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Abstract

A series of thorium oxide–lanthanum oxide solid solutions has been prepared by solid-state reaction. The phase behav-
ior of thoria doped lanthanum oxide has been ascertained by X-ray diffraction technique. A complete solid solubility of
LaO1.5 up to 30 mol.% has been observed. Thermal diffusivity of a range of thoria–lanthana solid solutions has been mea-
sured in the compositional range from pure thoria to 10 mol.% LaO1.5 by the laser flash method covering a temperature
range from 373 to 1773 K. Thermal conductivity values have been calculated from measured diffusivity, density and
specific heats of these solid solutions. An attempt has also been made to delineate a suitable mechanism for heat conduc-
tion in these solid solutions with the help of the standard phonon conduction equation for dielectric materials.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Thermal conductivity studies of actinide-oxide
based ceramics are important in respect to their
application in nuclear technology. Apart from
understanding the heat transport mechanism in
these materials, thermal conductivity data of these
oxide fuels and their solid solutions/composites with
different fission products are essential for evaluating
the fuel performance, developing and investigating a
0022-3115/$ - see front matter � 2006 Elsevier B.V. All rights reserved

doi:10.1016/j.jnucmat.2006.02.084

* Corresponding author. Tel.: +91 22 2559 5355; fax: +91 22
2550 5151.

E-mail address: cgspil@apsara.barc.ernet.in (C.G.S. Pillai).
range of nuclear reactor fuels and is a much needed
input for developing the simulation codes for the
fuel performance in the reactor.

Rare earth elements, which constitute a major
share of the fission products during fuel irradiation,
are formed as oxides and get dissolved in the fuel
matrix to form solid solutions [1]. In addition, these
oxides are also used as fuel diluents, flux suppressors,
neutron absorbers [2], materials for improved fuel–
clad interaction resistance [3], etc. and hence augment
the need for a systematic study of thermophysical
properties of these fuel-rare earth oxide systems such
as thermal conductivity, thermal expansion, etc.
Numerous experimental and theoretical studies of
an extensive nature have been reported on the
thermal conductivity behavior of both irradiated as
.
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well as non-irradiated urania, urania–plutonia [4–10]
and their solid solutions with different rare earth
fission products [11–14]. However, there are very
few reports addressing the thermal conductivity of
thoria related fuel materials involving their interac-
tion with different rare earth fission products [15–17].

The thermal conductivity of thoria–lanthana
solid solutions has been previously studied by Mur-
thi et al. [17] from 573 to 1573 K for a composi-
tional range from 0 to 30 mol.% LaO1.5. In this
paper much attention has not been given to the
lower concentrations of lanthana, which is of more
relevance to the development of simulation codes
for reactor applications. In view of this, we have
studied the thermal diffusivity and thermal conduc-
tivity behavior of thorium oxide–lanthanum oxide
solid solutions in a wider temperature range from
350 to 1773 K with a compositional range from 0
to 10 mol.% LaO1.5. Further it was worth consider-
ing to reinvestigate the phase behavior and solubil-
ity limits of the thoria–lanthana system via the solid
state reaction route, since these limits have been
found to depend upon the preparation method
employed as reported in the literature [17,18].
Attempts have also been made to delineate a suit-
able mechanism for the heat conduction in these
solid solutions with the help of the standard phonon
conduction in dielectric materials.

2. Experimental

The samples used in the present study were pre-
pared in our laboratory by the conventional solid-
state reaction route. Thorium oxide (Nuclear grade)
and lanthanum oxide powders, both of 99.9% purity,
were used as such without further purification. Both
the powders were heated at 1173 K for 16 h before
weighing the powders for the sample preparation in
order to remove any moisture content or adsorbed
CO2 gas due to alkaline nature of lanthanum oxide.
Appropriate ratios of powders were mixed into
different compositions, ranging from 1 to 35 mol.%
LaO1.5 and thoroughly ground mechanically. Pure
thoria powder was also subjected to the same prepa-
ration cycle for the reference sample. The powders
were pre-compacted into cylindrical pellets (10 mm
diameter and 10–12 mm height) without any binder
and crushed again to fine powder. The sequence of
pre-compaction-grinding-compaction was repeated
twice. The samples were then heated to 1223 K
(5 K/min), held at that temperature for 24 h, slowly
cooled to ambient temperature, crushed once again
to fine powder and finally compacted by hydraulic
press into cylindrical pellets (14.5 mm diameter, 2–
2.5 mm height) at a pressure of 250 MPa. The pellets
were heated up to 1273 K (5 K/min) and held for
16 h and further heated slowly up to 1773 K (2 K/
min) for final sintering at this temperature for 6 h.
All the heating was done in static air. The pellets were
cooled slowly (3 K/min) to room temperature. All
the samples were phase characterized by X-ray
diffraction analysis using a powder diffractometer
(Philips, Model PW 1820 controlled by PW 1710
micro-processor) with Ni-filtered Cu Ka (0.154 nm)
radiation. Silicon was used as an external standard.
The lattice parameters were determined by a least-
squares refinement program. Bulk densities of the
pellets were measured geometrically.

