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Programme
NuFuel 2021 is being run as a hybrid conference meaning we will be welcoming delegates to Bangor 
University both in-person and online. The technical programme is shown in the table that follows. 

Notes for presenters
Presenters have been assigned a 20 minute time-slot. Presentations should be 15 minutes in duration 
leaving 5 minutes for questions.

To make the NuFuel 2021 conference run as smoothly as possible, conference presentations should be 
sent to nufuel@bangor.ac.uk in advance of your presentation.

Registration
Attendees will be able to register and collect their conference packs from outside the Main Arts Lecture 
Theatre during the event.
In addition, there will be a temporary registration desk at the student accommodation where most del-
egates are staying. This will allow you to collect your conference material when checking in at the Idwal 
Building. This registration desk will operate between 12pm-5pm on Monday 13th September 2021.

Conference Dinner 
• 7.00pm:  Pre-dinner drinks reception (Penrhyn Terrace, Reichel Hall)
• 7.30pm:  Dinner (Reichel Hall)

The after dinner speech will be given by Mark Salisbury of the National Nuclear Laboratory Cymru.

Lunch & Refreshments
• Tea, coffee, water and light snacks will be provided during breaks.
• A buffet lunch will be provided Tuesday-Thursday.

Lunch and breaks will take place in Prichard Jones room which is by the main conference lecture theatre.



Tuesday - 14th September 2021 Wednesday - 15th September 2021 Thursday -16th Sept 2021

9:00
Registration 

Main Arts Lecture Theatre 
(MALT)

Coupling SCIANTIX and TRANSURANUS: assessment of stable and 
radioactive fission gas behaviour. (see page 16)

Giovanni Zullo

Impact of lithium accommodation on defect chemistry in ZrO2 (see 
page 32)

Gareth F. Stephens

9:20
Calibration of fuel performance models – A hierarchical Bayesian 
approach to account for model inadequacy (see page 17)

Gustav Robertson

Modelling of solute cluster and H-dislocation interactions in 
zirconium (see page 33)

Daniel J.M. King9:30

Welcome to NuFuel 2021

9:40 Modelling of thermal properties of MOX fuel for fuel performance 
codes: uncertainty analyses and propagation at the integral pin 
level (see page 18)

Alessio Magni

A finite element analysis of the residual stresses arising during the 
fabrication of TRISO particle fuel (see page 34)

Angelo Battistini

10:00
Reactivity behaviours and economic effect of enriched Gadolinium 
oxide (see page 19)

Mustafa Bolukbasi

A Linear-Elastic Peridynamic Model for the Fracture of Coated 
Particle Fuel under Thermal Loads during Idealised Early Life 
Operation (see page 35)

Thomas Haynes

10:20 Break
11:00 Uranium Nitride Synthesis and Fuel Form fabrication at The 

University of Manchester: Method Development and Observations 
(see page 4)

James Buckley

Empirical potential investigation of activation energies of cationic 
defects in uranium-plutonium mixed oxides (see page 20)

Marjorie Bertolus

Modelling Weibull Distributions in Peridynamics for Nuclear Fuel 
(see page 36)

Lloyd Jones

11:20 Ammonia based routes for the manufacture of uranium nitride 
(see page 5)

Tahera Docrat

A Study of Defect Behaviour in UO2 using Adaptive Kinetic Monte 
Carlo Simulation (see page 21)

Laura Swansbury

Defect chemistry and radiation behaviour of Gd-doped UO2 (see 
page 37)

Ritesh Mohun

11:40
Advances in the synthesis of uranium diboride (see page 6)

Fabio Martini

Diffusion in amorphous chromia doped uranium dioxide (see 
page 22)

Megan Owen

TEM observations on fission gas bubbles at high burn up in 
irradiated UO2 fuel. (see page 38)

Mathieu Angleraud

12:00
UN-UB2 composites (see page 7)

Joel Turner

“Non-destructive examination of the SALIENT-01 molten fuel salt 
irradiation” on page 23

Ralph Hania

Vacancy defects identification in Au 4 MeV irradiated UO2 using 
Positron Annihilation Spectroscopy (see page 39)

Marie-lyne Amany

12:20 Lunch

14:00 Field assisted sintering of CeO2, UO2 and mixed (U,Ce)O2 pellets 
(see page 8)

Robert W. Harrison

Experimental results on the U-Zr-Fe-O liquid miscibility gap and its 
sub-systems (see page 23)

Alan Brunel

Alginated zirconium diboride kernels with sputter-deposited 
tungsten coatings (see page 40)

Phylis Makurunje

14:20
Synthesis of Simfuel including fission products by Spark Plasma 
Sintering for oxidation study (see page 9)

Emanuele De Bona

Influence of Am on thermodynamic properties of MOX fuels: 
melting temperature, oxygen potential and heat capacity (see 
page 25)

Pauline Fouquet-Métivier

The corrosion of single phase uranium silicide thin films (see 
page 41)

Lottie Harding

14:40 UN-Nb Composite Fuel as an Advanced Technology Fuel for Use in 
Light Water Reactors (see page 10)

Max Salata-Barnett

JRCMSD – Thermodynamic Database on Molten Salt Reactor Fuel 
(see page 26)

Ondrej Benes

Influence of oxygen content on thermally activated Kr diffusion in 
UO2+x (see page 42)

Eric Gilabert

15:00 Fabrication and characterization of FPs-doped U1-xPuyO2-x SIMfuel 
(see page 11)

Rafael Caprani

Thermodynamic assessment of the NaCl-ThCl4-PuCl3 system (see 
page 27)

Thomas Dumaire
Close

15:20 Break
16:00 Hydrothermal conversion of uranium(IV)-cerium oxalates into 

uranium-cerium mixed oxides (see page 12)
Sofian Benarib

Synthesis and characterisation of actinide fluorides molten salt 
fuel for SALIENT-03 irradiation experiment (see page 28)

Pavel Souček

16:20 Elaboration of (U,Pu)O2-x mixed oxides with high plutonium 
contents: 60, 65 and 70 mol.% Pu. (see page 13)

Marie-Margaux Desagulier

Investigation of Thorium Tetrafluoride Purification Using the 
Ammonium Bifluoride method (see page 29)

Bernard Fitzpatrick

16:40
Self-irradiation effects on the structural properties of the MIMAS 
type of nuclear fuels (see page 15)

Orhun Kahraman

Fission Products chemistry in simulated PWR fuel up to 2100°C: 
Experimental characterization and Thermodynamic modeling with 
the TAF-ID (see page 30)

Ernesto Geiger

17:00 Yellowjacket: Coupling Gibbs Energy Minimisation with Phase 
Field Method for Corrosion Modelling in Molten Salt Reactors (see 
page 31)

Parikshit Bajpai
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Uranium Nitride Synthesis and Fuel Form fabrication at The 
University of Manchester: Method Development and Observations
James Buckley
M. Barnett, J. Paul, D. Goddard, T. Abram
The University of Manchester, National Nuclear Laboratory Ltd

Abstract
As part of the UK’s Advanced Fuel Cycle Programme, the capability to synthesise uranium nitride (UN) 
and fabricate representative UN fuel forms has been developed at The University of Manchester. Utilising 
the hydride-nitride-denitride synthesis route, UN powder has been successfully synthesised from uranium 
metal up to nominal batch sizes of 20 grams with good phase purity. This has facilitated pelletisation stud-
ies using cold-press and sinter as well as spark plasma sintering (SPS) to produce high density materials 
(∼95 %T.D.). Through optimisation of the synthesis route a greater understanding of the affect processing 
parameters have on the properties of the final material has been developed and in turn elucidated on how 
these properties impact the densification behaviour of the powder. The use of legacy Magnox uranium met-
al as the starting material has provided a method for understanding the consequence and fate of various 
elemental impurities during synthesis and fuel form fabrication. This would likely have implications for the 
use of such material in fuel destined for irradiation in a reactor.

Tuesday – 14th September 2021  
11:00 am - 11:20 am
ONLINE-PRESENTATION
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Ammonia based routes for the manufacture of uranium nitride
T.I. Docrat
D. Goddard J.I. Paul, S.E. May
National Nuclear Laboratory

Abstract
Uranium nitride (UN) is receiving considerable interest as a potential fuel for advanced Generation IV 
reactors, where the high density, high melting temperature and excellent thermal properties are attractive. 
Many routes have been demonstrated for the fabrication of UN, most notably by carbothermic reduction 
under nitrogen and nitriding of powdered uranium metal or hydride. The preferred route will depend on 
the feedstocks and whether the reactor is operating an open or closed fuel cycle. For open cycles utilising 
an enriched UF6 feedstock it would be beneficial to develop a more direct conversion route from UF6, as is 
the case for UO2 fuels. The Advanced Fuel Cycle Programme, a collaboration between NNL and the De-
partment of Business, Energy and Industrial Strategy, is investigating ammonia-driven conversion of UF6 to 
uranium nitrides. In doing so intermediate ammonium uranium fluoride compounds will be formed, of 
which at least nine different compositions and polymorphs are known, with NH4F:UF4 ranging from 4:1 
to 1:3. In this work we report on the synthesis and characterisation of the majority of these compounds 
through anhydrous and aqueous reaction schemes. Thermogravimetric analysis has also been carried out 
to determine the temperatures of reaction sequences starting with (NH4)4UF8 and finishing with UF4. The 
results will help to inform planned work on UF6-ammonia reactions and subsequent conversion to nitrides.

Tuesday – 14th September 2021  
11:20 am - 11:40 am
ONLINE-PRESENTATION
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Advances in the synthesis of uranium diboride
Fabio Martini1

Antoine Claisse2, Mattias Puide2, Iuliia Ipatova3,1, William E. Lee1, Simon C. Middleburgh1

1Bangor University, Bangor, UK; 2Westinghouse AB, Västerås, Sweden; 3University of Birmingham

Abstract
Uranium diboride (UB2) is a promising material to be used in advanced technology fuel (ATF) concepts. 
Uranium diboride has a higher thermal conductivity and a higher uranium density than uranium dioxide 
(UO2). The neutron transparency of UB2 can be adjusted by tuning the isotope ratio between 10B and 11B, 
therefore allowing to obtain a fuel material with intrinsic burnable absorber characteristics, providing 
operational flexibility.

However, an industrially scalable synthesis route for UB2 was first proposed only in 2020 in a joint effort 
between the University of Manchester and Bangor University. The synthesis consists of the boro/carboth-
ermal reduction of UO2 with carbon (C) and boron carbide (B4C) and mirrors one of the routes by which 
zirconium diboride (ZrB2) can be prepared from zirconium dioxide (ZrO2).

According to a thermodynamic model of the reaction system, which correctly predicted the conditions 
for the formation of UB2, the reaction was conjectured to proceed through a uranium tetraboride (UB4) 
intermediate. The conjecture was corroborated by the presence of UB4 as an impurity in the final product, 
detected via XRD analysis.

In this work, the reaction model is further validated by preparing and isolating UB4 and making it react 
again to obtain UB2. A wider understanding of the thermochemistry of the reaction system allows for bet-
ter optimization of the synthesis and the sintering of UB2.

