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Session 1/ 40

Development and Implementation of a Thermochemical Database,
MSTDB, for Simulating Fuel Behavior in Molten Salt Reactors

Authors: Theodore Besmann'; Kaitlin Johnson'; Johnathan Ard'; Matthew Christian'; Jacob Yinglingl; Vancho
Kocevski'; Jacob W. McMurrayz; Stephen Utlak?; Markus Piro®; Max Poschman®

! University of South Carolina
% Oak Ridge National Laboratory

* University of Ontario Institute of Technology
Corresponding Author: john3786@mailbox.sc.edu

Molten salt reactors (MSRs), with salt as the fuel/coolant or solely the coolant, require a close un-
derstanding of salt properties to be able to simulate normal and off-normal operations. Among the
most important are the thermochemical properties of the salt, that is the Gibbs energy relations for
the complex liquid and solid solutions as these provide thermal properties as well as critical phase
equilibria such as solidus and liquidus. Models for the pseudo-binary and -ternary fluoride and chlo-
ride salt systems are being compiled, and where necessary developed, to provide a thermochemical
resource. The molten salt thermochemical database (MSTDB) is being implemented with the thermo-
chemical solver THERMOCHIMICA in prospective MSR codes for use in reactor design, simulating
reactor operations, and assessing of off-normal scenarios to support regulatory activities.

The MSTDBis a collection of thermochemical descriptions involving existing data in addition to those
found through first principles methodologies and experimental measurements. Density functional
theory and related methods are being used to obtain solid salt phase stabilities, along with efforts
to extend the approaches to the molten salts. Measurements include determining phase equilibria
including melting points, crystalline phase structures, and heat capacities, among other properties.
This information together with available reported data are being used in thermochemical assess-
ments to obtain consistent and accurate models and values for Gibbs energy relationships in complex,
multi-component salt systems provided to MSTDB. The thermochemical database is publicly accessi-
ble via an on-line code-sharing protocol. In this presentation, a description of the development and
state of the database will be provided along with examples of system assessments and demonstra-
tions of applications of resulting equilibrium calculations within developing MSR codes.

This work was supported by the U. S. Department of Energy Nuclear Technology Research & Devel-
opment - Molten Salt Reactors Program under ORNL/UT-Battelle subcontract 4000160938.

Session 1/ 22

Thermodynamic, Transport, and Structural Study of the LiF-UF4
System

Authors: Jaén Ocadiz Flores'; Aimen Gheribi?; John Vlieland®; Jorg Rothe*; Katherine Dardenne?; Rudy J.M. Kon-
ings®; Anna Smith®

! Delft University of Technology, Faculty of Applied Sciences, Radiation Science & Technology Department
% Centre for Research in Computational Thermochemistry, Department of Chemical Engineering, Ecole Polytechnique
* aDelft University of Technology, Faculty of Applied Sciences, Radiation Science & Technology Department

* Karlsruhe Institute of Technology (KIT), Institute for Nuclear Waste Disposal (INE), Radionuclide Speciation Depart-
ment

> European Commission, Joint Research Centre (JRC)

S TU Delft
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Corresponding Author: j.a.ocadizflores@tudelft.nl

The Molten Salt Reactor is a class of innovative nuclear reactor in which the fuel is dissolved in
a liquid fluoride or chloride bath. The reference fuel under consideration in Europe for the MSFR
(Molten Salt Fast Reactor) is a fluoride salt of composition 7LiF-ThF4-233UF4 (77.5-20.0-2.5 mol%) or
7LiF-ThF4-enrUF4-(Pu-MA)F3 (77.5-6.6-12.3-3.6 mol%) [1]. Despite the giant leaps MSR technology
has seen since its conception, there remain important technical issues for the technology to reach
commercial maturity. The chemical complexity of the fuel salt is one of them. The salt bath is a multi-
component system, quite difficult to characterize. It is hence essential for the safety assessment of
the reactor to develop models and simulation tools able to predict the physico-chemical properties
of the fuel over a wide range of temperatures, compositions and redox potential.

A fundamental understanding of the relationship between the local structure of the molten salt
and its physico-chemical and thermodynamic properties is needed to develop such models and gain
greater predictive capability over this dynamic, far from ideal salt. It is known that depending on
conditions of composition and temperature, the local structure can vary widely with cases where the
ions in the melt are completely dissociated, form molecular species, or even exhibit some degree of
polymerization [2], [3]. What kind of regime could we expect, say, in different sections of a MSFR?
To build a comprehensive model of the multi-component fuel physico-chemical properties requires
to perform measurements of simpler sub-systems, from which models can be extrapolated. In order
to gain in accuracy, these models should also take into account as much physical information as
possible. The approach in this work is therefore multi-disciplinary and includes experimental mea-
surements of physico-chemical properties and local structure, as well as thermodynamic modelling
assessments and molecular dynamics simulations. We investigate the link between short-range or-
der and thermodynamic and transport properties in the key system LiF-UF4 and report a comprehen-
sive thermodynamic model based on the CALPHAD method and the quasi-chemical formalism in
the quadruplet approximation. We integrate in this model experimental information from (i) in-situ
high temperature Extended X-ray Absorption Fine Structure spectroscopy (EXAFS) measurements
using a set-up recently developed at the Delft University of Technology (TU Delft, The Netherlands)
[4], (ii) phase diagram equilibria and (iii) mixing enthalpy measurements, together with the output
of molecular dynamics simulations based on the Polarizable Ion Model (PIM) [5].

Session 1/ 12

Recent Development of Thermochimica for Simulations of Nu-
clear Materials

Author: Max Poschmann'!

Co-authors: Bernard Fitzpatrick 1 Srdjan Simunovic 2. Markus Piro !

! University of Ontario Institute of Technology
% Oak Ridge National Lab

Corresponding Author: max.poschmann@uoit.ca

The open-source equilibrium thermochemistry library Thermochimica has previously been employed
to study uranium dioxide nuclear fuel for light-water reactor applications. Recently, significant im-
provements to the efficiency and range of applications of Thermochimica have been made. We
will discuss these advances and demonstrate applications of Thermochimica for next-generation nu-
clear technologies, such as Molten Salt Reactors (MSRs) and Tristructural-isotropic (TRISO) fuels.
Calculations on popular molten salt fuel materials, such as FliNaK, FliBe and fission product con-
taining salts, have been enabled through the implementation of the quadruplet approximation to
the modified quasichemical model in Thermochimica, which takes into account first and second-
nearest-neighbor short-range ordering contributions to the Gibbs energies of liquid solution phases.
Coupling of Thermochimica to various other software packages, such as the Multiphysics Object
Oriented Simulation Environment (MOOSE), Coolant-Boiling in Rod Arrays - Two Fluids(CTF), Vir-
tual Environment for Reactor Applications (VERA), and Oak Ridge Isotope GENeration (ORIGEN)
for nuclear fuel applications will also be demonstrated.

Page 2



NuFuel-MMSNF 2019 Workshop Book of Abstracts

Session 1/ 103

GEMS / MELCOR coupling and its application to fission product
release simulations

Author: Sergii Nichenko'

Co-authors: Jarmo Kalilainen '; Terttaliisa Lind 2

! Paul Scherrer Institut

® Paul Scherrrer Institut
Corresponding Author: sergii.nichenko@psi.ch

In recent years, the efforts of the scientific community in developing reliable methods of severe
reactor accident analysis have been growing. In this context, the MELCOR code is used at PSI to
assess the progression of severe accidents in light water reactor nuclear power plants, including fis-
sion product behavior and release to the environment. However, the representation of chemistry in
MELCOR is rather limited: the thermodynamic stability of nuclear fuel, as well as reactions of fission
products with each other or with structural materials, are not well accounted for. Chemical speci-
ation is limited to a pre-set table of compounds. Meanwhile, PSI has developed a state-of-the-art
expertise in advanced chemical thermodynamic modelling of nuclear fuel systems, using in-house
Gibbs Energy Minimization (GEMS) codes and a dedicated thermodynamic database (HERACLES)
for nuclear fuels with associated materials and gases.

In this work we have focused on combining MELCOR simulations and GEMS chemical thermody-
namic computations to deepen the understanding of reactor chemistry and severe accident scenarios.
As the first steps of the research the coupled GEMS /MELCOR was used to investigate the vapor-
ization of salt and fission product species from the MSR fuel in accident conditions. Vaporization
model of the fuel salt was added to MELCOR and was supplied with the vapor pressures calculated
with GEMS. This allowed us to model species retention by the salt mixture compared to the pure
compound calculation. Additionally, speciation of iodine, which is effected by the salt composition
has been analysed.

Besides, the coupled GEMS /MELCOR was employed to study the FP release from the spend fuel by
modelling VERDON experiments. The obtained results allow for more accurate speciation study as
well as release behaviour.

Session 2 / 50

Analysis of fuel rod behavior during design basis accidents using
the Bison code

Authors: Giovanni Pastore!; Richard Williamson'; Kyle Gamble!; Charles Folsom!; Russell Gardner’; Stephen
Novascone!; Jason Hales!

! Idaho National Laboratory

Corresponding Author: giovanni.pastore@inl.gov

The US Department of Energy (DOE) has been developing state-of-the-art capabilities to simulate nu-
clear fuel behavior within the Consortium for Advanced Simulation of Light Water Reactors (CASL)
and Nuclear Energy Advanced Modeling and Simulation (NEAMS) programs. The result is the Bi-
son code [1], a modern multidimensional, finite-element based fuel performance code developed
at Idaho National Laboratory (INL). Validation work for Bison has focused initially on Light Water
Reactor (LWR) fuel during normal operating conditions and power ramps [2]. More recently, sig-
nificant progress has been made on Bison development and validation for the analysis of accident
scenarios such as Loss-of-Coolant Accidents (LOCA) [3,4] and Reactivity-Initiated Accidents (RIA)
[5.6].

In this contribution, a brief overview of relevant Bison capabilities is provided, followed by presen-
tation of code results for the simulation of LOCA and RIA experiments. LOCA simulations comprise
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separate effects tests of cladding ballooning and burst, and Halden integral fuel rod tests from the
IFA-650 series. Comparisons to experimental data include cladding burst pressure and temperature
in separate effects tests, as well as the evolution of fuel rod inner pressure during ballooning and time
to cladding burst in integral tests. Furthermore, Bison three-dimensional simulations of separate ef-
fects tests are performed, which demonstrate the capability to reproduce the effect of azimuthal
temperature variations in the cladding. RIA simulations include selected power pulse tests from the
CABRI and NSRR campaigns, with experimental comparisons focusing on fission gas release and
cladding displacement.

[1] R.L. Williamson et al., J. Nucl. Mater. 423, 149-163, 2012.

[2] R. L. Williamson et al., Nucl. Eng. Des 301, 232-244, 2016.

[3] G. Pastore et al., Proc. of the LWR Fuel Performance Meeting, Zurich, Switzerland, September
13-17, 2015.

[4] RL. Williamson et al., Tech. Rep. CASL-U-2019-1856-000, Consortium for Advanced Simulation
of Light Water Reactors, May 2019.

[5] R. L. Williamson et al., Tech. Rep. CASL-X-2016-1104-000, Consortium for Advanced Simulation
of Light Water Reactors, July 2016.

[6] G. Pastore et al., Proc. of the Enlarged Halden Programme Group Meeting, Lillehammer, Norway,
September 24-29, 2017.

Session 2 / 37

A burn-up module for application in fuel performance codes: method-
ology, verification and assessment for MOX fuel in thermal and
fast neutron spectra

Authors: Alessandro Cechet!; Stefano Altieri'; Tommaso Barani'; Luana Cogninil; Stefano Lorenzi!; Davide Piz-
zocri'; Lelio Luzzi

' Politecnico di Milano
Corresponding Author: alessandro.cechet@mail.polimi.it

The evolution of actinides within the nuclear fuel affects the power distribution and the thermal
and mechanical material properties. In addition, the concomitant production of helium in the fuel
matrix due to actinide alpha decays and nuclear reactions has a relevant impact on the whole fuel
rod performance, since helium concurs to fuel gaseous swelling and gas release. For this reason,
fuel performance codes (FPCs) need to incorporate predictive burn-up modules to account for the
evolution of actinides under irradiation. State-of-the-art softwares dedicated to depletion calcula-
tion (e.g., SCALE, MONTEBURNS, SERPENT) require considerable computational time compared
to FPCs, hindering their engineering application in fuel performance simulations. In this work, we
propose a new burn-up module for application in FPCs. The burn-up module relies on average micro-
scopic cross-section lookup tables generated via SERPENT high-fidelity calculations, and involves
the solution of the (non) linear system of Bateman’s equations for a selected subset of relevant ac-
tinides. We implemented the model in the SCIANTIX code, a 0D stand-alone fuel behavior code
designed for the coupling with FPCs, effectively paving the way for the inclusion of the burn-up
model in FPCs. We verified the results of the burn-up module in terms evolution of actinides and
helium concentrations for MOX fuel (both thermal and fast reactor conditions) by comparing them
with the high-fidelity results from SERPENT. Moreover, for assessment sake, we benchmarked the
results of the new burn-up module with those of TUBRNP, the burn-up module currently used in the
TRANSURANUS code. The methodology proposed in this work for the development and verification
of a burn-up module, which we consider as one of the main outcomes of the work itself, is general
and can be adopted for the analysis of any reactor/fuel combination.

