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Abstract. In this paper, various titanium dioxide (TiO,)
ceramic properties (density, microstructure and electrical
resistance) were investigated after thermal treatment in air and
under high vacuum conditions. In the present research,
cylindrical-shaped samples were used, which were obtained from
the plastic TiO, ceramic mass by extrusion method. When the
temperature of thermal treatment in the air is increased from
1100 to 1350 °C, sintering degree, ceramic density and grain size
also increase, while porosity decreases. The density of the
obtained ceramic samples reaches 82% of the theoretically
possible. It has been found that during the process of sintering
mainly open porosity decreases. Thermal treatment in air
influences electrical resistivity of titanium dioxide ceramic
samples; after thermal treatment under high vacuum conditions
electrical resistivity of samples significantly decreases, and it has
been observed that the samples with the highest density and the
biggest grains have the lowest electrical resistivity.
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I. INTRODUCTION

Because of its properties — low absorption coefficient, high
dielectric constant and high biocompatibility — titanium
dioxide (TiO,) ceramics is widely used in various technical
fields, for example, in photocatalysis, biomaterials and
different self-cleaning elements [1]. TiO, ceramics are also
widely used in electronics, for example, in varistors and
capacitors [2].

TiO, is a dielectric material with the band gap width ~ 3.2
eV; it is a poor electrical conductor, but similarly to SnO,,
TiO; can be relatively easily reduced [3]. If TiO, is thermally
treated in a reducing environment, defects like oxygen
vacancies are formed in its crystal lattice, and non-
stoichiometric compounds are formed, which can be described
with a general formula Ti,0,,, or TiO,, [4]. Due to creation
of oxygen vacancies, electrons, which were connected with
o~ ions, are liberated in TiO, crystal lattice; as a result, local
energy levels are created in the forbidden zone, and electrical
conductivity of the obtained oxide materials significantly
increases. Even slight deviations from stoichiometric TiO,
result in significant increase of electrical conductivity of the
compound [5]. Non-stoichiometric titanium oxides are used as
photocatalysts, photoelectrodes in the water photoelectrolysis,
gas sensors, etc [6].

In the reduced TiO, crystal lattice, mainly point defects like
doubly charged oxygen vacancies and Ti*" or Ti*" interstitials
exist. At the same time, if a large oxygen deficit exists in the
TiO, structure, share of crystallographic planes occurs in the
crystal lattice and the so-called Magneli phases are formed [7].
Magneli phases are a range of non-stoichiometric titanium

oxides with the general formula Ti,0,,.;, where n is between 4
and 10. These oxides are obtained by reducing titanium
dioxide in high temperatures, in H, environment. As a result,
ceramic materials with high electrical conductivity similar to
that of graphite are obtained. Because of its excellent
corrosion resistance, ceramics obtained by this method can be
used as an electrode material in electrolysis processes [8].
Titanium oxide ceramics obtained by thermally treating TiO,
undere high vacuum conditions, also demonstrate high
electrical conductivity [9]. In the scientific articles [10, 11],
possibilities of using ceramics obtained by this method in
water electrolysis processes are studied.

Electrical properties of ceramics containing titanium oxides
are affected by the ceramic microstructure [12]. Its electrical
properties are significantly influenced by grain size, grain
boundary area and porosity [13].

The present paper studies the influence of thermal treatment
in the air and high vacuum conditions on TiO, ceramics
obtained by extrusion method.

II. MATERIALS AND METHODS

Cylindrical-shaped TiO, ceramic specimens used in the
present research were prepared from plastic TiO, ceramic
mass by extrusion, using a Dorst Vacuum Extrusion Press V10
SpHv. Plastic ceramic mass was obtained by mixing the
required components (see Table 1) in the kneader-mixer
Aachener Misch und Knetmaschinenfabrik IIIU 8/1V. Mixing-
kneading was carried out for 4 hours.

TABLE 1
CERAMIC MASS COMPOSITION
Component Description % of mass
TiO, . o). .
(anatase) Reagent purity 99,2 %; aYerage grain size 81
180 nm);
powder
Distilled
H,0 - 17
Binder Plasticizing addltlye based on cellulose 02
derivative
Oil Manufactured by Zimmer &Schwarz 1,8

Extruded samples were dried for 48 h at 20 °C temperature,
with relative air humidity of 50 — 60%.

