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Abstract
Recent studies on the properties of mixed oxide (MOX) fuels are summarized by focusing on the influence of MA (Am and Np) addition. A major influence regarding fuel design is the decrease in thermal conductivity accompanied by the enhancement of impurity-phonon scattering and the increase in oxygen potential. The influence of MA addition on the fuel temperature during irradiation was evaluated using a simulation code developed in the Japan Atomic Energy Agency (JAEA). The addition of 5% Am and 5% Np in MOX pellets, which are 5.42 mm in diameter, increases by ~50 K at the center of the fuel pellet at a linear heating power of 42.4 kW/m because of a decrease in thermal conductivity while the discrepancy vanishes as a larger central void is generated in MA-MOX. The results are critical in evaluating fuel performance and safety in using MA-MOX for reducing volume and toxicity of high-level radioactive wastes.
1. INTRODUCTION
Various chemical form of fuels such as metals, oxides, nitrides, carbides and molten salts have been proposed for fast reactor (FR); each type has its advantages in economy and safety [1,2]. Mixed oxide (MOX) fuels with the advantages of high melting temperature and abundant experience as UO2 in light water reactors have been strong candidates for usage in FRs for reducing the volume and toxicity of high-level radioactive wastes in Japan and other countries. Challenges remain in assessing safety and performance in fuel that relies on computational simulations in a reactor with a combination of fuel properties because the MOX fuel reaches high temperatures exceeding 2000 K and the steep temperature gradient in pellets causes pore migration resulting in restructuring and redistribution of elements [3,4]. These behaviors are tightly concerned with fuel properties, such as thermal conductivity, vapor pressure, and diffusion, and the properties depend on temperature, density, and contents of the composing element. Thus, a property study with these parameters is critical in R&D of FR.
For example, the oxygen contents in MOX, which continuously varies depending on temperature and surrounding oxygen partial pressure with the valence state of cations changing, is an influential parameter on the properties [5–9]. The ratio of oxygen content and metal elements, such as uranium, plutonium, and minor actinides, is called the oxygen-to-metal (O/M) ratio. Our group has extensively investigated and quantified the influence of O/M on the MOX properties and modelled them using mechanistic models based on physical/chemical theories to describe the properties with better accuracy and extrapolation [10]. The addition of minor actinides, such as Am and Np, the target for transmutation because of their long half-lives, has been an interest for studies. As explained in the next chapter, a small amount of MAs forms a solid solution with MOX and maintains the fluoride structure [11]. For phonon behaviors, the addition of MAs in MOX enhances phonon-defect scattering, decreasing the thermal conductivity in the temperature range where the phonon conductivity is dominant [12,13].
[bookmark: _GoBack]This study summarizes property studies on MA-MOX that have been published mostly by Japan Atomic Energy Agency (JAEA). Then, fuel irradiation behaviors, focusing on the radial temperature distribution and restructuring, are analysed using a simulation code developed in JAEA using the properties, and how MA addition influences the properties and irradiation behaviors is discussed.
2. Properties
Lattice constant and thermal expansion
The chemical and physical properties of a material significantly depend on the lattice structure. UO2 and PuO2 form a fluoride structure, making a solid solution at any composition rate with a single lattice parameter [14]. X-ray diffraction studies assessed the lattice parameters of MA-MOX considering that the lattice structure around the stoichiometric composition is a single face-centered cubic (FCC) of fluoride [11]. Some studies indicate a phase separation into two FCC phases at low temperatures with higher Pu content [15,16]. Figure 1 shows that the obtained lattice parameters show a good linear relation with O/M, Pu, and MA contents and formulated them as
	
	(1)


where  is the lattice parameter. , , , and  are the ionic radii of each species, , ,  and  are the fraction of each species, and  is .
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(a)					(b)					(c)
FIG. 1. Lattice parameter of MOX as a parameter of (a) Pu content, (b) Am/Np content and (c) O/M

Thermal expansion of MOX with Pu contents of 0%, 30%, 50%, and 100% and O/M of 2.00, 1.99, 1.98, and 1.97 was obtained using dilatometer up to 1923 K [17–19]. Note that O/M was maintained at high temperature by controlling the oxygen partial pressure based on the oxygen potential data described in Section 2.3. Thermal expansion  at the absolute temperature  can be described using the following relation with the coefficients in Table 1.
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TABLE 1.	COEFFICIENTS  IN EQUATION (3)

