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This report on Multi-Scale Modelling of Nuclear Fuel is one of a set of state-of-the-art 
reports on multi-scale modelling of fuels and structural materials commissioned by the 
Nuclear Science Committee (NSC) and its Working Party on Multi-Scale Modelling of 
Fuels and Structural Materials for Nuclear Systems (WPMM) of the Nuclear Energy 
Agency (NEA). The overall objective of the WPMM is to promote the exchange of 
information on models and simulations of nuclear materials including theoretical and 
computational methods, experimental validation, and related topics. To this end, the 
current report was developed through the contributions of an international expert 
group dedicated to a broad range of topics on multi-scale modelling of fuels, as well as 
to components on integration and validation. Ultimately, multi-scale modelling of fuel 
is seen as allowing a fuller understanding of fuel behaviour, including behaviour under 
irradiation, and as providing computational components for fuel performance codes 
for the development of advanced fuel systems, for the prediction of in-reactor 
performance and for the support of regulatory activity. 

Multi-scale modelling implies the generation of models for fuel from the atomic 
scale, through the mesoscale, to the macroscopic scale. The figure below represents the 
enormous breadth of both time and length that needs to be considered to 
accommodate all phenomena. In addition, lower scale processes affect higher scale 
properties/behaviour, and in some cases the reverse can be true. Thus, any true 
simulation of fuel behaviour that is more than empirically based must allow for 
coupling among phenomena and across scales within fuel performance codes. For 
example, irradiation-induced defects can affect thermal conductivity, which, in turn, 
influences the thermal gradient in an oxide fuel pellet. This directly impacts concerns 
such as centreline temperature, and thus the margins for fuel melting, and grain growth, 
which, in turn, influences conductivity and fission product release. In addition, melting 
temperature is dependent on composition, atomic scale defects and microstructure. It 
is, therefore, apparent that behaviour is also dependent on various phenomena 
occurring across time and length scales, and can interact in a complex manner. 

At the lowest scales of time and length it is necessary to develop quantitative 
representations of phenomena such as radiation-induced atomic displacements that 
disrupt crystal structures, electronic excitations that influence chemical bonding, and 
atomic-scale transport properties. Time intervals are of the order of picoseconds and 
lengths of the order of nanometers. Atomic transport properties govern a large range 
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of nuclear fuel properties, from controlling microstructure resulting from fabrication 
conditions to behaviour under irradiation. These affect grain growth, oxidation, fission 
product release, and gas bubble nucleation. Modelling approaches include static 
atomistic calculations, in which the migration mechanism is fixed and the 
corresponding migration energy barrier is calculated or molecular dynamics 
calculations and mesoscale rate theory models, for which the time evolution of the 
system is explicitly calculated. One challenge is to improve the coupling of phenomena 
for fission gas transport, which includes behaviour at both the atomic and the 
mesoscale. The study of radiation damage and atomic transport properties in nuclear 
fuels would also benefit from efficient accelerated dynamics schemes to access fuel 
evolution during longer timescales, and the application of ab initio molecular dynamics 
to actinide compounds. 

Figure 1. Schematic representation of the scales/phenomena of effects spanning the 
thermomechanical, physical and chemical evolution of nuclear fuels  

from the atomic to the pellet and rod 

 
Electronic structure calculations are based on quantum theory, require little prior 

knowledge and make use of very few adjustable parameters, yet they play a crucial role 
in the multi-scale modelling of materials. Not only do they enable one to accurately 
determine physical and chemical properties of materials, they also provide data for the 
adjustment of parameters (or potentials) at higher-scales, such as for classical molecular 
dynamics, kinetic Monte Carlo, cluster dynamics, etc. Most of the properties of a solid 
depend on the behaviour of its electrons, and in order to model or predict that 
behaviour it is necessary to have an accurate method for computing electronic 
structure. An increasingly accurate and useful methodology is density functional theory 
(DFT). DFT has been successfully applied to the determination of structural or 
dynamical properties (lattice structure, charge density, magnetisation, phonon spectra, 
etc.) of a wide variety of solids. The limitations of DFT in treating strong 5f 
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correlations are one of the main issues for DFT modelling of nuclear fuels. Various 
methods exist, however, to treat such strongly correlated materials better. 

