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SUMMARY

The Molten Salt Reactor (MSR) is probably the most promising design of the 4" genera-
tion for the future of nuclear energy. The liquid nature of the fuel and the implementa-
tion of innovative safety measures could, in time, open up access to energy from atomic
fission to the whole world. The adaptability of the concept makes it possible to con-
sider different slow or fast neutron spectrum options, different fuel options depending
on available resources, and different sizes and power outputs, from a few MWth to 3,000
MWth. This work aims to answer some of the many questions that need to be addressed
to assess the safety of MSRs. One of the main objectives is to use a thermodynamic ap-
proach to describe the effect of the fission and corrosion products on the fuel salt behav-
ior, and the other is to study methods for controlling and eliminating interfering fission
product elements in the reactor core.

The introduction defines the objective of this thesis, detailing the historical background
to the development of the Molten Salt Reactor from the 1950s to the present day. An
overview of the different fuels considered is given, followed by a discussion of the chal-
lenges posed by chemical equilibrium of the solution. Finally, the focus is on the ther-
modynamic modeling method and its development in the context of nuclear research.
This introduction finally presents the structure of this thesis, which is followed hereafter.

In the second chapter of this thesis, the impact of fission products on the thermody-
namic properties of the fuel and its vaporization behavior is studied. A mixture repre-
senting simulated irradiated fuel composition during reactor operation with a LiF—ThF,—UF,
fuel, reference fuel of the Molten Salt Fast Reactor concept (MSFR), was determined and
experimentally analyzed. The thermodynamic behavior of the fuel in presence of a large
excess of fission products was investigated by calorimetry measurements. Then Knud-
sen effusion mass spectrometry measurements of the simulated fuel were performed.
This study provides new insight on the relative retention of the main fission products in
the LiF—ThF,—UF, molten fuel, and its stability in extreme operating conditions.

To extend the safety assessment, the effect of two major fission products, barium and
zirconium, were explored. In the third chapter, the thermodynamic properties of ZrF,
and BaF, in molten LiF are studied. New experimental data were collected in the LiF—BaF,
and LiF—ZrF, systems by Differential Scanning Calorimetry (DSC) on different compo-
sitions of mixture of pure end-members. These data were used to establish the phase
diagrams of the binary systems LiF—BaF,, LiF—ZrF,, BaF,—ZrF, and finally the ternary
system LiF—BaF,—ZrF,. Thermodynamic models were moreover developed using the
Modified Quasichemical Model in the Quadruplet (MQMQ) approximation, that is well
adapted to ionic solutions with strong short range ordering and used in the framework of
the JRC Molten Salt Database. Computations using the aforementioned models results
confirmed the stability of a large number of intermediate compounds in the LiF—BaF,—ZrF,
system at the minimum operating temperature of 873 K. In particular, Ba,ZrFg and Ba;ZrF,
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were found to be stable above 1173 K (above the maximum operating temperature), in-
dicating the potential formation of solid compounds of fission products in the liquid
solution. These observations constitute valuable insights for the risk assessment of the
MSR, especially to anticipate the release of fission products in case of an accident.

To conclude on the fission products safety assessment, the fourth chapter of this the-
sis focuses on the removal of metallic particles by helium bubbling. The implementation
of a gaseous in-core bubbling flow was investigated in the framework of the MSFR. The
helium bubbling flow should entrain the gaseous fission products (such as Kr and Xe),
noble and semi-noble solid particles in suspension in the liquid core and concentrate
them in a recovering system. The objective is to remove these potentially poisonous el-
ements from the reactor without interfering with the flow dynamics of the reactor. In
this work, an experimental setup was implemented to observe the dynamics of the re-
moval of nanoparticles by bubbling using Laser Induced Fluorescence measurements.
The removal efficiency of different sizes of nanoparticles (250nm, 530nm, 890nm) was
measured for different flow rates (5, 10 and 15 standard cubic centimeter (sccm)). The
results allowed to empirically evaluate the efficiency of the recovery of nanoparticles by
gaseous bubbling as function of the size and the flow rate and can be used as a support
for numerical simulations aiming to refine the strategy for the safety measures.

The next part of this thesis focused on a essential aspect of the perenity of the MSR,
i.e. corrosion issues of the structural materials in contact with the molten salt. Corro-
sion is one of the most critical concerns for the long term use of the MSR because it can
induce structural degradation of the reactor core alloy at the same time as dissolution
of corrosion products inside the nuclear fuel salt matrix. The understanding of the ef-
fect of those corrosion products on the fuel salt behavior is thus of prime importance.
Chromium is the main corrosion product encountered in all the experimental evalua-
tions of the corrosion processes for Ni-based alloys considered for the containment of
fluoride based salt. In the fifth chapter, the focus is on the phase equilibria of trivalent
CrF; in the so-called FLiNaK salt (LiF-NaF-KF). The thermodynamic assessments of the
binary systems LiF—CrF;, NaF—CrF; and KF—CrF; were performed using the MQMQ ap-
proximation based on literature data. In this work, the phase diagram of the CrF,—CrF;
system was also calculated, indicating a high instability of trivalent CrF; in molten salt
conditions.

To extend this work, the sixth chapter of this thesis is focused on divalent CrF,, the
most stable form of the chromium in lithium based molten salts. Two routes of synthe-
sis of pure CrF, were investigated, and a high purity of the products was confirmed by
DSC measurements and X-ray Diffraction. From pure CrF,, LiF and ThF, synthesized
by gaseous fluorination, experimental phase diagram data of the LiF—CrF,, CrF,—ThF,
and LiF—CrF,—ThF, systems were collected for different selected compositions. The two
binary systems showed to be simple eutectic phase diagrams, without any intermediate
compound formed. The results were confirmed by X-ray analysis. In the case of the
ternary system, the only identified intermediate compounds were those formed in the
system LiF—ThF,. The data collected were the basis of the first modeling of the LiF—CrF,,
CrF,—ThF, and LiF—CrF,—ThF, systems using the modified quasichemical model. This
work demonstrated the solubility of CrF, in the LiF—ThF, molten salt system, preventing
the formation of solid compound in the solution.
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Fluoride salts have been investigated most extensively in most Molten Salt Reactor
projects to this date. However, using chloride salts as an alternative carrier salt, and in
particular NaCl, is today a widely explored option worldwide, particularly for the devel-
opment of fast neutron spectrum reactors. In the last and seventh chapter, a first explo-
ration is made of the thermodynamic behavior of the chloride alternative for thorium-
based MSR fuel, NaCl-ThCl,—PuCl;. Based on literature data, models of the binary
phase diagrams NaCl—PuClz and ThCl,—PuCl; and the NaCl-ThCl,—PuCl; ternary sys-
tem were developed for the first time using the MQCM method. The ternary system ex-
hibits two eutectics at relatively low temperatures, 597 K and 598 K, and the liquid field
shows a wide composition range with a liquid transition below the minimum safe oper-
ating temperature proposed for MSR (873 K). The NaCl—ThCl,—PuCl; demonstrates very
promising thermodynamic properties and can be considered an interesting fuel option
for the fast neutron spectrum MSR.

Ultimately, this research contributes to the overall understanding of essential aspects
for the safety demonstration and the feasibility of MSRs. Understanding the thermody-
namic behavior and more generally the impact of fission products were analyzed rel-
atively exhaustively in this work. The in-core helium bubbling strategy was experimen-
tally assessed with innovative measurement methods. The thermodynamic properties of
the main corrosion product, chromium, were exhaustively determined in molten LiF—ThF,
salt for the first time. Throughout this work, the thermodynamic tool of quasichemical
modeling in the quadruplet approximation has demonstrated its potential, enabling to
describe complex ionic molten salt solutions, including fuel, fission products and cor-
rosion products elements, to assess essential aspects related to the safety assessment of
MSRs.






SAMENVATTING

De gesmolten-zoutreactor (MSR) is waarschijnlijk het meest veelbelovende ontwerp van
de 4de generatie voor de toekomst van kernenergie. De vloeibare toestand van de brand-
stof en de implementatie van innovatieve veiligheidsmaatregelen zouden op termijn de
hele wereld toegang kunnen geven tot energie uit kernsplitsing. De flexibiliteit van het
concept maakt verschillende opties met een spectrum van langzame of snelle neutro-
nen mogelijk, kan verschillende brandstoffen benutten athankelijk van de beschikbare
bronnen, en kan worden ontworpen met verschillende vermogens, van een paar MWth
tot 3000 MWth. Het werk beschreven in dir proefschrift heeft als doel om enkele van
de vele vragen te beantwoorden die beantwoord moeten worden om de veiligheid van
MSR’s te beoordelen. Een van de belangrijkste doelstellingen is het gebruik van een ther-
modynamische benadering om het effect van de splijtings- en corrosieproducten op het
gedrag van het brandstofzout te beschrijven, en wordt gecombineerd met het bestude-
ren van methoden om storende splijtingsproducten in de reactorkern te beheersen en te
verwijderen.

Het inleidende hoofdstuk beschrijft het doel van dit proefschrift en de historische ach-
tergrond van de ontwikkeling van de gesmolten-zoutreactor vanaf de jaren vijftig tot nu.
Er wordt een overzicht gegeven van de verschillende brandstoffen die in aanmerking
kwamen, gevolgd door een bespreking van de uitdaging van het chemisch evenwicht van
de oplossing. Tot slot ligt de nadruk op de thermodynamische modelleermethode en de
ontwikkeling ervan in de context van nucleair onderzoek. De inleiding introduceert ten
slotte de structuur van dit proefschrift, die hierna wordt gevolgd.

In het tweede hoofdstuk van dit proefschrift wordt de invloed van splijtingsproduc-
ten op de thermodynamische eigenschappen van de brandstof en het verdampingsge-
drag bestudeerd. Een mengsel is geproduceerd dat een samenstelling van bestraalde
LiF—ThF,—UF, reactorbrandstof simuleert, de referentiebrandstof van het concept van
de Molten Salt Fast Reactor (MSFR), en experimenteel geanalyseerd. Het thermody-
namische gedrag van de brandstof in aanwezigheid van een grote overmaat aan splij-
tingsproductenis onderzocht met behulp van calorimetrische metingen. Vervolgens zijn
Knudsen effusie massaspectrometriemetingen van de gesimuleerde brandstof uitgevoerd.
Dit onderzoek geeft een nieuw inzicht in de oplosbaarheid van de belangrijkste splij-
tingsproducten in de gesmolten LiF—ThF,—UF, brandstof en de stabiliteit ervan onder
extreme bedrijfsomstandigheden.

Om de veiligheidsbeoordeling te verbreden, is vervolgens het effect van twee belang-
rijke splijtingsproducten, barium en zirkonium, onderzocht. In dit derde hoofdstuk wor-
den de thermodynamische eigenschappen van ZrF, en BaF, in gesmolten LiF bestu-
deerd. Er zijn nieuwe experimentele gegevens verzameld in de systemen LiF—BaF, en
LiF-ZrF, met behulp van Differential Scanning Calorimetrie (DSC) aan verschillende
samenstellingen van mengsels van zuivere eindleden. Deze gegevens zijn gebruikt om
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de fasediagrammen van de binaire systemen LiF—BaF,, LiF—ZrF,, BaF,—ZrF, te bepalen
en uiteindelijk het ternaire systeem LiF—BaF,—ZrF,. Bovendien zijn thermodynamische
modellen ontwikkeld met behulp van het MQMQ benadering, dat goed geschikt is voor
ionogene oplossingen met een sterke ordening op korte afstand en gebruikt wordt in het
kader van de JRC Molten Salt Database. Berekeningen met de bovengenoemde modellen
bevestigen de stabiliteit van een groot deel van de tussenliggende verbindingen in het
LiF—BaF,—ZrF, systeem bij de minimale bedrijfstemperatuur van 873 K. Vooral Ba,ZrFg
en BasZrF,( bleken stabiel te zijn boven 1173 K (boven de maximale werkingstempera-
tuur), wat wijst op de mogelijke vorming van vaste verbindingen van splijtingsproducten
in de vloeibare oplossing. Deze waarnemingen vormen waardevolle inzichten voor de
risicobeoordeling van de MSR, vooral om te anticiperen op het vrijkomen van splijtings-
produkten in het geval van een ongeval.

Ter afsluiting van de veiligheidsbeoordeling van splijtingsproducten richt het vierde
hoofdstuk van dit proefschrift zich op de afscheiding van metaaldeeltjes door helium
borrelen. De relatieve retentie van een gasvormige borrelstroom in de kern is onder-
zocht in het kader van de MSFR. De helium borrelstroom moet zowel gasvormige splij-
tingsproducten (zoals Kr en Xe) als vaste deeltjes van de edele en semi-nobele metalen in
suspensie in de vloeibare kern meevoeren en concentreren in een recuperatiesysteem.
Het doel is om deze potentieel storende elementen uit de reactor te verwijderen zon-
der de stromingsdynamica van de reactor te verstoren. In dit werk is een experimen-
tele opstelling geimplementeerd om de dynamica van de verwijdering van nanodeeltjes
door borrelen met helium te volgen met behulp van lasergeinduceerde fluorescentieme-
tingen. De verwijderingsefficiéntie van nanodeeltjes van verschillende grootte (250nm,
530nm, 890nm) is gemeten voor verschillende stroomsnelheden (5, 10 en 15 standaard
kubieke centimeter (sccm)). De resultaten maaken het mogelijk om de efficiéntie van
de afscheiding van nanodeeltjes door gasbellen empirisch te evalueren als functie van
de grootte en het debiet en kunnen worden gebruikt ter ondersteuning van numerieke
simulaties om de veiligheidsstrategie te verfijnen.

Het volgende deel van dit proefschrift richt zich op een essentieel aspect van de duur-
zaamheid van de MSR, namelijk corrosieproblemen van de constructiematerialen die in
contact komen met het gesmolten zout. Corrosie is een van de meest kritieke punten
voor het gebruik van de MSR op lange termijn, omdat de degradatie van de legering van
de reactorkern kan veroorzaken en tegelijkertijd corrosieproducten kan oplossen in de
matrix van het splijtstofzout. Het begrijpen van het effect van die corrosieproducten op
het gedrag van het splijtstofzout is dus van essentieel belang. Chroom is het belang-
rijkste corrosieproduct dat is aangetroffen in alle experimentele evaluaties van corrosie
van Ni-gebaseerde legeringen die voor de insluiting van fluoride zouten worden over-
wogen. In het vijfde hoofdstuk lag de nadruk op de fase-evenwichten van driewaardig
CrF3 in het FLiNaK-zout (LiF-NaF-KF). De thermodynamische evaluatie van de binaire
systemen LiF—CrF3;, NaF—CrF5 en KF—CrF; zijn uitgevoerd met behulp van het Modi-
fied Quasichemical Model in de Quadruplet (MQMQ) benadering op basis van litera-
tuurgegevens. In dit werk is ook het fasediagram van het systeem driewaardig chroom
CrF,—CrF; geévalueerd, wat wijst op een hoge instabiliteit van driewaardig chroom CrF5
in gesmolten zout.

Om dit werk uit te breiden is het zesde hoofdstuk van dit proefschrift gericht op twee-
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waardig chroom CrF,, de meest stabiele vorm van chroom in lithiumhoudende gesmol-
ten zouten. Twee syntheseroutes van zuiver CrF, zijn onderzocht en een hoge zuiverheid
van de producten is bevestigd door DSC-metingen en rontgendiffractie. Met zuiver CrF,,
LiF en ThF, gesynthetiseerd door gasfluorgenering, zijn de experimentele fasediagram-
gegevens van de LiF—CrF,, CrF,—ThF, en LiF—CrF,—ThF, systemen verzameld voor ver-
schillende geselecteerde samenstellingen. De twee binaire systemen blijken eenvoudige
eutectische fasediagrammen te zijn, zonder enige tussenverbinding. De resultaten zijn
bevestigd door rontgenanalyse. In het geval van het ternaire systeem zijn enkel inter-
mediaire verbindingen die worden gevormd in het LiF—ThF, systeem gefidentificeerd.
De verkregen gegevens vormen de basis voor de eerste modellering van de systemen
LiF-CrF,, CrF,—ThF, en LiF—CrF,—ThF, met behulp van het gewijzigde quasichemi-
sche model. Dit werk toont dat CrF, oplosbaar is in het LiF-ThF, gesmolten zoutsys-
teem, waardoor de vorming van vaste verbindingen in de oplossing wordt voorkomen.

Fluoridezouten zijn tot nu toe het meest uitgebreid onderzocht in de meeste projec-
ten voor gesmolten-zoutreactoren. Het gebruik van chloridezouten als alternatief dra-
gerzout, en in het bijzonder NaCl, is tegenwoordig echter wereldwijd een veel onder-
zochte optie, vooral voor de ontwikkeling van reactoren met een snel neutronenspec-
trum. In het laatste en zevende hoofdstuk is een eerste verkenning gemaakt van het
thermodynamische gedrag van het chloride-alternatief voor MSR-splijtstof op basis van
thorium, namelijk NaCl-ThCl;—PuCl;. Op basis van literatuurgegevens zijn de eerste
modellen ontwikkeld van de binaire fasediagrammen NaCl—PuCl; en ThCl,—PuCl; en
het ternaire systeem NaCl-ThCl,—PuCl; met behulp van de MQCM-methode. Het ter-
naire systeem vertoont twee eutectische gebieden bij relatief lage temperaturen, 597 K
en 598 K, en het vloeistofveld vertoont een breed samenstellingsbereik met een vloei-
stofovergang onder de minimale veilige bedrijfstemperatuur die is voorgesteld voor MSR
(873 K). Het NaCl—ThCl,—PuCl; heeft veelbelovende thermodynamische eigenschappen
en kan worden beschouwd als een interessante brandstofoptie voor MSR met een snel
neutronenspectrum.

Samenvattend draagt dit onderzoek bij tot het brede inzicht in essentiéle aspecten van
de veiligheid en de haalbaarheid van MSR’s. Het thermodynamische gedrag en meer in
het algemeen de impact van splijtingsproducten zijn in dit werk vrij uitvoerig geanaly-
seerd. De helium borrelstrategie in de kern is experimenteel beoordeeld met innovatieve
meetmethoden. De thermodynamische eigenschappen van het belangrijkste corrosie-
product, chroom, zijn voor het eerst uitgebreid bepaald in gesmolten LiF—ThF,-zout. In
dit werk heeft thermodynamische modelering met behulp van het quasichemische be-
nadering zijn potentieel bewezen, waardoor complexe ionogene gesmolten zoutoplos-
singen kunnen worden beschreven, inclusief splijtstof, splijtingsproducten en elemen-
ten van corrosieproducten, om essentiéle aspecten met betrekking tot de veiligheid van
MSR’s te beoordelen.






INTRODUCTION

UMANITY faces a vital survival challenge in this century. Global population
His growing inexorably and should reach 10.4 billion people at the horizon
2100 according the projection of the United Nations [1]. Providing equal access to
new technologies and modern conveniences for all, while preserving a sustainable
environment, is the main challenge.

Since the Kyoto protocol ratification in 1997, most countries seem aware of the
necessity to limit global warning [2]. According to the Paris agreement of 2015, the
objective of an increase below 1.5 °C compared to the pre-industrial area, should be
fulfilled thanks to the development of more ecological ways to produce energy [3].

Currently, fossil fuels (coal, natural gas, oil) represent 67% of the power generation
mix worldwide according to an evaluation by the World Energy Council in 2014 [4].
To reach the minimum objective of reduction of CO, emissions, this proportion
should decrease to 19% by 2060. Given the urgent need for reduced carbon
emissions, nuclear power stands as an essential element of the future energy mix.
Unlike its carbon-intensive counterparts, nuclear power generates electricity without
the direct release of greenhouse gases during operation. This inherent quality
positions nuclear energy as a powerful instrument in mitigating the adverse effects of
climate change, and larger investments in this source of energy were recommended
by the Intergovernmental Panel on Climate Change [5].
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1.1. NUCLEAR ENERGY: SOLUTION TO THE ENVIRONMENTAL

CHALLENGE

The World Energy Council suggests to increase to 17% the proportion of nuclear
energy in the global energy mix, estimated at 11% nowadays [4]. But the global
investments in the nuclear industry have slightly decreased since the beginning of
the century [6].

Multiple factors can substantiate the declining of the nuclear power generation
over the years. It is firstly due to the cost of construction of light water reactors [7].
The example of the EPR (European Pressurized Reactor), with an extra cost of 16
billion euros for the construction of the reactor in Flamanville (France), shows the
limits of oversized reactors to comply with safety regulations [8]. The second reason
is related to the ecological concern linked to the difficulty of managing radioactive
waste (including fission products and actinides such as Pu, Am, Np) coming from
the fission reaction [9-11]. Lastly, there are more political reasons, such as a poor
image of a high-risk industry, particularly following the Chernobyl and Fukushima
Daiichi accidents [12], and a concern about the proliferation [13, 14].

To fulfill the issues mentioned above, the Generation IV forum, an International
cooperation for the development of the fourth generation of nuclear reactors,
proposed to focus research and development on six reactor designs. The objective
was to determine the most promising designs for the horizon 2030 [15], based on
the following selection criteria:

¢ Sustainability: management and reduction of waste, especially long-lived
components.

e Economics: reduction in implementation costs to achieve a financial risk
equivalent to that of other energy sources.

o Safety and Reliability: minimizing the risk of reactor core damage and
promoting on-site emergency response.

¢ Proliferation Resistance and Physical Protection: restricting opportunities for
the proliferation of weapons-grade materials and developing counter measures
against terrorist attacks.

One of the six selected concepts is the Molten Salt Reactor (MSR), which is the
focus of this thesis and will be presented below.

1.2. MOLTEN SALT REACTOR

1.2.1. GENERAL CONCEPT OF THE MSR

Molten salt reactors (MSRs) can be defined as a type of advanced nuclear reactor
design that use liquid salts as both the fuel and the coolant (Figure 1.1). In the
core of the reactor, where the nuclear reaction takes place, the salt is the carrier of
fertile and fissile materials. The salt comes out of the reactor primary circuit at a
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maximum operating temperature, and the heat is extracted via heat exchangers in
a secondary circuit. This second circuit is filled with molten salt, which acts as a
coolant and allows to transfer heat at a higher temperature than the water-cooled
reactor. The heat exchanger then transfers heat to a tertiary circuit. A water circuit
transforms the heat in a steam turbine, which drives the rotation of an electricity
generator. Heat can also be used directly for industrial purposes.
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Figure 1.1.: Sketch of the Molten Salt Reactor concept issued by the Generation IV
forum in 2002 [16].
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In the first MSR conceptual scheme, a reprocessing unit was envisaged, in which
part of the primary salt is continuously cleaned by eliminating fission products
and separating fissile and fertile products, which are returned to the reactor core.
Protactinium, a decay product of Th-232, for instance, is isolated for three months
in the reprocessing unit until most of it has decayed into uranium before being sent
back to the reactor core according the transmutation chain presented below:

ﬁ_ ﬁ_

232 233 233 233

n+ Th — Th Pa U
90 90 22min 91 27d 92

An Emergency Draining System (EDS) was also designed, which allows to stop
the reaction almost immediately in case of uncontrollable fission, in a non-critical
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configuration and keeping the fuel salt in safe conditions. A freeze plug guaranteed
this safety measure even in case of power outage [17].

MSRs offer several advantages compared to traditional solid fueled, water-cooled
nuclear reactors [18-20]:

¢ Inherent Safety: MSRs have built-in safety features. If the reactor overheats or
experiences a loss of coolant, the fuel salt expands which will have the effect
of naturally slowing down the nuclear reactions, preventing a thermal runaway.
The passive safety mechanisms, such as the freeze plug, reduce the risk of
catastrophic accidents [21].

e Improved Environmental Impact: MSRs can be a solution to efficiently
consume fissile materials to produce energy and transmute some of the
long-lived transuranium elements into shorter-lived isotopes [18]. The waste
produced is easier to manage and store due to its reduced volume [22].

¢ High Fuel Efficiency and Flexibility: MSRs can use a wide variety of nuclear
fuels, and can be designed as breeder reactors. They can achieve high
fuel utilization rates, extracting more energy from the same amount of fuel
compared to light water reactors [23, 24].

¢ Proliferation Resistance: Some MSR designs can be configured to reduce
the risk of nuclear weapons proliferation by minimizing the availability of
weapons-grade materials [25-27].

e High Operating Temperatures: MSRs operate at much higher temperatures
than traditional reactors, which makes them suitable for various applications,
including hydrogen production and high-temperature industrial processes [18].

¢ Longer Fuel Cycles: MSRs can potentially operate for longer periods without
refueling due to their efficient fuel utilization and continuous reprocessing,
reducing downtime and maintenance costs [28, 29].

The Molten Salt Reactor concept may look like an innovative solution, but it’s
actually the fruit of a story that began at the dawn of the nuclear age.

1.2.2. HISTORICAL BACKGROUND

The first concept of Molten Salt Reactor was developed after the World War II by
the Oak Ridge National Laboratory (ORNL), besides other military projects. The first
scheme was an attempt of nuclear-powered aircraft, which led to the Aircraft Reactor
Experiment (ARE) [30]. Fueled with a NaF—ZrF,—UF, mixture, the reactor reached
criticality for 221 hours, at a maximum temperature of 1133 K. A 453 K gradient of
temperature was measured between the inlet and the outlet. This reactor reached an
energy production of 96 MWhr. Although the initial objective of becoming a power
generator for an aircraft was not achieved, this experiment did enable the operating
conditions of the reactor to be determined.
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Experiments for a first civilian development to demonstrate the feasibility of the
molten salt concept were initiated by the ORNL in the 1960s-1970s [31]. The Molten
Salt Reactor Experiment (MSRE), conducted between 1964 and 1969, was based on a
small reactor prototype (1.37 m in diameter, 1.62 m height), moderated by graphite.
The vessel was composed of Hastelloy-N and the cover gas was helium. The reactor
was connected to a chemical reprocessing plant, ensuring the purity of the fuel. The
primary fuel was ‘LiF-BeF,—ZrF,—UF, (65.0-29.1-5.0-0.9 mol%), the coolant in the
secondary loop was ‘LiF-BeF, and the reactor operated at 923 K. The first series of
experiments were performed with 23U enriched at 33%. The reactor was operated
for 15 months and was critical 80% of the time, generating 8 MWhr. The uranium
was later substituted with 233U for the first time as fissile material, and operated for
2500 hours with the same efficiency, thereby proving the effectiveness of this isotope
as fuel.

The successor to the MSRE was the MSBR (Molten Salt Breeder Reactor)
program, still managed by the Oak Ridge National Laboratory [32-35]. This was
a comprehensive research program, with the aim of scaling up the MSR concept
to a 1000 MW reactor. Different parameters were studied in detail: design, fuel
chemistry, materials development and fuel processing. This work aimed at the large
scale use of thorium-based fuel for the first time with the LiF—-BeF,—ThF,—UF,
salt mixture [36]. It was also the first study using forced convection loops to
study materials degradation and corrosion [37]. Although this program yielded very
promising results, the parallel expansion of already more mature light water reactor
designs, combined with abundant uranium resources and the competitiveness of the
Sodium-cooled Fast Reactor (SFR) concept in terms of breeding gain, meant that
most molten salt projects were discontinued in the 1970s.

The Generation IV International Forum (GIF), in 2002, brought back the Molten
Salt Reactor into focus [15]. Many concepts are currently being developed worldwide,
for example the Molten Chloride Fast Reactor by Terrapower [38], the TMSR-LF1
thorium-powered molten-salt reactor in China [39] or the Compact Molten Salt
Reactor by Seaborg Technologies [40]. In the framework of the EURATOM treaty
[41], the SAMOFAR project (Safety Assessment of the Molten Salt Fast Reactor -
MSFR) [42], and its follow-up the SAMOSAFER project (Severe Accident MOdeling
and Safety Assessment for Fluid-fuel Energy Reactors) [43, 44], investigated key safety
aspects of the Molten Salt Fast Reactor system. The present thesis was conducted in
the framework of the SAMOSAFER project.

1.2.3. MOLTEN SALT FAST REACTOR DESIGN

The SAMOSAFER project, has adopted the Molten Salt Fast Reactor (MSFR) design,
as its reference, i.e. a fast neutron spectrum breeder reactor [45-47]. In this concept,
there is no graphite moderator in the reactor core and the fertile material (thorium)
is contained in a blanket lining the reactor’s wall (Figure 1.2).

With a 3 cubic meters volume and an operating temperature between 873 K and
1073 K, the targeted power of the MSFR is 300 MWth. The breeder concept allows to
drastically reduce the volume of salt reprocessed daily (from 4000 liters per day in
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Figure 1.2.: Scheme of the Molten Salt Fast Reactor concept by Merle et al. [47]. The
green arrows show the molten salt flow, in red is the thorium blanket,
and the white bubbles represent helium gas injection.

the MSBR design to 40 liters) [46]. This contributes to safety by reducing the amount
of radioactive material to be processed in the chemical unit. The MSFR also allows
the use of a wide variety of fuels and is open to fluoride and chloride options [24,
48].

1.3. FUELS FOR MOLTEN SALT REACTORS
1.3.1. LiF-ThF,-UF,

The fuel mixture LiF—-ThF,—UF, is a reference for many research activities related to
MSR. This specific fuel mixture is generally associated with the Molten Salt Breeder
Reactor or the Molten Salt Fast Reactor [24]. In this fuel:

e LiF (lithium fluoride): LiF serves as the solvent or matrix for the other
components in the fuel mixture. It has good heat transfer properties and is
chemically stable at high temperatures. Lithium also plays a role as it does not
inhibit neutron scattering [49, 50].

» ThF, (thorium tetrafluoride): Thorium (**?Th) is a fertile material, meaning
it can capture neutrons and be converted into fissile uranium-233 (*33U)
following the transmutation reaction:

232 p- 233 p- 233 p- 233
n+ 90Th — 90Th 22min 91Pa 27d 92U
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Thorium is three to four times more abundant than uranium on Earth [51].
However, the ore formations are more complex to exploit. It is generally a
by-product of rare earth purification processes, and its utilization in the fuel
cycle thus also contributes to resource efficiency [52]. In addition, thorium has
shown very interesting properties for lowering the melting temperature of fuel
mixtures [53].

e UF, (uranium tetrafluoride): Uranium (**3U or 2%U) is a fissile material,
meaning it can sustain a nuclear chain reaction. The use of 23U instead of
235U has the advantage of producing less long-lived radioactive waste [54].

LiF—-ThF,—UF, fuel is of particular interest in the development of Molten Salt
Reactors due to its potential to efficiently breed fissile material (***U) from fertile
thorium (?*2Th). This breeding process can help extend fuel cycles, reduce nuclear
waste, and utilize thorium in combination with fissile material.

1.3.2. OTHER FUEL OPTIONS

During the Molten Salt Reactor project by the ORNL, mainly fluoride-based salts
were used and the final focus was on LiF-based fuels [32]. As mentioned already;,
promising results were obtained with the so-called FLiBe (LiF—BeF,) salt, as support
for the uranium fluoride and as coolant. In the next steps, ZrF, and ThF, were
introduced, forming LiF—BeF,—ZrF,—UF, and LiF—-BeF,—-ThF,—UF, fuel mixtures
[32, 55]. One of the most explored fluoride salt options nowadays is the so-called
FUNaK (NaF-KF—-UF,), notably by Seaborg Technologies and Terrestrial Energy [40,
56]. The introduction of UF; in the fuel mix is also considered in order to control
the redox potential and mitigate corrosion of the structural materials in contact with
the salt, following the recommendation of the ORNL [31].

The flexibility of the MSR concept allows to consider other halide salts as well
notably chloride mixtures. The use of 23U isotope as fertile material is also
investigated and is a way to use the existing stockpiles from natural and depleted
uranium coming from the enrichment process in IWRs [57]. The transmutation
chain can be described as:

B- B- B-
238 239 239 239
n + “goU U 9Np — asPu

The introduction of separated plutonium in the fuel mixture is also considered
because of the large resources coming from military and civilian stockpiles [58].
There is a vast amount of this fissile material worldwide coming from the LWRs
spent fuels and dismantlement of warheads, introduced by the USA and Russia
under the START and New START treaties [59]. Furthermore, plutonium shows
better neutron economy properties than uranium, particularly for the fast neutron
spectrum designs [60]. The use of other long-lived transuranic elements (such as Np,
Am or Cm) is also seen as a potential option for the recycling of actinide materials
in fuel, and represents a good opportunity to transmute those elements, thereby
reducing the burden for future generations.
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While fluoride salts were the reference for many years, chloride salts have seen a
increased interest in the last twenty years. Already introduced during the British
MSR Programme [61], chloride salts such as PuCl; and UCl; have been explored. The
main carrier salt studied is sodium chloride (NaCl). Available in abundance, NaCl,
which is nothing other than table salt, represents a less scarce resource than lithium
and can be easily mined or even extracted from sea water. The most explored
options are based on the binary system NaCl-PuCl; and per extension the ternary
system NaCl-MgCl,—PuCl; [38, 62].

