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1 Final publishable summary report

1.1 Executive summary

The F-BRIDGE project, whose acronym stands for “Basic Research in support of Innovative Fuels Design for
the GEn IV systems”, took place over the period 2008-2012. It sought to bridge the gap between basic
research and technological applications for nuclear fuel systems. One of the challenges for the next
generation of reactors is to significantly increase the efficiency in designing innovative fuels. The main
objective of the F-BRIDGE project was therefore to complement the classical empirical approach by a more
physically-based description of fuel and cladding materials which is essential to reach a better knowledge
and by doing so to enable a better prediction, leading itself to a rationalization of the design process and a
better selection of promising fuel systems. F-BRIDGE relied on the complementary expertise of 19 partners:
nuclear and non-nuclear research organisations, universities, a nuclear engineering company, as well as
technology and project management consultancy small and medium enterprises. F-BRIDGE produced
extensive and consistent scientific and technical results.

One of the main objectives of F-BRIDGE was to perform basic research investigations on nuclear ceramic
fuels and their cladding. It took advantage of the use of innovative experimental and modelling techniques in
a consistent multiscale approach from the atomic to the macroscopic scale and made significant
breakthroughs in the detailed knowledge of ceramic fuels and cladding behaviour for the performance and
safety optimization. The project contributed to produce key basic data and identify relevant mechanisms that
are to be used for a better prediction of fuel behaviour. Knowledge on the atomic transport properties of
oxygen, fission products and helium in fuels, as well as of silver in SiC cladding, was considerably improved,
and data were either updated or acquired through experimental characterisation studies. Micro-structural
changes induced by gas bubble formation and growth, as well as damage produced by irradiation and their
effect on transport properties were also investigated in depth. Regarding the atomic scale modelling of
transport properties and micro-structural changes in carbides and nitrides, F-BRIDGE studies improved the
description of the elementary mechanisms involved in the behaviour of these materials under irradiation and
contributed to generate basic data. Finally, innovative experiments and advanced modelling using the
CALPHAD method largely contributed to improve the knowledge on the thermodynamical stability of various
fuel systems and their chemical interaction with their environment.

A significant contribution of F-BRIDGE was the integration effort between the various actors involved which
improved the links between basic research and applied issues, scientist and end-users, investigations at
various scales from atomic to macroscopic, modelling and experiments, experts and students. Data request
lists gathering key technological issues, pending scientific questions and corresponding basic research
investigations were built from the fruitful interaction between F-BRIDGE participants and industry
representative members of the user group, showing the contribution basic research can make to solve key
technological issues. Significant progress was made in the validation of atomic scale modelling methods and
approximations used on fuel materials, which has contributed to improve their reliability. In addition, a special
effort has been put to improve the link between scales. The mesoscopic scale was identified as a key scale
since it bridges data and mechanisms obtained at lower scales to the fuel performance codes at
macroscopic scale. The multiscale modelling exercise on transport properties in uranium dioxide, which
demonstrated that electronic structure and empirical potential calculations can be used to obtain precise data
to feed higher scale models and help interpret experiments on fuels, is one of the major successes of F-
BRIDGE. The project also highlighted the importance of coupling experiments and modelling in an efficient
way. Complementary to integral irradiations, separate effect studies performed in well controlled and various
irradiation conditions, out of as well as in-pile, were identified as key experiments to contribute to a better
understanding of phenomena occurring under irradiation and to produce data for the modelling validation. F-
BRIDGE demonstrated a first success in updating existing fuel performance codes by introducing into them
advanced material properties and models obtained from basic research and the multiscale modelling
approach.
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Applied research was moreover performed to assess and improve 'sphere-pac' fuel, a composite-ceramics
concept which had shown promise. F-BRIDGE project has shown the interplay between modelling and
technology, drawing on fundamental physics and chemical approaches and coupling them to detailed
economic impact analysis to demonstrate the feasibility of an advanced fuel concept such a sphere-pac.
Quality assurance has also been shown as a key component ensuring the reliability of reactor fuels. The F-
BRIDGE project connected advanced experimental characterization methods operating at various size
ranges (nm to mm), proving beyond doubt that a basic scientific approach is a key element to underpin
quality of nuclear fuels. F- BRIDGE finally enabled the establishment of a joining technology for an advanced
cladding material, with potential gains in the quest for a robust accident tolerant nuclear fuel, by establishing
fundamental thermochemical properties of a soldering material to join SiC components.

F-BRIDGE has had a high level of knowledge dissemination and valorisation as demonstrated by the
numerous peer-reviewed articles — approximately 80- and the comprehensive deliverables published during
the project. F-BRIDGE was also very active in the international community by participating in the most
important international conferences in the field (NuMat, MRS, MMSNF...) as well as in important instances
as the OECD/NEA working party on multiscale modelling of nuclear fuels and materials. It had also close
relationships with other European projects (CP-ESFR, PERFORM 60, GETMAT, ACTINET I13,...). A proof of
the high quality of the work performed in F-BRIDGE and attractiveness to young scientists is the large
number of PhD students and post doctorate associates - 34 - involved in the project. Regarding education
and training activities, two successful schools were organized during the project and contributed to
strengthen the links between senior scientists and students: the first one was dedicated to “Ceramic nuclear
fuel and cladding materials” and the second one to “the synergy between modelling and experiments for the
investigation of nuclear fuels and materials under irradiation”. Finally, a particular success of F-BRIDGE is
the fruitful interaction with the international scientific advisory committee members which highlighted the
quality of the work performed in the project and made constructive recommendations.

All the F-BRIDGE partners contributed effectively to lay the stones joining both end of a bridge between
basic research and applied issues, improving knowledge and enabling a better prediction of fuel behaviour
and selection of promising fuel systems. Even if a challenge for the future is the frequent use of such a
bridge, its construction represents the exceptional success of the F-BRIDGE European project.
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1.2 Project context and objectives

International effort is on-going to increase the efficiency in designing innovative fuels both to improve
performance and safety of current fuel systems and to design those for tomorrow. At the time of F-BRIDGE
proposal, European experts had an adequate knowledge of conventional fuel manufacturing and its
behaviour under operating conditions encountered during 50 years of industrial application and R&D
activities. For innovative fuel systems, however, the empirical approach had reached its limit and could not
be easily extrapolated to new materials, new environments or new operating conditions because the basic
underlying mechanisms governing manufacturing, behaviour and performance remained poorly understood.
One of the challenges at the time was to complement the empirical approach mainly used for fuel
development and qualification by a physically based description of ceramic fuel and cladding materials. To
do so, the F-BRIDGE project aimed at bridging the gap between basic research and technological
applications for generation IV nuclear reactor systems. Advanced modelling and separate effects
experiments were planned and expected to provide more exact physical descriptions of ceramic fuels and
cladding at all relevant scales from the atomic to the macroscopic scale. Besides a general approach on
ceramic materials, F-BRIDGE also focused on assessing and improving sphere-pac fuel, a composite-
ceramics concept which had shown promise.

