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Abstract 

Thermal transport in nuclear fuels is a key performance metric that affects not 
only the power output, but is also an important consideration in potential accident 
situations. While the fundamental theory of the thermal transport in crystalline 
solids was extensively developed in the 1950s and 1960s, the pertinent analytic 
approaches contained significant simplifications of the physical processes. While 
these approaches enabled estimates of the thermal conductivity in bulk materials 
with microstructure, they were not comprehensive enough to provide the detailed 
guidance needed for the in-pile fuel performance. Rather, this guidance has come 
from data painfully accumulated over 50 years of experiments on irradiated 
uranium dioxide, the most widely used nuclear fuel. At this point, a fundamental 
theoretical understanding of the interplay between the microstructure and thermal 
conductivity of irradiated uranium dioxide fuel is still lacking. In this chapter, 
recent advances are summarised in the modelling approaches for thermal transport 
of uranium dioxide fuel. Being computational in nature, these modelling 
approaches can, at least in principle, describe in detail virtually all mechanisms 
affecting thermal transport at the atomistic level, while permitting the coupling of 
the atomistic-level simulations to the mesoscale continuum theory and thus enable 
the capture of the impact of microstructural evolution in fuel on thermal transport. 
While the subject of current studies is uranium dioxide, potential applications of 
the methods described in this chapter extend to the thermal performance of other 
fuel forms.  
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Introduction 

In a nuclear power plant, energy is generated inside the reactor core in the form of heat, 
which is then transported out of the core by a working fluid and ultimately used to drive 
turbines and generate electricity. In the reactor core itself, heat is generated in the nuclear 
fuel by two processes: the fission of fissile (and fissionable) elements and radioactive 
decay of fission products. The fission process is the main contributor to heat generation 
under reactor operation. In shut-down mode, heat is mainly generated by radioactive 
decay [47,29].  

Uranium dioxide (UO2) is the most commonly used fuel form, especially in Light 
Water Reactors (LWRs). Aside from minor variations that depend on the reactor design, 
all LWRs utilise UO2 fuel made of small pellets stacked and clad by thin walled tubes of 
zirconium alloy. Clad tubes filled with pellets are known as fuel elements. These elements 
are assembled in bundles, which are further grouped to form the fuel assembly inside the 
reactor core [47,29]. During reactor operation, the cooling water passes through the core 
to transport the heat out and keep the fuel temperature under control. The fuel assembly 
has to be thermomechanically and chemically stable so as to maintain the cooling process 
uninterrupted. The fuel conducts all heat generated to the coolant. This process depends 
on the thermal conductivity of the fuel, thermal conductivity in the gap region, fuel-clad 
interface conductance, clad thermal conductivity and the condition of the outer clad 
surface. Of these, the conductivity of the fuel is most critical because, being a ceramic, 
UO2 has a low thermal conductivity of typically only a few W/mK at the temperature 
range of interest to reactor operation. The thermal conductivity decreases with increasing 
temperature, and deteriorates irreversibly during service. This deterioration is the result of 
a large number of microscopic and microstructural processes, including the change in 
composition due to fission and subsequent fission product decay, the formation and 
evolution of microstructure features such as dislocations, gas bubbles and precipitates, 
and fuel restructuring. The connection between these processes and the conductivity 
changes have long been a concern within the fuel design community, and many empirical 
models have been developed and/or adopted to describe such changes [63]. 

Most fuel performance codes use semi-empirical models to capture the effect of 
irradiation-induced microstructure on the thermo-physical properties of UO2, most 
especially the thermal conductivity. A variety of such models exist [63,65,71] [31,70,84], 
the review of which is beyond the scope of this chapter. Most such models, however, start 
with the conductivity of the pristine, unirradiated UO2, which has a thermal conductivity 
that decays slowly as 1/(a+bT), with T being the absolute temperature, up to temperatures 
close to 2 000 K; a and b are empirical constants. At any given temperature, irradiation 
lowers the conductivity values for UO2 below the pristine value. The conductivity models 
available in the literature treat this reduction of conductivity by including corrections 
associated with various defects and microstructure features: dissolved fission products, 
porosity (voids and bubbles), dislocation loops, precipitates, and grain boundary evolution, 
etc. Since there is currently no theoretical framework to include such defects on a rigorous 
basis, various levels of approximations have been used. Typical semi-empirical models can 
be found in [9] and [65], which attempt to reproduce the experimental observations. The 
salient experimental observations of conductivity degradation are as follows: the 
conductivity decreases as a function of measurement temperature, irradiation temperature 
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and burn-up, while it shows some improvement as a function of annealing temperature 
due to defect recovery. These observations imply that the conductivity is strongly 
dependent on the temperature-history and is in general a dynamical quantity [65]. As such, 
physics-based models are highly desirable to capture the conductivity of UO2 during 
reactor operation. 

In this chapter, we assess the state-of-the-art modelling techniques of thermal 
transport in UO2, taking into consideration the impact of defects and microstructure on 
that important fuel property. Specifically, we address the issues related to the impact of 
defects and microstructure on the thermal conductivity of UO2 and discuss available 
modelling approaches. These issues are conveniently categorised and discussed in the next 
two sections under atomistic and mesoscale modelling approaches. The chapter ends with a 
discussion of further modelling needs in this important area.  

Recent progress in atomistic simulation of thermal transport in UO2 

As with all electrically insulating crystalline solids, thermal transport in UO2 is mediated by 
lattice vibrations, the quanta of which are known as phonons. At very high temperatures 
(above ~1 500 K), contributions from polarons (localised structures of phonons and 
electrons) lead to a slow increase in the thermal conductivity [17]. Since this temperature 
range is outside of the operating conditions of the typical nuclear reactor, we concentrate 
our discussion here on the phonon-mediated lattice thermal transport. Above the Debye 
temperature (~400 K), thermal transport is primarily affected by the phonon-phonon 
interactions and by phonon scattering by defects of the crystal. We therefore discuss the 
nature of the phonon-phonon interactions in UO2 first. Of the various defects, point 
defects seem to be the most important in degrading thermal conductivity; hence we 
continue with the discussion of the phonons interactions with the point defects. UO2 fuel 
is a polycrystalline ceramics with some porosity (typically around 5% for a fresh pellet). 
Porosity is further developed during burn-up of the fuel, in the form of the helium 
bubbles. The polycrystallinity of UO2 results in additional Kapitza resistance across grain 
boundaries and interfaces with second phases. In the subsequent sections, we outline the 
effect of these microstructural features on thermal conductivity. Finally, we discuss a 
contribution of the dislocations to the overall thermal transport. We remark here that the 
studies of UO2 itself are rather limited and, therefore, we discuss the advances in the 
simulation of the thermal conductivity of ceramics and, where available, examples of the 
applications to UO2 will be discussed. In particular, a ceramic solid that has the same 
crystal structure as UO2 and which has been extensively studied is yttria-stabilised zirconia. 

Phonons and their interactions 
The concept of phonon-mediated thermal transport is briefly outlined here [8,94]. The 
pertinent theoretical formalisms represent the starting point of the classical topics of 
lattice dynamics and the theory of heat of crystalline solids [11]. The starting point of such 
formalisms is expanding the potential energy of the crystal into a Taylor series around 
equilibrium atomic positions. In the harmonic approximation, this series is truncated after 
the quadratic term. Using the translational symmetry of the crystal, the resulting 
Hamiltonian can be diagonalised in a plane wave basis, with the frequencies of the waves 
determined by the eigenvalues of the dynamical matrix. Looking at the problem from a 
different perspective, each of the plane waves can be viewed as a propagating harmonic 
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oscillator (crystal) mode; hence the dynamics of the crystal is described as a set of 
harmonic oscillators for which the quantum solution is readily available. In the quantum 
view, each of the eigenstates of the system corresponds to a phonon and the thermal 
energy in the solid can be viewed as the energy of ideal gas of non-interacting phonons. 
Since phonons are bosons, the number of phonons in the system at a given temperature is 
given by the Bose-Einstein distribution. 

