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Abstract
Nuclear fuels are subjected to high levels of radiation damage mainly due to the
slowing of fission fragments, which results in substantial modifications of the
initial fuel microstructure. Microstructure changes alter practically all engineering
fuel properties such as atomic transport or thermomechanical properties so
understanding these changes is essential to predicting the performance of fuel
elements. Also, with increasing burn-up, the fuel drifts away from its initial
composition as the fission process produces new chemical elements. Because
nuclear fuels operate at high temperature and usually under high-temperature
gradients, damage annealing, foreign atom or defect clustering and migration occur
on multiple time and length scales, which make long-term predicitions difficult.
The end result is a fuel microstructure which may show extensive differences on
the scale of a single fuel pellet. The main challenge we are faced with is, therefore,
to identify the phenomena occurring on the atom scale that are liable to have
macroscopic effects that will determine the microstructure changes and ultimately
the life-span of a fuel element. One step towards meeting this challenge is to
develop and apply experimental or modelling methods capable of connecting
events that occur over very short length and timescales to changes in the fuel
microstructure over engineering length and timescales.
In the first part of this chapter, we provide an overview of some of the more
important microstructure modifications observed in nuclear fuels. The emphasis is
placed on oxide fuels because of the extensive amount of data available in relation
to these materials under neutron or ion irradiation. When possible and relevant,
the specifics of other types of fuels such as metallic or carbide fuels are alluded to.
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Throughout this chapter but more specifically in the latter part, we attempt to give
examples of how modelling and experimentation at various scales can provide us
with theoretical frameworks for understanding and predicting these microstructure
evolutions.
Introduction
Nuclear fuels are subjected to very high levels of radiation damage. This damage is mainly
due to the slowing-down of fission fragments and produces various kinds of both point
and extended defects in concentrations that lie far above the expected thermodynamic
equilibrium. Under the effect of temperature and irradiation, point defects migrate and
interact either with each other or with existing extended defects. The presence of these
crystalline defects has far-reaching consequences because they substantially alter the
material itself and the material properties. Indeed, in addition to macroscopic swelling, the
presence of uranium-type defects may accelerate cation self-diffusion which will, for
instance, modify the creep properties of the fuel or the extent to which minor actinide
redistribution occurs.
The behaviour of defects also has a major influence on a class of fission products that
may determine the life-span of a fuel element: rare gases. These particularly insoluble
elements are produced in important quantities as a result of fission events or α decay of
actinides. Extensive cladding loading may result either from over-pressurisation of the
fuel element due to fission gas release or from fuel swelling due to rare gas bubble
precipitation. Fission gas release and fuel swelling as a result of bubble nucleation and
growth are both macroscopic consequences of complex and not fully understood
radiation-induced phenomena such as radiation enhanced atomic migration [117].
Fission gas bubble nucleation is thought to occur because rare gas atoms combine with
radiation-induced vacancy type defects. Gas bubbles then grow and become
trapping sites for migrating vacancies or other gas atoms. As damage levels increase still
further, oxide fuels in particular undergo a microstructural modification characterised by a
drastic reduction in the grain size and the simultaneous development of a large micron size
bubble population [74]. Still in oxide fuels, at high temperature and for large temperature
gradients (typically of the order of 2 000 K and 2.5 105 K/m, respectively [104], the asfabricated micron size pores migrate up the temperature gradient as a result of material
evaporation from the hot side of the pore (towards the pellet centre) and
condensation or re-crystallisation on the slightly cooler side (towards the pellet
periphery). The central hole that appears has obvious consequences upon the
temperature and stress distributions in the pellet. Also, depending on the fuel chemical
properties and composition, plutonium enrichment may occur in the pellet centre which
also modifies the fuel centreline temperature substantially at the beginning of life [14].
There are many reasons why these phenomena are difficult to study individually.
Regarding equilibrium properties alone, actinide oxides for example are usually semiconductors which present a variety of defects in different charge states generally not
particularly well characterised. Also, oxides and carbides present non-stoichiometric
phases that are stable over wide ranges of thermodynamic conditions. In these materials,
the nature of defects on both sublattices may change radically depending upon
thermodynamic conditions. Under irradiation, fuels and oxides, in particular, are
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susceptible to both elastic and inelastic damage processes, the latter again being poorly
characterised and difficult to treat theoretically. In addition, when studied under neutron
irradiation for instance, all fuels are subjected to many different but interacting
phenomena which may be chemically, thermally or radiation induced. Understanding and
controlling microstructural changes, therefore, requires a comprehensive approach which
looks at all aspects of the material’s behaviour from thermodynamic equilibrium to basic
radiation damage processes and longer time and length scale changes to the material.
In the first part of this chapter, we look at studies mainly relating to neutron irradiated
fuels which give an overall picture of the variety of microstructural observations of
nuclear fuels at low and intermediate burn-up and temperatures. Based on this overview,
we describe how kinetic models have been developed over the years in order to account
for at least some of these microstructural features with an emphasis on fission gas
behaviour. Higher temperature and burn-up effects such as the formation of a central
void or oxide fuel restructuring are also discussed.
Often, models at the mesoscale have ad hoc hypotheses built in that are difficult to
justify and that render any extrapolation to different conditions uncertain. This justifies
adopting different approaches based on modelling and experimental techniques that are
more analytical or separate effects more clearly than would emerge from a neutron
irradiation and mesoscale kinetic models. In the second part of this chapter, we, therefore,
look at a few recent studies based on modelling at different scales (from the scale of
atoms to the mesoscale) and controlled electron or ion-irradiation experiments. These
examples, which relate to oxide fuels in particular, demonstrate the ability of multi-scale
approaches to explain some of the more salient observations relating to neutron or ion
irradiated fuels.

Observations relating to microstructural changes in nuclear fuels under neutron
irradiation and associated kinetic modelling
Fuel behaviour at low and intermediate temperatures and burn-up
Because it was identified from an early stage that atomic transport properties likely
controlled the kinetics of microstructure hence geometric changes in nuclear fuels, several
basic studies were carried out in the 1970s and 1980s aimed to actually characterise the
effect of neutron irradiation upon these properties. Several such studies emerge that were
designed to assess quantitatively the effect of radiation upon uranium self-diffusion
properties [140] and later [64] and fission gas diffusion [117]. Both studies involved
isothermally irradiating single crystals and polycrystalline samples at fission rates of the
order of 1019 m-3 s-1 for the fission gas study and between 7 1018 m-3 s-1 and 6.4 1019 m-3 s-1
for the cation studies. From the determination of diffusion profiles of 233U tracer atoms
deposited at the surface of the samples, Höh and Matzke observed an increase in the
uranium self-diffusion coefficient of three to four orders of magnitude in comparison
with thermally activated diffusion. Turnbull et al. monitored the release of both short- and
long-lived volatile fission products and rare gases over a greater range of temperatures.
The authors demonstrated that diffusion controlled release was effective at temperatures
(down to 498 K) well below those at which substantial rare gas movement is expected to
occur in the absence of neutron irradiation. The reported similarities between the rare gas
and self-diffusion studies are striking. Both showed diffusion coefficients virtually
independent of temperature below circa 1 273 K. Matzke [64] claimed a proportionality to
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fission rate of the purely athermal component of the cation self-diffusion coefficient. This
dependency, still commonly used in fuel behaviour applications, was applied to rationalise
data relating to fission gas release. Probably because the numerical values for athermal
rare gas and cation diffusion inferred from very different types of experiments were close
(see Figures 1a and 1b from [64] and [117]), the phenomenon was commonly associated
with thermal spike effects resulting from the high electronic stopping power of fission
fragments. The evidence for this, however, is tenuous. In addition, a highly effective point
defect theory was developed which very adequately explained results from experiments
relating to radiation enhanced diffusion in metals [107]. Under simplifying assumptions of
homogeneously distributed point defect sinks, kinetic equations for both vacancies and
interstitial atoms were set up and solved assuming a steady-state situation is reached in
which the defect production rate is balanced off by the rates at which defects recombine
(mutual recombination) or are eliminated at sinks of prescribed concentration (elimination
of point defects at fixed sinks). This theory [107] predicts that at lower temperatures,
under steady-state conditions controlled by mutual recombination of Frenkel pairs, the
enhanced diffusion coefficient is proportional to the square root of the defect production
rate. The activation energy is given by half the migration enthalpy of the slowest moving
point defect. At high defect sink concentrations, however, where concentrations are
controlled by the rate at which defects are eliminated at internal sinks, there exists a range
of temperatures in which enhanced diffusion is independent of temperature and
proportional to the defect production rate. To what extent this theory also applies to
cations when two interacting sublattices are present is impossible to check based upon
neutron irradiations alone. Furthermore, basic experiments would also be required to
ascertain the effect of oxygen potential on these phenomena. We will discuss these issues
further in the latter part of the chapter.
Figure 1. Illustration of (a) estimated fission induced radiation-enhanced diffusion of cations in
oxide fuels (b) and fission products xenon and iodine [64,117]