Tuesday – 14th September 2021  
11:40 am - 12:00 pm 
IN-PERSON

https://nubu.nu/materials/students/fabio-martini/
https://nubu.nu/materials/bill-lee/
https://nubu.nu/materials/simon-middleburgh/
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UN-UB2 composites
Joel Turner
J. Buckley, R.N. Worth, M. Barnett, T.J. Abram
University of Manchester

Abstract
The hydrolysis of uranium mononitride remains a significant challenge to the deployment of UN within 
light water reactors. Various onset temperatures have been reported for the reaction, with some as low as 
200°C, far below expected operating temperatures. In practice this could result in cladding issues leading 
to large amounts of fuel material washing out into the primary circuit, which is problematic. Preliminary 
work at Manchester seeks to improve the reaction onset temperature by the addition of UB2. Boride has 
several potential advantages when mixed with other high density fuel materials – it has a high thermal 
conductivity, can introduce burnable poison elements and may lead to the formation of protective phases 
or behaviour, which has been seen in U3Si2. Preliminary microstructural observations and steam reactions 
are presented which show a significant improvement over monolithic UN prepared in the same way.

Tuesday – 14th September 2021  
12:00 pm - 12:20 pm  
IN-PERSON
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Field assisted sintering of CeO2, UO2 and mixed (U,Ce)O2 pellets
Robert W. Harrison1

J. Morgan, J. Buckley1, T. Abram1, D. Pearmain3, S. Bostanchi3, C. Green, R. White, D. Goddard2, N. Barron2

1University of Manchester, 2UK NNL and 3Lucideon Ltd

Abstract
Field assisted sintering (FAS) techniques such as spark plasma sintering (SPS) and flash sintering (FS) 
have received increasing attention for the manufacture of uranium-based nuclear fuels over the last dec-
ade. Conventionally, UO2 is manufactured by cold uniaxial pressing followed by pressure-less sintering in 
a reductive atmosphere at hold temperatures of ∼1700°C for 5-10 hours to achieve the required density, 
microstructure and stoichiometry. SPS and FS offer the possibility to dramatically decrease the sintering 
hold time and temperatures required to produce dense fuel pellets. The reduced sintering temperatures and 
times make these techniques of interest to mixed uranium-plutonium oxide (MOx) fuels for thermal and 
fast reactors. However, there are still challenges to address with both techniques to demonstrate control-
lability, repeatability and scale-up as well as understanding the effect of shorter hold times and sintering 
temperatures on the plutonium distribution in the MOx fuel, which has consequences on fuel performance 
and reprocess-ability of the fuel.

To examine the effects of the shorter hold times and sintering temperature on the pellet microstructure 
and “Pu distribution” in MOx fuel we have manufactured UO2 and (U0.93,Ce0.07)O2 as a MOx fuel surrogate 
using FS, SPS and conventional sintering at the Nuclear Fuels Centre of Excellence (NFCE). This has in-
volved collaborative work with the National Nuclear Laboratory (NNL) and Lucideon Limited to develop, 
install and commission a bespoke uranium active FS furnace at the NFCE. Lucideon have employed their 
nonlinear real time FS control software to solve homogeneity and reliability in CeO2 as a fuel surrogate, 
and its benefit is demonstrated, as utilised here for uranium active materials. The optimisation of this novel 
active FS system for UO2 pellet manufacture together with how the FS control mechanisms monitor the 
thermal and electrical behaviour of the material (pellet) to ensure homogeneity in surrogate/uranium-based 
fuels will be presented. Alongside this, results of the effect of sintering technique/parameters on the pellet 
microstructures and chemical homogeneity from XRD, SEM-EDS and Raman microscopy characterisa-
tion will be presented with an outlook for exploiting the benefit of FS and other FAS techniques for the 
manufacture of uranium oxide bearing fuels.

Tuesday – 14th September 2021  
2:00 pm - 2:20 pm
IN-PERSON
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Synthesis of Simfuel including fission products by Spark Plasma 
Sintering for oxidation study
Emanuele De Bona1,2

Olaf Walter2, Andreas Scheinost1, Damien Prieur1

1Helmholtz-Zentrum Dresden-Rossendorf; 2European Commission Joint Research Centre Karlsruhe.

Abstract
Spent nuclear fuel (SNF) of light water reactors (LWR) is constituted mainly of unfissioned UO2. Howev-
er, the presence of small concentrations of fission products (FP) and minor actinides (MA) strongly affects 
its chemical and physical properties. Moreover, after reaching a certain burnup level in the reactor, the rim 
of the fuel pellets undergo a microstructural reorganization. The initial structure formed of grains of 10-15 
µm restructures into a pattern of sub-micrometric grains (100-300 nm) surrounding micrometric pores. 
This region is called high burnup structure (HBS), and due to its position, it would be the first interface of 
SNF with the external environment in case of failure of the confinement.

When in contact with an oxidizing environment, UO2 transforms into U3O8, resulting in a 36% volume 
expansion. This could worsen the failure of the confinement due to the stresses induced by the expanding 
SNF, as well as be detrimental for SNF integrity that would then disperse in the environment more easily. 
For this reason, in order to establish safe SNF management strategies, deep knowledge of all the aspects 
of UO2 oxidation must be acquired, including the role played by grain boundaries and FP on the matrix 
oxidation.

The aim of the present work is to use Spark Plasma Sintering (SPS) to synthesize Simfuel UO2–based 
material simulating some features of SNF) and to study its oxidation behavior. Small concentrations of FP 
(Mo, Ru, Ba, Zr, Nd) were included to investigate their effect on the UO2 matrix oxidation. The use of SPS 
allows minimizing the coarsening of the microstructure during densification, making it possible to obtain 
Simfuel of grain size comparable to that of HBS (but without the presence of micrometric pores). In this 
way, also the effect of the density of grain boundaries on the oxidation of UO2 could be studied.

The as-produced Simfuel were characterized by XRD, SEM, and HR-XANES. Pure UO2 samples with the 
same grain sizes were also produced as benchmark. Repeating the same characterizations after the oxida-
tive treatment will shed some light on the role of FP and grain boundary density on the oxidation of the 
UO2 matrix.

Tuesday – 14th September 2021  
2:20 pm - 2:40 pm
ONLINE-PRESENTATION
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UN-Nb Composite Fuel as an Advanced Technology Fuel for Use in 
Light Water Reactors
Max Salata-Barnett1

James Buckley1, Yulia Mishchenko2, Denise Adorno Lopes3, Dave Goddard4, James Paul4, Tim Abram1

1University of Manchester; 2KTH Royal Institute of Technology; 3Westinghouse Electric Sweden; 4National Nuclear Laboratory.

Abstract
Uranium nitride (UN) has been of particular focus recently as an advanced technology fuel candidate for 
light water reactors with the advantages of both a high uranium density and thermal conductivity. This 
research is focused on improving the water tolerance of UN by means of doping, in an effort to delay the 
oxidation onset temperature when exposed to high temperature steam. Niobium has been selected as a pos-
sible dopant, modelling of the solubility of Nb and NbN shows that the Nb is soluble within UN but not 
as NbN, which may prove beneficial for the doped microstructure. This research investigates UN pellets 
doped with 2.5-20 vol.% niobium, fabricated via Spark Plasma Sintering to produce low porosity material. 
Microstructural characterisation will provide information on the solubility behaviour of Nb in UN. The 
water tolerance on the composites will be investigated by exposure to high temperature steam in an STA to 
determine the rate of oxidation and onset temperature.

Tuesday – 14th September 2021 
2:40 pm - 3:00 pm 
IN-PERSON



11

Fabrication and characterization of FPs-doped U1-xPuyO2-x SIMfuel
Rafael Caprani1

Méghan ALIBERT1, Camille-Marie ALOIN1, Patrice SIGNORET1, Damien PRIEUR2, Nicolas CLAVIER1,4

1CEA; 2Univ Montpellier; 3HZDR; 4ICSM.

Abstract
In the context of Generation IV Sodium-cooled Fast Reactors (SFR), U1-yPuyO2-x mixed oxide fuels (MOX, 
with 19 ≤ y ≤ 40%) are currently considered as the most suited among all fuel types. In order to ensure 
both safety and efficiency requirements of new generation power plants, these materials have to meet 
precise physico-chemical specifications, such as structural integrity, chemical homogeneity and stability, 
hypostoichiometry (1.94<Oxygen/Metal<1.99), thermal conductivity, etc. However, all these parameters 
are known to change drastically during irradiation, notably due to the formation of Fission Products (FPs) 
and hence their interaction with the (U,Pu)O2 matrix. The oxidation states of these FPs is smaller than 
the father nuclide, thus an increase of the oxygen potential inside the fuel, and hence of the fuel O/M ratio 
over time, is observed [1]. Furthermore, some of the FPs are accommodated as a solid solution in the 
fluorite structure while other form different precipitates and volatile phases. Investigating the behaviour 
of the FPs inside the MOX fuel is thus of the utmost importance for the understanding of the evolution of 
the fuel properties during irradiation. However, considering its high radiotoxicity, the literature on spent 
fuel characterization is quite scarce, thus limiting our understanding of FPs behaviour. In order to over-
come this issue, model materials called SIMfuel have been developed. They are obtained by manufacturing 
fresh nuclear fuel doped with stable FP isotopes. Traditionally, due to their minimal radiological risk, only 
UO2 based SIMfuel have been studied [2–5]. Due to the peculiar behaviour of the U-Pu-O system, Pu-bear-
ing SIMfuel (Pu-SIMfuel) are necessary in order to correctly mimic the behaviour of irradiated MOX 
fuel. In this work, we extend the methodology of SIMfuel fabrication and characterization to Pu-SIMfuel. 
For the first time, we synthesized U0.74Pu0.26O2-x samples doped with several fission products theoretically 
soluble in the fuel matrix: Ce, La, Nd, Sr, Y, and Zr. The targeted final compositions is representative of a 
burnup of about 13 at.%. Afterwards, different thermal annealing treatments have been employed to investi-
gate the impact of oxygen potential on the fission products behaviour in the specimens.

The samples have been characterized by Raman microscopy, X-Ray diffraction, EPMA, and SEM-BSD in 
order to study crystallographic phases, chemical homogeneity, grain size, and species segregation. Thanks 
to these techniques, a thorough analysis has been carried out, and deep insights have been obtained on the 
FPs-MOX interaction in different oxygen potentials conditions.

[1] Y. Guerin, Compr. Nucl. Mater., 2012. 
[2] P.G. Lucuta et al, J. Nucl. Mater, 1991. 
[3] J. Cobos et al, J. Alloys Compd., 1998. 
[4] C. Le Gall, These de doctorat, Université de Grenoble, 2019. 
[5] E. Geiger, These de doctorat, Université Paris-Saclay, 2016.

Tuesday – 14th September 2021

3:00 pm - 3:20 pm 
ONLINE-PRESENTATION
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Hydrothermal conversion of uranium(IV)-cerium oxalates into 
uranium-cerium mixed oxides
Sofian Benarib
N. Dacheux, N. Clavier
Marcoule Institute for Separation Chemistry (ICSM), The French Alternative Energies and Atomic Energy Commission (CEA).

Abstract
For many years, the development of new generations of nuclear reactors led to envisage innovative meth-
ods for the fabrication of oxide fuels. Wet chemistry routes have been studied for the fabrication of mixed 
oxide fuels such as (U,Pu)O2MOx, notably to improve the cations distribution homogeneity and to en-
hance the resistance towards proliferation. Such processes are mainly based on the initial precipitation of 
low-temperatures precursors [1,2] which are further converted into the final compounds through a heat 
treatment at high temperature. Nevertheless, the resulting oxide powders can still contain residual car-
bon[2] while the powder morphology is inherited from the starting precursor.