To achieve its objective, the project was broken down into four main areas:

Domain 1: Basic research: experimental simulation and modelling of fuels and SiC cladding from
the atomic to the mesoscopic scale. Basic research investigations focused on the generation of
missing basic data, the identification of relevant mechanisms and the development of appropriate
models. In particular, a multiscale approach in both experimentation and modelling was to be developed
to bring further insight into the physical, chemical and mechanical behaviour of fuel materials under
extreme conditions of temperature and irradiation.

Domain 2: Integration of all scales, transfer between technological issues and basic research. To
be really effective and tackle the most important issues relative to the various Generation IV systems,
basic research investigations were to be strongly connected to their clients, i.e. fuel designers and
manufacturers. The transfer between technological issues and basic research was aimed at bringing
together within the same project materials scientists, engineers and end-users that have a detailed
knowledge of critical issues.

Domain 3: application to advanced sphere-pac fuel design
As part of this integration effort, F-BRIDGE aimed at providing an assessment of the benefits and
drawbacks of the sphere-pac fuel application to various Generation IV systems.

An additional important objective of F-BRIDGE was to organise education and training activities. This
included meetings and workshops for scientists, design engineers and end-users involved in the project
or not, which were to ensure exchange of results and ideas among the participants. Two summer
schools for young scientists were also planned to promote research in the field of fuel materials and help
to prepare to meet future challenges. Knowledge sharing between F-BRIDGE experts and young
scientists via the training of PhD students and post-doctoral associates involved in the project was meant
to be actively encouraged as well.

1.2.1 Domain 1
The goal of the domain 1 of F-BRIDGE was to undertake a set of basic research actions on fuel and ceramic

cladding materials in a consistent approach coupling experimental simulation and modelling at the relevant
scales. This approach appeared to be the only way to de-correlate the complex phenomena occurring in the
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fuel and ceramic cladding under irradiation and to get further insight into basic phenomena and mechanisms.
The data obtained could then be used as direct input or for validation purposes in predictive numerical
simulation of the macroscopic fuel behaviour under irradiation. Experimental simulation and modelling were
intended to be developed in close relationship in order to maximise the impact of their results.

The experimental simulation based on “separate effect studies”, involving both active and model materials,
was meant to be complemented by results from in-reactor irradiation testing (not included in the project) and
dedicated post-irradiation examinations (PIE). Adequate characterisation techniques probing structural
stability, atomic transport properties and thermo-mechanical properties were planned to be used to assess
the mechanisms involved in fuel behaviour under normal and off-normal conditions. A set of dedicated
experimental tools was chosen to study the effects of temperature and radiation, as well as the potential
chemical interactions inside the fuel and between fuel, cladding, coolant and thermal bond materials.

The modelling investigations focused on the atomic scale of actinide nitride and carbides, as well as of
silicon carbide, and involve electronic structure calculations or the use of empirical interatomic potentials.
The use of these methods had just begun in the field of nuclear fuel because of difficulties due to the specific
properties of fuel materials. Nuclear fuels and ceramic cladding are usually insulators or semi-conductors
and have therefore specific thermo-mechanical and transport properties. The defects generated by
irradiation are also significantly more complex than in metals, for instance because of their electric charge.
Finally, the modelling of nuclear fuels is particularly challenging because of the complex behaviour of 5f
electrons in actinide compounds. But since modelling tools and computing capacities are improving
continuously, they were expected to bring a decisive contribution to the knowledge of nuclear fuel behaviour
under irradiation.

Finally, thermodynamics modelling was identified as a powerful and essential technique to assess the
stability of compounds through phase diagram calculations and get further insight into the interaction
mechanisms between the fuel and fission product compounds, as well as between the fuel and its direct
environment (cladding).

1.2.2 Domain 2

The objectives of F-BRIDGE Domain 2 as formulated in the project “description of work” were to ensure the
transfer and integration between technological issues of Generation IV systems and basic research:

Ensure the bi-directional transfer and translation between technological issues of Generation IV systems
and basic research by bringing together people from fuel material science and clients who know the
critical issues relating to fuel manufacturing and fuel behaviour under irradiation,

Ensure the integration of scales by evaluating the impact and feedback of basic research results on
innovative fuel design, manufacturing, in-pile behaviour prediction and on the design optimization of
irradiation experiments.

Within domain 2, these objectives referred to integration between various scales and between various
technical and disciplinary levels. They were intended to be achieved step-wise in four areas:

integrate technical requirements from nuclear fuel industry with scientific and technical R&D efforts in F-
BRIDGE

integrate the various modelling scales, from the atomic scale to the microscopic and mesoscopic scales.
In particular, a multiscale modelling exercise on the atomic transport properties in uranium dioxide, which
mobilised a wide range of techniques from the atomistic scale with electronic structure calculations or the
use of empirical interatomic potentials to the meso- and macroscopic scales, was planned.

integrate modelling and experimental efforts

integrate mesoscopic modelling in fuel performance codes, and integrate sphere-pac fuel performance
codes with fuel performance codes in which sphere-pac had until then been excluded
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1.2.3 Domain 3

The domain 3 of the F-BRIDGE project focused on the investigation of the sphere-pac concept and on its
application as innovative fuel for GEN IV systems. It started from the intensive investigations performed on
sphere-pac for LWR fuel in the 70’s and 80’s, as well as from newer promising results on the addition of
molybdenum spheres to sphere-pac fuel, cermet sphere-pac concepts and liquid metal bonding, and
expanded possibilities for improved (thermal) performance. In particular, innovative procedures of fuel
microsphere fabrication by sol-gel technique were planned to be established, promising high conductivity
thermal bond materials be tested, and the benefit of (liquid) metal bonded sphere-pac fuel be evaluated. The
additional and stringent requirements set by the Generation IV framework, induced by increased safety and
sustainability demands, seemed to make the advantages of sphere-pac fuel application even more
significant.

The sphere-pac fuel types proposed to be evaluated were intended to be beyond the state of the art in
meeting the objectives and requirements of Generation IV systems. The large amount of sol-gel and sphere-
pac fabrication knowledge and the large modelling experience of several partners of the F-BRIDGE project
were to be called upon to enable a precise evaluation of the potential and disadvantages of the fuel types
considered from a core physics, thermomechanical and chemical point of view, making use of the integration
and basic research activities as much as possible. A number of basic research items contributing to
increased effectiveness of sphere-pac fuel design were already identified, but it was expected that more
multiscale chains could be found that would contribute to the optimal approach of fuel design and the optimal
sphere-pac fuel types for Generation IV systems. Both the new approach and the sphere-pac fuel types that
would be obtained were expected to be beyond the state of the art.