(a)
2

(b)
2

Note that units are in cm /s in Figure 1a and m /s in Figure 1b.
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Atomic diffusion enhanced by radiation is a key property because it probably mirrors,
albeit in a complex way, the changes in the microstructure on the atomic scale, but also it
controls phenomena and properties that ultimately determine the dimensional changes of
the fuel element. Although the next chapter is devoted to fuel properties among which
creep plays a major role, it is worth mentioning similarities that this property bears with
self-diffusion. Indeed, measured under isothermal conditions and neutron irradiation
[141,143], radiation-induced creep displays an athermal behaviour under circa 1 273 K
which appears to be proportional to fission rate. Both these characteristics could indicate
that metal defect volume diffusion controls radiation creep. More work, however, is
needed to ascertain the fundamental relationship between cation diffusion in general and
creep properties. In polycrystalline materials, grain boundary diffusion is thought to play a
major role in the observed high-temperature strain rates [142].
In-pile densification and pore behaviour
Clough [143] correlated initially high strain rates observed in irradiation creep tests to pore
sintering. More generally, in-pile densification was shown to result in macroscopic
modifications of the fuel geometry, such as reduction in fuel stack lengths, increase in the
fuel cladding gap and increase in the hydrostatic fuel density. In-pile densification
studies [144] also revealed that fuel resintering at temperatures too low for thermal
resintering to occur was correlated to shifts in the pore size distribution due to significant
reductions in the volume fraction of pores less than approximately one micron in size.
Some efforts have also been reported that indicate a quantitative correspondence between
hydrostatic fuel density measurements and micron size pore volumes measured from
image analyses of SEM (Scanning Electron Microscopy) micrographs [145]. The less
empirical models developed to describe in-pile resintering are based on kinetic equations,
similar to those used for interpreting radiation enhanced diffusion, but with additional
sink terms corresponding to the capture or emission of defects from fabrication pores. Inpile resintering models encountered may differ depending on the level of detail adopted
for describing the pore population: single pore size [146,147] or pore size distribution
function [148]. These models have in common the fact that fission spikes are assumed to
interact with pores. A sputtering phenomenon is postulated, with each fission spike-pore
encounter returning a set number of vacancies to the matrix. As vacancies are eliminated
at internal sinks such as dislocations and grain boundaries, the pores eventually shrink.
Values for the number of vacancies returned to the matrix per fission spike-pore
encounter range between ~ 1 [149] and ~ 100 [150] but this phenomenon is only ever
assumed. No direct demonstration of it has been reported to date.
Intragranular fission gas segregation and bubble formation
Although the observations presented previously are not fully understood, they are related
to how radiation damage develops in the material and which the steady state the
microstructure reaches. Rare gases are essential to the economy of point defects created
under irradiation because, as they are highly insoluble, they combine with vacancies to
form dense small size aggregates whereas interstitials appear to preferentially form
dislocation loops [74]. The first systematic Transmission Electron Microscopy (TEM)
observations of fission gas bubbles in low burn-up oxide fuel and at relatively low
temperatures (1 073 K) are due to the work reported in [21] that described the presence of
a high concentration (between 1 and 3x1023 m-3) of small rare gas bubbles of 2 to 3 nm in
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diameter. The corresponding burn-up ranged between 1 and 15 GWd/Mt, which
amounts to rare gas concentrations of approximately 100 and 1 000 ppm. The
characteristics of bubbles were not reported to be much dependent upon burn-up or
temperature. Since then, Kashibe et al. [50] made similar observations relating to UO2
fuels irradiated at temperatures below 1 073 K and at burn-ups of 23 GWd/Mt and 44
GWd/Mt. The authors reported small 2 nm size bubbles at concentrations in the region
of 9x1023 m-3 for the 23 GWd/Mt samples. At higher burn-up (44 GWd/Mt), a bimodal
distribution was observed and a population of larger bubbles appeared, 10-20 nm in
diameter, in addition to the initial smaller sized bubbles. Thomas et al. [115] subsequently
reported TEM observations of areas irradiated to similar burn-ups (44 GWd/Mt) but that
had experienced temperatures in excess of 1 173 K. Such samples showed much coarser
intragranular bubbles 20-100 nm in size. These coarse bubbles were surrounded by
dislocation tangles and were often, if not systematically, associated with similar size socalled ε-phase particles containing noble metals such as Mo, Ru, Pd, Tc and Rh. An
Energy Dispersive X-Ray Spectrometry (EDS) analysis was applied from where xenon
densities were found between 2 and 4 g/cm3. Such densities correspond to gas pressures
in the GPa range (between ~ 0.1 GPa and ~ 1 GPa). This indicated (assuming a surface
tension of circa 1 J m-2 and a radius of 10 nm, which overestimates the radial stress
induced by surface tension in the immediately surrounding lattice) that contrary to what
was originally assumed by modellers, the pressures within fission gas bubbles are not
necessarily balanced by their surface tension. Nogita and Une [75,76] provide a
complementary description by using high-resolution TEM to examine samples taken from
the peripheral region of pellets irradiated to average burn-ups of 30, 49 and 83 GWd/Mt
and which had operated at around 873 K. The specimens examined revealed bubble sizes that
tended to increase with burn-up (~1 nm for the lower burn-up to an average of around 4 nm
for the 49 GWd/Mt samples). However, the bubble concentration remained close to
4x1023 m-3. In higher burn-up samples, nano-EDX was also performed on 4-10 nm
bubbles. The xenon densities ranged between 3.8-6 g cm-3 which, for the higher values at
least, would suggest xenon in a solid state. Bubbles were seen to be associated with 5
metal spherical particles.
To summarise, there is overwhelming TEM evidence which demonstrates that
nanometre size bubbles form under neutron irradiation at low fission densities and that
the bubble characteristics, i.e., size and concentration, are only marginally dependent upon
burn-up or temperature. Bubble densities are in the 1023-1024 m-3 range. Bubbles contain
high-pressure xenon and krypton in the GPa range and are often associated with five
metal particles. Particle and bubble coarsening occur above 1 073 K as burn-up increases.
Higher scale microstructural changes in relation to fission gas behaviour
TEM has enabled microstructure characterisations of irradiated fuels on the scale of
nanometres. Characterisations at higher scales (micron and above) require techniques such
as SEM, EPMA (Electron Probe Micro-Analysis) and SIMS (Secondary Ion Mass
Spectroscopy). Applying standard analytical tools to irradiated oxide fuels has revealed a
comprehensive picture of the changes the fuel pellet undergoes as a function of burn-up
and temperature. This sheds light on the role of specific features such as grain boundaries
or inhomogeneity at that scale, particularly in relation to fission gas behaviour. Noirot
et al. [78] have analysed a relatively high burn-up light water reactor (LWR) UO2-based
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rod irradiated to relatively high-fission densities (~ 60 GWd/Mt) using all three of the
above mentioned tools. The picture that emerges is that the local fuel microstructure,
which is burn-up and temperature dependent, is characterised by:
• the fraction of fission gas remaining at a given radial position in the pellet with
respect to the total amount of gas produced by fission;
• the size, number density and pressure associated with the different fission gas
bubble populations.
Figure 2 reproduced from [33] illustrates these results. At the fuel pellet rim (Figure 2d,
here in the region of 100 GWd/Mt), the presence of micron sized pores is characteristic
of the high burn-up structure [130]. Complementary xenon analyses using SIMS at that
location show that the amount of fission gas detected is, within the experimental error,
equal to the amount expected from the estimated local burn-up. At the mid-radius of the
pellet (Figure 2c) and on the scale accessible with SEM, no differences can be detected
compared with the microstructure of an un-irradiated sample. Comparison of the EPMA
signal with the estimated total gas inventory shows that there is no measurable fission gas
release in that region of the pellet (Figure 2a). One infers from this observation that
fission gases are still present either as single gas atoms or contained in smaller, submicron
size clusters probably similar to those described in the previous section. Towards the
pellet centre (Figure 2b), which has operated at temperatures in excess of 1 073 K at least
for some periods during the base irradiation, it is shown again from SIMS analyses that a
small fraction of the gas has been released.
Figure 2. Experimental radial xenon distribution in a high burn-up pellet determined from EPMA

The dark line represents the calculated amount of xenon created. Calculation results corresponding to xenon in
supersaturation and in small nanometre size bubbles are also indicated for comparison [78] (2a); SEM image of the
central part of a fuel pellet (average pellet burn-up circa 61 GWd/Mt) revealing coarse intragranular porosity (2b); SEM
image at a mid-radius location (2c); SEM image of the peripheral part of the pellet (local burn-up circa 100 GWd/Mt)
revealing large micron size pores characteristic of the RIM structure (2d).
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Release may be correlated to a visible change in the microstructure characterised by
well-formed intra, lenticular intergranular fission gas bubbles 100 nm to 400 nm in
diameter along with coarse porosity at the triple junctions of grains. The larger
intragranular bubbles are shown to contain xenon at pressures in the GPa range, as
observed for the similar size intra-granular objects reported previously (Figure 3 [115]).
Figure 3. TEM micrograph indicating the presence in high burn-up fuel of coarse intragranular
bubbles surrounded by dislocation tangles and associated with five metal particle precipitates [115]

