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Abstract

Bulk and lattice thermal expansion studies on Th;_,Ce, O, (x = 0.0, 0.04, 0.08 and 1.0) were carried out by dila-
tometry and high-temperature XRD from room temperature to 1123 K and to 1473 K, respectively. The average linear
thermal expansion coefficients, &, of ThO,, ThgsCeo0402, Thg,Cep g0, and CeO, were found to be 9.04 x 1076,
9.35x 107%, 9.49 x 107° and 11.58 x 10~% K~!, respectively, between 293 and 1123 K. The average lattice thermal
expansion coefficients, @,, were 9.54 x 107°, 9.85 x 107, 10.01 x 10°° and 12.06 x 1076 K™, respectively, between 293
and 1473 K in this series of compounds. The substitution of 4 and 8 mol% Ce*" at Th** sites in ThO, has a noticeable
influence on the thermal expansion behavior. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Of late, a research program on investigation of vari-
ous aspects of thorium-based systems has been initiated
in our laboratory. As part of this program, the thermal
expansion behavior of ThO, containing 2 wt% UQO, by
high-temperature XRD was investigated recently [1]. The
preparation and bulk thermal expansion studies of Ba-
ThO; and SrThO; were also reported by us recently [2].
Yamashita et al. [3] reported the thermal expansion
studies, by high-temperature XRD, on a number of ac-
tinide dioxides. There are not many reports on the ther-
modynamic and transport properties in the ThO,—PuO,
system. It was observed by Freshley and Mattys [4] that
ThO, and PuO, form an ideal solid solution in the whole
composition range. A critical evaluation of the thermal
and thermodynamic properties of ThO,, Th; _ ,U, O, and
Th;_,Pu,0, was made by Bakker et al. [5]. They ob-
served that the thermodynamic and thermal expansion
data of mixed oxides in the ThO,—PuO, system are very
scantily reported in the literature. The main difficulties
while investigating the PuO, based systems are its high
radioactivity and toxicity which require extensive and
expensive safety precautions. One way to overcome this
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problem is to use CeO, in place of PuO, as they both have
quite similar physico-chemical properties, viz., ionic size
in octahedral and cubic coordination, melting points,
standard enthalpy of formation and specific heat, etc.
Thus the plutonium chemistry can be well simulated us-
ing CeQ, in place of highly active PuO, [6,7]. However, to
the best of our knowledge, there are not many reports on
thermo-physical and thermodynamic properties of mixed
oxides in the ThO,—CeO, system also. Whitfield et al. [8]
reported X-ray studies of the mixed oxides in the ThO,—
Ce0,-Ce,05 system at ambient temperature. They pre-
pared two series of mixed oxides of (ThCe)O,, and
(ThCe)O,_, by hydrogen reduction in the temperature
range 973-1673 K. Santos et al. [9] reported the prepa-
ration of thorium—cerium ceramic alloys in which ThO,
powder was blended with (Thgg,Ce,3)O, coprecipitated
powder to get the sintered pellets with the mean com-
position (Thgo4Ce6)O,. The results were supported by
sintering dilatometric tests on ThO, and (Thy;Cep 13)O,
pellets. The lattice thermal expansion behavior of CeO,
from ambient temperature to 1300 K was reported by
Mahanta et al. [10].

2. Experimental

ThO, and CeO, were mechanically mixed in an ap-
propriate molar ratio, pelletized and heated at 1473 K
for 48 h with three intermittent grindings. The final
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Table 1
Summary of the linear thermal expansion coefficient data obtained from dilatometry and HT-XRD
S. no. Compound Bulk density % Theoretical & x10° (K™ & x 106 (K™ m.p. (K)
(Mg m™?) density (293-1123 K) (293-1173 K)*
1. ThO, 9.60 96 9.04 9.54 3650
2. Thyg96Ce 0402 8.22 83 9.35 9.76 -
3. Thg9,Ceg 050> 8.10 83 9.49 9.96 -
4. CeO, 6.12 85 11.58 11.76 2873

From HT-XRD data, see Table 2 for «, (293-1473 K).
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Fig. 1. Variation of linear thermal expansion (%) of
Th, _,Ce, O, as a function of temperature.

sintering was done at 1573 K for 48 h to get dense pellets
with diameter and height about 12 and 10 mm, respec-
tively. The dilatometric and HT-XRD measurements
were performed in static air, during heating, as described
earlier [1,2]. The unit-cell parameters were determined
using a least-squares refinement program. The coeffi-
cients of average quasi-isotropic lattice thermal expan-
sion were also computed for each sample (studies were
performed on polycrystalline samples).