In this context, several authors explored the hydrothermal conversion of An(IV) oxalates (An(IV) = Th, 
U, Np, Pu)[4,5] which allowed them to directly achieve the precipitation of hydrated oxides from solu-
tion. Yet, the hydrothermal processes reported in the literature have almost never addressed complex 
systems with actinides and/or lanthanides cations exhibiting different redox states. In this context, we 
focused our work on the direct preparation of (U,Ce)O2 solid solutions through hydrothermal conversion 
of U(IV)-Ce(III) mixed oxalates. Herein, cerium was used as a surrogate for plutonium owing to several 
similar properties among which cationic radius and stabilized oxidation states.

The effect of the duration of mild hydrothermal conversion (T = 250°C, t = 24 – 48h) of oxalate precur-
sors was first investigated. From 24 hours, the typical fluorite-type structure of AnO2 was observed while 
detailed XRD analysis highlighted the single-phase characteristic of the obtained samples. Moreover, the 
powder morphology was found to be mostly spherical, with particle of about 1 µm in size, and so widely 
different from the oxalate precursor. Preliminary work on the conversion of Nd-oxalates was also carried 
out to avoid the complex redox behaviour of cerium. Nevertheless, neodymium carboxylate hydroxide was 
systematically obtained in the studied conditions. Therefore, Nd does not seem to be a correct Ce surro-
gate, thus underlining that the -> oxidation of Ce(III) into Ce(IV) plays an important role in the hydrother-
mal conversion. The forthcoming steps of this study will focus on the sintering of the powders prepared by 
the hydrothermal route.

[1] B. Arab-chapelet et al., “Synthesis of new mixed actinides oxalates as precursors 

of actinides oxide solid solutions,” vol. 445, pp. 387–390, 2007.

[2] J. Martinez et al., « From uranium (IV) oxalate to sintered UO2 : consequenc-

es of the powders’ thermal history on the microstructure », J. Europ. Ceram. 

Soc. 35 (2015) 4535-4546.

[3] Manaud et al, «Hydrothermal conversion of uranium(IV) oxalate into oxides: a 

comprehensive study», Inorg. Chem.2020, 59, 3260-3273.

[4] Popa et al., « A low-temperature synthesis method for AnO2 nanocrystals and 

associate solid solutions », CrystEngComm, 2018.

Tuesday – 14th September 2021
4:00 pm - 4:20 pm  



13

Elaboration of (U,Pu)O2-x mixed oxides with high plutonium 
contents: 60, 65 and 70 mol.% Pu.
Marie-Margaux Desagulier
R. Vauchy1, P. Martin1, J. Martinez1, N. Clavier2, C. Guéneau3

1CEA, DES, ISEC, DMRC, Université Montpellier, Marcoule, France; 
2Institut de Chimie Séparative de Marcoule, ICSM, CEA, CNRS, ENSCM, Université de Montpellier, Marcoule, France; 
3CEA, ISAS, DPC, Université Paris-Saclay, Paris-Saclay, France.

Abstract
Uranium-Plutonium mixed oxides U1-yPuyO2-x (MOX) are considered as the reference fuels for Sodi-
um-cooled Fast neutron Reactors (SFRs). The plutonium contents y = Pu/(U+Pu) will range between 20 to 
35 mol. % and will exhibit an oxygen hypo-stoichiometry with an Oxygen/Metal ratio (O/M with M = U + 
Pu) ranging between 1.94 ≤ O/M < 2.00.

Under irradiation, a thermal gradient along the fuel pellet radius (typically ∼4 mm) is observed with a 
temperature close to 500°C at the periphery while the center can reach more than 2000°C [1]. At the 
beginning of the irradiation, the thermal gradient induces a redistribution of plutonium and oxygen atoms 
along the radius. On the one hand, the pellet is enriched in plutonium near the central hole (formed in the 
center of the full pellet during the first hours and days at full power) with a local Pu content greater than 
40% and a lower O/M ratio (<∼1.95). On the other hand, the periphery of the pellet is depleted in pluto-
nium with a local Pu content around 20%, and exhibits an O/M ratio close to the stoichiometry (∼2.00). 
This phenomenon leads to heterogeneities in the MOX properties along the pellet. For instance, the local 
melting point will be modified as it depends upon the O/M ratio and the Pu content. A plutonium content 
rise involves a decrease in the melting temperature and thus a decrease in the safety margin of the reactor. 
Then it is essential to study the thermodynamics and structural properties of U-Pu mixed oxides with high 
plutonium content.

The main difficulty lies in the lack of data (enthalpy, heat capacity, conductivity or melting temperature, 
… for MOX with Pu content greater than 45% mol. and even more for MOX with Pu > 60% mol. [2]–[6]. 
These data would allow to feed the database to complete the modelling of the U-Pu-O phase diagram by 
the CALPHAD method and the input data in the GERMINAL performance calculation code. In order to 
obtain new data for that Pu content range, it is necessary to elaborate pellets. In this way, manufacturing 
single-phase and dense MOX pellets with Pu contents ranging between 60-70% mol., where the lack of data 
is the most significant, remains a great challenge. Indeed the difficulties associated with the manufacturing 
of high plutonium content pellets is to avoid the formation of secondary phases observed in the U-Pu-O 
phase diagram, constituting the miscibility gap denoted MO2-x + MO2-x1 [7]. The study of this miscibility 
gap as a function of the temperature, O/M ratio and Pu content, implies the manufacturing of hypo-stoichi-
ometric and stoichiometric pellets for each Pu content studied. First, stoichiometric pellets are elaborated 
and then, half of them are annealed in order to reduce (i.e. to decrease their O/M ratio) the samples. To 
obtain these characteristics, the choice of the process parameters is essential, and in particular the optimi-
zation of the oxygen potential during sintering.

In this way, we will present a detailed manufacturing process based on powder metallurgy that is suitable 
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to obtain such MOX pellets with 60, 65 and 70% mol. of Pu. The success of the elaboration will be high-
lighted by characterization results obtained by X-Ray Diffraction, Raman Spectroscopy, Scanning Electron 
Microscopy and Electron Probe Micro-Analysis.

[1] Y. Guerin, « 2.21 – Fuel Performance of Fast Spectrum Oxide Fuel », in Comprehensive Nuclear Ma-
terials, Rudy J.M. Konings, Éd. Oxford: Elsevier, 2012, p. 547578. Consulté le: juill. 04, 2013. [En ligne]. 
Disponible sur: http://www.sciencedirect.com/science/article/pii/B9780080560335000434

[2] F. De Bruycker et al., « On the melting behaviour of uranium/plutonium mixed dioxides with high-Pu 
content: A laser heating study », J. Nucl. Mater., vol. 419, no 13, p. 186193, déc. 2011, doi: 10.1016/j.
jnucmat.2011.08.028.

[3] T. Truphémus et al., « Structural studies of the phase separation in the UO2–PuO2–Pu2O3 ternary 
system », J. Nucl. Mater., vol. 432, no 1, p. 378387, janv. 2013, doi: 10.1016/j.jnucmat.2012.07.034.

[4] R. Böhler et al., « Recent advances in the study of the UO2–PuO2 phase diagram at high temperatures 
», J. Nucl. Mater., vol. 448, no 1–3, p. 330339, mai 2014, doi: 10.1016/j.jnucmat.2014.02.029.

[5] R. Vauchy, A.-C. Robisson, F. Audubert, et F. Hodaj, « Ceramic processing of uranium–plutonium 
mixed oxide fuels (U1−yPuy)O2 with high plutonium content », Ceram. Int., vol. 40, no 7, Part B, p. 
1099110999, 2014, doi: 10.1016/j.ceramint.2014.03.104.

[6] M. Strach, D. Manara, R. C. Belin, et J. Rogez, « Melting behavior of mixed U–Pu oxides under oxidiz-
ing conditions », Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. At., vol. 374, p. 125128, 
mai 2016, doi: 10.1016/j.nimb.2016.01.032.

[7] C. Guéneau, A. Chartier, et L. Van Brutzel, « 2.02 – Thermodynamic and Thermophysical Properties 
of the Actinide Oxides », in Comprehensive Nuclear Materials, vol. 2, R. J. M. Konings, Éd. Oxford: Else-
vier, 2012, p. 2159. Consulté le: juill. 04, 2013. [En ligne]. Disponible sur: http://www.sciencedirect.com/
science/article/pii/B9780080560335000094
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Self-irradiation effects on the structural properties of the MIMAS 
type of nuclear fuels
Orhun Kahraman1,2,3

1CEA, DES, ISEC, DMRC, Univ. Montpellier, Marcoule, France; 
2CNRS UPR 3079 CEMHTI, Université Orléans, 45071 Orléans, France;

 3Univ. Grenoble Alpes, Univ. Savoie Mont Blanc, CNRS, Grenoble INP, LEPMI, 38000 Grenoble, France.

Abstract
Mixed (U,Pu)O2 oxides (MOX) are widely used in the nuclear industry. One important aspect of these 
materials is the self-irradiation damage produced by the a-decay of plutonium isotopes and the subsequent 
lattice swelling. Although this swelling and its eventual saturation is described in the literature [1], the 
identification and description of the associated point defects, their stability and their consequences on the 
microstructure are yet to be revealed. The purpose of our work is thus to acquire information about the 
defect formation in the (U,Pu)O2 microstructure as a result of the self-irradiation damage cascades through 
continuous investigation of the sample microstructure.
The selected MOX fuel sample was fabricated using the MIMAS process and has an overall Pu/(U+Pu) 
content of about 10 wt.% while having an oxygen stoichiometry O/M (M=(U+Pu)) ratio equal to 2.00. 
The initial plutonium isotopy exhibits a relatively rich 238Pu fraction with 2.4 wt.% (238Pu /(Pu total). As 
a consequence of the synthesis process, 3 different phases are observed with different Pu contents using 
EPMA: UO2 agglomerates which contains almost no plutonium, the plutonium-rich agglomerates with a 
Pu/(U+Pu) content close to 30 wt%, and a third phase located between the two others’ agglomerates and 
having an intermediate Pu content. These phases are available in the microstructure in different sizes with 
an order of magnitude of 10-50 µm for the UO2 phase, 10-20 µm for the intermediate phase and 20-100 µm 
for the Pu-rich phase[2]. Thanks to the T2g line shift as a function of Pu content, these 3 phases are easily 
identified using µ-Raman imaging and their corresponding damage evolutions are individually studied in 
this work all within one sample. The sample was first thermally treated at 1200°C to start from a (virtually) 
defect-free microstructure without modifying the O/M ratio of 2.00. Within the scope of the study, the evo-
lution of the lattice parameter is being recorded with continuous XRD experiments to acquire a spatially 
averaged information, while µ-Raman microscopy is employed to probe the sample at a local scale (µm).
The preliminary XRD results shows that there is not yet an observable increase in the lattice parameter of 
the UO2 agglomerates whereas the increase of lattice parameter is observable and rather faster in the phas-
es of higher Pu contents. As of the second part of the study, the continuous Raman microscopy imaging 
measurements are being pursued upon the 3 phases on the sample to obtain further information on defect 
creation. The present finding shows that the T2g Raman band frequency is not influenced by the self-irra-
diation [3], whereas the width of the band exhibits a change due to the self-irradiation effect [4]. Finally, 
recent studies in the literature shows that the defect-related bands U1, T1u (LO), U3 as well as the second 
order Raman active band (2 T1u (LO)) give information related to the defects taking place in the micro-
structure upon self-irradiation.
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Coupling SCIANTIX and TRANSURANUS: assessment of stable and 
radioactive fission gas behaviour.
Giovanni Zullo
Davide Pizzocri, Alessio Magni, Lelio Luzzi
Politecnico di Milano, Italy.