1.4. CHALLENGE WITH MOLTEN SALT REACTORS

1.4.1. FISSION PRODUCTS

When a heavy atomic nucleus, like 233U or 239Pu, undergoes fission, it splits into two
lighter nuclei, releasing energy, two to three neutrons, and several fission products.
In light water reactors, these products were exhaustively identified and quantified
[63]. In the case of the Molten Salt Reactor, once again the most comprehensive
study of the fission products production and speciation, was provided by the Oak
Ridge National Laboratory by Compere et al. during the study of the chemical
composition of the MSRE [64].
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Figure 1.3.: Schematic example of a 233U fission reaction producing two random
isotopes.

According to the observations of the ORNL in the MSR project, the reprocessing
process had almost no impact on the removal of the fission products, but they
were retained in the graphite moderator [55]. The fission product elements showed
overall a good solubility in the fuel, and did not interact with initial compounds.
They formed the most stable fluoride forms, following their preferential valence. The
gaseous fission products, Kr and Xe, were found almost insoluble. In the MSRE, a
helium bubbly flow removed most of the latter, that were collected by the filtration
system [64].

In the case of the MSFR concept, the absence of a solid moderator in the reactor
core means that a fresh look at the generation of the fission products needs to be
taken. The behavior of cesium and iodine, which are important for the assessment



1.4. CHALLENGE WITH MOLTEN SALT REACTORS 9

of the source term, was already thermodynamically assessed in LiF—ThF, by Capelli
et al. [65]. CsF and Csl are the most likely stable chemical compounds to form.
The solubility of CsF in the molten salt was found generally good. However, Csl
showed a very limited solubility in the fuel mixture and was found to vaporize easily
out of the fuel. The stability, speciation and phase equilibria of many other fission
products need to be explored to realize the safety assessment of the MSFR.

One of the key features of the MSFR technology, which is studied in this thesis,
is in-line extraction of fission products by helium bubbling: as helium bubbles are
passed through the salt, they remove gaseous fission products which are strong
neutron poisons, and suspended metallic particles from the fuel (Figure 1.2). Metallic
particles formed during fission were found to remain neutral and form particles of a
multi-element (Pd, Rh ,Ru,Tc, Mo) alloy. Only a fraction of the molybdenum could
form MoF,. These elements were preferentially attached to the cold part of the
reactor or the graphite moderator in the MSRE [64]. In the MSFR, these colloidal
particles must be taken into account, considering the absence of graphite to adhere
to the wall. An empirical observation of the coalescence of the noble and semi-noble
metallic nanoparticles in molten FLiNaK salt, by Capelli, has shown that the average
size of the aggregates is around 400 nm [66]. The solution being explored to solve
this problem is a flow of bubbling helium directly into the core, which binds and
carries the particles to a collection device.

1.4.2. CORROSION PRODUCTS

Corrosion is the most critical structural problem encountered in most nuclear
reactors. It could lead to uptake of corrosion products in the coolant, affecting the
neutron economy and coolant chemistry. Notably reaction with corroded metals,
modification of the structure of the vessel or tubing and in the worst case, formation
of cracks in the core resulting in accidental release of radioactive materials. In the
Molten Salt Reactor Experiment [31], the corrosion issue was obviously central.

The ORNL carried out an extensive study of the degradation of the vessel materials
subjected to various lithium-based molten salts [67]. Several alloys were tested
and the best performance was found with Hastelloy-N (68 Ni-17 Mo-7 Cr-5 Fe-0.5
Mn), showing a higher resistance to structural depletion and mass transfer [37,
68]. For nine years, exposure of Hastelloy-N convection loops were performed with
LiF-BeF,—ZrF,—UF,—ThF, (approximately 70-23-5-1-1 mol%) fuel salt at operating
temperature between 833 K and 973 K. The study of the alloy samples dispatched
at different positions in the loops showed the presence of mechanical stress at
the interface. Interstitial voids at the surface of the material were created, almost
exclusively, by the depletion of chromium from the alloy. These observations were
moreover supported by the analysis of the salt composition, which confirmed the
significant increase of the chromium amount (from 100 ppm to 1800 ppm after 9
years) along the process [37]. The chromium depletion seemed mainly driven by the
reaction [69]:

Cr + 2UF, == CrF, + 2UF;

The impurities in the mixture LiF—BeF,—UF, were moreover found to play a major
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role in the corrosion process. The other corroded elements from the alloy, Ni and
Fe, participate to the chromium oxidation according to the two reactions:

NiF, + Cr == CrF, + Ni

FeF, + Cr = CrF, + Fe

Impurities such as hydrogen, originating from external contamination of water or
residues from fluoride synthesis, create acidic conditions and promote reactions like
for instance:

Cr+2HF =— CrF, + H,

It was also proven that the oxide films on the metal surface would participate as
well:
FeO3 + 1.5Cr = Fe + 1.5Cr0O,

In the MSRE, it was demonstrated that the corrosion products in the fuel were
controlled by the adhesion on the graphite moderator, notably with the formation of
carbides such as Cr,Cs [70].

1.5. THERMODYNAMIC TOOL

For the safety assessment of the MSFR, the understanding and modeling of
the fission products and corrosion products is of paramount importance, and
thermodynamic assessment of the equilibrium chemical state is a powerful tool to
reach this objective. Thermodynamic modeling plays a crucial role in nuclear reactor
development for several reasons. Firstly, its predictive capability helps engineers and
scientists to understand and predict fuel behavior under various conditions [71].
Nuclear reactors involve complex interactions between various materials, fluids and
energy transfer processes. Thermodynamic models enable researchers to predict
equilibrium states and study how changes in parameters such as temperature,
pressure and composition affect reactor performance [72]. These models also play
an essential role in the study of fuel cycles, heat transfer mechanisms and overall
energy conversion efficiency. This information is invaluable for optimizing reactor
design to improve efficiency and safety.

Additionally, thermodynamic modeling helps to identify and mitigate potential
problems and risks associated with nuclear reactors. For example, it can help predict
and analyze fuel behavior under transient conditions, such as start-up, shutdown or
accidents [73]. Understanding how the system reacts to these events enables the
development of effective safety measures and protocols.

In this context, CALPHAD appears to be a powerful tool, seamlessly integrating
thermodynamic principles and experimental data to predict and understand the
complex interaction of phases under varying conditions of temperature, pressure
and composition. CALPHAD stands for "CALculation of PHAse Diagrams", and
was coined in the late 1960s by Larry Kaufman [74, 75]. The fist CALPHAD
conference recognized the need for a more comprehensive and systematic approach
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to thermodynamic modeling. The CALPHAD method aims to combine the strengths
of computational techniques with experimental data to predict phase diagrams and
other thermodynamic properties.

This led to the emergence of different databases, grouping the thermodynamic
data of the different materials of interest for the development of the next generation
of nuclear reactors (such as fuel or vessel materials). One can cite, in the framework
of the Molten Salt Reactor, the American MSTDB-TC [76, 77], the international
TAF-ID [78], or, finally the JRCMSD database, developed by the Joint Research Centre
of the European Commission, in collaboration with many institutions [79-81]. The
thermodynamic data and models presented in this thesis, are integrated in this latter
database.

1.6. OBJECTIVES OF THIS WORK

This research project aims to answer questions that are essential for ensuring the
safety of molten salt reactors (MSRs). Using a dual approach, the main objective
is to use a thermodynamic framework to describe the complex effects of fission
and corrosion products on the behavior of fuel salt within the reactor system. By
investigating the thermodynamic interactions governing these components, we also
aim to improve our understanding of their dynamics and implications.

Simultaneously, our secondary goal is to understand the disruptive elements
formed in the fuel solution, notably gases and metallic fission products particles, and
to explore innovative methods designed to eliminate them within the reactor core,
as they could potentially compromise the optimal operation of the reactor core.

The primary objective of this research is to make a significant contribution to
improving the safety and efficiency of Molten Salt Reactors. Through in-depth
examination of these critical aspects, the aim is to contribute to in advances that not
only deepen our understanding of MSR dynamics, but also pave the way for practical
solutions guaranteeing safe and reliable operation of these advanced reactor systems.

The purpose of this thesis can be divided into three main axis:

¢ A description of the fission product behavior in molten salt.

¢ A study of the behavior of the main corrosion product, chromium, in molten
salt.

¢ A research of alternative fuel for Molten Salt Reactor.

The content of the dissertation is summarized in the graphical representation
below (Figure 1.4) and is defined in further detail in the next section (Section 1.7).

1.7. CONTENT OF THIS DISSERTATION

As part of the general safety assessment of the Molten Salt Reactor, and more
specifically of the Molten Salt Fast Reactor, this thesis will focus on the following
aspects:
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Figure 1.4.: Schematic representation of the content of this thesis.

1. Influence of fission products on molten fluoride salt fuels properties (Chapter
2)

2. Thermochemistry of key salt soluble fission products: Thermodynamic
assessment of the LiF—ZrF,—BaF, system (Chapter 3)

3. Management of gaseous fission products and metallic particles: Extraction by
helium bubbling technique (Chapter 4)

4. Thermochemistry of key corrosion products in alkali salts: Thermodynamic
assessment of the AF-CrF; (A = Li, Na, K) and CrF,-CrF3 systems. (Chapter 5)

5. Thermochemistry of key corrosion products in fuel salt: Thermodynamic
properties of CrF, and behavior in the molten LiF—ThF, system (Chapter 6)

6. A promising fuel for fast neutron spectrum Molten Salt Reactor
NaCl—-ThCl;—PuCl; (Chapter 7)

In the first chapter, the influence of fission products on fuel properties of the
LiF—-ThF,—UF, system is studied. A representative mixture of the main fission
products was determined for the operating MSFR running with LiF—-ThF, and
LiF-ThF,—-UF, salts, i.e. the most promising options in the literature. The
impact of the fission products on the melting behavior and vapor pressure of the
fuel salts were studied by calorimetric measurements and Knudsen Effusion Mass
Spectrometry. The second chapter covers the thermodynamic assessment of two key
fission products, namely BaF, and ZrF,, in equilibrium with lithium fluoride. Phase
diagrams of the three binary systems and of the ternary system LiF—BaF,—ZrF,
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were established based on experimental data and literature. In the third chapter,
the helium bubbling method for the removal of gaseous and metal particles is
studied. An experimental setup for the collection of noble and semi-noble metallic
particles by helium bubbling was designed, and experimental evaluation of the
recovery of nanoparticles by this method is presented. The fourth chapter is focused
on the thermochemistry of key chromium corrosion products in alkali salt, with
the thermodynamic assessment of CrF; in FLiNaK. The binary phase diagrams of
AF-CrF3 (A = Li, Na, K) systems were modeled using the modified Quasichemical
Model in the Quadruplet Approximation based on literature data. To assess the
stability of chromium in fluoride salts, the CrF,-CrF3 system was modeled as well.
The last corrosion studies of this work, are detailed in the fifth chapter. A synthesis
method and the melting temperature of CrF, were newly determined. Thanks
to these results, the thermodynamic properties of CrF, in the LiF—ThF, mixture
were measured for the first time, leading to the thermodynamic assessments of
LiF-CrF,, CrF,—ThF, and LiF—CrF,—ThF, systems. In the sixth and last chapter,
a potential promising chloride fuel for fast neutron spectrum Molten Salt Reactor
is presented. On the basis of an in-depth study of literature data, thermodynamic
assessment of the NaCl-ThCl,—PuCl; system is performed and thereby confirming
the high potential of the chloride fuel options in Molten Salt Reactor framework.
This manuscript ends with a conclusion, including the highlights of this thesis,
perspectives and suggestions for further research.
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INFLUENCE OF FISSION PRODUCTS
ON SOME PROPERTIES OF MOLTEN
FLUORIDE SALT FUELS

Understanding the behavior of fission products is essential for optimizing Molten
Salt Reactor performance, ensuring safety, and managing environmental impact.
Fission products in fission MSR reactors pose particular problems due to the specific
properties of molten salts. In this work, the composition of irradiated fuel salt of
the MSFR concept was simulated. The evolution of the thermodynamic properties of
two representative fuel salt mixtures, in presence of fission products, was studied by
comparative calorimetry measurements. The vaporization behavior was also assessed
using Knudsen Effusion Mass Spectroscopy. The impact of the fission products on the
studied fuel salt properties was investigated overall and for the different species. This
work provides new insights on the retention of the fission products species in molten
salt fuels and their impact on the general thermochemistry of the fuel.

2.1. INTRODUCTION

HE study of fission product behavior in molten salt reactors (MSRs) is a critical
Taspect of the reactor engineering with profound implications for reactor safety,
efficiency, and environmental impact [1, 2]. Understanding fission product behavior
in MSRs is crucial already at the reactor design stage and during reactor operation.
Insights into fission product behavior also contribute to the development of effective
strategies for waste management and to the minimization of the environmental
impact in an accidental scenario.

The thermodynamic properties of the fresh fuels have been explored in a number
of studies, and the behavior of some of the fission products has been deduced from
online and post-irradiation analyses during the operation of the Molten Salt Reactor
Experiment [3, 4]. However, there is still limited knowledge of the properties of
multi-component systems representative of irradiated fuel salt.

23
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In this work, a first experimental approach is undertaken to assess the impact of
some key fission products on the evolution of the thermodynamic properties of the
fuel, more specifically melting and vaporization behavior of selected fluoride-based
fuels:

e LiF—ThF, (76.0-24.0 mol%): the eutectic composition determined by Capelli et
al. [5].

e LiF—ThF,—UF, (77.5-19.5-3.0 mol%): the optimal composition determined for
the Molten Salt Fast Reactor for a fuel with fissile uranium-233 [6-8].

The choice was made to consider an extreme case scenario, without any
reprocessing, and consequently with maximum accumulation of fission products in
the reactor core. The calculations from the SAMOSAFER project were used to define
the simulated fuel composition corresponding to a 5 years irradiation cycle [8]. The
experimental results on melting temperatures were obtained by Differential Scanning
Calorimetry and were compared with the data of the fresh fuel prior to the addition
of fission products. The vaporization properties of the mixtures were studied by
Knudsen Effusion Mass Spectrometry and the results compared to fresh fuel already
explored in literature [9, 10].

2.2. METHODOLOGY

The fission products found in molten salt fuel do not differ greatly from those
found in fuel from "conventional" reactors, although the chemical forms differ. The
relative yields are similar, and the quantification of the uranium 235 fission products
compiled by the Evaluate Nuclear Data File (ENDF) is reliable for the MSR evaluation
[11]. To determine the fission products accumulated in the Molten Salt Reactor
fuel, the LiF—ThF,—UF, mixture was selected as reference. The fission yields were
simulated by Hombourger et al. in the SAMOSAFER project for different operating
conditions with the EQLOD tool [8, 12]. In the latter work, a 5 years cycle without
reprocessing was selected, equivalent to a total concentration of fission products
reaching 6.85 mol%. The results are listed in Table 2.1.

In this work, a mixture of inactive salts of selected fission products was made, with
a concentration of 7.0 mol% in the two selected fuel salts. This concentration was
chosen as representative for the extreme case of accumulation of fission products
in the solution. The noble metals and noble gases were omitted in this mixture
considering their low impact on the thermodynamic properties, i.e., their chemical
inertness. Noble and semi-noble metals are considered insoluble and not affected
by the fluoroacidity of the fuel according the criteria applied in the simulation [12],
in agreement with the experimental observation of the MSRE [3, 4]. To simplify
the mixture of fission products, compounds with similar chemical properties were
grouped under a representative class [13]. The lanthanides fluorides were grouped
under the neodymium trifluoride with the exception of the cerium tri-fluoride,
considered as standalone because of its particular properties (different crystalline
structure compared to other lanthanides fluorides) [14]. Barium difluoride was
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Table 2.1.: Main fission products in ‘LiF—232ThF,-#3UF, fuel salt after 5 years

operation of the MSFR reactor,

corresponding to a burn-up of

1.376%FIMA, without reprocessing, calculated with the EQLOD method

[12].

Nuclide Z Mol% Main expected chemical state H Nuclide Z Mol% Main expected chemical state
Zr 40  1.107 ZrF, Kr 36 0.208 Noble gas
Xe 54 0.726 Noble gas Pr 59 0.203 PrF3
Mo 42 0.656 Metal Rb 37 0.189 RbF
Nd 60 0.598 NdF; Tc 43 0.140 Metal
Cs 55 0.594 CsF & Csl Te 52 0.103 Metal
Ce 58  0.469 CeF; Sm 62 0.084 SmF;
Sr 38 0.405 SrF, I 53 0.065 Csl
Ru 44 0.259 Metal Rh 45 0.047 Metal
Ba 56  0.253 BaF, Pd 46  0.046 Metal
Y 39 0.211 YF,4
La 57 0.209 LaFg SUM 6.573

grouped with strontium difluoride. In this work, it was assumed that all the iodine
would bond with cesium in the form of Csl, while the remainder of the cesium
produced would form CsE

Table 2.2.: Composition of the mixture of the main soluble fission products prepared
Melting temperatures of each individual constituents
are also indicated. Neodymium is used as surrogate for lanthanum,
praseodymium and samarium; strontium is used as surrogate for barium.

in this work.

End-members Conc.(mol%) Melting temperature Melting temperature
in literature measured in this work
ZrF, 25.2 (1183 + 1) K, [15] (1131 £ 5) K**
NdF3(La,Pr,Sm) 24.9 1647 K*, [16] above device limitation***
SrF,(Ba) 15.0 (1736 £ 5) K, [17, 18] above device limitation***
CsF 12.1 (976 £ 5), [19] K (979.1 £ 5) K
CeF3 10.7 (1710 £ 5) K, [17, 19, 20]  above device limitation***
YF3 4.8 (1421 + 1) K, [17, 21] above device limitation***
RbF 4.3 (1068 + 5) K, [19] (1068 + 5) K
Csl 3.0 (900 £ 5), [19] K (896.8 + 5) K

* No uncertainty given. ** The discrepancy with literature is considered to be caused by the
sublimation of ZrF,. *** The device temperature limitation is 1523 K.

2.3. EXPERIMENTAL
2.3.1. SAMPLE PREPARATION

Thorium tetrafluoride (ThF,) and uranium tetrafluoride (UF,) were synthesized by
high-temperature HF gas fluorination of the pure actinide oxides, according to the
method developed at the Joint Research Centre of Karlsruhe by Soucek et al. [22].
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The other inactive end-members were obtained from commercial suppliers (Alfa
Aesar, Sigma Aesar and Thermo Scientific) (Table 2.3). These powders were dried
at 573 K under argon atmosphere to remove traces of moisture. The purity of all
the end-members was checked by measurements of the melting temperatures by
Differential Scanning Calorimetry (DSC) and X-ray Diffraction (XRD) analyses.

The powders of the different end members were intimately mixed, respecting
the composition established in Table 2.2. The same absolute content and ratio of
fission products was tested for the two selected fuel salt mixtures, neglecting slight
differences in the fission yields of the different actinides (33U, 23°U, 239Pu) [11].

Table 2.3.: Purity and providers of the chemicals used in this work.

Compound Provider Purity

LiF powder Alfa Aesar 99.999% (metal basis)
NaF powder Alfa Aesar 99.99% (metal basis)
KF powder Alfa Aesar 99.99% (metal basis)
ZrF, powder Sigma Aldrich 99.9% (metal basis)
NdF; powder Alfa Aesar 99.9% (metal basis)
SrF, powder Alfa Aesar 99.99% (metal basis)
CsF powder Alfa Aesar 99.99% (metal basis)
CeF3; powder Alfa Aesar 99.9% (REO)

YF; powder Sigma Aldrich 99.5%

RbF powder Alfa Aesar 99.975% (metal basis)

Csl powder  Thermo Scientific 99.999% (metal basis)

2.3.2. X-RAY DIFFRACTION

The purity of the pure compounds used in this work as starting materials, were
controlled using X-ray Diffraction (XRD) at room temperature (T = 293 + 2 K), using
a Bruker D8 X-ray diffractometer mounted in a Bragg-Brentano configuration with
a curved Ge monochromator (1, 1, 1) and a ceramic copper tube (40 kV, 40 mA)
and equipped with a LinxEye position-sensitive detector. Samples were placed on
a sample holder and measured in a glovebox under inert atmosphere. X-ray data
were collected by step scanning in the range 10° <260 < 120° in a Bragg-Brentano
configuration. The purities of each powder were analyzed by Rietveld refinement
method using the FullProf suite software [23, 24].

2.3.3. DIFFERENTIAL SCANNING CALORIMETRY

3D heat flux measurements were conducted with a Setaram Multi detector HTC
module of the 96 line calorimeter. Every measurement consisted of at least four
consecutive heating cycles with 10 K min~! heating and cooling rates. The solidus
and eutectic transition temperatures were extracted from the onset of the line
integral of the corresponding endothermic peak in the heat flow curves, while the
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liquidus transition temperatures were taken from the maximum of the corresponding
peak according the NIST recommendation [25]. A correction was applied to the
collected temperature data according to the calibration determined for pure metals
(Pb, In, Sn, Al, Ag, Au), correcting for the effect of the heating rate and apparatus
geometry. The uncertainties on the measurements are estimated at 5 K for the
solidus and eutectic transitions, and at 10 K for the liquidus transitions.

For the DSC measurements, the samples were inserted inside a pure nickel liner.
The liners were hermetically closed in stainless steel crucibles designed according to
the concept developed at the Joint Research Centre of Karlsruhe [26], ensuring the
stability of the sample composition and limiting the vapor releases during heating.

2.3.4. KNUDSEN EFFUSION MASS SPECTROMETRY

The setup for the experiment involved a Knudsen effusion cell in which a solid or
liquid sample is heated, leading to sublimation/vaporization of the sample. The
gas phase in equilibrium with the sample was ionized by a cross-beam electron
bombardment ion source, as illustrated in Figure 2.1. The ionized species were
further analyzed with a quadrupole QMG422 mass spectrometer from Pfeiffer
Vacuum GmbH. Specifically designed for the study of radioactive materials, the
entire apparatus is housed within a glove box shielded with 5 cm lead [27, 28].

The mass spectrometer is capable of monitoring species within a mass range of 1
to 512 amu (atomic mass unit). Positioned at 90° to the filter axis are the Second
Electron Multiplier (SEM), connected to an electrometer, and the axial Faraday cup.
The Knudsen cell is placed within a high-temperature furnace featuring tungsten-coil
heating elements and is surrounded by seven cylindrical thermal shields (three in
tungsten, four in tantalum). The entire system is housed in an ultrahigh vacuum
chamber with pressures ranging from 10~/ to 10~ mbar. The measurements were
conducted at an ionization energy of 32 eV [29].

The experiments were conducted with a tungsten effusion cell capable of sustaining
temperatures up to 2700 K. The temperature was systematically raised at a gradual
rate (10 K min™!), and the mass spectrometer was employed to analyze the species
evaporating from the sample.

According to the Hertz-Knudsen equation (2.1), the vapor pressure of species i, P;,
is related to the intensity of the molecular beam, I, to the actual temperature, T,
and to a calibration factor specific to species i, K;:

Pi=1I-TIK; 2.1)

The temperature, represented by 7, underwent calibration through the
measurement of the melting points of standard materials (Zn, Cu, Fe, Pt, Al,O3),
identified as small plateaus on the vapor pressure curve. The calibration factor for a
given species i, denoted as Kj, is further linked to an instrumental factor, Kg, which
remains independent of the detected species. It is also influenced by the species’
ionization cross-section, o;, isotopic weight, f;, and the efficiency of the second
electron multiplier, y;, as expressed by the following equation:
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MS, range 1-512 amu

Ramp
10 K/min

TIME

to primary
vacuum 13

Figure 2.1.: The KEMS experimental setup used in this study, (1) Knudsen cell with
sample, in W cell, (2) Tungsten heating coil, (3) Molecular beam chopper,
(4) Cell lift facilities for fast heating or cooling, (5) Liquid nitrogen trap
to reduce background signal, (6) Camera to align the cell holder and
chopper diaphragm, (7) Quadrupole mass spectrometer, (8) Thermal
shield, (9) Revolving protection windows, (10) Inlet gas capillary, (11)
Linear pyrometer, (12) Turbo molecular pump, (13) Removable W/Re
thermocouple [29].
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King’Ui’Yi'fi (2.2)

The calculation assumes a linear variation of the ionization cross-section at low
energies, o;, with respect to (E;-AP;), where E; and AP; represent the electron beam
energy and appearance potential of species, i respectively, as described by Drowart
et al. [30, 31]. This linear relationship holds up to the ionization cross-section at the
maximum of the ionization efficiency curve, denoted as g ,;:

0;=0mi(Ej— AP;)(Epmi — AP;) 2.3)

The estimation of the instrumental factor K involves vaporizing a known quantity
of silver alongside the sample, which vaporizes in the same temperature range
as our studied material and maintains relative inertness in the system. This
characteristic makes it an ideal reference material for calibration, with complete
vaporization occurring at approximately 1500 K. The experimental determination of
the calibration factor for silver, denoted as Ksg, becomes possible by examining the
ion intensities, I4g+, for the silver isotopes 107Ag and '%Ag:

KAg = IAg* . TAg/PAg (2.4)

Knowing Kjg, the partial pressure of species i is deduced by combining equations
2.1), (2.2), (2.3), (2.4):

It T M: 1/2
pl.:’_.rl..&.(_‘) (2.5)
KAg fl MAg
Omag(Ei — APyg)
izu (2.6)
omi(Ei — AP;)

where, T represents the actual temperature, I is the intensity of the molecular
beam corresponding to species i, K4g is the calibration factor determined for silver,
E; represents the electron beam energy, AP; (and APsg) denotes the appearance
potential, o,; (and oag) is the ionization cross-section at the maximum of the
ionization efficiency curve, f; (and fsg) represents the isotopic weight, and M; (and
M 4g) signifies the molar mass of species i (and silver, respectively).

2.4. RESULTS & DISCUSSIONS

2.4.1. IMPACT ON THE MELTING PROPERTIES OF THE FUELS
THE LiF-ThF4 SYSTEM

The composition of the LiF—-ThF, salt mixture was selected as the eutectic
determined by Capelli et al. (LiF-ThF,, 76.0-24.0) at (832 + 5) K [5]. In this study, a
temperature of (839 + 5) K was measured for the same eutectic composition, thus
slightly higher than in the previous work but similar to the measurement of Bene$ et
al. at (839.1 + 5) K [32]. These two studies used the same set-up as in the present
work [27, 28]. After addition of 7 mol% of the fission product mixture listed in Table
2.2, a single transition was observed by DSC at a lower temperature, i.e. (818 * 5) K,
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thus around 21 K lower than the initial eutectic transition, as highlighted in Figure
2.2. This decrease in the melting temperature of the simulated irradiated salt is
related to the complex phase equilibria in a multi-component system. The fact that
a single transition is still observed indicates a good solubility of the fission products
in the molten salt mixture [3]. In the salt with multiple components, formation of
intermediate compounds from complexation with certain fission products is taking
place, which affects the phase equilibria and thus the melting temperature. As an
example, in the thermodynamic evaluation of the behavior of CsI and CsF in the
LiF—ThF, salt system, Capelli ef al. included many intermediates with lithium and
thorium [33]: CsThgF,3, Cs,ThgF;,, CsThFs, LiCsF,, CsThgF,5, CsTh,Fg, Cs,ThF; and
Cs3ThF,. According to the study of Benes et al, Csl has the largest impact on the
thermodynamics of the LiF—ThF, salt system. A detailed study of the effect of its
addition on the eutectic transition was performed by Benes et al., and a decrease of
approximately 5 K was observed for an addition of 1 mol% Csl. Exchange reactions
were also identified, leading to the formation of Lil and Thl, compounds. In the
mixture with 8 main fission products (Table 2.2), additional interactions are expected
and the impact of the presence of fission products on the melting behavior of the
LiF-ThF, eutectic composition is seen to be non negligible.

750 800 850 900 950 1000

-90 T T T T T T . -90
: LiF-ThF, (76-24 mol%) 1
-100 —— With 7 mol% FP | - -100
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Figure 2.2.: Comparison of the differential scanning measurements of the eutectic
transition in the mixture LiF—ThF, (76.0-24.0 mol%) pure and 93.0%
LiF—-ThF, (76.0-24.0 mol%) + 7.0 mol% selected fission products admixed
measured in this work.
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THE LiF-ThF4-UF4 SYSTEM

LiF-ThF,—-UF, (77.5-19.5-3.0 mol%) is the composition considered for the fresh
fuel in the frame of the SAMOSAFER project [7]. Two comparative calorimetry
measurements were made on this system, with and without the addition of
fission products. Only the eutectic transitions were clearly identified in both DSC
measurements (Figure 2.3). The eutectic temperature was measured in this work
at (829 = 5) K, in close agreement with the temperature published by Tosolin et
al. of (828 + 5) K [10], for a slightly different composition, namely LiF—ThF,—UF,
(77.5-20.0-2.5 mol%). With the addition of the fission products mixture, the eutectic
was measured at (808 + 5) K. A decrease of 21 K was thus observed, identical to the
LiF—-ThF, eutectic composition (Figure 2.3). The observed impact of the presence of
soluble fission products appears again non negligible on the melting temperature of
the fuel.
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-50 - T - T T -50
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Figure 2.3.: Comparison of the differential scanning measurement of the eutectic
transition in the mixture LiF—ThF,—UF, (77.5-19.5-3.0 mol%) and 93.0%
LiF—-ThF,—UF, (77.5-19.5-3.0 mol%) + 7.0 mol% FP mix measured in
this work.

2.4.2. VAPORIZATION OF FUEL MATERIALS

KEMS analysis was performed on a 10.80 mg sample collected after the DSC
measurement on the 93.0% LiF—-ThF,—UF, (77.5-19.5-3.0 mol%) + 7.0 mol% FP
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mix system (Section 2.4.1), in the temperature ranged from 674 K to 1897 K, until
complete vaporization of the sample. The mass spectrometry data showed the
presence of the same ions as those observed by Tosolin et al. [10]: 1it, 14Li'£,
26LiF+, 33Li2F+, 251ThF+, 270ThF£r’ 289ThF§, 238U+, 251UF+, 276UF;, 295UF; and
314UF;r (as shown in Figure 2.4). Because of the very large number of masses, only
the intensities of the most predominant isotopes were recorded in this work, as is
common practice in the literature (i.e. with intensity higher than 1-10719) [9, 27, 28].
The maximal release was observed at a temperature of 1357 K for thorium species
and 1323 K for uranium species, respectively.
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EFe 7L+ 3
F|-® 33 LizF+ 1
_5 [-e—26LiF J1e-
1E-5 El @ 14 L:Z: Complete vaporization 1E=5
3 . ggg 125’; under Knudsen conditions 1
1E-6 E|— —295UF3+ 1E-6
F|-® 251 ThF+ 3
— [| @ 276 UF2+ 1 —
S5 1E-7 | @ 257 UF+ 4 1E-7 5
: E |- 314 UF4+ E ;
S [l e 238U+ | 1 ] L
2 1E-8E : 11E-8 2
@ E E @
c c
[} [}
= 1E-9 1E-9 €
1E-10 ] 1E-10
1E-11 ] 1E-11
-1 @8 IR 8 : 1 1g-12
1200 1400 1600
T (K)

Figure 2.4.: Ion intensities of the fuel species versus temperature obtained for the
93.0% LiF—ThF,-UF, (77.5-19.5-3.0 mol%) + 7.0 mol% selected fission
products admixed system. The main species recorded are: ‘Li*, 14Li'2+,
26LiF+, 33Li2F+, 251ThF+, 270ThF;, 289ThF;’r’ 238U+, 251UF+, 276UF;,
2BUF] and 3“UF}. Only the intensities of the most predominant
isotopes were measured in each case.

The vapor pressures of LiE Li,F,, LisF;, ThF, and UF, were calculated from the
data collected for the different ionized species of lithium, thorium, and uranium.
The linear variation of the logarithm of their vapor pressure versus the reciprocal
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temperature is given by an equation of the type:

axAa

InP(Pa) = -
T(K)

+ (bt Ab) (2.7)

where a and b are two independent parameters from the fitting and T is the
temperature.

