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Introduction 

Nuclear fuels are very specific materials and their in-pile behaviour and performance are 
determined by a large number of interconnected phenomena induced by chemistry, 
irradiation, temperature and mechanical effects. These phenomena lead in fuels to a very 
large diversity of physical and chemical transformations and evolution at various scales, 
such as cracking, fission gas bubble precipitation, restructuring, fission product migration 
and interaction, as shown for ceramic oxides in Figure 1. 

Figure 1. Diversity of physical, chemical, and microstructural transformations 
observed in ceramic oxide fuel under irradiation 

Figure 2 illustrates the numerous parameters that influence the behaviour of nuclear 
fuels under irradiation and that must be considered to understand their evolution in pile, 
as well as the relationships between them. This leads to a significantly complex 
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understanding and modelling of the thermomechanical and thermochemical properties 
and evolution of fuel.  
Figure 2. Phenomena influencing the behaviour of nuclear fuels under irradiation and their 

interrelationships: Scope and complexity of the fuel behaviour modelling [37] 

 
 

Despite this complexity, significant experience on the modelling and simulation of fuel 
rods behaviour at long lengths and times under irradiation has been developed around the 
world over the last 50 years based on semi-empirical macroscopic modelling validated by 
a large number of valuable in-pile experiments. Most operational regimes are well 
reproduced, and this understanding is the basis for the licensing of fuel in current reactors.  

But because of the complex character of the fuel behaviour, an in-depth predictive 
knowledge of the nuclear fuel and fission products behaviour calls for a clear 
understanding of the underlying phenomena from the atomic to the rod scale through the 
mesoscopic scale, i.e., the scale of the fuel grain. Strategies based essentially on 
experimental irradiation approaches and empirical model developments may not be 
sufficient when a large number of complex conditions must be accounted for. It is then 
necessary to use a material science approach supported by numerical simulations 
performed at different time and space scales, combined with relevant analytical 
experiments to establish a sound scientific basis for the understanding of the evolution of 
nuclear fuel under irradiation. 

This modelling and simulation approach has already proved its feasibility and value in 
materials development and uses over the last decades [1], including: 

• the virtual aluminium casting project developed by Ford Motor Company to design 
cast aluminium components, which has led to a significant reduction in 
development costs, as well as improved end products [2]; 
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• computational materials science which has enabled the rapid and efficient design of 
corrosion resistant ultra-high-strength steels [3]; 

• in the nuclear field the “virtual reactor” as developed under the PERFECT 
European project (2004-2007) [4] and its follow-up PERFORM-60 project (2009-
2013) [5] on structural materials (reactor pressure vessel and internals steels). 

To some extent, the multi-scale modelling and simulation of nuclear fuels behaviour is 
a more recent effort because of the specific character of fuel materials and the difficulty of 
investigations at the lower scales. The atomic scale modelling methods, however, are now 
mature enough to study fuel materials with adequate accuracy (see Chapter 14) and several 
important national and international initiatives have focused on the construction of 
consistent multiscale/multi-physics modelling approaches. Some examples include: 

• in Europe, the F-BRIDGE project (2008-2012) [6-8]; 

• in the US, the Nuclear Energy Advanced Modelling and Simulation (NEAMS) 
Program [9], the Consortium for Advanced Simulation of Light Water Reactors 
(CASL) [10], the Center for Material Science of Nuclear Fuels (CMSNF) [11]; 

• specifically in France the PLEAIDES platform (CEA) [12]; 

• the NXO Project in Japan [14]. 

This chapter aims at discussing the objectives, implementation and integration of 
multi-scale modelling approaches applied to nuclear fuel materials. We will first show why 
the multi-scale modelling approach is required, due to the nature of the materials and by 
the phenomena involved under irradiation. We will then present the multiple facets of 
multi-scale modelling approach, while giving some recommendations with regard to its 
application. We will also show that multiscale modelling must be coupled with appropriate 
multi-scale experiments and characterisation. Finally, we will demonstrate how multi-scale 
modelling can contribute to solving technology issues.  