Page 8/24



F-BRIDGE — document R-012 — revision 0

1.3 Main S&T results

F-BRIDGE produced extensive and consistent scientific and technical results, as demonstrated by the
numerous peer-reviewed articles - approximately 80 - and the comprehensive deliverables published during
the whole project duration. The high quality of the scientific work performed in F-BRIDGE was also
demonstrated by the large number (34) of PhD students and post doctorate associates involved in the
project. In addition, F-BRIDGE results were made particularly visible through the numerous scientific
presentations at relevant international conferences, as well as during F-BRIDGE final international workshop.

The main scientific and technical results are presented below for the three technical domains.

1.3.1 Domain1

To reach the objectives of the domain described in section 1.2.1, advanced modelling and characterization
tools were developed at various scales. Such investigations successfully enabled us to:

- generate important missing basic data or confirm existing ones such as diffusion coefficients, melting
temperatures or thermodynamic data. F-BRIDGE achieved this objective by performing new measurements
in well controlled conditions (oxygen potential for fuels for instance) and samples (chemical composition,
impurity rates, density,...) to improve the reliability and confidence in the obtained data. F-BRIDGE used
dedicated and innovative characterization techniques that are at the cutting edge for ceramic fuel and
cladding (among them electrical conductivity, laser heating, Knudsen cell mass spectrometry, TEM, positron
annihilation spectroscopy, high temperature X-ray diffraction, NMR, tomography, techniques using
synchrotron radiation or ion beams,...). The characterization went toward a finer and finer description of the
phenomena involved down to the atomic scale. This objective was also achieved through application of
atomic scale methods, especially on uranium carbides and nitrides on which experiments are difficult or even
impossible.

- de-correlate and identify the relevant mechanisms involved under irradiation through a coupled modelling
and experimental approach. Even if fuel materials are challenging to characterize and model, F-BRIDGE
obtained impressive results that could not have been obtained without such a coupled approach. These
results have demonstrated the complementarity of the two types of studies and the synergy that can be
achieved when they are used jointly, experiment contributing to modelling validation and modelling
contributing to the interpretation of experimental data.

- develop the appropriate models at various scale and improve them with a more and more science-based
approach supporting the macroscopic simulation of fuel behaviour under irradiation to reach a better
prediction. Methods at the cutting edge in the field such as electronic structure calculations, empirical
potential methods, rate theory, CALPHAD, were used.

Domain 1 was broken down in five technical work packages: the first two WP (1-1 and 1-2) were dedicated to
the study of transport properties and microstructural changes under irradiation of fuels and SiC cladding, the
first one focusing on the experimental characterization, while the second was dedicated to modelling. The
latter work package focused on carbide and nitride fuel and cladding and had a lot of interactions with its
counterpart WP of Domain 2 dedicated to the multiscale modelling of UO,. The other three work packages
were dedicated to the investigation of thermodynamic stability and chemical interactions, using both
experiments and modelling. WP1-3 aimed to improve the thermodynamics description of the U-Pu-O-C
systems, WP1-4 studied the impact of minor actinides and fission product on phase diagrams, and WP1-5
was dedicated to the fuel-environment chemical interaction. The results obtained in the various WP are
detailed below.
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1.3.1.1 WP1-1: Experimental characterisation of transport properties and micro-
structural changes in fuels and SiC cladding

Knowledge on the atomic transport properties of oxygen, fission products and Helium in fuels, as well as of
silver in SiC cladding, was considerably improved and data were either updated or acquired through the
experimental characterisation studies performed in F-BRIDGE. Micro-structural changes induced by gas
bubble formation and growth, damage produced by irradiation and their effect on transport properties were
also investigated in depth.

Irradiation induced diffusion of He and | in UO, was studied using a large panel of techniques
under controlled experimental conditions (preparation, irradiation conditions, annealing) and
contributed to build a much clearer picture of helium behaviour in UO,. The results highlighted the role of
radiation damage and temperature in damage recovery processes (D111). TEM experiments were also
performed to find the conditions of helium bubble formation in UO,. The evolution of helium position in
UQ; lattice and the recovery of the oxygen sublattice during annealing were investigated using canalised
Rutherford Backscattering and nuclear reaction analysis measurements. To understand the role of
vacancy type defects in the migration mechanism of helium, positron annihilation spectroscopy was used
to follow the evolution of vacancy complexes with temperature. Finally, complementary isothermal and
isochronal helium release experiments were performed in infused UO, single crystals to understand the
role of stoichiometry on helium solubility (D115).

The thermal diffusion of oxygen in UO, was assessed from self-diffusion coefficient and electrical
conductivity measurements. The dependences of the experimental data upon oxygen potential and
sample impurity content demonstrate, by comparison with basic point defect and diffusion theory, that
oxygen migration occurs via an interstitial mechanism under the extrinsic conditions examined. The
experimental activation energy obtained for oxygen self-diffusion in uranium dioxide compare very
favourably with electronic structure calculations performed in Domain 2. This investigation is a good
example of studies linking first principles theoretical approaches and experimental measurements (D112).

The effect of a-damage on the thermophysical properties of UO, was investigated using samples
doped with ?**Pu. The measurements showed that the degradation of the diffusivity with increasing a-
dose is not linear, and saturation occurs at relatively low doses. A correlation quantifying this degradation
was proposed (D113).

The radiation enhanced diffusion of chlorine-37 in UO, was studied (D114).

First uranium carbide samples were manufactured and characterized. UC pellets were fabricated
using a carboreduction process under controlled atmosphere. Nuclear reaction analyses were applied for
the first time to scan the oxygen concentrations at the surface. Raman characterizations were used to
probe the presence of impurity phases. Preliminary measurements were performed with positron
annihilation spectroscopy in order to evaluate the feasibility of using this technique to study the properties
of vacancy defects in UC as it was done in UO, (D116).

The microstructure of irradiated SiC was characterized. Point defects and amorphisation of crystalline
SiC, interfaces in SiC/SiC composites, as well as the influence of the dimensionality were investigated
using nuclear magnetic resonance, Raman spectroscopy and X-ray absorption spectroscopy (D117).

Ag diffusion in SiC was investigated thanks to Raman spectroscopy, X-ray microtomography and
scanning and transmission electron microscopy. It was clearly demonstrated for the first time that silver
diffuses by grain boundary diffusion and that neither excess silicon nor grain size are relevant to the
diffusion of silver as was previously speculated (D118).
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1.3.1.2 WP1-2: Atomic-scale modelling of transport properties and micro-structural
changes in carbides and nitrides

Regarding the atomic scale modelling of transport properties and micro-structural changes in carbides and
nitrides, F-BRIDGE studies improved the description of the elementary mechanisms involved in the
behaviour of these materials under irradiation and contributed to generate basic data.

First-principles electronic structure investigations were performed on:

Bulk nitride: The behaviour of point defects and of oxygen impurities in UN were studied using
electronic structure calculations. The incorporation of various fission product elements in UN was also
investigated and complemented with results obtained for a (U,Zr)N solid solution. The analysis of
vacancy mobility was used for an assessment of the effect of oxygen impurities on thermal creep in
the TRANSURANUS fuel performance code (D121).

