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Abstract

The thermal diffusivities of (U,;_,Ce,)O, were measured from room temperature to 1673 K using laser flash method,
and the lattice parameter was examined as a function of Ce contents using X-ray diffractometry to investigate the the-
oretical density of each composition. The thermal conductivities normalized to 95% of theoretical density decreased
with increasing Ce contents. From the fitting results, it was shown that the increasing CeO, content as a solid solution
affected the lattice contribution and that the effect of the electron contribution was added at higher Ce content.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The thermal conductivity of nuclear fuel materials is
the most important property to evaluate the fuel perfor-
mance in a nuclear reactor. This property affects the fuel
centerline temperature, operating power efficiency,
safety, and release of the fission product. In this regard,
the thermal conductivities of UO, and various doped-
UO; have been intensively studied by many investigators
[1-3].

The importance of cerium and cerium oxide is
emphasized as one of the major fission products pro-
duced in a nuclear fuel. Further, cerium oxide has often
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been used as a simulating material for plutonium oxide.
Although cerium oxide cannot duplicate the behaviors
of plutonium oxide completely, it has been used owing
to its similar chemical/thermodynamic behaviors, and
a convenience in handling.

In the research of mixed oxide fuel (MOX) using cer-
ium oxide, 20-30 mol% CeO, contents are mainly used
in the simulation for a fast breeder reactor (FBR) fuel
composition, while UO, + CeO, properties data for a
low content (below 20 mol%) are required in the relevant
research of MOX fuel for pressurized water reactor
(PWR).

In the present work, the thermal conductivities were
calculated from measured thermal diffusivity using a
laser flash method as a function of the Ce contents.
For the normalization of the thermal conductivities
measured to 95% theoretical density (TD), the lattice
parameters and theoretical densities were examined
using X-ray diffractometry.
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2. Experimental

UO, (BNFL, IDR-UO,) and CeO, (Aldrich, 99.9%)
powders were mixed with various Ce contents (Ce = 0,
7.63, 14.84, 21.68, 28.17 mol%) using a Turbula™ mixer
for 1 h. Then the powder mixtures were milled using a
Dynamic Ball Milling Apparatus (DM) for 4 h. Milled
powder mixture was compacted with a compaction pres-
sure of 300 MPa and sintered at 2023 K for 4 h in a flow-
ing H, atmosphere.

X-ray diffraction peak of a sample was measured by
XRD (Mac Science, MAC-MO03XHF) using a Cu-Ka
target. The step scanning method was used (counting
time = 5 sec., step width = 0.05°). Samples for the ther-
mal diffusivity measurement were cut to 0.9-1.1 mm in
thickness, 6 mm in diameter from a sintered pellet and
polished. In the temperature range between room
temperature and 1673 K, the thermal diffusivity was
measured using a Laser Flash Apparatus (Netzsch,
LFA-427) in a vacuum. Specific heat was calculated
from the Neumann-Kopp’s law using the literature data
of UO, and CeO, [4-9].

3. Results and discussion

In order to confirm a solid solution formation of the
CeO; in UO, matrix, and to compare it with thermal dif-
fusivities having different Ce contents normalized to 95%
of the theoretical density, the X-ray diffraction pattern
was measured. Fig. 1 is the X-ray patterns of the speci-
mens with different Ce contents, showing that the mea-
sured peak is gradually shifted to the right side. The
position of the main peak ((111) plane) moved from
28.28° of UO, toward 28.55° of CeO, with increasing
Ce contents. Because diffraction peaks near 20 = 90°
are magnified to show the shift more clearly, the peak
of (511) plane was observed (Fig. 2). The calculated lat-
tice parameters from the measured peak data are shown
in Fig. 3, and these results were in good agreement with
the reference data [10-12]. The following equation was
obtained for the relationship between the lattice para-
meter a in nm and the CeO, content [Ce] (mol fraction).

a = 0.54695 — 0.00582 x [Ce]. (1)