3. Results and discussion

In order to ascertain the incorporation of Ce*t into
the lattice of ThO,, the room temperature XRD patterns
of ThO, and mixed oxides were refined. The cubic lattice
parameters of ThOz, Th0_96C60_0402 and Tho_qzCSo_ogOz
were obtained as a = 0.5599(1), 0.5591(1) and 0.5588(1)
nm, respectively. The observed decrease in lattice pa-
rameter as a function of Ce*' concentration can be

attributed to the different ionic radii of Th** and Ce**,
which are 0.105 and 0.0902 nm, respectively, in eightfold
coordination. ' It may be noted that the lattice param-
eter of CeO, is 0.5411 nm. 2

Hereafter, the average linear thermal expansion co-
efficient obtained by dilatometry and the average lattice
thermal expansion coefficient obtained by HT-XRD will
be denoted as & and a,, respectively. The variation of the
linear thermal expansion (%) as a function of tempera-
ture (293-1123 K) for all the four samples is shown in
Fig. 1. The bulk densities and average linear thermal
expansion coefficients (&) of all the four samples are
given in Table 1. The percentage linear thermal expan-
sion, 100-Al/ly, of each sample was fitted using a
polynomial regression and the fits are given below (7 in
K, Al =0 at 293 K).

For ThO,:

100 - A/l = +0.00057(T — 293)
+2.1614 x 107°(T — 293)°
—4.3369 x 107°(T — 293)°
+2.6737 x 10~'2(T — 293)*. (1)

For Th0.96C60.0402:

100 - Al/Iy = +0.0002(T — 293)
+3.8477 x 107°(T — 293)°
—6.1753 x 107°(T — 293)°
+3.1435 x 10~'2(T — 293)*. (2)

For Thy¢,Ce030;:
100 - Al/Iy = +0.00033(T — 293)
+3.1044 x 107°(T — 293)°
—4.3164 x 107°(T — 293)°
+ 1.7818 x 10~'2(T — 293)*. (3)

! VCH Periodic Table of Elements, 1995, compiled by Fluck
and Heumann.
2 PC-PDF No. 4-593.
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Table 2

Lattice parameters a and coefficients of average linear thermal expansion &, of Th, _,Ce, O, (x = 0.0, 0.04, 0.08 and 1.0) between 293

and 1473 K obtained by HT-XRD data

Temp. ThO, Thy 96Cep.0402 Tho 92Ce 0302 CeO,
(K) a (nm) a (nm) a (nm) a (nm)
293 0.5599(1) 0.5591(1) 0.5588(1) 0.5411(2)
423 0.5606(2) 0.5600(1) 0.5597(2) 0.5419(2)
573 0.5614(2) 0.5606(2) 0.5602(2) 0.5430(2)
723 0.5621(2) 0.5612(2) 0.5610(3) 0.5445(3)
873 0.5631(2) 0.5620(6) 0.5617(3) 0.5452(1)
1023 0.5636(2) 0.5631(4) 0.5626(2) 0.5462(3)
1173 0.5646(2) 0.5639(4) 0.5637(2) 0.5467(3)
1323 0.5653(3) 0.5648(3) 0.5640(2) 0.5478(2)
1473 0.5662(1) 0.5656(3) 0.5654(2) 0.5488(1)
Xy (Kil) 9.54 x 10~° 9.85 x 10-¢ 10.01 x 10-¢ 12.06 x 10-°
For CeOZ: For Tho_ngCo,ogOz:

