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Abstract 

It is important to evaluate basic properties of UO2 and PuO2 as fundamental aspects of MA-bearing 
MOX fuel development. In this work, mechanical properties of UO2 and PuO2 were investigated by an 
ultrasound pulse-echo method. Longitudinal and transversal wave velocities were measured in UO2 and 
PuO2 pellets, and Young’s modulus and shear modulus were evaluated, which were 219 MPa and 89 MPa 
for PuO2, and 249 MPa and 95 MPa for UO2, respectively. Poisson’s ratio was 0.32 in both materials. The 
relationship between mechanical and thermal properties was described by using thermal expansion data 
which had been reported previously, and the heat capacity and thermal conductivity were analysed. 

Introduction 

The Cabinet of Japan decided on 11 April 2014 to approve the new Strategic Energy Plan as the basis 
for the orientation of Japan’s new energy policy. The plan describes that Government of Japan will 
promote technology development on volume reduction and mitigation of degree of harmfulness of 
radioactive waste, including nuclear transmutation technology using fast reactors and accelerators [1]. A 
new project started with the aim to reduce minor actinide (MA) elements in high-level radioactive waste, 
which is being advanced by using fast reactors and accelerator-driven systems [2]. Within this project, 
MA-bearing MOX fuels and (Pu,Am)O2-bearing inert matrix fuels need to be developed. 

It is essential to evaluate basic properties of UO2 and PuO2 which are base fuel materials as fundamental 
aspects of MA-bearing fuel development. Especially, heat capacity and thermal conductivity of UO2 and 
PuO2 are important data to analyse dependence of thermal behaviours on the material composition. However, 
data on PuO2 are limited, and it is difficult to understand the mechanism of temperature dependence of their 
properties. It was reported that heat capacity of PuO2 is about 5 J/mol K higher than that of UO2 in the 
temperature range of 800-1 500 K [3]. Regarding thermal conductivity of PuO2, both lower and higher data 
have been reported as compared with UO2 [4-7]. The reasons for these differences are unknown. In this work, 
mechanical properties of UO2 and PuO2 were investigated by an ultrasound pulse-echo method. Bulk 
modulus K, Debye temperature TD and the Grüneisen constant were estimated from the experimental data, 
and heat capacity and thermal conductivity of UO2 and PuO2 were analysed. 

Experimental 

Powders of UO2 and (U0.97Pu0.03)O2 were pressed and sintered into cylindrical pellets. Sintering of 
pellets was carried out at 1 923 K in an atmosphere of Ar/H2 mixed gas with added moisture. They were 
5.5-6.0 mm in diameter and 4.3-7.2 mm long. The sintered pellets were analysed by X-ray diffraction. 
Lattice parameters, density and porosity are shown in Table 1. Sound velocities of longitudinal and 
transverse waves in the sintered pellets were measured with an ultrasound pulse-echo instrument (KJTD 
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Co., Ltd., model HIS-3). The sound velocity in a CeO2 pellet was measured as a standard before and after 
the UO2 and PuO2 pellet measurements. 

Table 1: Pellet specimens and their properties 

Specimen Lattice parameter 
(nm) 

Density 
(g/cm3) 

Theoretical density  
(%) Porosity 

UO2 0.5471 10.36 94.61 0.054 
(Pu0.97Am0.03)O2 0.5398 10.77 93.83 0.062 

Results and discussion 

Mechanical properties and Debye temperature 

Sound velocities of waves in UO2 and (Pu0.97Am0.03)O2 pellets were measured at room temperature, 
and the measured data were normalised to the full density (100%TD). The shear modulus G, Young’s 
modulus E, bulk modulus K and Poisson’s ratio ν can be calculated by: 

2
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tltl VVVV −−=ν  (4) 
where ρ  is the density of the specimen, Vl is the longitudinal wave velocity and Vt is the transverse wave 
velocity. The calculated data are shown in Table 2. The G, E and K of (Pu0.97Am0.03)O2 were greater than 
those of UO2. Other data are also shown for comparison [8-11] in the table. The reported data of UO2 [8,9] 
were consistent with the current data. The data of PuO2 reported by Nakamura et al. [11] were in good 
agreement with those of (Pu0.97Am0.03)O2. The thermal properties in Sections 3.2 and 3.3 were analysed 
assuming that the data of (Pu0.97Am0.03)O2 equalled those of PuO2. 