These results were compared with the data as measured by Tosolin et al. [10].
The partial vapour pressure of LiF monomer is higher than the dimer, itself higher
than the trimer. The UF, partial pressure is found to be higher than ThF,, despite
the large difference in molar proportions in the mixture. Similar observation was
made in the work of Tosolin et al. [10]. Considering the confidence interval of the
vapor pressure measurements by KEMS, estimated at 50%, the agreement between
our measurements and the data on pure fuel salt mixture is very good [10], as seen
in Figure 2.5. This shows the limited impact of the presence of fission products on
the fuel vaporization behavior, even at high concentration.
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Figure 2.5.: Comparison of partial vapor pressures above the mixture LiF—ThF,—UF,
(77.5-19.5-3.0 mol%) + 7.0 mol% selected fission products admixed
measured in this work, compared with data reported by Tosolin et al. on
the LiF—ThF,—UF, (77.5-20.0-2.5 mol%) system [10].
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Table 2.4.: Formulas for partial vapor pressures fitting curves for the mixture 93.0%
LiF-ThF,-UF, (77.5-19.5-3.0 mol%) + 7.0 mol% FP mix based on the
values measured in this work.

Species Equation Temperature range (K)
LiF(g  InP(Pa)=—S220520 4 (23.343 +0.189) 911 - 1323
Li,Fo(9)  InP(Pa) = — 2852200 4 (21,973 +0.200) 1012 - 1211

_(
¢
LisF3(g) InP(Pa)=— 322102229 | (14.706 +0.162) 1076 - 1211
_ ¢
.

T(K)
ThF,(g) InP(Pa)=-YSEE0 1 (29368 +0.200) 1118 - 1229
UF,(® InP(Pa)=—S220228 4 (23,343 +0.189) 1059 - 1229

Uncertainties on the fitting curves were taken from Tosolin et al: LiF(a: 9.9:1073%, b: 8.1 -1073%),
LiyFy(a: 9.9:1073%, b: 9.1 -1073%), LigF3(a: 0.010%, b: 0.011%), ThF,(a: 0.010%, b: 6.8:1073%), UF,(a:
0.010%, b: 8.1-1073%).



2.4. RESULTS & DISCUSSIONS 35

2.4.3. MASS SPECTROMETRY ANALYSIS OF FISSION PRODUCTS

The mass spectrometry measurements showed the appearance of the fission products
at varying temperatures. As listed in Table 2.5, the first ions observed came from the
cesium iodine species, that show a high volatility [32], followed by species from the
ionization of CsE and then different species from ZrF,. The vaporization of rubidium
species appeared at a maximum temperature of 1341 K. It is interesting to note that
these four species vaporized below or at the same temperature as the fuel as shown
in figure 2.4. The maximum vaporization of SrF,, YF3;, CeF; and NdF; were observed
in this order and above the complete fuel vaporization temperature under Knudsen
conditions (1357 K). This point is an element of discussion in the detailed analysis
for each species in the next sections.

Table 2.5.: Temperatures at which maximum intensity was recorded for the various
species, indicating maximum release.

Initial species Observed ions Temperature of maximum
ion intensity (K)

Fresh fuel compounds

LiF BLiF* (1% peak) 1005
33LiF* 1258
Li*, 28LiF* (2" peak) 1317
238 251 276 295 314
UF, U+, B1UF*, 278UF;, 2°UF;, 31UF; 1323
ThF, ZIThF*, 270ThF;, 289ThF} 1357
Fission products

CsI 133Cs* (1% peak), 1B4Lil* 827
1271+ 1572
CsF 133¢s+ (274 peak), 152CsF* 1137
ry 937+ 101928sz;'11217&1§ 147 + 1159
Zr*, 109 zrFrx, 128 7ypy, W ZrFy 1323
RbF 108RHF* 1341
StF, 885+, 1078y, 1265rp; 1442

89
YF3 Y+, 108YF+, 127YF;, 146YF; 1572
CeF3 140,142Ce+ 159,161CeF+ 178,180CeF+ 197,199CeF+ 1580
NdF3 142’144’146Nd+, 161‘163’165NdF+, 180']82‘1284NdF;, 1991%(11;-3# 1580

*1097rp* is disturbed, overlapping with 109Ag* reference.

CESIUM AND IODINE SPECIES

From the mass spectra (Figure 2.6), '27I*, 133Cs*, 134Lil* and '2CsF* were intense
enough to be observed. The mass spectrum of !33Cs* showed two maxima
corresponding to fragmentation of cesium from Csl(g) and CsF(g), respectively.
The first peak was correlated with the ionization of 12’I*, in the same range of
temperature, the second peak being related to the signal of '>’YF* (see Section
2.4.3). It is moreover interesting to observe, even at low intensity, the release
corresponding to '3*Lil*, indicating the recombination of iodine in the fuel mixture.
This combination of iodine was also observed by Bene§ et al. in the study on the
behavior of CsI and CsF in the reference molten LiF—ThF,—UF, fuel [32], confirming
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the low retention of CsI in the fuel matrix. On the contrary, the retention of CsF is
higher, as the cesium coming from CsF(g) is released at higher temperature.
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Figure 2.6.: Ion intensities of the cesium and iodine species versus temperature
obtained for the 93.0% LiF—ThF,—UF, (77.5-19.5-3.0 mol%) + 7.0 mol%
selected fission products admixed. The main species recorded are: 2717,
133¢s*, 134141F, 137Cs* and '92CsF*; the first peak of the mass spectra
of 2’I* is the signal of 27YF}; the two peaks of 3Cs* are due to the
presence of the two species Csl and CsF in the FP mixture. Only the
intensities of the most predominant isotopes were measured in each
case.

ZIRCONIUM SPECIES

The mass spectrometry measurement revealed the presence of the following species:
1097rF*, 1287rF) and 'ZrFf. Since '"9ZrF* has the same mass as the reference
material, '°?Ag*, the signals are overlapping. The 166Zerlr signal was not intense
enough. '287ZrF} and '7ZrF} signals showed a maximum intensity around 1159 K,
but also a peak around 1323 K. Complementary measurements would be required
to understand this behavior. Zirconium shows moderate retention in the fuel salt
matrix, given that the release is observed at relatively low temperatures.
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Figure 2.7.: Ion intensities of the zirconium species versus temperature obtained
for the 93.0% LiF—ThF,—UF, (77.5-19.5-3.0 mol%) + 7.0 mol% selected
fission products admixed system. The main species recorded are: %Zr*,
1097rF+, 12871F} and "7 ZrF}; the '99ZrF* signal is considered to overlap
with the reference signal "’ Ag™ more intense. Only the intensities of
the most predominant isotopes were measured in each case.
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RUBIDIUM SPECIES

Only the '“RbF* species was identified with a maximum intensity at a temperature
of 1341 K. As shown in Figure 2.8, the 8Rb™ ion is not intense enough to be
detected. Rubidium species show a high retention in the molten reference fuel as
they are released at a similar temperature.
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Figure 2.8.: Ion intensities of the rubidium species versus temperature obtained
for the 93.0% LiF—ThF,—UF, (77.5-19.5-3.0 mol%) + 7.0 mol% selected
fission products admixed system. The main species recorded are: 8Rb™",
18RbE*. Only the intensities of the most predominant isotopes were
measured in each case.

Based on the entire measured intensity for the rubidium species, the partial vapor
pressure of the rubidium species was calculated in the fuel melt and compared to
the literature data from Sense and Stone (Figure 2.9) [34]. For an equivalent range of
temperature, the partial vapor pressure was calculated to be much lower (a factor
10%). Considering the concentration of RbF in the melt (4.63 %), these results
indicates a strong retention of the RbF species in the fuel matrix.
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Figure 2.9.: Partiel vapor pressure measured for the RbF species in the 93.0%
LiF-ThF,—UF, (77.5-19.5-3.0 mol%) + 7.0 mol% selected fission products
admixed system compared to the literature data for the pure RbF [34].
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STRONTIUM SPECIES

The species 88Sr*, 17SrF+, and at very low intensy '?®SrF; were observed. In the case
of mass 107, the first peak with a maximum intensity at a temperature of 1442 K,
was identified as the vapor release of the '“Ag* isotope from the reference material
(Figure 2.10). The 8Sr* and '%/SrF* signals reached their maximum intensity around
1618 K. For '2°S1F}, the low intensity only allowed to observe a range of maximum
release similar to the others. In the case of strontium, the release occurs at higher
temperatures than the fuel salt melt itself. This indicates that strontium vaporize
after the main matrix component, which may indicate that SrF, precipitates out of
the fuel matrix upon heating.
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Figure 2.10.: Ion intensities of the strontium species versus temperature obtained
for the 93.0% LiF—ThF,—UF, (77.5-19.5-3.0 mol%) + 7.0 mol% selected
fission products admixed system. The main species recorded are: 8Sr*,
107SrF+ and 120SrFJ; the first peak of the mass spectra of 7SrF* is the
reference signal 1%’Ag™. Only the intensities of the most predominant
isotopes were measured in each case.
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YTTRIUM SPECIES

Four ionized species with yttrium were detected during the mass spectrometry
measurement: 89y*, 108yp+ 127YF; and 1‘“"YF;Sr . The maximum intensity was
measured at a temperature around 1572 K for all the species. Another peak was
observed for the mass number 127, which is also the mass of the ion iodine 271%,
identified at a lower temperature, as shown in Figure 2.11. As in the case of
strontium above, the vaporization of YF; occurs after that of the main fuel matrix
under Knudsen conditions, which may indicate precipitation of YF; out of the salt
upon heating.
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Figure 2.11.: Ion intensities of the yttrium species versus temperature obtained for
the 93.0% LiF-ThF,—UF, (77.5-19.5-3.0 mol%) + 7.0 mol% selected
fission products admixed system. The main species recorded are: 89Y*,
108YF*, 127YF} and '°YFJ; the first peak of the mass spectra of '2"YF}
is the signal of '?/I*. Only the intensities of the most predominant
isotopes were measured in each case.
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LANTHANIDES SPECIES

Cerium has very similar ionization behavior to the neodynium 142 isotope. Because
they have the same molecular weight, it is impossible to discern the two species
from the mass spectrometry measurements for the 142 mass (Figure 2.12 and
2.13). During the measurement, different isotopes of cerium and neodymium
were observed: !4°Ce*, *2Nd* (also '#2Ce*), **Nd* and !“6Nd*. Likewise, the
monovalent and divalent fluoride species of the previous isotopes where intense
enough to be observed. The species recorded were: '*°CeF*, '61CeF*, 16!NdF*,
162NdF+, 163NdF+, 164NdF+, 165NdF+, 178CeF5r’ ISOCGF;, ISONdF;, 180CeF5r’ 181NdF;,
182NdF;, '®NdF;, '8!NdF]. For mass 159, a first peak was observed with a
maximum intensity at a temperature of 1080 K which might come from from an
impurity that was not identified. Only two trivalent species were identified, namely
197CeF} and with the lowest intensity, *NdF} or '¥CeF;. Overall, a pretty clear
maximum was observed around 1580 K for the entire range of the lanthanide
compounds. It shows the vaporization of the neodynium and cerium species takes
place at a higher temperature than the fuel matrix, confirming the high retention
of the lanthanide fission products in the LiF—ThF,—UF, molten salt, but also the
probable precipitation out of the salt upon heating.
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Figure 2.12.: Ion intensities of cerium species versus temperature obtained for the
93.0% LiF—ThF,—UF, (77.5-19.5-3.0 mol%) + 7.0 mol% selected fission
products admixed system. The main species recorded are: '“°Ce,
142Ce*, 199CeF*, 161CeF*, 178CeF;, 180CeFy, 97CeF; and '%°CeF;. The
first peak of the mass spectra of '®?CeF* is probably due to the
presence of an impurity of atomic mass 159 that was not identified.
Only the intensities of the most predominant isotopes were measured
in each case.
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Figure 2.13.: Ion intensities of the neodynium (and cerium) species versus

temperature obtained for the 93.0% LiF—ThF,—UF, (77.5-19.5-3.0
mol%) + 7.0 mol% FP mix system. The main species recorded are:
142Nd+ (142CB+), 144Nd+, 146Nd+, 161NdF+ (161CBF+), 163NdF+, 165NdF+,
ONdF; (*%CeF;), '82NdFj, '®'NdF; and 'NdF; ("°CeF}); the
cerium and neodynium (142) species intensity are superposed. Only
the intensities of the most predominant isotopes were considered in
each case.
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2.5. CONCLUSION

The experimental evaluation of fission product behavior in molten fuels such as
LiF-ThF, and LiF—ThF,—UF, showed insightful results for the Molten Salt Reactor
(MSR) concept. Firstly, mass spectrometry measurements demonstrated the high
retention of Rb and a very high retention of Sr, lanthanides (Nd, Ce), and Y in molten
fluoride salts. Cesium, as noted by Benes et al. [32], exhibited moderate retention as
CsE while CsI displayed low retention, leading to early vapor release and potential
iodine recombination in the form of Lil. Zirconium showed comparable high
volatility and limited retention in the fuel salt mixture. However, the present results
did not allow to determine the exact speciation. Complementary measurements,
especially of the dissociation patterns, would be required to gain more insight.

Secondly, from an engineering perspective, a crucial criterion is the limited overall
impact on melting/solidification temperature and vapor pressure of the fuel. The
addition of a significant amount of fission products decreased the measured melting
temperature of the fuels by 21 K at eutectic compositions. The vapor pressure of
fuel elements derived by KEMS on the same mixture remained almost unchanged
compared to data measured in the literature on pure fuels.

These findings play an essential role for the safety assessment of the MSR,
demonstrating the influence of fission product accumulation on the melting
temperature and vapor pressure of the fuel. While limited variations in fuel vapor
pressure are noticeable, some important fission products such as Cs, I and Zr,
show rather moderate retention in the fuel matrix, under Knudsen conditions. The
melting/solidification temperature of the simulated "irradiated" mixture decreases by
about 21 K, which must be taken into account for the safety margin of the reactor
operation.
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THERMODYNAMIC ASSESSMENT OF
THE LiF-BaF,-ZrF, SYSTEM

Lithium-based fluoride salts are one of the leading options as fuel matrix in Molten
Salt Reactors. The understanding of their thermodynamic behavior, e.g. chemical
stability, activity, as well as heat transfer properties, in the reactor’s environment is
crucial for the safety assessment. In this work, the chemical equilibria of lithium
fluoride with two important fission products dissolved in the salt matrix, namely
barium fluoride and zirconium fluoride, are considered. The phase diagrams of
the binary systems LiF—BaF, LiF-ZrF, and BaF,—ZrF, as well as the ternary
system LiF—BaF,—ZrF, are assessed by the CALPHAD (CALculation of PHase Diagram)
method using the quasichemical model in the quadruplet approximation for the
liquid solution. These models are based on literature and new experimental data, and
provide a good overview of the stability of intermediate compounds formed in the
various systems and of the liquid solution.

3.1. INTRODUCTION

OLTEN Salt Reactors (MSRs) offer a promising alternative to conventional
M nuclear power plants due to their potential for improved safety, fuel
utilization, and waste management [1]. Lithium-based fluoride salts, for instance
7LiF*ThF4*UF4(*UF3) [2], or the so-called FLiNaK (LiF-NaF-KF: 46.5-11.5-42 mol%)
salt with dissolved AnF,(—AnF;) (An = actinide) [3], are leading candidates for use as
a coolant and fuel carrier in MSRs, and have been characterized quite extensively
already [4, 5]. The composition of the fuel salt changes continuously in the reactor
core due to the fission process, introducing new species that can be dissolved, form
metallic precipitates, or form gaseous species [6, 7]. By contrast with the base
fuel salt, the knowledge on the thermodynamic properties and phase equilibria of
the fission products in equilibrium with the fuel salt in the fuel salt is still limited,
although information on irradiated fuel salt behavior is key for the design and
optimization of MSRs.

Understanding the thermodynamics and phase behavior of the salt mixture in
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general is crucial for the safe and efficient operation of the new generation of molten
salt reactors. The phase diagram of the salt mixture can be used to predict the
formation of different phases, such as solid precipitates or gas phases, which can
have a significant impact on the performance of the reactor. The thermodynamic
modeling of the complex irradiated salt system allows to identify potential issues,
such as corrosion or clogging related to metallic precipitates formation, and is a
perfect tool to develop strategies to minimize their impact. It can allow to anticipate
equilibria in a complex fluid and to assess the risk of environmental impact in the
event of accidental release.

As LiF is the main component of the fuel, it is essential to know how it interacts
with the different compounds encountered in the reactor. Phase equilibria with
actinides, such as ThF,, UF, and PuF; composing the fresh fuels, have received
particular attention in the literature [3, 8, 9]. Nowadays, the evolution of the fuel
salt’s composition and the possible change of its properties as a function of the
burnup (residence time), with the addition of fission products [10], and corrosion
products [11, 12], is an important milestone to assess the safety of the MSR
technology.

Barium is a major fission product that is produced during the nuclear power
generation process. It is a highly reactive element that can potentially form
compounds with other chemical elements from the fuel salt leading to a complex
fuel chemistry. Zirconium is also a main fission product which can significantly
contribute to the source term in an accidental scenario with release to the
environment. ZrF, is particularly volatile in the liquid state and can easily vaporize.
Furthermore, when zirconium dissolves in the fluoride matrix [6, 13], it can also
associate with other fission products, leading to the formation of multiple stable
solid intermediate compounds, in association with for instance barium.

The most comprehensive experimental exploration of molten salt-fueled reactors
in operation was carried out at the Oak Ridge National Laboratory, during the MSRE
(Molten Salt Reactor Experiment). According to their measurements on various
samples taken from a fully operating (up to 9000 hours) lithium-fueled reactor with
235y, fission yields for the isotope '*°Ba were 5.43% and 6.01% for %°Zr, respectively
[14]. Based on their empirical observations, BaF, and ZrF, stable were soluble and
were not removed during fuel reprocessing. Their presence in the salt matrix did not
appear to interfere with the fission reaction. However, the dissolution of barium
and zirconium in the fuel salt will affect its properties, and the formation of barium
and zirconium compounds could become problematic if this occurs during reactor
operation. These radioisotopes could also contribute to the release of harmful
radioactive material into the environment in an accidental scenario [15]. Knowing
how these fission products behave in the reactor core is therefore crucial for the
safety assessment.

In this work, the experimental phase diagram data on the binary system LiF—BaF,
were updated to resolve discrepancies found in the literature. Then, phase diagrams
of LiF—BaF,, LiF—ZrF, and BaF,—ZrF, were modeled using the quasichemical model
in the quadruplet approximation for the liquid solution, based on collected and
literature data. Finally the assessments of the binaries were used to extrapolate and
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optimize the ternary system LiF—BaF,—ZrF, based on mixing enthalpy data from the
literature.

3.2. EXPERIMENTAL METHODS

3.2.1. SAMPLE PREPARATION

All experiments were performed in a glovebox with argon atmosphere, where O, and
H,0 levels were maintained below 5 ppm. The starting materials were provided by
Alfa Aesar: lithium (14) fluoride LiF (99.99%), barium (2+) difluoride BaF, (99.998%)
and zirconium (4+) tetrafluoride ZrF, (99.9%). The powders were preliminary dried
for 8 hours at 500 K under argon atmosphere.

Table 3.1.: Purity and providers of the chemicals used in this work.

Compound  Provider Purity

LiF powder Alfa Aesar 99.99% (metal basis)
BaF, powder Alfa Aesar 99.998% (metal basis)
ZrF, powder Alfa Aesar  99.9% (metal basis)

LiBaF; was the only intermediate compound synthesized in this work. The
synthesis was done by the solid state method from a stoichiometric mixture of LiF
and BaF, powders. The pure end-members were thoroughly blended in an agate
mortar, and placed in a hermetically closed stainless steel container inside a nickel
liner, then heated in a ceramic tubular furnace under argon flow for 8 hours at 1093
K. The set heating and cooling rates were 5 K min~! following the recommendation
of Mishra et al. [16].

3.2.2. X-RAY DIFFRACTION

The purity of the pure salts (e.g. LiE BaF,, ZrF,) used as starting materials for
the phase diagram measurements and synthesis of intermediate compounds, was
checked using X-Ray Diffraction (XRD) at room temperature (T = 293 + 2 K), using
a PANalytical X’Pert PRO X-Ray diffractometer with a Cu anode (0.4 x 12 mm line
focus, 45 kV, 40 mA). Samples were homogeneously distributed on a sample holder,
closed under argon atmosphere with a Kapton ® foil. X-ray data were collected
by step scanning in the range 10° <26 < 120° in a Bragg-Brentano configuration.
The X-ray scattered intensities were measured with a Real Time Multi Strip (RTMS)
detector (X’Celerator). The purities of each powder salt was analyzed by Rietveld
refinement method using the FullProf suite software [17, 18], and no secondary
phases were detected.

3.2.3. DIFFERENTIAL SCANNING CALORIMETRY

3D-heat flow measurements were conducted on the Setaram Multi Detector HTC
module of the 96 line calorimeter. Every measurement consisted of at least four
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consecutive heating cycles with 5 or 10 K min~! heating rates and cooling rates
of the same order. The transition temperature data were collected from the heat
flow signals obtained on the heating ramps. All transition temperatures were
extracted from the onset of the corresponding endothermic heat flow signal, except
for the liquidus transition temperature that was taken from the maximum of the
corresponding peak according to the NIST recommendations [19]. A correction was
applied on the collected temperature data using a calibration equation determined
with pure metals (In, Pb, Al, Ag, Au), to correct for the effects of the heating rate and
apparatus geometry. The uncertainties on the reported temperatures is estimated +
5 K for pure compounds, and + 10 K for mixtures. The data collected in this work
for the LiF—BaF,, LiF—-ZrF, and LiF—BaF,—ZrF, systems are listed in Table 3.6 and
in the corresponding phase diagram figures.

For the DSC measurements, the samples were prepared from the end-member
powders, intimately mixed at the desired molar composition and inserted inside a
pure nickel liner. The liners were hermetically closed in a stainless steel encasing
designed according to the concept developed at the Joint Research Centre - Karlsruhe
[20], limiting the vapor releases during the heating.

3.3. THERMODYNAMIC MODELING

The thermodynamic models reported herein were developed using the FactSage
software version 8.2 [21], and are based on the CALPHAD (CALculation of PHAse
Diagrams) method [22, 23]. The optimization of the different parameters of the Gibbs
energy functions for all phases present in the systems was based on available phase
diagram and mixing enthalpy data. These were collected from different experimental
studies [24-30], and in this work, and were correlated with the computed phase
diagrams.

3.3.1. GIBBS ENERGIES OF PURE COMPOUNDS

The Gibbs energy of pure compounds is expressed by:

T T

c
cp,m(T)dT—Tf LRar 3.
5 2

G = Afon(298.15) —89,(298.15) -T+f
98.15

298.1
where ArHp (298.15) is the standard enthalpy of formation, and Sj,(298.15) is
the standard entropy of the pure compound at standard pressure and reference
temperature 298.15 K. Cp,,, is the heat capacity expressed as a function of the
temperature T.

3.3.2. SELECTED THERMODYNAMIC DATA

Thermodynamic data for lithium fluoride were taken from the Joint Research Centre
Molten Salt Database (JRCMSD) which are from the NIST-JANAF recommendation
[5, 31, 32]. The latter was also the source for BaF, thermodynamic functions [5,
33]. BaF, shows two phase transitions before melting. The transition between
the a phase and the B phase at T = 1240 K is reported to be a second order
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transition, while the transition from the B phase to the y phase at T = 1480
K is of first order. The thermodynamic functions for ZrF, were taken from the
SGTE database [34]. Several intermediate phases were reported in the literature for
the binary LiF-BaF,, LiF-ZrF,, and BaF,-ZrF, systems. The known and confirmed
stoichiometries and crystal structures are listed in Table 3.2. For the intermediate
compounds selected in this work for the modelling, the thermodynamic properties
(enthalpy of formation, standard entropy and heat capacity) were not reported in
existing literature. Therefore, the Neumann-Kopp rule was used to estimate the
heat capacities [35]. Enthalpies of formation and standard entropies were first
approximated from the stoichiometric sum of the pure end-member compounds,
and then optimized during the modeling to fit the available phase diagram data.
The optimized entropies were kept close to the additive approximation, since the
entropies of formation of the intermediates compounds from the end-members (LiF,
BaF, and ZrF,) are expected to be relatively small.

The thermodynamic data of all compounds used and optimized in this work are
listed in Table 3.3.

Table 3.2.: Reported intermediate compounds and crystal structures in the LiF-BaF,-
ZrF4 system. Note that high pressure phases have not been included.

Compound Crystal symmetry Space group Reference

LiBaF, cubic Pm3m (221) (36]
Li,ZrFg trigonal P31m (162) [37]
Li,ZrFg orthorhombic Pnma (62) (38]
LizZr,F g triclinic P1 (2) (38]
BasZrF, orthorhombic Cmcm (63) [39]
Ba,ZrFg orthorhombic Pnma (62) [40]
a-BaZrFq monoclinic P2,/c (14) [41]
B-BaZrFq orthorhombic Cmme (67) [42]
a-BaZr,Fy, monoclinic P1 (2) [43]
B-BaZr,F, monoclinic C2/c (15) [44]

3.3.3. SOLID SOLUTION MODELING

A solid solution was observed in the BaF,—ZrF, system between the compositions
X(ZrF,) = 0.35 and X(ZrF,) = 0.375 (Figure 3.6). Defined as Ba,,,Zr; ,Fg.,., this
intermediate compound with homogeneity range was identified by Ratnikova et al.
[46] and then by Grande et al. [29], as detailed below in section 3.4.3. The existence
of this solid solution was finally experimentally confirmed by Babitsyna et al. using
a water-quenching melt method [47, 48]. A one lattice polynomial model was used
to describe the solid solution with Ba,ZrFg and BaZrFg end-members. The Gibbs
energy function G(T) of the solid solution is described by the equation:

G(T) = (XBar 2rFy - G pay 21y + XBazrFs - Gop azriy) =~ TAS' ! + AG)S (3.2)
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Table 3.3.: Thermodynamic data for end-members and intermediate compound used in this work for the thermodynamic
model. Standard enthalpy of formation A¢HJ),(298.15 K), standard entropy S%,(298.15 K) and heat capacity coefficient
of pure compounds OFEAH:O\C.NL.EO_LVH a+ bT + ¢T? + d-T2. Values optimized in this work in the
thermodynamic modelling assessment are marked in bold.

Compound  A/H%(298.15K)  S%,(298.15 K) Cp,m(T/K/J-K mol =a + b-T + c¢T? + dT 2 T(K) Ref.
(kJ-mol™1) (J-K1-mol™) a b c d
LiF -616.931 35.66 43.30898 0.016312168  5.0470398-107  -569123.6  298.15-2500 33]
LiF, -598.654 42.96 64.183 - - - 298.15-6000 (33]
LiF g -340.946 200.08 35.397917  1.870664-107%  -1.654306-1077 - 298.15-6000 (33]
Li,Fy ) -942.781 258.52 60.80524 5.13678-1072  -3.433579-107° -882301 298.15-600 (33]
82.55869  3.852765-107%  -6.715069-107%  -2142689 600-3100 (33]
83.05533  2.587352:107°  -2.112209-107°  -2215248 3100-6000 (33]
LizFy ) -1517.202 317.97 97.43992  8.075246-1072  -5.345478:10™°  -1266154 298.15-600 (33]
131.0814  1.723168:107%  -4.214711-1077  -3179819 600-2000 (33]
132.9855  1.516407-107°  -1.454542:107°  -3852585 2000-6000 33]
a—BaFy -1208.758 96.399 84.428 -0.0133132 1.872487-107° -881.770 298.15-700 (33]
510.809 -0.7551455 0.0003813337  -42423270 700-1100 (33]
30262.42 -36.20693 0.0122619 -6249891000  1100-1240 (33]
B—BaFy” 444.9684 -0.236396 - - 1240-1481 (33]
y—BaFy? 107.6543 - - - 1481-1641 (33]
BaF,, -1182.7251 112.440 99.82606 - - - 1641-3500 (33]
BaF,q, -803.7464 301.186 57.28314  1.299299-107%  -4.94381-1077 -341665.4  298.15-1400 (33]
58.20781  -2.102083-10% 1.858868-10710  -475260.6 1400-6000 (33]
ZrFyp -1911.300 104.6 81.64412 0.08062462  -1.957282:10™°  -21580.19 298.15-1183 [34, 45]
ZrF -1850.300 156.16 150 - - - 1183-2000 (34, 45]
ZrFy g -1669.506 322.77 93.77765  2.462543-1072  -1.198783-107°  -1112192 298.15-900 (34, 45]
107.9527 5.26574-107°  -5.370488107°  -2544208 900-6000 (34, 45]
LiBaF; -1829.689 132.1 127.73698  0.002998968  1.872487-107° -881770 298.15-6000  this work (model)®
LiyZrFg ) -3184.500 170.0 202.231 0.053124 1.01-107¢ -2738757 298.15-2500  this work (model)®
LiyZrFg -4419.800 241.3 288.8489 0.085749 2.02-107% -3877004 298.15-2500  this work (model)°
LiZr,Fg(cr) -9558.500 515.0 592.3789 0.130937 1.51.107% -8109411 298.15-2500  this work (model)®
LigZrF; ) -3755.050 270.0 245.53994  0.069436504  1.51411-10™®  -3307880.8  298.15-2500 this work (model)
a-BaZrFg, -3158.090 215.0 166.07212  0.06731142 -8.4795-1077  -903350.19  298.15-817.15 this work (model)°
B-BaZrFg -3153.090 215.0 1166.07212  0.06731142 -8.4795-1077  -903350.19  298.15-817.15 this work (model)®
Ba,ZrFy ., -4396.567 311.5 250.50012  0.05399822  1.787692-10™°  -178120.19  298.15-6000  this work (model)
BagZrF gy -5635.500 392.5 334.92812  0.04068502  3.660179-107°  -2666890.19  298.15-6000  this work (model)*
a—BaZr,F g(cn -5056.700 345.0 247.71624  0.14793604  2.042077-107°  -924930.38  298.15-796.15 this work (model)®
B—BaZr,F gy -5053.700 345.0 247.71624  0.14793604  2.042077-107°  -924930.38  796.15-6000  this work (model)°

@ g — 8 second order transition at 1240 K,AH,,(T;;) = 0kJ-mol~!
b B« y first order transition at 1480 K, AH,(T;,) = 2.6736 kJ-mol ™!
¢ Heat capacity obtained using the Neumann-Kopp approximation [35].

o
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with,
Agideal — ~R(XBa,zrrs N Xpay 7rFy + XBazris N XBazrry) (3.3)
where G° and G° are the molar Gibbs energies of the pure

m,BungFg m,BaZrFg N . .
end-members with Ba,ZrFg and BaZrFy stoichiometries, respectively, Xpq,7rr, and

Xpazrrs the molar fractions of the end-members, R the universal gas constant and
AG*S is the excess Gibbs energy. The excess Gibbs energy is expressed by:

AGy =Y X, Xp-q" (3.4)
ij
where A and B represent Ba,ZrFg and BaZrFg, respectively, and g;,; is an interaction
coefficient which can depend on temperature T described by the equation:

ay =a+pT 3.5)
The optimized excess energy parameters are given by the following equation:

GfoangFB,BaZrFﬁ) = XBa, zrFy " XBazrFs - 2000 Jmol ™! (3.6)

In addition, to allow the formation of a solid solution around the Ba,ZrFg
composition in the phase diagram that does not extend fully towards BaZrFg, the
Gibbs energy of the BaZrFz; end-member of the solid solution had to be destabilized
according to:

GBazrFs(s8) = Gpazrre +4000 Jmol™! 3.7)

3.3.4. LIQUID SOLUTIONS MODELING FOR BINARY SYSTEMS

The liquid solutions were described by the modified quasichemical model in the
quadruplet approximation [49, 50], where the quadruplet could be represented as
two anions and two cations symmetrically disposed around an axis. Two atomic
interactions are considered, the First Nearest Neighbor (FNN) interaction which
describes the interaction cation - anion, and the Second Nearest Neighbor (SNN)
interaction which describes the interactions between the two closest ions in the same
sublattice. This model, which is particularly well-adapted to describe ionic liquids,
allows to choose the composition of maximum short-range ordering in a binary
system thanks to the variation of the ratio between the cation-cation coordination
numbers Z;;‘B ,pp and ZfB ,rp- The short-range ordering is defined by the quadruplet
approximation and includes the SNN interactions between each cation and each
anion.

