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1. Introduction
Even though they appear continuous, materials are discrete and made of atoms or, more precisely, of atomic
nuclei (ions), surrounded by electrons. The description of many physical phenomena mandatorily requires that
materials should be described as a set of discrete atoms. For example, the ballistic redistribution of the atoms
of a solid when many of them are displaced by incoming particles involves mechanisms that strictly occur at
the nuclear and atomic levels. Likewise, the identiﬁcation of mechanisms whereby atoms of diﬀerent species
are rearranged by diﬀusion in solids involves the atomic structure of materials. Most physical properties of
materials — e.g. optical, magnetic or thermal, as well as chemical — depend on the states of the electrons
that surround the atomic nuclei. 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, however, practically impossible, except in simple cases that involve a limited
amount of ions and electrons. Thus, even if the atomic and discrete nature of materials is taken into account,
approximate models need to be devised.
Despite the discrete nature of materials, for most applications the approximation of describing them as a continuum with uniform properties is appropriate. This is typically done for liquids in ﬂuid mechanics and for solids
in continuum mechanics, in the latter case to calculate the stress and strain ﬁeld, or the temperature ﬁeld, in
all parts of a material subjected to a given mechanical and/or thermal external load. However, by looking at
the structure of solids with microscopes of increasing magniﬁcation, intermediate structures can be identiﬁed
that reveal discontinuities even without going down to the atomic level. In solids, grains and sub-grains can be
recognised and the mechanical properties of, for example, metals depend enormously on how these grains are
structured and change under the conditions to which the material is subjected. Each grain is a crystal in which
atoms are distributed according to a repeating pattern, oriented in a certain way, but they are never perfect: defects — i.e. discontinuities in the perfect crystal structure — ranging from point defects — i.e. vacancies (missing
atoms) or interstitials (atoms in excess) — to dislocations (lines resulting from the displacement of a block of
material with respect to another block), determine, for example in metals, the properties of ductility or brittleness. In fact, materials, especially metals, would be in most cases useless without defects. These intermediate
structures (grain boundaries, dislocations, point defects, etc.) can be taken as the unit building blocks to describe
the behaviour of the material at that speciﬁc scale for a speciﬁc phenomenon. Accordingly, discrete modelling
tools that describe atomic-level processes in solids (molecular dynamics, either based on quantum-mechanical
electronic structure calculations — ﬁrst-principles or ab initio — or, more frequently, on the use of classical
empirical interatomic potentials), or the evolution of defects in them making abstraction from the underlying
atomic structure (kinetic Monte Carlo, rate theory, dislocation dynamics, etc.) have been progressively developed
in the last 60 years [1]. These tools, which rely heavily on the use of computers for simulations, have become
increasingly widespread since the early 1990s, because the growing power of computers has allowed ever-more
detailed and massive calculations of this type to be performed, and are now commonly used in such complex
materials as multi-component iron alloys or actinide compounds.
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Radiation damage in solids represents an extreme case in materials science, because the almost instantaneous displacement of atoms localised in a region of a few nanometres by an energetic impinging particle (e.g. neutron or ﬁssion product), repeated several times at diﬀerent points of the material over time,
is at the origin of changes in the performance of whole reactor components. For example, in the case of
metals used as structural materials this leads to reduction of the amount of deformation experienced
before breaking (reduction of fracture toughness), as is typical of a brittle material: a behaviour certainly
not desired in a structural component. In nuclear fuel, the accumulation of defects and ﬁssion products,
especially gases, produces cavities and bubbles, which induce in particular microstructure changes and
macroscopic swelling, which in turn lead to cracking. So, in radiation damage, atomic- or even nuclearlevel processes lead to changes in the way large components, such as a reactor vessel or a fuel pin,
respond to loads. In order to be able to describe the physical behaviour of materials under irradiation
beyond empiricism, therefore, it is necessary that one develops models for nuclear reactions (activation,
transmutation, etc.), atomic-level processes (cascades of atomic displacements, diﬀusion of chemical
species and of defects, etc.), nano- and micro-scale processes (development of nanostructural features
such as dislocation loops, segregation of chemical species that change locally the property of the material
leading to, for example, localised corrosion, etc.), meso-scale processes (movement of dislocations that
govern plastic deformation, or changes in grain boundary behaviour, etc.), and ﬁnally macro-scale processes (crystal plasticity applied to aggregates of grains, or continuum mechanical calculations of stress
and strain distributions in a component, etc.). In other words, the physical description of the behaviour of
a material requires the use of models that address the correct scale for the phenomenon at hand. It also
requires that the information about the behaviour of the material at a certain scale is somehow transferred to the higher scale, so that the model at this higher level can be more accurate. This is the principle
of the multi-scale modelling approach [1].

2. Multi-scale modelling, experiments and technology
The development of multi-scale models belongs to fundamental science. The problems that need to be addressed and solved for their development encompass diﬀerent ﬁelds of physics and materials science, from
quantum mechanics to the theory of plasticity, including oen the need to solve purely numerical problems
for the implementation of a speciﬁc model or the development of a new modelling tool. It is also, inherently,
a long-term research activity, which in some cases requires many years before getting to the point that a
speciﬁc goal of practical relevance is reached: progress can only be incremental. However, this type of research has a strong interaction with, on the one side, experiments and, on the other, technology.

2.1.