Abstract
Predicting the evolution of stable and radioactive fission gases accumulated in the fuel rod free volume is 
of primary interest for the fuel rod analysis and the assessment of the gap activity, when evaluating the ra-
diological consequences of postulated accidental scenarios (e.g., LOCA, SGTR). We select a set of integral 
experimental tests on LWR fuel rods, i.e., the CONTACT and the HATAC experiments, focused on the 
behaviour of stable and radioactive fission gases during stationary irradiation and power cycling condi-
tions, respectively. We provide the simulated performance of the irradiated fuel rods with the thermo-me-
chanical code TRANSURANUS coupled with the SCIANTIX module for fission gas behaviour. The latter 
is an open-source multi-scale code for the mechanistic modelling of stable and radioactive fission gases. 
The results of the simulations point out the advantages brought about by the multi-scale code suite TRAN-
SURANUS/SCIANTIX. The predictions of stable and radioactive fission gas release show a satisfactory 
agreement with the measurements available from both CONTACT and HATAC irradiations (within the 
accepted uncertainty range for fission gas release in fuel performance codes, i.e., a factor of 2), in terms of 
amount, kinetic and release rate of fission gases.
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Calibration of fuel performance models – A hierarchical Bayesian 
approach to account for model inadequacy
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Abstract
Fuel performance models [1] are approximations of their underlying physics. Hence they are not a perfect 
representation of the actual physical processes, and consequently, these models are said to be inadequate 
to some extent. This model inadequacy has an unfavorable impact on model calibration, with the most cru-
cial result being that the uncertainties are underestimated and do not sufficiently represent the underlying 
error. One way to solve this is to adapt the covariance matrix of the model parameters so that the propagat-
ed uncertainty conforms with the spread of the residuals [2].

This work presents a method incorporating model inadequacy into the Bayesian framework by assum-
ing a multivariate Gaussian irreducible variability among the calibration parameters. Calibration is then 
performed on the distribution parameters rather than on the model parameters directly. The result is an 
inflated uncertainty of the model parameters that account for the discrepancies of the model. Finally, the 
method is applied to various fuel performance synthetic test-beds (e.g., cladding oxidation, fission gas 
release, etc.) to demonstrate its applicability and compare with standard Bayesian calibration.

[1] P. Van Uffelen, J. Hales, W. Li, G. Rossiter, and R. Williamson, “A review of fuel performance model-
ling,” J. Nucl. Mater., vol. 516, pp. 373–412, 2019. 
[2] P. Pernot and F. Cailliez, “A critical review of statistical calibration/prediction models handling data 
inconsistency and model inadequacy,” AIChE J., 2016.
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level
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Abstract
Thermal conductivity and melting temperature are fundamental properties of nuclear fuels since they de-
termine the fuel temperature profile evolution, affecting the overall fuel performance under irradiation and 
the safety margin to fuel melting. Original models for these thermal properties of MOX fuels were recently 
published by the same authors. These correlations are based on recent and reliable experimental data, ac-
count for a comprehensive set of dependencies (fuel temperature, deviation from stoichiometry, plutonium 
content, porosity and burn-up). Their accuracy is validated against available data, both experimental and 
from lower-length scale calculations, showing predictions in line with the current experimental uncertain-
ties (10-20% for the thermal conductivity, up to 2% for the melting temperature). This work proposes to 
assess the modelling uncertainties on both novel correlations for MOX thermal conductivity and melting 
temperature, by considering the standard errors on the correlation regressors emerging from the statistical 
fit procedure and hence identifying the sources of major uncertainty for future modelling improvement 
efforts. Based on the outcome, the model uncertainty range is propagated to the integral fuel pin scale 
by exploiting the statistical analysis tool of the TRANSURANUS fuel performance code, in which the 
novel correlations are implemented. The uncertainty analysis at the pin level is performed considering an 
irradiation experiment from the HEDL P-19 campaign, focused on the power-to-melt of MOX fuels under 
irradiation in fast reactor (sodium-cooled) conditions and hence appropriate for evaluating the impact of 
both modelling of thermal conductivity and melting temperature. The present work represents a first step 
towards complementing the state-of-the-art best-estimate fuel pin performance calculations with uncertain-
ty and sensitivity analyses of the predicted pin behaviour.
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Reactivity behaviours and economic effect of enriched 
Gadolinium oxide
Mustafa Bolukbasi
S.C. Middleburgh, M. Dahlfors, W.E. Lee
Bangor University

Abstract
Gadolinium oxide (Gd2O3) is the most widely used nuclear fuel burnable absorber, used to enable higher 
enrichment fuel loading in reactor cores and to efficiently control reactivity. However, the use of gadolin-
ium oxide in solid solution with UO2 requires some amount of uranium to be displaced, limiting its ad-
vantages, and also reducing the fuel’s thermal conductivity. Moreover, some isotopes of Gd2O3 can cause 
residual reactivity suppression in the fuel, again limiting their benefits. In this study, the changes in reac-
tivity have been revealed by comparing natural Gd isotope compositions with Gd enriched with Gd-157 in 
Gd2O3 in solid solution within the UO2. A Monte Carlo particle transfer method (with Serpent software) 
revealed a number of mechanisms by which the enriched Gd2O3 enables higher reactivity late in the fuel’s 
lifecycle. This was mainly through eliminating the residual reactivity formed in the fuel enabling a higher 
amount of UO2 loading by opening the way for a lower rate of burnable absorber loading. In addition, an 
economic evaluation of the use of enriched Gd2O3 as a burnable absorber has been made.
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Abstract
Mixed uranium-plutonium oxide (U,Pu)O2 is used as fuel in pressurized water nuclear reactors (PWR) 
with around 10 wt.% Pu and is the reference fuel for future Generation IV sodium-cooled fast reactors with 
around 25 wt. % Pu.

The self-diffusion properties are at the origin of several important phenomena taking place in (U,Pu)
O2 during irradiation, in particular the redistribution of Pu in the fuel, which strongly affects the fuel be-
haviour, and the oxygen diffusion, which governs the local oxide/metal ratio.

In order to characterize the self-diffusion properties of mixed uranium-plutonium oxides, we investigate the 
activation energy of defects using atomic scale calculations. The activation energy, which involves forma-
tion and migration energies, depends on the composition and configuration of the local atomic environ-
ment (LAE) around the defect, which can fluctuate statistically or due to the presence of heterogeneities. 
For this reason, it is not possible to define a single activation energy for a given defect, but rather an 
interval range that depends on the specific configuration of the LAE. Determining this interval, however, 
is a difficult task due to the chemical disorder observed in the cationic sublattice in (U,Pu)O2. This gives 
raise to such a large amount of possible configurations that an exhaustive exploration of the configurational 
space is practically impossible.

In this work, we present an optimized systematic exploration of the configurational space using empirical 
potentials for various Pu contents. This enables us to provide an accurate evaluation of this interval range 
for cationic vacancy defects and the impact of the LAE on the point-defect properties.
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A Study of Defect Behaviour in UO2 using Adaptive Kinetic Monte 
Carlo Simulation
Laura Swansbury
Mark Bankhead
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Abstract
Radiation damage in MOX fuel can result in the formation of defects. Understanding defect behaviour on 
an atomic-scale is important for elucidating structural changes that can ultimately result in fuel swelling 
and cracking. Atomic-scale defect structures can be generated using radiation cascade simulation. While 
molecular dynamics (MD) is commonly employed for studying atomic-scale systems, the disparity between 
the timescales over which simulations can run and the timescales over which defects anneal inhibits its 
use. Instead, techniques that can run over longer timescales are required. Time-accelerated methods such 
as Adaptive Kinetic Monte Carlo (AKMC) can run over longer timescales. AKMC modelling has been 
used in this work to study defect migration in UO2 and work toward understanding defect migration in 
MOX fuel. Trends in anion and cation transitions as a function of temperature, activation energy and atom 
hop distances have been explored. Subsequent mechanical stress/strain calculations also shed light on the 
impact of defects on the mechanical properties of UO2/MOX.
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Abstract
Grain boundaries in UO2 may become amorphous in nature, as additives migrate to the more favoura-
ble grain boundaries. Additives such as Cr2O3 and Al2O3 are initially added to the fuel to promote grain 
growth during sintering, increasing the burn-up of the fuel pellet. Other advantages of additives include 
reducing fission gas release and pellet-cladding mechanical interaction [1]. The impacts of diffusion along 
amorphous doped UO2 grain boundaries differ dependent on temperature, with low temperature diffusion 
(< 1200 °C) controlling the creep rate, and higher temperature diffusion (> 1200 °C) impacting grain inter-
changes, impurity diffusion, and grain boundary pinning [2]. This work focuses on modelling the diffusiv-
ity of constituent species of Cr2O3 doped amorphous UO2 at a range of concentrations and temperatures. 
Results from this work can provide a further understanding to amorphous doped UO2 grain boundaries, 
and how additives have an impact on the mechanical properties of the fuel pellet.

[1] T. Matsuda, Y. Yuasa, S. Kobayashi, and M. Toba, “Characteristics of Fuel Pellet with Additive of Al 
and Si.” Nuclear Fuel Industries Ltd., Osaka. 
[2] A. A. Solomon, C. S. Yust, and N. H. Packan, “Primary creep of UO2 and the effect of amorphous 
grain boundary phases,” J. Nucl. Mater., vol. 110, no. 2–3, pp. 333–342, 1982, doi: 10.1016/0022-
3115(82)90163-5.
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Non-destructive examination of the SALIENT-01 molten fuel salt 
irradiation
Ralph Hania
Sander van Til, Dirk Visser
NRG, JRC Karlsruhe

Abstract
Four graphite crucibles filled with 78LiF-22ThF4 salt have been irradiated in the High Flux Reactor in 
Petten in the period August 2017 - August 2019. Goal of the experiment was (1) to gain experience in 
designing a molten-fuel experiment and handling fluoride fuel salts before and after irradiation, and (2) 
to investigate the possible relocation of fission products and their chemistry during normal operation and 
under accident conditions in which temperatures would become much higher. The salt samples for this ir-
radiation experiment were synthesized and purified by JRC Karlsruhe, and the experiment was assembled 
at NRG Petten. 

In this contribution we would like to share the first results from non-destructive post-irradiation exami-
nations. Gamma spectrometry was performed to visualize the location of gamma-emitting species, and 
plenum gas pressure and composition were determined to quantify fission gas release. The results give a 
picture of fission product behavior that is in line with observations by Oak Ridge National Lab (US) from 
the 1960s.
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Experimental results on the U-Zr-Fe-O liquid miscibility gap and 
its sub-systems
Alan Brunel
A. Quaini, C. Bonnet, L.Cormier.
Université Paris-Saclay, CEA, Service de la Corrosion et du Comportement des Matériaux dans leur Environnement, 91191, Gif-sur-Yvette, France and Sorbonne 
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Abstract
During a severe accident involving the core meltdown in a pressurised water reactor, the nuclear fuel can 
react with the zircalloy cladding and structural materials to form a complex mixture of solid and liquid 
phases called corium. This corium can present a miscibility gap involving a metallic and an oxide liquid at 
equilibrium. To get information on this corium and the miscibility gap, the study of the U-Zr-Fe-O system 
and its sub-systems is essential.