Using standard statistical mechanics, one can immediately deduce the formula for the 
thermal conductivity tensor of such phonon gas: 

 𝑘𝑘𝑖𝑖𝑖𝑖 = ∑ 𝐶𝐶𝑣𝑣𝜆𝜆𝑣𝑣𝑖𝑖𝜆𝜆𝑣𝑣𝑖𝑖𝜆𝜆𝜏𝜏𝜆𝜆𝜆𝜆      (1) 

In this expression, λ denotes individual phonon modes, 𝐶𝐶𝑣𝑣𝜆𝜆 is the heat capacity of a 
given mode, 𝑣𝑣𝑖𝑖𝜆𝜆 is the i-th component of the phonon group velocity and 𝜏𝜏𝜆𝜆 is the phonon 
lifetime. In the harmonic approximation, the thermal conductivity of a solid is infinite (the 
analogy with the atomic ideal gas is not absolute, since head-on collisions are not present 
in the phonons case, hence the infinite phonon lifetime). In order to produce interactions 
among phonons, one retains high-order anharmonic terms in the Taylor expansion of the 
potential energy and treats them by the means of perturbation theory [51]. In this 
description, the phonon-phonon interactions result in both an energy shift and a non-zero 
linewidth Γ𝜆𝜆  of each phonon state. The linewidth Γ𝜆𝜆  is related to the phonon lifetime 
𝜏𝜏𝜆𝜆 = 1/2Γ𝜆𝜆 , and therefore is the fundamental quantity describing phonon-mediated 
thermal conductivity. To leading order, the cubic and quartic terms in the expansion of 
the crystal energy contribute approximately the same amount to the shift in the phonon 
energy, while only the cubic term contributes to the linewidth.  

To this point, the analysis has been for a statistical phonon system under 
thermodynamic equilibrium, whereas thermal transport is a non-equilibrium process. The 
standard vehicle to treat non-equilibrium phonon transport is to use the Boltzmann 
Transport Equation (BTE), which governs the phonon distribution in the crystalline solid. 
For small deviations from equilibrium, the BTE (see next section) can be linearised and 
solved under various simplifications. For example, the relaxation time approximation [42] 
leads to the expression for the thermal conductivity in Equation 1. The resulting non-
equilibrium distribution function can support non-zero heat current, and from which one 
can, by using Fourier’s law, extract the thermal conductivity of the solid. Moreover, the 
presence of defects in the crystalline solid of interest can also be treated within the 
relaxation time approximation, taking advantage of the fact that various types of crystal 
defects provide additional scattering mechanisms for phonons, each associated with a 
corresponding relaxation time. Treating different scattering mechanisms as independent 
from each other, it is possible to use Mathiessen’s rule to compute overall relaxation time, 
𝜏𝜏, as follows: 

 1
𝜏𝜏

= 1
𝜏𝜏𝑢𝑢

+ 1
𝜏𝜏𝑑𝑑

+ 1
𝜏𝜏𝑏𝑏

…     (2) 

Here 𝜏𝜏𝑢𝑢is the relaxation time associated with phonon-phonon scattering mechanism; 
𝜏𝜏𝑑𝑑  and 𝜏𝜏𝑏𝑏  is associated with the scattering on the point defects and boundaries 
correspondingly. This programme was actively developed in the 1950s and 1960s with great 
success in the works of Klemens, Ziman, Carruthers, Callaway and others [42,16,14,94,8]. The 
major difficulty, however, is that in order to obtain analytical expressions some significant 
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simplifying approximations have to be made (for example, the Debye approximation for 
the phonon density of states neglects most of the detailed information about interatomic 
interactions). 

Atomistic level simulation of thermal transport in crystalline solids has been pursued 
to gain further insight into the impact of various scattering mechanisms on thermal 
transport. The pertinent methods can be divided into two broad classes: Lattice Dynamics 
(LD) based methods and Molecular Dynamics (MD) based methods. Lattice dynamics 
methods follow the analysis described above, but because they are largely numerical rather 
than analytic, they can be carried out without the approximations described above; most 
notably, the phonon structure of the solid is typically computed explicitly without relying 
on the Debye model. A number of approximate techniques for solving the BTE were 
proposed in the 1950s and 1960s and have been further developed, including the 
relaxation time approximations [42,83] and the variational method [94,67]. However, 
renewed interest in thermal conductivity and advances in computational power have 
allowed for the development of the full solution to the BTE by numerical methods 
[64,12,21]. In particular, it was demonstrated [20] that in the case of UO2 the relaxation 
time approximation works very well. While providing a wealth of information on the 
fundamental details of the thermal transport, these methods are limited by the level of the 
anharmonicity one takes into account, and are therefore applicable only at relatively “low” 
temperature (some fraction of the melting temperature). Another limitation of LD 
methods is their reliance on the translational symmetry of the crystal, and hence the 
capability for explicitly describing the effect of defects of any kind is limited. The standard 
apparatus of imposing periodic boundary conditions fails due to a poor scaling of the 
computational time with the number of atoms in the system [83,21]. 

In the MD based methods, simulations are performed either in thermal equilibrium 
(Green-Kubo method) or in non-equilibrium (direct method) conditions [73]. In the first 
case, the decay of the heat current correlation function is computed and related to the 
thermal conductivity through linear response theory. In the second case, a thermal 
gradient is established throughout the simulation cell and, by measuring this gradient and 
the heat current, one can deduce the thermal conductivity from Fourier law. Limitations 
of the MD based methods include size effects (simulation cells are by many orders of 
magnitude smaller then real macroscopic samples) and the fact that in MD simulations 
ions move in accord with the classical equations of motion; hence quantum effects are not 
taken into account. The latter means that MD methods are effective at temperatures 
above Debye temperature of the solid. Since the Debye temperature of UO2 is quite low 
(~400 K), application of these methods for studying thermal conductivity effects in UO2 
fuel is reasonable. While not providing detailed information about phonon properties of 
the system, these methods are capable of analysing systems with point defects, and 
interfacial systems. 

One can see that the two classes of methods described above are complementary to 
each other: LD methods work well at low temperature and for ideal crystals; MD methods 
work well at high temperature and can take into account structural defects. The common 
limitation of these techniques, however, is the description of the interatomic interactions. 
While development of high-fidelity first-principles methods has made great strides in the 
last two decades [37], as discussed below, their application for thermal transport is still 
limited due to the high computational expense. The majority of simulations of thermal 
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transport therefore employ classical semi-empirical potentials. While such classical 
potentials have had great success in representing thermomechanical properties, their 
reliability in thermal transport calculations is less impressive. The main reason is that 
thermal transport properties are largely determined by the third derivatives of the 
potential energy with respect to atomic position, while the empirical database for these 
potentials typically consists only of the properties that are sensitive to the energy itself 
(relative energies of different phases) or its second derivatives (elastic constants and/or 
phonon dispersion curves). In the case of UO2, development of high-fidelity potentials 
for thermal transport properties is parallel to the development of potentials for the 
radiation damage simulations. In the latter case, due to the deposition of the large 
amounts of kinetic energy in the crystal, atoms routinely probe much shorter interatomic 
distances than in normal equilibrium or near-equilibrium conditions. The total energy 
typical database typically does not include properties that probe such short interatomic 
separations. A possible solution is to include such short-range interactions. One example 
of this approach was implemented by [81]. However, while having some success in 
description of the defects in fluorite UO2, this model also predicts that fluorite is not the 
ground state of UO2 [20], a flaw that limits its applications.   