Modelling and experiments

No model with the ambition of helping in the interpretation of experimental data on a given phenomenon
can be conceptually designed and built without a deep knowledge of the experimental phenomenology.
One should know which problems should be studied, have as much experimental evidence as possible of
the mechanisms involved, and dispose of suﬃcient data to elaborate a conceptual model to guide the
development of actual mathematical models and calibrate them. This is very diﬀerent from ‘experimental
validation’. Models, even multi-scale models that start from so-called ab initio, or more generally electronic structure calculations (i.e. calculations performed from ﬁrst physical principles, without parameters,
based on quantum mechanical theories and approximations, see for example Martin (2004) [2]), are not
developed in a separate world of platonic ideas and then brought down to earth so as to be compared
with experiments, to be ’tested’ and to ’see if they work’ (i.e. ‘validated’). Models need to be informed on
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experimental facts and these facts need to be explored at many diﬀerent scales, using a combination of
the most advanced materials examination techniques. In addition to mechanical testing for macroscopic
properties (tensile, hardness, Charpy, fracture toughness, etc., as well as nanohardness or small punch
tests [3]) and electron microscopy in all of its forms and varieties for microscopic properties [4], analytical
techniques such as atom probe tomography [5], small-angle neutron scattering [6], positron annihilation
spectroscopy [7], X-ray absorption spectroscopy [8], internal friction [9] and magnetic aer-eﬀect [10] are,
by now, all combined, irreplaceable tools in the development of physical models that describe radiation
eﬀects, because of the detailed information they provide down to the least visible scales (see for example
Meslin et al. (2010) [11] and Lambrecht et al. (2010) [,12]). 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 the model
can be elaborated and veriﬁed in all or most of its aspects. In other words, what a physical model is
chieﬂy expected to do is give an explanation of why the experimental data are as they are. The
fact that experimental data are correctly reproduced by a physical model is likely to mean that the dominant mechanisms have been properly identiﬁed and quantiﬁed and the identiﬁcation of the 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 and plan experiments to verify them. In practice, this does not occur very oen. This is
why the expression ’experimental validation‘ of models, as if models and experiments were two separate
worlds compared only at the end of a process, is misleading and one should rather talk of the ‘combination of models and experiments in order to better understand reality’.
One should also consider that advanced physical models and modelling tools are divided in 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. The former type simply cannot be ’experimentally validated’. The obvious example of models
that cannot be directly validated are atomistic simulation techniques used to study the evolution of displacement cascades in a material — 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 product) with an
atomic nucleus. Most of what is known on displacement cascades comes from more or less advanced atomistic simulations and, to date, no experimental device or technique has been developed that would be
able to follow the evolution of the cascade in space (a few nanometres) and in time (a few picoseconds),
because of the smallness of the scales involved. Another example will help to understand the diﬀerence
between the two types of models or modelling tools: let us imagine that we want to develop an accurate
physical model that describes the formation of cavities in irradiated materials. The development of such
a model will require knowledge of the diﬀusion coeﬃcients of clusters of vacancies of all mobile sizes
and there is no experimental technique in the world that is capable of following the motion of a vacancy
cluster to provide such numbers. Atomistic simulation techniques (atomistic models) are the only hope to
obtain an assessment of such quantity. They are therefore a tool, on the same footing as an experimental
measurement, to obtain a quantity that we need to know so as to understand reality better. The value we
obtain from the atomistic simulation might not be fully accurate, just as an experimental measurement
is aﬀected by uncertainties oen not fully quantiﬁable. However, it is ’the best we can do’ to produce data
that we believe we need to better rationalise what we observe happening in reality. In some cases, the
use of these fundamental models might trigger the experimental search of expected phenomena. For
example, one might discover, using ab initio calculations, that a chemical element B has very strong afﬁnity for self-interstitial atoms (SIAs) in a crystal of element A — i.e. that there is a strong binding in A
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between the SIA and B atoms. Based on this fact, one may deduce, or at least suspect, that clusters of SIA,
that form in A under irradiation and grow to become dislocation loops, visible in an electronic microscope,
should contain element B: this is a ’prediction‘ that might be experimentally veriﬁable. This is, for example,
what happened in iron–chromium (Fe–Cr) alloys, leading all the way to ﬁnding the likely reason for, among
other things, reduced swelling in iron alloys that contain chromium [13] or the possible origin of higher
radiation hardening in Fe–Cr as compared to Fe, as well as the minimum in the radiation embrittlement
for 9 % Cr steels [14]. However, even if no B was found experimentally in dislocation loops in A, it would
not necessarily mean that the SIA-B aﬃnity does not exist: it might be limited to a few SIA or it might not
be easily detected with the available experimental techniques. Verifying this requires, on the one hand,
the development of proper interatomic potentials to go beyond the size limitation of ab initio calculations,
as well as, on the other, the design of ever-more–reﬁned experiments. The latter is unfortunately not
always practically feasible, or might be extremely expensive, so in many instances one must be content
with the indications coming from interatomic potentials, which become therefore very useful tools that
compensate for the impossibility of doing corresponding experiments. Moreover, an interatomic potential
can, in turn, be used to parameterise the second type of models.
The above-mentioned model that describes cavity formation is an example of this second type of models: it will be built based on information from experiments and from more fundamental models, in this
speciﬁc case atomistic models used to assess the mobility of vacancy clusters. Such a type of model,
by being in principle directly comparable with experiments, can be later used to ’validate‘ indirectly the
numbers that come from ’invalidable‘ models. On the other hand, a model of this type, however accurate
and physically justiﬁed, will always also 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 ab initio or
from experimental measurements. The model will therefore unavoidably require some ’calibration’ that
goes together with its validation. The process of calibration/validation requires that one disposes of data
coming from a wide range of experimental techniques, because advanced multi-scale models provide
information about virtually any detail of the changes undergone by materials under certain conditions,
but there is never one single experimental technique that can provide all the required information. In
this sense, experiments in support of the development of multi-scale modelling can be very expensive,
delicate and time consuming, because they will require that specimens of the same materials (better if
model materials, in which a certain phenomenon is better observed, or the complexity is reduced, so that
the model can be better developed and tested) are analysed using various techniques, oen in diﬀerent
laboratories [11, 12]. Eventually, the results must be consistently combined and this is of course done, in
turn, with the help of models. But it is important to stress that it is hardly ever possible to obtain experimental information on all the numbers that come out of a physical model. For example, while it is possible to obtain experimental information on all types of defects created by irradiation that involve missing
atoms (i.e. vacancies) in the whole range of sizes, from very small clusters (using positron annihilation
spectroscopy) to large cavities (using electron microscopy or small-angle neutron scattering), the same
cannot be said for interstitial-type defects, which are only visible to the electron microscope but invisible
below a certain size. This is why more fundamental, invalidable models based on solid physical theories
(e.g. quantum mechanics or approximations of it in electronic structure, or ab initio, calculations) are useful and necessary, as otherwise there would be no possibility of getting any kind of information on those
invisible processes and relevant numbers. This is also why some calibration is generally unavoidable: not
everything can be calculated, even though eﬀorts are made, using more fundamental modelling tools,
to reduce the need for calibration to the very minimum (and it should not be ’ﬁtting’, and so on). Once
calibrated, models of this second type can also be used to attempt predictions within a given range of
validity that, since they are physical models, is generally fairly well deﬁned. Eventually, these models can
indeed be used to explore a spectrum of conditions that experimentally could not be explored entirely,

410

Lorenzo Malerba
providing hints for the interpretation and rationalisation of experimental results, but also anticipating
experimental results for yet unexplored conditions. In this sense, models, if appropriate, will help better
focus new experiments, both modelling-oriented and technology-oriented. It is in this sense that they
achieve some level of predictive capability. The overall relationship between physical models and experiments is schematically illustrated in Fig. 2.1.
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Figure 2.1: Schematic description of the interrelation between experiments and modelling when building a physical
model that has the ambition of being predictive

