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Abstract

In order to contribute to safety evaluation of high burnup oxide fuels, we studied the thermochemical and thermo-
physical properties of alkaline-earth perovskites known as oxide inclusions. Polycrystalline samples of alkaline-earth
perovskites, BaUOj3, BaZrO;, BaCeO3z, BaMo0O;, SrTiO3, SrZrO;, SrCeOs, StMoO;, StHfO; and SrRuOs, were pre-
pared and the thermal expansion coefficient, melting temperature, elastic moduli, Debye temperature, microhardness,
heat capacity, and thermal conductivity were measured. The relationship between some physical properties was studied.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

In an irradiated nuclear fuel, a number of fission
product (FP) elements are produced and they affect the
fuel performance. Therefore, the behavior of FP ele-
ments and the properties of their compounds are very
important for evaluation of the fuel safety. It is known
that some FP elements are soluble in the fuel matrix
and others form the oxide or metallic inclusions [1-6].
The white metallic precipitates composed of Mo-Tc—
Ru-Rh-Pd alloys and the oxide precipitates with a
perovskite type structure of (Ba,Sr)(U,Pu,Zr,RE,Mo0)O;
have been observed in the irradiated oxide fuels. It is
considered that the inclusions affect the thermochemical
and thermophysical properties of the fuel. On the other
hand, the perovskite type oxides have potential to be
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attractive functional materials, such as thermal barrier
coating (TBC) and thermoelectric materials, because
they have various unique properties in spite of their rel-
atively simple crystal structure.

We have systematically studied the physical proper-
ties of Ba and Sr series perovskites until now [7-12].
The thermochemical and thermophysical properties,
viz. the thermal expansion coefficient, melting tempera-
ture, elastic modulus, microhardness, heat capacity
and thermal conductivity of BaUO; [7], BaZrO; [8], Ba-
CeO; [8], BaMo0O; [9], SrTiO; [10], SrZrO; [11], SrCeO;
[11], StHfO3 [12] and SrRuOj; [12], have been studied.
This paper presents a review of the results in references
[7-12] in addition to a new result of the physical proper-
ties for SrtMoOs.

2. Experimental

We prepared polycrystalline samples of the perovsk-
ites of BaUQO;, BaZrOs;, BaCeO;, SrZrO;, SrCeOs;,
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SrHfO; and SrRuQj3 by mixing the appropriate amounts
of MO, (M: U, Zr, Ce, Hf and Ru) and BaCO; or
SrCOj; followed by reacting at 1273 K and sintering at
1773 K in a reduction atmosphere. The polycrystalline
samples of BaMoO; or SrMoO; were prepared by a
reduction of BaMoO,4 or SrMoO, under 4% H,-Ar
atmosphere at 1523 K. The polycrystalline sample of
SrTiO5 was supplied from Furuuchi chemical Co. Ltd.

The crystal structure of the samples was analyzed
with the powder X-ray diffraction method and Raman
spectroscopy. The powder X-ray diffraction was per-
formed at room temperature using Cu-Ko radiation.
The Raman spectra were recorded with NR-1600 (JAS-
CO Co. Ltd.) using an argon laser with a wavelength of
514 nm operated at 100 mW. In order to determine the
chemical composition, the SEM-EDX analysis was per-
formed using HITACHI S-2600H SEM instrument
equipped with an energy-dispersive HORIBA EDX-
200 system. The oxygen analysis was performed using
HORIBA EMGA-550 to identify the oxygen concentra-
tion of the samples. For measurements of some physical
properties, appropriate shapes of the samples were cut
from the sintered pellets. The bulk density was deter-
mined by the weight and geometric volume.

In the temperature range from room temperature to
about 1000 K, the thermal expansion coefficient was
evaluated using a dilatometer under a reducing atmo-
sphere or high temperature X-ray diffraction under
helium atmosphere. The melting temperature was mea-
sured by a thermal arrest method under a reduction
atmosphere.