Phonon-phonon interactions  

We begin this discussion of the phonon-phonon interaction in UO2 with a description of 
its phonon structure. Phonon properties where measured in the 1960s [26] by the inelastic 
neutron scattering technique. The phonon dispersion along the [001], [011] and [111] 
directions is shown in Figure 1. Since UO2 has 3 atoms in the primitive cell, there are a 
total of nine phonon branches, some of which are degenerate along high symmetry 
directions. The two transverse acoustic modes show very little dispersion, with the energy 
about half that of the longitudinal modes. Six optical modes occupy the higher range, with 
the cut-off frequency at about 18 THz. Of these optical modes, the ∆5(O1) and ∆’2 modes 
are a longitudinal/transverse pair that do not have an LO/TO splitting at the gamma 
point, while the ∆5(O2) and ∆1(O) modes are split at the gamma point due to the long-
range electrostatic interactions. While optical modes typically are not considered to be 
important for thermal transport, we will argue below that they make significant 
contribution to the overall thermal conductivity. The typical reasoning for their 
unimportance is the relatively small group velocity of these modes in comparison with the 
acoustic modes, which according to Equation 1 should markedly decrease the thermal 
conductivity. Looking at Figure 1, however, one readily observes that mode ∆’2, for 
example, has a group velocity, given by its slope, which is very close to or even larger than 
that of the acoustic modes. 

From the simulation perspective, the UO2 phonon band structure can be reproduced 
rather well by first principles methods [92,79] despite the well-known difficulties of the 
proper representation of the highly correlated f-electrons of uranium [28]. Classical 
potentials generally reproduce the phonon structure less well, with the most typical 
problems being the highest optical mode, ∆1, being pushed to the 20-25 THz range, an 
excessively high group velocity for the ∆5(O1) mode, and a very low frequency for the ∆’2 
mode at the zone boundary. In spite of these difficulties, the shell model [25] potential 
proposed by Catlow [18] reproduces the phonon structure rather well. 
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Figure 1. Phonon dispersion curves for UO2 as measured by the inelastic neutrons scattering [26]  

 

While details of the phonon band structure are known in UO2, the information about 
phonon-phonon interactions that define thermal conductivity of the ideal UO2 crystal is 
essentially non-existent. The thermal conductivity itself was studied by [20] using lattice 
dynamics of the basis of the classical interatomic potentials; the main outcome that works 
is that none of the classical potentials reliably predicts thermal conductivity even in the 
relatively narrow temperature range between 300 K and 1 000 K. More detailed 
calculations on the basis of the first principles theory are currently underway, as are 
inelastic phonon scattering measurements of the phonon lifetimes. 

Figure 2. Phonon linewidths (FWHM) in UO2 at two different temperatures: 300 K (blue circles) 
and 1 200 K (red triangles) based on Catlow interatomic potential 

 

Interactions between phonon modes are much less understood. Inelastic neutron 
scattering can, in principle, be used to measure the phonon linewidths that according to 
the theory described in the previous chapter should be directly connected with the 
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thermal conductivity. Unfortunately, no experiments of this type have been published on 
UO2 so far. Theoretical calculations of the phonon linewidths along [001] direction based 
on the Catlow [18] interatomic potential are presented in Figure 2 for the acoustic branches 
and two lowest optical branches at two different temperatures: 300 K and 1 200 K. First, one 
observes that as the temperature increases, the phonon linewidths also increases, roughly 
proportionally to temperature. This is indicative of the typical ~1/T dependence of the 
thermal conductivity. The acoustic modes show almost monotonic increase of the 
linewidths with the k-vector, while optical modes show quite a complex structure. The 
acoustic modes clearly have smaller linewidth than optical modes; however, the ∆’2 mode 
has a larger group velocity than any of the acoustic modes. This difference in the velocity 
is even more significant since acoustic modes have the largest group velocity near the Γ-
point of the Brillouin zone, while for the ∆’2 mode maximum is at about halfway between 
Γ- and X-points. To understand the significance of this, an isotropic approximation 
should be considered. In that case, the contribution from the states of wave vector k will 
be proportional to ~k2dk; therefore the contribution of the phonons with large k-vector 
will have larger weight. As a result, the optical modes contribute to the thermal 
conductivity to a comparable extent as the acoustic modes, as shown in Figure 3. 

Figure 3. Differential contribution to thermal conductivity (open circles, left axis) and integrated 
contribution to thermal conductivity (solid circles, right axis) normalised to unity in UO2 

 

These calculations, however, were performed on the basis of the Catlow empirical 
interatomic potential, with all the shortcomings discussed above. In particular, while this 
potential predicts thermal conductivity at 300 K to be 8.9 W/mK, in accord with the 
experimental values, it underestimates it strongly at high temperature: 1.7 W/mK vs. the 
experimental value of 3.3 W/mK. One therefore expects that phonon linewidths at  
1 200 K to be an overestimate. There is a clear need for the simulations of the linewidths 
using more realistic interatomic constants, such as those produced by first principles 
methods, as well as experimental measurements of the phonon linewidths in UO2. The 
first such measurements have being very recently reported in the literature [66], together 
with the first principles simulations at the DFT+U level. While experiment and theory 
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both qualitatively agree and confirm that optical phonons are crucial for the accurate 
description of the thermal transport in UO2, quantitatively phonon lifetimes are only in 
fair agreement. This might indicate the limitations of the DFT+U methodology for the 
description of the fine details of the highly correlated systems. 

Phonon-point defect interactions 
Most simulation studies of the effects of point defects on thermal transport have been 
perfomed by molecular dynamics. Equilibrium defects include isotopic point defects, 
associated with the fact that both uranium and oxygen each have three long-lived, 
naturally-occurring isotopes, point defects related to off-stoichiometry of the UO2 and 
impurities of other chemical elements that result from the sintering process. In addition to the 
naturally occurring isotopes, nuclear fuel is also enriched with the fissile 235U to the level of 3-
4% [34]. In this group, points defects associated with off-stoichiometry have the most 
pronounced effect on thermal transport. These defects appear because the oxygen 
interstitial has a negative formation energy in UO2 [32]; therefore UO2 can easily oxidise 
and become hyper-stoichiometric. Under irradiation, the fission products of the uranium 
decay provide a plethora of various point defects [63]. At the same time, irradiation 
damage also results in formation of large number of Frenkel pairs as well as more 
complex defect clusters [1,3], some of which can be very stable. Finally, we mention that 
mixed-oxide fuels (MOX) for breeder reactors provide a possible path to recycle the 
nuclear fuel from LWR’s. MOX consists of heavy-element products (plutonium, 
americium and others) together with the UO2 matrix. From a heat-transport perspective it 
is essentially uranium dioxide with large admixture of point defects, with thermal 
transport performance defined by the same physics. 