It should be emphasised that, diﬀerently from the commonplace misconception, the goal of scientists
who develop multi-scale materials models is not to ’chain codes to predict materials behaviour replacing
experiments’. Instead, the main goal is to understand the physical mechanisms that lead to the eﬀects
observed experimentally, a desire that is also intimately connected with the human hunger for knowledge
and the fascination of science. Ultimately, it is not impossible that good computer scientists can cleverly
combine diﬀerent established models to provide a chain of codes that is 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. More generally, one should consider
that the multi-scale modelling approach includes many tools and is altogether one more tool at our disposal with a view to understanding reality and trying to predict its evolutionary trends. This is illustrated
graphically in Fig. 2.2. Figure 2.3 compares a rigid interpretation of the multi-scale modelling approach, in
practice disconnected from reality, with the interconnection between tools that is oen actually applied.
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Figure 2.2: Multi-scale modelling tools, experimental techniques and other tools are not rigidly organised in a
hierarchy — instead they can all be combined to increase our level of understanding and capability of predicting
the behaviour of materials

2.2. Modelling and technology
The connection of multi-scale modelling with technology might appear for some a bit loose, but it deﬁnitely exists. First of all, the phenomena that are investigated always correspond to technological concerns in the case of which purely empirical approaches have not led to fully satisfactory solutions, or for
which there is a strong belief that a deeper understanding of the physics will lead to an improved mastering or exploitation of the phenomenon at hand (a good example is semiconductor doping for the electronic
industry). Secondly, the insight gained from a physical understanding of the phenomena of interest, based
on the combination of models and modelling-oriented experiments, will suggest ways of proceeding at
the technological level to mitigate the problem or to better exploit the physical process of interest. The
connection between physical models and technology is schematically illustrated in Fig. 2.4. These models,
as illustrated in Fig. 2.2, should not be separated from the numerous other tools in the hands of scientists
and engineers (including the human brain capability of making conclusions and decisions out of limited
amounts of data and evidence) for the identiﬁcation of new technological processes or mitigation solutions. In some cases they can also give indications for the development of semi-empirical correlations
that, by relying on a mechanistic approach, will eventually prove to be more reliable.
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Figure 2.3: Le: rigid and idealistic schematisation of a multi-scale modelling approach; Right: multiple connections
between multi-scale modelling tools, as used in reality

A ﬁrst example of the last point, of relevance for nuclear energy, is the development of trend curves that
describe the embrittlement (increase of the ductile-brittle transition temperature) of reactor pressure
vessel (RPV) steels as a function of neutron dose (and many other variables, especially temperature,
ﬂux and chemical composition). Pressure vessels are irreplaceable components of nuclear power plants
(NPPs), the lifetime of which essentially decides the lifetime of the whole reactor unit. The development
of physical models (especially atomistic models) of increasing complexity, combined with advanced experimental examination techniques (especially atom probe), led to the identiﬁcation of the fact that not
only copper precipitation and phosphorus segregation were responsible for the embrittlement, but also
nickel, manganese and silicon, thereby pushing to the elaboration of new semi-empirical correlations of
mechanistic derivation [15, 16]. These physical models suggested — and further progress is being made
in this respect — that the mechanisms involved are much more complex than initially thought and led to
predictions of facts that might have been, and indeed have been, observed at high enough neutron dose
(ﬂuence), namely the formation of manganese-nickel–rich clusters. As a matter of fact, right now one of
the concerns for utilities that intend to extend the lifetime of existing NPPs is the lack of high ﬂuence data
for pressure vessel steels and the uncertainty in their interpretation, because of two important questions
in the background: (1) Can we rely on embrittlement data coming from materials test reactors where the
neutron ﬂuence reached is higher but also the ﬂux is much higher than in power reactors?, (2) Is it true
that, above a certain incubation dose, a sudden increase in the embrittlement will appear, related with
the appearance inside the material of what are called ’late blooming phases’? Both these questions are
diﬃcult to answer experimentally because of the cost of experiments (in terms of resources but also time,
if low ﬂux/high ﬂuence data are to be collected) and the large spread that is encountered in the relatively
limited amount of high ﬂuence data obtained at both low and high ﬂux. However, recent advances in
multi-scale modelling, mostly achieved in the framework of the Seventh Framework Programme (FP7)
PERFORM 60 project, led to a high level of understanding of the mechanisms of formation of the so-called
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late blooming phases and, based on this, to the development of physical models that can, up to a certain
extent, under appropriate approximations, describe the nanostructural evolution under irradiation of iron
alloys that model RPV steels [17, 18]. These models, although they still require elaboration and improvements, will allow studies of the eﬀect of ﬂux to be systematically performed. These models suggest that
what have been named late blooming phases might actually be a misleading concept. By understanding
their mechanisms of formation, which appears to be intimately related with the production of radiation
defect clusters, one can preliminarily deduce that these features do not appear ‘late’ as they start in fact
forming very early (even though experimentally they cannot be detected: but atomic-scale models can
’see‘ them even when experimental examination cannot), and that they follow a continuous evolution,
such that no sudden ’blooming‘ will probably ever occur [19]. Their eﬀect on embrittlement will probably
be steadily growing according to a law that is close to being deduced from physical considerations, which
most probably does not lead to any catastrophic eﬀect (thereby appeasing the fears of utilities, and so
on). These models will help to focus future expensive experiments, as well as the analysis of the data, on
the investigation of more precise and relevant questions than has been done so far.
PHYSICAL MODELS

MODELS & MODELLING ORIENTED EXPERIMENTS

THECHNOLOGY

Empirical correlations
do not help

ISSUE:
- Process to be mitigated because it
prevents or hinders technological
application
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increase technological eﬃciency

- Better understanding
- Quantitative indications

More reliable
mechanistic correlations

- Mitigation strategy
- Better exploitation

- Prediction of trends
- Interpretation of experimental data

Figure 2.4: Schematic description of the interrelation between technology and physical modelling

A second example concerns nuclear fuels. The evolution of ﬁssion gases in fuels is closely coupled to
their performance and limits the maximal burn-up they can be submitted to. These ﬁssion gases, because
they are rare gases 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:
• over-pressurisation of the rod, which increases the pressure on the clad walls;
• extensive fuel swelling, which leads to mechanical interaction with the clad and increases the
probability for clad breach [20].
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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 the elementary
mechanisms of the solubility of gas in fuel lattice and in bubble is paramount to predict the quantities
of gas staying in the fuel and those released [21] and will help in developing solutions to mitigate the
consequences of the formation and evolution of these large quantities of gas.

