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Abstract. The thermoelectric properties of air sintered and
vacuum annealed TiO, samples consolidated by the extrusion
process have been studied. The samples were sintered in air at
1100, 1175, 1250 and 1350 °C and subsequently annealed under
vacuum at 1075 °C. After both thermal treatments oxygen
deficient phases were not observed and only a single rutile TiO,
phase was present in the samples. The density and grain size of
the samples increased with an increase in air sintering
temperature, while the total porosity decreased. Electrical
conductivity of the samples increased with an increase in air
sintering temperature. The highest Seebeck coefficient (~410
pV/K) and thermoelectric power factor (3,25 x 10° W/m'K?) at
280 °C were obtained for the sample that was sintered in air at
1175 °C before the following annealing under vacuum.
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1. INTRODUCTION

Approximately 90% of the world’s power is generated by
heat engines. Most heat engines use fossil fuel to provide heat,
which is then converted to work. In the energy conversion
process, a large fraction of the energy content is lost as waste
heat (typical heat engines operate at 30—40 per cent efficiency,
which means that more than half of the fuel energy is expelled
as waste heat) [1].

One way to recover part of this waste heat is to use
thermoelectric materials that can directly and reversibly
convert heat to electrical energy. This process is based on the
Seebeck effect, which describes the voltage induced by the
temperature difference across a material. The voltage
produced is proportional to the temperature difference across
the material. The proportionality constant is defined as the
Seebeck coefficient and is obtained from the ratio of the
voltage generated and the applied temperature difference:
S=AV/AT [2]. The performance of thermoelectric material is
driven by its figure of merit Z7, a parameter determining the
efficiency of thermoelectric conversation and is defined as
ZT :SZO'T/k, where S, o, T and k are the Seebeck coefficient,
electrical conductivity, temperature and thermal conductivity,
respectively [3]. The product (S°0) is called the power factor.
It is commonly used to evaluate the performance of
thermoelectric materials [2].

The challenge of research on the thermoelectric materials r
is to increase values for ZT. Figure of merit of the material can
be increased by increasing the power factor S°c and/or
decreasing the thermal conductivity k. These parameters in ZT'
vary with carrier concentration. Therefore, controlling carrier
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concentration is an essential prerequisite for optimizing the ZT
values [4, 5].

The most widely used commercial thermoelectric material
is bulk Bi,Te; and its alloys [6, 7]. Since tellurium is
extremely rare found in the Earth’s crust [8], it would be
desirable to develop alternative materials that minimize the
use of rare elements and involve cheaper and widely available
elements.

Transition metal oxides have been attracting increasing
attention owing to their good thermoelectric properties,
innocuity and low costs [9]. Among the transitional metal
oxides, TiO, might be considered one of the most promising
thermoelectric materials [10, 11].

TiO, is a dielectric material with the band gap width ~ 3 eV
and is used in a wide range of applications because of its non-
toxicity, thermal stability, high oxidation resistance and
controllable semiconducting properties [9]. TiO, occurs in
three distinct polymorphs: rutile, anatase, and brookite, but
only rutile and anatase are of technical importance.

For thermoelectric applications, the electrical conductivity
of TiO, should be increased. It can be achieved by reduction
treatment and impurity doping. If TiO, is thermally treated in
a reducing atmosphere (gaseous, vacuum), various defects,
such as oxygen vacancies and Ti’" defects, are formed in its
crystal lattice and non-stochiometric compounds are formed,
which can be described with a general formula Ti,0,,; or
TiO,.,[12].

In stoichiometric TiO, crystal, the metal atom is in 3d°
(Ti*") electronic configuration. During reduction, Ti*" ions can
receive electrons from reducing gases or lattice oxygen
usually removed from stoichiometric TiO,. As a result, Ti,O3
regions in TiO, lattice can be formed, in which the metal atom
is in 3d' (Ti*") configuration [13]. Due to such lattice defects,
local energy levels inside the band gap of TiO, can be formed,
and electrical conductivity of the oxide significantly increases
[14]. Even slight deviations from stoichiometric TiO, can
significantly increase its electrical conductivity [15]. If there is
a large oxygen deficit in the TiO, structure, share of
crystallographic planes occurs in the crystal lattice and the so-
called Magneli phases are formed [16]. 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
can be obtained by reducing titanium dioxide at high
temperatures in H, atmosphere. As a result, ceramic materials
with high electrical conductivity similar to that of graphite are
obtained. Magneli phase titanium oxides show relatively high
thermoelectric performance [10, 17].
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It is also known that electrical properties of ceramics
containing titanium oxides can be affected by various
microstructural defects (pores, grain boundaries, etc.) [18, 19].