Although not characterised in the same material, there are similarities between the
characteristics of intragranular bubbles illustrated in Figure 2b and the larger bubbles seen
in Figure 3 [115]. In addition to this, the temperature and burn-up conditions in which
these larger bubbles are observed are also comparable. This would suggest common
nucleation and growth mechanisms. It was indicated that growth may occur via
dislocation punching due to the high-gas pressures within the particle or a creep
mechanism induced at lower temperatures than those required for plastic deformation to
occur [151]. The former interpretation could be consistent with the abrupt microstructural
changes seen in Figure 2, although how the pressure would build up in the first place
remains unclear. As shown in Figure 3, large fission gas particles appear to be surrounded
by dislocation tangles which could result in drainage to the particle of rare gases present in
the matrix via a form of pipe diffusion.
In [79], the authors attempt to correlate gas release and hydrostatic swelling to
microstructural modifications for even higher burn-up material. They show that upon
further irradiation there is a sharp increase in the level of release in central areas of the
pellet. Also, along the pellet radius, a large fission gas bubble population develops, with
bubble sizes in excess of 100 nm.
Redistribution by carrier-gas assisted vapour transport
During fuel lifetime, regions of interconnected void space, for example cracks and tunnels,
can develop in the fuel and act as channels for diffusion of gaseous species throughout
the solid fuel matrix. At low temperatures, vapour pressures adjacent to the solid fuel are
typically too low to move significant amounts of fuel components into the gas phase.
However, if there are suitable gaseous species already in the void that fuel components
may react with, appreciable amounts of an element may enter the gas phase and be
transported along such channels in a much more efficient manner than by solid state
transport. This carrier-gas assisted redistribution mechanism is thought to contribute to
oxygen transport in MOX, and carbon transport in TRISO particle fuels [94,15,128].
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The degree of oxygen (carbon) uptake into the gas phase is determined by the
chemical potential of oxygen (carbon) in the solid phase, which depends on temperature
and composition. The resulting effect is that components are seen to redistribute due to
the temperature gradient, an effect also associated with thermodiffusion. Thermodiffusion,
also known as the Soret effect and discussed later, is a different mechanism, which does
not involve phase change and requires high temperature to be appreciable [109]. It should
be emphasised that these are different phenomena, although the effect of carrier-gas
assisted transport is sometimes quantified by an effective heat of transport [3].
Rand and Markin proposed oxygen in MOX could redistribute via a carrier-gas
mechanism through reaction with hydrogen and/or carbon contaminations from the fuel,
i.e., through reactions with H2/H2O or CO/CO2 [94]. Even carbon contaminations at the
level of 3 ppm in UO2 were observed to have a considerable effect [1]. Depending on the
local oxygen chemical potential, this reaction equilibrium will attempt to establish a local
ratio of, for example, H2 to H2O. However, the gaseous species are also free to diffuse
through interconnected porosity, and also attempts to establish an equilibrium along these
channels which, in the absence of thermodiffusion in the gas phase, implies a constant
ratio of H2O to H2. The competition between these two effects produces the carrier-gas
transport mechanism. Aitken assumed that the diffusion of the carrier gas species was fast
enough to reach equilibrium and proposed an effective heat of transport from
thermodynamic parameters of the carrier gas species and the oxygen chemical potential in
an assumed temperature gradient. In general, such an assumption is not valid for either
hydrogen- or carbon-based carrier gasses due to poorly connected void space and
competition with other transport mechanisms [3,2,83]. More complicated treatments may
then be required such as kinetic models indefected fuel situations [42,105].
In TRISO particle fuels, the carbon buffer surrounding the kernel is considered to
redistribute through this vapour transport mechanism for kernels of UO2 [15,128]. In this
case, oxygen present from contamination or liberation from the kernel develops a COCO2 based carrier gas mechanism, transporting carbon from the hot side of the kernel to
the cooler side. This effectively pushes the kernel up the temperature gradient, resulting in
the so-called amoeba effect.
Description of standard intragranular models and usual modelling hypotheses
In this section, we have seen some important features relating to in-pile changes in oxide
fuel microstructures prominent among which is the nucleation of small fission gas
containing bubbles that grow depending upon burn-up and temperature. At the same time,
a population of dislocation loops is also reported that evolves at sufficiently high burn-up
and low enough temperature towards a dislocation network which gives way under certain
conditions to complete restructuring of the fuel.
Efforts have been made to model these changes to the fuel microstructure based on
rate theory models which account for point defect production, diffusion, annihilation and
elimination at internal sinks such as fission gas bubbles and interstitial loops. Such models
may also be used to describe the fuel microstructure leading up to fuel restructuring [97].
Although these approaches are interesting, they remain largely descriptive and fail to
provide actual explanations for the reasons why actinide oxides are so remarkably
radiation resistant in comparison to other oxide systems. Attempts have also been made
over the years to rationalise some of the microstructural changes presented in this section
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in relation to local or macroscopic fission gas release data through the development of
intragranular fission gas behaviour models. We will now briefly describe the principles
these models are based upon and try to circumscribe their limitations.
Basic assumptions in relation to single xenon atom and bubble behaviour
Most fission gas behaviour models [30,56,81,133] regard single atom intragranular xenon
diffusion as the main rate determining factor for fission gas release. As a result, these
models are usually constructed around an intragranular xenon diffusion equation in which
the diffusion coefficient is generally taken as Turnbull et al.’s expression [117]. This
despite the fact that the necessarily apparent xenon diffusion coefficient derived from
Turnbull’s original experiments is considered in part at least as resulting from a cation
vacancy assisted mechanism. In this model, the vacancy concentration is given by rate
theory equations solved under steady-state conditions. Although radiation assisted xenon
migration is recognised as relevant, such models overlook this fact. In line with
observations reported in previous sections, it seems that any comprehensive
understanding of fission gas behaviour or release requires being able to calculate at all
times the fraction of intragranular gas which is contained in intragranular bubbles and the
remaining part in supersaturation, which can migrate to grain boundaries from where
release can occur. Inevitably, therefore, comes the need to describe bubble characteristics,
how they nucleate and grow, and also how migrating gas atoms interact with them. To
this end, the time and space dependent rate of capture by bubbles of migrating gas atoms
is expressed, assuming the bubble behaves as a perfect spherical sink of radius rb, as: 4 π
rbDXeCb.
A numerical estimate of this expression using Cornell’s data [21] for a 1 GWd/Mt fuel
at 1 273 K (i.e., rb ~ 1 nm, bubble concentration ~ 3x1023 m-3) and Turnbull’s [117] data
for the xenon diffusion coefficient DXe at that temperature (roughly 10-20 m2s-1) shows that
the inventory of gas in the matrix (outside bubbles) is divided by ten after less than a day.
In the absence of some form of mechanism for transferring gas from the bubbles back to
the matrix, virtually no fission gas release is possible. The original observation that the
characteristics of the bubble population rapidly reached a narrow distribution was taken as
a demonstration that thermal resolution was impossible. Indeed, this would have led to
signs of Oswald ripening which there were not [20,72]. Nelson [72] suggested that in an
irradiation environment fission gas atoms contained in bubbles could be resolved by
direct elastic interaction with fission fragments. Based on the binary collision
approximation (BCA), he evaluated the probability per second for this event to occur.
Nelson’s approach was then re-evaluated to take into account subsequent collisions with
uranium recoil atoms, which increased the re-solution parameter by a factor of 40
approximately [86]. This resolution term enabled calculations to be carried out of the
amount of gas reaching the grain boundaries, in super saturation in the oxide matrix and
in intragranular bubbles at any time.
A set of experiments involving low-temperature irradiations and annealing sequences
were reported at that period [118,120] and were considered as a demonstration that
irradiation could disperse fission gas bubbles thus lending credence to Nelson’s theoretical
approach. Turnbull [119] later suggested that bubbles were formed continuously in the
wake of fission fragments (coined heterogeneous nucleation) and that they grew until a
subsequent encounter with a fission fragment destroyed them (heterogeneous re-solution).
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The “heterogeneous” mechanism was mainly inferred from observations of small bubbles
lying in strings of ~5 [119] and later [152].
Model principles
Although models incorporating bubble distribution densities based on rate theory have
been developed over the years [136,38], we focus here on models that describe a single
bubble population of which [81] is a typical example and which may be regarded as
deriving from rate theory models. The basic intragranular model comprises four coupled
conservation equations which describe atomic diffusion of gas through the grain (xenon
conservation equation) with trapping at and emission from fission gas bubbles in the
process, a bubble conservation equation which describes a balance between bubble
nucleation and bubble destruction when the bubble radius lies below a threshold radius,
an equation describing the rate at which the xenon atoms contained in bubbles changes
over time and finally the rate at which the volume fraction of intragranular bubbles
changes. An empirical treatment of fuel restructuring is also used which is based on a time
dependent first order differential equation describing as a function of temperature the
local dislocation density change. The parameters are chosen so that the model represents
dislocation density measurements published by Nogita et al. [74]. The model also
incorporates a specific treatment of grain boundary gas which is not described here.
Model performance and limitations
Such models when associated with fuel performance codes are capable of reproducing inreactor data quite adequately. Figures 2a and 4 [81] show a comparison of modelled vs.
experimental data obtained using characterisation techniques on the micron scale.
Figure 4 is a comparison of the total porosity calculated and measured using SEM in
association with image analysis techniques in a high burn-up fuel pellet (61 GWd/Mt). In
Figure 2a, in addition to the EPMA xenon concentration signal, calculated fission gas
concentrations are given, which correspond to xenon atoms in supersaturation and
contained in nanometre size bubbles, which is what EPMA is sensitive to for reasons
outlined previously.
Despite calculated values and experimental data being quite close, these models adopt
a number of empirical approaches in relation to phenomena for which no satisfactory
and/or comprehensive explanation exists. Fuel restructuring is by no means the only
example:
• Fission gas resolution has no other experimental demonstration than the fact that
fission gases eventually reach grain boundaries. Nucleation or bubble destruction
mechanisms are inferred from the fact that a nanometre size bubble population
quickly reaches steady-state characteristics as irradiation proceeds. The terms used
in fission gas behaviour models can in this respect be regarded as ad hoc.
• These models do not provide an adequate explanation for the emergence above
1 073 K of a coarser less abundant bubble population, although more complex size
distribution approaches could help understand this phenomenon. According to our
knowledge, there are no approaches that provide a predictive determination of the
emergence of such a bubble population.
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• The third point concerns release under thermal annealing conditions. One would
expect fission gas behaviour models to predict release under less complex
conditions than prevail during a neutron irradiation. In fuels irradiated at burn-ups
greater than 6 GWd/Mt [9,121,138,123], substantial fission gas release during a
post-irradiation annealing at temperatures above 1 573 K is widely reported.
Modelling this release process requires a description of the interaction between
nanometre size intragranular bubbles and diffusing gas atoms. If one assumes that
intragranular bubbles act as perfect sinks (with no thermal resolution possible),
then for fission gas bubble concentrations relevant to irradiated fuels, gas atoms
homogeneously distributed within the grain initially are readily trapped resulting in
calculated gas release fractions well below observed values [32]. No convincing
explanation for this is available either.
Regarding this latter point, the fact that the underlying phenomena are not adequately
taken into account in the a priori simpler context of out-of-pile annealing casts doubts as
to whether they are under the more complex conditions of a neutron irradiation.
The widely accepted scenarios based upon radiation-induced bubble nucleation,
resolution and fission gas trapping may, therefore, be substantially at fault.
Finally, in most cases, the models relied upon for describing fission gas behaviour
leave little room for radiation-induced phenomena which along with atomic transport
properties are a key to unravelling many aspects of the ageing of the material. When the
models do account for some radiation effects, the approaches are usually so simplified
that it is often difficult to justify modelling one phenomenon rather than another. A
complementary, more detailed approach, which explicitly includes radiation effects shown
to be relevant is, therefore, necessary and is described in the last section of this chapter.
Figure 4. Measured and calculated pore distribution across a high burn-up fuel pellet [81]