Multi-scale modelling is required to capture the multi-scale character of materials 
and of the phenomena occurring under irradiation 

As the modern understanding of matter has taught us, while they appear continuous at a 
macroscopic scale, materials are discrete and made of atoms or, more precisely, of atomic 
nuclei (ions) surrounded by electrons. Despite their discrete nature, for most applications 
the approximation of describing them as a continuum with uniform properties is 
appropriate. This is commonly done for solids for instance in continuum mechanics to 
calculate stress and strain fields, or for determining the temperature field, in all parts of a 
material subjected to a given external mechanical and/or thermal load. The finite element 
method is used in this context to study the behaviour of fuel under irradiation (strain, 
cracking, temperature distribution, fuel-pellet interaction, etc.) (see Chapter 22). 

However, under increased magnification, intermediate structures/microstructures can 
be identified revealing discontinuities without even going down to the atomic level. In 
solids, grains and subgrains can be identified. In fuel, fission gas behaviour as well as the 
mechanical properties depend enormously on how these grains are structured and change 
under in-reactor conditions (irradiation, mechanical or thermal load).  
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Although grains appear as single crystals in which atoms are distributed according to 
the material’s crystallographic structure, yet they are in reality defective poly-crystals. Point 
defects, i.e., vacancies (missing atoms) or interstitials (atoms in excess), as well as 
dislocations, play a key role in determining the materials’properties. Exogenous atoms 
such as dopants added in the fabrication process and fission products generated during 
irradiation also contribute to crystal imperfection and have an impact on properties. 

Below the grain-level structure, the description of many physical phenomena requires 
that materials be described as a set of discrete atoms. For example, optical, magnetic or 
thermal, as well as chemical behaviour, depend on the electronic structure of the material, 
and diffusion mechanisms in solids also depend on atomic structure.  

Behaviour under irradiation (i.e., radiation damage) in solids represents an extreme 
case in materials science, because the almost instantaneous ballistic displacement of atoms 
by an energetic impinging particle (e.g., neutron or fission product), localised in a region 
of a few nanometres repeated several times at different points in the material over time, is 
a source of changes of material properties. In nuclear fuel, the accumulation of defects 
and fission products, especially gases, produces cavities and bubbles, which generate 
particular microstructural changes and cause macroscopic swelling, which, in turn, leads to 
cracking. Thus, the behaviour of materials under irradiation is such that atomic- or even 
nuclear-level processes can lead to changes in the way large components, such as fuel pins, 
respond to loads. 

In theory, the behaviour of a material described as a set of atoms under given 
conditions could be predicted exactly by solving the time dependent Schrödinger equation 
for all the ions and electrons that compose it. This is the principle of ab initio calculations. 
In practice, such calculations are only possible in simple cases that involve a few ions and 
electrons. In fact, even if the atomic and discrete nature of materials can be taken into 
account, approximations/models need to be devised to describe the properties at the 
atomic level.  The discrete modelling tools that describe atomic-level processes in solids 
can be classified as: 

• approximated quantum-mechanical electronic structure calculations (also called 
first-principles or even ab initio) [15], (see Chapter 12); 

• molecular dynamics [16] either based on electronic structure calculations or more 
frequently on the use of classical empirical interatomic potentials [17], (see Chapter 13); 

• models treating the evolution of defects derived from the underlying atomic 
structure, such as kinetic Monte Carlo, rate theory (see Chapter 18), dislocation 
dynamics (see Chapter 15). 

These tools have been progressively developed in the last decades [18] and rely heavily 
on the use of high-performance computing for simulations. They have become 
increasingly widespread because of the growing power of computers and have been 
extensively applied to nuclear materials in the last decade. 

In summary, in order to be able to describe the behaviour of materials and especially 
of nuclear fuels under irradiation, beyond and in complement to an empirical approach 
based on data obtained by integral irradiations, it is necessary to develop models at various 
scales for: 
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• atomic scale processes: diffusion of chemical species and defects, cascades of 
atomic displacements; 

• nano- and microscale processes: creation of fission gas bubbles or aggregates, 
segregation of chemical species that influence local properties, development and 
movement of nanostructural features such as dislocations that govern plastic 
deformation, changes in grain boundary behaviour; 

• macroscale processes: continuum thermomechanical calculations of stress and 
strain field, fission gas release, pellet-clad interaction. 

It also requires that the information based on relevant mechanisms about the 
behaviour of the fuel at a particular scale somehow informs the higher scales, so that the 
models at the higher level can be more physically representative and more accurate. 