The basic understanding of the effect of point defects on thermal conductivity was 
developed in the works of Klemens [41]. In his approach, one treats a point defect as a 
perturbation to the harmonic Hamiltonian that adds additional scattering mechanism with 
the corresponding phonon relaxation time td. For the simplest case of isotopic 
substitution in the dilute limit (concentration is so low that each scattering event in 
independent from others), the result reads: 

 1
𝜏𝜏𝑑𝑑

= 𝑉𝑉𝑎𝑎𝑐𝑐𝑖𝑖 �
𝑚𝑚𝑖𝑖−𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎
𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎

�
2 𝜔𝜔4

4𝜋𝜋𝑣𝑣3
    (3) 

In this expression mi is the mass of the isotope, ci is its concentration, and mave is the 
average mass of the atoms in the system. Va is an atomic volume and v is the speed of 
sound. While this formula is obtained within Debye approximation (which approximates 
only very roughly the actual phonon structure of the solid), it is very useful, as it allows 
for a transparent physical interpretation: scattering of the lattice waves (phonons) on the 
point defects can be viewed as a Rayleigh scattering process with a characteristic ~ω4 
dependence of the scattering strength. This interpretation permits the treatment of the 
more complicated case of the substitutional defect, or a small defects cluster: the 
relaxation time is declared to have the same frequency dependence as in Rayleigh 
scattering, 𝜏𝜏𝑑𝑑−1~𝜔𝜔4, however, the proportionality coefficient is difficult to deduce, and it 
is most often treated as an adjustable parameter. Finally, we note that if the concentration 
of defects is so large that the dilute limit does not apply, the dependence on the 
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concentration becomes less pronounced: instead of the linear dependence, the inverse 
relaxation time is proportional to the square root of concentration [43]. 

The effect of the isotopic defects on thermal transport was considered in a recent 
publication [88] and was found to be negligible (3% reduction of the thermal conductivity 
at 300 K for 5% concentration of 235U, a result well within the error bars for the thermal 
conductivity calculations by the MD methods). Off-stoichiometry has been studied in a 
number of publications [88,89], yielding rather consistent results. The latter work 
considers both effects of the hypo- and hyper-stoichiometry with the change of thermal 
conductivity as a function of oxygen content presented in Figure 4 for two different 
temperatures. First, one immediately observes a very strong dependence of thermal 
conductivity on oxygen excess/deficit. Just one percent excess or deficit (x= ±0.02) 
reduces the thermal conductivity by a factor of two at 800 K. Second, the concentration 
dependence is in agreement with the Klemens theory: for low point-defect concentrations, 
the thermal conductivity follows a linear dependence with the defects concentration. At 
high concentrations, there is a much weaker dependence, especially observed at the higher 
temperature and larger oxygen excess. Lastly, the thermal conductivity of stoichiometric 
and near-stoichiometric UO2 is about a factor of two smaller at 1 600 K than at 800 K – 
representing the expected ~1/T dependence. As the defect concentration increases (right 
panel), the difference between the thermal conductivities at 800 K and 1 600 K decreases.  

Figure 4. Thermal conductivity in UO2±x at two different temperatures, as determined by MD [88] 

 
Indeed, at x=0.125 (not obtainable experimentally in the fluorite structure, but 

conceptually instructive) the thermal conductivity becomes independent of both 
temperature and composition. Such a temperature-independent thermal conductivity is 
characteristic of an amorphous material. Indeed, by analysing the phonon modes present 
in the system, Watanabe and co-workers [87] demonstrated that at x=0.125 the majority 
of the vibrational modes present in the system are non-propagating modes, and that heat 
is transported diffusively via a mechanism proposed by Allen and Feldman [2] in the 
context of amorphous Si. Thus, UO2+x exhibits a transition from the crystal-like thermal 
transport impeded by the point defects (x<0.02) to that of the amorphous solid (x>0.1). 
Very similar results were obtained by Yamasaki and co-workers [88]. Since different 
interatomic potential were used for the two studies, this points to these results and 
conclusions as being robust. 
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There are almost no theoretical studies in the literature of the effects of the light 
fission products. In a rare exception, Higuchi [36] studied a “generic” defect atom whose 
properties are identical to those of uranium, except its mass, which was varied over a 
rather wide range. Only a single, rather large, 6% concentration of defects was considered. 
In agreement with the perturbation theory formulas [43] for point defects, the thermal 
conductivity was found to decrease with increasing mass difference between the 
substituting atom and the average mass of atoms in the system. Rather surprisingly, 
although derived from perturbation theory, and hence assuming small mass differences, 
the Klemens formula produced good agreement with the simulation results even for very 
large mass differences. As an estimate, if all of the 6% concentration of fission products 
ended up being elements with the mass approximately half of that of uranium, then 
thermal conductivity was found to decrease threefold compared to stoichiometric UO2.  

The effect of an admixture of plutonium was studied by Arima and co-workers [4,5]. 
In that work, it was found that Pu has very little effect on the thermal conductivity: 
compositions of U1-yPuyO2 with y=0-0.3 were studied and the thermal conductivity was 
found to be essentially independent of y. The same work also discussed the effect of the 
hypo-stoichiometry, and found it to be far more significant: reduction of the oxygen 
content by y=0.03 reduces the thermal conductivity by a factor of two. The effect of the 
addition of americium to MOX was discussed by Kurosaki et al. [45]: U0.7-yPu0.3AmyO2 
y=0-0.15; again, the thermal conductivity was found to be essentially independent of the 
concentration of americium. Such behaviour might be explained by the similar properties 
of U, Pu and Am: all these elements are actinides, with the chemistry largely determined 
by the same outer electron shell. Moreover, since they have large atomic masses, the 
relatively small differences in mass do not have a large effect; this is also consistent with 
the weak effect of isotopic defects in UO2 itself.  

Phonon-dislocation interactions 
Understanding the effect of dislocations on the thermal conductivity is a longstanding 

problem and remains largely unresolved. Since the early work of Klemens [42] and others 
[16,62], dislocations have been recognised as possible scatterers of phonons. In addition, 
in many materials, impurities segregate to dislocations and these impurities within the 
Cottrell atmosphere can also cause additional phonon scattering. In the simplest form of 
the theory, one considers the interaction of the incident phonons with the static strain 
field associated with the dislocations as a dominant scattering mechanism. Following the 
same line of thought as discussed previously for the point defects, a number of different 
models have been introduced to represent these scattering mechanisms in terms of 
appropriate relaxation times. The contribution of the dislocation strain field to phonon 
scattering was calculated by Klemens to be: 

 1
𝜏𝜏𝑠𝑠

= 2
3
2�

37 2�
𝑁𝑁𝑑𝑑𝑏𝑏2𝛾𝛾2𝜔𝜔     (4) 

In this expression, Nd is the dislocation density, b is Burgers vector and γ is the 
Grüneisen parameter. The numerical prefactor has different values depending on the 
details of the particular derivation. The straightforward application of this formula for the 
case of UO2 demonstrates that at 800 K dislocations begin to significantly reduce the 
thermal conductivity only if Nd>1016 m-2. This would seem to indicate that dislocations 
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should not be very important for the reactor operation, as the highest concentrations 
reached are of the order of 1015-16 m-2[23]. However, there is still a controversy whether 
expression in Equation 4 is universally applicable as there are reports that it can 
underestimate the dislocation effect by 2-3 orders of magnitude [77]. 