2.3. Elaboration of a multi-scale materials modelling plan
When elaborating a plan for the development of (multi-scale) physical models to investigate a given phenomenon, it is extremely important to keep in mind the feasibility of the plan, based on the knowledge of the
state of the art, as well as, as much as possible, the expected timeframe. Modern modelling tools are not
all-powerful, irrespective of the power of available computers. One could fantasise over ab initio simulations
of the interfaces between a steel and a ﬂowing liquid metal to investigate liquid-metal embrittlement, or between irradiated fuel and its cladding leading to mechanical-chemical interactions between them, but such
plans, although in principle possible with a science-ﬁctionally powerful computer, are unfeasible in practice.
More to the point, it is not by attempting the simulation of a very complex phenomenon, including all the
complexity of the system, that one understands and quantiﬁes the underlying physical mechanisms. 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 model.
In this case, the physical model that includes contributions from invalidable calculation techniques can actually provide an added value to cast some light on still unclear issues. Oen, 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 to try to rationalise experimental observations: without this knowledge, no further step can be taken and it would be delusive to expect that all aspects of the
problem can be elucidated by trying to simulate it in the computer. The development of physical models and
the application of computer simulation should be undertaken with precise questions in mind that it seems
possible to answer with the available tools. Oen, atomistic models allow diﬀerent possible mechanisms to
be explored and might sometimes reveal unexpected mechanisms. However, in general one should never
assume that everything can be obtained ab initio, even though ab initio calculations are very powerful and
by now essential tools in our hands; nor should one think that, by simply reproducing certain conditions in
the computer simulations, answers to questions will come out spontaneously. The use of the brain to ‘Cartesianly’ split the problem into parts that are simpler to address is not an obsolete practice: it remains key
when designing a modelling plan. Consistently with what has been said 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 also from the experimental work: the ﬁnal model will have to include
these mechanisms one way or another and the data will be usable for the calibration of the model (even
though the objective is not that the model should be ﬁtted, but rather that the calibration should occur on
parameters physically well-deﬁned, though not fully known either from experiments or calculations). The
tools to be used to develop the model should be identiﬁed depending on the scale and one should be able
to select the most suitable one out of a, by now, fairly wide choice: sometimes the diﬀerence between tools
lies only in very technical and subtle details, but they can be important. Sometimes it turns out 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 caught is certainly stimulating because of
the challenge it poses and is part of the path to be followed towards steady progress. However, experience
shows that the development of new tools or approaches is time consuming, it is never as easy as one might
think at the beginning, it always requires proceeding step-by-step and it oen leads to the need to solve
numerical or mathematical problems that will probably look to the layman as totally academic and of hardly
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any use, but might require years to be solved. Thus, in the case of an especially complex phenomenon, one
should not rely too much on the development of revolutionary modelling tools, nor attempt a 360 simulation. 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.

3. Multi-scale modelling activities in EERA’s Joint Programme Nuclear
Materials (JPNM)
From what has been said above, it is clear that the development of multi-scale models, which rely enormously not only on computer simulation but also on reﬁned experiments, especially in the nuclear materials
ﬁeld, is at the interface between fundamental science, applied science and technology. It is a sort of torch
that casts lights here and there and helps decide where to search further in the attempt to take our bearings
in the dark room that is oen the behaviour of materials. It provides a set of tools that enable the assessment of quantities that cannot be experimentally measured, or the exploration of conditions experimentally
problematic to reproduce and that, in combination with appropriate experiments, can determine a signiﬁcant
leap forward in our understanding. It is a necessary activity in view of the optimisation of materials for
nuclear reactors, of a better mastering of nuclear reactor safety issues that unavoidably involve materials,
and in general to provide the scientiﬁc background that is always needed in order for innovation to emerge
from a sea of fundamental research. Moreover, because of the extreme complexity of the processes that
occur under irradiation, multi-scale models developed for nuclear materials oﬀer as spin-oﬀs valuable contributions to the development of similar models for simpler processes, for example, thermal ageing, which
is an issue common to all high-temperature energy technologies. It is, however, an activity that, at the moment at least, cannot enjoy direct support from industry (besides in part by very large utilities that can aﬀord
large research, development and innovation departments) and that unavoidably competes with other, more
technology-oriented (even though generally more costly), applied research activities, not only in connection
with existing reactors but even more with future (Generation IV (Gen IV) and fusion) systems. In this respect,
it does need the support of public money (both at national and European levels) to keep ﬂourishing and to
maintain the level of advancement and maturity reached in the last decade in Europe, right now superior
to other ’nuclear continents’ such as the Japan and the United States, or emerging Asian countries (China,
India, etc.). In particular, it is widely recognised that in order to move to systems that, like Gen IV and fusion
reactors, will subject materials to extreme conditions, thereby requiring that the properties of materials are
progressively improved, a strong basis of physical and mechanistic understanding is mandatory. For this
reason, in the framework of the Joint Programme Nuclear Materials (JPNM) of the European Energy Research Alliance (EERA), two sub-programmes (SPs) exist that are devoted to the development of multi-scale
physical models for structural materials (SP4) and fuel (SP6).

3.1. Multi-scale modelling applied to nuclear structural materials
The multi-scale modelling activities in the SP4 (modelling of structural nuclear materials) of the JPNM are
organised in work packages (WPs) that match the other SPs devoted to structural materials. Namely, WP1 is
devoted to modelling alloys that correspond to commercially available nuclear steels — i.e. on the one hand
ferritic/martensitic (F/M) steels and, on the other, austenitic steels, mirroring the SP1. WP2 is meant to model
oxide-dispersion strengthened (ODS) F/M alloys (the subject of SP2), and WP3 was foreseen to address the
modelling of ceramic composites and refractory alloys (the subject of SP3). For what concerns WP2 and
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WP3, task forces are currently busy with the elaboration of a JPNM coordinated modelling plan. There are
a number of European research centres interested in modelling ODS alloys and already progressing in that
direction, but in a still not fully coordinated way. The activity on ceramic composites and refractory alloys, on
the other hand, is actually currently very limited. On the contrary, WP1 includes a large amount of ongoing
coordinated activities in Europe, within deﬁned pilot projects, many of which have been or are part of the
work performed in FP7 projects and, hopefully, to be performed in Horizon 2020.