High-temperature effects
In cases such as fast reactor fuels, high temperatures can be reached at the fuel centreline
(or, more accurately, the inner fuel surface). The high temperatures in the centre and
cooled outer periphery result in large temperature gradients and can lead to a variety of
matter transport phenomena and microstructural changes which can be modelled through
application of thermodynamics of irreversible processes [131].
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A schematic of the fuel restructuring process is shown in Figure 5 for a highly rated
MOX element, as a function of burn-up (increasing clockwise) [17]. The fuel begins life
with a homogeneous matrix of micron-sized grains and is fabricated such that some
residual porosity is left so as to accommodate fission products. Immediately upon start-up
cracks appear from thermal shock forming connected void regions throughout the radius
of the fuel. The outermost region is too cool to experience significant grain growth, but at
intermediate temperatures equi-axed grain growth can occur. In higher temperature
regions, pores quickly migrate towards the centre as described below, consuming grains
and cracks and leaving wakes of columnar grains. At the centre of the fuel, the central
void develops as a consequence of direct transport of centreline material to the outer
periphery and the coalescence of pores migrating from the columnar grain growth region.
A cross-section of a real fuel pellet is shown in Figure 6 and clearly shows the asfabricated, equi-axed grain growth, columnar grain growth and central void zones.
Figure 5. Schematic evolution of MOX microstructure evolution operating
at 42.3 kW m-1 and burn-up increases clockwise as labelled [17]

Figure 6. A cross-section of a MOX fuel pellet showing regions of as-fabricated porosity,
equi-axed grain growth, columnar grains and the central void

Source: European Atomic Energy Community.
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Matter is theorised to be driven by the temperature gradient by a number of
superimposed forces. Firstly, thermodiffusion of atoms down the temperature (or likewise
vacancies up), and its effects on void migration were considered [139]. Secondly, stress
gradients, which develop as a consequence of temperature dependant densification as
described previously, can drive matter from the centre to the periphery through creep
mechanisms [68,127]. Finally, the evaporation-condensation mechanism can become of
significant magnitude, which is important for redistribution as well as restructuring and,
therefore, described separately below.
Evaporation-condensation transport
At high temperatures, significant vapour pressures may develop in available void space,
moving fuel components into the gas phase where they can be transported through the
free volume without the need of a carrier gas. Since even the host matrix components
may be transported in this manner, significant restructuring of the fuel matrix may occur
and produce very pronounced microstructural changes. The vapour in equilibrium with
the condensed phase is not in general of the same composition and, therefore, this
evaporation-condensation mechanism also can produce compositional shift at both the
evaporation and condensation sites.
In MOX, vapourisation and transport of heavy elements, such as U, Pu and Am, can
quickly transport large amounts of solid matrix material down the temperature gradient,
leading to restructuring and redistribution [114]. Lackey et al. show results of restructuring
of sphere-pac MOX elements in which uranium is clearly seen to have preferentially
vapourised from the inner regions and condensed around the spheres at the outer region,
leaving a central void with a plutonium rich periphery, and islands of Pu rich MOX in the
outer region [53]. Redistribution also depends on the chemical state of the fuel with, for
example, the ratio of U to Pu bearing species depending on the O/M ratio in the fuel.
Bober et al. investigated this with samples of (U0.85Pu0.15)O2-x with maximum temperatures
2 673 K and found that uranium preferentially evaporates for O/M ≥ 1.97 and plutonium
for O/M ≤ 1.96 [13].
The evaporation-condensation mechanism is also noted in carbide and nitride fuels
and contributes to their restructuring and redistribution. It was noted that the vapour
adjacent to carbon rich fuels was rich in Pu-bearing species and, therefore, redistribution
acts in the opposite fashion to MOX with Pu being transported down the temperature
gradient [63,58]. In carbide and carbon rich fuels, small voids were observed to migrate up
the temperature gradient, with an explanation proposed as a combination of vapour
transport of (U, Pu) across the void with fast carbon diffusion in the matrix.
Pore migration
Small regions of gas filled voids may be present in the fuel as a result of residual porosity,
accumulation of fission gases or from pinching off of crack tips. Bubbles, as discussed in
this chapter, contain high-pressure gas, exist at submicron sizes and are spherical due to
equilibrium with the isostatic pressure of the fuel matrix. The high-gas pressure inside the
bubbles suppresses vapour transport leaving only solid state (or surface) diffusion
mechanisms active.
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Pores are a type of small, enclosed void, and play a major role in the restructuring of
the solid fuel matrix. They are lenticular, with the minor axis aligned with the temperature
gradient and contain low-pressure gas, primarily the cover gas used from fuel fabrication.
Pores migrate up the temperature gradient primarily through vapour transport,
thermodiffusion and stress-driven diffusion [104,68,127]. In the evaporationcondensation mechanism, matrix material vapourises on the hot surface, diffuses across
the width of the pore, and condenses resulting in the void’s progression towards the
hottest region. In thermodiffusion and stress-driven diffusion, atoms are driven
individually down the gradient (or vacancies up it) resulting in the net displacement of the
pore towards the hottest point.
Pores are too big to be pinned to defects or grain boundaries and rather consume
grains in their path, collecting new elements which were trapped in the matrix and
building long, cylindrical, columnar grains in their wake, with a series of small regularly
spaced bubbles along the circumference [87]. When they approach the fuel centreline, or
rather the periphery of the central void, the temperature gradient becomes flat, which
suppresses the evaporation-condensation mechanism. It is then considered that creep or
sintering is responsible for the final merger of the pore with the central void where all the
collected elements are deposited [68,127].
Pore migration and central void formation can occur quickly upon start-up and can
remove the initial porosity in a matter of hours. Tanaka et al. irradiated MOX for 10
minutes and already observed central void formation and pore migration [114]. Following
the removal of the initial porosity, pores may still be generated from cracks, and so may
continue well into irradiation. Due to the high sensitivity of vapour pressure on
temperature, the efficiency of vapour transport and, therefore, the pore migration velocity
depends strongly upon temperature and the outer radius of the columnar grain region is fairly
well predictable from the centreline temperature, as is the size of the central void [85, 18].
The predominance of the vapour transport mechanism in inducing pore migration and
the previously discussed U-Pu redistribution, which is a consequence of this, raises the
question of long-range redistribution of U-Pu from pore migration. The preferential
vapourisation of, for example U, from the advancing surface implies an enrichment of Pu
in the solid in front of the advancing pore, which can only diffuse a limited distance in the
solid state due to slow diffusion. The higher concentration of Pu at the hot surface
implies more vapourisation of Pu at that point, which balances the difference in vapour
pressures across the pore. The macroscopic enrichment process is, therefore, limited to
the Pu, which initially builds up at the advancing surface, the so-called “bow wave”, and
the excess Pu vapour in the pore, akin to zone refinement. The cumulative effect of pore
migration on actinide redistribution was calculated to be orders of magnitude smaller than
the observed effects, implying that it was not the mechanism responsible for Pu
enrichment at the inner surface, which instead might be preferential vapourisation and
diffusion along the initial cracks in the fuel before they are healed [84,35,19].
Thermodiffusion
Another phenomenon partially responsible for redistribution and restructuring is that of
thermodiffusion, also known as the Soret effect, which may occur in the solid or gas
phase [14,139]. In the context of nuclear fuel, it is most often associated with
redistribution of fuel components in the solid phase and for this reason requires high
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temperatures and high-temperature gradients to produce fast enough kinetics and a large
enough driving force to be appreciable. It is difficult to separate from the evaporationcondensation mechanism and carrier-gas assisted transport and is considered dominant in
very dense solid regions, such as the columnar grain zone where pore migration has
removed the initial porosity and cracks and, therefore, reduced vapour-phase transport.
In MOX, thermodiffusion in the solid state is considered to contribute to the
redistribution of U and Pu. Experiments were performed on U0.85Pu0.15O2 and
U0.85Pu0.15O1.98 at up to 2 800 K with linear temperature gradient of 1 500 K cm-1 and
found a profile which suggested overlapping effects of U vapourisation and U-Pu
thermodiffusion [12,13,14]. In another experiment on (U, Ce)O2, it was found that Ce is
driven up the temperature gradient by thermodiffusion and counteracted by the vapour
transport downwards [11].
Often, the lighter elements in fuels are several orders of magnitude more mobile than
the heavy elements and so show more pronounced thermodiffusion effects. Such is the
case with oxygen moving up the temperature gradient in non-stoichiometric MOX (of
which UO2±x is a special case) [100], and carbon moving down the gradient in uranium
carbide fuels [41,129]. The chemical state also influences the efficiency of this mechanism.
Sari and Schumacher performed experiments on MOX samples of various U/Pu ratios
and oxidations in which vapour phase transport was excluded by coating the samples in
Mo [100]. They showed that oxygen is driven up the temperature gradient to varying
degrees depending on the degree of oxidation (valence of U/Pu) but not the ratio of
U/Pu [100]. Their results are partially questionable due to their technique, however, as
they noted in their analysis, the metallic coating used to prevent vapour developing might
be interfering with a thermoelectric effect which may be present in the normal fuel
operation [45,70].
Modelling of high-temperature restructuring and redistribution processes
Modelling of the restructuring and redistribution phenomena includes matter transport
driven by thermodiffusion, stress gradients, non-congruent vapourisation, and sintering.
As of the time of this report writing, there does not appear to be a model which accounts
for the interplay of these phenomena completely, which should then predict pore
migration, central void growth and redistribution simultaneously and self consistently.
Reasons for this may be the complexity of the problem, the range of length scales which
must be considered (micrometre to centimetre), and frequent lack of basic material data
(chemical diffusion or thermodiffusion coefficients) that such models require.
Higher burn-up effects