Choosing multi-scale modelling approaches 

There exists a multiplicity of motivations and possible implementations of multi-scale 
modelling. It is thus of paramount importance to define precisely the objective for the 
development of such an approach and the type of approach needed. The challenges that 
are to be met will be at various levels starting from building a link between scales, 
providing information to the next level, and to the Holy Grail of a 3D simulation 
integrating codes over large scales of time and length. 

It is also important to distinguish between modelling, simulation and prediction which 
are different, yet complementary activities. A model is a logical description of how a 
system (fuel in our case) performs. Models can be empirical or theory-based. A simulation 
is the process of conducting mathematical experiments or running computer programs to 
reproduce in a simplified way the behaviour of a system along a certain coordinate (in the 
case of fuels, for instance time or burn-up). Prediction can be defined as the use of a 
simulation tool (built either on empirical or theory-based models) applicable inside a 
validation domain to describe the behaviour of a given fuel. Empirical modelling requires 
the analysis to remain inside the validated domain, whereas theory-based models are key 
for predictions even slightly outside the validated domain. From such definitions we can 
have an initial understanding of how experiments, modelling and simulation are closely 
linked, and on how challenging it is to obtain a predictive capability. 

Table 1 lists various possible objectives and various ways to utilise multi-scale 
modelling. 

When generating a plan for the development of (multi-scale) physical models to 
investigate a given phenomenon, it is extremely important to keep in mind its feasibility 
based on the knowledge of the state-of-the-art and as much as possible the expected 
timeframe. Modern modelling tools are not all-powerful, irrespective of the power of 
available computers. With the increasing capability of high-performance computing it is 
not impossible that computer scientists can ultimately, cleverly combine different 
established models to provide integrated codes that are capable of giving answers about 
materials behaviour under given conditions. However, this should not be regarded as the 
main, and certainly not the only, goal of the development of multi-scale models. One 
should not assume that everything can be obtained ab initio, even though electronic 
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structure calculations are a very powerful and by now essential tools in our hands; it is not 
by attempting the simulation of a very complex phenomenon including all the 
complexities of the system that one understands and quantifies the most important 
underlying physical mechanisms.  

Table 1. Various possible objectives and utilisation of multiscale modelling 

Various objectives/motivations 

• improve understanding of the underlying mechanisms and processes that control behaviour; 

• help in the selection, preparation and interpretation of irradiation tests to optimise results; 

• improve predictive capability for licencing; 

• contribute to the design of new fuel materials with limited property information (i.e., materials 
by design). 

 

Possible utilisation /plans for development 

• couple experiments and modelling to select relevant phenomena that are to be used for the 
simulation; 

• promote exchange between disciplines and provide information/mechanisms/data from the 
lower scales to the higher scales; 

• perform multi-disciplinary modelling (thermomechanical, physico-chemical, thermochemical, 
etc); 

• computationally couple the various codes used in multi-scale modelling approaches. 

 
 

A modelling plan should address problems that are sufficiently well-understood, based 
on experimental data, so that a reasonable conceptual model exists already that can be 
used to actually build a quantitative computational model. In this case, the physical model 
can actually provide added value to cast some light on still unclear issues. Often the 
problem is so complicated that empirical correlations are the only way to find out which 
variables play a role and the determination of these variables corresponds to the very first 
step in rationalising experimental observations: without this knowledge, no further steps 
can be taken and we would be deluded in thinking that all aspects of the problem can be 
elucidated by trying to simulate it in a computer. The development of physical models and 
the application of computer simulation should be undertaken with precise questions in 
mind that seems to be answerable with the available tools. Often, even if it cannot be 
directly validated by experiments, atomistic models allow different possible mechanisms 
to be explored which may reveal unexpected mechanisms.  

The Cartesian effort to split the problem into parts that are simpler to address is not 
an obsolete practice: it remains key to designing a modelling plan. Consistent with what is 
noted above, the plan should also always include feasible experiments that involve the use 
of a combination of characterisation techniques, so that physical mechanisms can be 
deduced from the experimental work. A final model will have to include these 
mechanisms and the data will be usable for the validation of the model. 
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The tools to be used to develop models should be identified and related to the scale 
they encompass to allow the selection of that most suitable from a fairly wide choice. 
Sometimes the difference between tools lies only in very technical and subtle details; 
however, these small differences can be important. It may be that the development of 
new modelling tools is necessary. Developing tools that allow more “realistic” simulations 
to be performed and the complexity of real systems to be better represented is a 
stimulating challenge and part of the path to be followed to obtain steady progress.  