We have studied the Fe-Zr-O sub-system at around 2000°C and 2700°C respectively in the iron rich region 
and a zirconium richer region to observe the liquid miscibility gap. The investigated samples were obtained 
by arc fusion and underwent a pyrometer-assisted heat treatment in an arc furnace, followed by a quench-
ing like cooling in Ar. The presence and the composition of the different phases were determined by SEM-
EDS to confront the experimental results to thermodynamic calculations performed using the TAF-ID 
database. Results show a good agreement between the experiments and the calculations for the iron rich 
region. However, significant discrepancies concerning the composition of the liquids were observed for the 
zirconium richer region at 2700°C. A good agreement was also observed between the experiments and the 
calculations for the U-Fe-O liquid miscibility gap around 2700°C.

The same kind of study has been realised in the UO2-Zr-Fe pseudo-ternary system to observe the influence 
of adding iron in a U-Zr-O based liquid miscibility gap for a set of different U/Zr ratio. The metallic liquid 
becomes richer in iron when iron is added, resulting in the decrease of the uranium and zirconium molar 
fractions by dilution, while the oxide liquid composition exhibits small changes, with no iron solubility in 
the oxide liquid. The amount of zirconium in the metallic liquid is underestimated by the calculation for 
low amounts of iron but is better described for higher iron amounts. This can be explained by the need of 
improvement of the thermodynamic model of the Fe-Zr-O ternary system.

Wednesday – 15th September 2021  
2:00 pm - 2:20 pm 
ONLINE-PRESENTATION



25
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Abstract
Innovative mixed oxide (MOX) (U,Pu)O2±x fuels for sodium fast neutron reactor (SFRs) systems are cur-
rently studied within the framework of the development of advanced nuclear reactors (GEN-IV). With a 
plutonium content ranging between 20 and 40 mol.%, the fuel will contain few mol.% of 241Am, daughter el-
ement generated by 241Pu decay. Furthermore, the oxygen stoichiometry (Oxygen/Metal ratio) of the SFRs 
fuels needs to meet precise specifications (i.e. to be between 1.95 and 1.99) to minimize cladding corro-
sion and avoid fuel melting. Then, in order to foresee the fuel behaviour during irradiation, an accurate 
knowledge of its thermodynamic and structural properties is mandatory. In this work, the thermodynamic 
properties of the quaternary U-Pu-Am-O system are investigated.
In order to overcome the lack of experimental data, campaigns on five SFR fuels are currently on-
going in the hot lab facilities of the JRC-Karlsruhe (Germany) and the CEA Marcoule (France). 
U1-y-zPu-AmzO2±x samples with 0.005 < z < 0.03 and 0.23 < y < 0.45 were manufactured by powder metallur-
gy and sintered in reducing atmosphere to obtain hypo-stoichiometric (O/M<1.98) compositions.
An exhaustive campaign of melting temperature measurements was performed using an updated version 
of the laser heating set-up implemented at JRC-Karlsruhe. Thanks to the recent addition of oxygen gaug-
es monitoring the atmosphere inside the chamber, the variation of the oxygen partial pressure could be 
assessed during the experiments, which allowed determining the change in the oxygen stoichiometry of the 
samples. In addition, the oxygen potential of these fuels was also measured by thermogravimetric analy-
ses (TGA) for temperatures ranging between 1073 and 1673 K. Finally, the enthalpy increments of the 
materials were measured from 585 to 1790 K by drop calorimetry. The heat capacity functions were then 
deduced by derivation of the enthalpy data.
In the present work, the measured melting temperatures will be presented and the influence of the Pu, Am 
and O contents will be discussed. For the first time, the variation of the oxygen stoichiometry of the sam-
ple during the shots was estimated. The impact of Am on the oxygen potentials and heat capacity of MOX 
fuels will also be discussed. Finally, thermodynamic calculations using the CALPHAD method will be 
compared to the experimental results. Thanks to the inter-comparison between various characterizations 
performed at CEA Marcoule such as XRD, Raman Spectroscopy, Scanning Electron Microscopy, Electron 
Probe Micro-Analysis…, new input data for the modelling of the U-Pu-Am-O system, will be selected.

Wednesday – 15th September 2021  
2:20 pm - 2:40 pm 
ONLINE-PRESENTATION



26

JRCMSD – Thermodynamic Database on Molten Salt Reactor Fuel
Ondrej Benes
R. J. M. Konings
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Abstract
JRCMSD is an extensive database on reference thermodynamic data describing the key halide systems 
considered for the molten salt reactor technology. It describes the main chloride and fluoride fuel systems, 
but also addresses the influence of corrosion and fission products that accumulate during reactor operation 
within the fuel mixture. The full database package is being constantly developed via international collabo-
ration and will be available soon via open JRC platform. Today it provides description of more than 80 bi-
nary systems and in this paper we will provide short introduction to the database plus we will demonstrate 
selected key applications of the database towards the fuel mixture optimization, fuel properties predictions 
as well we will address the use of the database to simulate the fuel behaviour under accidental scenarios.
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Thermodynamic assessment of the NaCl-ThCl4-PuCl3 system
T. Dumaire
J.A. Ocádiz-Flores, R.J.M. Konings, A.L. Smith
TU Delft

Abstract
Molten salt fast reactors (MSFRs) are considered very promising for the production of energy in the fu-
ture. Using a liquid fuel in the form of a molten salt as combustible and coolant at the same time, MSFRs 
could allow the access to a more compact and safer source of nuclear power. Mainly appreciated for the 
possibility to use thorium as fertile material, the MSFR design is a potential solution to reprocess a portion 
of the large stock of actinides from the spent fuel of the current generation of reactors or high-enriched 
military stocks [1]. To this date, fluoride and chloride salts are considered as the reference for MSR de-
signs. In particular, the chloride salt mixture NaCl-ThCl4-PuCl3 is an appealing option with a relatively low 
melting temperature (598 K) at the eutectic 46.5 NaCl–35ThCl4–18.5 PuCl3 composition, a high stability 
and a rich neutron economy [2].

This work focuses on the thermodynamic assessment of the NaCl-ThCl4 and ThCl4-PuCl3 binary systems 
and the NaCl-ThCl4-PuCl3 ternary system, using the CALPHAD (Computer Coupling of Phase Diagrams 
and Thermochemistry) method and the quasi-chemical formalism in the quadruplet approximation [3]. 
This work is completed by Molecular Dynamic simulations to assess the structural properties of the liquid 
solution, density, thermal expansion, and excess thermodynamic properties.

[1] Mourogov, A. and P.M. Bokov, Potentialities of the fast spectrum molten salt reactor concept: RE-
BUS-3700. Energy Conversion and Management, 2006. 47(17): p. 2761-2771.

[2] Katsuta, H., LIQUID TARGET/FUEL AND ASSOCIATED FUEL CYCLE TECHNOLOGIES. 
1997, Japan Atomic Energy Research Institute: Tokai-mura, Naka-gun, Ibaraki-ken 319-11 Japan. p. 17-22.

[3] Ocádiz-Flores, J.A., et al., Thermodynamic assessment of the KF-ThF4, LiF-KF-ThF4 and NaF-KF-
ThF4 systems. The Journal of Chemical Thermodynamics, 2020. 145.
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Synthesis and characterisation of actinide fluorides molten salt 
fuel for SALIENT-03 irradiation experiment
Pavel Souček
O. Beneš, P.R. Hania, E. D’Agata, A. Rodrigues, H.J. Uitslag-Doolaard, R. Konings.
European Commission, Joint Research Centre (JRC), Karlsruhe, Germany, Nuclear Research; Consultancy Group, P.O. Box 25 1755 ZG Petten, The Netherlands, 
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Abstract
In many of the studied Molten Salt Reactor (MSR) concepts, molten salt is used as a carrier media for 
the fuel compounds dissolved in the salt, whereas the salt serves at the same time as a primary coolant 
of the reactor and as neutron moderator. The interest for MSR technologies is increasing worldwide not 
only within national programmes, e.g. in France, USA, China and others, but different concepts are being 
developed commercially by several start-up companies, e.g., Terrestrial Energy (Canada/US), TerraPow-
er (USA), Moltex (UK), Seaborg Technologies (Denmark) and others. In addition, MSR is one of the 
advanced reactor concepts studied within the Generation IV Forum since 2002. The main advantage of 
this type of reactor is its enhanced safety with its strong negative temperature coefficient of reactivity and 
improved sustainability. The MSR is operated at low (atmospheric) pressure in the primary circuit and in 
the event of overheating, the fuel would be drained into an emergency dump tank assuring subcriticality 
and natural removal of the decay heat.
The irradiation experiment SALIENT-03 is being carried out within collaboration between the Nuclear Re-
search and Consultancy Group (NRG) and the Joint Research Centre (JRC). The main goal of the experi-
ment is to assess the corrosion mechanism of selected Ni-based alloys in molten fluoride salt considered as 
one of the candidates for MSR fuel salt. The corrosion test will be carried out during irradiation of the fuel 
salt in the High Flux Reactor in Petten (The Netherlands). A molten salt based on the 78LiF-22ThF4 eu-
tectic mixture was selected, as it is a carrier salt for the Molten Salt Fast Reactor (MSFR) concept studied 
in Europe. The MSFR is based on a non-moderated neutron spectrum utilising the 232Th-233U fuel cycle: it 
is being developed in France and since 2015, its safety assessment is being evaluated within the coordinat-
ed R&D projects in the frame of the EC/EURATOM programmes. In the SALIENT-03 experiment, the 
fissile material will be dissolved in this carrier melt to form a fuel salt with the composition of 75.0LiF-
18.7ThF4-6.0UF4/UF3-0.3PuF3.
The present work is describing the synthesis and characterisation of pure actinide fluorides needed for the 
experiment, i.e., ThF4, UF4, UF3 and PuF3. Since the details on the syntheses of ThF4, UF4 and PuF3 have 
been already published, the main focus is dedicated to the preparation of UF3. This compound is needed 
not only to form the desired UF4/UF3 ratio in the irradiated molten salt, but also to calibrate an electro-
chemical method for the detection of this ratio in the fuel. Since it is difficult to analytically determine the 
ratio in the mixture, the work aimed to synthesis of phase pure UF3. The method had to be thoroughly 
optimised to prevent disproportionation of UF3 to U metal and UF4 and/or formation of oxides and to 
achieve a product purity of 99.6%.
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Investigation of Thorium Tetrafluoride Purification Using the 
Ammonium Bifluoride method
Bernard Fitzpatrick1

K. Foster2, T.M. Besmann2, M.H.A. Piro1

1Ontario Tech University; 2University of South Carolina

Abstract
Actinoid fluorides such as thorium tetrafluoride (ThF4), are quite hygroscopic and require purification 
of oxygen species present in the salt in very stable compounds such as ThO2 – which would otherwise 
increase the corrosivity of the salt in a practical reactor. As an alternative to installation of an HF line in 
the laboratory, which has safety implications at a University, a small (75 mL) Ni pressure vessel is fitted 
with crucibles for both the fuel salt and the ammonium bifluoride. Upon heating the ammonium bifluoride 
decomposes into ammonia and HF, which may then purify the fuel salt specimen. This approach was first 
described in the literature in [1-4], although difficulties were reported in [5]. Overall, it is not yet a robust 
or repeatable process.
Reactants were measured out using a 0.01 mg-precision mass balance within an Ar-filled inert glovebox. 
They were loaded into Ni crucibles and stacked (ammonium bifluoride on the bottom, ThF4 on the top) 
into the pressure vessel. The vessel was then closed using a torque-wrench. The vessel is wrapped in a heat-
er tape, as well as heated on the bottom nearest the specimens using a hotplate at 250°C. The heater tape 
is automatically controlled by a thermocouple tightened under one of the six chamber bolts. Temperature 
is checked using an IR-thermometer to ensure a chamber valve’s temperature tolerance is not exceeded. 
After allowing the vessel to heat for 12 h, a valve is opened allowing water vapour and HF gas to escape 
through a scrubber and out of the glovebox into the laboratory exhaust system. The specimen is removed 
and heated in the glovebox environment to 450 °C for 6 h in on open crucible to dehydrate it.
The purity of the resulting powder can be judged qualitatively by its colour: pure ThF4 is white, with darker 
shades indicating the present of impurities. For more quantitative analysis, differential scanning calorime-
try is employed using a NETZSCH 449 F1 simultaneous thermal analyzer. The temperature of the melting 
peak measured is a well-defined quantity (∼1111 °C [6]) and deviations indicate impurities.