The longitudinal and shear sound velocities were
measured with an ultrasonic pulse-echo method (NI-
HON MATECH Echometer 1062) at room tempera-
ture, which enables us to evaluate the elastic moduli
and Debye temperature. From the obtained sound
velocities of the sintered pellets with porosity, the elastic
moduli and Debye temperature for 100% of the theoret-
ical density were estimated by using a finite element
method. Hardness measurements were performed at
room temperature using a micro-Vickers hardness tester
(MATSUZAWA SEIKI MHT-1). The measurements
were repeated ten times for each given sample, and the
applied load and loading time were chosen to be 9.8 N
and 30s.

The heat capacity was measured using a differential
scanning calorimeter, DSC (ULVAC Co. Ltd.) with
triple cells in the temperature range from room tempera-
ture to about 1200 K in a high purity argon atmosphere.
The samples were heated with small and large tempera-
ture intervals. The heat capacity was determined by
both enthalpy and scanning methods at individual
temperatures. The thermal diffusivity was measured by
a laser flash method using ULVAC TC-7000 in the
temperature range from room temperature to about
1400 K in vacuum. The thermal conductivity was

evaluated from the heat capacity, thermal diffusivity,
and density.

3. Results and discussion

From the powder X-ray diffraction patterns and
Raman spectra of the samples, it is found that the perov-
skite type single phase is obtained in the present study.
The crystal structure and lattice parameter of the
perovskites are summarized in Table 1. The lattice para-
meters correspond to the reported values [13-16]. The
chemical composition of the samples does not deviate
from the stoichiometric composition. The O/M ratios
of the samples are shown in Table 1.

The conventional parameter describing the geometric
distortion of ABOj; type perovskites is defined as a toler-
ance factor, #:

o VA+VO
t_i\/i("B—Fro)’ (1)

where ra, g, ro are the ionic radii of each atom. The
coordination numbers of A and B atoms are 12 and 6,
respectively. Ordinarily, the value of ‘¢’ is within 0.75-
1.1 for the perovskites. The cubic structure has a value
near 1. As the value of ‘¢’ shifts from 1, a geometric dis-
tortion becomes gradually large. The values of tolerance
factor of Ba and Sr series perovskites are shown in Table
1. The Shannon’s values of the ionic radius [17] are used
in the present study.

The thermal expansions of the samples are shown in
Fig. 1, together with that of UO, [18]. The thermal
expansions of Ba and Sr series perovskites nearly equal
to that of UQO,, except for BaMoO;, BaZrO; and
SrHfO;. From the slope of the thermal expansion curves
shown in Fig. 1, the average linear thermal expansion
coefficients oy at the temperature range were evaluated
as shown in Table 1. It is found that SrHfO5; has the
highest average linear thermal expansion coefficient
(L.13x 1073 K.

The melting temperatures 7, measured by the ther-
mal arrest method are shown in Table 1. StHfO5; shows
the highest melting temperature (3200 K). In the present
study, the melting temperatures of BaZrOz and SrTiO3
were not evaluated because of the unclear thermal
arrest signal, so the reference values [19,20] are shown
in Table 1.

It is empirically confirmed that the linear thermal
expansion coefficient varies inversely as the melting tem-
perature for many substances, and for some substances
the following relationships between oy and Ty, in K have
been reported [21]:

o - T = 0.019 (for metals), (2)
o - Ty = 0.030 (for fluorite type oxides). (3)



