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Effect of Nd and Pr addition on the thermal and mechanical properties of (U,Ce)O2
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The thermal conductivity, Young’s modulus, and hardness of (U0.65�xCe0.3Pr0.05Ndx)O2 (x = 0.01, 0.08,
0.12) were evaluated and the effect of Pr and Nd addition on the properties of (U, Ce)O2 were studied.
The polycrystalline high-density pellets were prepared with solid state reactions of UO2, CeO2, Pr2O3,
and Nd2O3. We confirmed that all Ce, Pr, and Nd dissolved in UO2 and formed solid solutions
of (U,Ce,Pr,Nd)O2. We revealed that the thermal conductivity of (U0.65�xCe0.3Pr0.05Ndx)O2 (x = 0.12)
was up to 25% lower than that of x = 0.01 at room temperature. The Young’s modulus of
(U0.65�xCe0.3Pr0.05Ndx)O2 decreased with x, whereas the hardness values were constant in the investigated
x range.

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

Recently, an advanced fast reactor fuel concept has been pro-
posed, in which uranium–plutonium mixed oxide (MOX) fuels con-
taining certain amounts of fission products (FPs) and minor
actinides (MAs) are irradiated up to very high-burnups:
150 GWd/t for average burnup [1–3]. We call such a fuel as a low
decontamination fuel. There are a lot of advantageous of the low
decontamination fuel, such as reduction of environmental burdens,
effective use of resources, high proliferation resistance, and simple
processes. However, in order to put into practical use of the fuel,
the fuel behavior under irradiation should be clarified.

In the high-burnup low decontamination fuel, large quantities
of FPs and MAs exist and they will have much effect on the fuel
performance. It is well known that some FPs and MAs dissolve in
the fuel matrix and form solid solutions of (U,Pu,MAs,FPs)O2 and
others form oxide or metallic inclusions and precipitate on the fuel
matrix [4,5]. Especially, the dissolved FPs and MAs would affect di-
rectly the thermal and the mechanical properties of the fuel. There-
fore, the purpose of the present study is to fabricate the pellets of
(U,Ce,Pr,Nd)O2 and to perform thermal and mechanical character-
izations with the aim of clarifying the effect of Nd and Pr addition
on various properties of (U,Ce)O2 which is a simulated material of
the MOX fuel. Here, Pr is a substitute for MAs, because the ionic ra-
dii of Pr and Am are similar [6] and Pr could exist in the tetravalent
state as well as the trivalent state, like Am. On the other hand, Nd is
the representative of all rare-earth fission products.

In the present paper, we will show the characterization results
of (U0.65�xCe0.3Pr0.05Ndx)O2 (x = 0.01, 0.08, 0.12). We studied the ef-
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fect of Nd and Pr addition on the thermal and mechanical proper-
ties of (U,Ce)O2. The results obtained here would be useful for us in
evaluating the performance of low decontamination fuels in fast
reactors under high-burnups.
2. Experiment

We prepared three compositions of the fuel pellets: (U0.65�x

Ce0.3Pr0.05Ndx)O2 (x = 0.01, 0.08, 0.12). The Nd content was deter-
mined by a burnup calculation; the Nd content x = 0.01, 0.08, and
0.12 correspond to the burnup of 0, 150, and 250 GWd/t, respec-
tively. Appropriate amounts of UO2, CeO2, Pr2O3, and Nd2O3 pow-
ders were mixed and pressed into green pellets under a uniaxial
pressure of 150 MPa, followed by reacting and sintering at
1873 K under a reducing atmosphere.

To examine the phase states and determine the lattice parame-
ter of the matrix phase, we collected powder X-ray diffraction
(XRD) data on a diffractometer (RINT2000, RIGAKU) with Cu Ka
radiation in air at room temperature. The sample microstructure
was observed by using a scanning electron microscope (SEM).
The chemical composition of the samples was determined using
an energy-dispersive X-ray (EDX) analysis. The sample density
was calculated from the sample size and weights at room
temperature.

The thermal conductivity (j) was calculated from the heat
capacity (CP), thermal diffusivity (a), and density (d) using the fol-
lowing relationship [7]:

j ¼ aCPd: ð1Þ

The CP data were estimated from the data of the constituent chem-
ical forms of the samples reported in the database [8]. The thermal
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diffusivity was measured by the laser flash method from room tem-
perature to 1673 K in a vacuum (10�4 Pa).

Hardness (H) and Young’s modulus (E) were determined by
indentation tests using a dynamic ultra-microhardness tester
(DUH-211S, Shimadzu) at room temperature. The maximum load
was chosen to be 10, 20, 50, 100, 200, 500, and 1000 mN under a
loading/unloading time of 10 s. Although the mechanical proper-
ties determined from the load-displacement curve would be influ-
enced not only by the maximum load but also by the holding time,
we performed the indentation test under the holding time to be
zero. For a particular load, at least 50 indentation tests were con-
ducted on the sample to increase the reliability of the experimental
results. Methods for determining H and E through the indentation
test are reported elsewhere [9]. The Vickers hardness was also
measured using a Vickers hardness tester (MHT-1, Matsuzawa) at
room temperature under the maximum load of 9800 mN.

3. Results and discussion

The XRD patterns of the samples are shown in Fig. 1, together
with the peak positions of UO2 [10]. In all the XRD patterns, there
were no peaks derived from impurities, only the peaks correspond-
ing to the CaF2 type structure were detected. Therefore, in the pres-
ent study, all Ce, Pr, and Nd dissolved in UO2. We succeeded
preparing single phase (U,Ce,Pr,Nd)O2 solid solutions. From the
powder XRD patterns, the cubic lattice parameter was calculated
as summarized in Table 1. The lattice parameter decreased with
increasing the Nd content.