[1] E. Capelli. Thermodynamic Characterization of Salt Components for Molten Salt Reactor Fuel. Doc-
toral Thesis, TU Delft, Melkeweg, The Netherlands, 2016.

[1] M. Beilmann. Thermodynamic Investigation of Fluoride Salts for Nuclear Energy Production. Doc-
toral Thesis, Heidelberg University, Institute of Physical Chemistry, Heidelberg, Germany, 2013.

[1] B. N. Wani, S. J. Patwe, U. R. Rao, and K. S. Venkateswarlu. Fluorination of Oxides of Uranium and 
Thorium by Ammonium Hydrogenfluoride. Journal of Fluorine Chemistry, 44:177–185, 1989.

[1] Che Nor Aniza Che Zainul Bahri, Aznan Fazli Ismail, and Amran Ab. Majid. Synthesis of Thorium 
Tetrafluoride (ThF4) by Ammonium Hydrogen Difluoride (NH4HF2). Nuclear Engineering and 
Technology, 51(3):792 – 799, 2019.

[1] J.A. Ocadiz-Flores. Personal Communication, TU Delft, 2020.
[1] Pavel Souček, Ondřej Beneš, Benoit Claux, Elisa Capelli, Michel Ougier, Václav Tyrpekl, Jean-Fran-

cois Vigier, and Rudy J.M. Konings. Synthesis of UF4 and ThF4 by HF gas fluorination and re-deter-
mination of the UF4 melting point. Journal of Fluorine Chemistry, 200:33-40, 2017.
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Fission Products chemistry in simulated PWR fuel up to 2100°C: 
Experimental characterization and Thermodynamic modeling with 
the TAF-ID
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Abstract
The chemical state of Fission Products (FP) has important implications on the nuclear fuel performance 
during irradiation (FP affect the conductivity, melting point, swelling, creep, etc. of the nuclear fuel) and 
on the response of the reactor during off-normal conditions (FP interact with the fuel and its cladding/
coatings, neutron absorbers, steel, concrete, etc.). The chemical state of FP affects their potential release 
in accident scenarios as well. The accurate prediction of FP chemistry and their interactions with the 
nuclear fuel and structural materials is one of the objectives for the development of the Thermodynamic of 
Advanced Fuels – International Database (TAF ID). As part the TAF-ID validation process, four Simfuel 
samples (UO2 doped with 11 FP: Ba, Ce, La, Mo, Nd, Pd, Rh, Ru, Sr, Y, and Zr) that are representative 
of PWR fuel irradiated up to 76 GWd.tU-1 were submitted to 1327°C under oxidizing conditions, and 
1800, 2000, and 2100°C under reducing conditions. These samples were characterized by HR XRD and 
XAS, both using synchrotron radiation, and EPMA, which allowed determining the composition, crystal 
structure, and ratio of the different secondary phases. TAF-ID calculations have accurately reproduced 
experimental observations such as: (i) the dissolution of lanthanoids (La, Ce, Nd) in the UO2 matrix both 
in reducing and oxidizing conditions; (ii) the equilibrium between different Mo oxidation states (Mo0, 
Mo4+) giving place to the simultaneous presence of metallic (e.g., β-Mo) and oxide (e.g., MoO2, (Ba,Sr)
(Mo,U,Zr)O3) phases in oxidizing conditions; (iii) the composition and evolution of metallic phases bear-
ing Mo-Pd-Rh-Ru and U-Ru (e.g., the URu intermetallic) in reducing conditions; and (iv) the composition 
and evolution of ZrO2-UO2 solid solutions and interactions in the Ba-Sr-Zr-U system, also in reducing con-
ditions. These results highlight the capabilities of the TAF-ID for predicting the behaviour of the FP-Nucle-
ar Fuel system in a broad range of experimental conditions.
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Yellowjacket: Coupling Gibbs Energy Minimisation with Phase 
Field Method for Corrosion Modelling in Molten Salt Reactors
Parikshit Bajpai
Chaitanya Bhave, Max Poschmann, Daniel Schwen, Michael Tonks, Markus Piro
Ontario Tech University; 
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Abstract
Predicting the complex multiscale, multiphysics behaviour of nuclear materials requires tools capable of 
simulating problems exhibiting very tight coupling between different physical phenomena. This strongly 
coupled nature of physical phenomena is particularly relevant in the Molten Salt Reactors (MSR) and 
poses a challenge in design and development of the reactors as hitherto insignificant effects become 
conspicuous. One such behaviour is the corrosion of structural materials by the molten salt. Corrosion 
is an electrochemical process driven by the thermodynamics and kinetics of the reactions. Furthermore, 
the microstructure of the material also significantly affects the corrosion behaviour. Corrosion modelling 
at mesoscale therefore requires coupling the Gibbs energy minimisation method for calculating thermo-
dynamic equilibrium with the phase field method for microstructural evolution. To this aim, a new appli-
cation, Yellowjacket, is being developed and it is built on the Idaho National Laboratory’s Multiphysics 
Object Oriented Simulation Environment (MOOSE). This work describes the recent progress towards 
development of Yellowjacket and presents some preliminary results demonstrating simulation capabilities 
of interest to the development of MSRs.
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Abstract
Identifying the mechanism by which Li accelerates zirconium alloy corrosion will allow new alloying ad-
ditions to be considered and new water chemistry regimes to be investigated, improving the efficiency and 
performance of future nuclear power reactors, reducing the cost of operation and design.

Density functional theory (DFT) was used to identify the most stable accommodation mechanisms for 
Li in ZrO2 at an atomic scale through the binding properties of valance electrons. A Brouwer diagram 
has been developed that predicts the nature of the defect structures and their competing species concen-
trations. This was then combined with experimental data to corroborate the most stable accommodation 
mechanisms of Li in ZrO2. The solubility of Li in bulk ZrO2 is predicted to be low indicating that accelerat-
ed corrosion due to bulk Li accommodation is unlikely.
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Modelling of solute cluster and H-dislocation interactions in 
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Abstract
The work under this title is two-fold: (1) Quantum mechanics (QM) is used to calculate the fundamental 
interactions between solute species such as Nb, Fe and Sn, that are added to Zirconium alloys to improve 
mechanical properties and corrosion resistance, as triplet clusters in HCP Zr. (2) QM and molecular 
mechanics (MM) in a QMMM hybrid approach is used to calculate the H-dislocation interaction, two 
features which accumilate to significant concentrations as a results of long term in-core operation in light 
water reactors. The results of both works can provide some insight into past experimental observations of 
segregation and trapping in commerical Zr alloys and be further used in higher order predictive codes.
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A finite element analysis of the residual stresses arising during 
the fabrication of TRISO particle fuel
Angelo Battistini
Thomas A. Haynes, Mark Wenman
Imperial College London

Abstract
TRistructural ISOtropic coated particle fuels (TRISO CPF) have been developed as a possible fuel solu-
tion for high temperature nuclear reactors, which offer the possibility of nuclear cogeneration-powered 
industrial facilities and hydrogen production.

One of the main characteristics of TRISO fuel is the presence of many layers of very different materials, 
such as uranium dioxide in the kernel, multiple types of pyrolytic carbons and silicon carbide. Each of the 
layers has its purpose and the multiple layer approach is adopted to minimise the risk for fission product 
containment failure, but the materials in TRISO can be very heterogenous when their thermomechanical 
properties are concerned. This is most relevant during the fabrication process, as the chemical vapour 
deposited (CVD) layers require very high and variable temperatures for their formation. The difference in 
the materials expansion coefficients and elastic moduli generates residual thermal stresses in the particle 
during the cool down phase to room temperature, which precedes their use in a reactor.

An “ABAQUS” finite element model was built to reproduce the fabrication process of TRISO particles 
adopted in various HTGR programs. Understanding this initial stress and bonding state of the layers is 
crucial in predicting performance and failure in the reactor. The simulations revealed the presence of 
important stress distributions in the particles after fabrication, with high values of tensile hoop stresses in 
the inner fuel kernel (up to 250 MPa) and even higher compressive stresses (up to 600 MPa) in the silicon 
carbide layer. The effect of thermal creep in uranium dioxide and silicon carbide during fabrication of the 
particle and the fuel elements has also been investigated, and it showed an overall increase in the stress 
values in each layer of the particle. This is most evident if annealing processes at 1950°C for up to 18 
hours are applied to the final product. The reason for this is related to the creep-driven dimensional change 
occurring at high temperatures and stresses, which eventually leads to greater cooldown strains when the 
temperature returns to low values. Due to the assumption of perfectly bonded layers used in this work, the 
results do not exclude the possibility for the layers to debond (delamination) before the particles are used 
in a reactor.
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A Linear-Elastic Peridynamic Model for the Fracture of Coated 
Particle Fuel under Thermal Loads during Idealised Early Life 
Operation
Thomas Haynes
A. Battistin, Mark R. Wenman
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Abstract
Coated particle fuels (CPF) such as tristructural-isotropic (TRISO) are targeted for use in high tempera-
ture gas-cooled reactors (HTR) which offer the potential for increased thermodynamic efficiency and heat 
supply for chemical process applications such as hydrogen production.

A linear-elastic peridynamic model for a single particle of TRISO fuel has been built using a bond-based 
technique implemented in the finite element code ‘Abaqus’. The model is able to consider the elastic and 
thermal strains in each layer of the particle and to simulate potential fracture both within and between 
layers.