In the present study, we investigate the influence of air and
subsequent vacuum thermal treatment on the microstructure
and thermoelectric properties of TiO, ceramics formed by
extrusion, which is a cost-effective method to produce objects
with a cross-sectional profile.

II. MATERIALS AND METHODS

To produce a paste for extrusion, commercial TiO, powder
(Sachtleben Chemie GmbH, Hombitan LW-S) with purity
greater than 99% and average particle size of 300 nm was
mixed with 18 wt% water and 2 wt% additives (plasticizer,
lubricant) in a kneader-mixer (AMK, IIIU 8/IV) at constant
temperature of 20 °C and a rotor speed of 30 rpm. The paste
was then transferred to a vacuum extrusion press (Dorst, V10
SpHv) and formed to cylindrical green bodies with a diameter
of 13 mm and length of about 100 mm. The consolidated
green bodies were first dried at room temperature for 3 days in
order to remove residual water and prevent crack formation.
After drying the green body compacts were pressureless
sintered in air at 1100, 1175, 1250 and 1350 °C for 5 h with a
heating and cooling rate of 3 °C/min. In order to increase free
carrier concentration, after sintering the samples were
annealed under vacuum (2x107° mbar) at 1075 °C for 3 h with
heating and cooling rate of 5 °C/min.

Density, open and closed porosity of the sintered and
vacuum annealed samples were determined using a method
based on Archimedes’ principle [20]. The density values
obtained from measurements were related to the theoretical
density of anatase or rutile TiO..

Crystal phases of thermally treated samples were revealed
by X-ray powder diffraction using PANalitical X 'pert PRO
model X-ray diffractometer (XRD) with Cu K, radiation. For
microstructural characterization, the samples after thermal
treatment were fractured and then studied using the scanning
electronic microscope (SEM) Tescan Mira/LMU.

In order to measure thermoelectric properties of the
samples, after thermal treatment they were cut in 20 mm long
cylinders. The Seebeck coefficient and the electrical resistivity
of the samples were measured under a vacuum in the
temperature range from room temperature to 300 °C in a self-
made apparatus. To ensure good electrical contact between the
samples and the measurement device, copper was deposited on
both ends of the samples in a thermal vacuum evaporator.

[II. RESULTS AND DISCUSSION

Fig. 1. shows XRD patterns of the air sintered (1100, 1250
and 1350 °C) and vacuum annealed samples. During a thermal
treatment phase, transition from anatase to rutile occurred and
only a single rutile TiO, phase was present in all of the
samples. Oxygen deficient TiO,, phases after vacuum
annealing were not observed.

Density and porosity of the samples as a function of air
sintering temperature are shown in Fig. 2 and Fig. 3. As seen
in Fig. 2, the density of the samples increases with an increase
in the sintering temperature and reaches approximately 83% of
the theoretical density at 1350 °C. The open porosity of the

samples (Fig. 3) decreases with an increase in heat treatment
temperatures, while closed porosity remains essentially the
same for all sintering temperatures. Since vacuum annealing
temperature (1075 °C) is lower than air sintering temperature,
it does not affect the density and porosity of the samples.
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Fig. 1. XRD patterns of the samples after thermal treatment
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Fig. 2. Density of the samples as a function of sintering temperature
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Fig. 3. Porosity of the samples as a function of sintering temperature

SEM micrographs of fracture surfaces of the samples after
sintering in air at 1100, 1250 and 1350 °C and subsequent
vacuum annealing at 1075 °C are shown in Fig. 4. As seen, the
grain size of the samples increases with an increase in the
sintering temperature. For the samples sintered at 1100 °C, the
grains are mostly elongated in shape. For sintering
temperatures from 1250 °C, the grains become more equiaxed.
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Fig. 4. SEM micrographs of fracture surfaces of the air sintered and vacuum annealed samples

The temperature dependence of the electrical conductivity
of the air sintered and vacuum annealed samples are
demonstrated in Fig. 5. The behaviour of electrical
conductivity for the samples is semiconducting as their
conductivity increases with increasing temperature. As can be
seen, conductivity of the samples is related to their
microstructures formed during air sintering. Electrical
conductivity increases as the grain size of the samples
increases and porosity decreases. This effect can be caused by
the grain boundary area, which is much smaller with coarse
grains. In the samples with a reduced grain boundary area
there is less electrical barrier present. Also effective
conducting volume is smaller for the samples with higher
porosity, which can be another reason for the differences in
conductivities of the samples [18].
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Fig. 5. The electrical conductivity of the air sintered and vacuum annealed
samples as a function of temperature