In a simple representation where A and B are two cations and E the anion, the
following reaction is obtained:

(A-F—-A)+B-F-B) — 2(A-F—-B) Agap/r (3.8)

where Agap/r is the parameter of the Gibbs energy change associated with the SNN
exchange reaction described as:

A0 i0 i 0j J
AgABIF =A8pp i+ 21 8apiFXapir+ Zl 8AB/IFXBAIF (3.9)
= ES
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where AggB ,p and g;% /¢ are possibly dependent on temperature, but independent
of composition, and optimized to fit as best as possible the experimental data
available on a given system. The dependence on composition is given by the term
xAB/F defined as:
XaA
XABIF= 5——————— (3.10)
Xaa+Xap+ Xpp

where X441, Xap and Xpp represent the different cation-cation pair fractions. To
maintain electro-neutrality in the system, the anion-anion coordination should be
determined. The following equation is applied after the selection of cation-cation
coordination numbers:

A”’A + BqB _9. FqF 3.11)
ZAB/FF ZAB/FF ZAB/FF

with g; representing the charges of the different ions and ZEB ,pr is the anion-anion
coordination number. These choices are based on the optimization of the systems
in order to get the maximum short range ordering and highest excess Gibbs energy
at a composition usually around the lowest eutectic in the phase diagram. The
coordination numbers selected in this work are listed in Table 3.4.

Table 3.4.: Coordination numbers of the liquid solution used in this work.

A B ZﬁB/FF ZgB/FF ZgB/FF
Lit  Lit 6 6 6
Ba’* Ba®* 6 6 3
VAelY/ ol 6 6 1.5
Li* Ba®* 2 6 2.4
Lit  zr** 2 6 1.71
Ba*t zr** 4 6 1.71

The optimized excess Gibbs energy of the liquid solutions obtained during the
modeling of the binary systems determined in this work are given by the following
equations:

AgriBairr = —1900+2T —1500)1;gasrr + (—6500 +4.3 T) X BaLi/FF ]IIlOl_1 (3.12)

Agrizrirr =—=26000+3 T+ (=5500+ 2.2 T)X1iZzr/FF
+(=22000—-4.9T)x zrLi/Fr + (7000 + 23 T)XZZrLi/FF Jmol ™ (3.13)

AgBaZr/FF =—-30400— (25000 + 15 T)XZrBa/FF +3000X%a2r/FF Imol_l (3.14)
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3.3.5. LIQUID SOLUTION FOR THE TERNARY SYSTEM

For the LiF—BaF,—ZrF, system, the ternary diagram was modeled from the
binary sub-systems LiF—BaF,, LiF-ZrF, and BaF,—ZrF, described above using the
Kohler/Toop interpolation [51], where the latter is an asymmetric interpolation model
of two groups of symmetry: the monovalent group of LiF considered as dissociated
ionic liquid, and bivalent BaF, plus tetravalent ZrF, more likely to form molecular
and oligomer species in the melt. Optimization of the ternary excess parameters was
based on the only data available for the ternary system, from Hatem et al. [30, 52].
These authors measured the mixing enthalpy on different pseudobinary sections of
the ternary system and were the base for the optimization (Section 3.4.4). More
detail will be given in the next section. The ternary excess parameter optimized for
the system LiF—BaF,—ZrF, is given below:

o11 -1
AgliBaczrypr = —90000 Jmol (3.15)

3.3.6. GAS PHASE

The gas phase is described by an ideal mixture of (LiE LiyF», LisF3, BaF,, and ZrF,)
gaseous species. The Gibbs energy is expressed by:

G? =Xy; °G! + RTZy;lny; + RTInP/|P° (3.16)
1 1

where y; is the fraction of the species i in the gas phase, OG?’ the standard Gibbs
energy of the gaseous species i, and P° the standard pressure. The functions for the
gaseous species are listed in Table 3.3. To the best of our knowledge, only vapour
pressure studies in the LiF-ZrF, binary system have been reported in the literature
[53, 54]. Sense and Stone suggested the existence of the LiZr,Fg gaseous molecule
above the LiF-ZrF, binary mixture. In the absence of structural and thermodynamic
data for the latter species, it was not included in the present assessment. A
comprehensive assessment of the vapour pressures in the LiF-BaF,-ZrF; system
is out of the scope of the present study, as it would require complementary
experimental investigations.

3.4. RESULTS AND DISCUSSIONS
3.4.1. LiF-BaF,

Phase diagram data were measured on this system by thermal analysis measurement
techniques by Bergman and Banashek [24], Boukhalova [55], Taniuchi ef al. [56], and
Agulyanskii and Bessanova [25]. In the works of [24, 25, 55], the melting temperature
of pure BaF, was measured at 1553 K, at odds with the temperature selected by
the NIST-JANAF tables [33], (1641 + 2) K (selected for the present assessment). The
agreement between the four studies is generally good, as seen from Figure 3.2,
although the data of Boukhalova [55] and Agulyanskii and Bessanova [25] show some
discrepancy with results obtained in this work and in the other two studies, and are
thus considered less reliable. The data reported by Taniuchi ef al. [56] and Bergman
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and Banashek [24] are consistent with respect to the eutectic transition temperature
and composition. The experimental data measured in this work (Table 3.6), have
enabled the determination of the peritectic decomposition temperature of LiBaFj,
and liquidus curve in greater detail at high BaF, concentrations (from X(gar,) = 0.6
to 1), with a trend that is consistent with the selected reference value for the melting
temperature of the BaF, end-member. Although the melting temperature of pure
BaF, could not be measured with the equipment used in this work, it is in line with
the measured trend of the liquidus temperatures at high BaF, concentrations.

The peritectic decomposition at the stoichiometric composition LiBaF; was
measured on the synthesized sample (see Section 3.2.1). The XRD measurement
conducted on the sample confirmed a cubic antiperovskite (Pm3m(221)) crystal
structure [36] (see Table 3.2), and the product’s purity was found to be (99.7 + 0.2)%
(with BaF, impurities) by Rietveld refinement (Figure 3.1) [17]. The experimental
results are listed in Table 3.6 and the invariant equilibria in the phase diagram are
listed in Table 3.5.
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Figure 3.1.: Diffractogram of LiBaF; synthesized in this work Y,,s (red dots),
measured at (293 + 2) K, compared to the Rietveld refinement performed
on the FullProf suite software. Represented by: Y., (black line) the
calculated XRD pattern and Yops - Ycaie (blue line) the differential
calculation between observed and calculated data. The Bragg’s reflection
angular positions of LiBaF; ((99.7 + 0.2)%) (top) and BaF, ((0.3 + 0.2)%)
(bottom) are shown by green marks.

Mixing enthalpy data were measured experimentally at T = 1354 K using twin
micro-calorimetry by Hong and Kleppa [57]. From the calculation at the same
temperature with the present model (Figure 3.3), the agreement is confirmed with
the experimental data and particularly with the extrapolation proposed by Kleppa et
al.
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Figure 3.2.: Phase diagram of the LiF—BaF, system calculated in this work. (@) are
the transitions measured experimentally in this work, (v7) represent the
data from Bergman and Banashek [24], ({) the data from Boukhalova
[55], (A) the data from Taniuchi [56], and (L) the data from Agulyanskii
and Bessanova [25].

Table 3.5.: Invariant equilibria calculated in this work for the system LiF—BaF,
compared to the experimental data measured and the references provided
in the literature.

Invariant Reaction Equilibrium Calculated and literature data
This study (model) Agulanskii et al. [25] Tanuichi et al. [56]
XBaF, T(K) XpaF, T(K) XBaF, T(K)
LiF + LiBaF;=L Eutectic 0.185 1034 0.175 1048 0.194 1033

LiBaF; = L' + BaF, Peritectic transition 0.5 1123 0.5 1129 0.5 1110
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The model proposed here (Figure 3.2) reproduces well the new experimental data
provided in this work. It is also conform to the invariant equilibria composition and
temperature determined in the works of Bergman and Banashek [24], Boukhalova
[55], Taniuchi et al. [56], and Agulyanskii and Bessanova [25], with the exception of
the melting temperature of BaF, as explained above.

T T
-500 4 Data from Hong and Kleppa /_
Polynomial extrapolation from Hong and Kleppa
1000 | Calculated from the model
I_°l = -
£ -1500
2
x
€ -2000 - 4
I
<
-2500 - 4
-3000 - T=1354K .
-3500 L L 1 1
0.0 0.2 0.4 0.6 0.8 1.0

X(BaF,)

Figure 3.3.: Mixing enthalpy of the LiF—BaF, system calculated at 1354 K in this
work, compared to the experimental data and polynomial fitting by
Kleppa et Hong [57]. The calculation were performed with a constant
pressure of 1 atm.

3.4.2. LiF-ZrF,

A first set of phase diagram data were measured for the LiF-ZrF, system by Thoma
et al. [27], who used different methods, namely quenching and differential scanning
calorimetry. ZrF, is particularly volatile in solutions containing free F~ anions [58,
59], so measurements at high ZrF, content are particularly difficult. The reported
data were collected during cooling of the samples, allowing to confirm the exact
composition on quenched samples. The experimental procedures are presented in
further detail in ORNL reports and publications from the same authors [60-62],
including details on the experimental accuracies. The quenching method was
privileged by Thoma to obtain the experimental data on the liquidus transitions,
while the differential calorimetry data on the cooling ramps were selected according
to Thoma’s recommendations for the solidus and crystalline transitions. A second
complete set of phase diagram data was provided by Korenev et al. [63], who
used differential thermal analysis and X-ray diffraction. The reported liquidus
equilibria are very similar to the previous work. The only significant difference is
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Table 3.6.: DSC data collected in this work.

Xiir  Xpar, Xz, T(K) Equibrium Invariant reaction
- 1 - 1124 Congruent melting LiF = L
0.824 0.176 - 1039 Eutectic LiF+LiBaF; = L
0.700  0.300 - 1044 Eutectic LiF+LiBaF; = L
0.700  0.300 - 1082 Liquidus L'+LiBaF; = L
0.550 0.450 - 1038 Eutectic LiF+LiBaF; = L
0.550 0.450 - 1115 Liquidus L'+LiBaF; = L
0.500 0.500 - 1036 Eutectic LiF+LiBaF; = L
0.500 0.500 - 1121 Peritectic LiBaF; = L'+BaF,
0.493 0.507 - 1119 Peritectic LiBaF; = L' +BaF,
0.493  0.507 - 1180 Liquidus L'+BaF,= L
0.400  0.600 - 1117 Peritectic LiBaF; = L' + BaF,
0.400 0.600 - 1278 Liquidus L' + BaF, = L
0.300 0.700 - 1119 Peritectic LiBaF; = L' +BaF,
0.300 0.700 - 1364 Liquidus L' + BaF, = L
0.248 0.752 - 1114 Peritectic LiBaF; = L' +BaF,
0.248 0.752 - 1436 Liquidus L' + BaF, = L
0.111 0.889 - 1110 Peritectic LiBaF; = L' +BaF,
0.111 0.889 - 1529 Liquidus L' + BaF, = L
0.776 - 0.224 765 Peritectoid Li,ZrFg + LiyZrFg = LigZrF,
0.776 - 0.224 855 Eutectic LiF + LigZrF; = L
0.776 - 0.224 881 Liquidus L'+ LizZrF; = L

Uncertainty for the temperature measurements are estimated at + 5 K for pure
compounds, and + 10 K for mixtures.
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that Korenev identified only one congruent melting for Li;ZrF,, while he suggested
a peritectic decomposition for Li,ZrFg. On the ZrF,-rich side, the authors also
observed an a— f-ZrF, polymorphic transition. In a study on the crystal structures
of the intermediates Li,ZrFg and LizZr,F;9, Dugat et al. moreover re-investigated the
LiF-ZrF, phase diagram [38]. The authors collected experimental data for a few
concentrations, but the invariant equilibria were not defined precisely. Considering
more recent works on the crystal structure of ZrF, (it was showed that the § and
Y phases are not stable above 673 K, and the y-ZrF, was stabilized only for a high
pressure of 28 GPa [64, 65]), it was decided not to include any phase transiton in
ZrF, for the thermodynamic models.

Table 3.7.: Invariant equilibria calculated in this work for the system LiF—ZrF,
compared to the references provided in the literature.

Invariant Reaction Equilibrium Calculated and literature data
This study (model) Thoma et al. [27] Korenev et al. [63]
Xz, T (K Xz, T(K) Xz, T(K)
LiF + LigZrF,=L Eutectic 0.194 899 0.21 871 +2 0.21 858 + 5
LigZrF,=L Congruent melting  0.250 886 0.25 935+ 5 0.25 913 £ 5
Li,ZrFg + LiyZrFg=Li3ZrF, Peritectoid 0.250 731 0.25 743 £ 3 0.25 747 £ 5
LiyZrFg = L' + LigZrF; Peritectic 0.333 842 0.295 843 +2 0.33 843 £ 5
Li,ZrFg + LigZr,F1g=L Eutectic 0.481 786 049 780 %3 0.50 775 + 5
LigZr,F19=ZrF, + L' Peritectic 0.571 791 0.571 793 + 5 not identified

The model shows overall a good agreement with the literature data and the
invariant equilibria (Table 3.7). Only the liquidus temperatures around the
congruently melting compound LizZrF, are not reproduced as well as the rest of the
data. It was not achievable to match the liquidus data in this region at the same
time as the mixing enthalpy data and reported eutectic equilibria. We therefore
attempted to re-measure the phase equilibria in this region. Our measurement at
Xz, = 0.224 yielded a slightly lower liquidus temperature than reported by Thomas
et al. [27], and in better agreement with the optimization (Figure 3.4). Obviously, the
comprehensive re-examination of this composition range would be highly beneficial.
The introduction of multiple coordination environments that could reflect better the
local structure of the melt [9, 66], where oligomerization is expected [67], could help
reproduce this region of the phase diagram with a higher accuracy. It is finally worth
pointing out that the gas in equilibrium with solid ZrF, reaches 1 bar at T = 1175 K
(i.e., below its melting temperature), which is related to the low boiling point and
high volatility of ZrF,.

Using the current assessment, the mixing enthalpy calculated from the model
shows good agreement with the trend of the experimental data from Hatem et al
[68].

3.4.3. BaF,-ZrF,

In the literature, the phase diagram of the BaF,—ZrF, system was studied by several
groups. In 1989, Babitsyna et al. measured a first series of phase equilibria between
X(ZrFy= 0.33 and X(ZrF,)= 1 [47, 48]. The authors reported four intermediate
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Figure 3.4.: Phase diagram of the LiF—ZrF, system calculated in this work. (@) are
the transitions measured experimentally in this work, (M) represent the
data from Thoma et al. [27], (®) the data from Korenev et al. [63] and
(V) the data from Dugat et al. [38]. The calculation was performed for a
constant pressure of 1 atm.

compounds, namely Ba,ZrFg, BasZr,F,,, BaZrFg and BaZr,F;,. The latter compound
was reported with a peritectic decomposition at T = 850 K [48]. Ba,ZrFg was defined
with a stable homogeneity range and a congruent melting at T = 1285 K.

In 1992, Grande et al. [29], reported new results by thermal analysis and
compared their results to the work by Babitsyna er al. [48]. They observed that
the transition data previously collected by Babitsyna et al. for pure ZrF, were not
reliable: they found a melting temperature at (1183 + 1) K, in agreement with
literature recommended by the SGTE and NIST-JANAF databases [33, 34], in contrast
with the previous work (1273 K). No phase transition was observed for pure BaF,
[29]. A congruent melting was identified for BaZr,F,, at a temperature of (863
+ 2) K by thermal analysis. The latter transition was also reported around the
same temperature by other authors [46-48], but defined as a crystalline transition.
Congruent melting was found for Ba,ZrFg at (1289 + 1) K. Two phase transitions
were also identified, at 796 K and 813 K, respectively. These results were moreover
confirmed by X-ray Diffraction of the different polymorphs in quenched samples.
A last work, by Ratnikova et al. in 1997 [46], shows a phase diagram without
BaZr,F;; but with an homogeneity range for Ba,ZrFg, melting congruently. The
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Figure 3.5.: Mixing enthalpy of the LiF—ZrF, system calculated at 1173 K in this
work, compared with the experimental data from Hatem et al. [68].

phase equilibria at high temperature of the BaF,—ZrF, system were also studied by
Lin et al. [69], particularly at high concentration of ZrF,, where previous work gave
inconsistent data. The model proposed here (Figure 3.6), is in good agreement with
data by Grande et al. [29], selected as reference for the optimization because the
information in the paper allows for a detailed evaluation of experimental methods
and interpretation. A comparison with the other datasets allows to consider this
model as a satisfactory representation of the system BaF,—ZrF, overall (Table 3.8).

Table 3.8.: Invariant equilibria calculated in this work for the system BaF,—ZrF,
compared to the references provided in the literature.

Invariant Reaction Equilibrium Calculated and literature data
This study (model) Grande et al. [29] Ratnikova et al. [46]
XziF, T K XziF, TE X7k, * TE)
BasZrF p=BaF, + L' Peritectic 0.250 1294 0.250 1305 0.29 1285
BayZrFy + Ba,ZrFy=L Eutectic 0.321 1283 0.30 1270 0.31 1259
Ba,ZrFg=L Congruent melting  0.333 1283 0.336 1289 0.333 1279
p-BaZrFg=Ba,ZrFg + L Peritectic 0.500 838 0.500 858 0.500 833
B—-BaZrFg + BaZr,F,,=L Eutectic 0.597 832 0.62 822 Only one eutectic
BaZr,F =L Congruent melting  0.667 866 0.667 863 identified:
BaZr,Fyy + ZtF, = L Eutectic 0.691 862 0.7 842 0.65 828

*Uncertainty on the composition reported to be: + 0.02
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Figure 3.6.: Phase diagram of the BaF,—ZrF, system calculated in this work. (@) are
the data from Grande et al. [29], (®) represent the data from Ratnikova
et al. [46], and (V) the data from Babitsyna et al. [47]. The calculation
was performed for a constant pressure of 1 atm.

3.4.4. TERNARY LiF-BaF,-ZrF,

The optimization of the ternary phase diagram was based on the only set of
experimental data determined by drop calorimetry and differential thermal analysis
by Mahmoud [52], describing the mixing enthalpy along different pseudobinary
sections (as defined in the Figure 3.7) of the phase diagram, shown in Figures 3.8
and 3.9. No mutual solid solubility is expected in the ternary system in between
the intermediate compounds stable in the binary systems as the stoichiometries and
crystal structures differ from one system to the other. Moreover, the large difference
in ionic radius between the Li* and Ba®>* cations makes it unlikely for such solid
solutions to form. A quaternary compound was reported, however, in the ternary
system, with stoichiometry LiBaZr,F;;, and tetragonal symmetry in space group
I4/m [70]. The latter was prepared with a hydrothermal synthesis route at 180°C in
an hermetic Teflon jar. The information provided by Gao et al. [70] in their study
does not allow to conclude if LiBaZr,F;; is a stable phase under standard pressure.
We could also not find any thermodynamic data for the latter compound in the
literature. The melting/decomposition temperature is not known. In the absence of
sufficient information, the quaternary phase LiBaZr,F;; was thus not included in the
present thermodynamic assessment.
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Figure 3.7.: Pseudobinary sections experimentally assessed in the ternary system
LiF—BaF,—ZrF, at 1173 K measured by Mahmoud [52] and calculated in
this work.
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70 3. THERMODYNAMIC ASSESSMENT OF THE LiF-BaF-ZrF; SYSTEM

The ternary excess parameters of the liquid solution, obtained for a Kohler-Toop
interpolation (Xpjr = asymmetric component) [71], allow a very good agreement in
the different (LiF/BaF,)—ZrF, sections (Figure 3.8). These data were first used for the
optimization, considering their lower uncertainty (+ 3%), compared to the sections
(LiF/ZrF,)—BaF, (+ 6%) [52]. However, even for the latter case, the model remains
also in very good agreement with these other data (Figure 3.9).
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Figure 3.9.: Mixing enthalpy in the ternary system LiF—BaF,—ZrF, for different
pseudo-binary sections ((A/B)LiF/ZrF,)—BaF, (A/B = 9/1; 4/1; 7/3; 3/2)
at 1173 K measured by Mahmoud [52] and calculated in this work.

Although the ternary mixing enthalpy data do not cover the entire spectrum of
composition in the ternary phase diagram, the good agreement obtained with the
present model gives a good confidence in the description of the thermodynamic
behavior of the LiF—BaF,—ZrF, system (Figure 3.10). Fourteen ternary invariant
equilibria are suggested with the present model. The lowest ternary eutectic was
found at T = 587 K and X;r = 0.38, Xgar, = 0.25 and Xz,r, = 0.37. They are listed in
Table 3.9.

Another element of comparison can be found in the thesis of Mahmoud (page 81)
[52], that includes an isotherm of this ternary system at 1173 K. The same isothermal
projection, calculated in Figure 3.11, is in good agreement with this work [52], with
the presence of stable solid phases in equilibrium with the liquid at 1173 K at high
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Figure 3.10.: Liquidus projection of the LiF—BaF,—ZrF, system calculated in this
work from 550 K to 1650 K with an increment of 15 K. Primary
crystallization fields and invariant equilibria are detailed in the figure.

Table 3.9.: Invariant equilibria calculated in this work for the system LiF—BaF,—ZrF,.

N° Xuyr XsaF, Xz, Invariant equilibria Transition T(K)
1 0425 0.395 0.180 Quasi-peritectic L + a—BaF,=BasZrF;; + LiBaF; 890.3
2 0071 0.374 0.555 Phase transition a—BaZrFg=p—-BaZrFg 817.15
3 0.051 0.378 0.571 Phase transition a—BaZrFg=p—-BaZrFg 817.15
4 0.148 0.263 0.589 Phase transition a—BaZr,F,y=p—BaZr,F, 796.15
5 0.098 0.353 0.548 Phase transition a—BaZr,F,,=p—BaZr,F, 796.15
6 0461 0.335 0.204 Quasi-peritectic L + BagZrF,,=LiBaFj + LiF 788.9
7 0557 0.129 0.314 Peritectic L + LizZrF; + LiF=Li,ZrFq 743.0
8 0548 0.131 0321  Quasi-peritectic L + LizZrF;=Li,ZrFg + LiyZ1F, 731.9
9 0339 0.208 0.453 Quasi-peritectic L + ZrF,=a—BaZr,Fy + LizZr,Fq 615.2
10 0.448 0.259 0.293 Quasi-peritectic L + BagZrF,,=Ba,ZrFg + LiF 602.9
11 0.346 0.214 0.440 Quasi-peritectic L + LiyZrFg=a—BaZr,F,( + LisZr F g 599.8
12 0449 0.256 0.295 Quasi-peritectic L + Ba,ZrFg=Li,ZrFg + LiF 595.2
13 0344 0.226 0.430 Quasi-peritectic L + LiyZrFg=a—BaZr,F( + a—BaZrFg  591.3
14 0.445 0.252 0.303 Quasi-peritectic L + Ba,ZrFg=LiyZrFg + Li,ZrFg 590.4
15 0369 0.247 0.384 Eutectic Ba,ZrFg + a—BaZrFg + Li,ZrFg=L 589.1
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BaF, and ZrF, contents. Overall, the agreement on the mixing enthalpies and on
this isotherm give us good confidence in the accuracy of the ternary phase diagram
presented here.

Based on the model, a calculation of the isothermal projection at 873 K, defined as
the minimum operating temperature of the MSR [72], was carried out. As shown
in Figure 3.12, some crystalline phases are stable in a large compositional area of
the phase diagram at this temperature. Since the MSR fuel is not made exclusively
of LiE but of e.g. a LiF—UF,—PuF3;/UF3 mixture, the more complex equilibria in
the fuel-BaF,-ZrF, system should be considered to assess if precipitation of solid
phases could occur under operating conditions. This work provides the basis for
such calculations.

LiF

T=1173 K

BasZrFp+ L

Ba,ZrFg + BasZrF g+ L

BaF; +
g Ba,;ZrFm L

BaF 09 08 07 06 05 04 03 02 01 ZrF
2 mole fraction 4

Figure 3.11.: Isothermal plot of the LiF—BaF,—ZrF, system calculated in this work at
1173 K. The calculation were made excluding the gaseous phases. The
different stable solid are indicated in the figure.
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Figure 3.12.: Isothermal plot of the LiF—BaF,—ZrF, system calculated in this work at
873 K. The calculation were made excluding the gaseous phases. The
different stable solid phases are indicated in the figure.
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3.5. CONCLUSIONS

Combining experimentally collected phase diagram data and literature sources
on phase diagrams and mixing enthalpy data, thermodynamic models for the
binary LiF—BaF,, LiF-ZrF, and BaF,—ZrF,, and ternary LiF—BaF,—ZrF, systems
were developed for the first time using the modified quasichemical model in
the quadruplet approximation for the liquid solution. A large fraction of the
intermediates observed in the LiF—BaF,—ZrF, system appear to stabilize at the
minimum operating temperature of a MSR (873 K). Ba,ZrFg and BasZrF;, were found
to be stable solid phases above 1173 K. The possible precipitation of solid phases
of LiE BaF, and ZrF, in the operating reactor must be taken into consideration
for the risk assessment of the MSR. However, the current system only provides
equilibria with LiE which is present in large concentrations in the salt mixture. This
forms a basis to study the more complex equilibria with the complete fuel system,
e.g. LiF-ThF,—UF,/UF;, that should be considered for a more accurate analysis.
The volatility of ZrF, is in particular a factor to be taken into account for gaseous
releases in an accidental scenario.
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MANAGEMENT OF GASEOUS
FISSION PRODUCTS AND METALLIC
PARTICLES

To minimize the impact of gaseous and metallic fission products in the core of
a Molten Salt Fast Reactor (MSFR), the most mature technique investigated is the
in-core removal of these neutron poisoning elements by helium bubbling. The helium
bubbling system has the advantage of potentially removing solid insoluble noble and
semi-noble metallic particles, and represents a method to extract valuable materials
(such as palladium, rhodium, molybdenum...). To build a reliable model for the
extraction process in a MSFR, a preliminary experimental study was carried out on
the extraction of simulant fluorescent nanoparticles in a bubbling column with a
water based simulant fluid, mimicking the fluid dynamical properties of the molten
salts. The concentration of the particles and the location of the bubbles were measured
simultaneously in a simulant air bubbly flow with a Laser Induced Fluorescence (LIF)
system, allowing an observation at nano-metric scale. The objective of this work was
two-fold: (i) the collection of experimental result leading to better understanding of
sub-micron particles behavior in molten salt flow, and (ii) to support simultaneous
modeling efforts in OpenFOAM, employing a three-phase Eulerian model for the
simulation of particles, bubbles, carrier fluid and their interaction.
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4.1. INTRODUCTION

MAJOR challenge for an efficient operation of the MSR on the long term, is the

control and the extraction of insoluble particles, such as noble or semi-noble
metals, and neutron poisoning gaseous fission products. nThe MSRE (ORNL)
suggested the use of a flotation process to remove particles from the core, using an
inert gas: helium [1, 2]. This idea is one of the leading concept investigated for the
MSEFR design and particularly in the SAMOSAFER project.

4.1.1. LITERATURE REVIEW

From the first experiment of the MSRE, it was observed than most of the metallic
particles in suspension in the molten salt flow were accumulated on the different
cold parts of the reactor, mainly on the graphite moderator bulk [3]. The removal
of neutron poisonous gas (such as xenon and krypton) took place through an
integrated pump ensuring flow in the circulation loop. A pressure relief space under
the pump allowed gas to enter this chamber and to be removed from the operating
loop. The concept of the helium bubbly flow injection in the operating reactor was
conceptualized during a later stage of the project. However, the results observed
were not substantially different than those of the primary experimental observations.

35m
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Figure 4.1.: Schematic representation of the reactor vessel of the concept of Molten
Salt Fast Reactor [4]. The integrated helium bubbling system is shown
in yellow including the bubble injector, bubble separator and the gas
reprocessing unit.

In the framework of the development of the Molten Salt Fast Reactor, the design of
which does not include a graphite moderator, the concept of in-core helium bubbling
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to remove gaseous fission products as well as solid particles from the reactor has
been reintroduced [5]. The European project SAMOFAR defined a preliminary design
of breeder reactor with a central core surrounded by multiple circulation loops. To
remove fission gas, noble and semi-noble metallic fission products, a continuous
on-line bubbling flow was implemented to drive poisonous products out of the
fuel, through an overflow tank (see Figure 4.1) [4]. The following European project,
SAMOSAFER, including this thesis work, kept the same initial design.

4.1.2. MICRO-SIZED PARTICLES INVESTIGATIONS

Molten salts investigated as fuel and/or coolant, such as FLiBe, FLiNaK or
LiF—ThF,—UF, (77.5-19-3 mol%), operate in a range of temperature between 873
K and 1073 K. Consequently, the experimental work on liquid salt remains very
complex in laboratory conditions. The development of different simulation tools is a
necessary step to observe and analyze the flow behavior associated with a bubbly
flow at high temperature.

The first feasibility study of the process, associating experimental work and
simulation, was performed for different micro-sized particles by Capelli [6]. The
molten salt fluid was simulated by a mixture of water and glycerol (41.6 wt%). This
liquid presents a comparable dynamic viscosity at 293 K with that of the experimental
dynamic viscosity of FLiNaK salt at 900 K. The major interests of this solution
are its transparency, the neutral chemical activity, and an accurate knowledge of
its kinematic viscosity. During Capelli’s work, the removal of micro-sized metallic
particles (from 0.1 pm to 149 pm) by a helium bubbly flow was studied, and first
preliminary experimental observations for removal of nanoparticles of molybdenum
(average size 50 nm) were made. The performance of the bubbling system was
studied for sub-micron particles of molybdenum using a flotation column with a
Hallimond tube [7]. A maximum extraction efficiency of approximately 45% was
measured for 5 micron particles at a gas flow rate of 10 sccm (standard cubic
centimeter), around 20% for the 1.5 microns particles, and 10% for the 0.1 microns
particles at the same flow rate. At higher flow rate, a general increase in the
efficiency of the removal of the particles was moreover observed.

Furthermore, in Capelli’s work, a detailed evolution of the particles’ size distribution
in molten fluoride salt was experimentally determined. Molybdenum particles of 35
- 45 nm were mixed and diluted in a solution of FLiNaK for a duration of 72 hours
at 973 K. Measurements by Scanning Electron Microscopy at room temperature after
the experiment, indicated an average size of the particles around (418 + 50) nm.
This study confirmed that coarsening of metallic particles was taking place in the
salt at high temperatures, but remained limited and consequently the importance of
the comprehension and quantification of the removal of nanoparticles by helium
bubbling.

4.1.3. OBJECTIVES OF THIS WORK

This thesis chapter focuses on the particle removal, and building upon Capelli"s
work, with a particular interest for a range of smaller particles, expected in the core
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of the reactor, namely nanoparticles.

The observation of nanoparticles comes with new challenges. The direct
observation using a high resolution camera, is impossible due to a lack of resolution.
In this work, Laser Induced Fluorescence (LIF) was used and a setup was developed.
This technique allows to observe the flow and concentration of nanoparticles,
selected for their property of fluorescence, directly in the liquid flow, thanks to the
fluorescent emissions induced by laser illumination.

This chapter presents in further detail the design and the experimental method
used to obtain data on the removal nanoparticles by helium bubbling in a molten
salt flow. Here, the evolution of the concentration of nanoparticles in a bubbly
flow recovery system is measured, with the objective to obtain the amount of
particles effectively removed under those conditions. These data were moreover the
foundation of the simulation work performed in OpenFOAM in collaboration with
NRG within the SAMOSAFER project [8].

4.2. NANOPARTICLES OBSERVATION IN A BUBBLY FLOW

4.2.1. LASER INDUCED FLUORESCENCE

LIF is a spectroscopic method based on the spontaneous emission of light induced
by the excitation of molecules by a laser. It can be described as a two-step process:
absorption of a photon from a monochromatic laser, then followed by the emission
of a fluorescent photon from the excited states of the absorbing center. Mainly
used for studying flow and particle tracing, here the essential interest is to allow
the observation of the concentration of nanoparticles, which are too small to be
observed individually by a camera [9].

EXPERIMENTAL DEVICE

The system from LaVision® (as shown in Figure 4.2) is composed of a Nd:YAG pulse
laser source with an emission wavelength of 532 nm, and an Imager MX 4MP CMOS
high resolution camera (2048 x 2048 pixel, 180 frames per second), a filter for the
camera with a bandwidth of 590nm-610nm which permits to select the particular
emission of the Nile Red particles used in this work (as shown in the Figure 4.3).
Calibration and measurement are performed by the software DaVis 8.4 (LaVision®).
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Figure 4.2.: Schematic representation of the LaVision® Laser Induced Fluorescence
imaging setup mounted on the observation column designed in this
work.
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Figure 4.3.: (a) Graphical representation of the absorption/emission wavelengths of
a particle under a monochromatic illumination with the associated filter
from LaVision®. (b) Photography showing the selectivity of the BP 600
nm filter (LaVision®), on Nile Red nanoparticles (250 nm size average)
in suspension in water under 532 nm illumination (green).
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LIGHT INTENSITY MEASUREMENTS

The calibration of the particles’ concentration is established before each measurement
by incremental addition of equivalent volumes of the colloid homogeneous solution
of nanoparticles (i.e., the exact same number of particles for each addition), in
absence of bubbles. The amount of detected light, or measured intensity, is directly
proportional to the actual concentration of particles in solution, as observed in
Figure 4.4. The linear dependence of the form I = A - C, where I is the relative
measured intensity, A is a constant characterizing the slope, and C is the sample
concentration. This first-order approximation between measured intensity and actual
concentration allows to compute a calibration curve (Figure 4.4 (b)). From this
calibration curve, a direct determination of the concentration is possible in follow-up
experiments.

