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We prepared polycrystalline pellets of (U,Y)O2, containing YO1.5 up to 11 mol.%. We performed indenta-
tion tests on the pellets, and evaluated the Young’s modulus and hardness. We measured the heat capac-
ity and the thermal diffusivity, and evaluated the thermal conductivity. We succeeded in evaluating the
effect of Y content on the thermophysical properties of (U,Y)O2. We revealed that the Young’s modulus,
hardness, and thermal conductivity of (U,Y)O2 decreased with increasing the Y content.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Uranium dioxide (UO2) fuels doped with a small amount of
erbium oxide (ErO1.5) are being studied as next-generation fuels
for light-water reactors. When utilizing (U,Er)O2 as nuclear fuels,
it is very important to understand the crystallographic nature,
mechanical properties, thermal properties, and thermophysical
properties, to evaluate the fuel safety and performance. However,
these properties of (U,Er)O2 have been scarcely reported. Therefore,
we are now studying the thermophysical properties of (U,Er)O2

and investigating the effect of ErO1.5 addition on the properties
of UO2 [1].

In the present study, we paid attention to (U,Y)O2 because Y3+

have similar ionic radius (0.102 nm) with Er3+ (0.100 nm) [2] but
the atomic weight of Y (88.91) differs substantially from Er
(167.3). By collecting the thermophysical properties of (U,Y)O2

and by comparing them with those of (U,Er)O2, we can discuss
the results from the viewpoint of fundamental aspects. In addition,
the present study would also be useful in evaluating the perfor-
mance of irradiated UO2 fuels, because Y is known as a major fis-
sion product which dissolves in the UO2 matrix phase.

2. Experiment

We prepared six compositions of the samples: (U1�xYx)O2 (x = 0,
0.01, 0.03, 0.05, 0.1, and 0.11). Appropriate amounts of UO2 and
Y2O3 powders were mixed and pressed into pellets, followed by
reacting at 1773 K under a reducing atmosphere. The obtained
intermediates were crushed to powders and pressed into pellets
under 150 MPa, followed by sintering at 1873 K in a H2–Ar gas flow
atmosphere for 5 h. Finally, the pellets were sintered again at
ll rights reserved.
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1373 K in a desired reducing atmosphere for 40 h to fix the oxygen
to metal (O/M) ratio to be 2.00.

To examine the sample purity and determine the lattice param-
eter, the X-ray diffraction (XRD) data were collected on a diffrac-
tometer on (RINT2000 Rigaku) with Cu Ka radiation in air at
room temperature. The sample microstructure was observed by
using a scanning electron microscope (SEM) and electron backscat-
ter diffraction (EBSD). The chemical composition of the samples
was determined using an energy-dispersive X-ray (EDX) analysis
in vacuum at room temperature.

Hardness (H) and Young’s modulus (E) were determined with
the indentation tests using a dynamic ultra-microhardness tester
at room temperature. The maximum load was chosen to be 3, 5,
7, 10, 50, 100, 500, and 1000 mN under a loading/unloading time
of 15 s and a maximum load retention time of 2 s. The Vickers
hardness was also measured using a Vickers hardness tester at
room temperature under a maximum load of 490 mN and
9800 mN.

Thermal conductivity (j) was calculated from heat capacity
(CP), thermal diffusivity (a), and density (d) using the following
relationship:

j ¼ aCPd: ð1Þ

The heat capacity was measured by a differential scanning cal-
orimeter, in the temperature range from room temperature to
1273 K in an Ar-flow atmosphere. The thermal diffusivity was
measured by a laser flash technique in vacuum from 323 to
1473 K, and the density was calculated from the sample’s weight
and dimensions at room temperature.

3. Results and discussion

Fig. 1 shows the XRD patterns of the (U1�xYx)O2 (x = 0, 0.05, and
0.1) samples, together with the peak positions obtained from the
JCPDS cards [3]. In all XRD patterns, there were no peaks derived
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Fig. 1. XRD patterns of (U1�xYx)O2 (x = 0, 0.05, and 0.1), together with the peak
positions obtained from the JCPDS cards [3].
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Fig. 2. IPF mapping images of the samples: (a) x = 0, (b) x = 0.05, and (c) x = 0.1 for (U1�x

density of the samples, as a function of the Y content.
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from impurities; a single phase with a fluorite structure was de-
tected. In addition, the high angle diffraction peaks were well spilt
into Ka1 and Ka2, indicating the complete solid solution formation.
The cubic lattice parameter was calculated from the XRD pattern,
as also shown in Fig. 1. The lattice parameter of (U,Y)O2 decreased
linearly with increasing the Y content. We obtained the following
equation describing the effect of Y content on the lattice parame-
ters of (U1�xYx)O2:

aðnmÞ ¼ 0:5468� 0:0253x ð0 6 x 6 0:11Þ: ð2Þ

The decreasing rate of the lattice parameters of (U,Y)O2 with the
Y content was very similar to those of (U,Er)O2 [1], which was most
likely due to the similar ionic radius of Y3+ and Er3+.

From the SEM and EDX analyses, we confirmed that there were
no segregations of particular elements throughout the surface of all
samples. In addition, we also confirmed that the chemical compo-
sitions of the products did not deviate a lot from the starting
compositions.

