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Microstructure and physical properties of
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The investigation of microstructure, some electrical and optical parameters of transparent
ThO,-15 mol % YO, 5 ceramics has shown: (a) a very low porosity, close to zero; (b) a

higher electrical conductivity than is usual for ThO, ceramics of the same composition, with
the activation energy 1.12 eV; (c) a relative permittivity €, ~ 33 under the given conditions; (d)
confirmation of a single-phase fluorite-type cubic structure by means of Raman and infrared

spectra.

1. Introduction

Among the solid oxide electrolytes, zirconia and
thoria base materials are the most important for
applications in high-temperature galvanic cells, fuel
cells, oxygen gauges and oxygen pumps. These mater-
ials are predominantly oxygen ion conductors over
a wide range of temperature and oxygen partial
pressure. Compared with zirconia-base electrolytes,
thoria-base materials show one or two orders of
magnitude lower electrical conductivity and are useful
at the lower oxygen partial pressure range. At higher
oxygen partial pressures, the conductivity is predom-
inantly of p-type [1-3].

Thorium dioxide, ThO,, has the cubic CaF,-type
structure up to its melting point, 3300°C. Under the
special technological conditions, it is possible to pre-
pare transparent ThO,-YO, s ceramics {e.g. [4])
practically with the theoretical density.

The aim of the present work was to describe the
structural modification and microstructure of investi-
gated system from different points of view and to
investigate some electrical parameters.

2. Experimental procedure

2.1. Preparation

The transparent ceramics have been obtained by the
oxalate method to produce homogeneous powder
compositions containing ThO, and Y,0; and by the
sintering at 1850°C for 5h in flowing hydrogen to
obtain the maximum density [5].

2.2. Density
The observed density was determined using a pre-
viously calibrated pycnometer. Distilled water was
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used as a liquid medium. The air bubbles were re-
moved by reducing the pressure. An accuracy of better
than 0.05% has been achieved with this technique.

2.3. Unit cell parameter, a

The unit cell parameter, a, of the cubic Y, -
Thg g5 04 9,5 phase was determined by X-ray powder
diffractometry using a Philips 1540 diffractometer and
CuK, radiation. The parameter, a, was evaluated from
the line separation A8 = 6, — 8; of the corresponding
o, or o, components of the Bragg reflection doublets
of the ith and jth lines. The Bragg angles were meas-
ured up to 20 < 140°,

2.4. Microstructure

The grain boundaries in dense polycrystalline samples
were revealed by the gradual etching of the samples in
pure H,PO, acid at 168-190°C over 6 min. The
microstructure of the etched surfaces was observed
under SEM Tesla BS 300 at the accelerated voltage of
25kV.

2.5. Electrical parameters

These have been investigated in the frequency range
from 10-10° Hz at temperatures 300-427°C in air.
The conductance and capacitance were measured by
means of a GR Capacitance bridge 1616. The temper-
ature was stabilized by a Chinoterm 10 A digital
temperature controller with an accuracy of + 0.5°C.
The influence of the annealing temperature on the
measured and calculated parameters of samples was
negligible.
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2.6. Optical properties

Raman and infrared spectra have been investigated.
Raman spectra were measured on a Laser Raman
Spectrometer JRS-S1 Jeol using the green line
(514.5 nm) of an argon-ion laser. The excited energy of
the laser beam was 100 mW.

The infrared spectra (4000-200 cm ™) were meas-
ured on a double grating infrared spectrometer
(Perkin-Elmer 983 G). No infrared and Raman
polarization studies were made. All measurements
were performed at room temperature.

3. Results and discussion

3.1. Density and microstructure

The porosity of the sample was tested by comparison
of the calculated and measured density. The calculated
value, D, was obtained from the relation

ZMWA

=55 (1)

where Z is the number of formula units, Y, 4
Thg g501 925, in the unit cell (Z =4), MW is the
molecular weight of the formula unit (241.44), 4
is the Avogadro number and V is the unit cell
volume (173.77 x 1073% m?). The calculated density
of Yo.15Thy 550,955 is 9231 kgm >,

The measured density, D, = 9227(5kgm™3
{22 °C), compared with the calculated value, confirmed
a very low porosity, close to zero.

The microstructure of the etched surface of the
sintered sample is shown in Fig. 1. The average grain
size, D, was found to be 2.23 pm. This value is much

smaller than the value obtained by Greskovich et al.
[4] for the transparent sample of the same composi-
tion, where D ~ 140 pm. The difference is caused by
the higher sintering temperature (2380°C) and longer
sintering time (20 h) used in paper [4] in comparison
with the conditions used here. The lattice parameters
of systems of the same composition in [4] and in the
present work, were found to be practically the same.

3.2. Electrical parameters

The ThO,~YO, 5 ceramic is a mixed, ionic—electronic
conductor. The ionic charge carrier in this system is
the oxygen ion vacancy (e.g. [1-3, 6, 7]) which is
represented by the following reaction

(1 — x)ThO, + xYO, 5 —
Th1—xYx02—x/z + x/2Vy )]

where x is the number of Y3* ions substitutionally
incorporated instead of Th*™ in the lattice. A higher
value of x means a higher concentration of oxygen ion
vacancies and thus a higher conductivity. However,
when the concentration of oxygen ion vacancies is
sufficiently high to cause lattice distortion, defect in-
teractions or vacancy clustering and ordering, their
statistical distribution loses its disordered state and it
transforms to an ordered one restricting the ionic
conductivity. The ionic conductivity can be expressed
(Kroger—Vink notation) as

Cion = [Vo] 2ep ()

where e is electronic charge and p is ionic mobility.
The p-type conductivity at higher oxygen pressures
(e.g. the measurement performed in air) results from a

Figure 1 The microstructure of ThO,-15 mol % YO, 5 (a) without etching, (b) chemically etched. x 4000.
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dissolution of oxygen into the lattice according to
1/20,(g) + Vo = Oy + 21
o, ~ Pglt 4

where O, is an oxygen ion on a normal lattice site
and h' is an electron hole. Py, is the oxygen partial
pressure.