Fig. 6 shows the temperature dependence of the Seebeck
coefficient for the samples. Increase in electrical conductivity
(Fig. 5) for most of the samples decreases their Seebeck
coefficient. It is well known that the absolute values of
Seebeck coefficient decrease with an increase in carrier
concentration. However, the highest Seebeck coefficient
values are shown by the sample sintered in air at 1175 °C,
with maximum value (~410 pV/K) around 280 °C, while its
electrical conductivity is higher than that of the sample
sintered at 1100 °C. It is possible that the samples sintered at
1175 °C have lower carrier concentration but higher carrier
mobility than the samples sintered at 1100 °C. For the samples
sintered at 1100 and 1175 °C, the Seebeck coefficient
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increases with increasing temperature, while for the samples
sintered at 1250 and 1350 °C it decreases or remains the same.
Values of thermoelectric power factor (S°¢) for the samples
as a function of temperature can be seen in Fig. 7. Power
factor is mainly influenced by the electrical conductivity of the
samples. It increases monotonically with temperature. The
highest value of thermoelectric power factor is obtained at 300
°C (3.25 x 10° W/m'K™?) for the samples sintered at 1175 °C.
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Fig. 6. The Seebeck coefficient of the air sintered and vacuum annealed
samples as a function of temperature
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Fig. 7. The power factor of the air sintered and vacuum annealed samples as a
function of temperature
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IV. CONCLUSIONS

The thermoelectric properties of air sintered and vacuum
annealed TiO, samples formed by the extrusion method have
been investigated. The samples were sintered in air at 1100,
1175, 1250 and 1350 °C and subsequently annealed under
vacuum at 1075 °C. The electrical conductivity of the samples
increases with an increase in air sintering temperature. The
highest Seebeck coefficient (~410 pV/K) and thermoelectric
power factor (3.25 x 10°® W/m'K?) at 280 °C were obtained
for the samples sintered at 1175 °C.
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Kristaps Rubenis, Valdis Teteris, Janis Locs, Janis Barloti, Liga Bérzina-Cimdina. Ekstrudétas TiO, keramikas termoelektriskas
ipasSibas péc termiskas apstrades gaisa vidé un sekojosas termiskas apstrades vakuuma apstaklos

Darba pétita termiskas apstrades (gaisa un vakuuma apstaklos) ietekme uz ekstriizijas cela iegiitas TiO, keramikas termoelektriskajam
1pasibam. No komerciala TiO, pulvera, Gidens un piedevam izgatavota plastiska masa. No iegiitas masas ar ekstriizijas panémienu forméti apala
Skérsgriezuma stienisi (paraugi). Péc zavésanas tie sakepinati gaisa videé 1100, 1175, 1250 vai 1350 °C temperatiira. P&c sakepinasanas stienisi
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termiski apstradati vakuuma apstaklos 1075 °C temperatiira, elektrovaditsp&jas uzlabosanai. Termiski apstradatajiem paraugiem noteikts
kristalisko fazu sastavs, blivums un porainiba, p&tita mikrostruktiira, mérita elektrovaditsp&ja un Z&beka koeficients temperatiiru intervala no
20 lidz 300 °C, aprekinats termoelektriskais jaudas faktors. P&c termiskas apstrades visos paraugos novéroti tikai rutila kristaliskajai fazei
atbilstosie maksimumi, nestehiometriskie TiO,_, savienojumi netika konstatéti. Palielinot paraugu termiskas apstrades temperatiiru gaisa vidg,
pieaug paraugu blivums un graudu izmérs, savukart porainiba samazinas. KonstatSts, ka paraugu elektriskas ipasibas butiski ietekm&
mikrostruktiira, kada tajos izveidojusies sakepinasanas laika gaisa vide. Pieaugot blivumam un graudu izméram (palielinoties sakepinasanas
temperatiirai gaisa vide), paraugu elektrovaditspgja pieaug, lai gan vakuuma termiska apstrade visiem paraugiem veikta identiska (1075 °C)
temperatira. Nosakot paraugu termoelektriskas Tpasibas, konstatéts, ka visu paraugu elektrovaditspgja pieaug, paaugstinoties to temperatiirai.
Augstiko Zebeka koeficientu (~410 pV/K) un termoelektrisko jaudas faktoru (3,25 x 10 W/m™'K™?) 280 °C temperatiira uzrada paraugi, kuri
pirms termiskas apstrades vakuuma apstaklos gaisa vidé sakepinati 1175 °C temperatiira.