The inverse pole figure (IPF) mapping images of (U1�xYx)O2

(x = 0, 0.05, and 0.1) samples obtained from the EBSD analysis
are shown in Fig. 2(a), (b), and (c), respectively, in which color of
each grain corresponds to the crystal orientation. It was confirmed
that the distributions of grains alignment are completely random
in all samples, whereas the grain size appeared to decrease with
the Y content. The average grain sizes estimated from the IPF
mapping images are shown in Fig. 2(d). The average grain size
decreased rapidly with including the Y content, even only 1 at.%
Y-adding. The sample bulk densities are plotted in Fig. 2(e), as a
function of the Y content. The density decreased with increasing
0.00 0.02 0.04 0.06 0.08 0.10

Y/(U+Y), x (-)

Yx)O2. (d) Average grain size of the samples, as a function of the Y content. (e) Bulk
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Fig. 3. Relationship between the Young’s modulus and the indentation depth for (U1�xYx)O2 (x = 0, 0.05, and 0.1).
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the Y content, like the grain size. In the low Y content region below
1 at.%, we were able to obtain high density pellets with approxi-
mately 95% of the theoretical density (%T.D.), whereas in the med-
ium Y content regions, for example, 3 at.%, the density was around
90%T.D. and in the higher Y regions, i.e., 5 and 10 at.%, the densities
were low as around 84%T.D. These low densities would be closely
related with the grain size. The present study revealed that a small
amount of Y addition to UO2 even only a few percent encumbered
the grain growth and consequently drastically degenerated the sin-
tering behavior. The same tendency has been observed in (U,Er)O2

[1,4].
The Young’s moduli (E) of (U1�xYx)O2 (x = 0, 0.05, and 0.1) deter-

mined through the indentation tests are shown in Fig. 3, as a func-
tion of the indentation depth. The Young’s modulus of all samples
was independent of the indentation depth in the low depth re-
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Fig. 4. Relationship between the hardness and the indentation load for (U1�xY
gions, whereas it rapidly decreased with increasing the indentation
depth in the high depth regions. These phenomena could be ac-
counted for that the elastic deformation zone might reach at the
grain boundary in the high depth region and the expansion of
the elastic deformation zone might be promoted by the grain
boundary. In the present study, the intrinsic Young’s modulus (Ei)
of the sample was estimated as an average value obtained in the
low depth regions, in which the Young’s modulus was not influ-
enced by sample’s microstructures. In Fig. 5(a), the Ei values of
(U,Y)O2 are plotted as a function of the Y content. It can be ob-
served that the Ei of UO2 obtained in the present study was well
consistent with the literature data [5–10]. In addition, the Ei of
(U,Y)O2 decreased with the Y content. By using the data up to
5 at.%-Y added samples, we obtained the following equation
describing the Ei of (U1�xYx)O2:
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x)O2 (x = 0, 0.05, and 0.1), together with the literature data of UO2 [11,12].
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Fig. 6. Temperature dependence of the thermal conductivities of (U,Y)O2, together
with the literature data of UO2 [8].
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EiðGPaÞ ¼ 236� 440x ð0 6 x 6 0:05Þ: ð3Þ

Since the sample bulk density of the x = 0.1 sample was too low
to perform the indentation test with no influences of the pores and
grain boundaries even at the low depth regions, the Ei of the x = 0.1
sample was lower than the line of Eq. (3).

Fig. 4 shows the load dependence of the indentation hardness
(Hit) and Vickers hardness (HV) of (U,Y)O2, together with the litera-
ture data [11,12]. Both the Hit and HV decrease with the load
increasing. In order to eradicate the influence of the indentation
load on the hardness, we estimated the hardness at the adequate
large depth (H0) from the load-displacement curves, based on the
Nix and Gao model [13]. Fig. 5(b) shows the H0 of (U,Y)O2, as a
function of the Y content. It can be confirmed that the H0 decreased
with the Y content. We obtained the following equation describing
the H0 of (U1�xYx)O2:

H0ðGPaÞ ¼ 7:25� 49:3x ð0 6 x 6 0:10Þ: ð4Þ

The heat capacity (CP) data of (U,Y)O2 were similar in the inves-
tigated composition range (not shown). Therefore, we used the CP

data of UO2 in calculating the thermal conductivities of (U,Y)O2.
The temperature dependence of the thermal conductivity (j) of

(U,Y)O2 is shown in Fig. 6, together with the literature data of UO2

[8]. These values were corrected to the values for fully dense pel-
lets with 100%T.D. by using the following equation [14]:

j0 ¼ jP
1þ bP
1� P

; ð5Þ

where jP is the measured thermal conductivity with certain poros-
ities, j0 is the corrected thermal conductivity for fully dense pel-
lets, P is the porosity, and b is a constant (= 0.5). The j of
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[5–10] are shown for comparison.
(U,Y)O2 decreased with the Y content, indicating that Y in the
UO2 cell acted as centers of phonon scattering. Fig. 7 shows the
thermal conductivities of (U,Y)O2 and (U,Er)O2 [1] at 1373 K and
773 K, as a function of the Y or Er content. From these figures,
we confirmed that the reduction rate of j of (U,Y)O2 was slightly
larger than that of (U,Er)O2. This was due to the large difference
of the atomic weight between Y and U compared with that be-
tween Er and U. We could obtain the following empirical equation
describing the j of (U,Y)O2:

jðWm�1 K�1Þ ¼ 1

3:60� 10�2 þ 1:91xþ ð1:58� 5:66xÞ � 10�4T
� ð0 6 x 6 0:11;298K < T < 1473KÞ: ð6Þ
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4. Summary

We prepared polycrystalline pellets of (U1�xYx)O2 (0 6 x 6 0.11)
and measured their thermophysical properties. We succeeded in
evaluating the effect of Y addition on the lattice parameter, Young’s
modulus, hardness, and thermal conductivity of (U,Y)O2, as de-
scribed as Eqs. (2)–(4), and Eq. (6), respectively. The results ob-
tained in the present study would be useful in evaluating the
effect of adding elements on the thermophysical properties of UO2.
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