3.1.1. Issues addressed in WP1 — F/M and austenitic steels
The physical modelling activities in WP1 of the SP4 of the JPNM address mainly the following two issues,
having in mind mostly ferritic and partly also austenitic iron alloys:
(1) nanostructure and microchemical evolution under irradiation and thermal ageing;
(2) radiation-induced hardening and embrittlement.
In addition, some activities start to try to address the following issues:
(3) radiation-induced embrittlement without hardening;
(4) loss of elongation due to plastic ﬂow localisation;
(5) thermal creep and creep-fatigue;
(6) swelling and irradiation creep;
(7) liquid-metal corrosion and embrittlement.
There are several reasons why the most established activities concern nanostructural and microchemical evolution under irradiation and subsequent hardening (which in turn causes embrittlement).
• These issues correspond to well-posed problems for the available modelling tools: the scales are
adequate for atomic-level and nano-scale tools, the responsible physical mechanisms are qualitatively
well known (displacement cascades, defect and solute diﬀusion, dislocation-defect interaction, etc.) and
it is therefore feasible to devise a sequence of tools that altogether can potentially provide a complete
model that spans several scales (ab initio → molecular dynamics → kinetic Monte Carlo and/or rate
theory → dislocation dynamics → crystal plasticity, and so on).
• The problem of describing the nanostructural and microchemical evolution is key almost irrespective
of the radiation eﬀect addressed, because these changes are always at their origin; thus, it is quite
obvious that large eﬀorts in this direction have been made using atomic-level and nano-scale
simulation tools.
• Since hardening and embrittlement is a problem that aﬀects RPV steels of current NPPs, it has been
addressed already for a long time and by many laboratories worldwide, so the incremental advances
that have been made brought the community very close to obtaining very relevant results and an
increasingly large amount of researchers have been willing to contribute to this eﬀort. The fact that
the problem remains of relevance for Gen IV and fusion reactors obviously causes the community to
be even more prone to putting eﬀorts on these issues.
Radiation hardening and embrittlement
In FP7 projects such as PERFORM 60 [22] and GETMAT [23], signiﬁcant advances have been made towards
the development of models at diﬀerent scales that manage to explain the processes leading to radiation
hardening and subsequent embrittlement. Tools and models have been developed that allow one to be evermore quantitative and possibly eventually predictive in some respects. Wide knowledge has been accumulated
concerning the eﬀect of the most important alloying element in iron on the nanostructural evolution under
irradiation, both interstitial (C and N) and substitutional (Cu, Ni, Mn, Si, P, Cr, etc.), thanks both to extensive
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ab initio calculations [24] and to the development of multi-component interatomic potentials [18]. The latter
rely on the solid methodology that has been established for their development, based both on ab initio
calculations and thermodynamic information from phase diagrams, now explicitly accounted for in the ﬁtting
of the potentials [25]. Atomistic kinetic Monte Carlo techniques have been pushed to high levels of physical
and chemical complexity and computational eﬃciency: they can be used to simulate the ﬁrst stages of
irradiation processes in complex alloys (almost all important alloying elements are included) [26], as well
as the annealing (e.g. in resistivity recovery experiments) [27], and processes such as radiation-induced
segregation [28], or to study systematically the mobility of vacancy clusters in alloys, including the possibility
of forming complexes with solute atoms [29]. All this information can be used to reﬁne nanostructure
evolution models. In particular, a reasonable kinetic Monte Carlo model has been developed that reliably
describes, as compared to experiments, the build-up of populations of defects (vacancy and SIA clusters,
evolving to voids and dislocation loops) in iron-carbon (Fe–C) alloys, in a range of temperatures from room
to ~ 300 °C, including post-irradiation annealing experiments [30, 31]. From this basis, ﬁrst approximation
models for more complex alloys have been calibrated [32]. Eﬀective methods have been developed to
transfer information about dislocation/defect interactions simulated atomistically with molecular dynamics
to mesoscopic dislocation dynamics models [33], thereby being able to reproduce the irradiation hardening
measured in experiments, based on physical grounds [34]. Dislocation dynamics-based constitutive equations
for crystal plasticity simulation have been elaborated [35]. In this way, a true connection between scales is
now in place. All these advances, although not yet enough to make multi-scale modelling tools of direct use
for industry or for reactor design, are very encouraging.
The still open issues, on which eﬀort needs to be focused now, are:
• the development of models capable of describing at the same time, and up to suﬃciently high doses/
temperatures, the nanostructural and the microchemical evolution under irradiation, especially in
concentrated alloys, including at least all the most important alloying elements found in nuclear
steels in connection with radiation damage eﬀects and ageing in general;
• the further development of methods to describe, in atomistic kinetic Monte Carlo models, the
eﬀect of the presence of defects that produce large strain ﬁelds (dislocation lines and loops, grain
boundaries, etc.), as well as the inﬂuence of vibrational and magnetic entropy on migration barriers
at high temperature;
• the consolidation of the link between molecular dynamics and dislocation dynamics, on the one
hand, and of the latter with crystal plasticity, on the other, in order to be able to obtain from physical
models the stress–strain curve of irradiated steels;
• the identiﬁcation of physics-grounded eﬀective methods to obtain the fracture toughness of
metals, beyond the current semi-empirical approaches, probably starting from a re-visitation of
the local approach.
Of all, the last issue is the most challenging one, in view of reaching the level of maturity that is necessary to meet the expectations from the multi-scale modelling approach in connection with technological
applications. It is also of paramount importance that adequate and wide-range modelling-oriented irradiation and post-irradiation examination experimental programmes on model alloys and steels are set up
and performed, to provide the experimental insight required to advance further in the model development
and, eventually, validation, along the lines already discussed in Section 2. This will in fact necessarily
absorb a signiﬁcant amount of resources.
Concerning the other issues addressed in WP1, points (3) to (7) above, they all correspond to complex
phenomena, on which the level of understanding of the fundamental mechanisms is not as high as for
nanostructural and microchemical evolution, on the one side, and hardening and embrittlement, on the
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other. They are brieﬂy described in what follows. These descriptions show that on each of them further
work is needed to progress towards models that fully connect with the technological applications.
Radiation-induced embrittlement without hardening
Radiation-induced embrittlement without hardening is related with segregation of chemical elements at
grain boundaries capable of promoting intergranular fracture [36]. A special version of this phenomenon
corresponds to helium embrittlement, which is expected especially under fusion spectra at high temperature and is also connected with void swelling [37, 38]. Most physical studies focus on the evaluation,
with atomistic calculation techniques, of the change in the grain boundary energy due to the segregation
of speciﬁc elements [39, 40] according to diﬀerent mechanisms and under diﬀerent forms, including He
bubbles [41]. However, to be useful in connection with structural integrity applications, this knowledge
should in principle be transformed into information introduced in crystal plasticity models, such that the
occurrence of intergranular versus transgranular fracture is predicted. This remains a far goal.
Plastic ﬂow localisation
Loss of elongation due to plastic ﬂow localisation within clear bands (dislocation channels) is a phenomenon
observed in all irradiated metals, above a certain dose, that tends to be fairly low for F/M steels (less than
1 dpa), though it can be relatively high in austenitic steels (up to 10 dpa) [42]. When plastic localisation happens, the metal, aer yield, deforms plastically under lower engineering stress than the yield strength (soening), with consequent drastic reduction of elongation. The formation of dislocation channels, especially
their crossing and convergence at grain boundaries, is also suspected to promote intergranular fracture
and to make metals more susceptible to stress corrosion cracking [43]. While qualitative and partially also
quantitative understanding of dislocation channel formation exists [44, 45], the detailed mechanisms are
still elusive. For example, it is unclear whether grain boundaries are the regions from where clear banding
starts, or the region where clear banding ends or through which clear bands propagate to other grains. The
possibility of triggering this eﬀect at crystal plasticity-level is a goal not yet reached and plasticity models
generally assume that the so channel has already appeared, thereby limiting the actual representativeness
of continuum mechanical models that include this type of ingredient. Work on these subjects is foreseen in
the DOMOPLEX pilot project of the JPNM, which, however, is currently lacking appropriate funding.
Thermal creep and creep-fatigue
Thermal creep and creep-fatigue are amongst the main factors that limit the lifetime of components, in
nuclear reactors and not only [46]. Thermal creep limits the possibility of increasing the operational temperature so as to boost the energy eﬃciency of NPPs, especially Gen IV concepts. Creep-fatigue has oen
appeared in nuclear reactors as an unexpected limiting factor that obliged expensive components or parts
of them to be replaced. The physical mechanisms of thermal creep at the atomic level are understood
in terms of dislocation climb, but the translation of this mechanism into creep deformation constitutive
laws of application in continuum mechanics is still lacking. The combination of creep and fatigue is still
addressed in a very empirical fashion at design code-level, but the complexity of the phenomenon, that
might involve grain coarsening during cycling load, is such that no full understanding exists.
Swelling and irradiation creep
Swelling and irradiation creep are interrelated phenomena very much connected with the nanostructural
evolution of irradiated materials [47, 48]. Attempts at modelling swelling date back to the early 1970s,
when the phenomenon was identiﬁed. Existing models are mainly based on mean-ﬁeld approximations
and allowed some level of understanding to be reached, but in fact no model is capable of describing the
incubation phase followed by the steady-state unlimited swelling typical of steels [49]. The mechanisms
that trigger the transition from the incubation phase to the steady-state have not been clearly identiﬁed,
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yet. One serious problem in connection with swelling for nanostructure evolution models informed by
atomistic mechanisms is that swelling occurs at high doses and temperatures, both currently out of reach
for, for example, kinetic Monte Carlo models, because of computational limitations. Mean-ﬁeld rate theory
models remain, therefore, in practice the only usable approach, but they are in turn limited in the possibility of including detailed physical mechanisms, besides sometimes running into numerical problems to
solve the equations. Irradiation creep mechanisms have been proposed in large amount already 20–30
years ago [50], but it is still not clear which ones actually operate and are dominant in a given material. It
is believed that a re-visitation using modern atomistic techniques of these mechanisms might help cast
some light on the problem and this type of work is about to start in the FP7 MatISSE project.
Liquid-metal corrosion and embrittlement
Finally, liquid-metal corrosion and embrittlement are extremely complex phenomena on which no full consensus exists as to physical mechanisms and factors that determine susceptibility to them [51]. These are
processes that occur or not depending on the solid metal and liquid metal involved. For example, liquid metal
embrittlement is not detected in F/M steels in contact with liquid sodium, but it is potentially a problem in
F/M steels in contact with liquid lead, or lead-bismuth eutectic. On the other hand, austenitic steels are not
aﬀected by liquid metal embrittlement even when in contact with heavy liquid metals. The existence of
this phenomenon may prevent the use of F/M steels in a lead fast reactor (LFR) and oblige the choice of
austenitic steels, even though these are penalised by higher and earlier swelling. A full understanding of the
mechanisms at the origin of liquid metal embrittlement might help mitigate this problem, but experimental
investigations aimed at understanding the physical processes leading to this manifestation are limited and
have started only recently to be performed somewhat systematically, having in mind nuclear applications,
within the FP7 GETMAT project. Work is expected to continue in MatISSE. In the absence of a clear phenomenological understanding, it is diﬃcult at the moment to identify the modelling path to be followed to provide
an added value, besides estimating wetting and interface energies between speciﬁc liquid metals and solid
metal substrates, trying to predict the phases involved and their kinetics of formation.