Table 1

Sample characteristics and physical properties of alkaline-earth perovskites

BaUO; BaZrO; BaCeO; BaMoO; SrTiO;  SrZrO; SrCeO3 SrMoO; SrHfO3 SrRuO;
Tolerance factor t 0935 1.011 0.943 1.047 1.009 0.953 0.889 0.986 0.958 1.001
Crystal system Cubic Cubic Orthorhombic  Cubic Cubic Orthorhombic Orthorhombic Cubic Orthorhombic Ortho-
rhombic
Lattice parameters (nm) a  0.4404 0.4192 0.8786 0.4040 0.3905  0.5816 0.6126 0.3975 0.5790 0.5569
b - - 0.6251 - - 0.8225 0.8574 - 0.5851 0.5553
c - - 0.6220 - - 0.5813 0.6000 - 0.8243 0.7875
Density (%TD) d 8l 89 90 90 99 93 84 89 94 97
O/ M ratio 296+0.02 3.00£0.01 3.06%0.07 297+0.07 - 2.98 +0.01 3.00£0.03  2.82 3.03 2.85
Average o 1.10x107°  7.13x107% 1.12x107° 9.46x107° - 9.69x107°  1.11x107>  7.98x10™° 1.13x107°  1.03x107°
linear thermal
expansion
coefficient (K1)
Melting temperature (K) T, 2450 2978 [19] 2016 1791 2170 [20] 2883 2266 1967 3200 2575
Shear modulus (GPa) G 458 103 58.7 94.3 99.1 98.5 437 69.5 87.9 60.1
Young’s modulus (GPa) E 113 243 154 235 245 269 107 180 220 161
Compressibility (GPa™") 0.0138 0.00786 0.00723 0.00648 0.00572  0.00296 0.0156 0.00686 0.00682 0.00583
Debye temperature (K) Op 302 544 394 512 639 591 359 510 490 448
Vickers hardness (GPa) ~ Hy 5.46 4.95 2.34 3.23 7.77 5.74 2.31 5.48 9.31 12.7
Heat capacity a 1266 111.1 115.8 131.8 - 123.2 120.1 121.0 117.9 107.7
(Cp=a+bT+cT?) b 161x1072 121x1072 —1.07x107%  936x107> - 6.90x107™*  545%x1073 1.19x 1072 1.76x 1072 2.65x 1072
(@K 'mol™) ¢ —1.42x10° —6.22x10° —1.03x10° —433x10° - —221x10° —126x10° —273x10° —8.18x10° —5.19x10°

The elastic moduli and Debye temperature of BaUO;, BaZrO;, BaCeO3, BaMo0Oj3, SrTiO3, SrZrO; and SrCeO; are corrected to the values for 100% of the theoretical density by

using a finite element method.
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Fig. 1. Thermal expansions of alkaline-earth perovskites: (a) Ba series perovskites, (b) Sr series perovskites.

The relationship between oy and T+, for the perovskites is
shown in Fig. 2, together with the data of other sub-
stances [21,22]. Although the products of oy and T,
for the perovskites have a little scatter, almost the same
tendency is observed. The relationship between o and
Ty, for the perovskites is obtained as follows:

o - Trn = 0.02 (for perovskites). 4)

The Vickers microhardness, elastic moduli, and De-
bye temperature are summarized in Table 1. The elastic
moduli and Debye temperature were evaluated from the
ultrasonic pulse echo measurements. The elastic moduli
and Debye temperature of BaUO;, BaZrO;, BaCeOs;,
BaMoOs;, SrTiO3, SrZrO; and SrCeOs are corrected to
the values for 100% of the theoretical density by using

a finite element method, while those of SrtMoO3, STHfO5
and SrRuO; are not corrected. It is found that
BaZrO; and SrZrO; show the highest Young’s modulus
in Ba and Sr series perovskites, respectively.

It is known that the Debye temperature 0p can be
related to the melting temperature 7}, in K, the molar
mass M, and the molar volume V,, by the Lindemann
relationship [23]. The relationships were reexamined
for the perovskites, and the ratio of 60p to qS’ 6
(T,T,/(MVﬁ1/3))]/2 was evaluated to be 1.60 [24], where ¢
is the number of atoms in the chemical formula. Fig. 3
shows this relationship for the perovskites, together with
the data of other substances [22,23,25]. The proportion-
ality constants of almost all perovskites are identical
(around 1.60), indicating typical characteristics of the
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Fig. 2. Relationship between the linear thermal expansion coefficient oy and melting temperature 7, for alkaline-earth perovskites.



S. Yamanaka et al. | Journal of Nuclear Materials 344 (2005) 61-66 65
1000 ——————————— , ,
] a=1.60 g
: eDza*qS/G(Tm/(Mvm2/3))1/2 /
800 .
g g a=1.10 g
=~ i i
) i i
s i i
5 0007 O ]
P ] A > BalO, |
g— ] ® BaZrO, ]
2 400 v BaCeO,
% ] \Y vV SrCeO, A BaMoO,
2 ] > O SrzrO, * BaTiO, |
200 ] % SITiO, +# CaTiO, |
] O SrRuO, X LaAlO, ]
] O SrHfO, ¥ KTaO, ]
] A 8rMoO,; + SiO, glass |
o+~ ¥+ 7+—++—
0 200 400 600 800

Lindemann parameter, q**(T, /(MV,_?*))"? (K"?g"’mg-at.”®)

Fig. 3. Relationship between the Debye temperature 0 and Lindemann parameter ¢(7y,/ (Man/J))l/ ? for alkaline-earth perovskites.

perovskites. However, the tendency of BaUO; and
SrCeO; differs from other perovskites, which appears
to show the glass-like characteristics.