The high burn-up structure in oxide fuels

A word must be said about a more radical microstructural change first coined as the RIM
effect because it was initially observed in the periphery of UO2 fuels [90]. This
phenomenon is seen in all types of oxides both Pu-bearing Mixed [Pressurised Water
Reactors (PWRs) or Fast Reactors (FRs)], Oxide Fuels (MOX) or UO2 fuels below
1 273 K but at elevated local burn-ups (greater than 60 GWd/Mt). It first generated interest
because of the characteristic radical change in the microstructure it brought about and
concerns that this might lead to extensive fission gas release. Although the oxide retains
its original fluorite structure as demonstrated by electron nano-diffraction [74,115,76,95],
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the original grain size which is usually between 5 µm and 20 µm for sintered material is
found in the 200 nm to 1 µm range following the transformation. It is also accompanied
by the formation of micron size fission gas bubbles as seen in Figure 2d, although there is
still debate about whether these bubbles precede or are a consequence of the restructuring
process [113]. Other revealing TEM observations were instrumental in setting up
scenarios for explaining this spectacular transformation. Nogita and Une [74] estimated
the dislocation density in regions immediately adjacent to completely restructured zones.
Their estimates led to extremely high values (5-6x1014 m/m3) in un-restructured original
grains and also found that within the new submicron grain structure, the interior of the
grains showed no signs of the presence of dislocations or dislocation loops. The other
finding confirmed in [115] was that nano electron diffraction revealed a random
orientation of the new nano-grain structure. These observations led Nogita and Une [74]
to suggest that this was a case of dynamic recrystallisation. The driving force for this is
accumulation of radiation damage as fission events are assumed to lead to the formation
of dislocation loops and vacancy clusters. Biased attraction of interstitials in comparison
to vacancies for loops leads to their growth and eventually to the formation of dislocation
networks. On the other hand, vacancies tend to form clusters in which fission gases in
particular are likely to accumulate. In the authors’ scenario, dislocations then reorganise
into subdivided grains with high angle boundaries that constitute the nuclei for the
subsequent recrystallised structure. At a critical damage level, recrystallisation occurs as a
result of which defects and fission products are swept out and fission gases gather in
micron size agglomerates. Another interesting finding which supports this interpretation
is the fact that restructured grain regions are actually quite stable in the event of a
continued burn-up increase and also that the restructured grain sizes appear to be
dependent upon the temperature at which the transformation occurs [80]. In restructured
MOX agglomerates that had operated at temperatures up to 1 273 K, grains of up to 1 µm
in diameter have been observed whereas smaller grains are observed at the periphery of
UO2 fuels at high burn-up that operate at 673-773 K. This temperature dependence is
typical of dynamic re-crystallisation. Also, the stability of restructured grain with burn-up
may be an indication, as suggested in [134], that the sink efficiency of grain boundaries of
small size grains has become predominant over the sink efficiency of internal sinks.
Wiedersich indicates that the sink efficiency of grains with sizes between 100 nm and
1 µm is equivalent to that of dislocations at densities between 1014 and 1015 m/m3 [134].
Based on different observations of similarly restructured regions, some authors favour a
polygonisation mechanism to explain the reduction in grain size. Indeed, Ray et al. [95]
observed diffraction patterns of restructured regions corresponding to low angled
boundaries. Whatever the actual mechanism for restructuring interpretations always
invoke the build-up of radiation damage [66]. A polygonisation mechanism is also
supported by surface studies of ion irradiated single crystals [65,34].
Despite converging observations, other explanations for fuel restructuring have been
suggested involving the role of so-called planar defects [51] that are not systematically
reported or of high local stresses around pre-existing pressurised fission gas bubbles [113].
Other possible effects that have never really been studied analytically concern the role of
fuel chemistry and oxygen redistribution and activity. There are indications for instance [80]
that the local plutonium content may be essential in controlling fuel restructuring. Also, to
conclude this section, recent characterisations of very high burn-up material (83 GWd/Mt)
show restructured regions extending about 100 µm into the fuel pellet whereas previous
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studies reported restructured regions more than three times as thick [79,57] at similar
burn-ups and under similar irradiation conditions. No satisfactory explanations for these
observations are yet available.
Microstructure evolution in research reactor fuel
The main purpose of research reactors is not to generate power, but to provide neutron
sources which have diverse applications such as neutron research, fuel and material
behaviour testing, radioisotope production, non-destructive testing. Research reactors are
usually much simpler and operate at lower temperatures than commercial power reactors.
The nuclear fuels for research reactors are much different from those for commercial
power reactors and usually come in two geometries: plate and cylindrical types. They
generally comprise what is known as the fuel meat and its surrounding cladding. The fuel
meat is made up of fine fuel particles homogeneously dispersed in an aluminium matrix.
Similar aluminium based alloys are used for the fuel meat matrix and as cladding material
whilst different types of fuel particles are encountered in order to satisfy the fuel
requirements.
To make a compact core with high neutron flux, many research reactors used high
enriched uranium fuel (HEU, i.e., fuels with a 235U enrichment in excess of 20%) up to the
late 1970s. However, in order to abide by the international non-proliferation treaties, the
US Department of Energy in 1978 initiated the Reduced Enrichment for Research and
Test Reactors (RERTR) Program. The RERTR Program has developed technologies
required to convert the HEU nuclear fuels to low enriched uranium fuels (LEU, i.e., fuels
with a 235U enrichment below 20%) in research reactors. The main concept of the RERTR
is to develop LEU fuels which have identical 235U densities to HEU fuels. It has been
pursued through two approaches: one consists in increasing the amount of LEU fuel
particles in the fuel to compensate the enrichment decrease. The other is to develop new
fuel particle materials having higher uranium densities than those of existing fuel particles
such as UAlx, U3O8, and UZrHx. Because there is a practical limit to the increase in the
amount of fuel particles, most efforts were spent on developing new fuel particle materials
in the RERTR Program.
U3Si2 fuel particles dispersed in an aluminium matrix was a fuel type developed and
qualified up to a density of 4.8 gU cm-3 in 1988 [122]. If the volume fraction of U3Si2 fuel
particles in the fuel meat approaches its geometrical limit, the irradiation stability of U3Si2
is maintained up to a sufficiently high burn-up level as shown in Figure 7 [28]. However,
the burn-up increase of the U3Si2-Al fuel and the radiation damage it entails causes the
microstructure to change substantially:
• The first phenomenon is the formation of an interaction layer between the U3Si2
fuel particles and the aluminum matrix which grows through radiation induced or
enhanced diffusion controlled processes. Because the thermal conductivity of the
interaction layer is less than that of the surrounding aluminium matrix, the overall
conductivity of the fuel meat decreases with burn-up.
• The second phenomenon is the porosity change in the fuel meat which is due to
two mechanisms. The unirradiated fuel meat contains voids left over from the
manufacturing process which are liable to accommodate fuel swelling which occurs
in the early stages of the irradiation process. As a result, the porosity in the fuel
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meat decreases in the beginning. As irradiation proceeds, fission gas bubbles
nucleate and coalesce thus affecting the pore size distribution. These processes are
controlled by the apparent diffusivity of gas atoms and defects which are affected
by temperature, fission density, fission gas resolution and trapping. The formation
and coalescence of fission gas bubbles induces a degradation of the thermal
conductivity of the fuel. In addition, the growth of fission gas bubbles into larger
ones induces extensive fuel swelling. Hence, it is favourable to keep bubble sizes as
small as possible from the viewpoint of fuel performance and integrity. Fortunately,
reasonably small stable bubbles develop in U3Si2 fuel particles even at high burnups as shown in Figure 8, except in some extreme cases [54].
• The third phenomenon is the radiation-induced amorphous phase change which
may result in changes in fission gas diffusivity and fuel plastic flow rates for large
swelling values. While it was widely recognised that U3Si becomes amorphous at
intermediate burn-up levels under irradiation, it was thought that U3Si2 remained
crystalline under irradiation. Recent observations have revealed that U3Si2 can also
become amorphous [28].
Despite these phenomena, the integrity of U3Si2-Al fuels has been observed under
most normal operating conditions in research reactors.
Figure 7. Fuel particle swelling of uranium silicides [28]

The microstructural evolution in research reactor fuels has been a big concern when
the international study started on new research reactor fuels in 1996, which had much
higher uranium density than U3Si2. One of the most promising candidates is the U-Mo
alloy fuel dispersed in an aluminium matrix and the monolithic U-Mo alloys. The U-Mo
dispersion fuel showed a good performance up to a certain burn-up but an unexpected
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breakaway swelling occurred at a high burn-up [43]. Post-irradiation examinations (PIE)
correlated the unexpected breakaway swelling to the interaction between the U-Mo fuel
particles and the aluminium matrix. Figure 9 shows the resulting microstructure with large
pores. The unexpected breakaway swelling in U-Mo fuel is affected by various factors
such as high fission rates, temperatures and burn-ups. Two options have been investigated
to suppress the growth of an interaction layer between the U-Mo fuel particles and the
aluminium matrix: one is to add at least 2 wt% silicon to the aluminium matrix. The
irradiation test and PIE revealed that this decreased the growth rate of the interaction
layer whilst guaranteeing the irradiation stability of U-Mo fuel even at high burn-up. The
other is to coat the U-Mo particles with oxides. The oxide coating may work as a barrier
to diffusion thus limiting interaction layer growth.
Figure 8. Fission gas bubble morphology in U3Si2 (96% burn-up) [28]

Figure 9. RERTR 4, mini-plate V6022M, U-10Mo, average burn-up 82% [43]

Dark areas correspond to fission gas containing pores, grey spherical structures are what remain of the original UMo
fuel particles, surrounding lighter areas indicate the development of an interaction layer between the original fuel
particle and the matrix.