Classical molecular dynamics simulations use forces calculated from empirical 
potentials. They are well suited for studying primary damage production by irradiation, 
defect interactions with fission gas atoms, gas bubble nucleation, grain boundary 
influences on defect and gas bubble evolution, and the resulting changes in 
thermomechanical properties. This can enable insights into fundamental mechanisms 
governing the behaviour of nuclear fuel, as well as parameters that can be used as 
inputs for mesoscale models. The interaction potentials used for the force calculations 
are generated by fitting properties of interest to experimental data and electronic 
structure calculations. One of the current challenges is the need to refine the existing 
potentials to provide a better representation of the performance of polycrystalline fuel 
under a variety of operating conditions, develop models that are equipped to handle 
deviations from stoichiometry, and validate the models and assumptions used. 

Atomic scale methods provide fundamental information to the higher scales. It is, 
therefore, essential to know the accuracy of the results computed at this scale to have 
confidence in their application within higher scale models. A specific assessment of 
electronic structure and empirical potentials for the description of nuclear fuel under 
irradiation has been performed within the WPMM Expert Group dedicated to 
Validation and Benchmarking of Methods (VBM), and is contained in this report. It 
has revealed that the numerous studies performed on UO2 prove that the DFT+U 
method and current empirical potentials provide a good description of the properties 
of bulk UO2. In addition, encouraging agreement is observed between modelling 
results and the experimental data for defect formation energies, oxygen self-diffusion 
and atomic diffusion of xenon in UO2. The comparison between calculated and 
experimental results on the behaviour of defects and fission products, however, is 
extremely difficult since it requires a detailed knowledge of experimental conditions 
and involves additional models. Thus, a comparison should not be used for validation 
rather the results should be used to help in the interpretation of the experimental 
results and in the determination of elementary mechanisms. The assessment of 
formation, incorporation and migration energies should be performed through 
comparison with more precise approximations. 

Two techniques that straddle the gap between the atomic scale and the mesoscale 
are rate theory and dislocation dynamics. Cluster dynamics, which is a particular 
application of mesoscopic rate theory, has been applied to investigating fuel behaviour 
under irradiation. The method simulates the evolution of the concentration of every 
type of point or aggregated defect in a grain of material. It produces rich information 
that sheds light on the mechanisms involved in microstructure evolution and gas 
behaviour that are not accessible through conventional models, yet can provide for 
improvements in those models. Cluster dynamics parameters are largely the energetic 
values governing basic evolution mechanisms in the material (diffusion, trapping and 
thermal resolution). In this sense, the model has general applicability to very different 
situations (irradiation, ion-beam implantation, annealing) provided they rely on the 
same basic mechanisms, without requiring additional data fitting as would be necessary 
for more empirical models. For use with more complex systems, a better knowledge of 
the real defects present in the material as a function of stoichiometry is needed, so that 
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the simplifying assumptions of self-defects being equivalent to Schottky or anti-
Schottky is better justified or improved. Indeed, in the near future it can be expected 
that basic data will be routinely available from either atomistic calculations or dedicated 
experiments. 

Dislocation-dynamics (DD) models the evolution of material plastic properties as a 
function of the microstructural transformation predicted at the atomic scale. Indeed, it 
is the only simulation method capable of taking into account the collective behaviour 
of a large number of dislocations inside a realistic microstructure. DD simulations are 
based on the elastic dislocation theory following rules inherent to the dislocation core 
structure, often called “local rules”. All the data necessary to establish the local rules 
for DD have to come directly from experiments or from simulations carried out at the 
atomic scale such as molecular dynamics or ab initio calculations. However, no precise 
information on the interaction between two dislocations or between dislocations and 
defects induced by irradiation are available for nuclear fuels, which presents a future 
goal for the application of this approach. 

At the mesoscale or microstructure scale, the key phenomena are thermal and 
chemical transport, grain growth/evolution, thermochemical equilibria, and chemical 
interactions. In nuclear fuels, thermal transport is a key performance metric that affects 
not only the power output, but is also an important consideration in potential accident 
scenarios. While a largely mesoscale phenomenon, it in fact is also influenced by 
atomistic processes. Yet, for example, a fundamental understanding of the interplay 
between microstructure and thermal conductivity of irradiated uranium dioxide fuel is 
still lacking. Being computational in nature, modelling approaches to thermal transport 
can, at least in principle, describe in detail virtually all mechanisms at the atomistic level. 
They permit the coupling of the atomistic-level simulations to mesoscale continuum 
theory and thus enable the capture of the impact on thermal transport of 
microstructural evolution. A key challenge at the atomistic level is the absence of an 
interatomic potential that reliably reproduces the relevant phonon effects. Another is 
properly accounting for scattering due to large extended defects caused by irradiation.  
At the mesoscale, a problem that has yet to be solved is phonon transport across a 
microstructure ensemble. 