Dilatometric properties of the samples in the temperature
range from room temperature to 1450 °C were determined
with a heating microscope (HM) — Hesse Instruments Heating
Microscope - EM 201 (HT-16 (1600/80)).

Dried samples were sintered in air at 1100, 1175, 1250,
1300 and 1350 °C temperature (heating rate 1 °C/min, dwell
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time 6h, cooling rate 1 °C/min), with a further thermal
treatment under high vacuum conditions (2x10~ Pa) at 1075
°C temperature (heating rate 5 °C/min, dwell time 3h, cooling
rate 6 °C/min). After thermal treatment, samples were cut in
20 mm long cylinders for a more convenient measurement.
Five specimens were produced for each thermal treatment
condition.

The density p,, was determined by measuring the volume
and weight of the samples. Afterwards, the measurements
were related to the theoretical density of anatase or rutile TiO,.
Open and closed porosity of the samples after thermal
treatment was determined using method based on Archimedes’
principle [14].

Electrical resistance of the samples after thermal treatment
in the air was measured with a Wheatstone bridge MO — 62 or
with a tera-ohm meter E6 — 134. To ensure high quality
electric contact, sample ends were cleaned in glow discharge
plasma and coated with copper, using a thermal evaporation in
vacuum.

To characterize sample fracture surface microstructure,
scanning electronic microscopy (SEM) Tescan Mira/LMU was
used. Average diameter of the sample grains (d,) was
determined using VEGA TC software, measuring at least 200
ceramic grains in SEM photographs for each sample.

In order to determine the crystal phases, a PANalitical
X’pert PRO model X-ray diffractometer (XRD) with a CuK,
radiation in the region 20 = 25 - 70° was used.

III. RESULTS AND DISCUSSION

Properties of ceramic materials are determined by their
thermal treatment conditions. Impact of thermal treatment on
the shrinkage of the sample obtained by extrusion process was
evaluated using HM (Fig. 1). As it can be seen, cross-section
field of the sample remains almost unchanged until 950 °C
temperature.
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Fig. 1. Thermal shrinkage of the sample

A rapid shrinkage of the sample cross-section field is
observed within temperature interval from 950 to 1100 °C.
This observed shrinkage of cross-section field can be linked to
both the ceramic sintering process and transformation of TiO,
crystal modification from anatase onto rutile in the
corresponding temperature [15].

Changes in the crystal structure of the samples during
thermal treatment were verified by XRD (see Fig. 2). In the
samples, which were not treated thermally, only anatase TiO,
crystal phase was identified, while for samples which were
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thermally treated at temperatures from 1100 to 1350 °C, only
rutile crystal phase was identified.
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Fig. 2. XRD pattern of the samples after thermal treatment in air

Properties and possible uses of ceramic materials are
determined by their density and porosity. After drying, the
density of the obtained green body was on average 59% of
theoretical TiO, density value. During thermal treatment at
temperatures above 1100 °C (TiO, ceramic sintering occurs),
density of samples significantly changes in comparison with
the samples, which were not thermally treated (see Fig. 3).

If temperature of thermal treatment is increased, density of
samples increases, reaching about 82% of theoretical density
of TiO, for samples sintered at 1350 °C. Successive thermal
treatment of the samples under high vacuum conditions did
not cause further changes of density. This can be caused by
the temperature chosen for the thermal treatment (1075 °C),
which is lower than the temperatures, at which the samples
were treated under air conditions.
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Fig. 3. Density of the samples after thermal treatment in air
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Fig. 5. SEM photographs of specimens after thermal treatment in air

Material sintering is related to decreasing of porosity. It can
be seen that with a thermal treatment temperature in air from
1100 to 1350 °C and increasing sintering degree, total porosity
of the samples decreases from about 24 to 18%. Evaluating
changes of open and closed porosity, it can be concluded that
during sintering of the samples, proportion of open porosity
decreases, while amount of closed porosity remains in the
range from 3.5 to 4.5% in whole range of chosen thermal
treatment temperatures.

The process of increasing density and reducing porosity of
TiO, ceramics is simultaneously related to transformations of
the sample microstructure, including ceramic grain size (see
Fig. 5). As it can be seen, during thermal treatment growth of
ceramic grains occurs. The most intensive growth of ceramic
grains is observed in temperature range from 1100 to 1250 °C.