Intensity (counts)

0 20 40 60 80 100
Sample Concentration (%)

(a) (®)

Figure 4.4.: (a) Example of calibration images with a volumetric gradient of
nanoparticles (0.87 um size avg.) concentration in static vial, collected
with DaVis software (a color treatment was applied on the images). (b)
Calibration curve established with samples of known concentration.

4.2.2. SETUP AND MATERIALS
OBSERVATION COLUMN

The observation column was inspired by the initial setup designed by Capelli during
her work at TU Delft [7]. The experimental measurements were carried out in a
PMMA (poly(methyl)methacrylate) cylindrical central column (Dimensions: H = 475
mm; @ = 25.7 mm), filled with a simulant liquid, surrounded by a squared external
column, itself filled with deionized water (Figure 4.5). This specific shape allows
to limit image distortion by refraction of the laser light [10, 11]. The bottom of
the column is connected to a bubble sparger, producing bubbles coming from the
gas introduced through a disk-shaped sintered metallic filter (SIKA-R3, @ = 26 mm,
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height = 3 mm) with 3 ym pore size.
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A

Figure 4.5.: Technical sketch of the in-house designed observation column in PMMA,
with a central cylindrical column (connected to the bubble sparger in
A), and the surrounding squared column, limiting the refraction of the
laser light.

The gas used in this work is air, considering that the nature of the gas weakly
impacts the bubbling conditions. The density of gas is so low compared to that
of the liquid, that in most equations governing the flow dynamics in bubbly flow,
it is negligible. The gas flow is controlled by a mass flow controller (Bronkhorst
Series F-201CV, 0-500 sccm Air). Laminar flow was observed for a range of flow rates
from 0 to 50 sccm (standard cubic centimeter per min), which was the experimental
window used in this work.

SIMULANT MATERIALS

Because the water/glycerol solution induces a very high level of light disturbance
during bubbling as well as a retention of bubbles at the interface, leading to a
progressive accumulation during the process, the simulant liquid used in this work
was demineralized water during the particles measurement. A solution of aqueous
glycerol (41.6 wt%) was also used to explore the properties of bubbling in more
viscous fluid.

SPHERO Fluorescent Nile Red particles (Spherotech) were selected for their
fluorescent property. They are characterized by a specific emission wavelength of
(600 + 10 nm) under a monochromatic illumination of 532 nm (green laser). Four
different calibrated sizes were used in this work: 0.25, 0.53, 0.87 and 2.11 um average.
The density of these particles is 1.05 g cm™3. The second essential characteristic for
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the particles selected in this work is the hydrophobicity, in order to reproduce this
property of the metallic particles. As no colloidal fluorescent metallic nanoparticles
were available from the different commercial suppliers, experiments on the attempts
of gold and molybdenum nanoparticles with Rhodamine 6G were performed in
this project [12]. Some tries have shown interesting fluorescent properties of the
solution, but the observation scale of the setup did not allow a clear confirmation of
the presence of fluorescent metallic nanoparticle with uniform sizes in the solution.
Moreover, the surface properties of the particles seemed affected by the adsorption
of rhodamine functions, leading to the coalescence of the particles in clusters.

4.2.3. BUBBLING CHARACTERISTICS

Considering that all the measurements are related to the intensity of the measured
light, the impact of the bubbles on the measured signal has to be taken account.
Indeed, the bubbles reflect the laser light on their surface which can significantly
impact the accuracy of the concentration determination.

GAS HOLDUP EVOLUTION

In order to understand the gas holdup, the volume fraction occupied by the bubbles
were empirically defined . The superficial gas velocity, describing qualitatively the
flow velocity, was observed to be proportional to the gas flow rate. This means that
the gas flow rate can be used as a measure of the bubble velocity. Both simulant
fluids show reasonable agreement with literature according to the bubbly flow regime
[13, 14]. 40 sccm was the maximum gas holdup result observable by the Matlab’s
bubbles identification and counting program used in this work. Moreover, the gas
holdup reached 30% in the aqueous glycerol, and approximately 10% in the water for
a gas flow rate of 40 sccm. The higher viscosity of the glycerol solution increased the
bubble residence time, leading to a gas holdup three times as high as in water. The
gas holdup in water increased as a function of the gas flow approximately in a linear
fashion. Considering that the bubbles show a diameter with a small bandwidth, as
seen in Figure 4.6, the number of bubbles increases linearly with the gas flow rate in
water. From the results above, a corrective equation of the luminosity of the bubbles
can be applied to the concentration measurements to correct for the impact of the
bubbles (more detail can be found in the BSc report of Grooten [15]).

The mass flow controller (Bronkhorst EL-Flow Select) controls the flow rate from
10 to 500 sccm with 0.5% accuracy according to the supplier. For the measurements
done in this work, measurements below 15 sccm are more representative of the
process conditions; where the calculated void fraction was of approximately 1.5%
in the column, which is comparable with the maximum void fraction for the
MSER reactor of 1.308% calculated thanks to multiphysics simulation of the helium
bubbling [16]. The gas holdup measurements showed a standard deviation of 0.40%
and 0.15% for 4 and 8 sccm, respectively. However, the general uncertainty on the
flow rates was considered at 0.5% for all the 5 to 40 sccm range.



4.2. NANOPARTICLES OBSERVATION IN A BUBBLY FLOW 89

4 + |—— Water .
: Aqueous glycerol (41.6 wt%) ]

Gas holdup (102m)
N w

—
T
|

0 5 10 15 20 25 30 35 40
Flow rate (sccm)

Figure 4.6.: Gas holdup evolution as a function of the flow rate in the observation
column for the water and the aqueous glycerol solution (41.6 wt%).
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SIZE DISTRIBUTION OF THE BUBBLES

The bubble diameter was investigated as well as their evolution as function of the
gas flow rate. To visualize the bubbles, a standard imaging mode of the camera
was operated [17]. The gas flow rates that were selected ranged from 5 to 40 sccm
in steps of 5 sccm. For each selected gas flow rate, 60 images were collected and
the average gas holdup and bubble diameter were calculated with the help of the
bubble detection algorithm introduced as described in further detail by Lakerveld in
his MSc thesis report [14].

(a) 5 scem (b) 10 sccm (c) 20 sccm (d) 40 scem

Figure 4.7.: Images of the bubbly flow with gas flow rates of (a) 5 sccm, (b) 10 sccm,
(c) 20 sccm and (d) 40 sccm collected with DaVis software.

The algorithm first loads the images, and then searches for the bubbles as circles.
The detected circles with a certain diameter and area were used to calculate an
average diameter and gas holdup. The simulant fluids under consideration were an
aqueous glycerol solution (41.6 wt%) and water. As detailed by in Lakerveld [14], the
average bubble size was depicted for each fluid as function of the gas flow rate. An
increase of the average bubble diameter was observed in aqueous glycerol solution
with the increase in flow rate, i.e. from 0.63 mm at 5 sccm to 0.69 mm at 40 sccm.
In contrast the bubble average diameter was almost constant in water: 0.71 mm.

IMPACT OF THE ILLUMINATION BUBBLES ON THE PARTICLE CONCENTRATION

Concentration measurements were realized for a range of gas flow rates in solutions
from 0% to 100% particles relative concentration, controlled by the amount of
particles added in the column (measured at 0 sccm). The water and the glycerol
solutions were compared. The measurements in water showed a linear trend for the
bubble correction curves, in agreement with the linear increase of the amount of
bubbles in column and the intensity of the reflected light increasing linearly. Figure
4.8 shows the measurement points and fits for water, while Figure 4.9 shows those
for 41.6 wt% glycerol. The "measured concentration" is the concentration measured
while bubbling. The pre-determined concentrations are the concentrations that are



4.2. NANOPARTICLES OBSERVATION IN A BUBBLY FLOW 91

to be expected when measuring without reflection of fluorescent light by the bubbles
for the solution at rest.
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Figure 4.8.: Evolution of the impact of fluorescent light by bubbles on concentration
measured by LIF as a function of the different flow rates, in water with
250 nm polystyrene nanoparticles.

Figure 4.8 shows that the relation between measured intensity and flow rate is
linear in water up to 35 sccm. In Figure 4.9, it is also shown that this is not the case
for 41.6 wt% glycerol up to 35 sccm. This was explained by the higher gas holdup in
the more viscous 41.6 wt% glycerol. From 20 sccm on, it was impossible to discern
any separate bubbles in the bubble column.
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Figure 4.9.: Evolution of the impact of fluorescent light by bubbles on concentration
measured by LIF as a function of the different flow rates, in solution
glycerol/water (41.6 wt%) with 250 nm polystyrene nanoparticles.
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4.3. PARTICLES COLLECTION TECHNIQUES

The method of collection of the particles is a Hallimond tube (Figure 4.10), which is
a good laboratory scale mock-up of the conceptual design geometry investigated for
the MSFR in-core helium bubbling extraction system, as proposed by Capelli [6].

4.3.1. EFFECT OF THE HALLIMOND TUBE ON THE EXTRACTION
EFFICIENCY

The Hallimond tube is a glass tube with a curvature angle of 115°, and a conical inlet
with a manual valve at its bottom part (See Figure 4.10). When the bubble/particle
aggregates reach the top of the bubbling column, the bubbles will collapse and
release attached particles in a dedicated reservoir. A valve closes the reservoir and
allows the collection of the extracted particles from the solution. This design has
demonstrated its performances for the collection of the micro-sized particles (3 pm
to 149 ym) and is a good option to reduce re-circulation and the fraction of particles
flowing back into the column [18].

Figure 4.10.: Observation setup equipped with the Hallimond tube under laser
illumination.

Different measurements were realized, with different sizes of nanoparticles and
flow rates, as well as different conditions of concentration and illumination as well
as simulant fluids. After full homogenization of the solution, no clear reduction of
the concentration was observed during the bubbling for the nanoparticle solutions
(250 nm, 530 nm and 870 nm). As seen for example in the case of the 250
nm nanoparticles in Figure 4.11, no clear reduction of the concentration can be
observed. From the initial (-5 min) to the final (35 min) points, in both solutions
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(regardless the viscosity), the concentration remained stable and did not show
variations during the bubbling (from 0 min to 30 min).
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Figure 4.11.: Corrected relative concentration evolution over time of the 530 nm
polystyrene nanoparticles in water and 41.6 wt% glycerol in the bubbly
column (flow rate: 20 sccm) measured by LIE

Despite the modifications and multiples experiments, the Hallimond system did
not prove its effectiveness in the present experimental conditions, and did not allow
to confirm the preliminary results obtained by Capelli with the nanoparticles of
molybdenum. In fact, this device that uses gravity to concentrate the removed
particles in the conical outlet, is probably less efficient in general for nanoparticles
of low density, and especially for the polystyrene particles used in this work.
Surface dyeing of metallic particles of gold, silver and molybdenum were tested to
compare with higher density nanoparticles. But these experiments did not meet the
fluorescence properties to perform Laser Induced Fluorescence measurements. Since
the Hallimond tube did not perform as required for the removal of nanoparticles
with the actual experimental setup, others methods of separation were investigated.

4.3.2. RESEARCH ON ALTERNATIVE SYSTEMS

Alternative systems of particles removal were investigated to solve the open issue of
the extraction of nanoparticles from the column.

NO FILTRATION

The objective of the first set of experiments, where no specific filtration system
was put in place, was to observe local displacement of particles from the bottom
to the top of the column, by determining the proportion of particles delocalized
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during the bubbling. The aim was to confirm that the removal of particles
from the column can take place without extraction device. Measurements were
performed quasi-simultaneously at the lowest observation window of the column
and at the highest observation window. Images were taken at different stages of the
experiments: before, during and after the bubbling.

The relative concentrations was based on the initial setting of the concentration
and are strongly dependent on the position of the laser and observation window,
which are affected by the position changing on the horizontal axis on 30 cm (from
the bottom to the top of the column). Considering the homogeneous distribution
of the particles in the column, the concentration was found equal all along the
column. So, at t = 0 min, initial conditions, the concentration is the same at the
bottom or the top of the column even if the measured concentration (125% and
93%) is different because of the different light conditions.

It was observed that the concentration is stable throughout the column, even
during the bubbling. Considering the empirical observation that particles attached to
some bubbles, it can be concluded that the particles reaching the top are transported
back into the solution without removal at the top due to the back flow of particles.

SOLID FILTRATION

The next investigated method was the use of filter paper on top of the bubble
column. The particles should be either trapped in its pores, or the particles should
pass through and not return back towards the bottom of the column. The gas
could be trapped underneath the filter, however, which would significantly block the
flow. To determine how the filter influenced the gas buildup under the filter, it was
checked whether there was bubbling above the filter at the used gas flow rates (from
6 to 10 sccm). Concentration measurements were conducted, in 41.6 wt% glycerol
without particles, demonstrated its efficiency, while in water a continuously declining
trend was observed but was not found to be reproducible. It was concluded that this
method with this type of filter was also not effective to remove particles from the
column. In the case of glycerol, possible explanations of the ineffectiveness could be
found in the composition of the filter paper, which is cellulose and lignin, that may
react with the glycerol (which might occupy the chemical site limiting the particle
adsorption). Alternatively, the paper saturation with water, and the repellent surface
tension forces between the now hydrophilic paper and the hydrophobic polystyrene
particles might inhibit the particles adhesion to the paper. If considering the theory
that the particles pass through the filter and do not return, the fluid might also have
occupied the voids in the filter, which would trap the particles below the filter.

4.3.3. LIQUID FILTRATION

One challenge in this work was to define a clear boundary at the top of the system
that could be used in numerical modeling. An alternative concept was designed and
developed in this work and is described below. This concept enforces that particles
that leave the column will not return, i.e., being an advective boundary condition
for particles.
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CONCEPT

The principle is to fill the column with two completely immiscible liquid solutions:
an aqueous solution at the bottom of the column and an organic solution (such as
oil) in the superior part, that is deposited on the surface of the first solution. The
particles are in suspension in the aqueous solution and the bubbling is introduced
as described above. Obviously, the organic solution is selected with a lower density
than the aqueous solution. During the bubbling, the particles attach to the bubbles
and go up the column and through the second liquid to the interface with air.
The main aim of this method is to provide an advective boundary condition for
the particles and to influence the flow dynamics in the aqueous phase as little as
possible. The concept is described in the sketch figure below.

= Organic
solution

.
O'*:”””E‘ Bubbles

- Aqueous
solution

Flow trajectory

Stage 1 Stage 2 Stage 3

Figure 4.12.: Sketch of the 3 steps of the Liquid filtration concept.

PARTICLE RETENTION IN THE ORGANIC PHASE

The organic solution has to be selected to minimize the resistance at the interface.
Basically, the bubble should not be stopped by the oil layer by surface effects, hence
cross it without motion interruption. The selection of an oil with low viscosity is
therefore necessary. Under a continuous bubbling flow, coalescence of the bubbles
was observed at the interface with a flow rate above 20 sccm. Below (between 5 and
20 sccm), no accumulation of bubbles was seen, even after 4 hours of bubbling.
The question that arises was the effectiveness of the retention of particles is by the
organic solution. In the case of hydrophobic particles, this retention was ensured by
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the nature of the solution itself, naturally hydrophobic too. An empirical observation
was realized in this work. A volume of polystyrene fluorescent particles was diluted
in a solution of oil until a uniform colloidal solution was obtained. The solution of
oil/particles was superposed to the aqueous one in the bubbling column. Then the
flow rate was varied (from 5 to 200 sccm) and the LIF system was used to control
the interface variations. Even with the highest intensity of bubbling, no transport of
the particles was observed into the aqueous solution, confirming the stability of the
simulant particles in the organic solution and the efficiency of the liquid system for
the retention of particles.

Position (mm)

Position (mm)

Figure 4.13.: Image of the interface of the two phases after the bubbling collected
by LIF (a color treatment was applied). The nanoparticles can be
distinguished in both phases. The particles in the organic phase (top)
are immobile whereas the particles are in motion in the aqueous phase
(bottom).

Secondly, it was verified that without any bubbling, particles in the aqueous
solution do not reach the organic phase. Different biphasic solutions were tested,
for different stirring and for different periods (from hours to week). No particle
exchange was observed between the phases. Hence, it may be concluded that in the
experiments, particles are merely transported from the aqueous phase to the organic
phase by bubbles.

INTRINSIC LUMINOSITY OF THE OIL

The oils used in this work, being mainly natural alimentary oils, are yellow colored.
These oils induce fluorescence under the laser exposition as shown in Figure 4.13.
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The intrinsic luminosity can be considered as constant in each experimental setup
and did not affect the evolution of the light intensity during the bubbling in the
observation window.

4.3.4. LIQUID FILTRATION EXPERIMENTS
EXPERIMENTAL PARAMETERS

In this work, sun flower oil showed the best properties regarding particle retention
and low disturbance of the bubbles while passing the interface. The particles (250
nm, 530 nm and 870 nm) used in these experiments are the same as presented
above. Considering the linearity of the number of bubbles as function of the flow
rate and stability of the bubbles size, the water was chosen as aqueous simulant
fluid.

The objective was then to measure the removal efficiency of particles as function
of the nanoparticle size and the gas flow rate. In this work, three different flow rates
were used: 5, 10 and 15 sccm, more representative of the process conditions and
limiting the formation of a foamy layer at the interface oil/water, which could occur
after a few hours of observation. Considering that the maximal removal efficiency
is expected during the first 30 minutes of the process, the measurements were
performed for 2 hours.

The measurements started with a first 100 images collection of the initial aqueous
solution before introducing bubbles, and after the colloid solution was homogeneous.
During the bubbling, 100 images were collected every 5 minutes for the first 30 min
and every 30 min for the last 1h 30. When the bubbling stopped, a last series of
100 images was collected after complete stabilization of the solution (no remaining
bubbles and homogeneity of the particles).

The height of the aqueous phase was fixed at 35 cm above the bubbling sparger
and the organic solution height at 5 cm. All the measurements were realized in
the same setup, with the same light calibration (pulsed, exposition time 10,000 us).
The initial concentration of particles in the aqueous solution in each solution was
fixed to 100 + 10 ppm, or 0.5 mL of the commercial solutions. These are higher
concentrations than investigated in the MSFR safety study, but present the most
accurate observations in the present setup.

DATA TREATMENT

For each series of 100 collected images at each measurement, an increase of the
measured light intensity was observed in the first 40 images due to the warming
up of the laser. The measured intensity light was stable on the last 60 images;
thus, the results were extracted from these images. For the initial and final
stage of the experimental observation (without bubbles), measurements of the light
intensity were very stable with a very low variability. The concentrations could
be extracted directly from the calibration curve (as presented in Figure 4.4). For
each measurement, an average light intensity was determined from those 60 images,
but it was observed that some peaks of high intensity were observed in the results
(see Figure 4.14). By analysis of the images measured, it was observed that these
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peaks were caused by bubbles reflecting the light in the observation window thereby
increasing the intensity measured on the particular point. These measurements
were removed from the average, reducing the standard deviation and uncertainty as
shown in Figure 4.15.
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Figure 4.14.: Concentration measurements for 100 successive collected images with
the aberrant intensities (circled peaks), for the 870 nm particles with a
10 sccm flow rate (after t = 15 min). The average concentration for the
entire measurement was measured at 96.0%, on the images range of
stability of the light intensity (40 to 100, between red lines) measured
at 99.5%. The standard deviation was calculated at 1.4%.

Two types of measurements were considered: the initial/final measurements and
the intermediate measurements. The initial and final measurements were performed
at t = 0 (before any bubbling) and t = 120 min (after the end of the bubbly
flow) respectively, so with mostly no bubbles in the observation window. The
intermediate measurements were performed during the active bubbling. These
measurements were therefore impacted more by the bubble’s disturbances on the
measured light intensity (shadow or reflection on the bubbles). For this reason,
the initial and final measurements could not been compared directly with the
intermediates. The concentration calculated for the initial measurement is compared
to the concentration calculated in the final measurement to get the extraction rate
after 120 min, according to the following equation:

Extraction rate 129(%) = M (4.1)
Crnitial
As the bubbly flow was homogeneous, the intermediate measured relative
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Figure 4.15.: Concentration measurements for 100 successive collected images after
the removal of the aberrant intensities (circled peaks), for the 870 nm
particles with a 10 sccm flow rate (after t = 15 min). The average
concentration for the entire measurement was measured at 95.4%, on
the images range of stability of the light intensity (40 to 100, between
red lines) measured at 99.4%. The standard deviation was calculated at
0.58%.
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concentrations were calculated to describe the direct evolution of nanoparticles
concentration over time, during the bubbling, and the fitted equation transposed to
a final extraction rate results curve, after correction of the impact of bubbles on the
intensity value. The final result is a good representation of the removal of particles
after two hours with the extraction rate as a function of time as shown in Figure
4.16, where the initial and final concentrations were determined at 0 and 120 min,
respectively, and the intermediate points were issued from the transposition of the
intermediate measured concentrations. An indicative fitted curve could been derived
to describe extraction rate as a function of time (Figure 4.16), nanoparticle size and
bubbly flow rate. As described in Capelli’s work [7], the removal of particles as a
function of time can be described as a logarithmic function. The results presented
here tend to confirm this behavior and the fitting were derived with the fitting tool
of the software OriginPro®.

10

e Experimental extraction

Lo

6— t,"///

./

Extraction rate (%)

T T T * T T T 5 1
25 50 75 100 125
Time (min)

o ¢

Figure 4.16.: Experimental extraction rate vs time (red points) with the superposed
fitting curve (red line) for the 530 nm nanoparticles with a 15 sccm
flow rate by OriginPro®.

EFFECTIVENESS OF THE TECHNIQUE

To confirm the efficiency of the setup for the removal of particles, a first test was
realized with micrometer size fluorescent particles (2.11 pm), in order to compare
with the precedent assessment on the extraction realized by Capelli with metallic
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micro-sized

particles into the Hallimond tube device [19]. The average removal

efficiency of 14% (considering the initial concentration as 100% even if the relative
concentration is measured at 73%) after 30 min of a 10 sccm flow rate bubbling is
very comparable with the results of 15% obtained in the precedent work of Capelli.
The method of the liquid filtration therefore provides comparable results with the
classic overflow method (Figure 4.17).
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Figure 4.17.:
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the initial concentration and after 30 min bubbling (10 sccm flow rate),
the relative concentration is based on the calibration.

er an observation period of some days, the measured concentration in

the organic phase was exactly the same as at the end of the experiment, confirming
the stability of the interface. This confirmed that the bubbles were the only transport
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mean for the particles to access to the organic phase (Figure 4.18).
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Figure 4.18.: Comparison between the measured intensity in the aqueous solution
of 2.11 pum after the 30 min bubbling (10 sccm flow rate) and after a 3
days’ rest.

4.4. RESULTS
4.4.1. EXTRACTION OF NANOPARTICLES

Successful results were obtained for the extraction of 250 nm particles for flow rates
of 10 and 15 sccm, in the whole range of flow rates for 530 nm particles, and with
flow rates of 5 and 10 sccm for 870 nm particles. The final results are presented in
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Table 4.1 below.

Table 4.1.: Extraction of nanoparticles after 120 min of bubbly flow as a function of
particle size and the gas flow rate

NP sizes \ 250 nm 530 nm 870 nm

Gas flow rates (sccm) 5 10 15 5 10 15 5 10 15
Extraction rate 199(%) | 19.17* 4.71 522 | 1.67 395 7.05 | 829 10.2 -**

*Aberrant result because of an unexpected variation of the laser setting. **Data not usable

Due to an unexpected change in the setting of the initially calibrated laser during
the experimental measurement of the 250 nm nanoparticles with the 5 sccm bubbly
flow rate, the light intensity was decreased in the observation window and the final
result could not be considered as reliable. In the case of the 870 nm nanoparticles
with the 15 sccm bubbly flow rate, the formation of bubble agglomerates in
the column during the measurement induced a light pollution in the observation
window making the images not usable. From the successful measurements, it is
shown that the extraction efficiency is enhanced by the intensity of bubbling. A
direct comparison between the different sizes of particles at a same flow rate seems
to show a maximum removal efficiency for the biggest particles (870 nm). The
results for the 250 nm and 530 nm particles do not allow to determine the extraction
efficiency for these two sizes. Overall, it can be observed that the extraction becomes
better for larger particles.

4.4.2. EVOLUTION OF THE PARTICLE EXTRACTION

Combining the initial and final measurements with the relative direct concentration
measured during the bubbling using the method described earlier, indicative
equations approximating the evolution of the particle extraction over time were
determined with OriginPro® software for each measurement.

In each case, the extraction rate over time could be described with a logarithmic
evolution (Table 4.2). This is in agreement with the literature on the removal of
different sizes of particles by a bubbly flow [20, 21], and the results of Capelli [7];
where most of the particles were collected during the first 10 min of bubbling.
The latter observations were not mathematically fitted in the references, and the
functions presented hereafter are a tool to describe the evolution.

The comparison of the fitted extraction rates for the 530 nm nanoparticles were the
most representative examples, where a clear increase of the extraction as function of
the flow rate was observed, with a clear logarithmic evolution (Figure 4.19).

Considering the lack of experimental data to compare to in the case of the 250
nm and 870 nm particles, more mitigated results were obtained for the latter sizes.
For the 250 nm nanoparticles, the final measured removal was slightly higher for the
10 sccm flow rate, but the extraction during the first 60 minutes was also observed
slightly higher in the case of the 10 sccm flow rate. The difference in extraction as
function of the flow rate was not clearly determined for the 250 nm nanoparticles.
In the case of the 870 nm ones, the same trend was observed (Figure 4.19).
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Figure 4.19.: Graphical representation of the extraction rates for 250 nm, 530 nm
and 870 nm nanoparticles as a function of the time for different flow

rates.

NP sizes | Gas flow rates ‘ Fitted extraction rate
10 sccm In(1+0.927)

250 nm 15 sccm In(1+1.537T)
5 sccm In(1+0.0367)

530 nm 10 sccm In(1+0.4257)
15 sccm In(1+9.67)
5 sccm In(1+33.27)

870 nm 10 sccm In(1 +224T)

Table 4.2.: Indicative fitting equation of the extraction rates (in %) of different sizes
of nanoparticles and gas flow rates as a function of the time (7) in

minutes
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4.4.3. CONCLUSION

It can be concluded that the liquid filtration technique provides a possible option
to remove sub-micron (from 250 to 870 nm) solid fission products from the salt
and moreover allows to get well-defined boundary conditions at the surface of the
column. These conditions allowed the determination of a first database for the
removal efficiency of nano-sized particles with a bubbly flow. Further conclusions
are:

e An innovative method using Laser Induced Luminescence was developed to
observe and measure the concentration of nanoparticles in a bubbly flow.

e The modified Hallimond tube, which has demonstrated its effectiveness in the
removal of micro-sized metallic particles, did not show its effectiveness in the
case of the sub-micron particles.

e An alternative technique, using a supernatant solution as filtrating system,
was designed. Promising results were obtained in terms of retention of solid
particles.

e The removal of nanoparticles by a bubbly flow was measured experimentally
for the first time with the Laser Induced Fluorescence technique.

¢ Overall, the extraction efficiency of the nanoparticles by helium bubbling was
measured as relatively low. These results are in agreement with the simulations
results predicting the collection efficiency of nanoparticles [22, 23].
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THERMODYNAMIC ASSESSMENT OF
THE AF-CrF; (A=Li,Na, K) AND
CrF,-CrF3; SYSTEMS

The understanding of the corrosion mechanisms and the effect of the corrosion
products on the basic properties of the salt (e.g. melting point, heat capacity etc.)
is fundamental for the safety assessment and durability of the Molten Salt Reactor
technology. This work focuses on the thermodynamic assessment of the CrF,—CrF;
system and the binary systems of chromium trifluoride CrF; with alkali fluorides
(LiE NaFE KF) using the CALPHAD (Computer Coupling of Phase Diagrams and
Thermochemistry) method. In this work, the modified quasichemical model in the
quadruplet approximation has been used to develop new thermodynamic modeling
assessments of the binary solutions, which are highly relevant to assess the corrosion
process in Molten Salt Reactors. The agreement between these assessments and the
phase equilibrium data available in the literature is generally good. The excess
properties (mixing enthalpies, entropies and Gibbs energies) calculated in this work
are consistent with the expected behavior of decreasing enthalpy and Gibbs energy of
mixing with increasing ionic radius of the alkali-cations.

HE Molten Salt Reactor (MSR) was selected as one of the six reactor designs
T retained by the Generation IV International Forum (GIF) for the next generation
of nuclear reactors [2], which aims to replace the current fleet of Light Water
Reactors in the next decades. Fluoride salts containing alkali fluorides are considered
a promising heat transfer medium and coolant in the primary and secondary loops
of the MSR systems. A major concern for the operation of these reactors is
the degradation of structural materials caused by the corrosive properties of the
fluoride salt at high temperatures. The understanding of corrosion phenomena
is fundamental for the safety of the MSR and commercial exploitation in a near

Parts of this chapter have been published in Thermo special issue 1, 205-219 (2021) [1].
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future. An example of a typical fuel salt composition is 7LiF—ThF4—UF4—(UF3),
proposed for the European Molten Salt Fast Reactor (MSFR) design [3], or
7LiF~NaF~(KF)~AnF4—AnF3 (An=actinide) considered for the MSR-burner [4]. The
so-called FLiNaK salt (LiF-NaF-KF mixture) is moreover a potential choice for
secondary coolant systems of the MSFR designs [4].

Ni-based alloys, which have shown the best resistance to fluoride salts, with
alloying elements such as Fe, Cr, and Mo, are currently the reference. Chromium is
the least stable element in this alloy, leading to the dissolution of CryF, fluorides
inside the fluoride salt matrix, and to the formation of discrete voids in the
Ni-based alloy which could affect the general integrity of the structure of the
reactor. Depending on fluorine potential and temperature, the formed chromium
fluoride species will be stable as divalent or trivalent species. The current reference
structural alloy for MSRs fueled with a fluoride fuel salt is Hastelloy-N, which has
the following composition: Ni(70.6 wt%), Mo(16.8 wt%), Cr(7.01 wt%), Fe(4.16 wt%),
Mn(0.52 wt%), Al(0.15 wt%), Ti(0.002 wt%), Si(0.36 wt%) and C(0.055 wt%) [5]. This
material has demonstrated promising performance during the Molten Salt Reactor
Experiment (MSRE) of the Oak Ridge National Laboratory (ORNL) in the 1950s [6].
The presence of a 7 wt% fraction of chromium appears as a good proportion to
provide the required mechanical strength for the core components, while not being
overly exposed to salt corrosion. The redox potential of the fuel salt, controlled
by the UF,/UF; ratio, determines the rate of corrosion of the structural material.
During the fission process, free fluorine is formed, which reacts with UF; hence,
increasing the UF,/UF; ratio and redox potential of the salt results in an increase
in the corrosion rate of the structural material. This leads to oxidation reactions
such as Cr(alloy) + 2 UF,(salt) = CrF,(salt) + 2 UF5(salt) [7]. Olson et al. conducted
a comparative study with different Ni-based alloys including Hastelloy with different
contents of chromium [8, 9]. The authors studied the corrosion rate at high
temperature (1123 K) of FLiNaK salt (LiF-NaF-KF: 46.50-11.5-42 mol%) with an
immersion device and confirmed the correlation between Cr content and corrosion
resistance of the Ni-based alloy. Except for the quasi pure nickel metal, Hastelloy-N
proved superior resistance to corrosion. A high proportion of Cr (=20 wt%) lead to
high Cr depletion of the structural material, and the degradation was particularly
enhanced in the presence of Cr** cations in solution [10].

The understanding of the effect of the corrosion products on the basic properties
of the salt (e.g. melting point, heat capacity etc.) is fundamental for the safety
assessment and durability of the MSR technology. This work thus focuses on
a thermodynamic modeling assessment of the CrF,-CrF; system and the binary
systems of chromium trifluoride CrF; with alkali fluorides (LiE NaFE KF), based on
data previously reported in the literature on these systems.