3.1.2. Issues addressed in WP2 — ODS steels — and WP3 — Ceramic composites
Concerning WP2, the plan that is being elaborated by the task force can be expected to be devoted to the
following issues:
• Clarify processes that occur during the fabrication of the ODS alloys, since complete control over
the ﬁnal properties of the alloy depends enormously on how the fabrication process is conducted
and mastered.
• Devote attention to the mechanisms whereby ODS alloys deform and fracture: given the hardness of
the ODS matrix, processes such as grain boundary sliding might be expected; the role of temperature
is especially crucial, as these alloys are supposed to be operating up to very high temperature (700–
800 °C), but exhibit low fracture toughness even in that range.
• Investigate the stability of the particles, their role as absorbers of point-defects and He atoms, the
changes that occur in the oxide/matrix interface while defects and He are absorbed, and the possible
impact of all this on mechanical properties.
As to WP3, it is hoped that a limited activity devoted to the mechanisms of deformation in composite
ceramics (essentially SiC ﬁbres in SiC matrix (SiCf/SiC)) will be set up.
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3.2. Multi-scale modelling applied to nuclear fuel materials
The research SP6 on the multi-scale modelling and separate eﬀect experiments of nuclear fuel proposed
for the JPNM concerns the knowledge improvement of the fundamental properties of the advanced fuel
materials and basic processes that govern the mechanical, physical and chemical behaviour, aiming at
the multi-scale (time and length) modelling of nuclear fuel behaviour. European research in this ﬁeld is
already well developed and is at the forefront of worldwide developments, in particular thanks to the work
performed in the FP7 F-BRIDGE project [52].
In-depth knowledge of the behaviour of nuclear fuels at high temperatures — i.e. under accidental and
normal operating conditions — is essential for the reactor safety assessment and the assessment of
potential new fuel forms, such as those that aim to incorporate minor actinides (MAs) for transmutation.
The SP aims at extending the basic research approach developed in particular in the F-BRIDGE project to
more complex systems, properties or conditions, in particular those of interest for the development and safety
analysis of fuels for Gen IV reactors. It will therefore contribute to solving a selection of critical applied issues
relating to nuclear fuel behaviour under irradiation under normal and oﬀ-normal operating conditions, getting
complementary visions of the essential phenomena and improving our fuel behaviour modelling capabilities.
Melting temperature, ﬁssion product chemistry and release, microstructure evolution under irradiation and mechanical integrity are the key issues that have been identiﬁed from a ﬁrst top-down analysis done in interaction
with industry representatives involved in the user group of the F-BRIDGE project.
The SP aims at performing cross-cutting activities that will cover various types of future and sustainable reactors fuels, aligned with the European Sustainable Nuclear Industrial Initiative (ESNII) goals, and concentrating on sodium-cooled fast reactor, LFR, gas-cooled fast reactor and accelerator-driven system reactor types,
namely UO2 as the reference, and mixed oxides (MOX): (U,Pu) O2,(U, Am)O2, etc., but also carbides and nitrides.
It will achieve its goals thanks to the strong interaction between modelling and experimental tasks carried out at relevant scales and through complementary studies relating to in-pile irradiated fuels as well
as separate eﬀects experiments on non-active materials for which irradiation and ﬁssion products are
simulated with ion beam irradiations, implantations and a-emitting dopants.
The SP is therefore organised in four WPs, one dedicated to data inventory and gap assessment and three
research WPs each focusing on one of the key issues cited above.