The electrical parameters were investigated by
means of impedance spectroscopy and analysed in the
complex plane. The frequency dependence of complex
impedance at two temperatures is shown in Fig. 2. The
dependence has the characteristic shape of a semicircle
with the centre under the real axis at high frequencies
and low temperatures. The influence of the electrode/
electrolyte interface appears on the low-frequency part
of the diagram with an increase in the temperature.
The shape of this part of diagram is dependent on the
electrode areas of the measured cell O,, Pt|ThO,—
YO, |Pt, O,.

The frequency dependence of the complex permit-
tivity components of sample can be seen in Fig, 3. The
relative permittivity, g,, of ThO, doped with YO, ;
(prepared according to the noted technology) at tem-
perature T = 300°C and frequency f ~ 10° Hz was
found to be ~ 33.

The frequency dependences of measured values of
capacitance, C,, and conductance, G,, are shown in
Fig. 4. The dependences of logC, = f(logf) and
log(G, — 1/R,) = f(log f) are linear at high frequen-
cics and low temperatures, where R, is the resistance.
Thus [8]

C, ~ By ®™ (%)
and
G, ~ Ag of (6)

where log B (log 4}) is a point of intersection of the
straight line dependence with the vertical axis and the
exponent &(p) is a straight line slope.

The Ry value is obtained from the complex impe-
dance diagram in Fig. 2. 1/Rg(d/S) is assumed to be

the grain bulk conductivity of solid electrolyte ThO,—-
Y,0, [8]. The temperature dependence of the total
electrical conductivity has an Arrhenius character in
the investigated temperature range

ol = A exp(— E,/kT)

where o is the conductivity, 4 is the pre-exponential
factor, E, is the activation energy and k7 is the
Boltzmann factor. The activation energy of bulk con-
ductivity, E,, was found to be — 1.12¢V (Fig. 5).
The samples prepared by means of the noted tech-
nology have a higher conductivity than is usual for
ThO, ceramics doped with Y,0; (see e.g. [6, 9]).

3.3. Optical properties

The X-ray measurements of transparent ThO,-
15mol% YO, ; demonstrated the existence of a sin-
gle-phase structure of the fluorite type [5]. The
Raman and infrared reflectivity spectra at room tem-
perature have been used to describe the structural
modification from other points of view.

The crystal structure of YO, s-doped thoria is a
disordered fluorite type. Th** ions are partly replaced
by Y3* ions at random. This means that some oxygen
sites remain vacant, keeping charge neutrality. There-
fore, the cubic thoria loses the translation symmetry
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Figure 2 The complex impedance diagram of ThO,-15mol %

YO, ; at (a) 301°C, and (b) 397°C.
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Figure 3 The frequency dependence of complex permittivity of
ThO,-15mol % YO, 5. (x) &, (+)¢&", 8 = 301°C.
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Figure 4 The capacitance and conductance of cell O,, Pt{ThO,~
YO, 5|Pt, O,.
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Figure 5 The temperature dependence of total electrical conductiv-
ity of ThO,-15mol % YO, ;.
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Figure 6 The Raman spectrum of ThO,-15 mol % YO, 5 observed
at room temperature.

of the crystal. The loss of translation symmetry de-
stroys the wave vector k = 0 selection rule for the
Raman scattering and the infrared absorption in the
crystal. Consequently, the phonons at all parts in the
Brillouin zone will contribute to the optical spectra.
Generally, the cubic crystals with the fluorite struc-
ture and space group Fm3m (O7) have an exception-
ally simple vibrational structure with one infrared
active phonon of T,, symmetry and one Raman active
phonon of T,, symmetry at k = 0 [10]. However, for
the cubic zirconia, for instance, the spectra with sym-
metries A, and E, are also observed in addition to the
spectra with symmetry T,, [11]. Furthermore, each
polarized spectrum exhibits many structures with
large linewidths. In particular, a continuously spread
band is observed for T,, symmetry in contrast with
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Figure 7 The infrared reflectance of ThO,~15mol% YO, s ob-
served at room temperature.

the T,, band with the half width of about 7cm™" for
ThO, crystal [10, 12].

The obtained results are shown in Fig. 6. Only a
single sharp line corresponding to the T,, mode was
observed in the Raman spectrum under the stated
conditions. Such a mode between 400 and 500 cm ™! is
observed in CeO, at 465 cm ™!, UO, at 467 cm ™' and
ThO, at 466 cm ™! in [10]. In this mode, two neigh-
bouring substitutional oxygen ions move in opposite
directions. The total dipole moment of this excitation
is 0, as expected for the Raman-active mode. Depend-
ing upon the type of solid solution, in some cases,
apart from the intrinsic T,, phonon, additional
Raman modes can be observed [13].

The symmetry arguments support the experimental
observation of a single, strong infrared resonance in
the investigated structure (Fig. 7). The spectrum ob-
tained is in good agreement with [14].

4. Conclusion

The Raman and the infrared spectra confirmed the
single-phase cubic structure of the fluorite type with a
very low porosity close to zero. The electrical conduct-
ivity was found to be higher than is usual for ceramics
of the same composition, but not transparent.
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