Such microstructural changes in research reactor fuels were described using a
combination of diffusion equations and correlations based upon experiment. The
Dispersion Analysis Research Tool (DART), the main purpose of which is to predict
fission-product-swelling in aluminium dispersion fuel, is the representative code in this
field [96]. It calculates the closure of as-fabricated pores by accommodation of fuel
particle swelling, interaction between fuel particles and aluminium matrix, amorphisation,
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and recrystallisation. The resulting information on microstructure evolution is used for
predicting macroscopic swelling and the thermal conductivity of fuel.
The microstructure evolution in U-Mo/Al dispersion fuel was also investigated using a
phase-field model, which uses the free energy of a system to describe a system state [82].
Figure 10 shows the simulated microstructure of RERTR-3 V03 plate at 37.6% burn-up.
It has 14.4% of unreacted Al matrix, which is very similar to a measured value, 17%. The
simulated microstructures were used for evaluating thermal conductivity degradation as a
result of the growth of an interaction layer.
Figure 10. Simulated microstructure of V03 plate at EOL by phase field model [82]

To study the effect of adding silicon to an aluminium matrix in U-Mo fuel, the
Bozzole-Ferrante-Smith (BFS) method was applied to Al/U-Mo interface modelling [31].
It calculates the minimum amount of silicon addition for the diffusion barrier to be
effective as shown in Figure 11. It is important to optimise the silicon content in U-Mo
fuels because silicon is detrimental to the reprocessing process. The BFS method can be
used to evaluate alternatives to silicon addition: silicon coating, zircaloy matrix, and
carbon coating.
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Figure 11. Composition profiles of the computational cells at U-Mo/Al interface at 450K [31]

An attempt at rationalising some of these observations based on separate effects
experiments and atomistic scale modelling

Basic radiation damage processes and dislocation loop formation
Experimental results
In-reactor radiation damage mainly proceeds from the slowing down of fission fragments
which induces both electronic excitation and ballistic effects although the material appears
to be more sensitive to ballistic damage [77] in the range of stopping powers associated
with fission fragments. This of course does not preclude that electronic excitation may
have a substantial impact through modification of defect charge or mobility under
irradiation as seen in other oxide systems [55].
Experimentally, fission fragment-induced damage was studied by Whapham
and Sheldon [132] who reported a number of interesting findings. Following lowdose irradiations of UO2 samples, corresponding to fission densities four orders of
magnitude less than the smallest fission density in Cornell’s [21] study, the authors
observed the presence of small interstitial type dislocation loops (lying on {1 1 0}
planes and with a Burgers vector of a/2 <1 1 0>) 2.5 nm in diameter. These dislocation
loops quickly grow upon continued irradiation and eventually constitute a dislocation
network. Some of these
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findings were later confirmed by Soullard [110] in samples irradiated at slightly higher
fission densities. The average dislocation loop size was nearly double (although difficulties
were encountered due to the small loop sizes) that found in [132]. But in addition to the
a/2 <1 1 0> loops, a/2 <1 1 1> loops are also reported; the latter corresponding to
planes containing empty octahedral sites in which there is therefore some room to
accommodate a stoichiometric array of uranium and oxygen atoms. The size distribution
derived from TEM analyses showed a quasi-constant dislocation loop density between
5x105 fissions cm-3 and 3x1016 fissions cm-3 [110]. The author’s favoured explanation for
this is, as commonly assumed in the case of fission gas bubbles, fission spike induced
resolution. We will see below that the author’s second explanation which involves
annihilation with vacancies produced through the fission process should by no means be
overlooked. The last feature we should like to comment upon in relation to this work is
the high radiation resistance of UO2. Soullard evaluated (based on a BCA estimate) that
circa. Twenty-seven thousand uranium Frenkel pairs were formed at each fission event.
And the fact remains that UO2 preserves its crystal structure despite the level of
~2000 dpa readily reached in the periphery of a high burn-up oxide fuel.
For sake of completeness, three other types of studies should be cited in relation to
radiation damage of a slightly different kind to that induced by fission fragments: they
concern 238Pu doped [48] or ion-irradiated UO2 [99,101,108]. Regarding the former type of
study α-decay of 238Pu induces relatively high levels of radiation damage presumably
through the ~100 keV recoil nucleus mainly. When observed after different storage times,
dislocation loop formation and growth is clearly characterised which the authors interpret
based on a rate theory model in terms of loop movement and coalescence and
radiation-induced resolution. This work focuses mainly on dislocation loop
behaviour and no helium bubbles are reported. Following either 390 keV Xe or 300
keV Cs implantations, Sabathier et al. [99] describe a sequence of dislocation loop
formation and growth and a change of the microstructure towards a dislocation
network at fluences of 1015 ions cm-2 and 1016 ions cm-2 which is similar to that reported
in neutron irradiated material [132]. By contrast in 7 keV He [101,61], irradiated
samples, a regime of dislocation loops is observed when at similar fluences of ions
characteristic of fission products, a dislocation network readily forms. This is quite
obviously the result of the vastly differing radiation damage these two types of ions (7
keV He and 300-400 keV Xe or Cs) induce in the material.
Finally, the ion irradiation study presented in [108] also clarifies the susceptibility of
UO2 to electronic excitation effects in comparison to ceria and for several high electronic
stopping powers. Ion tracks are characterised in ceria and uranium dioxide and as
expected, in the high electronic stopping power ranges (between 15 and 30 keV nm-1),
uranium dioxide is much less susceptible to radiation damage than the more insulating
cerium dioxide. For electronic stopping powers of roughly 20 keV nm-1, the average track
diameter is less than two nanometres in UO2 as opposed to 7-8 nm in ceria. The other
interesting finding is the fact that the scenario involving the build-up of a tangled
dislocation network form dislocation loops is also observed following a 210 MeV Xe
irradiation. It illustrates that this observation is not dependent upon the cause of radiation
damage but a general mechanism through which the material accommodates this damage
that could constitute a key stage in the evolution of the material towards a fully recrystallised microstructure (see the high burn-up effects section above).
44

NEA/NSC/R(2015)5

Modelling
One of the most striking recent evolutions in fuel studies has been the wide spread
development of modelling techniques at the atomic scale. Molecular dynamics based on
empirical potentials in particular has extensively been used whether in relation to the study
of radiation damage or not [39,71,124,37,60] as examples of applications. In the context
of radiation damage studies it gives an insight into basic damage processes at scales in the
main inaccessible to experiment. Before we look at what those techniques have revealed
in relation to this, it should be noted that Monte-Carlo (MC) or analytical applications
within the BCA can also provide essential insight into how energetic particles slow down
in the material and how the subsequent damage is spatially distributed. The question is
quite relevant to nuclear fuels because of the very high energies of fission fragments.
Based on the BCA and recognising the fractal nature of collision cascades, Siméone and
Lunéville [106], have defined a subcascade threshold energy Ec which represents the
energy of, in the main, spatially separated subcascades into which a high-energy
displacement cascade brakes down into. Intuitively, this energy can be seen as the energy
for which the average distance travelled between two collision events is equivalent to the
size of the subcascade. It is shown to depend upon the atomic number and the threshold
displacement energy of the atoms it contains. Calculating Ec for UO2 yields 25 keV using
an atomic number averaged out to take into account composition and a 40 eV threshold
displacement energy for U atoms [112]. Applying their theory to diatomic targets is still in
progress but encouraging signs stem from the fact that this value is in good agreement
with empirical potential molecular dynamics simulations of high-energy displacement
cascades in UO2 [125,62].
This latter modelling technique indeed provides details of the material’s response to
energetic ions and the previous comment justifies studying the effects of U recoil atoms in
the 10 keV energy range. Van Brutzel et al. [126] have shown that a cascade develops in
three distinct stages the first of which involves high-energy binary collisions and lasts a
few tenths of picoseconds. As the recoil energy is deposited in the material, a thermal
spike develops characterised by the short range movement of a large number of atoms
within a roughly spherical volume which extends at the most over a diameter of
approximately 5 nm for a 10 keV cascade. This lasts 1 to 3 ps. Then, as the heat is
dissipated in the material, the zone affected by the thermal spike re-crystallises and
reassumes, to a large extent, its original configuration, bar a few residual defects. It is
interesting to note that above 10 keV, the recombination fraction (defined as the fraction
of displaced atoms that settle at an ordinary lattice site once equilibrium is reached once
again) reaches 90% for uranium atoms and circa 99% for oxygen atoms [62], in line with
the high radiation resistance of this material. Defects are also mostly produced in
stoichiometric composition as would be expected considering the fixed charged models
that are employed and the fact that oxygen defects are rather mobile on the scale of the
MD simulations; as a result of which, they are seen to recombine to form stable neutral
clusters [62]. Finally, over a wide range of PKA energies, a majority of residual defects are
found in defect clusters (circa 70% between 1 keV and 10 keV). This proportion appears
to be little dependent upon temperature. Uranium defects are immobile at the
temperatures studied on the scale of the simulations which would point to the fact that
clustering may occur as a result of purely a-thermal radiation processes. At the end of the
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re-crystallisation process, vacancies are found at the centre of what was the molten region
whilst interstitials appear at the periphery of that area.
The last point in this section regards the effects of damage accumulation. Again, if the
presumed cascade decomposition effects are correct, then the 7 000 keV deposited
through nuclear collisions per fission event will lead to circa 700 10 keV cascades. In a
volume corresponding to a cube with edges approximately 6 nm long, considering also a
typical fission rate of 1019 fissions m-3, 10 keV cascades will develop in approximately the
same region of fuel every 10 minutes. Hence calculating cascade overlaps even though
long time scale recombination is not taken into account is probably relevant. Van Brutzel
et al. [126] and Martin et al. [61] report such calculation results. The authors analysed
calculation results in terms of defect clustering and in [61] it is shown that cascade
overlapping of thirty-six 10 keV events induces the growth of a large cluster containing
roughly 200 vacancies and extending over a region approximately equivalent to the
volume of a sphere 2 nm in diameter. The other point noted in [61] is the fact that the
interstitial defects that appear at the periphery of the cascade eventually cluster to form
small imperfect interstitial dislocation loops in {1 1 1} planes approximately 5 nm in
diameter as reported above [111]. Such defect clustering observations have also been
made in metals and the clustering processes studied. Kapinos and Bacon [49] suggest the
vacancies cluster as the solid-liquid interface advances during the cooling stage of the
cascade event, thus sweeping vacancies ahead of it. Whether the mechanism via which
interstitials appear is akin to a dislocation punching is still a matter for debate, as is the
role of the ballistic phase of the cascade upon the number of surviving defects [23].
However, the basic scenario whereby vacancies form small spherical like aggregates and
interstitials dislocation loops is shown to be plausible and corroborates the experimental
data.