In order to elucidate the effect of dislocations on the thermal conductivity in UO2, in a 
recent study [23], we have used the non-equilibrium molecular dynamics method. 
Restrictions on the simulation cell size mean that only large (~1016 m-2) concentrations of 
dislocations can be studied. For this study, the Busker interatomic potential [13] was 
chosen. Results for the edge dislocation ({110 }<110> slip system) are presented in 
Figure 5. As expected, the presence of the dislocations reduces the thermal conductivity. 
In accord with the Klemens predictions, the effect is not temperature dependent (not 
shown). In Figure 5, we demonstrate the comparison between MD simulations and 
Klemens theory (see Equation 4). One can see that MD simulations produce an effect 
smaller than predicted from the theory. We recall that the numerical factor in Equation 4 
is strongly dependent on the derivations details. We therefore use it as an adjustable 
parameter to verify if functional dependence of Equation 4 can fit the (limited) simulation 
data. We therefore conclude that the Klemens model is satisfactory for the description of 
the effect of dislocations on thermal conductivity in UO2. The limitation of the current 
simulations approach, however, is the type of the dislocations considered (linear edge 
dislocation), that are completely immobile. Studies of the microstructure of the irradiated 
MO2 materials [91] indicate large concentration of the dislocation loops that might have 
different effect on the thermal conductivity. In addition, possible mobility of the 
dislocations (although this probably is small effect in UO2, as dislocations are very stable 
in ionic compounds) were implicated [44,59] in the underestimate of contribution to the 
thermal conductivity reduction by the Klemens theory.  

Figure 5. Thermal conductivity reduction in UO2 as a function of the dislocation density at 800 K: 
Klemens theory (red) vs. fit to MD simulations (green) 

 

Courtesy of Bowen Deng. 
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Phonon-void/bubble interactions 
Porosity is another important element of the microstructure evolution of the UO2 
nuclear fuel. It is present both in the fresh pellet, as well a result of the radioactive 
decay. Moreover, since the decay produces significant amounts of the inert gases (He, 
Xe), these gases tend to accumulate in the voids and therefore can also affect the 
thermal conductivity of the overall system. Experimental observations have resulted in 
empirical models for the porosity effect [6,22,69]. However, these studies could not 
control the size of the pores. There are also a number of models based on the 
continuum approximations [7]. The non-equilibrium molecular dynamics technique is 
again an appropriate technique to investigate this effect. We investigated systematically 
the effect of the size of the pores on the effective thermal conductivity and compared 
these results to both empirical and continuum models. In addition, we investigated the 
effect of the presence of the helium in the pores. [49]. This latter study required 
potential that can describe interaction of the UO2 with He; hence the Grimes 
parameterisation [33] of the Buckingham potential was used. The size of the pores was 
varied up to 1.2 nm, still significantly smaller than experimentally observed pores: typical 
pore size distribution in sintered UO2 pellet ranges from 1 to 10 µm [76], while 
irradiated fuels develop smaller gas-filled bubbles with the size of the order of 100 
nm [93]. An example of the simulation set-up is represented in Figure 6. Periodic 
boundary conditions are applied in all three dimensions, effectively creating an 
ordered array of pores. 

Figure 6. Simulation set-up for the thermal conductivity calculations by the NEMD method [49] 

 

 
Results of the calculations in comparison with the empirical and continuum models 

are presented in Figure 7. All of the empirical models were essentially constructed in 
terms of the porosity concentration, which can be recast as a function of the void radius. 
All models show that an increase in the void radius leads to a reduction of the thermal 
conductivity; interestingly, the MD data show the strongest decrease. The empirical model 
of Asamoto and co-workers [6] comes closest to reproducing the MD model. It is also 
interesting that straightforward finite element analysis (black squares in Figure 7) of 
exactly the same system produced significantly smaller effects than is demonstrated in the 
MD simulations. This is attributed to the complete neglect of the phonon scattering of 
the boundary/strain field in the continuum modelling. Finally, the presence of the helium 
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in the void produces a rather small effect on the effective thermal conductivity. However, 
somewhat counter-intuitively, the thermal conductivity of these small voids actually 
decreases when helium is present. One would expect a slight increase in thermal 
conductivity since the helium in the bubble can serve as an additional heat carrier. Instead, 
it turns out that some of the He atoms dissolve into a shell of the UO2 matrix 
surrounding the void, and behave as additional point defects scatterers, further degrading 
the overall thermal conductivity. This effect can be expected to disappear as the bubble 
size increases. 

Figure 7. Effect of the porosity on the thermal conductivity as a function of the pore size [49] 

 

Phonon-interface interactions  
Since nuclear fuel is a polycrystalline material, the thermal resistance of interfaces (also 
called the Kapitza resistance) also contributes to the degradation of the overall thermal 
conductivity. The Kapitza resistance is manifested as a finite temperature drop at the 
interface between two different materials, or in our case, between grains of different 
orientations of the same material. This effect is especially important at high burn-up 
(more than ~60 MWd/kgU) around the rim of the fuel pellet. In this region [48,72], due 
to the resonance neutron absorption of 328U, fissile 239Pu is produced resulting in much 
higher burn-up than in the rest of the pellet. The high burn-up structure is characterised 
by the subdivision of the original UO2 grains into very fine (0.1-0.5 µm) subgrains and 
relatively high concentrations of the intergranular bubbles (~15% porosity). Since grain 
boundaries behave as sinks for point defects, these subgrains are almost free of defects. 
As a result, the interfacial resistance becomes a dominant mechanism for the thermal 
conductivity reduction in this region. Experiment has demonstrated that due to low defect 
concentration in the subgrains, the lattice thermal conductivity (omitting the porosity effect) 
is actually larger than in the lower burn-up regions [71]. The thermal interfacial resistance 
is conveniently characterised by the Kapitza length that is defined as the thickness of the 
perfect crystal that provides the same drop in temperature as an interface. Consequently, 
the effect of the grain boundaries on the thermal conductivity depends on the relationship 
between two length scales: the Kapitza length and the characteristic grain size. If the grain 
size is much larger than the Kapitza length, then interface does not contribute 
significantly to the interface.  
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There are two standard models of the boundary thermal resistance: the Diffuse 
Mismatch Model (DMM) and Acoustic Mismatch Model (AMM) [80]. In the DMM, each 
phonon arriving at the interface “forgets” where it came from and is re-emitted on either 
side of the interface with probability proportional to the available phonon density of 
states. For the grain boundary, therefore, the DMM predicts the probability of 
transmission through the boundary to be 50% for all phonons and for all grain 
boundaries, a result found to be qualitatively incorrect from computational studies [74]. In 
contrast to the DMM, the AMM predicts the transmission probability based on the 
mismatch of the acoustic impedances on the both sides of the interface. However, this 
means that for some grain boundaries, such as symmetric tilt grain boundaries, the AMM 
would predict that the interface would have no effect on thermal transport at all, a result 
again refuted by simulation [50]. Thus, the two prevalent models are not able to capture 
fully the effect of interfaces; atomistic simulations therefore are necessary to fully 
characterise the effects of interfaces on thermal transport. 

Studies of the grain boundary resistance in UO2 also have limitations. Watanabe and 
co-workers [87] considered the thermal conductivity of the polycrystalline sample and 
deduced the average interface conductance in UO2 to be 0.15-.30 GW/m2K. This yields a 
Kapitza length of ~50 nm at 300 K and ~10 nm at 1000 K; these relatively long lengths 
arise from the low intrinsic bulk thermal conductivity. It is an open question, however, as 
to how the interfacial resistance depends on the type of the grain boundaries. One 
indication comes from the studies of the grain boundaries in diamond [86]. In this work, a 
strong positive correlation was observed between the grain boundary energy and its 
Kapitza resistance. Coupling these results with the models for the formation energies of 
the grain boundaries as a function of orientation, one might be able produce an entire 
map of the interfacial resistance based on just a few simulations. Construction of such a 
model would provide a very useful for a link to the mesoscale modelling of the thermal 
transport in UO2.  