5.1. LITERATURE REVIEW

5.1.1. STRUCTURAL DATA

The binary and ternary compounds stable in the systems under investigation in this
work are CrF,, CrF;, Cr,Fs, LisCrFg NaCrF,, NasCrFg NasCrgFp,, KCrF,, K,CrFs,
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K,CrsF;7 and K3CrFg. The most relevant reported structural properties on the latter
phases are listed in Table 5.1.

Table 5.1.: Lattice parameters of the intermediate compounds of the AF—CrF; (A =
Li, Na,K) systems.

Compound Symmetry Space group a(A) bA) cA) B Ref.
a—LizCrFg Monoclinic C2/c 14.4058(10) 8.6006(4) 10.0122(6)  94.714(5) [11, 12]
p—LizCrFq Orthorhombic Pna2, 9.5796(1) 8.4071(1) 4.9793(7) 90 [11, 12]
a—NaCrF, Monoclinic P2;/c 7.862(2) 5.328(2) 7.406(2) 101.65(4) [13]
B—NaCrF, Tetragonal P4/mmm* 15.330(5) 5.330(5) 6.279(3) 90 [14]
NajCrFg Monoclinic P2;/c 5.46(1) 5.68(1) 7.88(1) 90 [15]
a—NasCr3F,, Monoclinic P2;/c 10.5096(3) 7.2253(2)  7.2713(2) 90.6753(7) [16]
p—NasCrzF,, Orthorhombic C222, 10.49(1) 10.19(1) 10.21(1) 90 [17]
y—NazCr3F,, Tetragonal P4,2,2 7.32(2) 7.32(2) 10.24(2) 90 [17]
KCrF, Orthorhombic Pnma 15.761(10)  7.448(5) 18.361(11) 90 [18, 19]
K,CrF5 Orthorhombic Pbcn 7.334(2) 12.804(4)  20.151(5) 90 [20]
KyCr5F, Orthorhombic Pmmm* 12.56(1) 7.25(1) 7.36(1) 90 [21, 22]
Y—K3CrFg Cubic Fm3m 8.66(1) 8.66(1) 8.66(1) 90 [21]

* These structural data have not been confirmed experimentally and were based on
theoretical calculations

Most of the chromium fluoride solid compounds have been reported as green
crystal powder [17, 23, 24] or sometimes as a black powder [25]. Most of
the intermediate compounds in the LiF—CrF;, NaF—CrF; and KF-CrF; systems,
first described as early as 1969 by de Kozak [17, 23], have been confirmed by
more recent structural studies (reference in Table 5.1). Some doubts remain
regarding the structural determinations of NasCr3F;,, Ky,CrsF;; and K3CrFg, however.
NasCrsF4 is known to have three crystalline forms: a-monoclinic, -tetragonal and
y-orthorhombic [17], but the reported differential calorimetry experiments have not
allowed to identify clearly the phase transition temperatures between the different
crystalline forms [26]. De Kozak found by X-ray diffraction that K,CrsF;; has an
orthorhombic structure (space group Pmmm) in 1971 [21]. But this study does
not report the atomic positions, so the data for this compound are incomplete.

De Kozak [17] postulated different crystallines phases for K;CrFg with transitions:
446K 495K
a B y. Only the y-cubic phase has been formally identified by

X-ray diffraction at 523 K [21].

5.1.2. THERMODYNAMIC DATA

The thermodynamic data available on the aforementioned binary and ternary
compounds are rather limited in the literature. Hansen [27] performed adiabatic
calorimetry measurements between 15 and 300 K on CrF; and derived the standard
entropy at 298.15 K as (93.88 + 0.15) J-K"'mol~! and the heat capacity at 298.15 K as
(78.75 +0.01) J-K~'-mol~!. In this work, data provided by the IVTAN tables [28] and
SGPS - SGTE pure substances database [29] have been used for the thermodynamic
functions for CrF;. The fusion temperature has been measured experimentally at
(1698 + 20) K for CrF3 and (1167 + 2) K for CrF, by Sturm [25] in 1962 and are



112 5. THERMODYNAMIC ASSESSMENT OF THE FLiNaK-CrF3 AND CrF,-CrF3

still considered as an appropriate reference. No other data has been found for the
thermodynamic properties for CrF,. In this work, the IVTAN/SGPS - SGTE databases
have also been used for the thermodynamic functions (Table 5.2).

Thermodynamic data have been barely explored for the intermediate compounds
in the AF—CrFj; systems. De Kozak [17] reported the temperature of fusion of LizCrFg
to be Tryus= 1125 K. For NaCrF,, Yin derived based on first principles calculations
the enthalpy of formation from the binary species NaF and CrF; at 0 K as -39.990
kJ-mol~!.The mixing enthalpy has been calculated to be -36.498 kJ/mol for the liquid
phase at the (NaF:CrF3) = (1:1) composition at 1500 K [30]. The same method was
applied to estimate the formation enthalpies of NaF and CrF; at 0 K of NajCrFg
and Na;Cr;F;, as -96 kJ-mol™! and -197 kJ-mol™!, respectively [31]. Yin reported
a formation enthalpy from KF and CrF; at 0 K of -64.912 kJ-mol™! for the KCrF,
intermediate compound and a mixing enthalpy of -51.633 kJ-mol~! at 1500 K for the
liquid of this composition [31]. For K,CrFs, K,CrsF;; and K3CrFg, no thermodynamic
data are available to this date in the open literature.

5.1.3. PHASE DIAGRAM DATA
CrF,-CrF3 SYSTEM

Only one study has been reported in 1962 on the phase equilibria of the CrF,—CrF5
system by Sturm [25] based on quenching experiments. Two invariant equilibria
were observed in the system: an eutectic point at X(CrF;) = 0.14 with a temperature
of (1104 + 5) K and a peritectic equilibrium at X(CrF;) = 0.29 and T = (1270 + 5) K.
A single intermediate compound has been identified in the region between X(CrF3) =
0.40 and X(CrF3) = 0.45, corresponding to the mixed valence state compound Cr,F5
with extended region of stability [18, 32]. Sturm [25] suggested the composition
of the solution phase "Cr(IL,III) fluoride" between 0.42 and 0.46, so slightly below
the ideal 0.50 composition, but did not explored the temperature below 1023 K.
Tressaud et al. [32] and Lacorre et al. [18] reported crystallographic data for the
Cr2F5 compound. Its melting point has been determined as (1270 + 5) K [25]. Two
solid solutions have been finally identified, from X(CrF3) = 0 to X(CrF3) = 0.01 and
from X(CrF3) = 0.90 to X(CrF3) = 1, respectively. No thermodynamic model has been
developed for this system to this date. A sketch of the phase diagram was drawn by
Sturm in accordance with the experimental data collected in his work [25].

AF-CrF3 (A=Li, Na, K) BINARY SYSTEMS

The first study of the phase equilibria in the LiF—CrF;, NaF—CrF; and KF—CrF; binary
systems was performed by de Kozak in 1969 [17, 23]. Based on the rather complete
experimental data set obtained by Differential Thermal Analysis (DTA) measurements,
sketches of the phase diagrams were established [17]. Thermodynamic modeling
assessments of these systems have been performed based on these data by Yin et
al. [30, 31], using an associate model to describe the liquid phase. In this work, a
re-assessment using the modified quasichemical formalism is proposed, compatible
with the thermodynamic database developed for nuclear salt systems by the JRC [4].
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5.2. THERMODYNAMIC MODELING

In this study, thermodynamic models are built using the CALPHAD (CALculation of
PHAse Diagrams) method [33, 34] and the FactSage software [35].

5.2.1. GIBBS ENERGIES OF PURE COMPOUNDS

The Gibbs energies of pure compounds is expressed by:

T

T Cpm
C,,,m(T)dT—Tf —Z-dT (6.1

G(T) = Ay HY,(298.15) — §%,(298.15) x T+/
298.15

298.15
where AfH,‘,’l(298.15) is the standard enthalpy of formation and S9,(298.15) is
the standard entropy of the pure compound at standard pressure and reference
temperature 298.15 K. Cy, ,, is the heat capacity expressed by:

Cpm(T)=a+bT+cT*+dT *+eT? (5.2)

In this work, in the absence of thermodynamic data in the literature for
intermediate chromium salt compounds, the Neumann-Kopp estimation technique
has been used [36] based on the heat capacities of the end-member compounds AF
(A=Li, Na, K) and CrF;. The thermodynamic functions for solid alkali fluorides (LiE
NaE KF) were taken from the JRC database [4] and for the chromium fluorides from
the IVTAN tables/SGTE database [28, 29] as CrF,, CrF; and Cr,F; are not yet included
in the JRC databank of relevant molten salt materials for nuclear applications (Table
5.2).

5.2.2. SOLID SOLUTIONS

Three solid solutions are presented in this work for the CrF,—CrF; system and
have been modelled based on the data collected by Sturm [25]. A regular solution
model using a polynomial description of the Kohler-Toop interpolation was used
to describe the solid solution around the Cr,F5 composition, with CrF, and Cr,F;
as the end-member compositions. A two-sublattice polynomial model was used to
describe the two solid solutions around the end-member compositions quasi-CrF,
and quasi-CrF3, respectively. In this case, the considered cationic species on the
first sublattice are Cr’* and Cr**, and the anionic species on the second sublattice
is F, meaning the end-member compositions correspond to the CrF, and CrFj
stoichiometry, respectively. The Gibbs energy function G(T) of the solid solution is
described by the equation:

G(T)=Xa- Gf‘ + Xp- Gg + XaRTInX4 + XgRTIn Xp + AG}, (5.3)

where GS1 and G% are the molar Gibbs energies of the pure end-members, X4 and
Xp their site molar fraction, R the universal gas constant and AG*® is the excess
Gibbs energy. The excess Gibbs energy can be expressed by:

AGY =Y VhVh-Lij (5.4)
L]
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Table 5.2.: Thermodynamic data for end-members and intermediate compounds used in this work for the thermodynamic
assessment. Standard enthalpy of formation AyH7,(298.15 K), standard entropy S$%,(298.15 K) and heat capacity
coefficient of pure compounds Cp,,;(T/K)/(J-K-mol™)= a + b-T + ¢:T? + d-T"2 + e'T%. Optimized data are presented

in bold.
Compound  A;HY,(298.15 K) ~ 89,(298.15 K) Cpm(T/K/(JKmol™)=a+ bT+cT? + dT2 + eT? T(K) Ref.
(kJ-mol~1) (J-K Ymol™) a b c d e
LiF ¢ -616.931 35.66 4330898  0.016312168  5.0470398-1077 -569123.6 298.15-2500 1371
LiF, -598.654 42.96 64.183 - - - - 298.15-6000 137
NaF -576.650 51.21 47.630 0.01479 - -464300 - 298.15- 2500 1371
NaF, -557.730 52.75 72.989 - - - - 298.15-6000 137]
KFcp) -568.606 66.55 68.757414  -0.057756882  7.5404856-107°  -766718.34  -2.3885627-107%  298.15-2000 137
KF -554.374 67.77 71.965 - - - - 298.15-6000 (37
CrFy e -781.8 86.87 76.68345 0.0105410 -1.386756:107° -1338373 - 298.15-1167 [28, 29]
CrFy -764.692 86.308 100 - - - - 1167-4000 [27-29]
CrF e -1160.0 93.88 75.86301 0.0404446 -4.20805:1075 -782870 - 298.15-1100 [27-29]
CrF e - - 226.552 -0.0870137 2.020701-1075 -49199760 - 1100-1698 28, 29]
CrFy) -1125.281 83.0567 130 - - - - 1698-2500 28, 29]
CryF5 e -1950.8 181.0 152.54646  0.05098565 -4.20944-1078 -2121243 - 298.15-6000  [28],This work
LisCrFg e -3070.0 210.6 20578995  0.089381104  -2.69393806-107%  -2490240.8 - 298.15-1100  [28],This work
LisCrFgcp) - - 356.47894  -0.038077196 2.172112194-107°  -50907130.8 - 1100-3000 (28], This work
NaCrFy ) -1777.5 156.2 123.49301  0.0552346 -4.20805-107% -1247170 - 298.15-3000  [28],This work
a—NagCrFg ) -2935.9 314.5 21875301  0.0848146 -4.20805-107% -2175770 - 298.15-913  [28],This work
B—NagCrFycp) -2925.4 326.3 21875301  0.0848146 -4.20805-1075 -2175770 - 913-3000  [28],This work
NasCrsFyen -6545.65 584.2 465.739030  0.1952838 -1.262415:107° -4670110 - 298.15-3000  [28],This work
a—KCrFy (¢ -1772.8 181.9 144.620424 -0.017312282  7.1196806-10™°  -1549588.34 -2.3885627-107%  298.15-1066  [28],This work
B—KCrFy ey -1768.8 185.9 144.620424 -0.017312282  7.1196806:10°  -1549588.34 -2.3885627-107°  1066-3000  [28],This work
K,CrFyep) -2378.6 251.0 213.377838 -0.075069164  1.4660166-107*  -2316306.68 -4.7771254-107%  298.15-3000  [28],This work
K,CrsF 7o -7067.5 632.8 516.829878  0.086709236  1.2976946-107*  -5447786.68 -4.7771254-107%  298.15-3000  [28],This work
a—K5CrFg -2941.2 338.5 282.135252  -0.132826046  2.2200652-107*  -3083025.02 -7.1656881-107%  298.15-499  [28],This work
B—KsCrFg ey -2925.0 371.3 282.135252  -0.132826046  2.2200652-107*  -3083025.02 -7.1656881-107%  499-3000  [28],This work
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where L; ; is an interaction coefficient which can depend on temperature T described
by the equation:
Lij=A+BT (5.5)

and where y, and yp are the equivalent site fractions of the end-member species
for the regular solution, defined by:

ZaXa

= (5.6)
ZAXA + ZBXB

ya

Z, is the coordination number of the A (resp. B) species in the end-member. Here
Z4 is set equal to 1 (default value), meaning that the equivalent site fractions are
equal to the molar site fractions.

For the two-sublattice polynomial model, the equivalent site fractions ycrgn and
ycrurn are described as a charge equivalent site fractions:

2Xcrun
Ycran = (5.7
! 2Xcrun +3Xcruin

3Xcrarn
2Xcran +3Xcruin

Yerain = (5.8)
The optimized excess energy parameters, obtained by manual iteration, are given by
the following equations:

2 2 -1
Geran.craimr = YerpYores -4920+ ycrr, Y, g, - 7600 J mol (5.9)

GES o sy = YCrEYCroFs - 23850+ YCrEy Ve, s - (—19500) + Y&, , Yer, B -3500  Tmol™15.10)

5.2.3. LIQUID SOLUTION

To describe the liquid solution, the modified quasichemical model in the quadruplet
approximation has been used [38, 39]. This quadruplet is defined by two anions
and two cations symmetrically dispatched around an axis. Two interactions are
considered, the First Nearest Neighbour (FNN) interaction which describes the
interaction cation - anion and the Second Nearest Neighbour (SNN) interaction
which describes the interactions between the two closest ions in the same sublattice.
This model is particularly well adapted for the description of ionic liquids as it
allows one to choose the composition of maximum short-range ordering in a binary
system by varying the ratio between the cation-cation coordination numbers Z /‘;‘B IFF
and ZEB ,pp- Short-range ordering is defined by the quadruplet approximation and
includes the SNN interactions between each cation and each anion. In a simple
representation where A and B are two cations and E the anion (fluorine anion F~ in
this work), the following reaction is obtained:

(A—-F-A+MB-F-B) — 2(A-F—-B) Agap/F (5.11)
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where Agap/r is the parameter of the Gibbs energy change associated with the SNN
exchange reaction described as:

_Ag0 i0 i 0j J
AgapiF=A8pp/p+ _ZlgixB/FXixB/F + _ZlgAB/FXBA/F (5.12)
i> iz

where AggB ,p and gzg ,r are possibly affected by temperature, but independent of
composition, and optimized to fit as best as possible the experimental data of a
given system. The dependence on composition is given by the term yap/r defined

as:
X
XAB/F = — A (5.13)

Xaa+Xap+ Xps
where Xs4, Xap and Xpp represent the different cation-cation pair fractions. To
maintain electro-neutrality in the system, the anion-anion coordination should be
determined. The following equation is applied after the selection of cation-cation

coordination numbers:
A B F
q + q —ox q
z4 zB VAR
AB/FF AB/FF ABIFF

(5.14)

with g; representing the charges of the different ions and ZﬁB ,pp is the anion-anion
coordination number, directly dependent of the choice of the cation-cation
coordination numbers ZﬁB/FF and ZﬁB/FF. These choices are based on the
optimization of the systems in order to get the maximum short range ordering and
highest excess Gibbs energy at a composition usually close to the lowest eutectic
in the phase diagram. The coordination numbers selected in this work are listed
in Table 5.3. The optimized excess Gibbs energy of the liquid solutions for the

Table 5.3.: Cation-cation coordination numbers of the liquid solution

A B ZI/:B/FF ZgB/FF ZEB/FF
Lit  Li* 6 6 6
Na* Na* 6 6 6
K* K 6 6 6
cr*t crt 6 6 2.4
Lit 2 6 2
Na* cr*t 4 6 2.7
Kt o 6 6 3

LiF—CrF3, NaF—CrF; and KF—CrF; systems are given by the following equations:

Agricrirr =—25000—5-T + (4000 -5 T)xricr/FF
+(=2000—5- T)ycrrispe +(=2000 = 2- TV 2 11 jmol”'  (5.15)
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AgNacripF = —29870-5.5-T + (4700 - 16 - T) ¥ NaCr/FF
+(4100+3.3- T) Y crnarer + 10002400 15 Jmol™  (5.16)

Agkcrirr =—29600—5-T + (6800~ 6- T) Ykcr/FF
+ (15600 +3.25- T)ycri/rr + (~9800 = 4- T) X%, Jmol™!  (5.17)

Agcrancrarnier ==2900+5- T + (=5875—-8-T) xcrncrdini FF

+(=9800—-5.5-T)xcrurncran/rr + (6450 —5.35 - T)X%Jr(II)Cr(III)/FF ]mol_l
(5.18)

5.3. RESULTS AND DISCUSSION
5.3.1. CI'FZ-CI'F3

The calculated phase diagram for the CrF,—CrF; system is shown in Figure 5.1
where it is compared to the experimental data of Sturm [25]. The general agreement
between calculated and experimental data is good. The CrF,-rich solid solution
extends up to X(CrFz)= 0.054. The range of stability of the Cr,F5 solid solution
extends from X(CrF;)= 0.382 to X(CrF3)= 0.5. Finally, the CrFs-rich solid solution is
stable down to X(CrF3)= 0.88. The calculated invariant equilibria are listed in Table
5.4 and compared to the data by Sturm [25].

Table 5.4.: Invariant equilibria in the CrF,—CrF; system.

Equilibrium Invariant reaction This study(calc.) Sturm et al. [25]
X(CrFg) T/K  X(CrF3) T/K

+

Eutectic  CrF,(cr) + Cr,Fs(cr)=L 0.115 1104 0.14* 1103 +5
Peritectic Cr,Fg(ss)=CrFg(cr) + L 0.28 1271 029 1272 £5

*The composition data was extracted from the sketch of the phase diagram
provided by Sturm [25]
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Figure 5.1.: Phase diagram of the CrF,—CrF; system optimized in this work and
comparison with experimental data provided by Sturm [25].
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5.3.2. AF-CrF3 (A = Li, Na, K)

The calculated phase diagrams for the LiF—CrF;, NaF—CrF3 and KF—CrF; systems
are shown in Figures 5.2, 5.3 and 5.4, respectively.

LiF-CrF;

The LiF—-CrF3 system shows, according to the data of de Kozak, two eutectic
equilibria: the first at a composition of X(CrF;) = 0.15 and a temperature of 1003
K, and the second at a composition of X(CrF3) = 0.35 and temperature of 1059 K
[17]. The calculated phase diagram (Figure 5.2) shows good agreement, with a first
eutectic point calculated at X(CrF3) = 0.136 and at a temperature of 1008 K, and a
second at X(CrF3)= 0.363 with a temperature of 1062 K. The last invariant equilibrium
represents congruent melting, at a temperature of 1129 K at the stoichiometric
composition (LigCrF3) or X(CrF3) = 0.25. The calculated equilibrium is lower in
temperature (1111 K), which is still considered a reasonable deviation considering
the agreement with the other liquidus points around this composition.
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T/K
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s

500 4

300 . | . | . L . 1 :
0 0.2 0.4 0.6 0.8 1
X(CrF,)

Figure 5.2.: Phase diagram of the LiF—CrF; system optimized in this work and
comparison with experimental data provided by de Kozak [17]. Blue
squares represent liquidus points and blue circles represent solidus
points.
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Table 5.5.: Invariant equilibria in the LiF—CrF; system.

Equilibrium Invariant reaction This study(calc.) De Kozak [17] Yin et al.(calc.) [31]
X(CrFy)  T/K X(CrFy) T/K X(CrFy) T/K
Eutectic LiF(cr) + Li3CrFg(cr)=L 0.136 1008 0.15 1003 0.148 1003
Congruent melting LizCrFg(cr)=L 0.25 1111 0.25 1129 0.25 1125
Eutectic LizCrFg(cr) + CrF3(cr)=L 0.363 1062 0.35 1059 0.354 1058
NaF-CrFj3

Experimentally, an eutectic equilibrium has been identified at a composition of
X(CrF3) = 0.125 and a temperature of 1166 K [17]. The calculated phase diagram
shows an eutectic point at X(CrF3) = 0.106 and a temperature of 1175 K. A gap is
observed for the composition of this eutectic and the temperature in this model.
This difference is within the uncertainties of the experimental work as is evident
from the different values for the melting temperature of pure NaF (1278 K according
to de Kozak and 1266 K in this work based on most recent data). Congruent melting
has been measured at a temperature of 1413 K for the NajCrFg stoichiometric
compound [17]. In this study, the optimized temperature is lower (1385 K), which is
resulting from the fact that the model was designed in order to get the best balance
between the different invariant points presented next. An eutectic equilibrium is
computed at X(CrF3) = 0.371 and a temperature of 1145 K, in good agreement with
de Kozak’s value at X(CrF3) = 0.375 and 1145 K. An experimental validation needs
to be performed for a better understanding of this area, however. In fact, de Kozak
proposed a peritectic equilibrium at X(CrF;) = 0.375 and a close eutectic point at
X(CrF3) = 0.384. In the assessment proposed by Yin et al. [31], two eutectic points
are calculated at X(CrF;)= 0.367 (1142 K) and X(CrF3) = 0.383 (1141 K), respectively.
In this model, comparable equilibria have been calculated, the compositions and
temperatures are described in the Table 5.3 and show a good agreement with the
values by Yin [31]. A peritectic point was identified at the stoichiometric composition
NaCrF, and a temperature of 1232 K [17].

Table 5.6.: Invariant equilibria in the NaF—CrF; system. The reactions in italic have
been calculated and have not been experimentally confirmed.

Equilibrium Invariant reaction This study(calc.) De Kozak [17] Yin et al.(calc.) [31]
X(CrFg)  T/K X(CrFy)  T/K X(CrF3) T/K
Eutectic NaF(cr) + NazCrFg(cr)=L 0.106 1175 0.123 1166 0.114 1162
Congruent melting NagCrFg(cr)=L 0.25 1385 0.25 1413 0.25 1416
Eutectic NasCrsFy,(cr) + NagCrEg=L  0.371 1145 - - 0.367 1142
Congruent melting NasCrsF (cr)=L 0.375 1145 - - 0.375 1142
Eutectic NasCrsF ) (cr) + NaCrF,~=L 0.381 1144 0.383 1141

Peritectic NaCrF,(cr)=L + CrF3(cr) 0.5 1232 0.5 1234 0.5 1239
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Figure 5.3.: Phase diagram of the NaF—-CrF; system optimized in this work and
comparison with the data provided by de Kozak [17]. Blue squares
represent liquidus points, blue circles represent solidus points and blue
triangles phase transition points. The area 0.365 < X(CrF3) < 0.385 is
zoomed in the right window.
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KF-CrF;

For the KF—-CrF; system, the situation is similar to the two previous cases. A
first eutectic equilibrium is computed at a composition of X(CrF;) = 0.041 and a
temperature of 1108 K, which is in good agreement with the experimental value of
X(CrF3) = 0.048 (1115 K) [17]. A congruent melting point is calculated at 1553 K
for the K;CrFg intermediate compound, which is in very good agreement with the
data of de Kozak (1553 K). A peritectic transition is identified at X(CrF;) = 0.333
and a temperature of 1130 K, with a good agreement with the experimental data,
i.e. X(CrF3) = 0.333 (1133 K). The second eutectic is modeled at a composition
of X(CrF3) = 0.432 and a temperature of 1112 K, with a relatively close agreement
with the experimental data (X(CrF;) = 0.45 (1112 K)). Then a peritectic equilibrium
is calculated at X(CrF3) = 0.50 (1191 K) and another peritectic transition at X(CrF,)
= 0.714 (1390 K), with a good agreement with the data by de Kozak, X(CrF3) = 0.50
(1200 K) and X(CrF;3) = 0.714 (1390 K), respectively.

Table 5.7.: Invariant equilibria in the KF—CrF; system.

Equilibrium Invariant reaction This study(calc.) De Kozak [17] Yin et al.(calc.) [31]
X(CrFy)  T/K X(CrtFy)  T/K X(CrFy) T/K
Eutectic KF(cr) + K3CrFg(cr)=L 0.041 1108 0.048 1115 0.045 1113
Congruent melting K3CrFg(cr)=L 0.25 1553 0.25 1553 0.25 1548
Peritectic K,CrF5(cr)=K3CrFg(cr) + L 0.333 1130 0.333 1133 0.333 1135
Eutectic K,CrF5(cr) + KCrF,(cr)=L 0.432 1112 0.45 1112 0.426 1107
Peritectic KCrF(cr)=K,CrsF,;(cr) + L 0.50 1191 0.50 1200 0.50 1195

Peritectic K,CrsF;,(cr)=L + CrF;(cr) 0.714 1390 0.714 1390 0.714 1388
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Figure 5.4.: Phase diagram of the KF—CrF; system optimized in this work and
comparison with the data provided by de Kozak [17]. Blue squares
represent liquidus points, blue circles represent solidus points and blue
triangles phase transition points.
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5.3.3. EXCESS PROPERTIES

The mixing enthalpy of the liquid solution is a very useful quantity to assess the
reliability and consistency of the models developed for complex systems such as
AF-CrF;. The expectation is that the mixing enthalpy becomes more negative when
the ionic radius of the alkali fluoride increases along the series LiE NaF and KF [40].
Unfortunately, no experimental data have been reported for this system to compare
with the calculated results obtained in this work. The only comparison available for
these systems is that optimized by Yin et al. [30, 31] using their associate model.
Their calculated data for the mixing enthalpy are slightly higher at 1500 K than
the results provided in this work but confirm the same trend along the series of
alkali-ions.
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Figure 5.5.: (a) Mixing enthalpies and (b) mixing entropies of the LiF—CrF;,
NaF—-CrF; and KF—CrF5 systems calculated from the present models at
T=1500 K. Mixing enthalpies represented with dashed lines (a) are the
values presented by Yin at T=1500 K [31]

Mixing enthalpies calculated in this work show minima around the compositions
X(CrF3) = 0.25 for LiF—CrF3 and X(CrF3) = 0.40 for NaF—CrF; at respective energy
values A iy HY (LIF—-CrF;) = -14.9 kJ.mol™! and A i, H%, (NaF—-CrFs) = -27.5 kJ.mol 1.
The minimum is reached around the stoichiometric composition X(CrF3) = 0.50 for
the KF—CrF; system and a energy value of Ay H9,(KF—CrF;) = -35.4 kJ.mol™!. The
location of the extrema (corresponding to maximum short-range ordering in the
liquid solution) are directly related to the choice of the cation-cation coordination
numbers. The mixing entropy of the LiF—CrF; system shows a regular profile, while
that calculated in the NaF and KF-based systems both show an inflection around the
X(CrF3) = 0.30-0.35 and 0.50-0.55 compositions, respectively. This evolution indicates
a stronger short range ordering that is favored in certain concentration regions. The
same observation was made for the LiF—ThF, system by Capelli et al. [41] and
related to the local structure properties of the melt.

Following a similar interpretation, a high concentration of free F~ ions is expected
in the NaF (resp. KF) rich regions, and a high concentration of bridged F~ ions in
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fractions.

the CrF; rich region. The bridging of F~ ions and formation of clusters/chains of Cr
cations leads to ordering of the system, and thus to a decrease in entropy. Such
network formation has been observed in several fluoride systems such as AF—ThF,
and AF—-UF, [41, 42]. Considering the three-dimensional polyhedral form of the CrF5
compound, comparable to ThF, and UF,, it is likely to occur in these liquids as well.

Finally, Figure 5.6b shows the calculated pair fractions using the optimized models.
The respective locations of the A-Cr-F-F pair fractions maxima (X(CrF3) = 0.25, 0.40
and 0.5 for the LiE NaF and KF systems), are again directly correlated to the choice
of the coordination numbers. The maxima moreover show a round shape with
corresponding fractions varying between 0.6 and 0.8, indicating a moderately basic
system, as was also the case for the AF—NiF, systems [43]. A strongly basic system
with quasi perfect second-nearest neighbor ordering leads to a SNN fraction close to
one at the composition of maximum SRO, and to a sharp minimum in the calculated
Gibbs energy of mixing [43].

5.4. CONCLUSION

In this work, new thermodynamic assessments of the AF-CrF; (A = Li, Na, K) phase
diagrams have been presented using the CALPHAD method in combination with the
modified quasichemical model in the quadruplet approximation. The models are
based on the only experimental data reported in literature by de Kozak [17], and
show a good agreement. Based on the same method, the CrF,—CrF; binary system
has been modeled based on the experimental data of Sturm [25]. Knowledge of the
phase diagrams of all four systems helps improving the understanding of the role of
products (CrF,,CrF3), which can be formed as a result of the corrosion of Hastelloy
used as structural material in Molten Salt Reactors, on the properties of the liquid
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fuel salt. The AF-CrF; systems are characterized by strongly negative Gibbs energies
of mixing, decreasing from Li to K, and the calculated bond fractions suggest a
moderately basic behavior.
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THERMODYNAMIC BEHAVIOR OF
CrF; CORROSION PRODUCT IN THE
MOLTEN LiF-ThF, SALT SYSTEM

This work examines the thermochemistry of the chromium difluoride CrF, corrosion
product in the molten LiF—ThF, fuel salt system. Through a combination of
experimental investigations and thermodynamic modeling assessment, the study
elucidates the thermodynamic properties, phase diagram equilibria, and overall
thermodynamic behavior of CrF, corrosion product, following dissolution from a
structural material to the molten salt fuel environment. In this work, two different
synthesis methods were developed for pure CrF,, further allowing to experimentally
measure the phase equilibria in the LiF—CrF, CrF,—ThF, and LiF-CrF,—ThF,
systems. Then, thermodynamic models were developed using the CALPHAD method
based on the quasichemical model in the quadruplet approximation.

6.1. INTRODUCTION

HE recommendations of the Intergovernmental Panel on Climate Change require
Ta profound adaptation of the energy production mix [1]. A wider use of
nuclear power is suggested as one of the solutions to replace fossil fuels with high
expectations for advanced reactor technologies.

The Molten Salt Reactor (MSR) is an advanced reactor design of the 4" generation,
that uses liquid fluoride or chloride salts as both the fuel and coolant [2-5].
MSRs offer several advantages compared to traditional solid fueled and water-cooled
nuclear reactors, such as inherent safety, with built-in passive safety mechanisms.
MSRs can also accommodate a wide variety of fertile and fissile materials, including
thorium, natural or depleted uranium, or re-processed plutonium, which are
abundant naturally or from the nuclear fuel cycle of traditional Light Water Reactors
[6].

The LiF—ThF,—UF, salt mixture is one of the reference fuel salt selected for the
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Molten Salt Fast Reactor (MSFR) concept [5]. Lithium fluoride (LiF) serves as the
solvent, or matrix, for the other components in the fuel mixture. It has good heat
transfer properties, is chemically stable at high temperatures [7], and is compatible
with a fast neutron spectrum as long as it is enriched in lithium-7 (“Li) [8]. Thorium
tetrafluoride (ThF,), with the isotope ?3’Th, is a fertile material, meaning it can
capture neutrons and be converted into fissile uranium-233 (>33U) [9, 10]. Uranium
tetrafluoride (UF,) is a fissile material, which can sustain a nuclear chain reaction
under its enriched forms in isotopes 233U and #°U.

