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Erbium is considered as a slow burnable poison suitable for use in light water reactors (LWRs). Addition
of a small amount of Er2O3 to all UO2 pellets will make it possible to develop super high burnup fuels in
Japanese nuclear facilities which are now under the restriction of the upper limit of 235U enrichment.
When utilizing the (U,Er)O2 fuels, it is very important to understand the thermal and mechanical prop-
erties. Here we show the characterization results of (U1�xErx)O2 (0 6 x 6 0.1). We measured their thermal
and mechanical properties and investigated the effect of Er addition on these properties of (U,Er)O2. All Er
completely dissolved in UO2, and the lattice parameter decreased linearly with the Er content. Both the
thermal conductivity and Young’s modulus of (U,Er)O2 decreased with the Er content. These results
would be useful for us in evaluating the performance of the (U,Er)O2 fuels in LWRs.

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

In order to reduce the amount of spent fuel of nuclear power
plants, it is effective to develop super high burnup fuels with high-
er enrichment of 235U than the current limit criteria of 5 wt%. How-
ever, the Japanese nuclear facilities are restricted by law to remain
below this upper limit of fuel enrichment for safety reasons. In
such a situation, by adding small amounts of erbia (Er2O3) to all
the uranium dioxide (UO2) powders whose enrichment is more
than 5 wt%, the super high burnup will be achieved with maintain-
ing the criticality safety of the nuclear facilities, because the critical
safety of the Er-doped UO2 fuels will be equivalent to the UO2 fuels
with enrichment of 5 wt% or less. We call this concept ‘Erbia Cred-
it’, in which Er would play a role as a slow burnable poison suitable
for use in light water reactors (LWRs).

In order to utilize the Er-doped UO2 fuels, it is important to
understand basic physical properties of the fuels. Our group has
performed the thermal and mechanical characterizations of the
Er-doped UO2 fuel pellets.

In the present paper, we will show the characterization results
of the Er-doped UO2 fuel pellets. We prepared high density fuel
pellets with various Er contents up to 10 at.%, and performed the
thermal and mechanical characterizations. We revealed the effect
of the Er content on the physical properties of (U,Er)O2.
ll rights reserved.
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. Kurosaki).
2. Experiment

We prepared nine compositions of the fuel pellets: (U1�xErx)O2

(x = 0, 0.0028, 0.0056, 0.01, 0.0141, 0.03, 0.05, 0.083, and 0.1).
Appropriate amounts of UO2 and Er2O3 powders were mixed and
pressed into pellets, followed by reacting at 1773 K under a reduc-
ing atmosphere. The obtained intermediates were crushed to pow-
ders 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 pel-
lets were sintered again at 1373 K in a desired reducing atmo-
sphere for 40 h to fix the oxygen to metal (O/M) ratio to be 2.00.

To examine the phase equilibria and determine the lattice
parameter, we collected powder X-ray diffraction (XRD) data on
a diffractometer (RINT2000, RIGAKU) with CuKa radiation in air
at room temperature. The sample microstructure was observed
by using a scanning electron microscope (SEM) and electron back-
scatter diffraction (EBSD). The chemical composition of the sam-
ples was determined using an energy-dispersive X-ray (EDX)
analysis. The sample density was calculated from the sample
weight and dimensions at room temperature.

The Young’s modulus of the pellets was evaluated from the lon-
gitudinal and shear sound velocities measured by an ultrasonic
pulse-echo method at room temperature in air. The experimental
samples were bonded to a 5 MHz longitudinal or shear sound wave
echogenic transducer. The method to evaluate the Young’s modu-
lus from the sound velocities was explained in detail elsewhere
[1]. The thermal expansion was measured by using a thermal dila-
tometer from room temperature to 1500 K. The thermal conductiv-
ity (k) was calculated from the heat capacity (CP), thermal
diffusivity (a), and density (d) using the relationship of k = aCPd.
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Fig. 1. XRD patterns of Er-doped UO2: (U1�xErx)O2 (x = 0, 0.0028, 0.0056, 0.01, 0.0141, 0.03, 0.05, 0.083, 0.1), together with the peak positions of UO2 and Er2O3.
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The heat capacity was measured by a differential scanning calorim-
eter (DSC), in the temperature range from room temperature to
1500 K in an Ar flow atmosphere. The thermal diffusivity was mea-
sured by the laser flash method from room temperature to 1500 K
in a vacuum (10�4 Pa).

3. Results and discussion

The powder XRD patterns of the pellets are shown in Fig. 1, to-
gether with the peak positions of UO2 and Er2O3 derived from the
JCPDS cards [2]. In all the XRD patterns, there are no peaks derived
from impurities, only the peaks corresponding to the CaF2 type
structure was detected. This means that all Er completely dissolved
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Fig. 2. Lattice parameters of (U,Er)O2, as a function of the Er content.
in UO2, i.e., we succeeded preparing single phase (U,Er)O2 solid
solutions.