Recent progress in mesoscale simulation of thermal transport in UO2 

The macroscopic thermal conductivity models used in current fuel design and 
performance codes are motivated by the classical physics models of thermal conductivity 
as a function of temperature and density of defects in single crystals. As discussed above, 
these classical models also cover the effect of extended defects, such as dislocations and 
grain boundaries [8,15,19,41-43,62,85]. While, as the simulations discussed above show, 
that the contribution of each type of lattice defects (point defects, isotopes, dislocations 
and grain boundaries) can be handled using atomic scale models with reasonable levels of 
accuracy, the hierarchical nature of the material microstructure in a real fuel pellet requires 
a top-down modelling strategy, whereby the roles of various microstructure features are 
logically defined within the context of the overall thermal transport problem. This section 
therefore highlights the microstructural issues related to thermal transport in UO2, and the 
impact of microstructure on conductivity model selection. 

Conductivity models at the pellet scale 
Let us first consider an unirradiated polycrystalline UO2. A macroscale model of the 
effective thermal conductivity can be constructed as a problem of heat transport through 
an aggregate of UO2 grains having well-defined conductivity and bonded together via a 
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network of grain boundaries of specific thermal resistance. This pristine material will also 
contain porosity. The theoretical context within which the problem of finding the 
conductivity of such a material lies is the theory of effective properties of heterogeneous 
media [58,82]. While such theory is limited by how accurately the microstructure can be 
represented, a method of finding the effective properties of heterogeneous media based 
on direct numerical simulation (DNS) has also been established [38,40]. The latter method 
has become popular because of the availability of large amounts of computing power and 
the ease with which thermal conductivity can be simulated. By applying a temperature 
drop across a sample of the heterogeneous material and solving for the heat flow within 
this domain, the effective conductivity, effk , can be computed by Fourier law: 

 
ave

eff
ave( )

qk
T

= −
∇       

(5) 

where aveq is the imposed heat flux and ave( )T∇ is the average temperature gradient. 
Here the terms “effective” and “average” refer to microstructure averaged quantities. This 
problem is schematically illustrated in Figure 8. At this stage, all that is needed are the 
conductivity of the grains and the grain boundary (Kapitza) resistance. The former might 
encompass the effects of lower scale defects within the grains (e.g., dislocations and point 
defects) and the latter may include the effects of grain boundary segregation. Voids can 
also be added systematically to the model. 

Figure 8. A representative volume element of a polycrystalline material (left) and a line profile of the 
temperature across the volume element showing small localised drops across grain boundaries 

 

The conductivity of the individual grains used as input for the above mode comes 
from either MD method [88] or from classical phonon-based models [15,19,41-43,62,85]. 
The simplest model in this regard is that of Klemens [41-43]. In this model, Debye’s 
model of dispersion, which lumps all phonons as one group moving with the velocity of 
sound in the solid, is used along with the Bose-Einstein distribution for the phonon 
population [8]. This model is discussed later in the context of Monte Carlo solution of the 
Boltzmann transport equations for phonons in the next subsection. 

The above continuum-based model of conductivity of a polycrystalline fuel can, in 
principle, work at finite burn-up with only a minor modification; additional 
microstructures feature such as gas bubbles can be added to the polycrystalline model, 
both at the grain boundaries and within the grains. Assuming that a conductivity value can 
be assigned to these bubbles (see above discussion of the atomistic simulations), the 
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effective conductivity of the fuel sample can be evaluated numerically. An advantage of 
this approach is that the statistical variability of the microstructure can be automatically 
included by varying the microstructure realisations used as input to the simulations. 
Numerical modelling of the thermal conductivity of a polycrystalline fuel with gas bubbles 
along grain boundaries and at triple junctions was recently attempted [55]; the grain 
boundaries were assigned a Kapitza conductance, Gk =10 MW/m2K, and the UO2 matrix 
was assigned a single crystalline conductivity, Bulkk =4.5 W/mK. The effect of bubbles was 
considered through the relationship [75]: 

 ( )eff Bulk 1k k p= − Ψβ

     (6) 

where p is the porosity volume fraction, β is a fitting parameter whose value is ~3, and 
Ψ  is a correlation factor relating two- and three-dimensional results for conductivity. The 
combined effect of porosity and grain boundary resistance on the overall conductivity can 
then be given by [54,90]: 

 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑘𝑘𝑏𝑏𝑢𝑢𝑏𝑏𝑏𝑏
1+𝑘𝑘𝑏𝑏𝑢𝑢𝑏𝑏𝑏𝑏/𝐺𝐺𝑏𝑏𝑑𝑑

(1 − 𝑝𝑝)𝛽𝛽Ψ    (7) 

with d being the average grain size. A sample solution adopted from [55] is shown in 
Figure 9. This figure compares the results of a numerical solution of heat conduction 
problem over a representative microstructure (see Figure 8) with the effective 
conductivity computed via Equation 5, to that calculated with Equation 7. The results 
show the suitability of the latter model for computing the conductivity of porous UO2, 
provided that the pore size is well above the average phonon wavelength. Most fuel codes 
include thermal conductivity models of similar nature as that in Equation 7, in the sense 
that the effect of porosity is approximated on a geometrical basis. 
Figure 9. Direct numerical simulation (symbols) versus the empirical formula (lines) for the 

conductivity of polycrystalline UO2 with various levels of porosity [55]  

 

The analytical and computational models discussed above fix the effective 
conductivity of the heterogeneous fuel at the macroscale under the assumption that the 
thermal transport characteristics of the constituents, namely, the conductivity of the grains, 
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grain boundary conductance and the thermal properties of the pores (bubbles) and 
precipitates are prescribed. The results of these models depend strongly on the grain size 
and porosity distributions, which all evolve during irradiation. It is known, for example, 
that UO2 fuel undergoes a significant restructuring during reactor operation [52,60,61,68]. 
The main feature of this process is the formation of various texture zones in the fuel, as 
well as a complex bubble size and density distributions that vary along the radial direction 
of the pellet. The pellet restructuring process is driven by the temperature difference 
between the centre of the pellet and its periphery, and it is manifested in the formation of 
a fine grained region at the outer periphery, known as the rim region, and a coarser- or 
columnar-grain region towards the centre, with a transition of grain size in the 
intermediate region. The restructuring and bubble formation processes in fuel occur 
simultaneously. In the rim region, irradiated UO2 fuel also exhibits a complex dislocation 
and subgrain structure, which evolves due to the intense fission process, grain size 
evolution and the accommodation of high density of fission gas bubbles. 

The microstructure-based conductivity approach discussed above provides the local 
continuum-scale conductivity of fuel in engineering scale codes, where the conductivity 
values are resolved along the radial direction in the pellet and as a function of time [10,65]. 
Fixing the values of the conductivity at any radial position requires knowledge of the local 
microstructure and defects. The microstructure itself evolves as a function of temperature, 
and as such, the thermal performance of the fuel is tightly coupled with its microstructure 
performance. In current codes, the conductivity dependence on the radial position is 
captured in the temperature dependence part of the intrinsic conductivity and by taking 
into consideration the porosity evolution along the radial direction and as a function of 
time. 