Table 2: Mechanical properties 

Specimen G 
(GPa) 

E 
(GPa) 

K 
(GPa) 

ν 
(−) 

UO2 (This work) 83.1 219.3 202.1 0.319 
(Pu0.97Am0.03)O2 (This work) 94.7 249.3 226.7 0.317 
UO2 [8] 82.0 220.0 – – 
UO2 [9]* 81.4 217 – 0.31 
PuO2 [10] * – 268 – 0.28 
PuO2 [11]* 93 247 – 0.322 

*: Calculation 

Heat capacity evaluation 

Heat capacity at constant volume Cv was evaluated by the Debye model. Debye temperature TD can be 
written by: 

3/1333/13 )/2/1()4/9()/(  −+= tlBD VVaNkhT π  (5) 

where h is the Planck constant, kB is the Boltzman constant, N is the number of atoms in the unit cell, and a 
is the lattice constant. The Debye temperatures TD of UO2 and (Pu,Am)O2 were estimated to be 384 K and 
406 K, respectively. The Cv  was obtained from TD by Equation 6: 
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0 , (6) 
where 𝑛𝑛 is the number of atoms per molecule and 𝑛𝑛 is the gas constant. The Cv  was obtained by Equation 6 
as a function of (T/TD). 

It was assumed that the heat capacity 𝐶𝐶𝑝𝑝 at constant pressure was described by: 
𝐶𝐶𝑝𝑝 = 𝐶𝐶𝑣𝑣 + 𝐶𝐶𝑑𝑑 = 𝐶𝐶𝑣𝑣(1 + 𝛾𝛾𝛾𝛾𝛾𝛾), (7) 

where 𝐶𝐶𝑑𝑑 is the dilatational term,  𝛾𝛾 is the Grüneisen constant and 𝛾𝛾 is the thermal expansion coefficient. 

𝛾𝛾 = 𝛾𝛾𝛼𝛼𝑉𝑉𝑚𝑚/𝐶𝐶𝑣𝑣, (8) 
where Vm is molecular volume. Recently, Kato et al. [12] measured thermal expansion of (U,Pu)O2 as 
functions of Pu content and O/M ratio. The 𝛾𝛾 values of UO2 and PuO2 were evaluated from their data as 
2.94×10-5 and 2.89×10-5, respectively. It was assumed that the 𝛾𝛾 of (Pu,Am)O2 equalled that of PuO2. The 
𝛾𝛾 of UO2 and (Pu, Am)O2 were 2.13 and 2.22, respectively, by Equation 8. From these analysis results, the 
temperature dependence of 𝐶𝐶𝑝𝑝 could be calculated, and the data are shown in Figure 1 together with other 
reported data [3,13]. The Cp values of UO2 and (Pu, Am)O2 which were calculated by Equations 7 and 8 
were almost the same, but lower than the data which were obtained in experiments. 

Kato et al. [14] analysed the Cp of PuO2 by Equation 9. 
𝐶𝐶𝑝𝑝 = 𝐶𝐶𝑣𝑣 + 𝐶𝐶𝑑𝑑 + 𝐶𝐶𝑠𝑠𝑠𝑠ℎ + 𝐶𝐶𝑒𝑒𝑥𝑥𝑠𝑠 (9) 

Here, 𝐶𝐶𝑠𝑠𝑠𝑠ℎ is the Schottky term and 𝐶𝐶𝑒𝑒𝑥𝑥𝑠𝑠 is the excited term at high temperatures. Kato et al. showed 
that 𝐶𝐶𝑠𝑠𝑠𝑠ℎ and 𝐶𝐶𝑒𝑒𝑥𝑥𝑠𝑠 were important in heat capacity evaluation of PuO2. 𝐶𝐶𝑠𝑠𝑠𝑠ℎ was roughly approximated by 
the two-level-system model. 𝐶𝐶𝑒𝑒𝑥𝑥𝑠𝑠 was obtained from oxygen Frenkel pair formation which was reported by 
Konings et al. [15]. 𝐶𝐶𝑠𝑠𝑠𝑠ℎ and 𝐶𝐶𝑒𝑒𝑥𝑥𝑠𝑠 are described by Equations 10 and 11 respectively. 
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Here ε is the energy between the two levels, ∆𝐻𝐻𝑂𝑂𝑂𝑂𝑂𝑂 and ∆𝑆𝑆𝑂𝑂𝑂𝑂𝑂𝑂 are enthalpy and entropy of oxygen 
Frenkel pair formation. The ε was obtained by fitting the experimental data with Equation 10. The 
calculated Cp values are shown in Figure 2. The Cp values were consistent with experimental data [3,13]. 
The calculated data of PuO2 were also in good agreement with experimental data in the temperature region 
below 1 500 K. The Cp of PuO2 is about 5 J/molK higher than that of UO2. It is considered that the 
difference of Cp is caused by 𝐶𝐶𝑠𝑠𝑠𝑠ℎ. The ε values were obtained as 0.08 eV and 0.2 eV, respectively, for UO2 
and PuO2. However, the data of PuO2 differed from the experimental data [3,13] in the higher temperature 
region. In this region, experimental data of PuO2 are limited. It is needed to carry out more experiments 
and theoretical analysis.  
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Figure 1: Temperature dependence of Cv, 
(Cv+Cd) and experimental data [3,13] 