Bubble nucleation and growth studies
Bubble nucleation studies
It appears that insoluble fission product nucleation as reported extensively in previous
sections results from this production of virtually stoichiometric vacancy and interstitial
aggregates. In situ TEM experiments have recently been reported involving 390 keV Xe
ion implantations in UO2 thin foils irradiated at 873 K over fluences ranging between
3x1012 ions cm-2 and 7x1014 ions cm-2 [69] (experiment carried out at JANNUS-Orsay). The
results show that small 1 nm size bubbles appear gradually at a fluence of 6x1012 ions cm-2;
the bubble density stabilises at roughly 4x1023 bubbles m-3 beyond a fluence of 1014 ions
cm-2. There are striking similarities between these results and those of Cornell [21].
Cornell and subsequent workers reported bubble densities for samples irradiated at similar
temperatures of between 1023 bubbles m-3 and 4x1023 bubbles m-3 in low burn-up samples.
Fission product concentrations of approximately 10-3 at.% can be inferred from burn-up
levels reported by Cornell, compared to a xenon concentration of between 10-4 at.% and
10-3 at.% in [69]. The higher value corresponds to the concentration levels at which the
bubble density appears to level off. Bubble sizes are also similar although Cornell reported
larger ~2 nm size bubbles. However, Cornell’s data concerned slightly higher
temperatures, probably higher cumulated damage levels and longer irradiation periods all
conducive to bubble growth. Figure 12 shows a TEM micrograph of such a sample
implanted with Xe atoms at 873 K. The figure shows small bubbles lying in straight lines
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5 to 6 bubbles long. Because the nuclear energy losses are largely predominant under the
ion irradiation conditions studied here, this observation seems to disprove the repeated
claim [8,21,85,119] that bubbles form in fission fragment tracks in regions where
electronic excitations predominate. Although no clear explanation can yet be provided for
this observation, it does illustrate that controlled irradiation experiments can at least shed
new light on old assumptions.
Figure 12. TEM micrograph of bubbles lying in straight lines following an irradiation with 390
keV Xu ions at 873 K, fluence 2.1014 ions cm-2 and under overfocused beam conditions [33]

At this stage, it becomes necessary to look at other ion-irradiation experiment results
in order to identify the probably similar causes explaining the emergence of a steady-state
nano-bubble size distribution in both neutron and ion irradiation experiments. To this
end, we turn to the Xe, Cs and He implantations studies reported above [99,61]. In
addition to the dislocation structure, it was found that following annealing at 673 K and
873 K for 20 minutes, nanometre size aggregates appeared in both the Xe or Cs
implanted samples and at densities universally reported (1023-1024 bubbles m-3), whereas
no bubbles were observed even following annealing up to 1 023 K in helium implanted
samples. As mentioned in [61], this points to chemical effects or indeed foreign atom
concentrations having only a marginal impact on the initial size distribution of aggregates
and conversely the level and nature of radiation damage playing a key role. Indeed a 7 keV
He irradiation will generate U cascades at maximum energies of 200 eV, which based on a
Threshold Displacement Energy (TDE) of 40 eV for U atoms will probably only lead to
isolated Frenkel pairs; whereas a 390 keV Xe or a 300 keV Cs irradiation will produce
damage cascades with maximum energies of roughly 180 keV that abide by the
phenomenology described in the modelling section above. If one recalls the scenario
which MD simulations provide (see Modelling Section above), it is quite natural to assume
that the overlap of elementary cascades will lead to formation of nanometre size vacancy
clusters that will act as sinks at which foreign, insoluble elements, will readily eliminate
thus constituting a stable aggregate population. This is the exact definition of a
heterogeneous nucleation mechanism i.e., a mechanism in which insoluble elements
eliminate at defects in the crystal structure. In addition to constituting a credible
explanation for ion-irradiation experiment results, it would also provide a reason why
metallic fission product aggregates are so often found associated with rare gas bubbles.
Metallic fission products just segregate at the same sinks as rare gas atoms because they
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are insoluble. This mechanism differs substantially from that usually referred to in relation
to nucleation in the wake of fission fragments which is often mentioned in the context of
electronic excitation effects.
Another reported observation [132,110] that could be an indication of the necessary
presence of insoluble atoms to stabilise vacancy aggregates is the fact that at low fission
densities the dislocation loop distribution quickly reaches a steady state before loop
growth resumes at higher fission densities. Indeed the initial dislocation loop distribution
may be regarded as resulting from a radiation damage process. The vacancy aggregates
which may be seen as the dislocation loop counterpart will act as sinks at which additional
interstitials will annihilate until the foreign insoluble atom concentration is sufficient to
stabilise the bubble nuclei. Once this concentration is reached and the nanometre size
aggregates no longer act as sinks for migrating interstitials, the dislocation loops continue
to absorb excess interstitials and loop growth resumes. This would suggest that if the
nature of the damage is adequate (i.e., under displacement cascade conditions) then
nucleation will indeed occur if foreign elements are present to stabilise the vacancy
aggregates that are a basic consequence of the radiation damage process.
In conclusion, the dislocation loop and indeed the bubble size distributions and their
evolution with dose are therefore probably dictated to a great extent by the radiation
damage processes so long as the foreign element concentration exceeds a threshold value.
Why a steady-state bubble size distribution is established at temperatures below circa
1 273 K is still a matter for investigation. Also if vacancy clusters actually exist, they would
be thermodynamically unstable because of surface tension effects. The question would
remain as to whether they are kinetically stable, at what temperature and what
concentrations of foreign insoluble elements are required to stabilise them.
Xenon content in bubbles
Assessing or validating models based on rate theory also requires ascertaining the quantity
of rare gases that are liable to segregate to bubbles. X-Ray Absorption Spectroscopy (XAS)
experiments at the xenon K-edge [32, 59] have been shown to enable this. A methodology
has indeed been developed to characterise the pressure in ion-implanted specimens. This
method is based on determining the local environment of xenon atoms and in particular
the average Xe-Xe distance. The results of low-temperature (circa 5 K) characterisations
of xenon implanted samples at fluences and energies such that the xenon concentration
remained roughly equal to 2 at.% over 150 nm, showed that the Xe-Xe distance was of
the order 3. 97 Å as opposed to 4.34 Å had the xenon crystals been uncompressed at that
temperature. Asaumi’s equation of state for xenon [7] at low temperature enabled the
xenon pressure within the aggregates to be estimated at 2.7 ± 0.3 GPa at 5 K in samples
annealed for 30 minutes at 873 K. Further annealing for 12 hours showed the pressure
dropped to approximately 2 GPa. An estimate may then be given of the fraction of gas
contained in bubbles [99] based on TEM results of samples implanted and annealed under
similar conditions. This estimate shows that less than 5% of the sample’s gas content is
contained in bubbles visible using TEM. A similar methodology has been applied to
samples implanted at 1017 ions cm-2 with 400 keV krypton ions (corresponding to roughly
4 at.% average concentration) and annealed at 873 K for 12 hours. The pressure was
estimated at 12 K at approximately 2.2 GPa confirming the very similar behaviour of Kr
and characteristics of Kr bubbles. Thus, TEM and XAS at the rare gas K-edge are indeed
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most complementary techniques, the development of which on neutron irradiated
material would most enhance our knowledge of bubbles formed under those conditions.
Example of bubble growth studies
A last example of what may be obtained from ion irradiation experiments is given in the
guise of a TEM thin foil implanted with 400 keV Xe ions to fluences 7x1015 ions cm-2
such that the average concentration in the foil reached approximately 0.5 at.%. Figure 13
is a TEM micrograph of the foil following annealing at 1 773 K for 2 hours under a
reducing atmosphere: dislocations have formed a network that separates the initial grain
into smaller ones. Figure 13 also shows the presence of bubbles within the domains
delineated by the dislocation structure. However, these bubbles (1-3 nm in size) remain
small in comparison to those lying at the interfaces between two regions, most of which
are faceted and have grown to sizes in the region of 20 nm. These observations are well in
line with those carried out by Whapham and Sheldon [132] on neutron irradiated material
further demonstrating the usefulness of ion irradiation experiments to develop model
systems on which mechanisms can be studied without the difficulties associated with
handling active material. It also suggests a scenario for gas to be released to grain
boundaries during a power ramp or out-of-pile annealing experiments. The coarsened
bubble network lying on the rearranged dislocation network would suggest higher
transport properties at those dislocations and hence enhanced gas migration along the
dislocation until it intersects a free surface or a grain boundary, in line with recent MD
simulations [40] of Xe diffusion at dislocations in UO2. The paradox outlined previously
(large release fractions that are not predicted from standard rate theory approaches) could
possibly be resolved considering that gas atoms have much less distance to travel to
dislocations than to the grain boundary if no network was present.
Figure 13. TEM micrograph of bubbles lying along dislocations and a restructured dislocation
network as a result of annealing at 1 773 K for 2 hours

The thin foil was irradiated at a dose of 7x1015 ions/cm2 with 400 keV Xe ions. Note also the facetted nature of the
bubbles [33].