The pellet densities calculated from the weight and dimensions
are summarized in Table 1. We prepared two kinds of pellets: col-
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Fig. 1. XRD patterns of (U0.65�xCe0.3Pr0.05Ndx)O2 (x = 0.01, 0.08, 0.12), together with
the peak position of UO2.

Table 1
Sample characteristics of (U0.65�xCe0.3Pr0.05Ndx)O2 (x = 0.01, 0.08, 0.12).

x = 0.01 x = 0.08 x = 0.12

Lattice parameter (nm) 0.5456 0.5453 0.5452
Density of the column shaped pellets (g/cm3) 8.98 8.55 8.54

(%TD) 93.4 91.3 92.8
Density of the disk shaped pellets (g/cm3) 7.88 7.77 7.78

(%TD) 82.0 83.0 84.5
umn shaped pellets for mechanical properties characterizations
and disk shaped pellets for thermal conductivity measurements.
The column shaped pellets exhibited relatively high densities
(around 92% of the theoretical density: TD), whereas the densities
of the disk shaped pellets were not so high (around 83%TD). The
densities were almost the same regardless of the Nd content.

The SEM images of the column shaped pellets are shown in
Fig. 2. The SEM images revealed that the grain size was few dozens
of micro-meters and there were not much differences among the
samples in the grain size. From the EDX analysis, we confirmed
that the compositions of the products did not deviate a lot from
the starting compositions.

The thermal diffusivity and conductivity of the samples are
shown in Fig. 3, as a function of temperature. Since the sample
densities were quite low, the thermal conductivity data were cor-
rected to the values for fully dense pellets with 100%TD by using
the following equation [11]:

j0 ¼ jP
1þ bP
1� P

; ð2Þ

where jp is the measured thermal conductivity with certain poros-
ities, j0 is the corrected thermal conductivity for fully dense pellets,
P is the porosity, and b is a constant (= 0.5). We confirmed that both
the thermal diffusivity and conductivity decreased with tempera-
ture and the Nd content up to around 800 K, and they kept constant
values at higher temperatures. These results implied that Ce, Pr, Nd
dissolved in UO2 acted as centers of phonon scattering. The same
tendencies have been reported previously [12]. The thermal con-
ductivity of (U0.65�xCe0.3Pr0.05Ndx)O2 (x = 0.12) was up to 25% lower
Fig. 2. SEM images of (U0.65�xCe0.3Pr0.05Ndx)O2 (x = 0.01,0.08,0.12). The scale bar is
50 lm.
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Fig. 3. Temperature dependence of the thermal diffusivities and conductivities of (U0.65�xCe0.3Pr0.05Ndx)O2 (x = 0.01, 0.08, 0.12), together with the data of UO2.
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than that of x = 0.01 at room temperature. In addition, the thermal
conductivities of all samples were reduced approximately half of
that of UO2. These results mean that accumulation of FPs and
MAs in the high-burnup MOX fuels significantly reduces the ther-
mal conductivity.

Fig. 4 shows the Young’s modulus of the pellets as a function of
the indentation load. Clearly, the Young’s modulus of all samples
increased with decreasing the indentation load. And the values
seem to decrease with increasing the Nd content, x.

Fig. 5 shows the hardness of the samples as a function of the
indentation load. Clearly, the hardness of all samples increased
with decreasing the indentation load, as in the case of the Young’s
modulus. However, all samples indicated similar hardness values,
independent of the Nd content.

The decrease of load might reduce the probability of contact
between the indenter and the sample’s microscale pores, cracks,
and grain boundaries. Such kind of contact would affect the
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Fig. 4. Young’s modulus of (U0.65�xCe0.3Pr0.05Ndx)O2 (x =
load-displacement curve and lead to lower mechanical properties.
In other words, it can be considered that the Young’s modulus and
hardness at infinitely small load could be considered as an intrin-
sic Young’s modulus (E0) and hardness (H0) with no influences of
sample’s microstructures. We roughly determined the E0 and H0

for all samples by extrapolating the experimental data to that at
the load equals to zero. Fig. 6 shows the E0 and H0 as a function
of the Nd content. Apparently, the E0 decreased with increasing
the Nd content, while the hardness values of the samples were
comparable, independent of the Nd content. We obtained the fol-
lowing empirical equation to describe the relationship between
the E0 and x.

E0 ¼ 269� 556xð0:01 6 x 6 0:12Þ ð3Þ

Similar results were observed in similar materials: (U,Ce,Nd)O2,
in which the Young’s modulus also decreased with the Nd content
[13].
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0.01, 0.08, 0.12), as a function of indentation load.
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4. Summary

In order to reveal the effect of Nd and Pr addition on the thermal
and mechanical properties of (U,Ce)O2, we prepared (U0.65�x-
Ce0.3Pr0.05Ndx)O2 (x = 0.01, 0.08, 0.12) and evaluated the thermal
conductivity, Young’s modulus, and hardness. We succeeded pre-
paring complete solid solutions of (U,Ce,Pr,Nd)O2 with no impuri-
ties. The thermal conductivity of (U0.65�xCe0.3Pr0.05Ndx)O2

decreased with increasing the Nd content, indicating that Nd acted
as centers of phonon scattering. The Young’s modulus also de-
creased with increasing the Nd content, whereas the hardness
were constant in the investigated compositions. These results
would be useful in evaluating performance of high-burnup low
decontamination fuel with large quantities of FPs and MAs.
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