While debatably either an atomistic or mesoscale phenomenon, the chemistry of 
nuclear fuel is treated as mesoscale as its influences are revealed at that scale. Chemical 
composition changes with time are due to the formation of fission products and 
depend on the temperature history within the fuel pellet and the clad during operation. 
The oxidation of zircaloy and its variants from reaction with urania fuel or coolant 
under high-temperature conditions are some of the most obvious effects. Large 
thermal gradients between the centre and the periphery of the pellet can induce radial 
redistribution of the fuel constituents, particularly in metal and oxide fast reactor fuels. 
The fuel pellet can react with the clad by different corrosion processes, which can 
involve actinide and/or fission product transport via gas, liquid and/or solid phases. 
One of the main challenges for modelling chemical interactions is the limited number 
of migrating constituents that are currently considered in codes. Fuel-cladding 
chemical interaction is a key issue for oxide and metallic fuels, yet mechanisms are not 
well understood, particularly for oxide fuels, and thus need further elucidation both 
from experiment and modelling. 
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Computational thermodynamics, also known as the Calphad method, is a standard 
tool in industry for the development of materials and improving processes and there is 
intense scientific development of new models and databases. The calculations are 
based on thermodynamic models of the Gibbs energy for each phase as a function of 
temperature, pressure and constitution. Model parameters are stored in databases that 
are developed in international scientific collaborations. In this way, consistent and 
reliable data for many properties such as heat capacity, chemical potential, solubility, 
etc. can be obtained for multi-component systems. Computational thermodynamics 
has historically been central to understanding nuclear fuel chemical behaviour, both 
under operating and accident conditions. Currently, there are substantial efforts to 
both advance the thermochemical models and develop accurate thermodynamic 
databases. Thermochemical phase determinations and activity calculations are most 
recently being included in advanced fuel performance codes, such as MOOSE-
BISON-MARMOT and ALCYONE-ANGE. 

Nuclear fuels are subjected to high levels of radiation damage mainly due to the 
slowing of fission fragments, which results in substantial modifications to the initial 
fuel microstructure. Microstructure changes alter practically all engineering fuel 
properties such as atomic transport or thermomechanical properties, so understanding 
these changes is essential to predicting the performance of fuel elements. Firmly within 
the mesoscale is the phase-field technique, which is an efficient simulation approach 
for modelling microstructural evolution. A distinct advantage of the technique is that 
there is no need to explicitly track the complex evolution of interfaces, such as grain 
boundaries or bubble surfaces. In the phase-field method, the individual phases and 
their crystallographic variants are described by a set of non-conserved order 
parameters. It has proven to be well suited to nuclear fuel microstructure evolution 
due to the ease with which various physical phenomena can be coupled to account for 
the impact of the large stress and temperature gradients present. A number of barriers 
to phase field informing the mesoscale to macroscale must still be overcome. First, 
several material properties and mechanisms that occur within the fuel are either not 
well understood or are unknown. Therefore, small-scale experiments and atomistic 
simulations are required to fill this gap. Second, the mesoscale models have not been 
well validated due to the difficulty in obtaining mesoscale data under reactor 
conditions. Thus, detailed separate effects experiments are needed to obtain data for 
validation. Finally, large time and length scales are needed to model the complex 
polycrystalline behaviour that takes place within the fuel and the clad.  