The average grain diameter increases almost twice, from 13
pm at 1100 °C to 25 pm at 1350 °C. It can be seen that grains
are mostly elongated in shape.

After thermal treatment in air, electrical resistance of the
samples was measured. Since the samples were sintered at
various temperatures, their geometric sizes were different. To
compare electrical resistance, a specific electrical resistance
Ry, of the samples was calculated.

After thermal treatment in the air atmosphere, electrical
resistance of the obtained ceramic samples achieves high
values (3.5 — 5.8x10° Qm), characteristic of dielectric
materials.

Thermal treatment of the samples under high vacuum
conditions causes a dramatic decrease in sample electrical
resistance (Fig. 6.). Reduced electrical resistance can be
related to creation of oxygen vacancies and change of Ti*" to
Ti*" ions in TiO, crystal lattice [4]. Creation of oxygen
vacancies under high vacuum conditions, as well as TiO,
thermal treatment in a reducing environment, significantly
increases electrical conductivity [12]. A certain relation
between descriptive parameters of material and its electrical
resistance was observed. When the temperature of thermal
treatment and average grain diameter increase, the density of
the ceramic samples also increases, (see Fig. 6.), but electrical
resistance decreases (from 0,9 Q-m for a sample which has
been thermally treated in air at 1100 °C before thermal
treatment under the vacuum conditions, to up to 0,1 Q'm for a
sample which was thermally treated in air at 1350 °C before
thermal treatment under high vacuum conditions).

It is possible that thermal treatment of TiO, at high
temperatures with a following thermal treatment under high

vacuum conditions causes an intensified creation of oxygen
vacancies in TiO, crystal lattice. Possibly, with grain size
increasing, grain volume starts to dominate in the electron
transfer, with the electrons migrating from the grain surface
into the volume [16].
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Fig.6. Average grain diameter, d, and specific electric resistance Ry, of the
samples depending on the temperature of the thermal treatment in air
and the following thermal treatment under high vacuum conditions at
1075 °C.

IV. CONCLUSIONS

Temperature of thermal treatment influences the process of
TiO; ceramic sintering. With the increase of thermal treatment
temperature in the air atmosphere from 1100 to 1350 °C,
density of ceramics also increases and porosity of the samples
decreases, which proves the increasing of the sintering degree.
Thermal treatment influences microstructure and electrical
properties of titanium dioxide ceramics.

Thermal treatment of the samples under high vacuum
conditions causes a dramatic reduction in the sample electrical
resistance (from 5.8x10° Q'm for a sample which has been
thermally treated in the air at 1350 °C to 0.1 Q-m after thermal
treatment under high vacuum conditions at 1075 °C, for the
same sample). A connection between the size of ceramic
grains and electric resistance of the samples is observed.
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Kristaps Rubenis, Jurijs Ozolins, Agnese Piira, Janis Lo¢s, Madars Reimanis, Inga Narkevica, Liga Bérzipa-Cimdina. Termiskas
apstrades ietekme uz ekstruzijas cela iegiitas TiO, keramikas Ipasibam

Darba pétita termiskas apstrades gaisa vide un augstvakuuma apstaklos ietekme uz titana dioksida (TiO,) keramikas blivumu, mikrostruktiiru,
un elektrovaditspgju. P&tljumam izmantoti cilindriskas formas paraugi, kuri iegiiti ar ekstriizijas panemienu no plastiskas TiO, keramikas
masas. legiitie paraugi termiski apstradati gaisa vidé 1100, 1175, 1250 un 1350 °C temperatiira. Péc termiskas apstrades gaisa vidg, paraugi
atkartoti termiski apstradati augsta vakuuma apstaklos 1075 °C temperatiira. Konstatéts, ka, piecaugot termiskas apstrades temperatiirai gaisa
vide, palielinas iegttas keramikas sakepSanas pakape, picaug keramikas blivums un graudu izmérs, savukart porainiba samazinas. legito
keramisko paraugu Tpatn&jais blivums parsniedz 82% no teorétiski iesp&jama. Konstatéts, ka keramikas sakepSanas procesa galvenokart notiek
atverto poru Ipatsvara samazinasanas. TiO, keramikas paraugu elektriska pretestiba pec termiskas apstrades gaisa vidé sasniedz ieverojamas
vertibas (3,5 — 5,8x10° Q-m), kadas raksturigas dielektriskajiem materialiem. Péc atkartotas termiskas apstrades augsta vakuuma apstak|os,
paraugu elektriska pretestiba biitiski samazinas. Novérota sakariba, ka paraugu elektriska pretestiba p&c termiskas apstrades augta vakuuma
apstaklos samazinas, pieaugot keramikas blivumam un graudu vidgjam diametram. Paraugu Tpatngja elektriska pretestiba samazinas vidgji no
0,9 Q'm, paraugam, kur§ gaisa vidé pirms termiskas apstrades augsta vakuuma apstaklos termiski apstradats 1100 °C temperatiira, lidz 0,1
Q-m, paraugam, kur§ gaisa vid€ pirms termiskas apstrades augsta vakuuma apstaklos termiski apstradats 1350 °C temperatiira.
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Kpucranc Py6ennc, IOpuii Ozonunbm, Arnece Ilypa, fAuuc Jlouc, Manapc Peumanuc, Unra Hapkesuna, Jiura bepsuna-Ilumaunsg.
Bimsinne Tepmuyeckoii 06padorTku Ha cBoiictBa TiO, kepaMukHu, N0JIy4eHHOM IKCTPY3HOHHBIM CIIOCOOOM.