Session 2/ 33

PLEIADES ALCYONE 3.5D simulation of a power ramp including
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OpenCalphad fuel thermochemistry with TAF-ID

Author: Clément Introini’

Co-authors: Patrick GOLDBRONN *; Christine GUENEAU '; Jérome SERCOMBE !

1 . . \ . . , . .
Commissariat a UEnergie Atomique et aux énergies alternatives

Corresponding Author: clement.introini@cea.fr

ALCYONE 2.1 fuel performance code, co-developed by CEA, EDF and Framatome within the PLEIADES
software environment, provides a multidimensional modeling for detailed analysis of PWR fuel el-
ements behavior under irradiation [1]. ALCYONE is validated by comparing numerical results to
post-irradiation examinations from a large experimental database. Iodine-Stress Corrosion Crack-
ing is one of the physical phenomena of interest for cladding design and safety analysis in PWRs.
Its understanding and its description require knowledge of the fuel thermo-chemical behavior and
of the distribution of volatile species such as, iodine, cesium, tellurium and inert fission gas, in
the pellet fragment. In order to be able to simulate Iodine-Stress Corrosion Cracking, a significant
work has been done since the early 2010s to integrate an accurate thermochemical modelling of ir-
radiated fuel in the PLEIADES platform [2]. Recently, the modelling has been upgraded with the
integration of OpenCalphad thermo-chemical solver [3] in order to use the thermodynamics data
coming from the TAF-ID, the international project aiming at making a quality-assured database for
nuclear fuels. In 2018, first results were presented that show the capacity and robustness of the
ALCYONE/OpenCalphad coupling to simulate efficiently complex in-reactor power ramps with the
TAF-ID [4]. Since then, the code has also been upgraded to couple the thermochemical modelling
with oxygen transport taking into account thermodiffusion [5]. The present study follows from
these works. We focus our presentation on 3.5D ALCYONE simulation of a power ramp including
OpenCalphad fuel thermochemistry with the TAF-ID. First, the chemical state of fission products
calculated during the transient is analyzed and compared to the one obtained with thermodynamics
data coming from the TBASE database but also to measurements. Then, a particular attention is paid
to the oxygen-to-metal ratio and to the oxygen potential of the fuel calculated with the TAF-ID. The
values of these thermodynamics data calculated for several thermodynamics conditions during the
power ramp are discussed and assessed against data available in literature. Finally, as a first step
towards an improvement of the modeling of oxygen transport in ALCYONE [5], we present calcu-
lations of the concentration in vacancies and oxygen interstitials in the different phases considered
in the TAF-ID.

References

[1] V. Marelle, et al. “New developments in ALCYONE 2.0 fuel performance code”, Top Fuel, Boise
ID (2016)

[2] B. Baurens, et al., J. Nucl. Mater. 452 (2014) 578-594

[3] B. Sundman, et al, Integ. Mater. Manuf. Innov. 4 (2015) 1

[4] C. Introini, et al. “Integration of OpenCalphad thermo-chemical solver in PLEIADES/ALCYONE
fuel performance code”, NuMat, Seattle (2018)

[5] P. Konarski, et al, J. Nucl. Mater. 519 (2019) 104-120

Session 2/ 20

Multi-scale nuclear fuel simulation with VER software

Author: Marcelle Ibrahim'

Co-authors: Luc Portelette *; Akram El Abdi !; Joane-Valerie MEYNARD !; Bernard Valentin *

' CEA
Corresponding Author: marcelle.ibrahim@cea.fr
PLEIADES is a scientific code platform dedicated to nuclear fuel

behaviour simulation for several types of reactors: water cooled
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reactors, sodium cooled fast reactors, research and material testing
reactors, etc. In this platform, the microstructures of these

different types of fuel are studied using VER software (Representative
Elementary Volume). These studies aim at the comprehension of the
thermo-mechanical phenomena at the microscopic scale, and their
homogenisation for implementation of their effective behaviour in fuel
performance codes. Here are some applications:

« UOq fuel is a poly-crystalline ceramic (Figure 1). The mechanical behaviour of each crystal can
be modelled with crystalline plasticity, based on dislocation mouvement. An overall behaviour
is then deduced by homogenisation.

+ MOX fuel contains heterogeneity due to the variation of Pu concentration on a microscopic scale.
This can lead to stress and strain concentration near the Pu rich agglomerate. This heterogeneity
can be simulated either with discontinuous geometry (Pu rich inclusions in Pu poor matrix, Figure
2), or with continuous Pu field (Figure 3). The macroscopic mechanical behaviour is established
using homogenisation methods such as Mori-Tanaka or reduction techniques like Nonuniform
Transformation Field Analysis.

« In some fuels, flat porosity is formed around the agglomerates. Simulations of these microstruc-
tures are carried out (Figure 4) in order to study the degradation of the fuel conductivity due to
this porosity.

« For accident tolerant fuel, new concepts are studied, such as adding a highly conductive phase
to the fuel. This is shown in Figure 5, where the metal phase around the agglomerates enhances
the pellet conductivity.

Session 3/ 18

New helium equation of state for pressurized nanobubbles in UO2
matrix calculated via molecular dynamics simulations

Authors: Laurent van Brutzel'; Alain Chartier’

' CEA

2 Den-Service de la Corrosion et du Comportement des Matériaux dans leur Environnement (SCCME), CEA, Université
Paris-Saclay, F-91191, Gif-sur-Yvette, France

Corresponding Author: laurent.vanbrutzel@cea.fr

During storage helium atoms accumulate in spent fuel via alpha-decay. These helium atoms cluster
into microscopic bubbles that change the physical properties of spent fuel. To estimate the impact
of such bubble, it is essential to possess a good thermodynamical model for helium interacting with
the surrounding matrix including states at high pressures and temperatures.

Therefore, molecular dynamics simulations are carried out to establish a new equation of state for
helium in nanobubbles embedded in UO2 matrix. Four bubbles sizes, ranging from 1 to 10 nm, have
been investigated for temperatures ranging from 300 to 900 K and helium concentration ranging
from 3.2x10-2 to 0.39 mol/cm3. From these data, we are able to fit a new equation of state for helium
using the Brearley and MacInnes'model.

We observe that helium atom is heterogeneously distributed inside the nanobubble with the appari-
tion of a boundary layer of about 1 nm thick at the surface. We also find an upper limit concentration
corresponding to 1.6 helium atom per UO2 vacancy beyond which no more helium atom can be in-
corporated into the bubble.

Session 3/ 16
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2-D and 3-D modelling of fission gas release due to intra-granular
bubble movement during post-irradiation annealing of UO2 fuel

Author: Lokesh Verma'

Co-authors: Laurence Noirot ?; Philippe Maugis *

! CEA Cadarache; Aix-Marseille University
2 CEA Cadarache
* Aix-Marseille University- IM2NP

Corresponding Author: lokesh.verma@cea.fr

High values of fission gas release from UO, fuel during post-irradiation annealing tests cannot be ex-
plained by the effective diffusion theory, which is generally used in the modelling of base-irradiation
of nuclear fuel. Since the fission gas atoms are highly insoluble in the bulk UO;, they mostly pre-
cipitate as intra-granular bubbles. Movement of these highly pressurized intra-granular bubbles has
been proposed as one of the mechanisms of fission gas release. The difficulty in modelling the move-
ment of intra-granular bubbles is that these bubbles are extremely small (" few nm) and numerous
while the grain radius is about 5pm. To tackle this problem, a new spatialized mesoscale model was
developed where individual bubbles are described, along with the diffusion of vacancies from each
bubble to the other, as well as from the free surface. Using this model, two scenarios, and the com-
bination of those, have been assessed for the fission gas release. First is the movement of bubbles
in a vacancy gradient, and second is the random movement of bubbles. The analyses have shown
that neither of these two scenarios, nor the combination of them, could explain the large fission gas
release obtained during post-irradiation annealing in our reference experiment.

A third scenario was also tested, in 3-D but on a smaller domain, by considering the pinning of intra-
granular bubbles on dislocations and their movement along with the dislocations, via the mechanism
of ‘dislocation climb’. The dislocation climb mechanism has been demonstrated as a prominent gas
release mechanism scenario, however, the values for diffusion of vacancies on the dislocations are
not known. The results obtained help us to distinguish the fission gas release scenarios that could
really explain the observations during post-irradiation annealing tests.

Session 3 /21

Design of a novel set-up for the investigation of helium behaviour
in oxide nuclear fuel via infusion: realization, modelling and pre-
liminary results

Authors: Luana Cogninil; Davide Pizzocri'; Konstantinos Boboridis?; Thierry Wiss?; Paul Van Uffelen?; Lelio
Luzzi'

! Politecnico di Milano

% Joint Research Centre - Karlsruhe
Corresponding Author: luana.cognini@polimi.it

In this work, we present a newly designed experimental set-up to infuse helium in UO2 samples.
The objective of the presented activity is to carry out experiments aimed at investigating helium
behaviour in nuclear fuel, measuring its key properties such as diffusivity and solubility. The pro-
posed experimental set-up consists of a laser-heated autoclave (continuous-wave 4.5 kW Nd:YAG
laser at 1064 nm) that can operate at pressures up to 400 MPa. The high temperature that can be
achieved combined with the effect of the high pressure allow a very fast saturation of the sample,
up to the helium solubility limit, in only a few hours. The laser beam passing through a sapphire
window placed on the upper part of the autoclave hits the sample and heats it up to around 850°C,
temperature that ensures the achievement of the helium solubility limit but minimizes the risk of
grain growth. In fact, the main feature of the samples used in this experiment consists in their grain
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size. The samples are disks of sintered UO2 characterized by nanometric grain size (down to about
100-50 nm) used in order to assess the effect of the presence of numerous grain boundaries. This as-
pect becomes technologically relevant if one considers the microstructure of nuclear fuel irradiated
at current discharge burnups where the so-called high burnup structure (HBS) is formed. Moreover,
the laser spot size exceeds that of the sample and in order to reduce temperature gradients between
the sample and the crucible we have designed and manufactured a custom sample holder made of
the same material as the sample itself. The tailored sample holder consists of a zirconia piece, act-
ing as a thermal barrier, topped by a UO2 disk with a central recess in which the UO2 sample is
positioned. In addition, the temperature is measured by an infrared pyrometer facing the sample
surface and aligned along the same optical axis as the laser beam. After the infusion, we measured
quantitatively the helium release from the UO2 sample in a Laser Knudsen Cell (LKC) by means of
the Quantitative Gas Measurements System (Q-GAMES) developed at the JRC.

Lastly, the experimental results obtained have been used for a preliminary validation of a new
physics-based model developed for describing the helium behaviour in oxide nuclear fuel, account-
ing for its production, solubility and diffusivity. The verification and validation of this new compre-
hensive model have been performed in SCIANTIX that is a stand-alone code developed at POLIMI
for the simulation of separate-effect test experiments, and will be used to improve fuel performance
codes such as TRANSURANUS.

Session 3/ 34

Noble gas transport in UO2 annealed under controlled O2 partial
pressure: first results

Authors: Eric Gilabert!; Denis Horlait?; Gaélle Carlot *; Marie Gerardin®

! CNRS/Université de Bordeaux
% CNRS/université de Bordeaux
* CEA Cadarache
* CEA/Cadarache

Corresponding Authors: gilabert@cenbg.in2p3.fr, horlait@cenbg.in2p3.fr

In collaboration with CEMHTI/CNRS Orléans, DEC/LLCC/CEA Cadarache, JRC-Karlsruhe and in
the frame of INSPYRE WP 2.2, we study the behavior of noble gases (Kr, Xe) in UO2 using Thermo-
Desorption Spectrometry (TDS). The presented work is a continuation of a separate effect studies
where numerous parameters have already been evaluated: the nature of the implanted ions, their
energies, their fluence, irradiation defect concentration, UO2 microstructure and its preparation, etc.
It notably made possible to experimentally demonstrate that the transport of noble gases are greatly
influenced by the presence of traps that will efficiently retain the noble gases in the fuel. The partial
pressure of oxygen is another fundamental parameter which we were up until recently unable to
impose and vary during TDS experiments. It is however of prime importance since stoichiometry is
already known to strongly influence noble gases diffusion kinetics and mechanisms in UO2+x.