Fluoride salts are corrosive in their molten state at high temperatures, which
implies high requirements on the materials composing the reactor vessel [11].
Ni-based alloys with a high concentration of chromium, such as Hastelloy-N (7 wt%
chromium content), were recommended in the preliminary studies realized by the
Oak Ridge National Laboratory (ORNL) in the 1960s and 1970s during the Molten
Salt Reactor Experiment (MSRE) and Molten Salt Breeder Reactor (MSBR) program
[12]. Experimental investigations were realized in thermal convection loops, with the
aim to simulate the material degradation of key components of the reactor (e.g. hot
and cold parts, welded connections, angles). Hastelloy-N specimens were exposed,
during nine years, to a LiF—BeF,—ZrF,—UF,—ThF, (approximately 70-23-5-1-1 mol%)
fuel salt, circulating between 833 K (560°C) and 973 K (700 °C) [13]. The different
cross section observations, by macro and microstructural analyses, showed the
formation of interstitial voids due to chromium depletion (and to some extent iron
depletion). The post-analysis of the salt composition after nine years showed a
significant increase in the concentration of Cr in the fuel salt (from 100 ppm to
1800 ppm) [13, 14]. These observations were confirmed by several subsequent
studies [15-18]. According to the different investigations mentioned, the presence of
oxidized chromium in the salt solution is mainly driven by the redox equilibrium:

2UF, + Cr° == 2UF, + CrF,

To some extent, ionic impurities Ni?* and Fe?* dissolved into the salt after corrosion
can also contribute to the further depletion of chromium from the structural material
[13, 14], according to the following equilbria:

NiF, + Cr == Ni + CrF,
FeF, + Cr = Fe + CrF,

It was also found that oxidized chromium, in the cationic form of Cr?* or
Cr®*, could enhance the kinetics of redox reactions involved in the degradation of
structural materials in contact with Li-based molten fluoride salts [19]. Based on
their first results, ORNL researchers initially considered CrF; to be more stable, but
the studies were focused on dissolution in FLiNaK salt. A study by Qiu ef al. showed
that the main corrosion product of chromium was in trivalent form (in a complex
K2NaCrFg) and showed the stability of Cr(IIl) because of the strong basic solvent
properties of the FLiNaK salt, leading to the dispropotionation of Cr(II) [20]. In the
case of pure LiF salt, CrF; was found to be unstable [21]. CrF, shows higher stability
in the latter salt, but the phase equilibria and solubility of CrF, in LiF salt were
never investigated to this date.
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In this work, different synthesis methods of chromium difluoride were explored.
The phase equilibria in the binary systems LiF—CrF,, CrF,—ThF,, and the ternary
LiF-CrF,—ThF, system, were then assessed experimentally. Based on these results,
thermodynamic CALPHAD models based on the quasichemical model in the
quadruplet approximation for the liquid solution were developed for the first time.

6.2. EXPERIMENTAL

6.2.1. SAMPLE PREPARATION
STARTING MATERIALS

LiF (99.99%), CrF; (99.98%), and chromium powder (99.8%, 1250 mesh) (see, Table
6.1) were provided by Alfa Aesar, and dried in a furnace under argon at 573 K for 8
h. ThF, was synthesized at the Joint Research Center in Karlsruhe, using the process
developed in-house by Soucek et al. [22], consisting of the fluorination of ThO, with
HF gas at 873 K.

Table 6.1.: Supplier and purity of the chemicals used in this work

Compound Supplier Purity Concentration
LiF powder Alfa Aesar 99.99%

CrF3 powder Alfa Aesar  99.98% (metal basis)

Chromium powder (1250 mesh)  Alfa Aesar  99.8% (metal basis)

Acetic acid Alfa Aesar 99.7%

Acetic anhydride Alfa Aesar 99+%

Hydrobromic acid Alfa Aesar 47%
Ammonium hydroxide Alfa Aesar 25%
Hydrofluoric acid Bernd Kraft 47 to 51%

The purity was controlled by X-ray Diffraction (XRD) analysis and by Differential
Scanning Calorimetry (DSC) measurement (these techniques are described in further
details in Sections 6.2.2 and 6.2.3, respectively). The XRD spectrum of ThF,
confirmed the monoclinic structure (C2/c) of the product, while the DSC data
indicated a melting temperature of (1387 + 5) K, in good agreement with the data of
Soucek et al., (1384.6 + 5) K. Pure LiF was found to melt at (1124 + 5) K, in close
agreement with the melting temperature measured by Capelli et al. [23], i.e. 1119 K,
and its diffractogram showed a cubic structure (Fm3m), corroborating the purity of
the chemical. The XRD and DSC analyses of CrF, are detailed in Section 6.4.1.

CrF, SYNTHESIS: CrF3 REDUCTION ON CHROMIUM METAL

It is challenging to prepare CrF, at high purity by the reaction of gaseous HF on
metallic chromium [24, 25], as handling HF gas is hazardous, and the process is not
very effective. Two methods were used to synthesize pure CrF, in this work. The first
one consisted in a reduction of pure CrF; powder on an excess of pure chromium
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powder, i.e. (Cr:CrF3)=(1.25:2), according to the reaction below:
Cr%(s) + 2 CrF5(s)=3 CrF,(s) (6.1)

Limited to small batches, i.e. 100 to 150 mg, the powders were thoroughly mixed
and placed in a boron nitride liner, itself contained in a closed stainless steel
crucible. The mixture was heated under argon atmosphere at 1053 K for 60 hours
with a heating and cooling rates of 5 K min~! in a ceramic tubular furnace. The
product was manually re-grinded in a mortar and heated using the same procedure
twice more to a final mass yield of around 74%. The mass loss is due to the
dispersion of the material during the grinding phases, to adhesion to the surface of
the boron nitride liner, and formation of chromium gaseous phases (such as CrFs).
The final product was a dark green powder.

CrFy SYNTHESIS: SOLUTION ROUTE

A second method was developed in order to get better repeatability. Inspired by the
method reported by de Kozak [26], but simplified, the synthesis route consists in 3
steps given by the following reactions:

2Cr(s) + 4 COOCH3z(aq) — Cr,(0,CCCHj3)5(s) (6.2)
Cr,(0,CCCH3),(H,0),(aq) + 3NH,F-HF(aq) — 2 NH,CrF5(s) + [ - -] (6.3)
NH,CrF;(s) — CrF,(s) + NH3(g) + HF(g) (6.4)

Firstly, reproducing the chromium tetraacetate synthesis route developed by Levy
et al. [27], 8 grams of chromium metal powder were placed in a 200 mL solution
of acetic anhydride and acetic acid (ratio 1:4) in a round flask equipped with a
stirring bar and a hot plate under an argon atmosphere. Immediately, 4.5 ml of
hydrobromic acid (HBr) were added to the solution. The mixture was then heated up
to 598 K (225 °C) for 45 minutes at reflux. A brown precipitate was formed after the
solution was cooled down to room temperature. This precipitate was cleaned twice
with deoxygenated acetone, and was recovered by filtration under inert atmosphere
(Figure 6.1 (a)).

In the second step, the anhydrous dichromium(lI) tetraacetate (Cr,(0O,CCCHjs),)
obtained was dissolved into 50 mL of deoxygenated distilled water in a polycarbonate
vial under argon atmosphere. 35 mL of ammonia and then 26 mL of hydrofluoric
acid were progressively diluted in 50 mL degassed distilled water in another
polycarbonate vial. This solution was heated up to 323 K (50 °C) and quickly
injected in the dichromium(II) tetraacetate solution under intensive stirring. A light
blue precipitate was formed after a few seconds. After two successive decanting
steps with 50 mL of a 1:1 deoxygenated water/methanol solution and then 50 mL
of pure methanol, the product was filtered under vacuum. The final product was
a pale blue powder (Figure 6.1 (b)). It should be stressed that this product is not
air sensitive, but was still maintained under argon atmosphere during storage and
further handling.

The final step was based on de Kozak's recommendation [26]: a thin layer (2 to
4 mm high) of NH,CrF; powder was placed inside an alumina boat in batches
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(b) ©

Figure 6.1.: The products obtained at every step of the synthesis, (a) Cr,(COOCHj3),
precipitate in acetone cleaning solution, (b) NH,CrF; dry powder, and
(c) CrF, powder.

of about 200 mg and placed in a ceramic furnace under argon atmosphere. The
thermolysis was carried out at a temperature of 873 K (600°C) for 1 hour, with a
heating rate of 5 K min~!. A pale green powder was obtained thereafter (Figure 6.1
(c)). It should be noted that larger batches can be used for this step, as long as the
powder layer remains thin in the crucible. When using a thicker layer, formation of
impurities such as Cr,F5 was observed.

6.2.2. X-RAY DIFFRACTION

The purity of the pure compounds used in this work as starting material for the
measurements and synthesis, were checked using X-ray Diffraction (XRD) at room
temperature (T = 293 + 2 K). For the inactive samples, a PANalytical X'Pert PRO
X-Ray diffractometer with a Cu anode (0.4 x 12 mm line focus, 45 KV, 40 mA)
was used. Samples were homogeneously placed on a sample holder closed by a
Kapton ® film under argon atmosphere. X-ray data were collected by step scanning
in the range 10° <26 <120° in a Bragg-Brentano configuration. The X-ray scattered
intensities were measured with a real time multi strip (RTMS) detector (X’Celerator).
For the active samples containing thorium, the X-ray measurements were performed
using a Bruker D8 X-ray diffractometer mounted in a Bragg-Brentano configuration
with a curved Ge monochromator (1, 1, 1) and a ceramic copper tube (40 kV, 40
mA), equipped with a LinxEye position-sensitive detector. The device was installed
in a glovebox under inert nitrogen atmosphere. The purities of each powder was
analyzed by Rietveld refinement method using the FullProf suite software [28, 29].

6.2.3. CALORIMETRY MEASUREMENTS

Thermogravimetric measurements were conducted using a Netzsch STA 449C
apparatus to assess the decomposition of NH,CrF;. The temperature was controlled
by a Pt-Rh (10%) thermocouple. The measurements were made on powder samples
(10-20 mg) up to 873 K in alumina crucibles, and the applied heating and cooling
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rates were 5 K min~!.

3D heat flux Differential Scanning Calorimetry (DSC) measurements were
conducted on a Setaram Multi Detector HTC module of the 96 line calorimeter.
Every measurement consisted of at least four consecutive heating cycles with 5
or 10 K min~! heating rates, and cooling rates of 5 to 10 K min~!. The solidus
and eutectic transition temperatures were extracted on heating, from the onset of
the linear integration of the corresponding endothermic heat flow peak, while the
liquidus transition temperatures were taken from the maximum of the corresponding
peak according the NIST recommendations [30]. A correction was applied on the
measured temperatures using a calibration equation determined with pure metals
(Sn, Pb, Al, Ag, Au), as function of the heating rate. The uncertainties on the
measurements are estimated at 5 K for the solidus and eutectic transitions, and 10 K
for the liquidus transitions (because of the broader nature of the heat flow profile).
The data retained for the phase equilibria determination were the ones collected
on heating. The data collected on cooling were used as a more sensitive quality
check for the amount of equilibria. The samples were prepared from the LiE CrF,
and ThF,; end-member powders, closely mixed at the desired molar composition
and inserted in a pure nickel liner. The liners were hermetically closed in stainless
steel crucibles designed according to the concept developed at the Joint Research
Centre in Karlsruhe [31], ensuring the stability of the samples’ compositions and
limiting the vapor releases during heating. The data collected in this work for the
LiF-CrF,, CrF,—ThF,, and LiF-CrF,—ThF, systems are listed in Tables 6.5, 6.6 and
6.8, respectively.

6.2.4. LOW-TEMPERATURE HEAT CAPACITY OF CrF»

Low-temperature heat capacity measurements were performed on the synthesized
CrF, material, using a thermal-relaxation method [32] on m= (1.83 = 0.05) mg
and (6.35 + 0.05) mg pellets in the temperature range 7 = (1.9-389) K, with
a PPMS (Physical Property Measurement System, Quantum Design) instrument.
Measurements were done both with no applied magnetic field (B = 0 T), and under
magnetic field (B = 1, 4, 6, 8, 10, 12, 14 T), so as to get more insight into the origin
of the anomaly observed around 49 K. The contributions of the sample platform,
wires, and grease were obtained by a separate measurement of an addenda curve.
Based on previous works with this instrument with standard materials, metallic, and
oxide compounds, the uncertainty was estimated to be around 1-2% in the middle
range of acquisition (from 10 to 70 K), and around 3-4% near room temperature and
towards the lowest temperatures.

6.2.5. MAGNETIZATION MEASUREMENTS ON CrF,

Magnetization measurements were carried out in the temperature range 7 = (2-300)
K and in magnetic fields up to 70 kOe using a SQUID-VSM instrument (MPMS3,
Quantum Design). Due to the sensitivity of the material to air and moisture,
encapsulation of the sample (m = 32.4 + 0.2 mg) was performed in a dry air plexiglas
container. The latter was calibrated beforehand, and its magnetic contribution
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was fitted with high precision (better than 5 %). Measurements obtained by the
VSM technique, i.e. DC magnetization (M), allowed us to derive DC magnetic
susceptibility M/H (with H the applied magnetic field). AC magnetic measurements
were moreover performed around the magnetic transition in 0 DC field, with an AC
excitation field of 10 Oe at 35.798 Hz. The reader is referred to the Appendix A for
further details on the measurement results.

6.3. THERMODYNAMIC MODELING

For pure compounds, the Gibbs energy is expressed by:

T

T C
G(T) =AfH%(298.15)—s;’n(zgs.ls)-nf C,,,m(T)dT—Tf %dT (6.5)
5 298.15

298.1

where AfHp (298.15) is the standard enthalpy of formation, and Sj,(298.15) is
the standard entropy of the pure compound at standard pressure and reference
temperature 298.15 K. Cp, , is the heat capacity defined as:

Cpm(@=a+bT+cT*+dT? (6.6)

The thermodynamic data for LiF were taken from the JRCMSD database [33],
and from the re-evaluation of Tosolin et al. for ThF, [34, 35]. For CrF,, the
thermodynamic functions were taken from the IVTAN database [36]. All the
thermodynamic data used in this work are summarized in Table 6.2.

6.3.1. LIQUID SOLUTION

The modified quasichemical model in the quadruplet approximation was used to
describe the liquid solutions [40, 41]. This model describes well ionic liquids with
strong short-range ordering. The basic unit of the liquid solution in this model
is a quadruplet composed of two anions (F~ twice in this case) and two cations
(A" and B™*). The composition of maximum short-range ordering in this model
is selected by varying the ratio between the cation-cation coordination numbers
Z;;‘B ,pp and ZfB/ pp- Iwo interactions are considered: the First Nearest Neighbor
(FNN) interaction (cation - anion interaction) and the Second Nearest Neighbor
(SNN) interaction (interactions between the two nearest ions in the same sublattice).
Short-range ordering is defined by the quadruplet approximation and includes the
SNN interactions between each cation and each anion. Here, Agap/r is defined
as the parameter of the Gibbs energy change associated with the SNN exchange
reaction described as:

—Ao? i0 ] 0j . J
Agapir=Agap/pt ZlgzlﬁlB/FXlAB/F + _ZlgAB/FXBA/F ®.7)
i j=

where AggB/F and gi‘]B/F can be dependent on temperature, but independent of
composition. These parameters are optimized to match as best as possible the
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Table 6.2.: Thermodynamic and structural data for end-members and intermediate compounds used in this work for the
thermodynamic assessment. Standard enthalpy of formation A(HY,(298.15 K), standard entropy s%,(298.15 K) and
heat capacity coefficient of pure compounds Cp,;,(T/K)/(J K '!'mol™Hh=a + bT + c¢T? + d-T72.

Compound  Space group ~ AyHJ,(298.15K)  $9%,(298.15 K) Cpm(TIK/JK 'mol™)=a + b-T + ¢T? + AT + eT? T(K) Ref.
(k] mol™1) JK 'mol™) a b c d
LiFe Fm-3m(225) -616.931 35.66 4330898 1.6312168-1072  5.0470398-107 -5.691236-10°  298.15-2500 (37]
LiF, -598.654 42.96 64.183 - - - 298.15-6000 (37]
CtFyep) P2 /c(14) -781.800 86.87 76.68345  1.054105-1072  -1.386756:10™°  -1.338373-10° 298.15-1167 (36]
CrFy -764.692 86.31 100 - - - 298.15-4000 (36]
ThFyc C2/c(15) -2097.900 142.05 111.46 2.69-1072 - -7.8:10° 298.15-2500  [35, 38, 39]
ThF,, -2100.360 106.61 168.0 - - - 298.15-2500 (35, 38, 39]
LigThFy gy Ccca(68) -3960.000 248.9 241.387 7.5836:1072 1.5141-1076 -2.4873-10%  298.15-2500  [23, 35]
LiThF 141/a(88) -2720.300 179.1 167.8 2.7-1072 - -1.513510-10°  298.15-2500  [23, 35]
LiTh,Fg, P4/nmm(129) -4820.200 324.29 291.3 3.86-1072 - -3.076934-106  298.15-2500  [23, 35]
LiThyF)7¢cn 14/m(87) -9016.100 609.0 536.2 6.22:1072 - -5.051854-10°  298.15-2500  [23, 35]
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experimental data available for each system. The dependence on composition is
given by the term y 4p,r defined as:

X
XAB/F = A (6.8)

Xaa+Xap+ Xpp
where X414, X4ap and Xpp represent the different cation-cation pair fractions. The
anion-anion coordination is then calculated such that electro-neutrality in the system
is maintained. The selection of anion-anion coordination is made according to the
following equation:

S | HY . [ 6.9)
ZAB/FF ZAB/FF ZAB/FF

where ¢g; represent the charges of the different ions, and ZfB/FF represents the
anion-anion coordination number. The ratio of cation-cation coordination numbers
Z;;‘B ,pp and ZEB ,pp 18 selected to match the composition of maximum short-range
ordering, usually found close to the lowest eutectic in the phase diagrams, where the
Gibbs energy is expected to reach its minimum. The coordination numbers selected
in this work are listed in Table 6.3.

Table 6.3.: Cation-cation and anion-anion coordination numbers of the liquid
solution used in this work for the thermodynamic modeling.

A B Zﬁl‘B/FF Zf\B/FF ZI/;B/FF
Lit L' 6 6 6
crt o 6 6 3
Th** Th* 6 6 1.5
Lit  Cr?** 6 6 4
Li* Th* 2 6 1.71
Cr**  Th* 2 6 1.2

The optimized excess Gibbs energies for the LiF—CrF, and CrF,—ThF, binary
systems of the liquid solutions are given by the following equations:

Agricrirr = —4993 + (—=600+2.75-T) xicr/rr + 279+3.2- T xcrLi/FF ]IIIOI_1 (6.10)

Agcrrnipr = —669+ (5045 +5-T) xcrrh/rr + (—3531+ 7-T) xrncrpr Jmol™' (6.11)

These equations were optimized by manual iteration with support from the
FactSage Calphad Optimizer version 1.3. For the LiF—ThF, system, the equation and
intermediate compounds data were taken from Ocadiz et al. [35]. The optimized
excess Gibbs energy parameters are reproduced here for completeness.

Agrith/rr = —10878+ (=6694+2.929-T) x LiTh/FF + (=20920+19.25-T) X ThLi/ FF ]mol_l
(6.12)
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LIQUID SOLUTION FOR THE TERNARY SYSTEM

The ternary phase diagram of the LiF—CrF,—ThF, system was calculated from
the three binary sub-systems described above, using the Kohler/Toop interpolation
[42]. This is an asymmetric interpolation model for which two symmetry groups
are considered: LiF belongs to the first group of symmetry, i.e. the monovalent
group, which tends to remain a dissociated ionic liquid; CrF, (divalent) and ThF,
(tetravalent) belong to the second group of symmetry, which is more apt to form
molecular species in the melt. No ternary excess parameter was needed to describe
the phase equilibria in the ternary system. Based on the binary models optimized
here, the experimental ternary data were found in sufficient agreement without any
excess term (see section 6.4.4).

6.4. RESULTS & DISCUSSIONS
6.4.1. CrF, SYNTHESIS AND PRODUCT CHARACTERIZATION

Using the first synthesis route, i.e. reduction of CrF; mixed with Cr metal, the
product purity after 3 cycles was determined at (99 + 1)% based on Rietveld
refinement of the XRD data, and the melting temperature measured at (1164 + 5)
K by DSC, in good agreement with literature data from Sturm [43]: (1167 * 6)
K. Impurities of CrF; and Cr,F5 were still detected in the XRD measurement. We
hypothesize that the excess of Cr® mainly diffused into the porosity of the boron
nitride liner.

Using the second synthesis route, i.e. in solution, the final product purity was
determined to be (99.5 + 0.5)%, based on the combined XRD and DSC data. No
secondary phases were detected, and the melting temperature of the compound
was measured at (1167 + 5) K, in excellent agreement with the measurement of
Sturm [43]. In the intermediate steps, the formation of NH,CrF; dry powder was
also confirmed by XRD. A Thermal Gravimetric Analysis (TGA) showed that total
vaporization of NH3(g) and HF(g) occurs during the thermolysis at a temperature of
633 K (360°C) (see Figure 6.2). The temperature selected in the synthesis was 873 K
(600 °C) so as to ensure a high crystallinity of the final product.

On the basis of the success of the second method, the mass yields and purities
of the final products, the synthesis route in solution was considered more robust
overall. CrF, crystallizes with monoclinic symmetry, in space group P2;/c. The
refined lattice parameters and atomic positions obtained in this work are listed in
Table 6.4.
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Figure 6.2.: TGA profile of the decomposition of NH,CrF,; under a 5 K min~! heating
from 293 to 873 K under argon flow.

Table 6.4.: Refined lattice parameters and atomic positions for CrF,, obtained in this
work by the solution route. CrF, crystallizes with monoclinic symmetry,
in space group P2;/c (space group 14).

Lattice parameters aAd) b(A) c(A) Angle S (°)
3.5132(1) 4.7131(2) 5.5650(2) 122.413(1)
Atomic positions Wyck. X y z
Cr 2a 0 0 0
F 4e 0.259(2) 0.303(1) 0.308(1)

6.4.2. CrF» LOW-TEMPERATURE HEAT CAPACITY

Using the high purity material prepared with the solution route, low temperature
heat capacity measurements were conducted using thermal relaxation calorimetry
in the range (1.9-389) K. The data collected in this work are found in very good
agreement with the data reported in 1979 by Boo and Stout [44] in the temperature
range (10-300 K) using adiabatic calorimetry (see Figures 6.4). The present data
extend the range of temperature from (1.9-10 K) and (300-389 K), respectively. Boo
and Stout [44] performed a very thorough analysis of the heat capacity of this
compound, including the accounting of Cr?* crystal field electronic ground state
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Figure 6.3.: Diffractogram of CrF, synthesized by the solution route Y,s (red dots),
measured at (293 + 2) K with a Cu anode, compared to the Rietveld
refinement performed on the FullProf suite software. Y.q (black line)
is the calculated XRD pattern; Yohs - Ycale (blue line) is the differential
calculation between observed and calculated data. The Bragg’s reflection
angular positions of CrF, are shown by green marks. The inset shows a
schematic representation of the unit cell. Cr atoms are shown in blue,
while fluorine atoms are shown in light green.

contribution. In accordance with Lim and Stout [45, 46], the authors report a ligand
field of D4, symmetry, a 5B1g ground orbital level, and a low-lying orbital level
5A1g at 116 cm™!. We retain here the standard entropy value recommended by the
authors at 86.87 J-K~'-mol~! for the thermodynamic modeling assessment.

It is also worth pointing out that the measured data above 300 K (estimated
to have a 3-4% uncertainty) is in good agreement with the heat capacity function
recommended in the IVTAN tables [36], as shown in Figure A.2 in the Appendix A,
supporting the selection of thermodynamic data.

Moreover, the magnetic anomaly reported by Boo and Stout [44] around (49.26
+ 0.01) K is confirmed with our heat capacity data, although the shape of the A
anomaly is not as sharp. Nevertheless, we can confirm the antiferromagnetic nature
of the magnetic transition, as the anomaly shifts to slightly lower temperatures upon
application of a magnetic field (see Figure A.1 in Appendix A). Complementary
magnetization studies were then performed, as detailed in Appendix A, to get more
insight into the magnetic properties of this compound.
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Figure 6.4.: Heat capacity of CrF, measured in this work, and compared to the data
measured by Boo and Stout [44].

6.4.3. BINARY SYSTEMS

LiF-CrF,

The phase equilibria measurements on this system do not indicate the presence of
any stable intermediate compound. Only thermodynamic equilibria identified as
eutectic and liquidus transitions were observed. X-ray Diffraction analyses performed
after DSC measurements showed only XRD patterns of LiF and CrF, end-members.
The consistency of the solidus line temperatures measured along all the range of
compositions, and the logical liquidus trend confirmed this hypothesis. A unique
eutectic equilibrium was measured at Xcr, = 0.45 and at a temperature of (822 + 5)
K. The model was optimized based on the measured experimental data (Table 6.5,
Figure 6.5).
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Table 6.5.: Phase diagram equilibria in the LiF—CrF, system collected by DSC in this

work.

Xur Xor, T (K)  Equibrium Reaction || Xur Xcgr, T (K) Equibrium Reaction

1 0 1124.3 Melting LiF =L 0.625 0.375 828 Eutectic LiF + CrF, = L
0.95 0.05 822 Eutectic LiF + CrF, =L || 0.625 0.375 877 Liquidus LIF+L =L
0.95 0.05 1113 Liquidus LF+L =L 0.62 038 829 Eutectic LiF + CrF, = L
0.90 0.10 822 Eutectic LiF + CtF, =L || 062 0.38 901 Liquidus LF+L =L
0.80  0.20 822 Eutectic LiF + CtF, = L 0.60 0.40 822 Eutectic LiF + CrF, = L
0.76  0.24 824 Eutectic LiF + CrF, =L || 059 041 822 Eutectic LiF + CrF, = L
0.76  0.24 1002 Liquidus LF+L =L 0.55  0.45 822 Eutectic LiF + CrF, = L
0.75 0.25 822 Eutectic LiF + CrF, =L || 050  0.50 826 Eutectic LiF + CrF, = L
0.70  0.30 824 Eutectic LiF + CrF, = L 0.50 0.50 895 Liquidus CrF, + ' =L
0.70  0.30 979 Liquidus LF+L =L 0.40  0.60 829 Eutectic LiF + CrF, = L
0.65 035 824 Eutectic LiF + CrtF, =L || 040  0.60 996 Liquidus CrF, + ' =L
0.65 0.35 926 Liquidus LF+L =L 0.20 0.80 822 Eutectic LiF + CrF, = L
0.64 0.36 830 Eutectic LiF + CrF, = L 0.20 0.80 1090 Liquidus CrF, + L' =L
0.64 0.36 920 Liquidus LIF+L =L 0 1 1164.2 Melting CrF, =L

The uncertainties on the temperature measurement are estimated at + 5 K for the melting and eutectic transitions,
and + 10 K for the liquidus transitions.
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experimental data collected in this work (Table 6.5).
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CI‘FZ-ThF4

As for the system described above, the calorimetry measurements showed a
consistent eutectic temperature for all the range of compositions. The liquidus
transitions were also in-line with a simple eutectic system. The XRD spectra collected
for different representative compositions settled that the mixtures were composed
of CrF, and ThF, only. The eutectic composition was not measured directly. The
measurement at the composition Xcrr, = 0.324, showed only one transition at a
temperature of (1034 + 5) K on the heating curve. However, the cooling curve
showed clearly the presence of a liquidus/solidification peak at a higher temperature,
which was too close to be differentiated on the heating curve. The phase diagram
was modeled on the basis of the collected data, with an eutectic composition
calculated at Xc;r, = 0.31 (see Table 6.6 and Figure 6.6).

Table 6.6.: Phase diagram equilibria in the CrF,—ThF, system collected by DSC in

this work.

Xcrr, Xmme, T (K)  Equibrium Reaction H Xcrr, Xmme, T (K)  Equibrium Reaction

1 0 1167.5 Melting CrF, = L 0.468 0.532 1034 Eutectic CrF, + ThF, =L
0.949 0.051 1027 Eutectic CrF, + ThF, = L || 0.468 0.532 1197 Liquidus ThF, + L' =L
0.949 0.051 1050 Liquidus CrF, + L' =L 0.443 0.557 1034 Eutectic CrF, + ThF, =L
0.733  0.267 1034 Eutectic CrF, + ThF; =L || 0.443 0.557 1205.6  Liquidus ThF, + L =L
0.733 0.267 1055 Liquidus CrF, + L' =L 0.367 0.633 1034 Eutectic CrF, + ThF, = L
0.676  0.324 1034 Eutectic CrF, + ThF, = L || 0.367 0.633 1238 Liquidus ThF, + L' =L
0.610 0.390 1034 Eutectic CrF, + ThF, =L || 0.316 0.684 1035 Eutectic CrF, + ThF, =L
0.610 0.390 1106 Liquidus ThE, +L =L 0.316 0.684 1284 Liquidus ThF, +L =L
0.601 0399 1034  Eutectic  CrF, + ThF, =L || 0.104 0.896 1029 Eutectic CrF, + ThF, = L
0.550 0.450 1034 Eutectic CrF, + ThF, = L || 0.104 0.896 1366 Liquidus ThF, + L' =L
0.550 0.450 1121 Liquidus ThF, + L =L 0 1 1386.8 Melting ThF, =L
0.504 0.496 1031 Eutectic CrF, + ThF; = L

The uncertainties on the temperature measurement are estimated at + 5 K for the melting and eutectic transitions,
and * 10 K for the liquidus transitions.

Table 6.7.: Invariant equilibria in LiF-CrF, and CrF,—ThF, systems modeled in this
work, compared to the measured data.

System Invariant reaction Equilibrium Composition Modeled Measured
temperature (K) temperature (K)
LiF—CrF, LiF + CrF, = L Eutectic Xcrp, = 0.45 823 (822 £ 5)
LiF-ThF, LiF + Li;ThF; = L Eutectic Xrhr, = 0.24 835.8 (832 + 5)°
Li;ThF;, = L Congruent melting Xthg, = 0.25 836.9 (832 + 5)%
LisThF; + LiThF; = L Eutectic Xrhr, = 0.28 834.4 (826 + 5)°
LiThF5 = LiTh,Fg + L Peritectic Xthg, = 0. 50 872.1 (870 + 5)*
LiTh,Fg = LiThyF; + L Peritectic XThg, = 0.67 1036.3 (1038 + 5)¢
LiTh,F,; = ThF, + L Peritectic Xthr, = 0.80 1173.8 (1176 + 5)°
CrF,—ThF, CrF, + ThE, = L Eutectic Xrhe, = 0.31 1029 (1034 + 5)

“The experimental data presented here were collected by Capelli e al. [23].
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Figure 6.6.: Phase diagram of the CrF,—ThF, system, blue circles (®) represent the
experimental data collected in this work (Table 6.6).
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6.4.4. TERNARY SYSTEM LiF-CrF,-ThF,

The initial phase diagram calculation of the ternary system was based on the
three binary models: LiF—-CrF,, CrF,—ThF,, and LiF-ThF, (optimized by Ocadiz
et al. [35]). Based on this model, experimental data were collected at different
compositions selected on the isopleth sections with 10% and 20% CrF, (see Table
6.8). A last experimental measurement was made at the composition LiF—CrF,—ThF,
(0.20-0.60-0.20), so as to get a more detail impression of the ternary phase diagram.
The results are listed in Table 6.8.

The collected experimental data, projected on the isopleth section 0.9 (LiF—ThF,)+
0.1 CrF,, show a very good agreement with the model. The invariant equilibria are
well reproduced, with reasonable discrepancies as seen in Figure 6.7.
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Figure 6.7.: Phase diagram of the isopleth 0.9 (LiF—ThF,) + 0.1 CrF, section, blue
circles (@) represent the experimental data collected in this work (Table
6.8). Note that for the composition X(0.9 ThF4)=0.61, 4 to 5 events were
detected on the cooling curves as expected from the phase equilibria,
but are not indicated here, as the derived temperatures were shifted due
to undercooling effects.
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Table 6.8.: Phase diagram equilibria of the LiF—CrF,

—ThF, system collected by DSC in this work.