The heat capacities of the perovskites were measured
using triple cells DSC in the temperature range from
room temperature to about 1200 K. The empirical equa-
tions for heat capacities of the perovskites are summa-
rized in Table 1. Some peaks caused by the phase
transitions are observed in the DSC curves of BaCeOs
and SrZrO;. For some of the perovskite type com-
pounds, the heat capacities have been reported previ-
ously [19,26]. Our results of the Cp values agree with
the literature data [19,26].

The thermal conductivity 4 was calculated from the
thermal diffusivity D, heat capacity Cp, and density p
by using the following relationship:

4. = DCpp. (5)

The thermal diffusivity was measured by the laser
flash method. The temperature dependence of thermal
conductivities of the perovskites is shown in Fig. 4, to-
gether with that of UO, [27]. The thermal conductivities
were corrected to 100% of the theoretical density by
using Schulz’s equation [28]. The thermal conductivities
of the perovskites except for SrRuOj; decrease with
increasing temperature, showing that majority of heat
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Fig. 4. Temperature dependence of the thermal conductivities of for alkaline-earth perovskites: (a) Ba series perovskites, (b) Sr series

perovskites.
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conduction carriers are phonons. The thermal conductiv-
ity of SrRuQO; increases with increasing temperature,
indicating a metallic behavior. The thermal conductivi-
ties at room temperature of BaUO; and BaCeO; are
around 1 Wm~!'K~', which is about 10 times lower
than that of UO,. On the other hand, BaMoO; and
SrMoO; show extremely high thermal conductivities, in
which the values at room temperature are around
30 W m~! KL These extremely high thermal conductiv-
ities are due to the electronic contributions. We have
confirmed very low electrical resistivity of BaMoO; [9].

The glass-like characteristics of BaUO3; and SrCeO;
are very interesting phenomena, which is not observed
for other perovskites. In order to elucidate this charac-
teristic of BaUQO3;, we have performed the molecular
orbital (MO) calculation [29] and semiempirical molecu-
lar dynamic (MD) calculation [30]. From the MO calcu-
lation, the absolute values of net charges of uranium and
oxygen in BaUOj; were found to be much smaller than
those of zirconium and oxygen in BaZrO;. From the
MD calculation, it was found that the estimated pair po-
tential of U-O is broader and wider than that of Zr-O.
These results suggest that the strength of ionic bond of
U-O in BaUOj; is much lower than that of Zr-O in
BaZrO;. The behavior of uranium ion in the BaUOj;
appears to play an important role for the phonon glass
characteristics.

4. Summary

The alkaline-earth perovskites, BaUQO;, BaZrOs,
BaCeOs, BaMo0O3, SrTiO3, SrZrO5;, SrCeO3;, SrMoO;,
SrHfO; and SrRuOs;, were prepared and their thermo-
chemical and thermophysical properties were measured.
BaUO; shows extremely low thermal conductivity
(<1 Wm~! K!) and glass like characteristics in the rela-
tionship between several properties. BaZrO; and SrZrO;
have the highest Young’s modulus in the Ba and Sr series
perovskites, respectively. The values for BaZrOsz and
SrZrO; are 243 GPa and 269 GPa, respectively. Three
peaks correspond to the phase transitions are observed
in the DSC curves of BaCeO3; and SrZrOs;. The phase
transitions of BaCeO; and SrZrO; are (orthorhom-
bic-rhombohedral-cubic) and (orthorhombic-tetrago-
nal-cubic), respectively. BaMoQOs; and SrMoO; show
extremely high thermal conductivity (>30 W m~' K™').
SrHfO; has the highest melting point (3200 K) and
thermal expansion coefficient (1.13 x 107> K™1).
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