Kpucranc Py6ennc, Banguc Terepuc, SInuc Jlouc, SInuc Bapiuoru, JIlura Bepsuns-IluMauns. 3aBHCUMOCTL TePMO3JIEKTPHYECKHUX
cBoiicTB 00pa3uoB u3 kepamMuku TiO,, MOJy4eHHBIX MYTEM JIKCTPY3UH, OT TEPMOOOPAGOTKH B BO3AYUIHON cpele U Mocjeaylomei
TepMooOPa0OTKH B YCJIOBHAX BBICOKOI0 BAKyyMa.

HccnenoBano BIMsHUE TepMHUIECKOH 00pabOTKH Ha BO3MyXe M B YCIOBHSIX BBICOKOTO BaKyyMa Ha TEPMOIIEKTPHUECKUE CBOMCTBAa 00pasIoB
kepamukn TiO,. IInacTudeckas Macca NPUTOTOBJIEHAa M3 KOMMepueckoro mopomka TiO,, Bogs! M CBA3BIBAIONMX 100aBOK. M3 momydeHHOM
Macchl HyTEM OSKCTPY3MH H3TOTOBIECHBI 00pa3mbel Kpyrioro cedeHus. Ilocime cymkm oOpasmbl CHEKaIHCh B BO3AYLNIHOW cpene IIpH
temneparypax 1100, 1175, 1250 u 1350 °C, moToM mojBepraiuch TepMooOpaboTKe B YCIOBUAX BBICOKOTO BakyyMma mpu Temmneparype 1075
°C. [nst oOpa3uoB ompeneneHsl: cocTaB Kpucrauiorpaduueckux ¢as, IIOTHOCTh, HOPUCTOCTb, MHUKPOCTPYKTYpa, DIEKTPOIPOBOAHOCTh U
ko3¢ duireHt 3eebeka B nHTepBane temueparyp ot 20 1o 300 °C, a Taxke TepMOdIeKTpHUecKuii hakTop MoiHOCTH. Bo Bcex oOpa3uax mocie
TepMo0oOpabOTKU KOHCTAaTHPOBaHA KpHcTaundeckas ¢asza - pyTwi. Hecrexuomerpuueckue coenunenus tuna Ti0,, He oOHapyxeHsbl. [lpu
YBEIHYEHHN TEMIIEpaTypsl TepMOOOPaOOTKH B BO3MYLIHON Cpele yBEIWIHMBACTCS IUIOTHOCTh M Pa3Mep 3€peH, a MOPHCTOCTh YMEHBIIAETCS.
OOHapyXeHO, U4TO Ha HIEKTPUIECKHE CBOWCTBA CYMIECTBEHHO BIHSIET MHKPOCTPYKTypa, KOTOpast 00pa30oBaiach MpH CIEKAaHUU B BO3MYIIHOH
cpeze NpH yBEIMYEHHU IUIOTHOCTH M pa3Mepa 3epeH (IPH BO3pacTaHUM TEMIIEPaTyphl B BO3IYIIHOH Cpesie) AIEKTPOIPOBOAHOCTE 00pa3IoB
YBEIMYHUBACTCSI HECMOTPS HA TO, YTO TEMIIEpaTypa TepMooOpabOTKH B YCIOBHSX BBICOKOTO Bakyyma Obuta oguHakoBa — 1075 °C. Ilocne
H3MEpEeHHs] TEePMOIIEKTPHUECKUX CBOMCTB OOpa3LOB YCTAHOBIECHO, YTO IPU YBEJIUUYCHUH TEMIIEpaTypbl HarpeBa oOpasloB HalOJIrogaeTcs
BO3pacTaHue 3JeKTporpoBoaHocTH. Haubospmme 3nadeHus koddpdunuenra 3ecdeka (~410 pV/K) u Tepmosnekrpuueckoro dakropa
mosoctH (3,25 x 10 W/m™'K?), onpenenennpix npu 280 °C, 06HApYXKeHbI Y 06pa3loB CIEYSHHBIX B BO3AYIIHOM Cpee PH TeMIIepaType
1175 °C.
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