. journal of
3 nuclear
ﬁ% materials

ELSEVIER Journal of Nuclear Materials 294 (2001) 193-197

www.elsevier.nl/locate/jnucmat

Thermal conductivity of (U,Ce)O, with and without Nd or Zr

Ken Kurosaki **, Ryo Ohshima #, Masayoshi Uno ?, Shinsuke Yamanaka ?,
Kazuya Yamamoto °, Takashi Namekawa °

& Department of Nuclear Engineering, Graduate School of Engineering, Osaka University, Yamadaoka 2-1, Suita, Osaka 565-0871, Japan
® Alpha-Gamma Section, Fuels and Materials Division, Irradiation Center, Oarai Engineering Center, Japan Nuclear Cycle Development
Institute, Narita-cho 4002, Oarai-machi, Ibaraki 311-1393, Japan

Abstract

The thermal conductivities of (Ups_,Cey,M,)O, [M: Nd (0 <x<0.13) or Zr (0 < x <0.06)] were evaluated from the
thermal diffusivity measured by the laser flash method. The thermal conductivities of (Upg_Ce,M,)O, indicated a
systematic decrease with increasing M-atom content at all temperatures from 200 to 1500 K. In addition, the thermal
conductivities of all samples decreased with increasing temperature up to about 1000 K. Up to about 1000 K, the
thermal conductivity of (Ujs_,Cey2M,)O, could be expressed as a function of M-element content by the phonon

conduction equation. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The thermal conductivity of a nuclear fuel under ir-
radiation is very important to evaluate the safety of the
fuel. In irradiated uranium-plutonium mixed oxide
(MOX) fuel for fast breeder reactors (FBR), a number
of fission products (FPs) are produced and they affect
the physico-chemical properties of the fuel. Some FPs
such as zirconium and rare earth elements are dissolved
in the matrix phase during irradiation, and they con-
siderably reduce the thermal conductivity of the fuel
[1-5]. A number of studies relating the effect of the FPs
to the thermal conductivity of the real MOX and UO,-
based SIMFUEL have been carried out [6-22].

The mixed fluorite-type oxide (U,Ce)O, has often
been used as simulated MOX fuel because of its similar
chemical and/or thermodynamic behavior [23-32]. Fur-
ther, cerium is produced in a nuclear fuel as one of the
major FPs and it goes into solid solution in the fuel
matrix. Although CeO, cannot simulate all the proper-
ties of PuO, completely, the physico-chemical properties
of (U,Ce)O, will help to understand the properties of
MOX fuel to some extent.
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In the present study, the effect of the dissolved ele-
ments such as Zr or Nd on the thermal conductivity of
(U,Ce)O, are studied, and the results are compared with
the data of real MOX and UO,-based SIMFUEL
[10,13,22,33]. By using the phonon conduction equation,
the thermal conductivities of (Ugs_.CeyoM,)O, are also
expressed as a function of M-atom content.

2. Experimental

(Uo,g,xceoizM/\,)Oz [M Nd (0<x<013) or Zr
(0<x<0.06)] pellets were prepared from UQO,, CeO,,
ZrO, and Nd,O; powders. Nd and Zr were selected as
representatives for the dissolved elements in the fuel
matrix. Appropriate amounts of the starting materials
were blended together and pressed into pellets, followed
by reacting and sintering at 2023 K in flowing
(H, + 3N,)/H,0 mixture. The oxygen potential of the
sintering atmosphere was —370 kJ/mol at 2023 K. The
crystal structure of the samples were analyzed by a
powder X-ray diffraction method using a Cu-Ka radia-
tion at room temperature. For thermal conductivity
measurements, appropriate disk shapes (1.0 mm in
thickness and 10 mm in diameter) were cut from the
pellets. The densities of the samples were calculated
from the measured weight and dimensions. In the tem-
perature range from room temperature to about 1500 K,
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the thermal conductivity was evaluated from the heat
capacity, the experimental density, and the thermal dif-
fusivity measured by the laser flash method using UL-
VAC TC-7000 in vacuum. The heat capacities of
(Ups_+CepaM,)O, were evaluated from Neumann—
Kopp’s law using the literature data [34] of UO,, CeO,
and Nd,O; or ZrO,.