Unfortunately, experience shows that the development of new tools or approaches is 
time consuming. It is frequently not as easy as one might think at the beginning, and it 
always requires proceeding step-by-step, often leading to the need to address numerical or 
mathematical problems that might require years to solve. Thus, in the case of an especially 
complex phenomenon, one should not rely too much on the development of 
revolutionary modelling tools. Instead, key questions amenable to modelling with existing 
or foreseeable tools should be identified. It is of course possible to think of an ambitious 
plan that relies on new developments at all scales, but in the short-to-medium term the 
investigation should rely mainly on existing modelling tools that only need to be adapted, 
following an incremental approach. 

Modelling fuel across scales  

Figure 3 shows a schematic view of the multi-scale modelling and simulation approach for 
understanding the thermomechanical, physical and chemical evolution of nuclear fuels 
from the atomic scale through the intermediate grain size scale up to the pellet/rod scale. 
Although not discussed in this chapter, fuel behaviour modelling should also be coupled 
with neutronics and thermal-hydraulics for a full multi-physics simulation of a reactor.  

Currently the vast majority of researchers involved in multi-scale modelling are 
operating at either end of the spectrum. At the macroscale end are those using widespread 
continuum thermomechanical tools to develop models used also at industrial level. At the 
other end are those performing atomic scale calculations, e.g., electronic structure 
calculations and empirical potential methods  which are tools now commonly used for a 
variety of purposes and studies [8,20]. 

To balance the efforts at the macroscopic and atomic scales more attention needs to 
be addressed to the intermediate scale, also termed the mesoscopic scale, which 
encompasses time and length scales too large to be addressed using atomistic methods, 
but too small for fully continuum models. This is the case for materials in general, and 
nuclear fuels are no exception. It has, however, been demonstrated, for example during 
the F-BRIDGE project [7], that a key scale in fuel behaviour is the mesoscopic grain scale, 
because it allows one to aggregate information yielded by atomic scale calculations and 
form the foundation for macroscopic modelling. This scale therefore enables the real 
transfer of information from the lower to the higher scales.  

A key challenge for the future is to enrich the already existing multi-scale modelling 
and simulation approach by developing models at the mesoscopic scale to further 
strengthen links between the atomic and macroscopic scales and systematically address 
the problem of transferring information from one scale to another.  
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Figure 3. A schematic view of the multi-scale modelling and simulation approach (inspired from [19]) 
for understanding the thermomechanical, physical and chemical evolution of nuclear fuels from the 

atomic scale to the pellet and rod scale 

 
 

Interactions between multi-scale modelling and experimental characterisation  

An idea often raised is that modelling could replace experiment, thereby saving time and 
money in the research activities. This becomes an especially convincing argument when 
expensive experiments such as irradiation or characterisation of irradiated fuels are 
involved. This, however, is a false economy, as modelling can of course help in 
rationalising experiments and can support their interpretation, but without experiments 
modelling remains divorced from reality and has little utility. 

In opposition to modelling and simulation is the view that these are not necessary 
because, in the end, an integral irradiation test for the validation of fuel behaviour is 
required. Of course, this is not entirely correct either. First of all, the main contribution of 
modelling is precisely to insure that what is observed in integral irradiation tests is well 
explained and justified, meaning that the physical phenomena are well understood and 
modelled to reproduce the experimental results. In addition, validation of fuel behaviour 
cannot only be done through an integral test, because all the main underlying phenomena 
can only be validated as separate effects (at various scales) in parallel with integral 
validation.  

As described in Figures 4 and 5, the correct approach is to couple experiments and 
modelling across scales. Experiments have to include in parallel integral irradiation as well 
as separate effect experiments (out-of-pile with ion irradiation and implantation, out-of-
pile after neutron irradiation with thermal treatment for instance, subscale in pile 
irradiation…)  

Experimental validation of models is not the only link between modelling and 
experiment. Modelling and experiment should not be performed sequentially but in 
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parallel to inform each other: the experiment provides modelling with basic data, 
modelling helps to prepare/interpret the experiment. More than individually, intelligently 
coupling modelling and experiment allows crucial information on phenomenology and 
relevant mechanisms to be revealed. More than “experimental validation” of models, what 
is needed is a “combination of state-of-the-art models and experiments in order to better 
understand reality”. 