The measured lattice parameters were calculated by
this equation, and the theoretical densities were obtained
by using these results. Table 1 shows that the lattice
parameter and theoretical density linearly decreased
with increasing Ce contents. It can be considered that
CeO; in UO, matrix is fully formed as a solid solution
in this composition range, and also the O/M ratio for
these samples is the stoichiometric or the near-stoichi-
ometric state, because the data points are on a straight
line, i.e. the measured data follow the Vegard’s law.
‘Near-stoichiometric state’ in these samples does not
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Fig. 1. XRD pattern of the (U;,_,Ce,)O, samples with the Ce

content (mol fraction): (a) y =0, (b) 0.0763, (c) 0.1484, (d)
0.2168 and (e) 0.2817.
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Fig. 2. Extended view of the XRD pattern for UO, and
(U, Ce)O;, (near 90°).

mean hyper-stoichiometric but hypo-stoichiometric
state. In the oxygen potential data in the literature
[13,14], it was also shown that the O/M ratio of the sam-
ples of similar composition ranges from 2.00 to 1.99, i.e.
hypo-near-stoichiometric state.

The thermal conductivity was calculated by using the
equation of k = ay.c,p . The thermal diffusivity, ay, was
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Fig. 3. The measured lattice parameters and literature data of
(U, Ce)0; as a function of the Ce contents.

measured by using the laser flash method (Fig. 4). The
specific heat, c,, was calculated from Neumann-Kopp’s
law. All the thermal conductivities were normalized to
a 95% theoretical density using the modified Loeb equa-
tion [15] and the following expression:

Ky = Ku (1 — Py), (2)
 Ky(1-0.05n)
Kos = (1 =Py (3)

where Kys is the thermal conductivity normalized to 95%
TD, K,, the thermal conductivity of a sample with a
density of p,s, P the porosity, 1 the experimental para-
meter expressed as 2.6-5 x 107* 7' [16], and T the tem-
perature for the measurements, in K.

Fig. 5 shows the gradually decreasing thermal con-
ductivities with increasing Ce contents. It is also shown
that the thermal conductivities of CE15, CE20 (Table 1)
decreased with increasing temperature up to about
973 K, however, slightly increased in the higher temper-
ature region. Similar result was published by Kurosaki
[17]. The tendency of the slight increment in the higher
temperature region will be explained using the values
of C and D among the fitting results as described below.
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Fig. 4. Thermal diffusivities of (U;_,Ce,)O, with varied Ce
content as a function of temperature.
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Fig. 5. Thermal conductivities of (U,_,Ce,)O, with varied Ce
content as a function of temperature.

The thermal conductivity data were fitted using the
following relationship [16,17] considered both the lattice
and the electron contribution, with a commercial curve
fitting program (Origin 7.0, OriginLab™ Co.),

Table 1

Sample compositions, the measured lattice parameters, and the calculated theoretical densities of (U;_,Ce,)O, used for the

experiments

Sample no. CeO, content Lattice parameter (nm) Theoretical density (g/cm’, 100%TD)
wt% mol% Measured Calculated

CEO0 0 0 0.54698 0.54695 10.960

CE5 5 7.63 0.54653 0.54651 10.683

CEI0 10 14.84 0.54607 0.54610 10.419

CEl5 15 21.68 0.54577 0.54570 10.168

CE20 20 28.17 0.54530 0.54532 9.929
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Table 2
Calculated values of 4, B, C and D of (U,_,Ce,)O, from the fitting relationship
Sample no. Ce content (mol%) A (mK/W) B (m/W) C D
CEO 0 0.05214 0.00025 - -
CE5 7.63 0.06600 0.00031 0.00030 363.43
CE10 14.84 0.08836 0.00036 0.00070 1021.52
CEl5 21.68 0.20632 0.00032 0.00156 1370.22
CE20 28.17 0.23807 0.00044 0.00171 1433.29
k ! +CTe D (4) w ! w +w, =4+ BT (5)

= X —— . = - = = s

A+BT PATT oMW

Table 2 and Fig. 6 shows the calculated values of 4, B, C
and D. The parameters of electron contribution, C and
D, for UO, sample can be negligible, because it is suffi-
cient to describe the thermal conductivity of UO, using
the lattice contribution only, in the temperature region
of this experiment (from room temperature to 1673 K).
However, for (U, Ce)O, samples, the explanation includ-
ing the electron contribution is needed to describe
the thermal conductivity, especially, for the higher Ce
content.