100 - Al/ly = +0.0007(T — 293)
+2.427 x 107(T — 293)
—3.4516 x 107°(T — 293)°

+ 1.4404 x 10~'2(T — 293)*. (4)

In order to study further the thermal expansion
behavior of these materials, their lattice thermal ex-
pansion was also investigated using a high-temperature
X-ray diffractometer. The lattice parameters of all the
four samples at each temperature are given in Table 2.
The coefficients of average lattice thermal expansion
(a,) in the temperature range from 293 to 1473 K are
also included in Table 2. The &, value for CeO, in the
present investigation compares well with that reported
by Mahanta et al. [10]. The observed percentage lattice
thermal expansion, 100-Aa/ay, at each temperature
was polynomially fitted as follows (7 in K, a =0 at
293 K).

For ThO;:

100 - Aa/ay = + 0.00094(T — 293)
+7.3263 x 107%(T — 293)°
—1.8815 x 107'°(T — 293)°
+ 1.1415 x 10~3(T — 293)*. (5)

For Th0_96ceolo4021

100 - Aa/ay = 0.00132(T — 293)
—1.9605 x 107(T — 293)*
+2.8934 x 107°(T — 293)°
—1.2482 x 10~'2(T — 293)*. (6)

100 - Aa/ay = + 0.00104(T — 293)

—4.0670 x 1077(T — 293)

+4.0865 x 107'°(T — 293)°

— 8.4184 x 107(T — 293)". (7)
For CeO,:
100 - Aa/ag = + 0.00091(T — 293)

+2.4477 x 107%(T — 293)°

—3.9797 x 10°(T — 293)°

+1.7985 x 10~'2(T — 293)*. (8)

In order to compare the bulk and lattice thermal ex-
pansion behavior of these samples, the &, values, calcu-
lated in the temperature range 293-1173 K, are also
included, along with the & (293-1123 K) values, in Table
1. It was found that & is slightly smaller than the &,. This
difference can probably be attributed to the porosity
which decreases the bulk thermal expansion. Another
reason could be the relaxation effect sometimes en-
countered in dilatometric experiments. It may be noted
that the temperature ranges in which & and &, are com-
pared differ slightly due to the experimental limitations.

Yamashita et al. [3] reported the coefficient of the
average lattice thermal expansion (&,) of PuO, from 293
to 1200 K as 11.61 x 107® K~! which compares quite
well with the &, of CeO, i.e., 11.76 x 107¢ K~! between
293 and 1173 K obtained in the present investigation.
However, it may be noted that the coefficient of the
average lattice thermal expansion of PuQ,, in the tem-
perature range 293-1200 K, given in the TPRC data base
[11] and reported by Fahey et al. [12] and Taylor [13] are:
%, = 12.00 x 107, 12.14 x 10® and 12.27 x 10°° K,
respectively, which are slightly higher than the &, of
PuO; reported by Yamashita et al. [3] and of CeO, (293—
1173 K) in the present investigation. The slight difference
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in various temperature ranges will make a negligible
difference in the above comparison. It is apparent, based
on the present investigation on CeO, and literature on
PuO, [3,11-13], that CeO, can indeed be nicely used
to simulate the thermal expansion behavior of PuO,.

It can be clearly seen that the doping of 4 and 8 mol%
CeO; (i.e., 2.644 and 5.365 wt%) into ThO, has got a
noticeable effect on its thermal expansion behavior. The
increase in the average thermal expansion coefficients on
going from ThO, to Thyg,Cep 3O, can be attributed to
the relatively higher thermal expansion coeflicient of
CeO, which in turn can be correlated to its lower melting
point as compared to that of ThO,. It is generally ob-
served that the coefficient of average thermal expansion is
inversely proportional to the melting point of a solid [14].

4. Conclusion

Doping of 4 and 8 mol% CeO, in ThO, changes its
linear thermal expansion behavior. This observation is
explained on the basis of the individual thermal expan-
sion behavior of ThO, and CeO,. This study will be
useful in designing the plutonium bearing ThO, fuel pin
assembly.
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