Figure 4. Coupling experiments (both separate effects and integral irradiations),  
characterisation and modelling in a multi-scale approach 

 
 
 

Even models that start from quantum chemical calculations are not developed in a 
separate world and then brought down to earth so as to be compared with experiments, 
to be tested to “see if they work” (i.e., validated). No model with the ambition of helping 
interpret experimental data for a given phenomenon can be conceptually designed and 
built without a significant understanding of the experimental phenomenology. One should 
know which problems should be studied, have as much experimental evidence as possible 
on the mechanisms involved, and obtain and analyse sufficient data to develop a conceptual 
model to guide the creation of actual mathematical models. This is thus very different from 
“experimental validation”. 

The assumptions made in models must either be suggested by experiments, or 
deduced from more fundamental models. The first objective in the process of model 
development is not to make predictions to be verified experimentally, but to make sure 
that the model reproduces satisfactorily a set of available experiments, providing a key for 
their rationalisation and interpretation. These experiments must be as complete and 
detailed as possible, so that all or most of the model’s aspects can be developed and 
verified. In other words, what a physical model is chiefly expected to do is explain the 
experimental data. The fact that experimental data are correctly reproduced by a physical 
model is likely to mean that the relevant mechanisms have been properly identified and 
quantified.  
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Figure 5. Schematic description of the interrelations between experiments and modelling 

 
 

The identification of relevant mechanisms can trigger a series of considerations on 
what can be done to keep a given phenomenon under control or to exploit it for given 
purposes. Only at an advanced level of development may one attempt predictions with the 
model outside the initial data set and plan experiments to validate the prediction. 
Eventually, science-based models can be used to explore a spectrum of conditions that 
cannot be explored entirely experimentally, providing hints for the interpretation and 
rationalisation of experimental results, and importantly also anticipating experimental 
results for yet unexplored conditions. In this sense, they definitely achieve some level of 
predictive capability.  

The characterisation techniques listed in Table 2 currently applied to as-fabricated or 
irradiated fuels, are at the cutting edge of the techniques, despite the great difficulties 
associated with the handling of actinide and irradiated materials.  

These characterisation techniques are now invaluable tools in the development of 
physical models that describe fuel behaviour under irradiation, because of the detailed 
information they provide from the macroscale down to the lower scales. 

One should finally consider that advanced physical models and modelling tools are 
divided into two categories: those developed to investigate phenomena that cannot be 
observed experimentally and those developed to reproduce experimental results, with 
which they can be compared directly to help in their interpretation. 
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Table 2. Main characterisation methods currently applied to nuclear fuels 

Atomic scale 

• HR-TEM (high resolution-transmission electronic microscopy) for the study of irradiation damage, 
dislocations; 

• XRD (X-ray diffraction) for crystallographic structure; 

• PAS (Positron annihilation spectroscopy), Raman spectroscopy, electrical conductivity for point defect 
characterisation; 

• XAS (X-ray analysis spectroscopy) for the local atomic environment and oxidation states. 

Microstructure /Grain scale 

• optical as well as well as scanning electronic microscopy (SEM) for microstructure characterisation; 

• EPMA (electron probe microanalysis) for chemical analysis;  

• XRD for the microstructure analysis (crystallite size, microdistortion); 

• TEM for the study of fission gas bubbles nucleation growth; 

• EBSD (electron back scatter diffraction) for grain orientation;  

• Micromechanics characterization (micro/ nanoindentation); 

• X-ray tomography (using synchrotron radiation);  

• high-temperature X-ray diffraction for phase diagram studies;  

• NRA (Nuclear reaction analysis), Knudsen cell mass spectrometry for gas analysis such as fission 
products or He; 

• SIMS (secondary ion mass spectroscopy) and TDS (thermal desorption spectroscopy) for the 
characterisation of gas contained in fuels down very low concentrations. 

Pellet scale 

• diffusivity or melting temperature measurements for the thermal properties; 

• thermal transport properties; 

• mechanical testing (compression, bending for creep, toughness, fracture properties). 