On our PIAGARA platform, we recently implemented a laser heating line specific to nuclear materi-
als. This system is coupled to a gas purification line and a high sensitivity noble gas mass spectrome-
ter that allows studying annealings under optimal environmental conditions (pseudo-levitation) and
a large range of temperatures (600-2500°C). For oxygen studies, we have included an oxygen sensor
and an O2 trap that allows us to control the partial pressure of oxygen (pO2) prevailing in our heat-
ing system. The LLCC provided us with a panel of samples manufactured under controlled pO2 and
then packaged under vacuum or air. We will present the first results of these experiments and we
hope to show the effectiveness of our O2 control system. We will also compare these controlled pO2
experiments with our previous ultra-vacuum TDS data.

Session 4/ 51

Steam oxidation of SiC at high temperatures studied by laser heat-
ing method
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Authors: Masaki Kurata'; Hai vu Pham’; Yuji Nagael; Tokio Furumoto?; Hisaki Sato®; Ryo Ishibashi*; Shinichiro
Yamashita'

! Japan Atomic Energy Agency
® Mitsubishi Nuclear Fuel Corp.
* Toshiba ESS
! Hitachi-GE

Corresponding Author: kurata.masaki@jaea.go.jp

Silicon carbide (SiC) has recently attracted much attention as a potential material for accident tol-
erant fuel cladding. To investigate the performance of SiC in severe accident conditions, study of
steam oxidation at high temperatures is necessary. However, the study focusing on steam oxidation
of SiC at temperatures above 1600°C is still certainly limited due to lack of test facilities. With the
extreme oxidation/corrosion environment in steam at high temperatures, conventional refractory
materials, i.e., alumina, zirconia, W, Mo and so on, would not survive during the tests. Application
of laser heating technique could be a great solution for this problem. Using a laser heating technique,
we can localize the heat transfer and focus them on the test sample only. This paper presented the
outline of the laser heating facility and recent results on high-temperature oxidation of SiC in steam
in temperature range between 1400 and 1800°C (for 1-7 h). The oxidation kinetics is then discussed
based on the weight gain and observation on the cross-sectioned surface of tested samples. Mecha-
nism of bubbling observed in our samples above approximately 1750 °C is also discussed.

Session 4 / 30

Thermochemical Modeling In-Reactor Behavior of Uranium Silicide-
Based Accident Tolerant Fuels

Author: Kaitlin Johnson'

Co-authors: Emily E. Moore L. Denise L. Adorno '; Vancho Kocevski *; Tashiema L. Ulrich '; Theodore M. Besmann
!; Joshua T. White 2; Elizabeth Sooby-Wood %. Andrew T. Nelson ?; Jacob W. McMurray 3. Simon C. Middleburgh 4
Peng Xu *; Antoinne Claisse *

! University of South Carolina

% Los Alamos National Laboratory

* Oak Ridge National Laboratory

* Westinghouse Electric Company, LLC

Corresponding Author: john3786@mailbox.sc.edu

Uranium silicide fuels have been proposed as part of accident tolerant fuel concepts for light water
reactors. Uranium silicides (U<sub>3</sub>Si<sub>2</sub> and U<sub>3</sub>Si<sub>5</sub>)
have increased uranium atom density over UO<sub>2</sub> fuel and thus their use can offset neu-
tronic losses from more robust replacements for current zirconium-based cladding. Further develop-
ment of such fuels, however, requires a thorough understanding of their thermophysical and thermo-
chemical properties under reactor conditions. Interactions between the fuel and cladding materials
and fission products produced during burnup are also necessary to consider in order to fully eval-
uate any fuel candidates. In the current work, a combination of experimental and computational
methods was used to model these accident tolerant fuel candidates to generate a thermochemical
database for implementation in fuel performance codes.

The U-Si binary within the 40-66 at% Si region was explored to understand and model compositional
changes that may occur during reactor operation. Samples of varying compositions were produced
using arc-melting and characterized through electron microscopy, neutron and x-ray diffraction
(XRD), and differential scanning calorimetry (DSC). First principles modelling was used to sup-
plement experimental results and the CALPHAD method was used to assess U-Si and calculate
phase equilibria. To consider the impact of more robust cladding materials on accident tolerance
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of the fuel, the compatibility of U<sub>3</sub>Si<sub>2</sub> with FeCrAl and SiC/SiC composite
claddings was investigated and compared with a baseline study of U<sub>3</sub>Si<sub>2</sub>
and Zircaloy-4 compatibility. High temperature diffusion couples of fuel and cladding were used
to simulate over-temperature or extended burnup in-reactor behavior and electron microscopy and
XRD were used to characterize the fuel/cladding couples. DFT and CALPHAD calculations were
used to aide in the interpretation of experimental observations.

The interactions of silicide fuel and fission products resulting from burnup were simulated using
U<sub>3</sub>Si<sub>2</sub> doped with up to five surrogate fission products (Ce, Gd, Mo, Y,
Zr) and the production of a “SIMFUEL”representative of high fuel burnup. Structural changes and
secondary phase formation from heat-treated samples was characterized using microanalytical tech-
niques, neutron diffraction, and XRD. The impacts of more volatile fission product species were
considered using DFT and a CALPHAD database was developed.

Session 4 / 47

Fuel Thermomechanical modelling with Falcon at PSI

Authors: Cedric Cozzo'; Grigori Khvostov'; Raoul Ngayam Happy'

! Paul Scherrer Institut

Corresponding Author: raoul.ngayam-happy@psi.ch

The EPRI code FALCON MODO1 has been used at PSI for about two decades for both research pur-
poses and safety analyses, and is still undergoing developments. Namely, its coupling to the ad-
vanced fission gas release and swelling module (GRSW-A) module allowed the developments of
several methodologies such as void formation by high temperature restructuring and burst fission
gas release in RIA conditions. Besides, PSI is co-developer of the newer version of the code Falcon
V1. In this respect, the FALCON MODO01 developments can be transferred to the newer version. In
addition, other aspects are directly treated such as H-uptake or implementation of behavioral models
for several ATF concepts in order to assess their performance.

Poster flash talks / 6

Finite element modeling of fuel behavior based on the MOOSE
framework

Authors: Xinhu Zhang'; di Yun™™

! Xi’an jiaotong University
Corresponding Author: zxh304603@stu.xjtu.edu.cn

Abstract: Fuel performance modeling and analysis plays an important role in fuel design and perfor-
mance optimization, especially accurate fuel rod modeling and analysis in 3D. Fuel thermal behaviors
are very complex and are strongly coupled with other factors. For example, with the increase of bur-
nup, fuel thermal conductivity decreases which further increases the pellet central temperature, and
gap distance becomes smaller during the swelling of the pellet, because of the accumulation of solid
fission products, fission gas and pellet thermal expansion which decrease the pellet central temper-
ature in turn. So fuel performance modeling is inherently a multiphysics problem. In this paper, we
established a 1/4 pellet-cladding model containing modules for heat transfer, mechanical analysis,
and fission gas release calculation, etc, based on the MOOSE finite-element framework. This paper
demonstrates our current experiences in applying the MOOSE framework to PWR fuel behaviors
simulations.
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Poster flash talks / 7

Microstructural evolution of Fe-9Cr alloys under 3.5 MeV Fel3+
ion irradiation

Authors: Tiantian Shi¥°"¢; Di Yun°"

Abstract: The microstructural evolution of two Fe-9Cr model alloys with different C content after
irradiation was investigated by transmission electron microscopy. These two steels were both irra-
diated with 3.5 MeV Fel3+ ions at 450°C to a peak damage level of 3 dpas. TEM results indicate that
<100> loops and 1/2<111> loops coexist in the two irradiated steels. Furthermore, the loop size of
Fe-9Cr alloy with higher C content is about twice that of the Fe-9Cr alloy with lower C content. The
difference in the size of the dislocation loops between the two steels may be attributed to the differ-
ence in C content. The carbon-vacancy complexes are effective traps for SIA loops and contribute
to the growth of the loops, which may cause larger size dislocation loops in Fe-9Cr alloy containing
higher C content.

Poster flash talks / 8

Atomic scale modelling of stoichiometry deviation in amorphous
zirconia

Author: Simon Middleburgh'

Co-authors: Megan Owen 1. Michael Rushton !; Antoinne Claisse %; Tuliia Ipatova 1. Evitts Lee '; William Lee
1

! Bangor University

% Westinghouse Electric Sweden AB
Corresponding Author: s.middleburgh@bangor.ac.uk

A combination of materials modelling techniques and targeted experimental investigations have
identified the manner in which non-stoichiometry is accommodated in both crystalline and amor-
phous ZrO,. Not only is excess oxygen possible in both crystalline and amorphous ZrOs, but it
is found that there is a high propensity for significant deviations—especially in the amorphous sys-
tem—forming ZrOs . This has clear implications to the behaviour and degradation of ZrO, as the
boundary oxide protecting zirconium alloys within a water cooled nuclear power reactor.

Poster flash talks / 13

Release of volatile fission products (Xe, Kr, I, Cs) implanted in
polycrystalline UO2

Authors: Sylvie Chatain’; Thierry Alpettaz'; Gaélle Carlot *; Jacques Lechelle?

! CEA Saclay
2 CEA Cadarache

Corresponding Author: sylvie.chatain@cea.fr
Under irradiation in nuclear reactors, the microstructure of oxide nuclear fuel changes. To improve
the modeling of the UO2 fuel behavior under irradiation, it is necessary to understand the elementary

mechanisms of fission products diffusion. Among them, rare gas Xenon and Krypton represent 30%
of created elements moreover fission products such as Iodine and Caesium are corrosive for the
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clad. Our experimental work consists in the measurement of the release kinetics of stable isotopes
of these fission products by Knudsen Cell Mass Spectrometry. In that aim, 8mm diameter-1 mm
height fresh polycrystalline UO2 pellets are implanted with different concentrations in 129Xe, 83K,
1271, 133Cs to understand the effect of the fission products density on the diffusion. The release
kinetics is studied either during the heating at a given heating rate from room temperature up to
about 1400°C or during isothermal annealing.

At the same time, we are trying to model the mass spectrometer signal obtained to deduce informa-
tion about the fission gas and products transport.

Poster flash talks / 15

Experimental study of Joint-Oxyde-Gaine (JOG) systems in Fast
Neutron Reactors

Authors: Anna Smith’; Enrica Epifanol; Andrea Volfi'; Maas Abbink'

! Delft University of Technology

Corresponding Author: alsmith@tudelft.nl

Advanced Generation-IV nuclear reactors, which should excel in the areas of sustainability, eco-
nomics, safety & reliability and proliferation resistance, are currently being developed to replace
the Light Water Reactors (LWRs) at the end of their operating licenses. Among the various designs
selected by the Generation-IV International Forum, research has been focused in Europe on fast neu-
tron reactors cooled by Sodium (SFRs) or Lead (LFRs). (U,Pu)O2-x mixed oxide is currently the ref-
erence fuel for these reactors. Considering the higher temperatures, thermal gradients and neutron
flux of SFRs and LFRs in comparison to LWRs, the behavior of the fuel can be significantly different.
The European INSPYRE (Investigations Supporting MOX Fuel Licensing in ESNII Prototype Reac-
tors) project of the 2016-2017 Euratom H2020 Fission call has started in 2017 with the investigation
of the (U,Pu)O2 fuel behaviour under irradiation to support the licensing of next generation SFRs
and LFRs [1]. One of the several objectives of this project is to model the formation of the so-called
JOG layer (Joint Oxide Gaine), that forms between the fuel and the cladding following the migration
of volatile fission products, such as Cs-Mo-Te-I, from the inner pellet towards the outer rim [2]. In
this context, this work aims to obtain reliable experimental data for this multi-element system and
use them to develop thermodynamic models based on the CALPHAD methodology.