Transition from atomistic to continuum scale at the single crystal level 
From a continuum scale perspective, the grain structure and larger scale porosity in fuel 
define a mesoscopic length scale range relevant to the effective conductivity models at the 
pellet scale. There is a lower scale regime in which the defects within a single grain, many 
of which were discussed in the context of the MD simulations, play a critical role in 
determining the conductivity of these grains (or crystals, in the sequel). Such intergranular 
defects include, but are not limited to, dislocations and dislocation loops, small point-
defect clusters, small voids, segregated species or small precipitates, as well as local off-
stoichiometry. From a single crystal point of view, these defects are perturbations of the 
lattice, with size and/or separation distances on the order of the mean free path of 
phonons. A continuum representation of these features is thus not possible. However, 
fully-resolved, atomic-scale type models of thermal transport at such a scale are also not 
viable because the size of a material volume containing an appropriate ensemble of such 
defects is beyond the capabilities of molecular dynamics simulation. The scale of a single 
crystal with extended structural defects thus defines a unique mesoscale regime that can 
only be tackled with the theoretical tools of phonon physics.  

In order to motivate the need for a careful look at the just-identified crystalline 
mesoscale in the context of thermal transport, we recall the fact that the conductivity of 
UO2 single crystals is sensitive to minor off-stoichiometry levels [88]. A recent investigation 
of off-stoichiometry near a free surface shows that the concentration of oxygen vacancies 
can vary over a significant mesoscopic distance of few to several tens of nm from the  
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surface (see Figure 10). The origin of such variation is the strong electro-chemical 
coupling in the free energy of the system. In irradiated UO2, however, it is anticipated that 
such mesoscopic variations of the density of defects will occur near cavity surfaces, 
interfaces as well as dislocation loops. This will result in an indirect effect of such 
crystalline microstructure features on thermal transport, in addition to their direct 
influence on phonons. 

Figure 10. Spatial variation of intrinsic defect concentrations in UO2 as a function of distance 
from a free surface at 1 900 K and 

2
16= −Olog p  [35] 

 
The depth over which off-stoichiometry level varies is on the order of a few tens of nm. 

Investigating the collective phonon dynamics in single crystals opens up the possibility 
for modelling all mesoscopic effects, both those due to the microstructure features 
resulting from irradiation and those arising from the off-stoichiometry distribution in the 
crystalline space between these microstructure features. While this work is still in progress, 
we discuss below an important step of the relevant framework, which is the description of 
phonon dynamics in a fresh, stoichiometric single crystalline UO2 based on the 
Boltzmann Transport Equation (BTE). As mentioned in the previous section, the 
collective behaviour of a phonon population in crystals can be described by the space and 
time evolution of a distribution function ( )f , ,tr K , with r  and K  being the spatial 
position and wavevector of the phonons, respectively. The space and time evolution of 
this function is described by the BTE as [8] [19]: 

 
( ) ( ) ( ) ( )

scat
g

'

f f+ f = = φ ', f ' φ , ' f
t t

∂ ∂ ⋅∇  −   ∂ ∂ 
∑
K

v K K K K K K
  (8) 

where 
g ω= ∇Kv  is the group velocity. The functions ( )φ ',K K  and ( )φ , 'K K  are the 

probability rates for scattering of phonons from one point to another in K-space; 
specifically, ( ) ( )φ ', f 'K K K  is the rate of scattering of phonons from 'K  to K . In order 
to solve the above equation, the probability rate functions ( )φ ',K K  and ( )φ , 'K K  must be 
specified throughout K-space for all types of scattering processes. Owing to the 
difficulties in determining these scattering kernels, a relaxation time approximation of the 
BTE is typically used, as has already been mentioned. In this approximation, the 
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distribution function ( )f , ,tr K  is assumed to be close enough (but not equal) to its 
thermal equilibrium value, of , appropriate to the local temperature, such that the role of 
scattering is to relax that function closer to its thermal equilibrium value. With this 
approximation, the BTE can be reduced to the form [19]: 

 
o

g
f ff + f =

t
−∂

⋅∇
∂

v
t      

(9) 

where t  is the relaxation time that accounts for all scattering mechanisms operating in 
the system. Classical literature distinguishes the mechanisms of phonon-phonon scattering 
as normal and umklapp processes [8,19]; phonon scattering by lattice defects is also 
included [15,19,41,43,85]. As discussed above, expressions of the relaxation times 
associated with these processes are usually combined to give the overall relaxation time 
via Mathiessen’s rule (see Equation 2). 

The above formulation of the phonon transport problem has been solved by Monte 
Carlo (MC) [53,46,56] and Lattice Boltzmann (LB) [57,30] techniques. In the former, a 
sample of phonons is created following the Bose-Einstein distribution. These phonons 
are allowed to stream according to their group velocities over the prescribed time step. At 
the end of each step, it is determined which phonons have undergone a scattering event 
based on a probability given by the expression ( )1 exp /P = Δt τ− − . The outcome of a 
scattering event is a phonon or phonons with an energy and possibly polarisation and 
direction different from the original phonons [53,46,56]. The simulation is continued until 
a steady-state distribution of phonons is reached in the domain of solution, which may be 
at a uniform temperature or under a temperature gradient.  

The MC scheme of solving the BTE for phonons works well when phonon scattering 
occurs from other phonons or from impurities distributed uniformly in the crystal. The 
results of the simulations have been compared with experiments, and the efforts made in 
that direction show that the MC method (as well as the LB method) for solving the BTE 
can yield reasonably accurate results [53,46,56]. Figure 11 shows typical frequency spectra 
of phonons in a silicon crystal at 300 K and 500 K, along with the time evolution of the 
temperature profile across a thin film of silicon with a thickness of 0.8 µm, in contact with 
two thermal reservoirs at 310 K and 290 K at its surfaces. The frequency spectrum in 
Figure 11 (a) takes into consideration the transverse and longitudinal acoustic branches of 
silicon only. The temperature profile evolution is computed using MC with a Debye 
model. It is shown that the profile across the films becomes nearly linear after 2.5 ns. The 
fluctuations about the linear part are due to the stochastic nature of the MC method, by 
virtue of the fact that a discrete phonon system is being simulated, and averaging over an 
ensemble, an appropriate number of simulated samples should reduce or eliminate these 
fluctuations.  

A first attempt at computing the thermal conductivity in UO2 using the MC solution 
of BTE has been carried out. The conductivity can be found by imposing a linear 
temperature gradient across the sample and computing the resulting heat flux using from 
the data of the phonon population being simulated – the heat flux is basically the sum of 
the product of phonon energies and velocities resolved in the direction of the temperature 
gradient. The conductivity is then computed using Fourier law. A sample calculation of 
the conductivity is shown in Figure 12. The predicted conductivity is in good agreement 
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with MD simulations [87], with both being slightly higher than reported experimental 
values. The temperature dependence of the conductivity is captured well. It should be 
noted that the conductivity values fluctuate slightly about a smooth decay trend; these 
fluctuations originate from the finite number of phonon trajectories used in the 
simulation. Further work in this area is on-going. 

Figure 11. (a) Phonon frequency spectrum in a silicon crystal at 300 K and 500 K, (b) Monte Carlo 
simulation of the time-dependent temperature profile in a silicon thin film of thickness 0.8 µm in 

contact with thermal reservoirs at a 310 K and 290 K at its two surfaces [24]  

            

 
(a)                                                                                 (b) 

 

Figure 12. Preliminary prediction of the thermal conductivity of UO2 using MC solution of BTE [88]  

 

The results are compared with the MD simulation of UO2 conductivity using Yamada potential.  