	
	
	
	
	
	
	

	
	−2.8809
	0.0301
	−4.3954
	0.0156
	−15.1759
	2.5642

	
	9.5024
	−0.1864
	15.8173
	−0.0229
	7.6258
	−7.5789

	
	2.0894
	2.9483
	−19.9227
	−1.0355
	73.8931
	11.6442

	
	4.4096
	−1.4263
	23.5638
	0.0251
	−54.751
	−14.418



Figure 2 shows that thermal expansion slightly reflects O/M and Pu content; the thermal expansion islarger at lower O/M and Pu contents. The influence of the small amount of MA addition should be small considering that the thermal expansion of AmO2 and NpO2 is equivalent to MOX [20]. Thermal expansion obtained using a dilatometer reflect the increase in lattice parameters and the amount of defects, such as Frenkel defect, which might not be critical at the temperature range, whereas it would be predominant at higher temperatures, as is reported in CaF2 [21].
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(a)							(b)
FIG. 2. Thermal expansion of MOX exhibiting larger trend at (a) lower Pu content and (b) lower O/M

Thermal conductivity
Thermal and safety performances of fuel pellets under irradiation are evaluated by calculating heat transport with thermal conductivity. Several parameters, such as temperature, composition, O/M, and density, influence the magnitude of thermal conductivity [12,13,22]. The fuel pellets are inhomogeneous regarding these parameters radially, attributed to the temperature gradient during irradiation. A laser flash method that measures thermal diffusivity is a common approach to study thermal conductivity by multiplying the thermal diffusivity, specific heat, and density. A simplified form of , a semi-empirical model to describe the phonon conduction, is used where  and  are impurity-scattering term analyzed using Ambegaoker’s theory [23] and phonon-phonon scattering term using by Liebfried-Schlomann’s relation [24], respectively. To include all parameters and the collection factor of density, such as Maxwell–Eucken relation [25–27], the following fitting relation for thermal conductivity  was suggested [28].
	
,
	(4)


where , in the collection factor of density, is porosity. Figure 3 shows that Am has a larger impact to decrease thermal conductivity than Np. However, the addition of a small amount of Mas (~ 10 mol%) that works as an impurity to enhance phonon-defect scattering has a relatively small impact. In contrast to adding MAs, oxygen defects that similarly enhances phonon-defect scattering have a larger impact on thermal conductivity.
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FIG. 3. Thermal conductivity of MOX with a smaller decrease by Am/Np addition and relatively a larger decrease by change of O/M
Therefore, O/M, which is rapidly fluid along the temperature gradient during irradiation, is a decisive factor in the thermal analysis of pellets and, thus, a thermodynamic database of the relation among O/M and other factors is critical. The last term in equation (4) is incorporated to describe the increase in thermal conductivity at the high temperature region, reflecting the increase in specific heat attributed to the increase in Frenkel/electron defect concentrations. Many literatures exist for the scattered high temperature thermal conductivity. New techniques, such as laser heating [29], should lead to reliable results with persuading understanding.
Oxygen potential
As discussed in the previous sections, the MOX properties depend significantly on O/M in the range that the fuel would experience during irradiation and the sintering process. The equilibrium state of oxygen content dissolved in MOX depends on the composition rate of Pu and MAs, temperature, and the surrounding oxygen partial pressure. The change in O/M is considered via defect reactions, generating oxygen defect and interstitial oxygen. The following relations were proposed based on the hundreds of data points obtained using the gas equilibrium method by analyzing the defect reactions to fit the experimental data with Arrhenius-type energies [9].
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where  is the oxygen partial pressure,  is the gas constant and  is defined as
	
	(10)


Figure 4 shows the calculation results of equations (5)–(10). The increase in Pu content increases the oxygen potential, which means that O/M of MOX with higher Pu content decreases at the same oxygen potential. Equation (10) shows that the effect of MA addition to increase the oxygen potential is larger in the order of Am (2.5 larger than Pu), Pu, and Np (0.6 larger than Pu).
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FIG. 4. Oxygen potential of MA-MOX at 1000 K, 1500 K and 2000 K
Vapor pressure
Vaporization of actinide species in pores distributed in a fuel pellet is critical at high temperatures and along steep temperature gradients. Transporting the actinide species arises from the hotter to the colder area in a pore that lies along the temperature gradient because of the difference in vaporization and condensation rates between the areas, resulting in the migration of the pore to the hotter direction, i.e., to the center of the pellet [30]. The velocity of pore migration v can be described as
	