First, the following equation is the relationship be-
tween 4 and B, the parameters of lattice contribution
[18,19].

1.5x10° — (D) i

Wik
e BE

§It

LR

2.0x10" - E

1.0x10°

5.0x10°
0.0 ;
3.0x10°
- (C)

2.0x10°

1.0x10° |

0.0

4.0x10* - (B)

2.0x10* - §
0.0

3.0x10"

The fitted parameter for thermal conductivity

1.0x10™

ol 1 1 [ ] |
10 20 30

Ce content (mol%)

Fig. 6. The fitting values of 4, B, C and D as a function of Ce
contents.

where w is the thermal resistivity, w; is the resistivity
for the phonon-lattice defect interactions (4), and w,
is for the phonon—phonon interactions (B7). In the
case of the mixed oxide, both parameters depend on
the two variables, the extent of non-stoichiometry
and the additive (Ce) content, simultaneously [20]
(not respectively). That is to say, the thermal conduc-
tivity of the mixed oxide samples is affected by both
A and BT terms at the same time. However, in this
experiment, it can be thought that the Ce content is
primarily responsible for the thermal conductivity of
(U, Ce)O,, because the O/M ratio of these samples is
near-stoichiometric state. From the fitting results, as
shown in Fig. 6, the values of 4 and B increase grad-
ually with increasing Ce contents. It can be concluded
that the dissolved Ce atoms substituting U atom in U
sub-lattice act as the point defect, which interrupt the
transport of heat energy. At last, the thermal conduc-
tivity decreases. That is to say, that the increasing con-
tent of dissolved CeO, affects the phonon-lattice defect
interaction. The oxygen vacancy formed during the sin-
tering process in a H, atmosphere can also act like a
point defect, but it can be said that the influence by
the dissolved Ce atoms is dominant, as previously sta-
ted, because of the O/M ratio of near-stoichiometry in
these samples. Also, the content of the dissolved CeO,
affects the phonon—phonon interaction (B7). It can be
considered that the lattice anharmonicity increased
with the increasing mass difference between the additive
(Ce) and the host (U) atoms, and this anharmonicity
on the lattice vibration affected phonon—phonon scat-
tering [20].

Secondly, Fig. 6 shows that the parameters of elec-
tron contribution, C and D in Eq. (4), gradually in-
creased with increasing Ce content, i.e. the effect of
electron contribution appeared. This tendency was ob-
scure at lower Ce contents (CES, CE10), but slightly re-
vealed at higher Ce contents (CE15, CE20). It can be
supposed that the electron contribution caused by the
higher Ce content affects the thermal conductivity in-
crease at higher temperature, because the concentrations
of the electron are increased by the existence of trivalent
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Ce ions substituted for U ions [21]. And these electrons
act as a carrier for heat conduction.

4. Summary

The thermal diffusivities of (U,_,Ce,)O, were mea-
sured from the room temperature to 1673 K using the
laser flash method, and the lattice parameters were
examined using X-ray diffractometry to obtain the theo-
retical densities of each specimen with different
composition.

1. The thermal conductivities normalized to 95% of the-
oretical density decreased with increasing Ce con-
tents. Exceptionally, the thermal conductivity of the
high Ce content samples increased slightly, above
about 1000 K.

2. It is concluded that the increasing dissolved CeO, in
UO, matrix causes the lattice contribution to
decrease the thermal conductivity of (U, Ce)O,. That
is to say, the Ce atom substituting U atom act as
a point defect (phonon-lattice defect interaction),
and the mass difference between Ce and U atom
increases the lattice anharmonicity (phonon—phonon
interaction).

3. Especially, for higher Ce content, it can be supposed
that the electron contribution in addition to the lat-
tice contribution affected the thermal conductivity
of (U, Ce)O, samples, because the concentrations of
the electron are increased by the existence of trivalent
Ce ions substituted for U ions. And these electrons
act as a carrier for heat conduction.
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