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Abstract

Many technologically important ceramic materials are made of more than one component. If components are
isostructural they can form a stable or a metastable solid solution that can undergo phase separation below a critical
temperature, which can significantly affect different properties of the material. In this work, we investigated the effect
of phase separation on thermal conductivity at room temperature of Ti;_ Sn,O, ceramic with different Ti/Sn ratios.
The samples were sintered at 1500 °C and afterwards annealed at 1100 °C for 48 h in order to induce phase separation.
It was observed that substitution of Ti with Sn and vice versa considerably reduces the thermal conductivity of the
parent phases (TiO, and SnO,). The thermal conductivity of the samples with compositions inside the spinodal region
after annealing increased compared with that of samples that had not been annealed while for the compositions outside

the spinodal region, only a limited effect was observed.
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I. Introduction

Most technologically important ceramic materials are
commonly made of more than one component. The com-
ponents can form a mixture of different phases or a solid
solution if the components involved have the same crys-
tal structure. In many cases, the solid solution is ther-
modynamically stable only at high temperatures and can
undergo phase separation on cooling via nucleation and
growth, forming a system where isolated domains of one
phase exist in a continuous phase of the other component,
or via spinodal decomposition, where sinusoidally vary-
ing composition fluctuations are created 1. Phase separa-
tion can improve as well as impair different properties of
the materials. For example, controlled phase separation
can improve the mechanical properties of SiC-AIN and
TiN-AIN ceramics 23 or reduce the thermal conductivity
and thus enhance the thermoelectric properties of PbTe-
GeTe*.

Among the metal oxide and non-oxide systems that un-
dergo phase separation, the TiO,-SnO, system is one of
the most commonly investigated. Below a critical temper-
ature of 1430 °C, at critical composition Tig 475145305,
the system possesses an almost symmetrical miscibility
gap that widens with decreasing temperature. Phase sepa-
ration within the miscibility gap generally occurs via spin-
odal decomposition, resulting in a lamellar structure con-
sisting of alternating TiO,- and SnO,-rich layers while
outside the spinodal decomposition region within the mis-
cibility gap, phase separation occurs via nucleation and
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growth . The rate of phase separation in the TiO,-SnO,
system can be controlled with temperature and doping .

Recently, Dynys et al. investigated the thermoelectric
properties of doped and undoped Tig 755n4 50, ceram-
ic 7. They suggested that phase separation could be effec-
tive in the reduction of thermal conductivity in the TiO,-
SnO, system and could thus improve the thermoelectric
properties of this composite.

The objective of this work was to investigate the effect
of phase separation on the thermal conductivity at room
temperature of Ti{_Sn, O, ceramic samples with different
T1/Sn ratios.

II. Materials and Methods

Ti1Sn,O,, with x = 0.2, 0.4, 0.6 and 0.8 were prepared
with the sol-gel method. Titanium tetraisopropoxide
(TTIP) and tin tetrachloride pentahydrate (SnCl-5H,0)
were used as precursors of Ti and Sn. SnCl,-5H,0 was
first dissolved in isopropanol at room temperature. After-
wards, the necessary amount of TTIP required to obtain
the predetermined Ti;_Sn,O, composition was added
to the SnCly-5H,0 solution in isopropanol under vigor-
ous stirring. After 30 min of being stirred, the resulting
mixture was added drop-wise to HCl-acidified deionized
water (pH 1.5). The molar ratio between the metal (Ti
+ Sn) precursors, isopropanol and water was 1 : 25 : 500
respectively. Finally, the sodium hydroxide solution was
added to the obtained mixture until the pH value reached
~4. After 24 hours of aging, the precipitate was collected
by means of centrifugation and washed several times with
deionized water to remove organic and salt residues. The
obtained precipitate was then dried at 100 °C for 24 h and
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calcined at 500 °C for 2 h. After calcination, the obtained
material was crushed into a fine powder with mortar and
pestle. The obtained powders were uniaxially die-pressed
into disc-shaped pellets at 5 MPa pressure, followed by
isostatic pressing at 100 MPa pressure. The pressed pel-
lets were sintered at 1500 °C under air conditions for 5 h
with heating rate of 2 K/min, followed by natural cooling
in the furnace. In order to investigate the effect of phase
separation on the thermal conductivity of the samples, the
sintered samples were annealed at 1100 °C for 48 h, with a
heating and cooling rate of 1.5 K/min.