Bulk actinide carbides: Elementary mechanisms governing the evolution of the fuel material under
irradiation at the atomic scale were determined and allowed us to get further insight on the behaviour
of defects, fission products and oxygen, as well as the effect of non-stoichiometry on this behaviour
(D122).

Uranium nitride surface: Formation energies, geometries, charge density distribution, migration and
interaction energies were calculated. The incorporation of oxygen into surface N vacancies, which is
the first step in oxynitride formation, was also investigated (D123).

The effects of irradiation and diffusion near SiC grain boundaries were investigated using
empirical potentials. Classical molecular dynamics simulations of displacement cascades were
performed on nano-crystalline SiC and the diverse trends associated with initial velocity directions and
grain orientations were compared to bulk results (D124).

1.3.1.3 WP1-3, WP1-4, WP1-5: Thermodynamics of U-Pu-O-C fuel systems, impact
of minor actinides and fission products on phase diagrams and fuel-
environment chemical interaction

Innovative experiments and advanced modelling using the CALPHAD method done in F-BRIDGE largely
contributed to improve the knowledge on thermodynamics stability of various systems of fuels and their
chemical interaction with their environment

Rigid lattice thermodynamical calculations were performed. Density Functional Theory calculations
on uranium and plutonium carbides were done preliminary to the development of pair interatomic
potentials for the U-Pu-C system. The structural and elastic properties of uranium and plutonium mono-,
di- and sesquicarbides were calculated. The second stage of the study involved the fitting of the DFT
results to obtain interatomic interactions on a rigid lattice in the difficult cases of uranium plutonium
carbides and oxides. A set of effective cluster interactions is now available to perform rigid lattice
thermodynamical calculations in the future (D131 rev 0 and 1).

An updated phase diagram of the U-C system was developed: Both solidus and liquidus phase
relations within the U-C binary system were established by combining, experimental work carried out in a
wide range of temperatures and compositions and thermodynamic calculations using the Calphad
method. The description emphasises two different behaviours of the U-C binary system, one
corresponding to a metastable phase-diagram and one to the stable phase-diagram (D133).
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The high temperature behaviour of the U-Pu-O system was investigated with particular focus on the
vaporization and melting behaviours. (U, Pu) MOX pellets were prepared by blending pure dioxide
powders, pressing and sintering. Laser heating under controlled atmosphere was used for the melting
behaviour investigation. Preliminary studies on their vaporization were performed by Knudsen cell
effusion mass spectroscopy. The results suggested that whereas the melting points of pure PuO, and of
Pu-rich (U, Pu) MOX are considerably higher than previously assessed, the formation of a stable gas
phase cannot be neglected for these compounds, even at temperatures below melting (D132).

The U-Pu-O-C system was investigated experimentally and using the Calphad modelling method.
A thermodynamic model was derived for the (U,Pu)O, oxide and the (U,Pu)C carbide fuels to describe
consistently both phase diagrams and thermodynamic data of the phases involved in the U-Pu-O-C
system. The experimental liquidus data measured at JRC-ITU by laser heating were taken into account.
All the available thermodynamic and phase diagram data of the binary and ternary sub-systems are very
well reproduced by the model (D134, D135). Besides reproducing existing literature data fairly well and
producing original new data, this work stressed the paramount importance of a systematic determination
of the effect of oxygen impurities on carbide systems, a type of investigation which has never been
carried out on actinide carbides (D136).

Selected grey phase compounds were prepared and characterized. Since the preparation of the
mixed phases directly from the pure compounds was unsuccessful, an alternative synthesis route was
tested, in which the dioxides were first mixed at 1650°C and then reacted with the BaO at 1200°C.
Successful formation of the Ba(Pu,Zr)O; mixed perovskite was confirmed by X-ray diffraction (D141).The
melting behaviour of selected grey phase compounds was studied using laser heating. Pellets of the pure
compounds BaUO; and BaPuO; were analysed. The melting behaviour of BaUO; was found to be more
complex than the one of BaPuOg, probably due to the presence of excess BaO and segregation effects.
Novel data were produced for the liquidus and eutectic temperatures of BaPuO; (D144).

Molecular actinide compounds were studied using ab initio methods. The properties of neutral and
cationic neptunium and plutonium oxide molecules, as well as of neutral molecular monocarbides,
dicarbides and tetracarbides of uranium, plutonium and americium were calculated. Comparison with
available experimental data showed a good agreement for the ionization energies. Due to the limitations
of the quantum chemical approach the computed dissociation energies give only qualitative information
but enabled us to determine trends within the various series of compounds. The computed geometries,
vibrational frequencies and electronic excitation energies will be used to derive the thermal contributions
to the thermodynamic properties (D142).

The U-Pu-Am-O system was characterized experimentally. The chemistry of uranium, plutonium and
americium in MOX fuel and in particular their oxidation states, was followed and characterized using X-
ray diffraction and absorption spectroscopy of (U, Pu, Am)O, samples sintered under various oxygen
potentials (D143).

A thermodynamic database was developed for the U-Pu-Am-Np-O system using the Calphad
method to predict the phase relationships and thermodynamics of mixed oxide fuels containing minor
actinides. All the binary sub-systems were described on the basis of the available experimental data. For
the ternary sub-systems, ternary interaction parameters were adjusted to improve the description of the
available experimental data for the U-Pu-O, Am-Pu-O and Am-Np-O systems. The vapour pressures
measured recently for the Am-O and Pu-Am-O systems were taken into account (D145).

The U-Mo-C phase diagram was investigated experimentally. Isothermal sections were established in
a wide range of temperatures and compositions. The precise measurement of the Solidus points allows
for a rigorous assessment of the thermodynamic parameters, as well as of the invariant reactions
encountered in the ternary system (D146).
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The U-Pu-Si-C phase diagram was investigated experimentally and using modelling. The (U-Si-C)
ternary phase diagram at 1000°C and experimental points in the quaternary (U-Pu-Si-C) system were
determined experimentally and were shown to exhibit new features. A thermodynamic database on the U-
Pu-Si-C system was developed using the Calphad method to predict the phase relationships and
thermodynamics of mixed carbide fuels and the chemical interaction with a clad made of SiC/SiC;
composite. The ternary sub-systems were calculated by extrapolation from the binaries (D151, D152).

1.3.2 Domain 2

The objectives of F-BRIDGE Domain 2 described in section 1.2.2 were achieved step-wise in four work
packages:

WP2-1 integrated the technical requirements from nuclear fuel industry with scientific and technical R&D
efforts in F-BRIDGE.

WP2-2 focused on the different modelling scales, from the atomic to the mesoscopic scale.

WP2-3 integrated the modelling and experimental efforts, in particular irradiation experiments and post-
irradiation experiments.