During an idealised raise to normal operating power for a kernel to 0.3 W and a bulk fuel temperature of 
1305 K, cracks initiate in the buffer near to the kernel-buffer interface and propagate towards the buffer-iP-
yC coating interface, but do not penetrate the iPyC and containment of the fission products is maintained. 
In extreme accident conditions, at around 600% power during a power ramp at 100% power per second, 
cracks were predicted to form on the kernel side of the kernel-buffer interface, opposite existing cracks in 
the buffer. These were predicted to then propagate slowly. The SiC coating was predicted to subsequently 
fail at a power of 940%, with cracks formed rapidly at the iPyC-SiC interface and propagating in both di-
rections. These would overcome the containment to fission gas release offered by the SiC ‘pressure vessel’. 
The extremely high power at which failure was predicted indicates the potential safety benefits of the 
proposed HTR design.
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Modelling Weibull Distributions in Peridynamics for Nuclear Fuel
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Abstract
Peridynamics is a non-local continuum mechanics modelling method, often utilised in modelling brittle 
fracture. The integral form of its foundational equations offers an advantage over local continuum mechan-
ics methods, the partial differential equations of which tend to break down at discontinuities such as crack 
tips. The fracture strength of brittle materials is determined by the size of the critical flaw, the random 
distribution of which can be characterised by a Weibull distribution. A method of accurately recreating 
Weibull distributions of fracture strengths, having been developed first in simple 1D and 2D tensile test 
models, was applied to peridynamics models of pressurised water reactor fuel pellets. The resulting number 
of radial cracks at given linear power ratings were compared to PIE data. A Weibull modulus value of 5 – 
10 was determined to be a sensible range for use in modelling UO2 fuel, since these values produced the 
closest fit to the post-irradiation examination data, although artificial crack nucleation at sites away from 
the pellet surface occurred when a Weibull modulus of 5 was used.
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Defect chemistry and radiation behaviour of Gd-doped UO2
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Abstract
The irradiation behaviour of pure UO2 is rather well experimentally characterised, but little is known about 
the irradiation response of UO2 doped with fission products, such as rare-earth elements (REEs). In this 
study, we aimed to investigate the irradiation effects on trivalent REE-doped UO2 pellets in an attempt to 
predict whether the structural stability of spent nuclear fuels is altered by the radiation damage from alpha 
decay during the long-term storage in geologic repositories. The objective was first to quantify the defect 
chemistry when Gd-dopant, at concentrations ranging from 8 to 15 mol.%, is introduced in the UO2 ma-
trix, and then to investigate how the intrinsic defect configuration is changed when these solid solutions are 
exposed to 1 MeV Kr-ion irradiation conditions.

For this purpose, several Gd-doped UO2 pellets were prepared through the wet chemistry co-precipitation 
route, and SEM images revealed a significant modification of the initial UO2 microstructure induced by the 
incorporation of the dopant. The lattice defect chemistry was then studied by means of X-ray diffraction, 
XANES and Raman spectroscopy, and allowed us to quantify the presence of both U5+ species and oxygen 
vacancy-type defects formed to compensate for the charge.

Post-irradiation measurements were performed and highlighted the excellent radiation stability of fluo-
rite-type nuclear fuels. Positron annihilation spectroscopy was used to compare the irradiation response 
of UO2 and the Gd-doped solid solutions and also to investigate the effect of microstructure on the irradi-
ation-induced lattice defects. In this talk, an attempt is made to detail the relevant mechanisms occurring 
near the defect-boundary interfaces to highlight the precise role of dopant and grain boundaries modifying 
the defects behaviour and their subsequent evolution in fluorite structure relevant to nuclear fuels.
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Abstract
During its use in a nuclear reactor, the uranium dioxide fuel undergoes significant structural and physi-
co-chemical changes under the effect of irradiation. Indeed, the nuclear fission reaction leads to the forma-
tion of fission products involving the creation of defects and new chemical elements in the matrix. Fission 
products in the gaseous state need a particular attention. These gaseous fission products (FG), such as 
Xenon and Krypton, have a very low solubility in the UO2 matrix and therefore precipitate into bubbles 
that will grow from nano to micrometric-scale. Acquiring high-fidelity FG bubbles characteristics at the 
nano-scale should help improving predictivity of PWR fuel performance codes.

To complete existing literature and update fuel behaviour codes, the present work proposes to study the 
characteristics (size and density) of the bubble population in UO2 fuel irradiated in a power reactor. 
Thanks to advanced characterization technologies, the ultimate goal is to obtain a more comprehensive da-
tabase of bubble characteristics as a function of burn up and irradiation temperature. To achieve this goal, 
Transmission Electronic Microscopy (TEM) characterizations were done in the LECA-STAR hot laborato-
ry at the CEA Cadarache in France. The sample studied comes from a rod irradiated five annual cycles up 
to an average burn up of 56.7 GWd/tU in the Gravelines 5 reactor between August 1988 and August 1995. 
To analyse the microstructure from the center to the edge of the pellet, TEM samples were collected at 
different radial positions using a FIB-SEM.

Thanks to TEM observations coupled with EDS mapping and the determination of the local thickness 
of the sample using EELS technique, this study allows us to obtain a fine characterization of fission gas 
bubbles, as well as their local environment such as dislocations, metallic precipitates or grain boundaries, 
for different radial positions.
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Abstract
Uranium dioxide is the most widely used fuel material. In reactors, 235U fission causes the formation of 
various defects and gaseous fission products that can interact with each other leading to structural damage 
and significant evolution of the fuel properties. In order to better understand and quantify the effect of 
such damage on the structural evolution of the fuel, separated effect experiments are performed based on 
heavy ions implantations in UO2. In the present study, we deal with the results of experiments performed 
on Au 4 MeV irradiated samples to simulate the damage induced by fission products in the fuel. In order 
to identify vacancy defects and characterize their thermal evolution they are investigated using Positron 
Annihilation Spectroscopy (PAS).
PAS is a non-destructive method allowing to study open volume defects in solids near the surface (from 
nanometer scale up to 160 µm) using two properties of the positron. First, positron as the anti-particle of 
the electron can annihilate with it leading to 511 keV gamma rays emission. Secondly, positrons can be 
trapped in defects. It is complementary to TEM, RBS and DRX measurements. In this way, two types of 
annihilation characteristics are investigated in this study using two positron annihilation techniques allow-
ing us to characterize defects in materials: Doppler broadening of the annihilation radiation (DB) 
and positron Lifetime spectroscopies. The first technique allows to measure the momentum 
distribution of electrons which annihilate with positrons. The second gives the positron lifetime which is 
inversely proportional to the electron density probed by the particle.
In this work, Doppler broadening spectroscopy (DBS) is performed in the first 800 nm under the surface 
using a slow mono-energetic positron beam. A predominance of defects associated with one uranium va-
cancy of VU+nVO (n=0-2) type was detected in these irradiated samples. Experimental results suggest also 
the trapping of positrons in larger vacancy clusters of (2VU+4VO)2- and also in negative ions. In order to 
provide new elements for the identification of the nature of these vacancy defects, the DBS measurements 
have been carried out as a function of the sample temperature between 50 and 400 K. To complete the 
study, some positron lifetime measurements were performed, using fast positrons. The measured lifetimes 
are compared to calculated lifetimes of vacancy defects available in the literature. Lifetime results provide 
additional information on the defects evolution depending on the fluence or annealing of such irradiated 
samples. These results were simulated using various positron trapping models in order to evaluate the pro-
portion and nature of the detected vacancy clusters and 
negative ions.

Thursday – 16th September 2021  
12:00 pm - 12:20 pm 
IN-PERSON



40

Alginated zirconium diboride kernels with sputter-deposited 
tungsten coatings
Phylis Makurunje1

Iuliia Ipatova2 and Simon Middleburgh1

1Nuclear Futures Institute, Bangor University, Bangor, Gwynedd, LL57 1UT, United Kingdom
2School of Metallurgy and Materials, University of Birmingham, Elms Road, Birmingham B15 2SE, United Kingdom

Abstract
ZrB2 microspheres were prepared by an alginate-based sol-gel technique for neutron absorbing and thermal 
conductivity enhancing applications in urania fuels. The sintering of ZrB2 at 1750°C for 4 h revealed the 
sintering mechanism which informed densification optimisation. A nano-thin tungsten film (∼300 nm) 
was deposited by direct current magnetron sputtering of tungsten in an argon. The microstructure and the 
W-ZrB2 interface were studied by scanning and transmission electron microscopy (TEM) with EDS from 
FIB-sectioned lamella. The coating cross-section profile was characterised, and it revealed the interaction 
of the W with ZrB2 related to phase diagrams. Columnar microstructure tungsten coatings present compat-
ible interaction with ZrB2 for nuclear fuel kernels.

Thursday – 16th September 2021 
2:00 pm - 2:20 pm
IN-PERSON



41

The corrosion of single phase uranium silicide thin films
Lottie Harding1

Gary Wan1, Jude Laverock1, David T Goddard2, Ross Springell1

1University of Bristol;
2National Nuclear Lab.

Abstract
Advanced Technology Fuels (ATFs) are a key concept in the drive to improve overall performance and 
safety in the nuclear industry. The 2011 Fukushima Daiichi accident highlighted the thermal limitations 
of the current UO2-Zr system and, as such, significant effort is being invested in researching advanced fuels 
with improved thermal conductivities.

Uranium silicide (U3Si2) has been highlighted as a potential ATF, having improved thermal properties 
and increased uranium densities when compared with UO2 [1]. However, there are significant discrepan-
cies within the literature regarding the corrosive properties of U3Si2. Some studies indicate that uranium 
preferentially oxidises, resulting in a U-Si fuel type with a higher Si content [2, 3]. Whereas other studies 
suggest the formation of a uranium silicate, USiO4 [4]. Understanding the surface oxidation is vital for 
assessing the structural integrity of the fuel, and is beneficial for dissolution studies. Furthermore, con-
ducting analysis on this material is challenging, as the process required to produce U3Si2 in the bulk often 
results in the formation of multi-phased silicides [5,6]. In this regard, thin films offer significant potential, 
providing idealised surfaces on which single parameter studies can be conducted. Through varying the 
growth parameters, stoichiometry, grain size, and crystallographic orientation can also be controlled.

Here we present an investigation into the ambient corrosion of uranium silicide single crystals. Using 
DC magnetron sputtering, the U-Si phase diagram has been delicately mapped as a function of uranium 
content. The corrosion of U3Si, U3Si2, U3Si5, USi2¸ and USi3 surfaces has been probed using x-ray diffrac-
tion and x-ray photoelectron spectroscopy; allowing for the oxidation thickness to be measured, and for an 
investigation into the dissolution behaviours to be observed. These studies have been vital in understanding 
the oxidation products that form on U-Si phases as a function of uranium content.

[1] K.A Terrani et al., Journal of Nuclear Materials, 512-519, 448, (2014) 
[2] E. Jossou, et al., Physical Chemistry Chemical Physics 20.7, 4708-4720, (2018) 
[3] J. H. Yang et al. ,Journal of Nuclear Materials 542, 152517, (2020) 
[4] T Yan et al., Journal of Nuclear Materials 520, 1-5, (2019) 
[5] Ki Hwan Kim et al., Journal of nuclear science and technology, (1997) 
[6] J. Harp et al., Journal of Nuclear Materials, 728-738, (2015) 
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Influence of oxygen content on thermally activated Kr diffusion 
in UO2+x

Eric Gilabert1

Denis Horlait1, Marie-Lyne Amany2, Marie France Barthe2, Gaëlle Carlot3, Philippe Garcia3

1CNRS/IN2P3 and University of Bordeaux, CENBG UMR 5797, Chemin du Solarium, 33175 Gradignan, France; 
2CEMHTI, CNRS UPR3079, Université d’Orléans, F-45071 Orléans Cédex 2, France; 
3CEA Cadarache, DEN/DEC, St. Paul Lez Durance, France.