 
An obvious example of a model that cannot be validated is that from atomistic 

simulation techniques to study the evolution of displacement cascades, i.e., the almost 
instantaneous displacement of thousands of atoms triggered by the collision of an 
impinging energetic particle (e.g., a neutron or a fission atom) with an atomic nucleus. 
Most of what is known of displacement cascades comes from atomistic simulations and, 
to date, no experimental device or technique has been developed that is able to follow the 
evolution of the cascade in space (a few nanometers) and in time (a few picoseconds), 
because of the scales involved. Even if the model cannot be validated, it is however 
sometimes possible to correlate information from this type of modelling with those 
obtained experimentally. Although not directly comparable, vacancy cluster simulations of 
displacement cascades in UO2 can be correlated with regard to size with nanobubbles of 
fission gas observed in fuel by transmission electronic microscopy [21,22]. The coupling 
of experiments and electronic structure calculations has also enabled the determination of 
oxygen [23] and xenon [24] diffusion mechanisms in UO2. Atomistic simulation 
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techniques are therefore a tool, on the same footing as experimental measurement, to 
obtain data and identify mechanisms. While atomistic simulations might be not fully 
accurate, just as experimental measurements are affected by uncertainties not always fully 
quantifiable, they do produce data that help rationalise observed phenomena.  

Examples of models that can be directly experimentally validated include those 
developed to simulate the fission gas release from nuclear fuels. Rate theory models such 
as those in the Margaret code developed at CEA [25], or phase-fields models [26], are 
built based on information from experiments and whenever possible from models at 
lower scales. Such a type of model, by being in principle directly comparable with 
experiments, can be later used to indirectly validate “experimentally unvalidatable” models. 
On the other hand, a model of this type, however, accurate and physically justified, will 
always contain assumptions that are not fully proven, or coefficients and parameters that 
are not fully known, no matter how much effort is made to obtain them from 
experimental measurements or atomistic modelling.  

The process of validation requires that one utilises data coming from a wide range of 
experimental techniques, because there is rarely one experimental technique that can 
provide all the required information. Experiments supporting multi-scale modelling can 
be delicate and time-consuming. Often they require that specimens of the same materials, 
or even better of model materials in which a certain phenomenon is separately observed 
and thus complexity reduced, are tested and analysed using various techniques, and in 
different laboratories. Eventually, the results must be consistent and integrated with the 
help of the models.  

It is important to stress that it is hardly ever possible to obtain experimental 
information for every aspect of a physical model. For example, while it is possible to 
obtain experimental information on microscopic fission gas bubbles using SEM or even 
nanobubbles using TEM [27], the same cannot be said yet about the impact of the 
interaction of fission gas and point defects on gas release. Rate theory models such as 
cluster dynamic can help identify the most probable clusters of defects/gas that lead to 
the release as a function of temperature (see Chapter 18). Those models are themselves 
informed by data from atomistic models (electronic structure calculations). This is why 
more fundamental models are useful and necessary, otherwise there would be no 
information on the invisible atomistic processes.  

Multi-scale modelling approach: Using materials science to solve technological issues 

The ultimate goal of the multi-scale modelling approach applied to nuclear fuels is to 
obtain physically informed fuel performance and safety codes. These codes are used in 
technological contexts to improve existing fuels and design future fuels with increased 
performance and safety features. Therefore, the multi-scale approach not only builds links 
between scales but also between various technical areas of expertise, as well between basic 
research and technology. It provides the opportunity to make engineers who use models 
at large scales and scientists who investigate the physical mechanisms at the origin of the 
fuel behaviour under irradiation work together. 

It is inherent to the complexity of the issues to be solved that, in some cases mid- or 
long-term basic research activities requiring many years before getting to the point of 
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solving particular issues are needed, and anticipation is necessary to provide key tools and 
answers for future challenges. But basic research is now mature enough to bring relevant 
answers to operational issues. In addition, a top-down approach, i.e., the definition of the 
main technological issues where further understanding is needed to increase safety and 
operational margins and the translation into scientific investigations can ensure that the 
multiscale approach meets the needs of the end-users.  

The main objectives of the R&D necessary to improve current fuels and design new 
ones are as follows: 

• improve the flexibility of power reactors as well as their manoeuvrability preventing 
material failure risk in normal and off-normal operating conditions; 

• propose innovative concepts and breakthrough technology to gain significant 
performance margins with regards to safety requirement; 

• accelerate the design process of new, innovative fuels. 