Thermal diffusivity measurements were carried
out employing the laser flash technique [19,20]. The
measurements were carried out using Flashline
2000 system (Anter Corporation) capable of
measurements up to 2300 K. Cylindrical disc-shaped
samples (12.7 mm diameter and approximately
2 mm thickness) were obtained from the sintered pel-
lets by center-less grinding and polished from both
the sides. The pellets were then cleaned ultrasoni-
cally in pure acetone for 30 min and dried thor-
oughly. In order to avoid any transmission of the
laser beam through the samples, an opaque colloidal
graphite suspension was sprayed over the front
surface to give a thin coating of graphite. The rear
surface of the pellets was also coated with a thin
graphite layer to ensure uniform emissivity. These
pellets were mounted in a molybdenum sample
holder, which can carry six samples at a time. All
measurements were carried out in flowing argon
atmosphere, covering a temperature range from
373 to 1773 K. The samples were first heated to
1273 K (3 K/min) and cooled back slowly to room
temperature in the flowing gas before starting the
measurements to remove moisture or adsorbed
CO2, if at all present. All the thermal diffusivity mea-
surements were found to be very well reproducible
with the graphite standard (NIST) as well as our
samples in the present investigations. The rear sur-
face temperature–time profile of the samples was
monitored by an indium antimonide infra-red detec-
tor and plotted online with the help of software.

3. Results and discussion

Fig. 1(a) presents the XRD patterns of all Th1�x-
LaxO2�d samples (with 0 6 x 6 0.35), indicating the
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Fig. 1(a). X-ray powder diffraction pattern of all sintered samples.
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Fig. 1(b). Enlarged view of the XRD patterns along with the pure lanthana pattern.
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formation of a single-phase fluorite-type solid solu-
tions up to x 6 0.30. However, as the lanthanum
content exceeds this limit, an additional diffraction
line corresponding to the (1 0 0) reflection of La2O3

[21] starts appearing in the XRD pattern, as
indicated with the arrow in Fig. 1(b). Hence, we
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Fig. 2. Variation of d-spacing values of 100% reflection line with
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conclude a solubility limit of approximately
30 mol.% LaO1.5 in the thoria matrix via the solid-
state reaction route. This limit is almost the same
as the complete solubility region of LaO1.5 in the
ThO2 matrix reported in the literature [17,22] and
is in good agreement with the phase diagram of the
system [22]. It is however much less than the recently
reported solubility limit of 50 mol.% LaO1.5 in thoria
matrix by Panneerselvam et al. [18] for samples pre-
pared by the co-precipitation method at relatively
lower temperatures. This difference in the solubility
and need for higher temperatures can be attributed
to the limitations of the solid-state reaction methods
over wet chemical approaches.

The lattice parameters calculated from the XRD
data are found to increases with the La content ‘x’
and are given in Table 1. The least-squares fit of
the data are very much near to the Vegard’s law
line, attesting the near stoichiometry of all the solid
solutions. The empirical equation determined by
this least-squares analysis is (a/nm = 0.558836 +
0.015747x), which is in good agreement with the
previously reported values [23]. However, the varia-
tion in the linearity of the lattice parameter with
increasing lanthana content can be due to the oxy-
gen vacancies incorporated in the solid solutions
due to the replacement of tetravalent thorium by tri-
valent lanthanum ions in the matrix. A positive shift
in the d spacing for the 100% reflection line has been
observed with increasing lanthana content up to
15 mol.% LaO1.5 as shown in Fig. 2, which indicates
a trend of lattice expansion due to guest atom incor-
poration at thorium sites. This has been further con-
firmed by the decreasing trend in the bulk density as
well as theoretical density with increasing lanthana
content as shown in Fig. 3. This increase in the lat-
tice parameter with increasing La content is result-
ing from the larger ionic size of La+3 (0.116 nm)
over Th+4 (0.105 nm) ions [24]. Bulk densities of
Table 1
Variation of lattice parameter and density of Th1�xLaxO2�d samples

LaO1.5 content
(x in mol.%) Th1�xLaxO2�d

Lattice parameter
(nm)

Bulk density
(mg/m3)

Theoretical density
(mg/m3)

Percent theoretical
density

0.0 0.558971 ± 0.00015 9.538 10.040 95.01
0.01 0.559031 ± 0.00009 8.847 9.971 88.72
0.02 0.559252 ± 0.00007 8.671 9.954 87.10
0.03 0.559292 ± 0.00016 8.669 9.922 87.38
0.05 0.559519 ± 0.00008 8.435 9.834 85.77
0.10 0.560288 ± 0.00009 7.745 9.618 80.52
0.20 0.561822 ± 0.00012 7.302 9.191 79.44
0.30 0.563699 ± 0.00006 6.859 8.754 78.35
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all the samples were 83 ± 5% of the theoretical den-
sities. The results of XRD analysis are summarized
in Table 1.