3. Results and discussion

The powder X-ray diffraction patterns at room tem-
perature of all the samples show single-phase fluorite-
type structure. This indicates that both Nd and Zr are
dissolved in the (U,Ce)O, matrix. The lattice parameter
and X-ray density were obtained from the X-ray dif-
fraction analysis. The measured bulk densities of the
samples are about 93% of the theoretical X-ray densities.
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Fig. 1. Comparison of lattice parameters of (Ups_.Cey2)O,
obtained in the present study and stoichiometric (U,Ce)O,
reported in the literature.

Table 1

Fig. 1 shows the reported lattice parameters of stoi-
chiometric (U,Ce)O, as a function of cerium content
[35-39]. The lattice parameter of (UysCe,)O, prepared
in the present study satisfies Vegard’s law and is close to
the previous reported value [35-39] in which the sample
composition was nearly stoichiometric. Although the O/
M ratio of the samples was not measured chemically, the
deviation from the stoichiometry is small. The sample
characterizations of (Ugs_,Cep,M,)O, are shown in
Table 1. The lattice parameters of (Ugs ,Cey,Nd,)O,
decrease with increasing Nd content, whereas the lattice
parameters of (Ugs_.Ce2Zr,)O, are almost constant.

The thermal conductivity / was calculated from the
measured thermal diffusivity D, specific heat capacity
C,. and density d using the following relationship:

4 =DCyd. (1)

The temperature dependence of the thermal conductiv-
ities of (Ujs_,Cep,Nd,)O, and (Ups_,Cep,Zr, )0, are
shown in Figs. 2 and 3, respectively. These experimental
data were normalized to 95% of the theoretical density
by using the Maxwell-Eucken relationship [40,41]. The
thermal conductivities of (Ups_,CepaM,)O, showed a
systematic decrease with increasing M-atom content at
all temperatures. In addition the thermal conductivities
of all samples decreased with increasing temperature up
to about 1000 K, and then increased slowly when the
temperature was further increased.

The thermal conductivity of (Ug7Cey,Ndy;)O, is
shown in Fig. 5 together with the data of UO,,
(Uo_7PUO_2Nd0_1)02, 10 at.% burnup (U()_gPll()_z)Oz, and
UO,-based 8 at.% SIMFUEL [10,13,22,33] (see Fig. 4).
The thermal conductivity of (Up;Cey,Ndy;)O, is
lower than that of both UO,-based and MOX-based
SIMFUEL. This is because the SIMFUEL contains
metallic FP inclusions, which give a positive contribu-
tion to the thermal conductivity. On the other hand, as

X-ray diffraction results and bulk densities of (Uys_,Cey,M,)O, (M: Nd or Zr)

Samples content (mol%)

X-ray diffraction results

Bulk densities

Uo, CeO, NdO, 5 Lattice parameters (nm) g/cm? %T.D.
80.0 20.0 0.0 0.54588 + 0.00009 9.694 94.76
78.0 20.0 2.0 0.54616 + 0.00016 9.520 93.91
76.0 20.0 4.0 0.54597 £ 0.00016 9.593 95.25
73.0 20.0 7.0 0.54560 + 0.00013 9.588 96.11
70.0 20.0 10.0 0.54589 + 0.00011 9.037 91.78
67.0 20.0 13.0 0.54538 +0.00016 9.196 94.24
U0, CeO, 710, Lattice parameters (nm) g/cm? %T.D.
79.0 20.0 1.0 0.54624 £ 0.00012 9.500 93.61
78.0 20.0 2.0 0.54597 + 0.00009 9.390 92.93
77.0 20.0 3.0 0.54631 £ 0.00011 9.980 97.56
75.5 20.0 4.5 0.54560 + 0.00015 9.402 94.26
74.0 20.0 6.0 0.54543 +0.00013 9.108 92.06
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Fig. 2. Thermal conductivity of (Ups_.Cey>Nd,)O, as a func-
tion of temperature.
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Fig. 3. Thermal conductivity of (Upg_,Cey2Zr,)O, as a func-
tion of temperature.
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Fig. 4. Comparison of thermal conductivities of (U
Ce,Nd.1)0,, UO,, (Up7Pug2Ndy;)0,, 10 at.% burnup (Uys
Pu,)0,, and UO,-based 8 at.% SIMFUEL.

seen in this figure, the thermal conductivity of (U,
Ce,Ndy )0, nearly equals that of (Uy;Pug,Ndg;)O,
up to about 1000 K.