The improvement of the prediction capabilities of fuel performance and safety codes 
by a physics-based multi-scale modelling and simulation approach at the relevant scales 
will of course help reach these objectives. There are many issues where multi-scale 
modelling can improve existing engineering models for current reactors. Then, for Gen-
IV reactors, a thorough understanding of basic processes governing the behaviour of 
advanced fuels is necessary since it is complicated to extrapolate empirical models to new 
conditions outside the domains in which they were developed.  

During in-reactor irradiation, actinide fission produces large quantities of fission 
products, volatile and non-volatile, which have a significant influence on the chemical 
composition, as well as on the structural and mechanical properties of nuclear fuels. In 
parallel, nuclear interactions with neutrons and fission products induce atomic 
displacements and disturb the crystalline structure, while electronic excitations disturb the 
chemical bonds and transport phenomena assisted by temperature and irradiation modify 
the microstructure. The interaction between fission products and the various defects 
created govern a large number of operational properties and processes: cracking, gas 
bubble nucleation, radial migration or corrosive fission product availability at the fuel-
cladding interface. Margins to melting, evolution of point and extended defects, fission 
product chemistry, evolution and release, swelling, microstructure evolution under 
irradiation, including the evolution to high burn-up structure, the mechanical integrity, as 
well as the cladding corrosion, are only some of the key issues to be investigated by 
materials’science. One can mention in particular the following points:  

• One strong objective of the studies relative to safety is to determine the margins to 
fuel melting. The fuel melting temperatures is very dependent on composition, 
defects present and microstructure. The changes due to irradiation in the present 
formulations are more or less empirical and must be thoroughly investigated. The 
fuel thermal conductivity is also a key parameter as it determines the fuel 
temperature in the pin, especially at its centre, and therefore impacts strongly all the 
thermally activated processes, as well as fuel melting in off-normal situations.  

• Fuel fragmentation and pulverisation during a loss of coolant accident (LOCA) is 
another safety-related behaviour issue. The effect of high temperature on the 
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fission gas pressure in the gas bubbles within the grains and on the grain 
boundaries in the pellet centre and in the highly porous high burn-up structure on 
the pellet periphery, 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. For example, one of the questions that are of critical 
importance for LOCA safety analyses, and for which satisfactory answers are 
presently elusive, is to quantify the thermal conductivity of fragmented/pulverised 
pellet, which can only be provided through multi-scale modelling (see Chapter 7).  

• The numerous point (vacancies, interstitials) and extended (dislocations, fission gas 
bubbles, grain boundaries) defects created under irradiation will impact significantly 
the fuel and fission product behaviour. The cation self-diffusion determines for 
example the creation of sinks for insoluble fission products, in particular gases, but 
also grain growth and the creep properties. In addition, the mechanisms of creation 
and growth of extended defects, such as dislocation lines or large cavities and 
bubbles, must be better understood in view of modelling the formation and the 
behaviour of the high burn-up structure and of understanding the effect of 
pressurised bubbles on the fuel matrix. While most of the existing knowledge was 
obtained in a semi-empirical way, significant advances can be expected from the 
development of increasingly more reliable atomic scale simulations associated with 
experiments (see Chapter 7). 

• The evolution of fission rare gases in fuels is closely coupled to fuel performance 
and limits the maximal burn-up they can be submitted to. These fission gases, 
because they are chemically inert and particularly insoluble, tend either to form 
small nanometre size clusters by interaction with vacancies or to be released from 
the fuel. This induces an over-pressurisation of the rod, which increases the 
pressure on the clad and extensive fuel swelling, which leads to mechanical 
interaction with the clad and increases the probability for clad breach [28]. Retained 
fission gas bubbles also decrease the thermal conductivity of the fuel and 
consequently contribute to limiting the operating temperature and the degree of 
burn-up. Understanding and modelling the elementary mechanisms of the solubility 
of gas in fuel lattice and in bubble are of paramount importance to predict the 
proportion of gas remaining in the fuel and the quantity released [29] and could 
help in developing solutions to mitigate the consequences of the formation and 
evolution of these large quantities of gas.  