WP2-4 put in relation mesoscopic modelling with fuel performance codes, as well as sphere-pac fuel
performance codes with fuel performance codes in which sphere-pac had not been included.

The achievements in the various work packages were as follows.

1.3.2.1 WP2-1: Translation of technical issues into basic research investigations

Data request lists gathering key technological issues, pending scientific questions and corresponding basic
research investigations were built from the fruitful interaction between F-BRIDGE participants and industry
representative members of the user group. It showed the contribution that basic research can make to solve
key technological issues.

Data request lists linking industrial and scientific issues were built from meetings between members of F-
BRIDGE and the user group formed by representatives of industrials and utilities.

The extensive amount of information retrieved from the end users was translated into common subjects of
generic interest to them, such as stoichiometry, fission product diffusion behaviour, bubble formation and
evolution, etc. Subsequently, research activities that could contribute to provide more insight in the various
mechanisms that play a significant role in the behaviour and performance of nuclear fuel were identified. The
data request lists are presented in the form of a three column table. The first column gathers examples of
key technological issues. These key industrial issues are translated into pending scientific questions in the
second column. The third column gives a non-exhaustive list of basic research investigations, either
performed in the framework of F-BRIDGE or to be carried out in the future, which would provide answers.
The data request lists are separated in two parts: the first one addressing light water reactors and the
second one concerning Generation IV reactors (D212).

The progress made in the F-BRIDGE, as well as the way multiscale efforts can be of assistance to get
further insight into the fuel behaviour in various conditions, and subsequently contribute to safe and efficient
operation of existing and new nuclear power plants, was presented to the user group during the F-BRIDGE
final international workshop. The user group members expressed their interest in the results obtained in F-
BRIDGE and in participating in a potential follow-up of the project, either as user group members or as full
partners.
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1.3.2.2 WP2-2: Multiscale modelling exercise on uranium dioxide: transport and
thermo-mechanical properties

Significant effort was made in F-BRIDGE to evaluate approximations and results of atomic scale methods on
fuel materials, as well as to improve the link between scales. The mesoscopic scale was identified as a key
scale because it bridges atomistic and macroscopic modelling. The multiscale modelling exercise on
transport properties in uranium dioxide is one of the major successes of F-BRIDGE demonstrating that
electronic structure and empirical potential calculations can be used to obtain precise data to feed higher
scale models and help interpret experiments on fuels.

Extensive work was done in the WP2-2 on the modelling of uranium dioxide from the atomic to the
mesoscopic scale, a large part of it being completely new in the field of multiscale modelling. The results
obtained were presented in the 6 comprehensive deliverables of the work package.

A collective effort of validation of the atomic scale models for the description of UO, under
irradiation was done in the first two years of the project, and methodological developments made.
Density functional theory, empirical potentials, methods of exploration of potential energy surfaces and
simulation of radiation damage using displacement cascades were particularly considered (D221).

The transport properties and radiation damage in bulk UO, containing defects and/or fission
products were investigated. The creation, migration, recombination and clustering of points defects
were determined both in stoichiometric and in non-stoichiometric UO,. The effect of these point defects
on several macroscopic fuel properties, such as lattice parameter or diffusion of oxygen and fission
gases, was then investigated. The location, diffusion and resolution of fission gases and helium was also
studied to determine the migration mechanisms which lead to the formation of bubbles and are of primary
importance to better understand the fuel performance (D222).

The transport properties in polycrystalline UO, and in the presence of extended defects were
studied using empirical potentials. The objective was to get further insight into the high burn-up
structure by investigating the effects of grain boundaries and dislocations on the transport properties of
oxygen and uranium, as well as of helium and xenon. The results obtained showed that extended defects
have a significant impact on the segregation and diffusion of both intrinsic and extrinsic species in UO..
Grain boundaries were also shown to have a substantial influence on the evolution during irradiation
(D223).

The mechanical properties of complex microstructures were also investigated using empirical
potentials. They showed that UO, undergoes phase transitions under compressive or tensile load. The
analyses of the cracking propagation mode of UO, showed a phase transformation at the crack tip,
secondary cracks being then initiated in this new phase and coalescing with the main crack. Irradiation
damage increases the yield stress and delays the strain at which the UO, matrix cracks. A first classical
molecular dynamics study of dislocations in UO, was also performed (D224).

Two mesoscale methods, cluster dynamics and kinetic Monte Carlo, were applied to the diffusion
processes in UO,. It was shown that these methods enable one to address specific problems that
cannot be dealt with by standard mesoscopic models included in fuel performance codes, especially the
impact of point defects on the microstructure evolution and gas behaviour. Both studies largely rely on
basic data calculated using electronic structure and empirical potential methods or determined through
experiments (D225).

The multiscale modelling exercise on transport properties in uranium dioxide, a major success of
F-BRIDGE, showed the links built between the atomic and mesoscopic scale by presenting the data
calculated at the atomic scale which can be used as input in mesoscale modelling. Atomic scale
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modelling methods bring valuable insight, in particular the formation, binding and migration energies of
point and extended defects, fission product localization, incorporation energies and migration pathways,
elementary mechanisms of irradiation induced processes. The significant results obtained shown that it is
now feasible to use electronic structure and empirical potential calculations to obtain precise data to feed
higher scale models and help interpret experiments on fuels (D226) .

If a lot of the investigations performed in work package 2-2 concerned the atomic scale, significant progress
was made in the calculation of results at larger scales that allow microscopic experimental validation. The
work on mesoscale methods has progressed with input from lower scales and made the multiscale approach
on UO, a reality, as demonstrated in the final deliverable of the WP on the multiscale exercise on UO,.
Moreover, the links with experimentalists of the project have been strengthened, as is demonstrated by
several common articles including modelling and experimental results and the technical meeting between the
WP1-1 focused on the experimental investigations and WP2-2 organized in 2011. The results obtained in
this work package were reported in 26 articles published in peer-reviewed scientific journals.

1.3.2.3 WP2-3: Best practice guidelines for irradiation test campaigns contributing
to multiscale modelling

F-BRIDGE has demonstrated the importance of coupling experiments and modelling in an efficient way.
Complementary to integral irradiations, separate effect studies, out of as well as in-pile, performed in well
controlled and various irradiation conditions (flux, temperature,...) are key experiments to contribute to a
better understanding of phenomena occurring under irradiation as well as produce data for the model
validation.

The objectives of this work package were to:
develop guidelines for dedicated future irradiation tests and post-irradiation experiments (PIE) that
would maximise effectiveness in providing the input and validation data suitable and valuable for
modelling efforts at the various scales,
deliver experimental results which would be used as input for modelling efforts, as additional
clarification on aspects relevant for modelling, as well as for modelling validation purposes.