The thermal resistivities W, i.e., the reciprocals of the
thermal conductivities, of (Ugs_,CeyaM,)O, increased
linearly with increasing temperature up to about 1000 K,
indicating that the thermal conductivity of the samples
can be expressed by the following relationship:

A= (4+BT)", (2)

where T is the absolute temperature, and 4 and B are
constants. Values of 4 and B were determined by fit-
ting the experimental data to Eq. (2) and are shown in
Table 2. The values of A increased gradually with in-
creasing M-atom content, while B was almost constant.

When the thermal conduction of dielectric solids is
dominated by phonon conduction above its Debye
temperature, the thermal resistivity W can be expressed
by the following relationship:

1
W===W+ M (3)

Wp is the intrinsic lattice thermal resistivity caused by
phonon—phonon interactions based on the Umklapp
process, and corresponds to BT in Eq. (2). 4 is the
thermal resistivity resulting from phonon-lattice defect
interactions, and corresponds to 4 in Eq. (2). In addi-
tion, W of solids can be generally expressed by the fol-
lowing equation:

W = M(0) + AWi(x). 4)

W (0) is the lattice defect thermal resistivity caused by
the defects such as impurities included in the sample

Table 2

Values of 4 and B of (Ugs_.CepaM, )0, (M: Nd or Zr) deter-
mined by fitting the thermal conductivities to 1 = (4 + BT )71
relationship

NdO, 5 contents A (mK/W) B (m/W)
(mol %)

0.00 0.0945 0.0004
0.02 0.1479 0.0004
0.04 0.1619 0.0004
0.07 0.2025 0.0003
0.10 0.2567 0.0003
0.13 0.2966 0.0004
ZrO, contents A (mK/W) B (m/W)
(mol %)

0.00 0.0094 0.0004
0.01 0.0108 0.0006
0.02 0.0271 0.0006
0.03 0.0389 0.0007
0.045 0.053 0.0007
0.06 0.0424 0.0008
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Fig. 5. Relationship between AW(x) and M content of
(Uos—+Ceo2M,)0;: (a) M=Nd; (b) M=Zr.

initially, and corresponds to W (= A) of (UysCe,)0, in
the present study. AW (x) is the additional defect thermal
resistivity caused by dissolution of solutes. In the present
study these solutes correspond to M atoms (Nd and Zr).
The relationships between AW (x) and M-atom content
are shown in Fig. 5. The figure shows that AW(x) is
proportional to the M-atom content.

Since the measured values of B for (Ugs_,Cepo2M, )0,
are almost independent of M-atom content, as shown in
Table 2, the effect of the intrinsic lattice thermal resis-
tivity Wp on the additional defect thermal resistivity
AW (x) is negligible. Substituting Eq. (4) into Eq. (3), the
following expression for the thermal conductivity of
(Ups-+Cep2M, )0, can be obtained:

1
A= T 0) T R (0) + AT (3)

where W (0) is the intrinsic lattice thermal resistivity of
(UpsCe2)0,. In addition, the thermal conductivity
of (UpgCe,)0, is given by

1

4= (0) + W (0)° (6)

Therefore Eq. (5) becomes
Ao

AZKWEEIT' (7

Since AW (x) is proportional to the M-atom content as
described previously, Eq. (7) is expressed by

20
A‘m%+1’ )

where k is a constant and x is the M-atom content in
(Ups_+CepaM,)0,. From Fig. 5, the constants k were
found to be 1.59 and 0.97 for Nd and Zr, respectively.

The thermal conductivity of (Ugs_,Cep,Nd,)O, is
shown in Fig. 6 as a function of Nd content. Solid lines
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Fig. 6. Comparison between experimental and calculated
results of thermal conductivity of (Ups_.Cey2Nd,)Os.

correspond to the calculated results obtained from
Eq. (8). Although at high temperatures, slight deviations
of the experimental data from the calculated results
are observed, the thermal conductivity of (Ugs—,
Ce,Nd, )0, can be expressed by using Eq. (8).

4. Summary

The thermal conductivities of (Ups_.CepoM,)O, [M:
Nd (0<x<0.13) or Zr (0 <x<0.06)] were evaluated in
the temperature range from room temperature to about
1500 K. The thermal conductivities decreased gradually
with increasing M-atom content. The thermal conduc-
tivity of (Up7Ce2Ndy;)O, was lower than that of both
UO,-based and MOX-based SIMFUEL, but approxi-
mately equal to that of (Up;Pu,Ndg;)O,. The thermal
conductivities of (Ugs_,Cey2M,)O, up to about 1000 K
could be expressed as a function of M-atom content by
the phonon conduction equation.
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