Our progress on the experimental investigations of the JOG sub-systems will be presented at the
NuFuel conference. In particular, our most recent results on the Cs-Mo-O, Cs-U-O, Ce-Te-O, and Cs-
(Te,Mo)-O systems will be reported: structural characterizations using XRD and neutron diffraction,
determination of enthalpies of formation by solution calorimetry, melting/transition temperatures
and melting/transition enthalpies by Differential Scanning Calorimetry (DSC), etc.

The Cs-Mo-O system is of fundamental importance because Cs2Mo0O4 is expected to be the main
component of the JOG. A CALPHAD assessment of the Cs-Mo-O system has been performed in the
frame of the TAF-ID project (Thermodynamic of Advanced Fuels International Database [3]), based
on the limited experimental data available in the literature. Because this system is very complex,
many fundamental thermodynamic properties are still missing, and discrepancies have been noticed.
The Cs-U-O system is another key system for modelling the JOG, as Cs2UO4 is the main phase on
the pellet-side of the JOG layer. A Cs-U-O CALPHAD model has been developed in the TAF-ID on
the basis of the review of Cordfunke and Konings [4], but discrepancies in the literature exist for
this system and thermodynamic data are missing for some of the key phases, in particular CsUO3.5.
Finally, the data available on Cs-Te-O are rather scarce, and no thermodynamic model has been
reported to this date. A particularly interesting study is the investigation of the solubility of Te in
Cs2Mo04, which is reported herein.

[1] http://www.eera-jpnm.eu/inspyre/

[2] M. Tourasse et al. Fission product behavior in Phenix fuel pins at high burnup, J Nucl. Mater.,
1800 (1992): 49-57

[3] https://www.oecd-nea.org/science/taf-id/
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[4] E.H.P. Cordfunke, RJ.M. Konings, Thermochemical data for reactor materials and fission prod-
ucts, North-Holland, Elsevier, 158-165 (1990)

Poster flash talks / 25

Thermodynamic modelling of the U-Pu-Am-O system

Authors: Christine Guéneau'; Pauline Fouquet-Métivier'; Philippe Martin'; Romain Vauchy’

' CEA

Corresponding Author: christine.gueneau@cea.fr

The thermodynamic modelling of the U-Pu-Am-O system is proposed by using the CALPHAD method.
The aim is to provide basic thermodynamic data (melting temperature, heat capacity **-) on the
(U,Pu,Am)O2 mixed oxide fuel to be used as input data in Fuel Performance Codes. In 2011, a CAL-
PHAD model was developed in the TAF-ID database. An update of some of the binary and ternary
sub-systems is proposed on the basis of a review of available recent experimental and/or theoreti-
cal thermodynamic and phase diagram data. The calculated results with the updated model will be
compared to the experimental data.

Poster flash talks / 55

Advances in phase-field modelling incorporating bulk thermody-
namics and interfacial excess quantities

Authors: Mike Welland'; Floyd Hilty™*™

! Canadian Nuclear Laboratories

Corresponding Author: michael. welland@cnl.ca

This work discusses advances in phase-field modelling of multiphase nuclear materials with a focus
on incorporating bulk equilibrium thermodynamics and interfacial phenomena. Tools have been
developed for the automated construction of explicit multiphase, temperature dependent composite
potentials from those of the pure phases obtained from CALPHAD-type databases. The interfacial
energy is explicitly controlled and permits consideration of interfacial excess quantities permitting
structurally-semicoherent interfaces. This work extends the applicability of bulk thermodynamics
to systems dominated by interfacial effects such as nanoscale systems, and kinetically limited, non-
equilibrium scenarios. Applications for precipitation of zirconium hydride in fuel cladding, and the
evolution of fuel porosity are discussed.

Poster flash talks / 46

Adaptive Kinetic Monte Carlo (AKMC) modelling of radiation de-
fects in mixed oxide (MOX) fuel

Authors: Kerr Fitzgerald'; Mark Bankhead'

! National Nuclear Laboratory
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Corresponding Author: kerr.f.fitzgerald@uknnl.com

Atomistic modelling of materials is typically achieved by using Molecular Dynamics (MD). However,
due to the fact that MD needs to resolve atomic vibrations, a very large number of small time steps
are needed and the total simulation time is therefore often limited to less than one microsecond.
The timescale limitation can be overcome by using Adaptive Kinetic Monte Carlo (AKMC) methods.
Kinetic Monte Carlo methods exploit the fact that over longer time periods the dynamics of atomic
systems typically consist of diffusive jumps from state to state.

We have used the Daresbury laboratory AKMC code (DL-AKMC) to explore the possible atomic
transitions (and associated energies) of a 30% Pu MOX structure with five different types of cation
Frenkel Pair defects at 1020K, 1600K and 2170K. The Potashnikov interatomic potential was used
throughout this work. The software package Ovito has also been used to visualise and map atom
movement. We present a statistical analysis of the atomic transitions and discuss how these can be
used as a starting point for understanding the evolution of radiation damage in MOX fuel.

Poster flash talks / 36

A new laser heating setup for the measurement of noble gases
diffusion in nuclear materials

Authors: Eric Gilabert'; Denis Horlait!; Bertrand Thomas'

' CNRS/Université de Bordeaux
Corresponding Author: horlait@cenbg.in2p3.fr

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 GenlV fuel can-
didates. Consequently, the diffusion mechanisms and kinetics of noble gases in nuclear materials
are paramount to determine for a comprehensive range of experimental parameters. These are how-
ever often quite complex to access experimentally, especially when looking to low concentrations
to avoid the formation of gas bubbles or defect aggregates.

At our laboratory the quantification of noble gases diffusing 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 fur-
nace used for samples heating (maximum temperature of 1400°C, imprecise control of temperature,
impossibility to control and impose oxygen partial pressure (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-instantaneously and homogeneously heat the
samples to controlled temperatures in the range of 600 to 2200°C, with a limited heating of the sam-
ple holding components. Furthermore we are currently trying to implement a pO2 control system
to be able to vary this crucial parameter.

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 example study will also be pre-
sented: helium diffusion mechanisms and kinetics in B4C.

Poster flash talks / 39

Sintering behaviours and microstructure analysis of UN-UO2 com-
posite fuels prepared by spark plasma sintering

Author: Diogo Ribeiro Costa'
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Co-authors: Marcus Hedberg 2. Antoine Claisse *; Mattias Puide *

! KTH Royal Institute of Technology and Westinghouse Electric Sweden AB
2 Chalmers University of Technology
? Westinghouse Electric Sweden AB

Corresponding Author: diogorc@kth.se

Uranium mononitride (UN) has been considered a potential accident tolerant fuel (ATF) mainly be-
cause its high uranium density, high melting point, and high thermal conductivity. Composite fuels
like UN-UQO2 have been proposed so as to combine the good properties of both fuels. This study
is focused on analysing the first results regarding the sintering behaviours and the microstructures
of an innovative UN-UO2 composite fuel concept, prepared by mixing UN microspheres with UO2
powder followed by spark plasma sintering (SPS).

Pure UO2 powder, 30 wt.% of UN microspheres in UO2, and pure UN microspheres were sintered
using SPS at 1100°C and 1500°C. The UO2 powder used in this study was provided by Westinghouse
Electric Sweden AB. The UN microspheres were fabricated at Chalmers University of Technology
by internal sol-gel method, with a chemical composition of U(N0.98C0.02) (a = 4.8904 A, TD = 14.31
g/cm3) and density of about 52 %TD.

The sintering behaviours of U02(1100°C) and UO2(1500°C) were similar. The shrinkage started and
finished at 450°C and 900°C, respectively, with a characteristic “S shape”sintering curve. Conversely,
the sample UN(1500°C) started to sinter at approximately 1100°C and was still densifying at 1500°C.
Regarding the composites, the initial behaviours were similar to pure UO2 until about 600°C. Af-
terwards, there were a sintering blockage in both samples up to "900°C, where the shrinkage rates
started increasing again.

The sintered densities were measured using a modified Archimedean method with chloroform as
the medium. For UO2(1100°C), UO2(1500°C), UN-UO2(1100°C), UN-UO2(1500°C), and UN(1500°C)
densities above and around 90 %TD were achieved. Additionally, the microstructure analysis are
presented and discussed in this study.

This work shows that it was possible to fabricate an innovative UN-UO2 composite fuel concept by
SPS. The preliminary results of the sintering behaviours show that the UN microspheres supressed
the UO2 matrix densification in both UN-UO2(1100°C) and UN-UO2(1500°C) samples. This fact
might be related to the UO2-UO2 particle separation by the addition of 30 wt.% of UN, impairing
the stage where neighbouring necks grow and interact to give a network of tubular pores. More-
over, the UN microspheres alone also sintered when the temperature is higher than 1100°C. Addi-
tional studies are under development in order to better understand the UN/UO2 interaction during
sintering.

Poster flash talks / 10

Microstructural investigation of (U,Pu)O2-x fuel by Raman spec-
troscopy

Author: Laetitia Medyk'

Co-authors: Philippe Martin 1. Elodie Pascal %; Patrick Simon *; Gilles Montagnac *; Dario Manara °; Jean-Yves
Colle ®

' CEA/DEN/MAR/DMRC/SFMA/LCC

2 CEA Marcoule/DEN/DMRC/SFMA/LCC

* Conditions Extremes et Materiaux : Haute Temperature et Irradiation (CEMHTI) —~CNRS
* Laboratoire de Géologie de Lyon, CNRS, ENS de Lyon

> European Commission, Joint Research Centre (JRC)

Corresponding Author: renaud.masson@cea.fr
For the future Sodium-cooled Fast Reactors, uranium-plutonium mixed dioxide (U,Pu)O2-x, with the

plutonium content ranging between 19 to 40 mol.%, is foreseen as potential fuel. The pellets have
to match various physico-chemical specifications: physical integrity, chemical homogeneity, to be
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oxygen hypostoichiometric (Oxygen/Metal ratio included in 1.94 and 1.99 range). However, for a
Pu content higher than 20 mol.%, and an O/M ratio lower than 1.98, at room temperature, the phase
diagram of U-Pu-O system exhibits a miscibility gap domain [1]. The sample is then composed of
two phases of same structure but different O/M ratios. The detailed consequences of this demixtion
phenomenon, such as formation of cracks and its kinetics has to be fully investigated.

Recently, Talip et al [2] and Elorrieta et al [3] have evidenced that Raman spectroscopy is a promising
tool for characterizing (U,Pu)O2 materials. This technic is based on the interaction of a monochro-
matic light, usually a laser, with the matter. Coupled with a microscope, this technique can be used
to determine several physico-chemical properties at the grain scale ("5 pm). For instance, informa-
tion on crystallographic phases, chemical homogeneity, grain size, and crystal defects can be directly
obtained.

UO02, PuO2 and (U,Pu)O2 share the same Fm-3m structure and consequently their Raman active
modes are identical, but appear at different wavenumbers in their respective spectra. The main Ra-
man band is the T2g which corresponds to the asymmetrical stretching of the O-O bonds. Its position
gives information on the O/M ratio and on the Pu content in (U,Pu)O2+x mixed oxides. Moreover,
as showed by Maslova et al [4] using UO2 disc samples, the T2g intensity is directly related to the
grain orientation. As the size of the laser beam used is micronic, the observation of porosities and
grains is then possible when mapping the surface of the sample, thus revealing its microstructural
features.

In the present work, this technique has been extended to (U,Pu)02.00 fuels. Using a similar approach
existing in the literature [4], the (U,Pu)O2 sample microstructure has been studied using p-Raman
imaging technics.

Furthermore, the T2g Raman band mapping on large area of our samples allows us observing pm2
scale heterogeneities in the Pu content.

As this characterization tool was first used on samples with an O/M ratio equal to 2.00, we have
extended the method to oxygen hypostoichiometric materials. By using both in-situ and ex-situ
thermal treatments with a dedicated device [5] allowing a precise oxygen partial pressure control,
various O/M ratios could be achieved. The study of the variations in the (U,Pu)O2 fuel microstructure
according to both the Pu content and the O/M ratio is now possible and our first results will be
presented.