To achieve these objectives, a first step was to synthesise the lessons learned from the past
experiments on advanced fuels (D231). This review particularly assessed the knowledge related to fuel
operation safety derived from past irradiation experiments on nuclear fuel samples and presented the
knowledge deficiencies related to safe operation of fast reactor oxide fuel (with minor actinides),
carbide/nitride fuel and HTR coated particle fuel. A number of recommendations for future studies on all
these fuel types were also made.

A second step was to review the key material basic data and properties needed for the input and
validation of the modelling methods that can be applied to the description of nuclear fuel from the atomic
to the macroscopic scale (D232). Complementary modelling methods were considered in this review -
electronic structure methods calculations, empirical potentials and classical molecular dynamics, kinetic
Monte Carlo, rate theory methods, phase field, dislocation dynamics, finite element analysis, fuel
performance codes. The document present on the one hand the input parameters that the various
methods or models require and how these parameters can be obtained, and on the other hand the results
yielded and how these results can be validated experimentally.

As an illustration of experimental answer to the modelling validation needs, the feasibility of using
electron back scattered diffraction on irradiated UO, to access key information for modelling was
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evaluated (D233). This characterization technique makes the grain and their orientation in the material
visible, which enables one to get further insight into the evolution of the material under irradiation at
various temperatures. This provides valuable data for modelling and can serve for the validation of
modelling approaches.

Finally, dedicated irradiation tests and PIE that could effectively contribute to multiscale modelling
efforts were presented (D234). Examples of separate effect experiments and integral fuel testing where
the experimental results were confronted with predictions based on modelling were given. Practical
guidelines for further dedicated future irradiation tests and post-irradiation characterization that would
provide input and validation data at various levels of the multiscale modelling were formulated.
Experimental methods and in-core instrumentation currently used in the irradiation experiments were also
reviewed.

1.3.2.4 WP2-4: Transfer of basic research and mesoscopic results to macroscopic
models and fuel performance codes

F-BRIDGE demonstrated a first success in updating existing fuel performance codes by introducing into
them advanced material properties and models obtained from basic research and the multiscale modelling
approach.

F-BRIDGE aimed at updating the fuel performance codes for advanced fuels with new material properties
and models. To this end, the material properties and models for materials behaviour resulting from the basic
research activities planned in work packages 1-1 to 1-3, as well as from the integration work in WP2-2 and
WP2-3 were considered for introduction in new versions of fuel performance codes TRANSURANUS and
GERMINAL for cylindrical fuel rods and the SPHERE and SPACON codes for spherical particle fuel.

A first task was to write a state-of-the-art report about material properties of advanced carbide and
nitride fuels (D241).

A second objective was the implementation of updated material properties in fuel performance
codes. Recently obtained material properties for oxide, nitride and carbide fuels required for the safety
assessment and detailed fuel design for pellet-type and spherical particle fuels were implemented in the
TRANSURANUS code. The new version of the code was successfully compared against experimental
results from the SUPERFACT experiment in the Phenix FBR (D242, D243).

The third objective was the implementation of new models in the TRANSURANUS code. Among the
fuel property models available in the SPHERE-3 code, a list of UO, models needed to be implemented in
TRANSURANUS was proposed: two models for Poisson’s ratio and emissivity and a specific porosity
correction model. An extended version of the TRANSURANUS fuel performance code including sphere-
pac fuel was then developed (D244).

1.3.3 Domain 3

Domain 3 of the F-BRIDGE project had several objectives focused on particle fuel, with potential applications
in liquid metal cooled fast reactors as well as gas cooled thermal and fast reactors.
The objectives of domain 3 were achieved through 3 technical work packages.

WP 3-1: Performance evaluation of advanced sphere-pac fuel options

WP 3-2: Advanced sphere-pac fuel development and control

WP 3-3: Assessment of sphere-pac fuel for Generation IV
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1.3.3.1 Sphere-pac fuel performance evaluation and assessment for GEN IV (WP3-1
and WP3-3)

F-BRIDGE project has shown the interplay between modelling and technology, drawing on fundamental
physics and chemical approaches, coupling them to detailed economic impact analysis and experiment to
demonstrate the feasibility of an advanced fuel concept such a sphere-pac.

Sphere-pac fuel as a concept for fast reactor systems has a number of positive attributes, particularly in the
area of fabrication. Economic estimates of the cost of a fabrication plant and its operation performed in F-
BRIDGE have shown that sphere-pac poses no insurmountable penalties, and the costs are similar to those
encountered for pellet fuel fabrication facilities.

Furthermore, a neutronic and a thermal investigation of sphere-pac and advanced concepts with
incorporation of an additional phase or replacement of the small particle phase with another material of high
thermal conductivity do not introduce a show stopper. The major concern must be the choice of this material.
F-BRIDGE evaluations have indicated that Mo is the most favourable of the candidates identified. Others
exhibited too low melting point (e.g. Si) or would have to operate above their boiling point (e.g. Na). Fuel
bonding with Pb might be a further option to pursue. The F-BRIDGE project successfully demonstrated the
feasibility of the consolidation of such advanced options.

The detailed results of WP3-1 and WP3-3 are as follows.

Core physics assessment of advanced sphere-pac fuels. The studies shown that the introduction of
sphere-pac fuel is not expected to have adverse effects on the European Sodium Fast Reactor (ESFR)
core behaviour, as far as neutronics is concerned (D311).

Chemical evaluation of thermally bonded sphere-pac fuel. The introduction of metallic thermal bond
materials is envisaged to improve thermal conductivity of sphere-pac fuels for transmutation of minor
actinides in fast reactors. The feasibility of adding these materials, was considered from a chemical
perspective and candidates evaluated (D312).

Thermal modelling investigation of sphere-pac fuel options. The (radial) thermal conductivity of
sphere-pac fuel was evaluated. The effect of substituting the small sphere fraction in 2-fraction sphere-
pac columns by metallic molybdenum and silicon fractions was determined, as well as the effect of
substituting the helium bonding gas by liquid metals such as sodium and lead (D313).

Evaluation of advanced sphere-pac fuel types. The results of the evaluation of advanced sphere-pac
types based on core physics, thermal, thermomechanical and chemical evaluations of various thermally
bonded sphere-pac concepts were presented (D314).

Comparison of various fabrication processes and detailed cost evaluation of minor actinide (MA)
fuels. The study considered heterogeneous recycling of exclusively Am and selected the sphere-pac
fabrication route as alternative to the standard pellet technology. It compared advanced sol-gel based
fabrication technologies to the classical pellet fabrication route derived from the industrial MOX fuel
experience (D331).

1.3.3.2 Advanced fuel development and control (WP3-2)

Quality assurance is a key component ensuring the reliability of reactor fuels. The F-BRIDGE project
connected advanced experimental methods operating at various size ranges (nm to mm), proving beyond
doubt that a basic scientific approach is a key element to underpin quality of nuclear fuels.
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Moreover, F- BRIDGE enabled the establishment of a joining technology for an advanced cladding material,
with potential gains in the quest for a robust accident tolerant nuclear fuel, by establishing fundamental
thermochemical properties of a soldering material to join SiC components.