Abstract
Fuel performance codes developed by CEA, are designed to predict the release of fission gases and nucle-
ar fuel swelling under normal, incidental and accidental operating conditions. In order to make relevant 
models more predictive, research has been carried out for several years at the Department for Fuels Studies 
(DEC) at CEA Cadarache based on separate-effects studies combining experimental and modelling meth-
ods which describe the material at atomic, mesoscopic and macroscopic length and time scales. Model 
assessment or model parameter identification relies on data derived from microstructural or spectroscopic 
characterisation techniques, most notably TEM (transmission electron microscopy), PAS (positron annihi-
lation spectroscopy), TDS (thermal desorption spectroscopy) and NRA (nuclear reaction analysis) [1,2]. 
The TDS technique and the experimental protocols developed on the AITNA/PIAGARA platform of 
CENBG enable the release of noble gases (He, Kr, Xe) to be monitored from ion implanted UO2+x sam-
ples. From the study of samples prepared in different conditions, and implanted at different ion energies 
and fluences as low as 1011 ions.cm-2, it became apparent that deviation from stoichiometry had a crucial 
influence on the release kinetics of noble gases. This has long been known from the literature and the 
study irradiated material.

The purpose of this talk is to present a newly developed a protocol to quantify with greater accuracy, the 
effect of deviation from stoichiometry on the diffusion kinetics of Xe and Kr. Modifications to the TDS 
device have therefore been made to control in situ the oxygen uptake in UO2±x samples. This was done by 
setting up an oxygen tank that allows controlled additions of O2 in our ultra-high vacuum TDS setup over 
a wide range of quantities (≤10-6 moles of O2). This study was carried out using a new laser heating setup 
purposefully designed for nuclear materials such as UO2 [3]. The most notable difference with our former 
resistance furnace is the very limited volume of material that requires heating; the only components that 
are heated are the sample itself and the sample holder. All other furnace components remain close to room 
temperature so that laser heating constitutes a safeguard against undesirable oxidation of surrounding 
components.

The first results of this study, carried out under the auspices of the H2020 INSPYRE project, are present-
ed. A preliminary TDS release curve was obtained following annealing of a sample, implanted with 2 MeV 
Kr ions at a fluence of 1012 ions.cm-2, at 1300°C under vacuum. Increasing amounts of O2 were subsequent-
ly introduced into the heating system, whilst maintaining the sample temperature at 1300°C. We found that 
a small increase in x can induce a significant rise in Kr release rates .

We subsequently modelled the Kr release curves using Fick’s diffusion equation, whence Kr diffusion 
coefficients were determined upon each stepwise increase in O2 quantities. Assuming the oxygen atoms 
introduced in the furnace are entirely absorbed by the sample and redistributed homogeneously on a very 
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short time scale in comparison to annealing time, we derive a power law dependence of the Kr diffusion 
coefficient upon oxygen non-stoichiometry: we note a twenty-fold increase in the diffusion coefficient as 
x rises from 10-7 to 10-4 . The power law dependence of the trace diffusion coefficient to the supposed 
deviation from the stoichiometry of the sample is used to discuss potential mediating defect and diffusion 
mechanisms. We also discuss our data in the light of Kr diffusion coefficients reported in the literature, 
derived using different experimental methods.

[1] C. Onofri, C. Sabathier, C. Baumier, C. Bachelet, D. Drouan, M. Gérardin, M. Legros, Extended defect 
change in UO2 during in situ TEM annealing, Acta Materialia. 196 (2020) 240–251.

[2] P. Garcia, E. Gilabert, G. Martin, G. Carlot, C. Sabathier, T. Sauvage, P. Desgardin, M.-F. Barthe, 
Helium behaviour in UO2 through low fluence ion implantation studies, Nuclear Instruments and Methods 
in Physics Research Section B: Beam Interactions with Materials and Atoms. 327 (2014) 113–116. https://
doi.org/10.1016/j.nimb.2013.11.042.

[3] D. Horlait, D. Gosset, A. Jankowiak, V. Motte, N. Lochet, T. Sauvage, E. Gilabert, Experimental deter-
mination of intragranular helium diffusion rates in boron carbide (B4C), Journal of Nuclear Materials. 527 
(2019) 151834.
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A new laser heating setup for 
the measurement of noble 
gases diffusion in nuclear 
materials
Denis Horlait
Eric Gilabert, Bertrand Thomas, Rémi Faure
Université de Bordeaux, CNRS, CENBG-IN2P3, F-33170 Gradignan, France

The noble gases helium, krypton and xenon are generated 
or implanted in many materials employed in or developed 
for fission or fusion nuclear reactors (e.g. UO2, neutron 
absorbers, high-level waste matrices, etc.). Taking the 
example of the usual fission nuclear fuel UO2, the in-pile 
generation of noble gases is greatly responsible for the 
unfavorable microstructure and thermal properties evo-
lutions of the fuel. However, the underlying mechanisms 
governing the behavior of these gaseous elements in UO2 
are so far not entirely understood and are almost unknown 
for the GenIV fuel candidates. Consequently, the diffusion 
mechanisms and kinetics of noble gases in nuclear materi-
als are paramount to determine for a comprehensive range 
of experimental parameters. These are however often quite 
complex to access experimentally, especially when looking 
to low concentrations to avoid the formation of gas bub-
bles or defect aggregates.  
At our laboratory the quantification of noble gases diffus-
ing out of materials is made possible down to as low as 
few 107 atoms thanks to advanced gas purification and 
mass spectrometry techniques. However our investigations 
were up until recently limited by the actual conventional 
vacuum furnace used for samples heating (maximum 

temperature of 1400°C, imprecise control of temperature, 
impossibility to control and impose oxygen partial pres-
sure (pO2), etc.).  
To overcome these limitations, a new heating line has 
recently been implemented. The latter is based on the 
use of a high-power laser beam able to quasi-instantane-
ously and homogeneously heat the samples to controlled 
temperatures in the range of 600 to 2200°C, with a limited 
heating of the sample holding components only to pre-
serve a sufficient temperature homogeneity across the 
sample. Moreover, an oxygen tank is also connected to 
the ultra-high vacuum line in order to input to the system 
controlled amounts of O2.   
The proposed poster aims to present the features of this 
new experimental line and the unique new possibilities 
of investigation brought by this new setup. A recent case 
study will also be presented: O2 additions effects on Kr 
diffusion kinetics in UO2±x. 

Posters
Poster sessions will be run during the afternoon breaks (3:20 PM - 4:00 PM Tuesday and Wednesday in 
PJ Hall, Main Arts Building) of the conference. A Teams meeting will be set up for each poster allowing 
presenters to answer questions from online attendees and those in Bangor. Posters may also be viewed 
on the conference website.
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Progress in Coupling 
Computational Thermodynamics 
and  Computational Fluid 
Dynamics to Support Molten 
Salt Reactors
Nikolas Scuro
Faculty of Energy Systems and Nuclear Science, Ontario Tech University, 
Oshawa, ON, Canada

Progress in multiphysics coupling between computational 
thermodynamics and Computational Fluid Dynamics 
(CFD) of a Molten Salt Fast Reactor primary loop will be 
presented in support of the SAMOSAFER project. Under 
abnormal conditions, such as overheating or undercool-
ing, the chemical composition of the salt may change and 
phase transformations may take place, which are impor-
tant to understand in the context of performance and safe-
ty. The influence of fission products needs to be consid-
ered in the CFD analysis, which may precipitate, boil, or 
remain soluble in the salt -- computational thermodynam-
ics are intended to perform these calculations. The CFD 
and chemical equilibrium calculations will be performed 
using the open-source libraries OpenFOAM and Thermo-
chimica, respectively. The Joint Research Centre (JRC) 
molten salt database will be used as input to thermody-
namic calculations. Preliminary results in single-phase 
and multi-phase flow in the MSFR will be presented. Also, 
the results of a recent benchmarking campaign to verify 
Thermochimica when using the JRC database with respect 
to commercial software will be summarized.

Thermochemical studies into 
the JOG-coolant system Pb-
(Cs,Mo)-O for Lead-cooled Fast 
Reactors
Andries van Hatten
Delft University of Technology, Faculty of Applied Sciences, Radiation Science 
& Technology Department, Mekelweg 15, 2628JB, Delft, The Netherlands 
bEuropean Commision, Joint Research Centre-Karlsruhe (JRC), P.O. Box 2340, 
D-76125, Karslruhe, Germany

The Lead cooled fast reactor (LFR) is one of the next gen-
eration nuclear reactor types selected by the Generation 
IV International Forum (GIF) [1] . The current reference 
fuel in LFRs is (U,Pu)O2 cooled by either lead (Pb) or 
lead-bismuth eutectic (LBE) coolant. During irradiation, 
numerous  fission products (FPs) are generated that can 
be classified in several categories: FPs in solid solution in 
the fuel matrix, FPs forming metallic precipitates, gase-
ous and volatile FPs, or oxide precipitates. Among these, 
the volatile FPs (e.g. Cs, I, Mo, Te) migrate towards the 
rim of the fuel pellet, where they accumulate in the space 
between the fuel and cladding, forming at high burn-up a 
so-called Joint-Oxyde Gaine (JOG) layer of a few hundred 
micrometres. Typically, the JOG phase contains Cs2MoO4 
(the major constituent), CsI, Cs2Te etc. [2].

Risk analysis of the LFR involves the assessment of the 
consequences of a clad breach, in which case the cool-
ant (Pb, LBE) will interact with the fuel (U,Pu)O2 and 
the surrounding JOG (mainly Cs2MoO4). As part of the 
PASCAL H2020 European Project [3], we have per-
formed studies into the JOG-coolant interaction. After an 
extensive literature review, we have initiated experimental 
studies into the interaction products between Pb and 
Cs2MoO4. Depending on the oxygen potential, Pb and 
Mo can form compounds like PbMoO4 and Pb2MoO5 
[4]. We have studied the Thermodynamics of Nuclear 
Fuel between the latter phases and simulated JOG phases 
(Cs2MoO4) using solid state synthesis and post-character-
ization by X-ray diffraction. To get further insight into the 
thermochemistry of these systems, relevant mixtures were 
moreover made in the whole composition range between 
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Cs2MoO4 and PbMoO4, and measured with Differential 
Scanning Calorimetry (DSC). Furthermore, solution calo-
rimetry was applied to obtain the enthalpy of formation of 
Cs2Pb(MoO4)2, a quaternary phase formed upon reaction 
between Cs2MoO4 and PbMoO4. Relevant sections of the 
PbO-Cs2O-MoO3 pseudo-ternary phase diagram are thus 
being assessed experimentally in our work and unexplored 
regions are subjected to new research. 
 
Combining data from literature with obtained experimen-
tal data, CALPHAD models will be developed in the near 
future. Our experimental results and thermodynamic mod-
elling will in the end enhance evidence-based risk analysis 
of accidental scenarios and the aftermath of JOG-coolant 
interaction in the LFR. 
 
[1] A. Alemberti et al. “Overview of lead-cooled fast 
reactor activities.” Progress in Nuclear Energy 77 (2014): 
300-307 
[2] M. Pelletier, Y. Guerin, 2020. Chapter 2.03 Fuel 
performance of Fast Spectrum Oxide Fuel. In: Konings, 
R.J.M. & Stoller R. (Eds.) Comprehensive Nuclear Mate-
rials 2nd edition, Elsevier, Volume 2, pp. 72-105 
[3] https://www.pascalworkspace.eu/structure/wp1/ 
[4] W. Cairang, et al. “”Oxidation mechanism of refrac-
tory Molybdenum exposed to oxygen-saturated lead-bis-
muth eutectic at 600 C.”” Corrosion Science 179 (2021): 
109132.