[1] Sari et al. J. Nucl Materials, 35, 267-77 1970

[2] Z. Talip et al. J. Raman Spectrosc., 48 (5) 765-772, 2017
[3]J. M. Elorrieta et al., J. Nucl. Mater., 495, 484-491, 2017.
[4] O. A. Maslova et al., Mater. Charact., 129, 260-269, 2017.
[5] G. Montagnac et al., Carbon, 54, 68-75, 2013

Poster flash talks / 106

Simulation of pure and Cr-doped UO; using molecular dynamics
and density functional theory

Author: Dmitry Bocharov'

Co-authors: Alexei Kuzmin '; Juris Purans '; Matthias Krack *

! University of Latvia

? Paul Scherrer Institut
Corresponding Author: bocharov@latnet.lv

Uranium dioxide (UOs) is an important industrial material which is employed as a fuel in most nu-
clear reactors world-wide. The doping of UOy with small amounts of chromium oxide CrsO3 is
technically applied to obtain a larger average grain size after the fuel sintering process. In this study
the local environment of chromium in UOy was investigated using X-ray absorption spectroscopy.
An interpretation of the X-ray absorption spectra is a non-trivial task, especially for so complicated
systems like doped fuel. Here we will address this challenging problem using two approaches, in
which the ab initio EXAFS theory is combined with classical molecular dynamics (MD) or ab initio
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molecular dynamics (AIMD) as well as electronic structure simulations based on density functional
theory (DFT). The atomic scale MD and DFT simulations were carried out using the CP2K code. Al-
ternatively, DFT simulations were performed to determine the influence of the chromium doping on
the fuel matrix. The atomic structure around the chromium impurity was relaxed, and the resulting
structures were used to calculate the Cr K-edge EXAFS spectra. The comparison of the simulated
EXAFS spectra derived from DFT results with the experimental one allows the identification of valid
atomic configurations. The limitations of this approach are discussed.

Session 5/ 4

Postirradiation Examination on Innovative Advance Reactor Metal-
lic Fuel Concepts

Author: Luca Capriotti'

Co-author: Jason M. Harp 2

! Idaho National Laboratory
% Oak Ridge National Laboratory

Corresponding Author: luca.capriotti@inl.gov

In sodium fast neutron spectrum nuclear reactors, metallic uranium-based alloys have often been
chosen because of their high fissile density, high thermal conductivity, and several reactor kinetic
safety benefits. In order to address increasingly high burnup / high performance demands, a num-
ber of innovative design are under investigation within the Department of Energy’s Advanced Fuels
Campaign (AFC). As part of this development, candidate fuel compositions and forms are irradiated
in a cadmium-shrouded positions at the INL’s Advanced Test Reactor (ATR), and they are subse-
quently examined at the Hot Fuel Examination Facility (HFEF).

Historically there were two primary factors that limited the life and maximum temperature of metal-
lic fuel. At burnup greater than 20 atomic percent, solid fission products began to fill the porosity
in the fuel resulting in fuel pin swelling. At high burnup and high operating temperatures, fuel
cladding chemical interaction (FCCI) occurs where lanthanide fission products attack the cladding
reducing the effective cladding thickness. To mitigate these performance factors, the evaluated in-
novative fuels design fall into four categories alternative alloying metals, additives, sodium bond
removal, and alternative smear densities. For alternative alloys, Zr has been substituted for 10% Mo
or 5% Mo, 4.3%T1i, 0.7%Zr to stabilize the cubic phase of U and prevent constituent redistribution
seen in U-Zr alloys. Additives, such as Pd, have been suggested to bind lanthanide fission products,
effectively reducing FCCI. Sodium bonding is considered undesirable at the back end of the fuel cycle
where sodium bonded fuel must be treated to remove sodium prior to geological disposition. Helium
bonded metallic fuel of several alloys has been irradiated to better understand the implications of
removing sodium bonding. Low smear density fuel is necessary to enable high (30 at.%) burnup.
Both solid and annular low smear density fuels have also been examined.

Engineering scale postirradiation examination (PIE) and microstructure scale PIE results will be pre-
sented and discussed for the different categories of innovative fuel designs.

Session 5/ 19

Study of alpha self-irradiation on americium-doped uranium ox-
ide
Authors: Jean-Francois Vigierl; Karin Popal; Jean-Christophe Griveau'; Eric Colineau!; Oliver Dieste Blanco';

Jean-Yves Colle'; Rudy J.M. Konings'

! European Commission, Joint Research Centre (JRC)
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The transmutation of minor actinides in the future generation of fast-neutron nuclear reactors is an
option to decrease the volume and the overall radiotoxicity of the nuclear fuel inventory. Within
minor actinides, americium is the one having the highest radiotoxicity. Several scenarios are con-
sidered for introducing it back into the core of nuclear reactors, either homogenously distributed in
the nuclear fuel, or heterogeneously loaded in minor-actinide bearing radial blankets.

Due to its high alpha activity, americium strongly increases the alpha dose received by the fuel over
time. For this reason, many studies focused on the effect of alpha self-irradiation in americium bear-
ing materials. Here, we present results obtained on UO2 samples doped with 241Am at 5 at.% level.
The samples were prepared by a sol-gel co-precipitation method ensuring a homogeneous starting
material. The work mainly focuses on the effect of alpha self-irradiation on the low-temperature
specific heat, which in pure UO2 is characterised by a large anomaly at 30.8 K signalling a first-
order magnetic transition. While self-irradiation damage accumulates with time, the anomaly shifts
to lower temperature and broadens as the phase transition becomes discontinuous. The study is
complemented by a characterization of the time evolution of the material microstructure through
powder X-ray diffraction, transmission electron microscopy, and Raman spectroscopy.

Session 5/ 23

Accelerated Testing of Fast Reactor Fuel in the Advanced Test Re-
actor

Authors: Beausoleil Geoffrey'; Curnutt Bryon'; Joshua Peterson-Droogh’

! Idaho National Laboratory
Corresponding Author: bryon.curnutt@inl.gov

Idaho National Laboratory has a long and internationally recognized history of performing irradia-
tion testing of advanced fast reactor fuels in the Experimental Breeder Reactor II (EBR-II) and the
Advanced Test Reactor (ATR). Since EBR-II's decommissioning in the early 1990’s, irradiation testing
has been exclusively performed in ATR. The testing of fast reactor fuels in ATR is challenging given
its thermal neutron spectrum and coolant temperatures far below those prototypic of fast reactors.
Researchers have overcome these obstacles through the use of Cadmium shrouds which attenuate
all thermalized neutrons and an experiment design that fosters fuel and cladding temperatures pro-
totypic of fast neutron reactors. Although this design has successfully demonstrated temperatures
and temperature gradients that closely mimic those seen in fast reactors, irradiation performance is
highly sensitive to fabrication tolerances and the time requirements necessary for high fuel burnup,
where irradiation performance data of fast fuel is lacking, are significant. This work summarizes two
novel experiment designs and their associated physics analyses for testing fast reactor fuels in ATR;
an accelerated irradiation experiment and a fast spectrum experiment. The accelerated irradiation
experiment does not utilize a Cadmium shroud and has been shown to triple the burnup rate, yet
still yields temperatures and radial power profiles prototypic of fast reactor fuels. The fast spectrum
experiment utilizes a booster fuel element that that hardens the incident neutron spectrum and also
yields temperatures and radial power profiles prototypic of fast reactor fuels. These experiment
designs efficiently reduce irradiation time requirements, are more economical, and significantly in-
crease ATR throughput. Fast reactor experiments that capitalize on these designs expedite irradia-
tion performance data for fast reactor fuels and provide information invaluable to fuel performance
modeling and simulation validation over a wide range of parameters.

Session 5/ 48

In-Pile Experiment Development to Investigate Transient Irradi-
ation Performance of Fast Reactor Fuels at TREAT

Authors: Colby Jensen'; Daniel Wachs'; Nicolas Woolstenhulme’; Kevan Weaver!
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Transient irradiation testing of fast reactor fuels has been a major emphasis of several historical
programs supporting both oxide and metal fuels for sodium-cooled fast reactors. These programs
have been executed at several test facilities around the world, though today, very few remaining
facilities exist capable to perform such studies. The purpose of these programs is to understand
and establish fuel performance limits under anticipated off-normal, design basis, and beyond design
basis accident conditions. The recent restart of the Transient Reactor Test (TREAT) Facility in the
U.S. has provided unique capability and established renewed efforts to study advanced fuels under
transient conditions. While water testing is already underway, test designs are rapidly maturing to
support testing of advanced liquid metal cooled fast reactor fuels. These test designs include a liquid
sodium capsule and a flowing liquid sodium loop. Detailed design efforts are underway to provide
flexible testing environments that include advanced instrumentation to quantify fuel performance in
a manner never previously performed. Nominally the experimental devices will support metal and
oxide fuels for sodium-cooled faster reactors with logical extension to other fuel designs as needed.
In the U.S,, test plans for metal fuels are maturing to extend the existing fuel performance database
and provide opportunity to evaluate novel fuel designs. These tests are also designed to leverage
a large inventory of irradiated fuel pins from the Experimental Breeder Reactor (EBR)-II and Fast
Flux Test Facility (FFTF) s that remain in storage on the INL site (both metal and oxide forms). This
presentation will provide a detailed overview of the planned program and current status of test
design and predictions for fuel performance.

Session 6 / 54

Mesoscale fission gas percolation simulations of heterogeneous
and irregular grain networks

Authors: Andrew Albert Prudil'; Karen Dawn Colins'; Evan Stephen Thomas'; Michael Joshua Welland'

! Canadian Nuclear Laboratories
Corresponding Author: andrew.prudil@cnl.ca

The two-species Included Phase Model (IPM) has been utilized to simulate percolation of grain bound-
ary fission gas bubbles on two-dimensional hexagonal grids representing (U,Pu)O2 fuel. Simulations

were performed in which transport of vacancies and fission gas were coupled with minimization of
internal, elastic and interfacial energies on networks of 15-300 grains with a computationally effi-
cient mesoscale technique. An open surface at a boundary allows gas venting and subsequent tunnel

collapse. The impact of the stochastic nature of compositional heterogeneity and irregular grain size

on macroscopic fuel performance behaviour was explored statistically by analyzing the results of a

series of randomly generated cases. The macroscopic fuel performance properties: grain boundary

concentration, fission gas release fraction, vacancy fraction, and fractional coverage were analyzed

for each case.

Compositional heterogeneity in Mixed Oxide fuel was simulated by randomly distributing plutonium-
rich, high fission density grains on a regular hexagonal grid, the proximity of which to the free sur-
face was found to dominate the percolation behavior. Irregular grain size was simulated on equian-
gular hexagonal grains with irregular edge length and grain area. An analysis of individual edges

showed discrete growth modes corresponding to the number of fission gas bubbles which nucleate

on each edge. For edges in the bulk, percolation time is most strongly correlated to the edge length,

then to a lesser degree grain area and proximity to the open surface.

Session 6 / 44

3D-reconstruction via genetic algorithms: Application to metal-
lic fuel
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Inferring 3D features of heterogeneous materials (e.g., solid materials with gaseous porosity) from
2D sections is the subject of stereology. This inference process is critical for the determination of
various and fundamental properties of the 3D medium, such as the pore size distribution and the per-
colation thresholds. Stereological approaches have been tailored to different materials/properties,
but lack of generality and depend on very strong hypotheses. In the attempt to overcome these limi-
tations and allowing to approach a broader range of material/properties, in this work we present a 3D
reconstruction technique leveraging a genetic algorithm. The 3D-reconstruction problem is treated
as an optimization problem: a population of virtual 3D cubes —embodying a certain void fraction —is
randomly generated and selected by comparing cubes sections with a reference 2D image in terms
of specific optimization metrics (e.g., the number of pores and the pore average radius). Once the
population of 3D cubes is optimized by the genetic algorithm (i.e., it is possible to extract from it a
population of 2D sections comparable with the reference image), it can be used to determine corre-
lations between 2D (measurable) quantities and 3D (to be inferred) quantities. Moreover, since the
outcome of the genetic algorithm is not a single optimal 3D cube, but a whole population of cubes,
confidence intervals can be derived for these correlations. The proposed approach is very broad
and general, applicable in many specific topics related to nuclear fuel (e.g., high burnup structure,
grain growth, porosity development, and so on). In this work, we showcase the application of the
proposed 3D-reconstruction algorithm to a subset of fuel sections of metallic fuel obtained as part of
the post irradiation examination of the FUTURIX campaign, with focus on the development of poros-
ity. The goal is to demonstrate the applicability of the proposed algorithm to the 3D-reconstruction
of metallic fuel, in terms of total porosity, porosity-2 and pore-size distribution.