X-ray diffraction patterns of the calcined Ti;_Sn,O,
powders as well sintered and annealed samples were ob-
tained using a PANalytical X’Pert Pro X-ray diffractome-
ter with Cu K, (A = 1.5406 A) radiation. The morphology
of the calcined powders was studied by means of field
emission scanning electron microscopy (FE-SEM, Tes-
can Mira/LMU). The Brunauer-Emmett-Teller (BET)
method was used to determine the specific surface area
(SSA) of the calcined Ti{_Sn O, powders based on N,
adsorption (Sorptometer KELVIN 1042, USA). Densi-
ties of the sintered samples were determined according to
the Archimedes principle and were related to theoretical
densities of the compositions. Specific heat capacity and
thermal diffusivity of the sintered and annealed samples
were measured with a Netzsch LFA 447 Microflash sys-
tem. Before the measurement, the samples were coated
with graphite on both sides. Afterwards the thermal con-
ductivity of the samples was calculated according to the
equation: k = aqoC,,, where k, a, g and C pare thermal con-
ductivity, thermal diffusivity, density of the material and
heat capacity. The heat capacity of the samples was de-
termined based on comparison with a reference material
(Pyroceram). The imprecision of k is estimated to be 10 %
for all the samples.

III. Results and Discussion

XRD patterns of the synthesized Ti;_Sn,O, powders
after calcination at 500 °C are shown in Fig. 1. Although
TiO, anatase phase can be stable up to 900 °C 8, the in-
corporation of more of a few mol% Sn into the TiO, lat-
tice promotes transformation of anatase to rutile already
at 200 °C?. After calcination at 500 °C, only diffraction
peaks corresponding to the rutile phase were observed
for all synthesized compositions, including the Ti-rich
samples. With increasing Sn content in the synthesized
Ti{_Sn,O, powders, the diffraction peak positions shift
from positions characteristic of rutile TiO, (JCPDS card
75-1753) towards positions characteristic of the rutile
phase of SnO, (JCPDS card 01 -077 —0447).

SEM micrographs of the synthesized Ti;_Sn,O, pow-
ders after calcination at 500 °C are shown in Fig. 2. It can
be observed that all Ti_Sn,O, powders consist of high-
ly agglomerated particles with dimensions in the nanome-
ter range <100 nm. The SSA of the calcined powders
as determined with the BET method was 87.33 g/m? for
Tio.85n0.4202,82.88 g/m2 fOI' Ti0.65n0_402,86.72 g/m2 fOf
Tig 4Sng O, and 72.8 g/m? for Tig ,Sng gO; respectively.
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Fig. 1: XRD patterns of the Ti;_,Sn, O, powders calcined at 500 °C.
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Fig.2: SEM micrographs of the calcined Ti_,Sn,O, powders.