	(11)


where  is the molecular volume and  is the diffusion coefficient.  is described as
	
	(12)


where  is the number of molecules,  is the vapor pressure of the actinide species, and  is the Boltzmann constant. Here, the vapor pressure as a MOX property is incorporated and can be evaluated using the Rand–Marking model based on the Clausius–Clapeyron relation [31] and Gibbs energies [32–34]. Figure 5 shows the vapor pressure of the actinide species of MOX. UO2 and UO3 are the dominant vapor species and their vapor pressures are described using the following relations.
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As such, the oxygen potential discussed in the previous section decides the vapor pressure and pore migration velocity. The fuel restructuring rate, resulting in the formation of a central pore and columnar grain, is accelerated by the inclusion of Am rather than Np because the vapor pressure of UO3 is increased, reflecting the increase of oxygen potential. Also, the increase in fuel temperature because of the decrease in thermal conductivity with MA increases the vapor pressure and, consequently, accelerates the fuel restructuring [35–36].
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(a)						(b)
FIG. 5. (a) Temperature dependence and (b) O/M dependence of vapor pressure of (U0.7Pu0.3)O1.98 with solid lines and (U0.6Pu0.3Am0.05Np0.05)O1.98 with dashed lines
	IRRADIATION SIMULATION
Irradiation behaviors of MOX fuel and MA-MOX fuel were computed using a simulation code “DIRAD TRANSIT” [35] developed in JAEA for calculating radial temperature distribution and restructuring based on the 1-D thermal transport and pore migration model. A previous irradiation test called B-11 [37, 38] was partly followed to simulate the irradiation behaviors of MA-MOX and MOX. Table 2 and Figure 6 show the major specifications of the fuel pellets and irradiation conditions.

TABLE 2.	MAJOR SPECIFICATIONS OF FUELS AND CLADDINGS

	Pu content
	27 mol%
	Cladding type
	PNC1520

	Am content
	5 mol%, 0 mol%
	Cladding outer diameter
	6.50 mm

	Np content
	5 mol%, 0 mol%
	Cladding inner diameter
	5.56 mm

	O/M
	1.986
	Pellet-cladding gap width
	0.07 mm

	Diameter
	5.42 mm
	
	

	Density
	93.71 %T.D.
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FIG. 6 Linear power history

Figure 7 shows that the maximum temperature of MA-MOX is higher than that of MOX by 50 K at the first peak of 23 h. The discrepancy in the maximum temperature gradually decreases and vanishes in the second peak from 50 h to 75 h. The explanation for the first peak is considered as
· Adding MA decreases thermal conductivity, which is decisive in the difference between the peak temperatures.
Then, the second peak from 50 h to 75 h can be analysed based on the properties as;
· Adding MA decreases thermal conductivity.
· Adding MA increases the oxygen potential and vapor pressure of UO2 and UO3.
· The higher vapor pressure of UO2 and UO3 enhances the pore migration rate, forming a higher density region. The higher density increases thermal conductivity.
· These effects are offset to result in the equivalent peak temperatures.
As in the previous sections, Am is more influential in the properties than Np. The results of the central void sizes (Figure 8) indicate that MA-MOX experiences accelerated pore migration, reflecting the increase in vapor pressure. Other properties, such as the differences in thermal expansion, should be ignored in determining the temperature profiles.
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FIG. 7 Maximum fuel temperature                        FIG. 8 Central void dimeter 
	conclusion
Oxide–type fuels containing MAs, such as Am and Np, were considered strong candidates for FR fuels. Besides the abundant database and experiences on UO2, properties and mechanistic models to describe the properties on MA-MOX fuels were developed, enabling the numerical simulation of irradiation behaviors of the fuels. The temperature analysis performed in this study indicates that adding MA would make a small difference in fuel temperature. Am is more influential than Np in the properties and irradiation behaviors. Studies in higher rate of MAs addition and high temperature regions exceeding 2000 K must be challenged for further safety of MOX fuels and scientific interest.
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