• The microstructural changes (see Chapter 1) and mechanical behaviour (see 
Chapter 2) of nuclear fuels under irradiation are of course central to predicting the 
structural integrity of fuel elements. Although three-dimensional thermomechanical 
modelling is now becoming widely available, current modelling in fuel performance 
codes relies mainly on mechanical behaviour laws that have been obtained from 
integral in-pile experiments. Extrapolation of these laws to materials or irradiation 
conditions is often tenuous. One need is therefore to draw on recent experimental 
and modelling advances to develop and improve elastic, plastic, creep and fracture 
models. Fuels are polycrystalline materials, therefore grain boundaries play an 
important role in fuel mechanical integrity. Microstructure features such as 
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porosities or fission gas bubbles appearing under irradiation, as well as the high 
burn-up structure, also play an important role on the fuel behaviour. Grain 
boundaries have an influence on defect [30], gas diffusion [31, 32] and on the 
consequence of irradiation damage [33]. Progress in the modelling of the 
microstructure (grain aggregates, gas bubbles or porosity network) has been made 
over these last years and are to be used to model the behaviour at the grain level 
[34]. Recent advances proposed to model grain boundaries at the atomistic scale 
will also contribute to a better modelling of the microstructure and their influence 
on mechanical properties at higher scales.  

• Finally, the fuel-cladding interaction (see Chapter 3) is a very important safety issue 
since it can lead to cladding corrosion and failure. The knowledge of 
thermodynamic data for fuel and fission product is a major requirement to derive 
reliable thermodynamic models and fission product speciation, especially for off-
normal situations. Specific needs concern the consideration of the highly oxidising 
conditions, the gas phase species and the effects of interactions with structural 
materials, cladding or absorber rod. Moreover, the coupling between mechanics 
and thermochemistry [35,36] is a promising approach to investigate the fuel-
cladding interaction, in particular in transient or accidental conditions. 

Conclusions and recommendations 

The multi-scale modelling and simulation approach has the objective to describe the 
thermomechanical, physical and chemical evolution of nuclear fuels and combines 
modelling tools from the atomic scale through the intermediate grain scale all the way up 
to the pellet/rod scale (engineering scale). It relies on the idea that, in order to describe 
beyond empiricism the behaviour of materials and especially of nuclear fuels under 
irradiation, it is necessary to use the proper tool to model a given phenomenon at the 
appropriate scale. It also requires that the information and relevant mechanisms relating 
to the behaviour of fuel at a certain scale inform the neighbouring scale, so that models at 
each scale can be more physically representative and more accurate. It is important to 
stress that the multi-scale approach does not only build links between scales but also 
between various technical areas of expertise, as well as between basic research and applied 
technology. It is an effective tool for translating technological issues into scientific 
questions and scientific understanding into practical descriptions. 

Multi-scale modelling does not aim at replacing experiments. The objective is to 
couple modelling with experiments performed at the relevant scales to obtain further 
insight into the basic phenomena of fuel behaviour under irradiation. Models need to be 
informed by experiment at many different scales, using combinations of the most 
advanced materials characterisation techniques. In turn, modelling helps to design optimal 
experiments and contributes to an improved interpretation of the results.  

It has been shown that a key scale in fuel behaviour is the grain or mesoscopic scale 
because it aggregates atomic scale descriptions and, in turn, acts as the foundation for 
macroscopic modelling and therefore bridges the two extreme scales. This scale therefore 
enables the real transfer of information from the lower to the higher level. Although they 
are absolutely essential, macroscopic and atomic scales should not absorb all the effort of 
the multi-scale modelling. The challenge for the future is to enrich the already existing 
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multi-scale modelling and simulation approach by developing models at the mesoscopic 
scale to further strengthen links between the atomic and macroscopic scales. This needs 
to be done by systematically addressing the problem of transferring information from one 
scale to another.  

The multi-scale modelling future is of course intimately connected with advances in 
computer power and high-performance computing. The integration of experiments, 
modelling and high-performance computing will, in the near future, open the doors for 
increased modelling and simulation capability with greater application of physics-based 
models integrated into fuel performance codes. In the longer term, this will pave the way 
towards computer-assisted materials discovery and design and enable us to obtain more 
efficiently innovative fuels with improved performance and safety features. Modelling and 
simulation will also accelerate regulatory approval for new fuel systems. 
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