The Potts kinetic Monte Carlo (kMC) model is a method that enables the 
simulation of various microstructural features in nuclear fuels during irradiation. For 
example, swelling or the aggregation of vacancies to form voids is observed in many 
materials including some fuel rod claddings. The production of extra atoms by fission 
in nuclear fuel can also strain the lattice leading to swelling, albeit to a lesser extent.  
Nuclear fuels also swell due to precipitation of fission gas (primarily Xe and Kr) into 
nanosized intragranular and submicron intergranular bubbles. The creation of extra 
atoms by fission or transmutation of atoms alters the chemistry of the fuel and results 
in microstructural evolution that is unique to nuclear materials. Another feature that is 
unique to some is a large temperature gradient present that can lead to variable 
microstructural evolution in regions and segregation of components. Finally, radiation-
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induced segregation of constituents in two or more component materials can occur. 
The kMC tool is a statistical-mechanical model that populates a lattice with an 
ensemble of discrete particles to represent and evolve the microstructure, and thus 
lends itself to modelling fuel microstructural evolution. The particles in the Potts kMC 
model represent a discrete quantity of material that is much larger than an atom, thus 
all atomistic information about the material system is aggregated into mesoscale model 
parameters. In kMC, the particles evolve in a variety of ways to simulate 
microstructural changes due to short- and long-range diffusive processes. kMC 
methods have proven themselves to be versatile, robust and capable of simulating 
various microstructural evolution processes such as grain growth. Continued model 
development of kMC has taken the form of developing hybrid approaches that couple 
multiple materials physics that kMC alone cannot inherently treat.  

At the macroscale, nuclear fuel encounters severe thermomechanical environments 
and responds through fuel deformation: creep, swelling, cracking, and pellet-clad 
interaction. Its mechanical response is profoundly influenced by the underlying 
heterogeneous microstructure, as well as inherently dependent on the temperature and 
stress level history. The ability to adequately elucidate the associated macroscopic 
behaviour in such extreme environments is crucial for predicting both performance 
and transient fuel mechanical response. There is an obvious need for a multi-physics 
and multi-scale approach to develop a fundamental understanding of properties of 
complex nuclear fuel materials. The development of such advanced multi-scale 
mechanistic frameworks should include either an explicit (domain decomposition, 
homogenisation,…) or implicit (scaling laws, hand-shaking, etc.) linkage between the 
different time and length scales involved, in order to accurately predict 
thermomechanical responses for a wide range of operating conditions and fuel types. 

Peridynamics, a nonlocal extension of continuum mechanics, is a natural 
framework for capturing constitutive response, and modelling pervasive material 
failure and fracture. Unlike classical approaches incorporating partial derivatives, the 
peridynamic governing equations utilise integral expressions that remain valid in the 
presence of discontinuities such as cracks. The mathematical theory of peridynamics 
unifies the mechanics of continuous media, cracks, and discrete particles. The result is 
a consistent framework for capturing a wide range of constitutive responses, including 
inelasticity, in combination with robust material failure laws. Peridynamic modelling of 
nuclear fuels, however, will require the resolution of several open questions. The 
selection and calibration of peridynamic constitutive models and bond-failure laws for 
specific fuel materials must be addressed. In addition, while peridynamics has been 
applied to thermal-mechanical phenomena and to coupled mechanics-diffusion 
scenarios, the application of peridynamics within the multi-physics environments 
affecting nuclear fuels remains an open area of research. 

The modelling of fuel viscoplastic behaviour is at the macroscale as well, where so-
called micromechanical (also termed homogenisation) approaches are used. These aim 
at deriving effective properties of heterogeneous material from the properties of their 
constituents. They utilise full-field computations of representative volume elements of 
microstructures as well as mean-field semi-analytical models. For light water reactor 
fuels, these approaches have been applied to the modelling of the effect of two 
microstructural parameters: the porosity effects on the thermal creep of UO2 fuels 
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(transient conditions of irradiation) and the effect of plutonium content on the 
viscoplastic behaviour (nominal conditions of irradiation) in mixed oxide fuels. A 
challenge for modelling the viscoplastic behaviour of oxide fuels lies in representing 
the strongly coupled mechanisms of void diffusion and grain boundary sliding. More 
generally, there is a challenge of modelling the effect of irradiation on the mechanisms 
of intragranular strain. 

The ultimate macroscale modelling approach is the classical Finite Element 
Method (FEM). FEM is a numerical technique for finding approximate solutions to 
boundary value problems. While FEM is commonly used to solve solid mechanics 
problems, it can be applied to a large range of boundary value problems from many 
different fields. FEM has been utilised in reactor fuel modelling for many years. It is 
most often used for fuel performance modelling at the pellet and pin scale, however, it 
has also been used to investigate properties of the fuel material, such as thermal 
conductivity and fission gas release. FEM forms the basis of the MOOSE-BISON-
MARMOT codes that are developing a multi-dimensional, multi-physics fuel 
performance capability that is massively parallel. A challenge comes in being able to 
perform massively parallel simulations with these models. Another challenge is 
modelling the contact between fuel and cladding, especially in three dimensons, which 
has been demonstrated in the PLEIADES code that now can represent cracking from 
pellet-clad mechanical interactions. An additional issue arises in bridging the disparate 
length and time scales in efforts to concurrently couple microstructure FEM models 
with fuel performance codes. 