Fig. 4 shows the variation of as measured
thermal diffusivities, a (m2/s) without any porosity
correction of all Th1�xLaxO2�d solid solutions with
0 6 x 6 0.10 as a function of temperature, which
was calculated from the following equation [19]:

a ¼ WL2=t1=2; ð1Þ

where W = heat loss parameter (0.1388), L = sam-
ple thickness and t1/2 = time taken for half the max-
imum temperature rise of the rear surface. The value
of W was in accordance with Clark and Taylor’s
method. All the thermal diffusivity measurements
were found to be very well reproducible with the
graphite standard (NIST) as well as our samples
in the present investigations. A decrease in the ther-
mal diffusivity was observed with increasing temper-
ature for all the samples investigated. Moreover, an
increase in LaO1.5 content was also found to result
in a decrease in the thermal diffusivity.

Thermal conductivities, k (W/m/K) of all the
samples were calculated from measured thermal dif-
fusivities a, bulk densities q and specific heat capac-
ities cp of the solid solutions using Eq. (2) and are
graphically shown in Fig. 5 as a function of
temperature.

k ¼ aqcp. ð2Þ
It can be observed that addition of lanthana to the
thoria matrix results in a systematic decrease in
thermal conductivity at all the temperatures. Also,
the conductivity decreases with increase of tempera-
ture for all these solid solutions studied. Due to the
unavailability of the measured heat capacity data
for the above solid solutions in literature, these
values were estimated from the reported specific
heat capacities [25] of individual components, viz.,
ThO2 and LaO1.5 and using the Neumann–Kopp’s
law:

cp ¼ RnfX nðcpÞng; ð3Þ
where Xn and (cp)n are the mol fraction and individ-
ual molar specific heat capacity of component ‘n’,
respectively. Thermal conductivity data for all the
samples as presented in Fig. 5 were corrected for
zero porosity using the following simplified equa-
tion [26].

k ¼ k0ð1� P Þ2=3
; ð4Þ

where k and k0 are the thermal conductivity of por-
ous samples and theoretically dense samples, respec-
tively, and P is the relative porosity calculated from
the theoretical density (qt) and measured density
(qm) as P = {qt � qm}/qm. The correction for
temperature dependence of density on the thermal
conductivity data is not taken into account since
the variations arising due to this are less than the
accuracy limit of the measurement.

In order to compare our results with the appro-
priate theoretical models, it was considered better
to study the thermal resistivity R (mK/W), recipro-
cal of the thermal conductivity as a function of
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temperature and composition [2], which for a typi-
cal dielectric material can be given by the phonon
conduction equation, Eq. (5):

1=k ¼ R ¼ ðAþ BT Þ; ð5Þ
where, ‘A’ corresponds to lattice defect thermal
resistivity, arising from the scattering of phonons
by lattice defects, impurities, isotopic or other mass
differences as well as bulk defects such as grain
boundaries in the samples, etc., while ‘BT’ is the
intrinsic lattice thermal resistivity, arising from the
phonon–phonon scattering interactions. Fig. 6
shows the variation of the thermal resistivity with
temperature of the investigated samples. The linear
variation of the observed resistivity with tempera-
ture for all the samples clearly shows that these sam-
ples behave like a typical dielectric material. The
solid lines show the least-square fit of the experi-
mental data with the values of the constants A
and B, tabulated in Table 2.

It can be seen from the table that the constant ‘A’
increases with increasing lanthana content. An
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Table 2
Values of coefficients A and B in R = 1/k = A + BT with
lanthana content

LaO1.5 (mol.%) A (m/K/W) B (m/W)

0.0 0.0327 0.0001603
0.02 0.0598 0.0002125
0.04 0.1285 0.0002087
0.05 0.1767 0.0002979
0.10 0.2179 0.0003005
increase in the lanthana content results in more pho-
non defect centers in the media, due to both size and
mass effect, and thereby resulting in additional
strain in the lattice. Hence an increase in the defect
thermal resistivity, i.e., ‘A’ is observed. It is also
interesting to note that ‘B’ resulting from the intrin-
sic thermal resistivity, remains nearly the same for
pure thoria as well as for the lanthana substituted
thoria solid solutions up to 3 mol.% LaO1.5, how-
ever, a slight increase is seen at higher doping con-
centrations. Similar results have been observed in
the case of urania substituted thoria solid solutions
[27], the reason for this behavior is explained
therein. However, a slight increase in ‘B’ at higher
doping levels can be justified on account of varia-
tions in the average molecular mass of the solid
solutions.
4. Conclusions

The thermal conductivity of thorium oxide–
lanthanum oxide solid solutions decreases with
increasing lanthanum content and temperature.
The variation of the thermal resistivity for the pres-
ent system, obeys the standard phonon conduction
equation found in dielectric materials. It can be
inferred from the present results that doped lantha-
num atoms serve as additional scattering centers for
the phonons, whereas the intrinsic thermal resistiv-
ity remains almost unaffected by these foreign scat-
tering centers.
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