Quality assurance in multiple dimensions: The F-BRIDGE project provided a unique base for
industrial organisations, research centres and universities to establish a systematic procedure to cross
validate quality assurance procedures, and in doing so draw on new fundamental scientific methods,
operating over size ranges from the nm to mm size ranges. At the upper end of the size range (um to
mm), tomography was successfully applied to the characterisation of an advanced sphere-pac fuel
concept. Furthermore, tomography and phase contrast imaging were cross qualified for the determination
of dimensions of kernels and coating layers in HTR coated particle fuels. At the nm scale, advanced
spectroscopic techniques (Raman and MAS NMR) were developed for the determination of the quality of
the layers in coated particle fuels (D321, D327, D329).

Joining of ceramic cladding components: During the course of the F-BRIDGE project, events in Japan
indicated that other cladding materials should be investigated to improve accident tolerance of nuclear
fuel, and in particular, materials offering a higher margin to melting, and whose interaction with coolant
does not result in explosive gas formation. The gas fast reactor is an innovative option that already
identified this issue for its high operating temperature regimes. Silicon carbide is a promising material for
these applications. Its production is not simple, and indeed a composite of interlinked fibres may well be
needed to meet these goals. F-BRIDGE successfully investigated two methods capable of joining SiC
tubes and end caps. They were based on a laser soldering method, with the composition of the solder
being chosen on the basis of thermodynamic phase diagram calculations. In contrast, electromagnetic
pulse technology can be used to weld a metallic collar spanning the joint area (D328, D329). F- BRIDGE
enabled the establishment of a joining technology for an advanced cladding material, with potential gains
in the quest for a robust accident tolerant nuclear fuel, by establishing fundamental thermochemical
properties of a soldering material to join SiC components.

1.3.4 Conclusion

As a conclusion, F-BRIDGE took fully advantage of the use of innovative experimental and modelling
techniques combined in a multiscale approach to make significant breakthroughs in the detailed knowledge
of the ceramic fuel and cladding behaviour for the performance and safety optimization. The project
contributed to produce key basic data and identify relevant mechanisms that are to be used for a better
prediction of fuel behaviour. Significant progress has been made in the important objective of F-BRIDGE of
linking the various scales of modelling from the atomic to the macroscopic scale. A particular effort has been
put in the validation of methods used to improve their reliability. Mesoscopic scale has been identified as a
key scale in the multiscale modelling approach since it ensures the concrete connection between data and
mechanisms obtained at lower scale to the fuel performance code at macroscopic scale. Regarding the
application to advanced fuel design, F-BRIDGE succeeded in assessing the sphere-pac innovative concept
and proposing optimized fabrication. It also highlighted how advanced experimental methods can contribute
to the quality assurance enabling reliability of reactor fuels. The F-BRIDGE partners contributed effectively to
lay the stones joining both end of a bridge between basic research and applied issues, improving knowledge
and enabling a better prediction of fuel behaviour and selection of promising fuel systems. Even if a
challenge for the future remains that this bridge is used on a routine basis, its construction represents the
exceptional success of the F-BRIDGE European project.
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1.4 Potential impact, exploitation of results, main dissemination
activities

1.4.1 Potential impact and exploitation of the results

The F-BRIDGE project corresponded to a strategic need for basic understanding of the behaviour and
performance of potential fuel materials to improve fuel design. In this context, the impact from the F-BRIDGE
project is as follows:

The basis of a long term European cooperation contributing to the European leadership in the
field. Despite its position at the cutting edge of nuclear fuel science and its high level of expertise, the
community of European scientists tackling basic research on fuels was small and fragmented at the
beginning of the project. At the same time, the scientific competition with other areas in the world was
increasing due to the renewed interest in nuclear fission energy worldwide at that time (in particular, but
not only, in the United States). F-BRIDGE effectively contributed to strengthen the European cooperation
leading so in the increase of the European leadership in this field in a long term perspective. This fruitful
cooperation achieved will, however, have to be maintained in the future by new projects.

An improved understanding of fuel behaviour under irradiation: thermodynamic stability, atomic
transport phenomena, microstructure evolution and elementary thermo-mechanical properties of
candidate fuel materials under the combined effects of high temperature and radiation in service
conditions can be used to optimize current fuel regarding performance as well and improved safety and
design of future fuels.

An improved ability to model fuel materials thanks to basic research and improve and design

As demonstrated in F-BRIDGE, the accurate and reliable atomistic calculations of fuels materials will
allow the assessment of basic material properties. Coupled with experiments, they already contributed,
and will contribute even more in the future, to identify relevant mechanisms and to obtain important
missing basic data. The mesoscopic scale was identified as a key scale because it bridges data and
mechanisms obtained at lower scale to the fuel performance code at macroscopic scale. Multiscale
modelling, i.e. the combination of scientifically sound models at the scales of the relevant underlying
mechanisms, will contribute to assess the fuel behaviour at the operationally relevant time and length
scales.

This modelling effort, which combines theoretical and experimental work, is expected to have a direct
impact on the development of innovative fuels. It will provide a scientific basis for the pre-selection of
candidate materials. It will contribute in an efficient way to the selection, design and interpretation of the
more relevant out of and/or in pile experiments to be done during the licensing process of innovative
fuels.

The integration of teams and disciplines

Scientific communities are not just fragmented by their location in Europe, but are also fundamentally
fragmented by discipline. Multiscale modelling necessitates the collaboration between all the scientific
levels involved, from atomistic modellers, delivering the basic building blocks of understanding, and
experimentalists providing essential input and validation data, to end users and performance code
developers. This requires that all the people involved look beyond the scope of their normal work.

The F-BRIDGE project was the first integrated project on non-metallic nuclear materials which
encompassed all the relevant length and time scales between atomic description and macroscopic
systems. Similar investigations had already been performed on irradiation effects in metals in the
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framework of the PERFECT (FP6) and PERFORM 60 (FP7) projects, and they significantly improved
knowledge in that field.

The successful synergy between the various disciplines involved in F-BRIDGE, which culminated in the
development of a multiscale modelling approach of uranium dioxide, enhances the predictive capability of
models and contributes to reducing the effort necessary to develop innovative fuels, changing the way
nuclear fuel-cladding systems are developed and evaluated. The cooperation between the scientists,
engineers and end-users ensures a direct translation of technological issues into basic research
investigations, as well as the integration of basic research results into useable qualitative and quantitative
information. This will have a significant impact on in-pile behaviour prediction, optimisation of irradiation
experiments, innovative fuel design and manufacturing.

Pursuing the development of such an approach in the future will increase effectiveness and optimal
results since the fuel-cladding systems of the future will be based on fundamental understanding of fuel
behaviour, which will enable us to determine and optimise the optimal properties for the system under
consideration.