3.2.1. WP1: Data inventory and gap assessment
This WP will examine in detail the achievements made in the basic research investigation of nuclear fuels
in previous European initiatives or independently and the knowledge acquired, and perform a gap analysis
to determine the needs to be fulﬁlled in future European programmes.

3.2.2. WP2: Assess and increase margins to fuel melting
Margins to melting depend strongly on the properties of the fuel material so understanding material
properties at various time and space scales is essential. In this way, the operational limits of a fuel can
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be determined on a scientiﬁc basis, rather than on an empirical basis, as is currently the case. Moreover,
research performed in the framework of the F-BRIDGE project has shown that not all properties are known
with suﬃcient accuracy, as a new estimate of the melting temperature for pure PuO2, almost 300 K higher
than the previous reference value, clearly demonstrated [53].
The scientiﬁc studies in WP2 will focus on three main topics: (1) melting temperature determination of MOX
phases that are foreseen as fuels or as MA-bearing blankets for nuclear reactors; (2) thermal conductivity measurements of these phases, that will be performed, also looking closely at the compositional variations of the
samples; (3) high-temperature thermochemistry of these materials, that will be studied using mass spectrometry to analyse the solid-liquid-gas equilibria of these oxide systems. For all these studies, new samples will be
manufactured that enable measurements. The experimental work will be closely coupled to modelling studies.
The main modelling tool will be CALPHAD that deals with the optimisation of the phase diagrams based on equilibrium data from the new experiments and literature data from the past. In the F-BRIDGE project databases for
the U-Pu-O-C and U-Pu-Np-Am-O systems have been developed [54]. The latter will be improved and extended
by the proposed research, resulting in more accurate prediction of melting temperature and vaporisation behaviour of MOX fuels containing MAs, as well as associated uncertainties.
In addition, the fuel swelling induced by irradiation can lead to chemical and mechanical interaction with
the cladding. Possible chemical reactions need to be veriﬁed in carefully designed diﬀusion couple tests.
Zirconium and iron will be added to the database to also allow the accurate prediction of eutectic formation between fuel and cladding during pellet–cladding interaction.
In the event of a rupture of the pin, fuel can also interact with coolant. The thermophysical properties of
fuel coolant compounds will be investigated to provide information on their role in exacerbating or, on the
contrary, limiting the eﬀect of such irregular incursions of coolant into a fuel pin. Sodium, lead and helium
are the main coolants of interest.
The knowledge generated in WP2 will be used in other WPs, particularly in WP3, in which a coupling with
the ﬁssion product chemistry will be made.

3.2.3. WP3: Improve control of ﬁssion product release and reduce impact
During in-reactor irradiation, actinide ﬁssion generates 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, 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.
WP3 will focus on investigating ﬁssion products properties and their impact upon nuclear fuel behaviour.
Three areas of research have been identiﬁed following the work done during the F-BRIDGE project:
• The transport properties of defects, which inﬂuence many basic material properties such as oxidation,
actinide or ﬁssion product redistribution, fuel swelling and creep [23]. These defects interact
signiﬁcantly with ﬁssion products. The studies performed in the F-BRIDGE project have brought an
improved atomic-scale description of UO2 and its defects using electronic structure calculations
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and empirical potentials [55, 56, 57]. The combined electronic structure, classical molecular
dynamics and separate eﬀects experimental studies of O self-diﬀusion has yielded information on
the elementary mechanisms involved in this migration [58, 59]. The recombination of defects has
also been investigated [60]. To get further insight into the properties of defects, experiments and
dynamical modelling investigations on the uranium sub-lattice are needed to complement electronic
structure investigations [61] and bring the same insight as for O migration. Larger vacancy clusters,
which act as traps for ﬁssion gases, as well as interstitial clusters, with various charged states
must also be investigated in detail. Experiments for more controlled stoichiometries must then be
performed and of course the methods developed or validated in F-BRIDGE must be applied to the
investigation of defects and non-stoichiometries in MOX.
• The behaviour of ﬁssion gases, which, since 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 over-pressurisation of the rod or extensive fuel swelling. Bubbles are liable to grow
and become in turn trapping sites for migrating defects or other insoluble atoms. As mentioned in Subsection 2.2, further insight into the elementary mechanisms of the solubility of gas in fuel lattice and
in bubble is paramount to predict the quantities of gas staying in the fuel and the quantities released.
In and outside F-BRIDGE progress was made on the mechanisms of atomic migration [62, 63, 64] and
early stage of bubble formation [65, 66, 67, 68] using electronic structure methods, empirical potential
calculations and experimental characterisation at the nano scale aer ion implantation. It has also been
shown that atomic-scale studies yield relevant results on the elementary migration mechanisms of gases
that can be put in meso-scale models [69]. Then, the combination of cluster dynamics modelling and
desorption experiments yielded information on the migrating species and on the mechanisms of gas
release [70]. The multi-scale approach must be developed further by extending the meso-scale models
and complementing the calculations of the input parameters of these models at the atomic scale. More
controlled experiments with detailed characterisation must also be performed to obtain improved basic
data on gas behaviour.
• The behaviour of non-gaseous ﬁssion products and their compounds, which governs fuel chemistry
under irradiation under normal and accidental operating conditions. The study of transport properties
of iodine in UO2 was started during F-BRIDGE [71, 72, 73]. It should be continued and extended to other
non-gaseous ﬁssion products, such as Cs, Te, Mo, Ru, Rh, Sr or Pd, and to various fuel compositions
particularly relevant to Gen IV. The thermodynamics of the numerous compounds formed between
various ﬁssion products and the original fuel constituents should also be determined.
The materials studied will include, in addition to non-stoichiometric pure and doped uranium dioxide and
carbide, plutonium dioxide and MOX fuels, as well as fuels containing americium and surrogates. The investigations will consist of the combination of innovative characterisation techniques and multi-scale modelling
from the atomic to the mesoscopic scale, such as those described in Sub-section 2.1 and Fig. 2.2. Results
will be transferred to fuel performance codes, as initiated in F-BRIDGE for the TRANSURANUS code [74].