Bubble stability
In this section, we look at certain aspects of the temperature and irradiation stability of
rare gas bubbles guided by the paradox outlined above pertaining to in-pile and out-ofpile rare gas release from nuclear fuels. To this effect, a brief review is given of what first
principles ab initio calculations based on Density Functional Theory (DFT) can contribute
in relation to solubility of rare gases in UO2. Then, we look at a few issues relating to the
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radiation stability of rare gas bubbles investigated both using ion beams and MD
simulations.
Rare gas solubility using first principles
One of difficulties related to modelling actinide compounds lies in the strong correlations
between f-electrons. Unfortunately DFT in its standard formulation is not particularly
well suited for this and a substantial effort has recently been devoted to improving our
description of these strong correlations in a number of actinide compounds both using
hybrid functionals [52] [91-93], [98,46] and the so-called DFT+U approximation [5,6]
[24,25], [67,27]. In addition to providing an improved description of the electronic
structure of actinide oxides, this latter approximation has further been demonstrated in
UO2 to yield defect formation and migration energies that tally well with diffusion
experiments in UO2 [27] carried out under controlled oxygen potential. Note that in
general, the DFT+U approximation provides energies which are much closer to available
experimental data than standard DFT [25-26]. Incorporation energies of Xe and Kr at
various defect sites have been evaluated using DFT in the past and results initially
suggested very low solubility.
Table 1. Kr and Xe incorporation energies in eV, using either standard DFT [22,29,16] or
the DFT+U approximation [73,33,137]
Octahedral
site

U vacancy

Oxygen
vacancy

Scotty trio
(type 1)

Schottky trio
(type 2)

Schottky trio
(type 3)

Kr (Crocombette,
2002)

8.9

4

7.1

-

-

-

Kr (Garcia, 2012)

6.6

2.2

5.3

0.64

1.26

1.38

Xe (Freyss,

2006)*

11.2

13.9

9.4

-

-

-

Xe (Chartier,

2010)**

12.01

5.77

9.14

-

-

-

Xe (Nerikar, 2009)

11.11

2.5

9.5

1.38

Xe (Yu, 2009)

8.07

5.18

9.01

2.90

Xe (Garcia, 2012)

9.48

3.84

6.89

1.18

1.82

2.25

* 24 atom supercell, GGA approximation; ** 96 atom supercell, GGA approximation.

As shown in Table 1, Freyss et al. [29], Chartier et al. [16] had calculated the Xe
incorporation energy in a uranium vacancy to be approximately 9.4 eV and 5.8 eV albeit
using different calculation parameters (in particular exchange and correlation functionals,
cut-off energies and supercell size). Crocombette [22] had estimated the Kr incorporation
energy in a uranium vacancy to be 4 eV. Garcia et al. [33] calculated using the DFT+U
approximation (calculation details identical to those described in [25]) using occupation
matrix control [4,24,47,98], the incorporation energies of Kr and Xe at different defects
including three types of Schottky defects. These three configurations depend upon the
relative position of the two oxygen vacancies that constitute it. In this work, types 1, 2 and
3 correspond to oxygen vacancies in <1 0 0>, <1 1 0> and <1 1 1> directions,
respectively.
This table illustrates that more recent methods tend to yield lower Kr and Xe
incorporation energies. It is confirmed that Schottky defects, as pointed out in earlier
work [39] tend to yield the lowest incorporation energies for fission gasses. At circa 1.2 eV
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for xenon and even more so at a few tenths of eVs for Kr, these incorporation energies
could point to thermal re-solution as playing a role in the high temperature removal of
fission gasses from within the grain to the grain boundaries even in the absence of
radiation; assuming of course that Schottky defects of the right type are created in
sufficiently large quantities.
Radiation effects
We now turn to the radiation stability of fission gas bubbles which constitutes the corner
stone of all fission gas behaviour modelling efforts to date. Recent publications reported
on experiments [33] involving thinning UO2 samples down to thicknesses conducive to
TEM characterisation. Samples were then implanted on the IRMA accelerator at
CSNSM/Orsay with 400 keV xenon ions at fluences of 1016 ions/cm2 corresponding to
an average Xe concentration of approximately 2 at.%. They were further annealed at
873 K under vacuum for 30 minutes which consolidates the bubble population at
densities and sizes of roughly 4x1023 m3 and 2 nm, respectively. Thin foils were then
irradiated with 8 MeV iodine ions at doses of up to 1016 ions/cm2. Although at 3 keV/nm
the electronic stopping power of an 8 MeV iodine ion traversing the thin foil is
approximately 7 to 9 times less than the threshold value for track formation in UO2 [135],
it is reasonable to assume that at the highest irradiation dose, the material has been
impacted at least once by impinging iodine ions. Despite this, no discernable modification
of the characteristics of the initial bubble population was detected. Simple experiments
could be carried out this way to prove or disprove the single impact bubble dissolution
concept.
Empirical potentials MD techniques have recently been employed to investigate the
impact of radiation on bubble stability under ballistic and electronic energy loss regimes
[44,89,103]. Schwen et al. [103] combined MC simulations within the BCA with empirical
potential MD simulations to determine a realistic estimate of Nelson’s re-solution
parameter. MC simulations were carried out to determine a detailed recoil spectrum of Xe
atoms contained in small fission gas bubbles. MD simulations were used for calculating
the effect of recoil energies greater than 200 eV and less than 12 keV, i.e., at energies for
which a full MD cascade treatment is probably more realistic than the BCA. Weighting
the Xe atom displacement histograms obtained from MD by the MC determined Xe
recoil energy spectrum, an estimate of the re-solution probability in Nelson’s model for
small 1 nm radius bubbles is given. It lies a factor of 50 below Nelson’s original estimate.
The same authors further investigated inelastic effects again using MD
simulations [44]. They first used measured UO2 sputtering yields for different incident ion
stopping powers [102] to determine the electron-phonon coupling constant with the socalled Two Temperature Model (TTM) [116]. In this model, the coupling constant is
characterised by a free parameter λ, which determines the efficiency with which energy is
transferred from the hot electron sub-system to lattice atoms. Thermal spikes were
simulated with MD for different (λ dependent) temperature profiles determined from
application of the TTM. An optimal value of λ was thus determined. Next for this
optimal value of λ, MD simulations of thermal spikes corresponding to different
electronic stopping powers were modelled in the presence of small xenon bubbles as a
result of which re-solution was noticeable only for stopping powers in excess of
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35 keV/nm. Total bubble dispersion was not observed at any of the stopping powers
studied.
Both these MD studies [44,103] would suggest that re-solution has only a marginal
impact on bubble stability.
Conclusion and future challenges
A few of the more striking microstructural features of neutron irradiated UO2 fuels are
reviewed. Certain common observations may to some extent be rationalised based on
results from more analytical ion irradiation experiments or atomic scale modelling
techniques. In particular, it would appear that the initial size distribution of nanometre
size fission product aggregates widely reported results from basic radiation damage effects.
If damage is induced through displacement cascades then small vacancy aggregates are
liable to form and constitute sinks for insoluble fission products. MD simulations offer a
greater insight into the possible mechanisms involved. In simulations involving
displacement cascades, vacancies are shown to form small voids and interstitial atoms
small dislocation loops. Upon further damage, it is thought that these clusters will absorb
migrating defects and gas atoms and grow.
It appears also that a number of commonly accepted precepts may be challenged by
either analytical experiments or atomic scale simulations. This is the case for fission gas
re-solution which is a corner stone for most fission gas behaviour models. In addition,
under out-of-pile annealing conditions, these models are not capable of reproducing the
observed levels of fission gas release. A number of mechanisms are suggested based on
more recent ab initio results or ion-irradiated thin foil annealing experiments to explain
these observations but clearly much more work is required if a general theory is to emerge
capable of rationalising the plethora of experimental data available. There is overwhelming
evidence to suggest that such a theory requires being capable of dealing both with
radiation damage effects coupled to foreign insoluble element behaviour. Such models
based on rate theory do exist for metallic systems [10,36] and should be applied to
actinide oxides for interpreting ion-irradiation experiments quantitatively and neutron
irradiations at least qualitatively. Quite naturally atomic scale modelling techniques have a
central role to play in this effort since they constitute invaluable tools for determining
quantities that are practically inaccessible through experimentation. However, even if the
difficulties inherent to developing a coherent modelling approach at several different
scales are overcome, there is, of course, no guarantee that the material’s microstructural
evolution will result from the behaviour of a single species: the interplay that exists
between the oxygen and cation sublattices must be understood and the consequences of
this interplay quantified. In addition, there exists very little knowledge of the extent to
which the material is susceptible to certain radiation effects specific to insulators.
Finally, more work remains to acquire and understand actinide oxide basic properties
since these are necessary for implementing rate theory based models. These properties
both under irradiation and thermodynamic equilibrium conditions must be acquired so
that progress may be made in the predictive capability of models describing
microstructure evolutions over engineering time and length scales.
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