Recommendations on advanced sphere-pac fuel systems and on ceramic cladding for GEN IV
applications

The challenges faced by Generation IV fuel-cladding systems were addressed by the development and
optimisation of particle fuel types based on microspheres fabricated by sol-gel technique and vibratory
compacted in a suitable cladding (sphere-pac fuel). The large potential of this fuel type has been
recognized for various reactor systems because of their high potential for gas accommodation, reduced
fuel/cladding mechanical interaction and favourable manufacturing procedures. It was confirmed in F-
BRIDGE that optimized sphere-pac fuels could pave the way to high burn-ups, actinide recycling
strategies, as well as proliferation resistant, safe and clean fuel manufacturing processes, which are the
key issues to be addressed in Generation IV framework.

Although ceramic claddings such as silicon carbide were mainly envisaged for VHTR and GFR systems,
the favourable characteristics of this material can potentially provide increased safety margins for the
other Generation IV systems, especially under accidental conditions. By establishing fundamental
thermochemical properties of a soldering material to join SiC components, F-BRIDGE enabled the
establishment of a joining technology for an advanced cladding material, with may lead to potential gains
in the quest for a robust accident tolerant nuclear fuel.

Application of the basic research approach to establish a sound scientific and technical basis
towards increased safety and competitiveness of existing and future reactors

Following the 2011 events in Japan, the European Commission decided to put a larger part of its fission
research effort to safety issues for the coming years. An essential objective is therefore to establish a
more sound scientific and technical basis to increased safety and competitiveness of existing and future
reactors. Enhanced safety will stem jointly from improvements in understanding of accidents scenarios
and through advances in modelling and simulation.

An approach combining basic research and materials science, which has been shown to be a successful
and robust one in F-BRIDGE, can be used to establish the scientific basis sought. This approach
combined with a top-down analysis of the most critical issues and which should be tackled through basic
research, will be able to solve a selection of critical applied issues relating to nuclear fuel behaviour under
irradiation in normal and off-normal operating conditions, such as the margin to melting, the control of
fission product release and chemistry, the knowledge of microstructural changes and the control of the
mechanical integrity. It will yield the missing relevant data and mechanisms underpinning fuel behaviour
that will bring about a better understanding, simulation capabilities and hence increased safety.
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As a conclusion the joint efforts done in F-BRIDGE on basic research in nuclear fuel science, as well as
transfer and integration of its results and recommendations on innovative ceramic composite fuels such as
sphere-pac, are of high relevance to improve the efficiency of present fuels and to assess the potential of
advanced reactor systems such as those considered in the Generation IV International Forum. The basic
research approach developed and the results obtained in F-BRIDGE will contribute to increase the safety of
nuclear reactors. It will also help explore the potential of more advanced technology to deliver an even safer,
more resource efficient and more competitive exploitation of nuclear energy.

1.4.2 Dissemination of F-BRIDGE results

The valorisation of F-BRIDGE activities leaned on standard tools, such as an internet web site (www.f-
bridge.eu), a brochure presenting the project distributed at events, the presentation of the project in the EC
FP7 booklet, as well as a newsletter.

F-BRIDGE has put a significant effort in the dissemination and valorisation of the results of the investigation
performed. This has led to approximately 80 peer-reviewed articles published in scientific literature and to 60
comprehensive project deliverables, from which 34 public ones are already available for the international
community.

The synthesis of F-BRIDGE results were presented to the European and international community at the final
international workshop of the project organized in February 2012. The program of this workshop included
presentations of the main results obtained in F-BRIDGE, external invited talks presenting research related to
F-BRIDGE activities and a poster session for PhD students and post doctorate associates involved in F-
BRIDGE, giving them the opportunity to present their results to the international community. The workshop
was a success with more than 80 participants including F-BRIDGE participants and researchers from the
European and international fuel communities. Many countries were represented: France, UK, Germany, The
Netherlands, Sweden, Switzerland, Belgium, and Latvia, but also the US and Japan. The international
scientific advisory committee members and the European industry representatives from the user group also
attended the international workshop.

F-BRIDGE coordinator and participants were very active in participating in the most important international
conferences in the nuclear material field, in particular the Nuclear Material conference (NuMat), meetings of
the Materials research society (MRS), the Materials Modelling and Simulation of Nuclear Fuel workshop
series (MMSNF), where the status of the project and scientific results were regularly presented. F-BRIDGE
supported the organization of NuMat 2010 in Germany and MMSNF 2011 in France. F-BRIDGE coordination
was involved in the co-organization of the “Material Challenges in Current and Future Nuclear Technologies”
symposium of the 2011 MRS fall meeting. In addition, F-BRIDGE was cited and participants interviewed in
an article from “Chemical and Engineering News” journal on “Nuclear Efficiency: with new fuel formulation,
reactors could extract more energy and reduce hazardous waste” in 2010.

Several F-BRIDGE partners were also representatives or key contributors to the OECD/NEA working party
on multiscale modelling of nuclear fuels and materials, promoting so the European research and increasing
the international cooperation. Regarding fuels, the objective of this working party is to promote the multiscale
modelling of fuel by producing two state-of-the-art reports. The first one focuses on the modelling of the
relevant phenomena involved in fuel behaviour and of fuel properties, while the second one presents the
validation of modelling methods and approximations used at the atomic scale.

At the European level, F-BRIDGE project was presented at several SNETP general assemblies (2008, 2010,
and 2011), as well as at the 2009 FISA conference. F-BRIDGE also had close relationships with other
European projects (CP-ESFR, PERFORM 60, GETMAT, ACTINET 13,...) thanks to common participants,
mutual attendance of plenary meetings and exchange of deliverables. F-BRIDGE coordinator was moreover
part of the ACTINET I3 scientific advisory committee.

A particular success of F-BRIDGE is the fruitful interaction with European industry representatives from the
user group which allowed the construction of a list of key technological issues that basic research can
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contribute to solve. This interaction contributed to the good dissemination of the F-BRIDGE results to
European industry.

F-BRIDGE also had the opportunity to communicate with the European civil community through an interview
of the coordinator and project participants for a report on European research on nuclear issues of the TV
show “L’Europe dans tous ses états” of the French channel “Public Sénat”.

Regarding education and training activities, two successful schools were organized during the project and
contributed to strengthen the links between senior scientists and students: the first one was dedicated to
“Ceramic nuclear fuel and cladding materials” and the second one to “the synergy between modelling and
experiments for the investigation of nuclear fuels and materials under irradiation”. Participation of more than
40 students in each school, including overseas participants, and the very positive feedback from participants
were a clear proof that F-BRIDGE met its objective of dissemination thanks to training.

Finally, another proof of the high quality of the work performed in F-BRIDGE was the attractiveness to young
scientists proved by the large number of PhD students and post doctorate associates - 34 -, involved in the
project. A real success of F-BRIDGE is that most of these students have been hired in European companies
or research organizations.
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