Irradiation introduces two complexities. The first is that the field of point defects, e.g., 
impurities or vacancies associated with off-stoichiometry, for example, can be both non-
uniform and time dependent. In such a case, the local relaxation time can be taken to be 
spatially dependent throughout the domain of the simulation. The second complexity is 
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the introduction of extended defects with complex configurations, e.g., dislocation loops, 
dislocation walls, small voids, gas bubbles, precipitates and subgrains, which require new 
theoretical formulations that do not currently exist. 

Conclusion and future challenges 

Modelling thermal transport in polycrystalline, irradiated UO2 provides an example 
problem where the complexity of microstructure is dominant. The microstructure of the 
material is hierarchical in nature with multiple mesoscale levels to be handled between the 
atomistic and continuum regimes. The following levels of microstructure (or states of the 
fuel materials) can be easily identified, at each level of which a different set of issues and 
physics laws are used to study thermal transport. We conveniently classify these levels as 
follows: 

a. Single crystal UO2.  

Thermal transport at the level of a fresh single crystal is governed by the 
phenomenological heat equation shown below, with the thermal diffusivity being the only 
constitutive quantity needed to completely solve the heat equation: 

 2 .T = T
t

α∂
∇

∂
     (10) 

The thermal diffusivity is given by /k cα ρ= , with the k , ρ  and c being the 
conductivity, density and specific heat, respectively. These three fundamental properties 
of the crystal, as well as the heat law itself can be derived from statistical physics (classical 
or quantum). In particular, the temperature dependence of the conductivity and specific 
heat is a classical problem in the theory of heat of crystalline solids [78]. When size effects 
are involved, heat transport in single crystals can be studied in terms of phonon transport. 
This level of understanding of the problem of thermal transport is well documented in the 
classical literature.  

The key challenge at this level is the absence of an interatomic potential that reliably 
reproduces the relevant phonon effects. While Density Functional Theory (DFT) has 
proved itself in many contexts, the presence of strongly correlated electrons in f-electrons 
such as U leads conceptual issues that are not yet fully resolved. Progress in this direction 
in the form of extensions to DFT, such as DFT+U or hybrid functionals have led to 
better reproduction of experimental results; however, great care need to be exercised in 
performing calculations with these methods, as they exhibit multiple energy minima in the 
electronic structure [27,39]. More advanced approaches, such as Dynamical Mean Field 
Theory (DMFT) are yet to enter the mainstream of the computational techniques. 

b. Single crystal with defects 

Point defects and dislocations are commonly studied in the classical literature related to 
thermal transport in crystals. In particular, the modification of the temperature 
dependence of the conductivity by such defects has received most attention [8]. At this 
level, the crystal contains an ensemble of non-interacting defects, each of which 
contributes to scattering in the same fashion. As such, only the density of these defects 
appears in all related formulae. The effect of such isolated defects can be studied by  
MD [88] or using a phonon-based framework [15,41-43,62,85]. Thermal transport in this 
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case is studied in essentially the same way as in a perfect crystal. It is important to point 
out that the classical works related to impact of defects on thermal conductivity did not 
look at the way such defects arise in the matrix. For example, in compound solids, e.g., 
oxides, significant composition variations may occur, which leads to high density of 
intrinsic point defects that interact in the lattice. In this case, treating such defects as 
isolated, and adding their effects using simple statistics may not apply. 

c. Irradiated single crystals 

Irradiation brings in a different level of complexity in UO2, namely the concurrent 
presence of point defects, dislocation loops and voids (with or without gas). Depending 
on the level and type of irradiation, precipitates may also form. A very important factor to 
consider is the interaction of these defects and the possible off-stoichiometry that might 
arise in the crystal lattice between the extended defects. Considering also the potential 
elastic and electrostatic interactions in the material, the ensemble of defects in irradiated 
UO2 represents a realm of lattice dynamic situations that has not been tackled to this 
point. Large-scale MD simulations can be performed to investigate thermal transport 
across an ensemble of defects. This task is, however, difficult at present time because of 
the lack of interatomic potentials that work reliably under off-stoichiometric situations, 
and because of the lack of a theoretical framework to synthesise the MD data beyond 
computing the conductivity as the outcome of dividing the heat flux into the imposed 
temperature gradient. This first level of mesoscale complexity can be handled using a 
BTE-based approach in which the scattering events involving extended defects are 
computed atomistically or using lattice dynamics. This suggested paradigm has not been 
considered before, but at present time it seems to be a viable conceptual framework. 
Again, the challenge here lies in the need to modify the BTE approach to represent the 
scattering by the irradiation-induced large extended defects consistently. Ground breaking 
theoretical work is required here. 

d. Unirradiated polycrystalline UO2 (baseline mesoscale problem) 
Without irradiation, polycrystalline UO2 contains grain boundaries with, at most, some 
level of porosity left from the manufacturing step. A continuum theory of heat transport 
based on the heat equation can be employed in this regard, with the conductivity of the 
grains (single-crystal conductivity) plus grain boundary conductance being the only 
thermal properties required. Such conductivities can be computed using MD or a 
phonon-based approach. At this level, dilute concentrations of point defects can be 
handled systematically within these frameworks. An atomistically-informed continuum 
approach is thus possible. In fact, given an interatomic potential with well characterised 
predictions of thermal properties at the single crystal level, coupling atomistic and 
continuum approaches can be a tractable baseline problem of mesoscale thermal transport 
through a microstructure. Finite element simulations can be easily used to extract effective 
conductivities, which can be then used in continuum engineering simulations.  

e. Irradiated polycrystalline UO2 (fuel sample testing regime) 
Irradiation introduces yet another level of complexity to the baseline mesoscale thermal 
transport scenario described above, simply due to the complex microstructure evolution 
that takes place. In this regard, it is important to differentiate between two scenarios, fuel 
samples irradiated in a uniform temperature field and actual fuel in which the temperature 
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gradient plays a significant role in determining the microstructural evolution, and hence 
the local thermal transport characteristics. As far as the microstructure is concerned, the 
two scenarios differ in the sense that a fuel sample has a uniform microstructure while the 
actual fuel has a gradient in the microstructure. In the case of a fuel sample, a thermal-
transport model can be mesoscale in nature, i.e., one in which the fully developed 
microstructure is represented explicitly (as under level d above), while lower scale MD 
and/or phonon-based models are used to predict the thermal transport properties of the 
individual phases and interfaces. While the mesoscale solution of the heat equation poses 
no difficulty, it is the lower scale problem that was never solved before, for example 
phonon transport across a microstructure ensemble. 

f. Actual UO2 fuel 
The problem of thermal transport in actual UO2 fuel represents the highest level of 
complexity; in this problem the microstructure evolution and microstructure gradients 
pose a challenge to the continuum level simulations because the underlying thermal 
transport properties are strongly coupled with the microstructure. A microstructure 
simulation model taking the local temperature as an input should in principle provide the 
microstructure information required to model thermal transport. A continuum model in 
which local thermal transport properties can be computed on the fly seems to be a 
necessary approach to tackle the problem of thermal transport in fuel. As a part of this 
strategy, a thermal conductivity model at every point is needed as input at the continuum 
scale. Such modelling approach of the local thermal conductivity will naturally consider 
the local microstructure as dictated by the local temperature history. The main challenge 
here will be the modelling of the concurrent evolution of microstructure and thermal 
transport properties, and the need to solve the pertinent models simultaneously with the 
macroscale thermal transport problem.  
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