From the powder XRD patterns, the cubic lattice parameter was
calculated. The calculated lattice parameters were plotted in Fig. 2,
as a function of the Er content. In this figure, the literature data re-
ported by Kim et al. [3,4] are also plotted for comparison. Our data
as well as the literature data of the lattice parameter linearly de-
creased with increasing the Er content. However, the lattice
parameters obtained here were slightly lower than those of the lit-
erature data. This fact can be explained by the difference of the O/
M ratio of the pellets.

The pellet densities calculated from the weight and dimensions
are plotted in Fig. 3, as a function of the Er content. In the very low
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Fig. 3. Bulk densities of the (U,Er)O2 pellets, as a function of the Er content.



Fig. 4. Inverse pole figure (IPF) and image quality (IQ) mapping results of the
(U1�xErx)O2 pellets obtained from the EBSD analysis. (a) and (b): IPF and IQ maps for
x = 0.0028; (c) and (d): IPF and IQ maps for x = 0.03; (e) and (f): IPF and IQ maps for
x = 0.1.
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Fig. 5. Young’s modulus of the (U,Er)O2 pellets, as a function of the Er content.
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Fig. 6. Average linear thermal expansion coefficient in the temperature range of
323–1373 K of the (U,Er)O2 pellets, measured by using the dilatometer.
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Fig. 7. Temperature dependence of the heat capacity of 5 at.% Er-doped UO2,
together with the data of UO2.
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Er content region below 1 at.%, we were able to obtain high density
pellets with around 95% of the theoretical density (%T.D.), whereas
in the medium Er content region, i.e., 3, 5, and 8.3 at.%, the densi-
ties were around 90%T.D. And finally, the density of the 10 at.%
Er-doped UO2 pellet was only 78%T.D. These characteristics could
be understood from the viewpoint of the grain size. The inverse
pole figure (IPF) and image quality (IQ) mapping results of the
(U,Er)O2 pellets obtained from the EBSD analysis are shown in
Fig. 4. The grain size seems to decrease with the Er content, which
probably led to the low pellet density. Unfortunately, the reason of
the grain size decrease was not clear. Nevertheless, the present
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Fig. 8. Temperature dependence of the thermal conductivities of the (U,Er)O2

pellets, together with the data of UO2.
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study revealed that a small amount of Er addition to UO2 even only
a few percent encumbered the grain growth and consequently
drastically degenerated the sintering behavior.

The values of the Young’s modulus of the (U,Er)O2 pellets are
shown in Fig. 5, as a function of the Er content. These values were
corrected to the values for fully dense pellets with 100%T.D. The
Young’s modulus of UO2 was 227 GPa, well corresponding to the
literature data [5], and it decreased with the Er content.

The average linear thermal expansion coefficients in the tem-
perature range from 323 K to 1373 K of the (U,Er)O2 pellets are
shown in Fig. 6. The thermal expansion was measured with the
dilatometer for rectangular-shaped samples sliced from the pellets.
There were no systematic variations with the Er content in the
thermal expansion behavior of the (U,Er)O2 pellets. The average
linear thermal expansion coefficient of (U,Er)O2 was almost con-
stant independent of the Er content and the values were 11–
12 � 10�6 K�1, which was slightly higher than that of pure UO2.

The temperature dependence of the heat capacity of 5 at.% Er-
doped UO2 is shown in Fig. 7, together with the data of pure UO2

[6,7]. The heat capacity data of the Er-doped UO2 were similar to
those of UO2. The present study revealed that the heat capacities
of (U,Er)O2 were scarcely affected by Er-adding.
The temperature dependence of the thermal conductivity of
(U,Er)O2 is shown in Fig. 8, together with the data of pure UO2

[6]. These data were corrected to the values for fully dense pellets
with 100%T.D. Clearly, the thermal conductivity of (U,Er)O2 de-
creased with the Er content, indicating that the Er in the UO2 cell
acted as centers of phonon scattering. This characteristic was also
confirmed in a similar case, such as Gd-doped UO2 [8].

4. Summary

We prepared (U1-xErx)O2 (0 6 x 6 0.1) pellets and measured
their thermal and mechanical properties. We succeeded in evaluat-
ing the effect of the Er content on the physical properties of the
(U,Er)O2 pellets. We obtained the following empirical equations
describing the lattice parameter, the Young’s modulus, and the
thermal conductivity of (U1�xErx)O2, as a function of the Er content,
x:

aðnmÞ ¼ 0:5471� 0:0364x ð0 6 x 6 0:1Þ; ð1Þ

EðGPaÞ ¼ 227� 297x ð0 6 x 6 0:1Þ; ð2Þ

kðWm�1K�1Þ ¼ 1
6:44� 10�2 þ 1:02xþ ð1:55� 4:63xÞ � 10�4T

� ð0 6 x 6 0:1;298K < T < 1473KÞ: ð3Þ

These data would be very useful in evaluating safety and reliability
of the Er-doped fuels which could be utilized in an advanced LWRs
aimed at realizing high burnups.
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