Session 6 / 24

A DEM/FFT approach to compute the effective thermal conduc-
tivity of fragmented fuels under accident conditions

Authors: Tristan Calvet'; Jean-Mathieu Vanson'; Renaud Masson'

' CEA Cadarache
Corresponding Author: jmathieu.vanson@gmail.com

Simulation of the effective properties of granular media such as thermal conductivity is of a great
interest for many applications. Under accident conditions the nuclear fuel may crack and relocate
inside its cladding. In this case, the relocation leads to a degraded conductivity of the fuel. Thermal
conductivity evaluation is interesting to evaluate the temperature in the fuel rod.

We developped a chained method involving Discrete Element Method (DEM)[1] and Fast Fourier
Transform (FFT)[2] : We first compute the packing microstructure,

according to the grains kinetic, with DEM. The microstructure is voxelised and finally the FFT
method is employed to compute the effective thermal conductivity of the granular media. This
method allows us to compute accurately the effective thermal conductivity of a granular media tak-
ing its real microstructure into account.

We also performed a sensitivity analysis over the discretisation parameters, the size of the seed as
well as the definition of interfacial voxels having both solid and gas phases (called fuzzy voxels). Thus
we propose to define several bounds and estimates of the effective thermal conductivity depending
on the definition of the fuzzy voxels. Finally, we compare the results of the DEM/FFT method to
experimental measurements available in the litterature[3, 4] and show a good agreement between
our simulations and the measurements.

[1] Frédéric Dubois, Michel Jean, Mathieu Renouf, Rémy Mozul, Alexandre Martin,
and Marine Bagnéris. LMGC90. In 10e colloque national en calcul des structures,
Giens, France, May 2011.

[2]J.C. Michel, H. Moulinec, and P. Suquet. Eective properties of composite materials
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with periodic microstructure : a computational approach. Computer Methods in
Applied Mechanics and Engineering, 172(1) :109 - 143, 1999.

[3] JS Boegli and RG Deissler. Measured effective thermal conductivity of uranium
oxide powder in various gases and gas mixtures. 1955.

[4] R.O.A. Hall and D.G. Martin. The thermal conductivity of powder beds. a model,
some measurements on uo2 vibro-compacted microspheres, and their correlation.
Journal of Nuclear Materials, 101(1) :172 - 183, 1981.

Session 6 / 28

Development and assessment of a mechanistic model describing
high burnup structure behavior in oxide nuclear fuel

Authors: Tommaso Barani'; Davide Pizzocri!; Fabiola Cappiaz; Giovanni Pastore?; Lelio Luzzi'; Paul Van Uffe-
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The combination of high burnups and low temperatures occurring in the rim of oxide fuels, or in
plutonium-rich islands of heterogenous mixed-oxide fuels, leads to a re-crystallization of the as-
fabricated microstructure. The resulting structure, known as high burnup structure (HBS), is fea-
tured by nanometric-size grains and may develop substantial porosity as burnup proceeds. These
aspects strongly affect the performance of oxide fuels in normal operating conditions and may jeop-
ardize the integrity of the fuel rods during accidental transients (e.g., LOCA) at high burnups. Thus,
developing models to be included in fuel performance codes is of the utter importance for a more re-
liable simulation of fuel rod behavior at high burnups. In this work, we present a mechanistic model
describing the formation and evolution of the HBS in oxide fuels, featured by a level of complexity
suitable for application in fuel performance codes. The model includes a semi-empirical modelling
approach to HBS formation, expressing the volumetric portion of restructured fuel as a function
of local effective burnup (i.e., the burnup accumulated below 1000°C) by the Kolmogorov-Johnson-
Mel-Avrami (KJMA) relationship for phase transitions. The KJMA parameters were fitted combining
experimental data on restructured volumes extracted from [1, 2] with TRANSURANUS simulations
for the estimation of local effective burnup. We used the Image] image analysis software to derive
novel data from [2]. The evolution of the HBS intergranular porosity is accounted for in a mechanis-
tic fashion. Starting from the cluster-dynamics master equations governing the problem, we apply
a Fokker-Planck expansion of the master equations in the cluster size space. In doing so, we derive
a single-size model that describes not only the time-evolution of HBS pores number density, but
also the first (mean size) and second (variance) moments of the pore size distribution. The model
accounts for HBS pore growth due to the capture of fission gas atoms diffusing from the restructured
HBS grains, and for pore-size-dependent irradiation re-solution. Moreover, pores are assumed not
to be in mechanical equilibrium and can thus relax overpressure by absorbing vacancies. Pores in-
terconnection by impingement during growth is accounted for, assuming pair interactions of HBS
pores treated as monodispersed hard spheres [3]. We implemented the model in the SCIANTIX gas
behavior code [4] and compared the calculation results to available experimental data in terms of
xenon depletion in the fuel matrix [5], to models available in the open literature, and to data on HBS
pore number density, average radius, and resulting fuel swelling [6]. Model results demonstrate a
good agreement of model predictions with the experimental data and considered models from the
open literature, on both xenon depletion and porosity evolution, together with computational bur-
dens in-line with fuel performance codes requirements.

[1]J. Noirot et al., J. Nucl. Mater. 462 (2015) 77—-84.

[2] T. Gerczak et al., J. Nucl. Mater. 509 (2018) 245—259.

[3] S. Torquato, Phys. Rev. E, 51 (1995) 3170-3182.

[4] Sciantix, https://gitlab.com/poliminrg/sciantix

[5] C.T. Walker, J. Nucl. Mater. 275 (1999) 56—62.

[6] F. Cappia et al., ]. Nucl. Mater. 480 (2016) 138-149
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Session 7 / 41

New insight into the thermodynamic and atom transport proper-
ties of (U,Pu)O; nuclear fuel from atomic scale calculations

Authors: Marjorie Bertolus!; Michel Frey532; Emeric Bourasseau?®; Gérald Jomard®; Ibrahim Cheik Njifonz; Cyrille
Takoukam Takoundjou?

' CEA
2 CEA, DEN
® CEA,DEN

Corresponding Author: marjorie.bertolus@cea.fr

The uranium-plutonium mixed oxide (U,Pu)Os is currently used as nuclear fuel in pressurized wa-
ter reactors with a Pu content around 10 wt.%, and is the reference fuel for several Generation IV
reactors with a Pu content between 25 and 40 wt.%. A more precise knowledge of the properties of
(U,Pu)O; and its behaviour under irradiation is needed to refine the models used in the fuel perfor-
mance codes simulating the behaviour of fuels at the macroscopic scale. A basic research approach
coupling detailed characterizations and multiscale modelling starting at the atomic scale can bring
significant insight into key phenomena involved in the evolution of nuclear fuels during their reac-
tor life.

We will show the results obtained using state-of-the art electronic structure calculations, including
ab initio molecular dynamics simulation, and empirical potential methods on thermodynamic and
atomic transport properties of (U,Pu)Os. In particular, the thermal expansion, mixing enthalpy and
specific heat of (U,Pu)O3 as a function of Pu content will be discussed in view of the available exper-
imental data. The defect properties of (U,Pu)Oy with 25% Pu as a function of the oxygen-potential
will also be presented.

Session 7 / 14

Development of a thermo-kinetic model of cations in the mixed
oxide of Uranium & Plutonium

Authors: Prantik Chakrabortylg Christine Guéneau'; Alain Chartier!

! Den-Service de la Corrosion et du Comportement des Matériaux dans leur Environnement (SCCME), CEA, Université
Paris-Saclay, F-91191, Gif-sur-Yvette, France

Corresponding Author: prantik.chakraborty@cea.fr

The large radial thermal gradient in Sodium-cooled Fast reactors (SFR) leads to mass transport of ura-
nium and plutonium in the fuel pellet. Knowledge of self-diffusion of all these elements in (U,Pu)O2
fuel is therefore of utmost importance for the prediction of its in-pile behaviour. Very few experi-
mental data, however, are available on self-diffusion in this material.

In the inception of the study, the lack of experimental measurements is circumvented by the so-called
‘cBQ’model. The cBQ model has been utilized to describe the plutonium self-diffusion in MOx using
the bulk properties of the fuel and a single fitting-parameter.

Using these results of ¢cBQ and the experimental data together, a plutonium mobility database has
been composed for the MOx fuel. Hence, by implementing this database, a detailed model has
been developed to describe the plutonium self-diffusion in MOx using the state-of-art DICTRA
code.

The self-diffusion of Uranium in MOx has not been experimentally measured yet. However, by
implementing the thermodynamic definition of MOx and the plutonium self-diffusion model, devel-
oped under this work, the self-diffusion of Uranium has been estimated from the experimentally
measured cation inter-diffusion coefficient data. Hence, a similar Uranium mobility database for
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MOx has been also composed. Further, using this database, a model for the uranium diffusion in
MOx has been developed.

Both the models for self-diffusion of Uranium and Plutonium has been validated against the ex-
perimental results. In combination of these two models of cation self-diffusion in MOx, the inter-
diffusion profile of cations has been simulated.

Session 7 / 35

Assessment of the current European Fuel Performance Codes against
the Fast Reactor irradiation experiment SUPERFACT
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This work is devoted to the first assessment of the state-of-the-art European fuel performance codes
GERMINAL, MACROS and TRANSURANUS against integral and microscopic data from post-irradiation
examinations in the fast reactor irradiation experiment SUPERFACT. This activity is performed by

a Task Force, including CEA, JRC, ENEA, SCK.CEN and POLIM], in the framework of the H2020
European Project INSPYRE. The goal of the experiment was to study how mixed oxide fuel (MOX)
containing the minor actinides neptunium and americium behaves under irradiation in a fast reactor,
and to demonstrate the feasibility of transmutation of minor actinides through homogenous (i.e., low
minor actinide content) and heterogeneous (i.e., high minor actinide content) fuel concepts.

Two types of homogenous-concept fuel pins from the SUPERFACT-1 experiment were selected for
this work, more precisely the pins SF7, SF13 bearing 2 wt.% of 237Np, and SF4, SF16 bearing 1.8 wt.%
of 241Am. Their plutonium content (around 25 wt.%) and cladding material (15-15, titanium stabi-
lized, cold worked stainless steel) are in line with the characteristics envisaged for Generation-IV
reactor fuels. The current predictions of the codes are compared to experimental data from non-
destructive and destructive post-irradiation examinations. The integral data considered for valida-
tion are: final burn-up at peak power node, fission gas (xenon and krypton) production and release,
helium release, central hole axial extension, and fuel and cladding elongations. Further local mea-
surements were made by cladding profilometry, as well as for the fuel central void radius and for the
extension of the columnar grain region. Finally, microscopic data are available for the radial distribu-
tions of the minor actinides 237Np and 241Am, as well as of plutonium, xenon and caesium.

The overall agreement with experimental data is acceptable but reveals room for improvement and
highlights discrepancies between code results. The analysis is complemented by a code-to-code
benchmark, focusing on the evolution of relevant output quantities over time (e.g., fuel central tem-
perature, fuel-cladding gap width, cladding outer radius, rod internal pressure, and fission gas re-
lease).

The goals of this analysis are to assess the current capabilities of fuel performance codes and to un-
derline modelling gaps through the differences among computations and experiment, benchmarked
with different codes. This is fundamental for identifying possible common development areas and
for improving the prediction of MOX fuel behaviour in fast reactor conditions. Indeed, improved
fuel performance codes will allow for a better performance and safety analysis of next Generation-IV
fast reactors (e.g., MYRRHA, ASTRID, ALFRED), and will play a key role for the definition of their
final design and future development.
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Modelling of the H2020 INSPYRE fuel creep experiment in HFR
with TRANSURANUS

Author: Alexander Fedorov'
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The fuel creep experiment is currently being prepared within the H2020 INSPYRE project for irra-
diation in High Flux Reactor in Petten. The goal of this experiment is to produce in-core online
measurements of dimensional changes of UO2 and MOX fuel samples under applied axial load.

In this work TRANSURANUS (TU) Fuel Performance Code in combination with Finite Element Anal-
ysis (FEA) is used to model the fuel creep irradiation experiment in great detail. The thermal analysis
of the experiment is carried out using the FEA. Such approach enables to model a rather complex
geometry of the experiment, and to include axial heat transport (not implemented in TU).

The TU is modified in order to use the externally calculated with the FEA temperatures, and to in-
clude the axial load present in the experiment. The TU provides the FEA with fuel pellet dimensions
and temperature and burnup dependent fuel properties.

The developed model is used to predict the fuel behavior using a selection of foreseen irradiation
scenario’s. The results will be used for optimization of the irradiation parameters and for data anal-
ysis.