3.2.4. WP4: Obtain data on microstructural changes and mechanical integrity of fuel under irradiation
The microstructural changes and mechanical behaviour of nuclear fuels under irradiation are of course
central to predicting the structural integrity of fuel elements. And although 3D thermo-mechanical modelling is now becoming widely available, modelling relies on mechanical behaviour laws that have been
obtained from macroscopic testing and integral in-pile experiments [75]. Extrapolation of these laws to
materials or irradiation conditions diﬀerent from those that were the object of the original experiments is
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oen tenuous. One aim of this WP is therefore to draw on recent experimental and modelling advances
to develop further elastic, plastic, creep and damage models.
Research will focus on three main topics. First, the mechanical properties will be investigated since they
are critical and most of the basic data on processes at the nanoscopic and microscopic scales are still to
be determined. First, modelling studies of dislocations [76] and fracture mechanisms [77] were performed
in UO2 and these must be continued and extended to other fuels, virgin and irradiated. Experimental and
modelling methods will be improved or speciﬁcally developed to gain further insight into the underlying
mechanisms of fuel creep, fracture and pellet–cladding interaction. A speciﬁc emphasis will be put on local characterisation techniques on the scale of a few grains, within one grain or at the grain boundaries.
Second, the investigation of elementary mechanisms involved in radiation damage, which has already made
progress in the case of UO2 in the F-BRIDGE project using both modelling [78] and experimental techniques [79], will be continued. In the modelling studies, simulation of displacement cascades will be carried
out. This will provide a picture of the primary damage arising from collision sequences, as well as thermal
spikes that can to a certain extent simulate the transfer of electronic energy deposited into non-radiative
atomic motion. Experimentally, in order to decorrelate eﬀects, irradiation will be simulated using a range of
projectile masses and energies comprising variable energy electrons to a-doped samples, for which welldeﬁned damage is created by the decay of an a-emitter homogeneously distributed in the fuel matrix.
Finally, the role of grain boundaries, which are eﬀective sinks for radiation-induced defects and inﬂuence
transport and mechanical properties, as well as radiation tolerance, will be studied using atomic-scale modelling. First, empirical studies of grain boundary structures in UO2 [80, as well as of their inﬂuence on defect [81] and gas diﬀusion [82, 83] and on the irradiation damage produced [84] were performed in the
F-BRIDGE project. Given the variety and complexity of structures, these studies must continue. The mobility
of grain boundaries, which plays a key role in many microstructure transformations, will also be studied.
The contributions in these separate ﬁelds will be coupled and integrated to assess their combined eﬀects
on fuel behaviour and safety by feeding the results into models in fuel performance codes, thus strongly
contributing to improved safety analysis. In addition, the results will be an important input for an assessment of advanced MA fuels designs and will help to optimise the fabrication process.

4. Closing remarks
As a closing remark and recommendation, it is important to stress the following. The multi-scale modelling approach relies on the idea that the proper tool should be used to model a given phenomenon at
the appropriate scale and that information has to be transferred from the lower to the upper scale to
make the upper scale model more accurate. Conversely, one can start from a large-scale model and try
to obtain the missing information from the lower-scale model, in order to increase the accuracy of the
large-scale model, or focus the lower-scale studies on some particularly important processes. Whatever
the perspective, in this scheme each scale has its own right of existence and is as important as the others.
However, it is currently a fact that the majority of researchers involved in multi-scale modelling activities
are actually using mainly atomistic calculation and simulation techniques. In particular, lots of people
perform ab initio calculations, and many use classical molecular dynamics for a variety of purposes and
studies. Ab initio techniques are absolutely essential to inform multi-scale models; however, they should
not absorb all the eﬀort. On the opposite side, continuum mechanics is a widespread modelling tool used
at all levels, including the industrial level. The in-between scales, on the other hand, are much more
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’deserted’, and even fewer researchers address systematically the problem of transferring information
from scale to scale. But stepping to higher scales, even with limited ab initio information, with a view to
approaching levels where it becomes easier to calibrate/validate models on experiments, is extremely
important. Even the development of interatomic potentials for complex systems is addressed by only
relatively few experts worldwide. Monte Carlo tools are widely used, but they are mainly atomistic ones.
Not so many researchers deal with the development of approximate models, such as object kinetic Monte
Carlo, where sometimes very strong and not fully justiﬁed approximations must be adopted, the identiﬁcation of which requires actually the accumulation of a large amount of experimental and atomistic
data, to obtain a semi-quantitative picture of what is going on in a speciﬁc material or system: these
are not models from which mechanisms come out spontaneously, but rather models that imply that the
fundamental mechanisms have been understood. Maybe for this reason they are less ’appealing’ to the
physicist, while being of not-yet immediate use for the engineer. Even more importantly, the expertise
in mean-ﬁeld rate theory models, once upon a time the models ’par excellence‘ used in radiation damage, is dramatically decreasing, whereas more than ever models of this type, which include information
from more fundamental studies, are necessary in order to address the problem of high doses and high
temperatures. While many researchers deal with dislocation dynamics in metals, only a handful are busy
with addressing the issue of radiation damage and similar considerations can be made for what concerns
crystal plasticity. In short, without diminishing the importance of ab initio techniques on the one hand and
continuum mechanics on the other hand, eﬀort should also be put into developing models that address
the scales that are too large to be addressed with atomistic models, but still too small to be able to use
fully continuum models.
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