B paGote ucciieoBanoch BIHAHUE TEPMHYECKOH 00pabOTKM B BO3IYLIHOM arMoc(epe M B YCIOBHAX INIyOOKOro BakyyMa Ha IUIOTHOCTS,
MHKPOCTPYKTYpY M 3iekTpornpoBogHocts  TiO, kepamuku. B 3kcrnepuMeHTax HCHOIb30BAIUCH 00pasibl LMIMHAPUYECKOH (GOPMBI,
MOy YCHHBIE SKCTPY3HOHHBIM CIIOCOOOM U3 TIaCTUYeCKOU Kepammdeckoit Macchl TiO,. [TomyueHHbIe 00pa3ipl TEPMUYECKH 00padaThIBaiCh B
BOBIYIIHOH cpeme mpH Temmeparypax 1100, 1175, 1250, 1350°C ¢ mocnemyromeii o6paGoTKOi B YCIOBHSX TIIyGOKOTO BaKyyMa IpH
TeMIeparype 1075°C. Vcramosiuero, uto ¢ yBEIHYEHHEM TeMIlepaTypsl TepMudeckoid oopaborku ot 1100 no 1350°C B BO3/yILIHOHU cpene
BO3pacTaeT CTeNeHb CHEKAaHMsS KEePaMHKH, YBEIMYHBACTCS IUIOTHOCTh, pa3Mep 3EpeH M yMEHBIIAeTCs MOPUCTOCTH 00pasioB. YaenbHas
IUIOTHOCTB INOJYYEHHBIX 00pa3lOB JOCTUTAET BENIUYUH OOJBIINX, 4eM 82% OT TEOpeTHYecKH BO3MOXKHOro. B mporecce criekaHusl, TaBHbBIM
0o0pa3oM, HaOJIOJACTCSl yMEHBLUICHUE OTKPBITONH IOPUCTOCTH. YAEJIBHOE COHNPOTHUBIICHHE KEPaMHUYECKUX OOpa3LoB II0CIE TEPMHUUYECKOIl
06pabOTKH B BO3AYIIHOM Cpele JOCTHraeT 3HAYHTENbHBIX BemumduH (3,5 — 5,8x10° Q'm), XapakTepHbIX A AHANEKTPHUCCKHX MaTEPHATIOB.
ITocne moBTOpHOH Tepmuueckoir 0OpabOTKE B YCIOBHAX ITyOOKOTO BaKyyMa 3JIEKTPHYECKOE COIMPOTHBIEHHE 00pa3loB PEe3KO CHMIKACTCS.
HaiineHa 3aBUCHMOCTh MEXIy YMEHBIICHUEM 3HAYEHHH yJETbHOTO CONPOTUBIICHUS U yBEINUYEHUEM TUIOTHOCTH KEPAMHUKH U Pa3MepoB 3EpEH.
VYaensHOe compoTtuBieHne cHkaercs ¢ 0,9 Qm, mia obpasuos, nomydeHHsx npu 1100°C mo 0,1 Q-m, mis oOpas3uoB, npenBapuTEILHO
TepMHUUECKH 00paboTaHHBIX pu Temmepartype 1350°C.
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