Session 8 / 38

Thermodynamic properties of Fe-Zr-O system at high tempera-
tures

Authors: Yoshinao Kobayashil; Ayumi Itoh?; Matsui Masato'; Ryotaro Hagiwara1

! Tokyo Institute of Technology
? Tokyo Insititute of Technology

Corresponding Author: kobayashi.y.at@m.titech.ac.jp

The Fe-Zr-O ternary system is essential in order to estimate the possible material interactions dur-
ing a severe accident of nuclear power plant. In the reactor vessel, the core losing its cooling ability
drives temperature escalation due to decay heat, leading to the onset of U-Zr-O melt formation about
at 2173 K which is 1000 K lower than the melting point of UO2. The melt can go through the steel
structures into the lower plenum involving the interaction between Fe and U-Zr-O. Quenched melt
in the lower plenum will be heated up again by its decay heat accompanied with further interaction
with peripheral steel structures. In order to see the effect of these chemical interactions between Fe
and U-Zr-O alloy, we performed the preliminary calculation of heat generation from the reactions
using TAF-ID database. Consequently, it was found that the interaction of Fe with Zr-O rich alloy
could produce several times of latent heat for Fe even if several percent of Fe is added in the system.
The heat source of reaction comes from the Zr-rich oxide precipitation driven by Fe addition and
this indicates that assessment of Fe-Zr-O system is critically important to improve accuracy of pre-
diction. However, the current database has been optimized using the interaction parameter only for
Fe-rich Fe-Zr-O mixture. Experimental evaluation of thermodynamic properties for Zr-rich mixture
is necessary for the severe accident analysis. We propose a measurement of thermodynamic prop-
erties by a chemical equilibrium technique. Principle of “identical chemical potential in equilibrium
state”enables us to determine Gibbs free energy of formation of compounds, the activity of compo-
nents, elemental absorption ability of the system, Gibbs free energy of dissolution of oxygen into
the system and mixing enthalpy through activity coefficient determination. The experimental appa-
ratus consists of an electric resistance furnace connected to the gas control lines. The Fe-Zr mixture
is put inside the ZrO2 crucible and temperature is kept until the material reaches the equilibrium
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state. The cooled material at the end of test will be chemically analyzed to obtain a concentration
of component, which is the basic data for calculating thermodynamic properties. The experiment

is planned for temperature above 1800 K and a wide variety of composition from 1wt% ~ 90 wt% of
Zr.

Session 8 / 32

Experimental investigation of the U-Zr-Fe-O liquid miscibility
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The U-Zr-Fe-O system is of paramount importance for severe accident studies on light water reac-
tors. This chemical system is characterized by a miscibility gap in the liquid phase. This means that
two liquids, one metallic and one oxide, can coexist in a wide range of temperature and composition.
Experimental data on this miscibility gap are rare: experimental difficulties related to the complex be-
havior of this system at high temperature (reactivity with crucibles, control of the oxygen potential,
vaporization) have limited the amount of data available in literature. In the frame of the INSPYRE
project, CEA started an experimental campaign using the ATTILHA setup. This setup is based on a
laser heating technique that can be coupled with an aerodynamic levitation system. Pyrometers and
an infrared camera are used to monitor the temperature and the thermal behavior of the samples.
This configuration allows to limit the interaction between the sample and the surrounding materials,
e.g., with the crucible. Furthermore, it allows to reach extreme temperature conditions (T>2500 °C)
in a controlled atmosphere.

Starting from metallic alloys, the setup allowed to progressively oxidize the samples while heated
and therefore enter into the metallic-oxide liquid miscibility gap. After the target temperature and
composition were reached, the sample was quenched to room temperature. SEM-EDS and EPMA
analyses were then performed to obtain the composition of the solidified liquids in equilibrium.
The current work focused on the liquid miscibility gaps of three subsystems: Fe-O, Fe-Zr-O and Fe-U-
O. Tie-lines have been obtained for these systems for different temperatures. Also, thermodynamic
calculations using the TAF-ID database were performed to help the interpretation of the experimen-
tal results. Finally, these novel experimental results will be used to feed the TAF-ID thermodynamic
database.

Session 8/ 42

Physico-chemical properties of molten salt fuel: development of
innovative techniques
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In order to support the constant improvement of nuclear technology, the Molten Salt Fast Reactors
(MSFR) were proposed satisfying the main goals of the Generation IV Nuclear Reactors as sustain-
ability, safety and reliability, economic competitiveness and proliferation resistance. The peculiarity
and innovation of the MSFR technology is the use of liquid fuel, a molten salt mixture in which fissile
and fertile isotopes are dissolved. The knowledge of physical properties as density and viscosity of
the molten salts is required to predict the flow and turbulent heat transfer of the fuel through the
reactor circuit since it serves the dual function of nuclear fuel and heat transfer medium. Due to
the small amount of salt usable, the radioactivity of the samples, their corrosiveness, and high tem-
perature current techniques for determining these properties cannot be used with molten salts. An
innovative method based on ultrasonic wave propagation has been developed for the determination
of the viscosity of fluids at high temperature. A waveguide is used to remotely transmit the ultra-
sonic waves from a shear piezoelectric transducer into the molten salt. At the solid—fluid interface,
a guided wave mode, the shear mode, is used to extract the fluid properties. The ultrasonic wave
energy reflected back depends upon the operating frequency, the physical properties of the fluid
(viscosity and density), and the waveguide (density and shear modulus). The results show that the
attenuation of the waves can be retrieved using this method. Measurements on water, ethanol, oil
and glycerine-water mixtures illustrate that the method can successfully monitor changes in atten-
uation due to the viscosity of the fluid. The range of viscosity measured was between 1 and 40 mPa
s, since this is the same predicted range of viscosity of molten fluoride salts at various temperatures.
The fluids are measured at a variable temperature between 20 and 30°C showing a decrease in the
viscosity with temperature as expected. The relative error for these measurements was always lower
than 5% and it is believed to be mainly due to geometrical features of the current experimental setup.
An ionic salt with very similar properties to the molten salt was measured. The error was in this
case 20 % and it is believed to be due to particular properties of ionic salts to be investigated. A set
up for measuring fluids up to 100°C is under development and it will be followed by the construction
of a furnace for molten salts.

This method offers advantages in measuring viscosity reducing experimental time and using a small
amount of sample without any mechanical equipment.
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The Sodium Fast Reactor (SFR) is one of the reference reactor among generation IV nuclear systems.
The investigation of severe accidents is essential for the design of SFR reactors. In fact, during a
severe accident, the MOX fuel, steel cladding and B4C neutronic absorbers can interact forming a
complex mixture of gas, liquid and solid phases. In order to predict the phase equilibria at high
temperature, the development of a thermodynamic database on the (U-Pu-O)-(Fe-Cr-Ni)-(B-C) sys-
tem is required to perform thermodynamic calculations. To provide input data for the modelling, an
experimental thermodynamic study is carried out.
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In a first test, where mixed powders of UO2, B4C and small pieces of Fe have been mixed and heated
at 1900°C for one hour, we have shown that UO2 has been reduced by B4C to form U-Fe-B and U-
Fe-C ternary compounds. These compounds will have to be introduced in the CALPHAD model.
To study the effect of the steel alloying elements (Ni and Cr), a heat treatment has been performed
in the same conditions (1900°C for one hour) on a sample made by arc melting from B4C, steel and
UO2. The chemical composition of the phases have been measured by EDS and EPMA.

In addition, in order to be closer to the real fuel materials geometry and to study the kinetics of the
reactions at the materials interfaces, diffusion couple tests on UO2 pellet / steel cladding / B4C pellet
samples have been performed at temperatures below 2000°C and for several durations (maximum 7
hours). In these experiments, Knudsen Cell Mass Spectrometry has been used to follow the gaseous
species release during the reactions. All these results will allow to conclude on the deviation from
thermodynamic equilibrium conditions and to assess the reaction kinetics.
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The manufacture and modelling of UBy has been carried out to understand its suitability for use
as a fuel within light water reactors. Density functional theory methods have been used to under-
stand the materials thermal properties and response to radiation, fission product accommodation
and impurities. This theoretical work has been combined and elevated with a targeted experimental
programme highlighting synthesis routes for UBy and the related ZrBs compounds and providing
experimental data to validate and verify the theoretical predictions.
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The mixed oxide (U1-xPux)O2 is currently the reference fuel for the Sodium-cooled Fast Reactors.
In case of severe accident, the irradiated fuel would interact with the sodium in a large temperature
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range. In order to assess the safety of the Sodium-cooled Fast Reactor, the study of the Na-U-Pu-O
system is mandatory. In previous studies [1] [2] [3], some compounds have been reported but no
thermodynamic data exist on the quaternary phases and the synthesis of pure phases was challeng-
ing.

In this work, we used the oxalate decomposition under hot compressed water at low temperature
[4] to get the starting materials (U1-xPux)O2 (x= 0.06, 0.13, 0.29, 0.46). Thanks to this new way
of synthesis, the mixed oxide fuels produced are nano-sized and have a spherical shape instead of
plate-like agglomerates [5] [6]. Moreover, they are more reactive than the previous compounds,
facilitating the synthesis of pure phases.

These nanocrystals were mixed with different amounts of Na2CO3 or NaOH to explore which com-
pounds will be formed. Along this talk, the first results on the interaction between nano-sized mixed
oxide fuels and sodium will be presented. Especially, we have obtained pure Na4(U1-xPux)O5 which
has been analysed by X-ray powder diffraction (XRD) and U M4/Pu M5 high-energy resolution X-
ray absorption near-edge structure (HR-XANES) spectroscopy. Analysis of the XRD patterns demon-
strate that the lattice parameters are not following the Vegard’s law between Na4UO5 and Na4PuO5.
As expected from the structure of the ternary compounds, the HR-XANES spectra show that ura-
nium is in a +VI oxidation state whereas the plutonium has a lower oxidation state. This would
explain the deviation from Vegard’s law.

[1] S. Pillon, Etude des diagrammes de phases U-O-Na, Pu-O-Na, U,Pu-O-Na, 1989.

[2] AL. Smith, Structural and thermodynamic properties of sodium actinide ternary oxides, PhD
Thesis, Department of Materials Science and Metallurgy, University of Cambridge, 2015.

[3] D.M. Bykov, P.E. Raison, R.J.M. Konings, C. Apostolidis, M. Orlova, Synthesis and crystal struc-
ture investigations of ternary oxides in the Na—Pu-O system, J. Nucl. Mater. 457 (2015) 54—62.

[4] O. Walter, K. Popa, O.D. Blanco, Hydrothermal decomposition of actinide(IV) oxalates: a new
aqueous route towards reactive actinide oxide nanocrystals, Open Chem. 14 (2016) 170-174.

[5] K. Popa, O. Walter, O. Dieste Blanco, A. Guiot, D. Bouéxiere, J.-Y. Colle, L. Martel, M. Naji, D.
Manara, A low-temperature synthesis method for AnO2 nanocrystals (An = Th, U, Np, and Pu) and
associate solid solutions, CrystEngComm. 20 (2018) 4614-4622.

[6] V. Tyrpekl, J.-F. Vigier, D. Manara, T. Wiss, O. Dieste Blanco, J. Somers, Low temperature decom-
position of U(IV) and Th(IV) oxalates to nanograined oxide powders, J. Nucl. Mater. 460 (2015) 200—
208.
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In some of the currently developed Sodium Fast Reactor (SFR) designs the core configuration will be
rearranged to include internal spent fuel storage positions, with the benefit of avoiding an external
sodium pool. However, in-vessel storage of failed fuel pins can lead to a direct contact between
coolant and fuel, i.e. in a scenario where the cladding was breached, leading to their potential inter-
action in case of oxide based fuel forms (UO2 and MOX). The reaction product of sodium and oxide
fuel is generally denoted as Na3MO4 (where M=U, Pu), and characterized by unfavorable physical
properties, which might result in fuel swelling and/or pulverization, with the consequence of fissile
isotopes or fission products dissemination into the primary system. The understanding of the corro-
sion mechanism and kinetics between liquid sodium and oxide based nuclear fuel becomes then of
prior importance for establishing the feasibility of an internal storage of failed fuel pins.

In this contribution, we will present the results of out-of-pile tests that we perform to provide a basic
knowledge of defective fuel pin behavior in contact with liquid sodium. With the aim to determine
the physical mechanism involved in the sodium-fuel reaction, we firstly focused on the behavior of
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UO2 corrosion by sodium.