Figure 2: Temperature dependence of Cp calculated 
by Equation 9 and experimental data [3,13] 
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Thermal conductivity  

Thermal conductivity λ values of PuO2 are shown in Figure 3. In early studies, Gibby [4] and 
Fukushima et al. [5] reported lower data compared with UO2 [16]. However, recent studies [6,7] showed 
that λ of PuO2 was significantly higher than that of UO2. It is necessary to resolve the significant 
differences relating to the λ values of PuO2. 

Thermal conductivity was analysed by Slack’s equation [17,18] as follows: 

λ𝑠𝑠 = 1
𝐴𝐴+𝐵𝐵𝑇𝑇

 (12) 
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Here 𝑣𝑣𝑝𝑝 is phonon velocity, Γ𝑖𝑖 is the cross section, 𝑀𝑀 is average mass, 𝛿𝛿 is (Vm)1/3 and  𝑛𝑛 is the number 
of atoms per molecule. The calculation results are shown in Figure 4. The λ𝑠𝑠 value of PuO2 was slightly 
higher than that of UO2. The λ𝑠𝑠 obtained by Slack’s equation includes the contribution of the phonon 
vibration term. So, other contribution terms like the electronic contribution must be taken into account. The 
thermal conductivity λ is experimentally obtained by: 

λ = 𝐶𝐶𝑝𝑝 ∙ 𝜌𝜌 ∙ 𝛾𝛾  (13) 

where the α is thermal diffusivity.  𝐶𝐶𝑝𝑝 is described by Equation 9. It was considered that the contribution of 
(𝐶𝐶𝑠𝑠𝑠𝑠ℎ + 𝐶𝐶𝑒𝑒𝑥𝑥𝑠𝑠) was not contained in λ𝑠𝑠. Hence, Equation 13 is corrected by: 

λ = (𝐶𝐶𝑣𝑣+𝐶𝐶𝑑𝑑+𝐶𝐶𝑠𝑠𝑠𝑠ℎ+𝐶𝐶𝑒𝑒𝑥𝑥𝑠𝑠)
(𝐶𝐶𝑣𝑣+𝐶𝐶𝑑𝑑)

∙  λ𝑠𝑠 (14) 
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Figure 3: Thermal conductivities of UO2 [16] and 
PuO2 [4-7] 

Figure 4: Temperature dependence of thermal 
conductivity calculated by Equation 12 
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The data calculated by Equation 14 are shown in Figure 5, and they represented the experimental data 
very well. The results showed that λ of PuO2 was higher than that of UO2. 

Figure 5: Temperature dependence of thermal conductivity calculated by Equation 14 
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Conclusions 

The mechanical properties of UO2 and (Pu,Am)O2 were measured by the ultrasonic pulse-echo 
method. Using the data, heat capacity and thermal conductivity were analysed. The heat capacity analysis 
results of UO2 and PuO2 revealed the effect of 𝐶𝐶𝑠𝑠𝑠𝑠ℎ and 𝐶𝐶𝑒𝑒𝑥𝑥𝑠𝑠 at high temperatures. The contribution of 
these terms was the cause of the higher Cp of PuO2 as compared with UO2. Thermal conductivity 
correlation was derived based on Slack’s equation, and the correlation was extended by taking account of 
𝐶𝐶𝑠𝑠𝑠𝑠ℎ and 𝐶𝐶𝑒𝑒𝑥𝑥𝑠𝑠. It was concluded that the λ of PuO2 was higher than that of UO2, which was consistent with 
experimental data. The relationship between mechanical and thermal properties was analysed in UO2 and 
PuO2, and the models represented the experimental data accurately. 
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