It is the main objective to apply the variety of models of nuclear fuel phenomena in 
fuel performance codes for the accurate simulation of in-reactor behaviour. Such tools 
solve the equations for the heat transfer, the stresses and strains in fuel and cladding, 
the evolution of important isotopes and the behaviour of various fission products in 
the fuel rod. Heat transfer is generally solved in a section or slice of fuel as a sequence 
of thermal transfers between different resistances: the fuel, the fuel-to-cladding gap, 
the cladding (and its outer corrosion layer) and finally the barrier between the cladding 
surface and the bulk of the coolant. The assessment of the stresses and strains in a 
section of the fuel rod is usually based on the solution of the equilibrium relation, the 
compatibility equation and the constitutive equations. The main difficulties arise from 
the cracking of the pellets and the relocation of fuel fragments. The fission product 
behaviour in each axial slice of the fuel rod is generally considered to occur in two 
steps. The first step consists of the production and subsequent migration in the grains. 
This is usually dealt with by means of a diffusion equation within a spherical geometry. 
The second step consists of the development of grain boundary bubbles that grow 
until they interlink and form a tunnel network through which the insoluble fission 
products can be released.  

Apart from the main limitations caused by the geometrical assumptions, there are 
other limitations in fuel performance codes related to the empirical nature of material 
property models and some of the physical models noted above. These limitations apply 
to multi-dimensional codes as well. As a consequence of the use of empirical models, it 
is impossible to extrapolate material properties and models beyond the range of 
operating conditions from which they have been determined. Hence, when advanced 
materials are to be designed for innovative reactor types, new codes have to be 
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developed for each combination. Finally, conventional as well as advanced fuel 
performance codes should be extended to deal with the fuel and fission product 
chemistry.   

The integration of the various models at the multiple scales is an enormous 
challenge. The phenomena occurring in fuels is diverse, including physical and 
chemical transformations and evolution at various scales, such as cracking, fission gas 
bubble precipitation, restructuring, and fission product migration and interactions. Yet, 
without such integration it will not be possible to obtain truly predictive simulations 
based on more than empirical information. Fuel melting is a central nuclear safety issue, 
for example, and the phenomena that contribute to thermal conductivity and thus fuel 
temperature easily span multiple scales. Fuel fragmentation and pulverisation during a 
loss of coolant accident is a safety issue related to the effect of high temperature on the 
fission gas pressure in the gas bubbles within the grains and in grain boundaries, which 
combined with the loss of confinement due to cladding ballooning, causes instability in 
the fuel matrix. This is an ideal target for performing multi-scale modelling that 
couples the grain-scale with the macro/continuum scale. To date, this has been elusive, 
even though it is important for safety analyses that need to quantify the thermal 
conductivity of fragmented/pulverised pellets. Others phenomena that require 
integration over a variety scales include the effect of point and extended defects that 
ultimately influence fission gas bubble formation, macroscopic fuel-cladding 
interactions that result from atomistic phenomena such as stress corrosion, and 
thermodynamics and kinetics that in accidents govern fission product speciation and 
interactions with core internals. 

The state-of-the-art of modelling phenomena related to nuclear fuel has advanced 
significantly in recent years. The representation of atomic level behaviour is 
increasingly becoming more accurate as capabilities to utilise larger sets of atoms 
evolve and empirical potentials improve. At the mesoscale, models for transport and 
microstructure evolution have also progressed with new techniques that well represent 
restructuring. At the macroscale, the lower scale representations inform models that 
reproduce observed fuel behaviour. Significant challenges do remain in both 
improving the models and in their multi-scale integration, and thus there is still much 
to be done. However, it is the expectation that as the problems of fuel modelling and 
simulation are solved, predictive models will increasingly find their way into advanced 
fuel performance codes and allow the eventual realistic simulation of nuclear fuel 
behaviour under normal and accident conditions that goes beyond empirical 
correlations.   
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