In order to cover the internal storage scenario, isothermal experiments were performed inside cap-
sules with stagnant liquid sodium and UO2 at 800°C. To establish the influence of the grain orienta-
tion on the growth process of the reaction product, well-oriented (<111> and <001>) single crystals
were used and finally to extend the behavior to the fuel pellet, a polycrystalline UO2 sample was
tested as well. The corrosion product was analyzed by XRD, SEM-EDX and RAMAN. It consists in
a homogeneous layer, whose morphology depends on the crystallographic orientation of the UO2
corroded grain or single crystal. However, the thickness of the corrosion layer does not seem to
depend on the crystallographic orientation of the UO2 corroded grain that was unexpected.

A tentative interpretation of UO2 corrosion by sodium is proposed. This interpretation will be used
for further study on the modelling of MOX-sodium interaction. There the influence of Pu on the
corrosion process will be addressed and added to the UO2-Na model.
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The project aims to cover the main aspects of the nuclear industry such as an extension of the fuel
campaign and increasing the fuel burn-up depth. The prolongation of nuclear fuel campaign up to 24
months will require uranium-235 enrichment up to <5.0%. The nuclear reactor operation at all stages
is determined by the reactivity reserve that is expended during its working process. With only one
fuel reload per campaign, the energy release profile at the beginning of this campaign will have the
maximum unevenness. In the centre of the core, fuel will burn more intensely, and at the edge, it
will be slower. To suppress the initial high reactivity in the reactor core, it is necessary to integrate
a burnable neutron absorber into a fuel pellet. It should have a high neutron capture cross-section
and do not cause the formation of undesirable minor products. Thus, burnable absorbers are needed
to control the peak power and regulate the temperature coefficient of reactivity. There are different
methods to profile the energy release in the core:

« Integral burnable absorbers ZrB2 to reduce reactivity at the beginning of the operating cycle(s);

« Inert fuel assemblies, which consist of steel or zirconium rods placed in the central part of the core
to reduce reactivity.

Successful experience on applying (U, Gd)O2 fuel pellets with ZrB2 coating, deposited onto the
surface, provided a higher neutron adsorption abilities for the reactor and resulted in optimizing the
economic performance. Comparing characteristics of the UO2 fuel with Gd203 and ZrB2 absorbers
integrated into it, a greater temperature coefficient of reactivity was observed in the active zone with
fuel UO2 + ZrB2. The reason is the difference in the energy dependences of the neutron absorption
cross sections: this dependence is more extended in boron. This property of ZrB2 is especially
important when increasing the energy intensity of the core and will be crucial for fuel loads designed
for more than one year of operation (18 months). ZrB2 is a well-known ultrahigh temperature
ceramics finding applications as a burnable absorber. We suggest homogeneous incorporating ZrB2
into the fuel pellet core. Three variants of the fuel pellets were prepared. Wherein, a ceramic pellet of
uranium dioxide as standard fuel form was manufactured as an etalon for the further investigations.
ZrB2 was integrated in the form of powder and/or micro granules which keeps ZrB2 inside a sealed
granule and, hence, requires less amount of absorber per pellet. The concentration of the absorber
also plays an important role. As known, an increase in the concentration of Gd203 in UO?2 fuel to
7% allows for a 12-month duration of the irradiation cycle, the addition of 9wt.% allows to increase
the cycle time up to 16 months.

This work is a fundamental stone in developing nuclear fuel manufacturing processes and tackling
the challenge of improving the nuclear fuel performance with hybrid fuel assemblies that facilitate
longer (24-months). This detailed study constitutes the foundation stone in our understanding the
effects of ZrB2 on the fuel performance.
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Peridynamic Modelling of Nuclear Materials
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Peridynamics is a developing non-local modelling technique which has the ability to model crack
initiation, propagation and branching. Unlike finite element analysis, the technique uses an integral
formulation to determine the forces upon material points. This means that crack patterns can be
predicted without any a priori knowledge of the loading or crack pattern. A peridynamic model
for nuclear materials is being developed in the Abaqus finite element code. We will address three
models which have been developed to date.

SiC/SiC Composite Claddings

Sic/SiC composite claddings are currently being developed as part of a suite of accident tolerant
fuels intended as an alternative to the zirconium alloys currently used in light water reactors. Despite
their strength and improved oxidation performance, SiC/SiC claddings have a number of drawbacks,
namely their irradiation swelling and low thermal conductivity. Their irradiation swelling saturates
after a number of months in reactor and is greater on the colder outer surface than the warmer
inner surface. This causes a tensile stress on the inside of the cladding. This increases during the
decrease in power at the start of a typical pressurised water reactor refuelling outage and causes
microcracking of the matrix on the cladding inner surface. In models without fibres, cracks would
propagate through the cladding. If fibres are modelled, matrix cracking will extend to a depth of
around 20% through the cladding from the inner surface. If an inner monolith of SiC is additionally
modelled, cracking propagates through the monolith and acts as a stress raiser for matrix cracking
in the composite. If an outer SiC monolith is modelled, fibre pull-out on the inner surface of the
cladding was increased by just under 70%.

UO2 Nuclear Fuel Pellets

Nuclear fuel pellets crack duing the initial rise to power in the reactor and subsequent operational
changes. This cracking plays an important role in pellet-clad interaction. Our initial work is being
extended to take into account the statistical nature of ceramic fracture by carrying the strength of
material points.

ZrO2 Cracking and Cladding Oxidation

An zirconia layer forms on nuclear fuel cladding due to the oxidation of the zirconium alloy in the
aqueous reactor coolant. The layer is formed with significant anisotropy; the volume gain in the
direction of oxide growth being two orders of magnitude greater than that in the direction of oxide
growth. Under the stresses induced in the oxide, the oxide cracks. These cracks have been associated
with the transformation of the oxidation kinetics from that of parabolic growth of a productive oxide
to either breakaway oxidation or repeated transition and parabolic growth.
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High temperature and temperature gradient in nuclear fuel causes internal stresses in the structure
that result fuel deformation, such as swelling, creep and cracking. These phenomena have conse-
quences to e.g. fuel’s thermal conductivity and fission gas release, which are critical safety parame-
ters. Currently the modelling of these phenomena mainly rely on empirical correlations. This means

Page 30



NuFuel-MMSNF 2019 Workshop / Book of Abstracts

that the models are not extendable to problems beyond the experimental data used in the derivation
nor in new fuel designs. More physics oriented and universal solutions can be obtained with de-
creasing the time and length scales to take into account microscale phenomena and couple them to
macroscopic modelling.

We present a comparative study of the cracking in CeO<sub>2</sub> and UO<sub>2</sub> pel-
lets with different centre line temperatures and temperature gradients. In the comparison we apply
a multiscale software called properTune [1] developed at VTT and compare the results and mod-
elling to the INL’s mesoscale fuel performance code MARMOT [2]. Both codes rely on the MOOSE
framework developed at INL. Later on, we plan to compare the results with the corresponding ex-
periments.

[1] T. Suhonen, A. Laukkanen, T. Andersson, T. Pinomaa, and K. Holmberg (2016). VTT Proper-
Tune: Computational multiscale materials modeling concept. Web publication/site, Retrieved from
http://www.match-a4m.eu/index.php/latest/news/148-propertune

[2] MR. Tonks, D. Gaston, P.C. Millett, D. Andrs, and P. Talbot. An object-oriented finite element
framework for multiphysics phase field simulations. Comp. Mat. Sci., 51(1):20-29, 2012.
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Several research activities at the LRS of the EPFL and at the PSI aim at developing advanced physics-
based and high-fidelity methodologies, in order to improve the understanding of complex phenom-
ena relevant to nuclear reactor safety. In this context, the two institutes are collaboratively devel-
oping a new multi-dimensional fuel behavior solver, OpenFOAM Fuel Behaviour Tool (OFFBEAT),
based on the open-source C++ library OpenFOAM. The new tool is primarily envisioned as a comple-
ment to traditional fuel performance codes and it will be used to investigate the most poorly-known
2D/3D phenomena affecting fuel integrity, such as a missing pellet surface or an asymmetric heat
exchange. In this regard, activities are already planned to devise an optimal coupling strategy with
the well-known TRANSURANUS code. However, the multi-dimensional feature allows one to use
OFFBEAT also for more traditional stand-alone axisymmetric analyses taking into account densi-
fication, relocation and swelling strains as well as the temperature and burnup dependence of the
material properties with semi-empirical correlations. The development proceeds in parallel with ver-
ification and validation efforts. In particular, the contact algorithm and the instantaneous plasticity
model for Zircaloy have been verified against available benchmarks and the temperature predictions
for axisymmetric rods have been validated against fuel centerline temperature data from the IFPE
database. The most recent developments include the introduction of models to take into account the
inelastic behavior of Zircaloy, both in terms of instantaneous plasticity and creep, and of the UO2
fuel, with models for fuel cracking and creep. Such models played a fundamental role in the recent
3D analysis of a test-case rodlet undergoing a typical BWR irradiation history in the presence of a
missing pellet surface defect. Future works will focus on expanding the 3D study of PCMI to both
experimental and full-length rods, including ramp tests and the exchange of information with tradi-
tional 1.5D codes. Activities are also planned to use OFFBEAT to interpret the results of UO2 and
MOX fuel creep tests characterized by 2D or 3D features, thus assisting the scientific community in
the validation of creep models typically used in fuel performance codes.
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The thermo-physical properties of nuclear materials govern the operational and off-normal behavior
of a nuclear reactor. It is, thus, necessary to be able to accurately measure and understand these ma-
terial properties. Frequently, nuclear materials available for examination may be scarce and could
come in non-ideal geometries (e.g. fuel fragments or curved cladding specimen). The asymmetry of
the sample geometry challenges the accuracy of conventional measurements of thermal diffusivity
and conductivity (using techniques as the laser flash method). Hence, in this study the effects of a
curved geometry would be examined on the measurements of thermal diffusivity, thermal conduc-
tivity and specific heat via the laser flash technique. For this purpose a 3-D finite element model
is developed which simulates the heat transfer in a curved Zircalloy cladding segment. The model
is used to produce synthetic data which mimics the experimental data obtained during a laser flash
experiment. Subsequently, an axisymmetric (2-D cylindrical geometry) model is built approximat-
ing the 3-D cladding geometry while conserving volume. The thermal properties (specific heat and
thermal conductivity) of the 2-D model are optimized to obtain a minimal least square difference be-
tween the 2-D output and the synthetic 3-D data. This has been done over a range of temperatures.
Correction factors are established as a function of temperature. Depending on the surface on which
3-D data is calculated (convex or concave) the correction factors differ.

Session 11/ 107

Dependence of molten salt liquidus temperature on its composi-
tion

Author: Jiri Krepel'

Co-author: Sergii Nichenko '

! Paul Scherrer Institut

Corresponding Author: jiri.krepel@psi.ch

Molten Salt Reactors (MSR) are very specific from the fuel properties perspective. Many issues re-
lated to the solid fuel behavior are not relevant for this liquid fuel. At the same time, many new
issues arise. The viscosity, liquidus temperature, its difference from solidus temperature, thermal
conductivity and capacity and many other parameters depends on the fuel composition and its re-
dox conditions.

In this presentation the evolution of liquidus temperature is evaluated for Molten Salt Fast Reactor
(MSFR). This reactor uses molten fluorides salt, which roughly consist of eutectic mixture of LiF and
AcF4. Tt is designed for operation in closed Th-U fuel cycle. Nevertheless, it is not so obvious how to
reach this state. Basically the are only three available option for initial fuel loading of this reactor:
1) using LWR TRU, 2) using enriched uranium and 3) using mixtrure of both previous options. The
transition towards equilibrium Th-U cycle was evaluated for several initial fuel compositions and
the evolution of liquidus temperature was observed along each of these trajectories.

The burn up calculations were accomplished by EQLOD procedure using Monte Carlo code Serpent
2 and the liquidus temperature was obtained by GEMS TM core using Heracles database.

During all transitions certain amount of PuF3 was created. Since the solubility of trivalent fluorides
in this carrier salts is limited, the respective salt liquidus temperature evolves strongly.

The results of neutronics burn up calculations for each transition paths are presented ins the tra-
ditional liquidus temperature diagram. They show the possible range of liquidus temperature and
options how to transit towards the equilibrium Th-U cycle.
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The presentation starts with a brief review of material design challenges and opportunities presented
and discussed in previous NuFuel and MMSNF conferences. It continues with a snapshot of recent
results on model development using Al components such as machine learning, computer vision and
real-time process optimization. The second part of the talk focuses the knowledge, wisdom and
ideas accumulated during the current NuFuel/MMSNF meeting and the emerging topics for future
meetings.
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