Density of the samples after sintering at 1500 °C
increased with increasing Sn content and was 93 %
fOl’ TiQSSno.ZOz, 94 % fOI' Ti0.65n0.402,96% fOI'
Tig4SnggO, and 97 % of theoretical density for
Tig,Sngg0,. The density of the samples did not
change during the annealing process. XRD patterns of
Ti{_Sn,O, ceramic after sintering at 1500 °C and the
subsequent annealing at 1100 °C for 48 h are shown in
Fig. 3.
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Fig.3: XRD patterns of Ti;_,Sn,O, samples after sintering at
1500 °C and annealing at 1100 °C for 48 h.
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Owing to the relatively low cooling rate after the sinter-
ing process, the XRD patterns of the sintered Ti;_,Sn, O,
samples exhibit minor indications of phase separation for
some of the Ti;_,Sn,O, compositions. Similar to the cal-
cined Ti;_ Sn O, powders, diffraction peaks shift to low-
er angles with increasing Sn content in the sintered sam-
ples, which can be attributed to the differences in the effec-
tive ionic radii of Ti** and Sn#*. Since Sn#+ has larger ionic
radii than Ti*+, substitution of Ti*+ with Sn*+ causes an in-
creasein the lattice parameters, which shifts the diffraction
peakstolower angles. As can be observed from the diffrac-
tion patterns, annealing of the sintered Ti;_ Sn, O, sam-
plesat 1100 °C for 48 h enhances the phase separation pro-
cess. Peak splitting and the appearance of new peaks can be
observed in the diffraction patterns for all annealed sam-
ples except the sample with a composition of Tig ,Sng O 5.
The newly formed peaks were identified as correspond-
ing to rutile TiO, and rutile SnO, phases. The reason
why phase separation was not observed in the case of
Tig,Sng 3O, could be related to the slower decomposition
rate within the nucleation and growth region 19, since the
chosen annealing temperature for samples TiggSng. 20,
and Tig,Sng gO, is in the nucleation and growth reglon
while for samples Tig4Sng O, and Tig ¢Sng 4O, in the
spinodal region 3.

The thermal conductivity at room temperature of the
sintered Ti;_,Sn, O, samples before and after annealing at
1100 °C is shown in Fig. 4.
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Fig.4: Thermal conductivity at room temperature for Ti;_,Sn, O,
samples after sintering and annealing.

As can be seen from Fig. 4, substitution of Ti with Sn and
vice versasignificantly reduces the thermal conductivity of
the parent phases. Since Ti and Sn possess large differences
inatomic mass, the reduced thermal conductivity after sin-
tering of Ti;_,Sn, O, compounds can be mainly attribut-
ed to mass-difference scattering mechanism. After sinter-
ing at 1500 °C, the lowest values of thermal conductivi-
ty are exhibited by Ti;_Sn,O, compositions close to the
equimolar Ti and Sn ratio. It was observed that annealing
considerably affects the thermal conductivity of the sam-
ples. The thermal conductivity of samples with composi-
tion Tig ¢Sngp O, and Tig,Sng gO, was not much affect-
ed while for the samples Tig ¢Sng 405 and Tig4Sng O,
thermal conductivity increased as compared with that of
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the unannealed samples. Differences in the thermal con-
ductivity of the annealed and unannealed samples could
be attributed to a change in the phonon scattering mech-
anism. Phonon scattering owing to the mass-difference
scattering mechanism is most effective when elements that
form a solid solution are distributed randomly and uni-
formly throughout the solid. During phase separation, the
Ti;_,Sn, O, solid solution decomposes, forming Ti-rich
and Sn-rich regions. As a result, phonon scattering ow-
ing to the mass-difference mechanism decreases while in-
terface scattering becomes a dominant scattering mecha-
nism *. Interface scattering is most effective when the ma-
terial contains a high density of interfaces. Probably ow-
ing to the long annealing time in spinodal region (samples
Tig¢Snp 40, and Tig4Sng¢O,), Ti- and Sn-rich regions
grow in size, thus reducing interface density, which could
lead to increased thermal conductivity as compared with
that of unannealed samples. Since decomposition in the
nucleation and growth region (samples with composition
Tig gSng,0, and Tig ,Sng gO,) is slower than in the spin-
odal region, probably, with the annealing process at the
chosen temperature and time, the interface density does
not change much and thermal conductivity of these sam-
ples is not substantially affected, as compared with that of
the unannealed samples.

IV. Conclusions

In this work, the effect of phase separation on the thermal
conductivity of the TiO,-SnO, system was investigated.
It was observed that substitution of Ti with Sn and vice
versa significantly reduces the thermal conductivity of the
parent phases The chosen annealing conditions caused
an increase in thermal conductivity for samples annealed
in the spinodal region while for the samples annealed in
the nucleation and growth region, thermal conductivity
was not substantially affected compared with that of the
unannealed samples.
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