Xur  Xcrr, Xmr, TK) Model T(K) Equibrium Reaction : Xur  Xcrr, Xmr, TK) Model T(K) Equibrium Reaction

0.80 0.0 0.10 7617 761 eutectic LiF + CrF, + LisThF; =L || 029 0.0 0.61 1182.1 1191 liquidus ThF, + L = L

0.80 0.10 0.10 966.9 981 liquidus L'+ LF=L 0.60 020 020 760.5 761 eutectic LiF + CrF, + LisThF; = L
0.60 010 030 7673 763 quasi-peritectic L + LiThFg = CrF,+ LisThF; || 0.60 0.20  0.20  766.7 763 liquidus L’ + Li3ThF; = L LiF
0.60 0.10 0.30 790.4 796 liquidus L’ + LigThF; = L' + LiThF; 0.60 0.20 0.20 784.9 77 liquidus LF+L =L

0.60 0.10 030 8519 836 liquidus L’ + LiThF5 = L' + LiThyFg || 040 020 0.40  754.2 763 quasi-peritectic L + LiThF5 = CrF, + Li;ThF;
055 010 035 764.9 763 quasi-peritectic L + LiThFs = CrF,+ Li;ThF; || 0.40 0.20 040  808.1 785 quasi-peritectic L + LiThyFg = CrF, + LiThF5
055 010 035 849.6 830 liquidus L’ + LiThF5 = I + LiThyFg || 040 0.20 0.40 877.6 - - -

0.50 0.10 040 7634 763 quasi-peritectic L + LiThF5 = CrF,+ Li;ThF; || 0.40 0.20  0.40  992.5 1045 liquidus LiTh,Fg + L =L

0.50 0.10 0.40 817.1 820 liquidus + LiThF5 = L + LiTh,Fq 0.21  0.20 0.59 977.3 - - -

0.45 010 045 7619 763 quasi-peritectic L + LiThFs = CrF,+ Li;ThF; || 0.21 020 059 12315 1192 liquidus ThF, + L' =L

045 010 045 804.6 805 liquidus L’ + LiThF5 = I + LiThyFg || 020 0.60 0.20  796.9 785 peritectic LiThF5 = CrF, + LiTh,Fq + L
045 010 045 8104 805 - - 020 060 020 9149 926 liquidus LiThyFj; + " =L

045 010 045 10385 1080 liquidus L+ LiThyF); =L 020 060 020 1026.5 1015 liquidus CrF, + L =L
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Even if the discrepancies are a bit more pronounced, in the 0.8 (LiF—ThF,)+ 0.2
CrF, section, the agreement of the model with the experimental data is reasonably
good (Figure 6.8).
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Figure 6.8.: Phase diagram of the isopleth 0.8 (LiF-ThF,) + 0.2 CrF, system, blue
circles (@) represent the experimental data collected in this work (Table
6.8).
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At LiF-CrF,—ThF, (0.20-0.60-0.20) the three data points obtained fit almost
perfectly with the calculated invariant equilibria (Figure 6.9).
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Figure 6.9.: Phase diagram of the isopleth 0.4 (LiF-ThF,) + 0.6 CrF, system, blue
circles (@) represent the experimental data collected in this work (Table
6.8).

Post-XRD measurements of the calorimetric samples showed, once again, no
evidence for the formation of an intermediate compound. Instead, the intermediates
compounds of the LiF—ThF, system, in their area of predominance, were detected,
or the pure end-members in addition to CrF,.

Based on the overall good agreement of the modeled ternary phase diagram
with the experimental data, it appeared that no ternary excess parameter, i.e. no
additional optimization, was needed. The final ternary phase diagram plotted as
liquidus projection, is shown in Figure 6.10 and the invariant equilibria are listed
in Table 6.9. The systems displays one ternary eutectic, and four quasi-peritectic
equilibria. Several isotherms computed at T = 750, 850, 950, and 1050 K are also
shown in Figure A.4 of the Appendix A.
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Figure 6.10.: Liquidus projection of the LiF—CrF,—ThF, system calculated in this
work from 750 K to 1400 K with an increment of 10 K. Primary
crystallization fields are detailed in the figure.

Table 6.9.: Invariant equilibria calculated for the LiF—CrF,—ThF, system.

N°  Xpir Xck, Xthp, T (K) Invariant equilibrium Reaction

1 0245 0464 0291 940 Quasi-peritectic L + ThF, = CrF, + LiThF;,

2 0375 0365 0.261 883 Quasi-peritectic L + LiTh,F;; = CrF, + LiTh,F,
3 0529 0247 0.224 785 Quasi-peritectic L + LiThyFg = CrF, + LiThFy

4 0562 0229 0.209 764 Quasi-peritectic L + LiThF; = CrF, + Li3ThF,

5 0594 0.250 0.156 761 Eutectic CrF, + LigThF; + LiF = L
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Unlike CrF;, CrF, does not form any intermediate compound with lithium fluoride
[21]. In this work, it was demonstrated that it also remains soluble in molten
LiF-ThF, solution. To assess the impact on the phase diagram equilibria of the
LiF—ThF, molten salt system, computations were performed for several amounts of
CrF, dissolved in the salt, and are shown in Figure 6.11. As shown in Figure 6.11 (a),
a 1% addition of CrF, has very little impact on the phase equilibria, and thus on the
thermodynamic behavior. In the case of a 15% addition, i.e. a large excess compared
to what would be expected under operating conditions, a significant decrease in
the liquidus temperature of approximately 70 K would occur. This information
is fundamental to support the safety assessment of the Molten Salt Reactor. The
stability of CrF, limits the risk of oxidation to CrFs, and consequently the increase of
the fluoroacidity, and further chromium depletion in the structural alloy, as reported
by Liu et al. [11].
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Figure 6.11.: Phase diagram of the pseudo-binary (a) 0.99 (LiF—ThF,) + 0.01 CrF,
and (b) 0.85 (LiF—ThF,) + 0.15 CrF, systems, the binary phase diagram
of the LiF-ThF, system, derived from the model of Océdiz Flores et al.
[35], is superimposed in red.

6.5. CONCLUSION

In this work, two methods are reported for the synthesis of pure CrF,. Calorimetric
measurements were moreover carried out for the first time in the LiF—CrF,,
CrF,—ThF,, and LiF—CrF,—ThF, systems. Using the modified quasichemical model in
the quadruplet approximation for the liquid solution, thermodynamic models of the
aforementioned systems were then developed. CrF, does not form any quaternary
intermediate compound in the molten LiF-ThF, system. This constitutes new
knowledge for the safety assessment of the Molten Salt Reactor, especially related to
the effect of corrosion products on the fuel salt behavior. The logic extension of
this work is the consideration of the effect of UF, on the molten salt fuel, and its
possible interaction with CrF, according to the reaction UF, + CrF, = UF3 + CrFs.
Follow-up studies should also consider the influence of the ratio UF,/UF; and redox
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equilibria with the CrF,/CrF; couple.
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A PROMISING FUEL FOR FAST
NEUTRON SPECTRUM MOLTEN SALT
REACTOR: NaCl-ThCl,;-PuCls;.

Chloride salts are considered a good alternative to fluoride salts as fuel carrier in
the Molten Salt Fast Reactor concepts. The NaCl—ThCl,—PuCl; fuel salt solution
seems very promising, with low melting temperature eutectic compositions, and the
potential to be used in a breeder and burner type of reactor design. This work
focuses on the first thermodynamic modeling assessment of the ThCl,—PuCl; binary
system and the NaCl—ThCl,—PuCl; ternary system, using the CALPHAD (Computer
Coupling of Phase Diagrams and Thermochemistry) method and the quasichemical
formalism in the quadruplet approximation. The investigated system shows potential
for a high flexibility with respect to composition at operating temperatures, which can
be beneficial to accommodate the requirements on other essential fuel properties (e.g.
neutronic and thermo-hydraulic).

7.1. INTRODUCTION

AST neutron spectrum Molten Salt Reactors (MSRs) are considered very promising

for the production of energy in the future. MSRs give the access to a more
compact and safer source of nuclear energy thanks to the use of a molten salt as
nuclear fuel and coolant, that shows a number of advantageous physico-chemical
properties. Fast MSR designs are well adapted to operate with a thorium bearing fuel
(i.e. with fertile material), and offer a potential solution to recycle and transmute
some of the large stock of plutonium and minor actinides (e.g. Np, Am, Cm)
accumulated over the years in the spent fuel of the current generation of Light Water
Reactors or in high-enriched military stockpiles [2]. To this date, fluoride salts are
considered for most of MSR designs including for instance the LiF-ThF,—233UF, salt

Parts of this chapter have been published in Calphad 79, 102496 (2022) [1].
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mixture of the European Molten Salt Fast Reactor (MSFR) [3]. This is largely due to
the experience gained during the Molten Salt Reactor Experiment (MSRE) carried
out between 1965 and 1969 at the Oak Ridge National Laboratory [4], which was
the first thorough demonstration of a civilian Molten Salt test Reactor. Recently, the
interest in the use of chloride salts is also rising as an appealing alternative for fast
neutron spectra reactors [5]. The latter allow in particular operation with fuel at
lower temperatures compared to reactors operated on a fluoride fuel salt mixture [6].

Examples of chloride salt mixtures under consideration are NaCl-PuCls [7], or
NaCl-PuCl;—MgCl, [8]. The chloride fuel salt mixture NaCl-ThCl,—PuCl; is a still
relatively unexplored, but an appealing option. Previous experimental characterization
by Vorobei et al. has demonstrated relatively low melting temperatures (598 K
and 603 K, respectively) for the eutectic 46.5NaCl — 35ThCl, — 18.5PuCl; and
58.5NaCl — 23 ThCl, — 18.5 PuCl; compositions [9]. Furthermore, this solution shows
multiple advantages, related to a rich neutron economy [10] and the intrinsic value
of its three end-member compounds.

The sodium chloride (NaCl) based salt is a quasi unlimited resource, commonly
called rock salt; it is available in multiple geological deposits and in the ocean, and
represents an interesting alternative to lithium, a scarce resource already in high
demand [11]. As a fertile isotope, thorium-232 is considered for the fuel cycle of the
next generation of nuclear reactors (the Generation IV systems). The use of thorium
is particularly interesting for countries with limited access to uranium resources
and/or which have abundant sources of thorium such as India [11]. Moreover,
the associated fuel cycle produces less long-lived actinide waste compared to the
traditional U/Pu fuel cycle. Plutonium used as fissile material is considered in
multiple Generation IV designs as experience has already been gained in current
Light Water Reactors operating with MOX (Mixed-OXide) fuel and in prototype and
demonstration Sodium-cooled Fast Reactors such as the Russian BOR-60, Japanese
Monju Reactor or French Superphenix [12-14]. It has intrinsic fissile quality,
particularly 2*9Pu, which shows a better neutron economy than the uranium isotopes
[15]. The global stockpile of separated plutonium (weapons grade and civilian) was
estimated at (505 + 10) metric tons worldwide in 2014 by the International Panel on
Fissile Materials [2]. Integration and re-use of plutonium in Molten Salt Reactor
concepts is thus an appealing option, including for the recycling of future plutonium
waste streams generated by the current Light Water Reactors.

A thermodynamic model the NaCl-ThCl,—PuCl; ternary system has not yet
been reported in the literature. Thermodynamic assessments of the three binary
constituting sub-systems (NaCl—PuCl;, NaCl-ThCl, and ThCl,—PuCl;) are reported
in this work followed by an extrapolation and optimization of the ternary system
based on available phase diagram information. The excess Gibbs energy of the
liquid solution has been expressed using the modified quasichemical formalism in
the quadruplet approximation.
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7.2. THERMODYNAMIC MODELING

The thermodynamic models reported herein were developed using the FactSage
software version 8.2 and the OptiSage Optimizer [16], and are based on the CALPHAD
(CALculation of PHAse Diagrams) method [17, 18]. The optimization of the different
parameters of the Gibbs energy functions for all phases present in the systems was
based on available phase diagram and mixing enthalpy data [9, 19-24].

7.2.1. GIBBS ENERGIES OF PURE COMPOUNDS

The Gibbs energy of pure compounds is expressed by:

T Cpm(T)

T
G(T) = AfH,%(298.15) - 521(298.15) -T+f Cp,m(T)dT—Tf ——dT (7.1)
298.15 29815 T

98.

where ArHjp (298.15) is the standard enthalpy of formation and S7,(298.15) is
the standard entropy of the pure compound at standard pressure and reference
temperature 298.15 K. C,, ,,, is the heat capacity expressed as:

Copm@=a+bT+cT*+dT* (7.2)

In this work, the thermodynamic data for NaCl(cr,]) were taken from the IVTAN
database [25] with an exception for the heat capacity of the liquid phase, which was
recently revised by van Oudenaren et al. [26]. The ThCl,(cr]) functions were taken
from the recommendations by Rand et al. [27] and by Capelli and Konings [28].
The occurrence of a polymorphic transition between an a-ThCl,, low-temperature
metastable tetragonal phase (space group I4;/a), and a high temperature form
B-ThCl, (tetragonal, space group I4;/amd) was observed by Chiotti et al. at 679
K [28, 29]. This transition was included by Océdiz et al. in their thermodynamic
assessment of the NaCl-ThCl, system [30]. However, the a metastable phase is
not apparent in the experimental phase diagram investigations of the latter system,
nor that of ThCl,—PuCl; [9]. Only Mason et al. reported its observation when
using a very slow cooling rate [31]. The inclusion of this phase in the modeling
of ThCl,—PuCl; appeared rather challenging in relation with the existence of a
(Th,Pu)Cly solid solution at low PuCl; content. Since the extent of such a solid
solution is also unknown for the a modification, it was decided not to include the «
form in the assessment of the ternary system (Table 7.1).

As for the only intermediate compound described in this work, Na,ThClg the
Neumann-Kopp approximation was used [32] based on the heat capacities of the
end-member compounds, while the other thermodynamic functions were taken from
the optimization by Ocddiz et al. of the NaCl-ThCl, binary system [30]. PuCls(cr,])
functions were selected from the review by Capelli and Konings [28]. The enthalpy
of formation and melting point are the very few experimental data available for
this compound [33, 34]. The standard entropy and heat capacity are based on
estimations by comparison with the uranium and lanthanides trichlorides [35-37].
All the thermodynamic data used in this work are summarized in Table 7.1.
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Table 7.1.: Thermodynamic data for end-members and intermediate compound used
in this work for the thermodynamic assessment. Standard enthalpy
of formation AfH;’n(298.15 K), standard entropy S(,)n(298.15 K) and heat
capacity coefficient of pure compounds Cp,,, (T/K)/(J K 'mol™Y)=a + b-T
+ ¢T? + d-T~2. Optimized data are shown in bold.

Compound  AfH),(298.15 K)  S0,(298.15 K) Cpm(T/K/JK Tmol H=a + bT + ¢T? + dT 2 T(K) Ref.
(k] mol™) JK Ymol™) a b c d

NaCl) -411.260 72.15 47.72158 0.0057  1.21466:107°  -882.996  298.15-1074 [26, 38]
NaCl, -390.853 83.30249 68 - - - 298.15-2500  [26]
PuCly ¢y -959.600 161.4 91.412 0.03716 - 27400 298.15-6000  [28]
PuCly, -931.116 170.46 144 - - - 298.15-6000  [28]
ThClyy) -1186.300 183.499 120.293  0.0232672 - -615050  298.15-6000  [27, 28]
ThCly, -1149.716 197.71 167.4 - - - 298.15-2500 (27, 28]

Na,ThClg(c,) -2051.540 328.0 21573616  0.0346672 2.42932-107° -616815.992 298.15-1074  [30]

7.2.2. SOLID SOLUTION

One solid solution was included in the ThCl;—PuCl; system on the ThCl,-rich side
of the phase diagram (Figure 7.3), based on the data of Vorobei et al. [9]. A
two-sublattice polynomial model was used to describe the solution, to be consistent
with the formalism used for other solid solutions in the JRC molten salt database
[39, 40]. In this case, the considered cationic species on the first sublattice are
Th*" and Pu®", and the anionic species on the second sublattice is ClI, meaning
the end-member compositions correspond to the ThCl, and PuCl; stoichiometries,
respectively. The Gibbs energy function G(T) of the solid solution is described by the
equation:

G(D) = Xrhavy - Gy riaryy + Xpuain * Gy, puqrrn + Xrhav)RTIn Xrpqy)
+ Xpu([U)RTlnXpu(H]) + AG;C,ZS (7.3)

O 0 . .
where G Thav) and G, p,1p are ‘the molar Glpbs energies of the pure end-
members, Xrp,v) and Xpy i their site molar fraction, R the universal gas constant

and AG;; is the excess Gibbs energy. The excess Gibbs energy can be expressed by:

XS _ i J .
AGy = Yinavy Youamn Lii (7.4)
L]

where L; ; is an interaction coefficient which can depend on temperature T described
by the equation:
Li,j =A+BT (7.5)

and where yrpvy) and ypygrn are the equivalent site fractions of the end-member
species, described as charge equivalent site fractions. In this case, the equivalent site
fractions yrpv) and ypyurn are defined by:

4XThav)
Yrhav) = (7.6)
e 4Xrhavy +3Xpuurn
3Xpuurr
Yru(in = wIrn (7.7

4Xrnavy +3Xpuurin
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The optimized excess energy parameters, obtained via optimization in the OptiSage
- Calphad Optimizer (version 1.0.0) of FactSage and subsequent manual iteration,
are given by the following equation:

AG vy puttincl =y2ThUV)yPuC,(H,,-(43699.7—43.1384-T) J mol™! (7.8)

In addition, to avoid the formation of a solid solution on the PuCl; rich side of the
phase diagram, the Gibbs energy of the PuCl; end-member of the solid solution had
to be destabilized according to:

Gpucl; (s8) = Gpyci, +5000 ] mol™! (7.9)

7.2.3. LIQUID SOLUTIONS

To describe the liquid solution, the modified quasichemical model in the quadruplet
approximation was used [41, 42]. A quadruplet is defined by two anions and two
cations symmetrically dispatched around an axis. Two interactions are considered,
the First Nearest Neighbor (FNN) interaction which describes the interaction cation
- anion and the Second Nearest Neighbor (SNN) interaction which describes the
interactions between the two closest ions in the same sublattice. This model is
particularly well adapted for the description of ionic liquids as it allows to choose
the composition of maximum short-range ordering in a binary system by varying
the ratio between the cation-cation coordination numbers Z;;‘B cic; and ZfB CICl
Short-range ordering is defined by the quadruplet approximation and includes the
SNN interactions between each cation and each anion. In a simple representation
where A and B are two cations and Cl, the anion, the following reaction is obtained:

(A-Cl—A)+(B-Cl-B) — 2(A-—ClL-B) Agap/cici (7.10)

where Agap/c; is the parameter of the Gibbs energy change associated with the SNN
exchange reaction described as:

— A0 i0 i 0j J
Agasicict =A8apcic1 * Zl 8agiciciXaprcict ™ ZlgAB/ClchBA/CZCI (7.11)
iz j=

where AggB/ClCl and gjqu/czcz are possibly dependent on temperature, but
independent of composition, and optimized to fit as best as possible the
experimental data available on a given system. The dependence on composition is
given by the term Y 4p/cic; defined as:

Xan
XABICICI= & v v (7.12)

Xaa+ Xap+ Xps
where X44, X4p and Xpp represent the different cation-cation pair fractions. To
maintain electro-neutrality in the system, the anion-anion coordination should be
determined. The following equation is applied after the selection of cation-cation

coordination numbers:
qaA . qci
A + 75 =2 (7.13)

ZC[
AB/CICI AB/CICI AB/CICI
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with g; representing the charges of the different ions and Zgé scic; 1s the anion-anion
coordination number. These choices are based on the optimization of the systems
in order to get the maximum short range ordering and highest excess Gibbs energy
at a composition usually close to the lowest eutectic in the phase diagram. The

coordination numbers selected in this work are listed in Table 7.2.

Table 7.2.: Cation-cation and anion-anion coordination numbers of the liquid

solution
A B ZﬁB/ClCl ZgB/CZCl Z%R/CICI
Na* Na* 6 6 6
Th** Th** 6 6 1.5
pu®*  Pu?* 6 6 2
Nat Th* 3 6 2
Na* Pu® 3 6 2.4
Th**  Ppud* 3 6 1.09

The optimized excess Gibbs energy of the liquid solutions of respectively the
NaCl—-PuCl; and ThCl,—PuCl; binary systems are given by the following equations:

AgNapuicict = —8450 — 3220Y Napuscic — 5658) punascici ] mol™t (7.14)

Agputhicici = —5360 — 5050 rypuscict +8.7- Txpurhicict ] mol™! (7.15)

as optimized in this work, whereas the equation for the NaCl-ThCl, is taken from
Ocadiz et al. [30]:

AgNaThiciCl = —27700 — 7500) NaTh/cicl — 14000X Thnascici ] mol™! (7.16)

7.2.4. LIQUID SOLUTION FOR THE TERNARY SYSTEM

The ternary diagram of the NaCl-ThCl,—PuCl; system was established from the
three binary sub-systems described above, using the Kohler/Toop interpolation [43].
The latter is an asymmetric extrapolation model for which two groups of symmetry
are considered: monovalent NaCl with a tendency to remain as dissociated ionic
liquid, and tetravalent ThCl, and trivalent PuCl; which are more susceptible to form
molecular species in the melt. The optimized ternary excess parameters of the
system are presented below:

001 _ -1
AgNarnpuicict = —21700 ] mol (7.17)

001 _ -1
AgrhpuNaycict = 10500 ] mol (7.18)

001 _ -1
A&punacrmyicict = 39500 J mol (7.19)
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7.3. RESULTS
7.3.1. NaCl-PuCl3SYSTEM

This model is an update of the model developed by Benes and Konings [8], necessary
because of a different choice of the thermodynamic data for solid and liquid NaCl as
discussed in section 2.1. The adjustment was only minimal. The system calculated
in this work shows a very good agreement with the experimental thermodynamic
data measured with a combination of thermal and differential thermal analysis
techniques by Bjorklund ez al. [19], as shown in Figure 7.1. The eutectic equilibrium
is calculated at a composition of Xp,cy, = 0.385 and at a temperature T = 725 K. The
eutectic equilibrium proposed by Bjorklund et al. is slightly lower in composition
(Xpucy, = 0.360), and was based on the extrapolation of the liquidus curve. The
present value is considered accurate considering the good fit with the rest of the
experimental data. The comparison between invariant equilibria calculated in the
model and the literature dataset is presented in Table 7.3.

1300 T T T T

1200 | b

1100 | b
q

1000 | b

900 b

NaCl+L PUCI, + L
800 | -

T

700 | ]

600 F . 1

5001 NaCl + PuCl, \ / 1

400 b . il

300 L L L 4 * .' ’
4 0.6 0.8 1
X(PuCl,)

Figure 7.1.: NaCl-PuCl; phase diagram calculated in this work (—) and @ data from
Bjorklund et al. [19]. The phase diagram (—) shown in orange is
calculated from the previous model of Bene$ and Konings [8].

Mixing enthalpy data have not been reported in the literature for the NaCl—PuCl;
system, but have been predicted by Yin et al [44] using an empirical method
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proposed by Davis [45], based on the linear extrapolation of the ionic parameters
of cations with same charge as Pu*. The estimated mixing enthalpy value at a
composition of Xpyc,, = 0.5 and a temperature of 1123 K is shown in Figure 7.2
together with the computed values in the present CALPHAD model and that of Bene§
and Konings. The mixing enthalpy calculated in this work is generally slightly lower
than the two previous works but the minimum energy is found around the same
composition of maximum short-range ordering (Xpyc, = 0.423 with a corresponding
mixing enthalpy value of -6969 J-mol~!). A more recent work by Schorne-Pinto et al.
[20] used a semi-empirical method, building on the method of Davis, and based on
the previous estimation of the composition of maximum short range ordering and
value of mixing enthalpy at that particular composition by comparison with data on
known systems. With this method, the minimum in the mixing enthalpy has been
calculated at -7193 J-mol~' for a composition of Xpycl, = 0.436, in close agreement
with the values optimized in the present work. Furthermore, a comparison is
made with the experimental mixing enthalpies data of three analogous systems:
NaCl—-NdCl; [46], NaCl-UCl; [47], and NaCl—-LaCl; [48]. With a similar ionic radius
and the same oxidation state, those systems are expected to yield mixing enthalpy
values very close to each other. According to the theory of Hong and Kleppa [49],
the magnitude of the mixing enthalpy value is related to the so-called relative ionic
potential of the cations Na* and Pu®*/U3*/Nd**/La3* given by the formula:

AIPZZl/rl—Zg/rz (7.20)

where Z; and Z, are the oxidation states, and r; and ry the ionic radii of the cations.
The corresponding mixing enthalpy values are thus expected in the same range,
more specifically in the order La < U < Pu < Nd given the Shannon ionic radii of
La®t (1.032 A), U (1.025 A), Pu® (1 A) and Nd** (0.98 A) in six-fold coordination.
The good agreement with this trend for the mixing properties of the NaCl-PuCl;
system lends support to the predictive capability of the model developed in this
work (Figure 7.2).
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Figure 7.2.:

-2000 / g

-4000

LH., 1 J.mol!

E 6000 |

A

-8000 - . A §

0.0 0.2 0.4 0.6 0.8 1.0
X(PuCl,)

Mixing enthalpy of the NaCl-PuCl; system calculated at 1123 K in this
work (—), compared with values calculated from the model by Benes
and Konings [8] (—). Empirical evaluated values from model (---) and
for the mixing enthalpy at Xpycy, = 0.5 (%) by Yin er al. [44]. The
mixing enthalpy estimated at the composition of maximum short range
ordering at 1123 K (#) by Schorne-Pinto et al. [20]. The data are
moreover compared to the experimental data of the mixing enthalpy of
NaCl-NdCl; at 1124 K (®) by Gaune-Escard et al. [46], NaCl-UCl; at
1113 K (V) by Matsuura et al. [47] and NaCl-LaCl; at 1173 K (A) by
Papatheodorou and Ostvold [48].
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7.3.2. ThCls-PuCls SYSTEM

The model proposed in this work (Figure 7.3) is based on the only experimental data
set available in the literature, by Vorobei et al. from 1971 [9], who used differential
thermal analysis [50]. It shows a good agreement with the liquidus transition data
and the eutectic equilibrium, calculated at a composition of Xpycy, = 0.323 and
temperature T = 895 K, in the interval of composition defined in the reference data
at Xpycy, = 0.32-0.33.

The extent of the (Th,Pu)Cly/3 solid solution as calculated in this work is slightly
less than reported experimentally. The present model provides the best compromise
we could reach between the fitting of the solid solubility limit, the solidus and
liquidus curves in the ThCl, rich region, and the composition of the eutectic
equilibrium. We recommend performing complementary measurements to confirm
and/or better define the phase equilibria on the ThCl, rich side. The maximum
extent of the solid solution is calculated at Xpycy, = 0.154 at a temperature of 895 K
in good agreement with the experimental data of Vorobei et al. [9]. The calculated
and the literature data are compared in Table 7.3.

1300

1100 b

PUCl, + L

900

T

700 b

ThCl, + PuCl,
500 .

300 . : s .
0.4 0.6 0.8 1
X (PuCl,)

Figure 7.3.: Phase diagram of the ThCl;—PuCl; system modeled in this work. (@)
Data from Vorobei et al. [9].



7.3. RESULTS 171

7.3.3. NaCl-ThCl, SYSTEM

This model (Figure 7.4) has been developed by Océdiz Flores et al. in their work on
the ACI-ThCl, (A = Li, Na, K) systems [30]. Three different works have been used
as reference data [21-23]. The choice was made not to include the stoichiometric
compound, NaThCl;, considering that only one study reports it [51], and by analogy
with NaCl-UCIl, for which no such intermediate compound is reported. The choice
to include only the  phase for ThCl; does not affect the agreement with the phase
diagram data obtained with the different datasets, as summarized in Table 7.3.

1300 b

1100 [ b
¥

500 -~

Na, ThClg

300 1 1 1 1

0 0.2 0.4 X(ThCly) 0.6 0.8 1

Figure 7.4.: NaCl-ThCl, calculated phase diagram by Océdiz-Flores et al. [30], but
excluding the low temperature metastable @ phase. (°¢) Data from Tanii
et al. [21], (®) data from Oyamada [22] and (¢) data from Vokhmyakov
et al. [23]
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Table 7.3.: Invariant equilibria calculated in this work in the NaCl-PuCl;, ThCl;—PuCl; and NaCl-ThCl, systems compared to
the reference data provided in the literature.

System Invariant Reaction

Phase diagram calculated and literature data

NaCl-PuCl;

NaCl + PuCl3=L

Bjorklund et al. [19] Benes and Konings [8]

ThCl,~PuCl,

ThCl, + PuCl,=L

Vorobei et al. [9]

NaCl-ThCl, NaCl=L

NaCl + Na,ThClg=L

Na,ThClg=L

Na,ThClg + ThCl,=L

Tanii et al. [21]

Vokhmyakov [23]

Congruent melting

Congruent melting

This study
X(PuCly) T (K)
0.385 724

This study
X(PuCly) T (K)
0.323 895

Océdiz Flores et al. [30]

X(ThCly) T(K)
0 1074
0.251 667
0.333 710
0.461 660

X(ThCl) T ®

0 1097
0.26 667
0.333 729
0.49 686
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7.3.4. TERNARY ASSESSMENT

Based on the three models of the binary systems as detailed above and the
addition of ternary excess parameters, the ternary phase diagram was optimized for
the first time (Figure 7.5). The system is characterized by two ternary eutectics,
which is in agreement with the only experimental study of this system realized by
Desyatnik et al. [24]. The experimental details on the measurement conditions
of the melting temperatures are not shared by the authors except for a standard
uncertainty of + 2 K. A comparison between the calculated and the experimentally
observed invariant equilibria is made in Table 7.4. The model presented in this
work shows a good agreement in terms of composition and temperature for the
eutectic 1. Small discrepancies are observed in the composition of the eutectic 2:
its position on the cotectic line between the primary crystallization fields of NaCl
and Na,ThClg; was selected as the best compromise that could be reach with the
experimental data. Furthermore, the calculated eutectic in the pseudo-binary section
(2NaCl + ThCly)—PuCl; shows a good match with the temperature and composition
measured by Desyatnik et al. [24], confirming the accuracy of the model presented
here (Figure 7.6).

Table 7.4.: Invariant equilibria calculated in this work and comparison with the
experimental data of Desyatnik et al. [24].

Compound TK) XMNaCl) X(ThCly) X(PuCly) Ref.
Ternary eutectic 1 597 0.470 0.354 0.176 This work
598 0.465 0.350 0.185 [24]
Ternary eutectic 2 598 0.574 0.223 0.203 This work
603 0.585 0.230 0.185 [24]
Eutectic on the Na,ThClg—PuCl; 628 0.521 0.261 0.218 This work

pseudo-binary section 643 0.520 0.260 0.220 [24]
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T(K)
A T(min) = 597.46 K, T(max) = 1073.99 K 1100
o/ \o |
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Figure 7.5.: Liquidus projection of the NaCl-ThCl,—PuCl; system assessed in this
work from 550 K to 1100 K with an increment of 20 K. Primary
crystallization fields are indicated in the figure: NaCl; Na,ThClg;
Th;_Pu,Cl, ,; PuCl;. () Positions of the ternary eutectics and (@) the
eutectic on the (2NaCl + ThCl,)—PuCl; pseudo-binary section measured
by Desyatnik et al. [24].
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Figure 7.6.: Calculated pseudo-binary phase diagram of the Na,ThClg — PuCl; system.
(®) The position of the eutectic on the pseudo-binary section from
Desyatnik et al. [24].
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7.4. DISCUSSION

The relatively low temperatures around the ternary eutectics calculated here make
the NaCl-ThCl,—PuCl; system a promising choice for technological applications.
In other chloride fuel salt mixtures in which plutonium was included, such as
NaCl-UCIl3—PuCl;, even an addition of MgCl, did not allow to reach a comparable
range [8], with a quaternary eutectic at T = 696.5 K (62.9 NaCl - 16.5 MgCl, -
1.1 UCl3 - 19.5 PuCly), nor the introduction of KCI that does not show quaternary
eutectic melting temperatures lower than T = 774.3 K (22 NaCl - 33 KCI - 38 UCl; - 7
PuCls) [44]. The substitution of uranium by thorium as fertile compound avoids the
introduction of another chloride salt which could to some extent act as a neutron
poison.

In terms of safety concerns, this system exhibits an interesting margin with respect
to the operating minimal inlet temperature investigated for the MSFR, i.e 923 K [6].
Supposing a required margin of at least 50 K (873 K), the composition range of
stability of the liquid is large, as illustrated below. This allows to consider a large
panel of compositions for the fuel and to tailor its composition based on other
requirements such as for instance neutronic or thermo-hydraulic properties.

The different fast spectrum chloride MSR concepts are designed to accommodate
a high content of plutonium. For example, TerraPower’s Molten Chloride Fast
Experiment project based its fuel on the binary system NaCl-PuCl; at the eutectic
composition 64 NaCl — 36 PuCl; [7], and the equilibria defined by Bjorklund ef al.
[19]. The safe area of operation as defined above is shown in Figure 7.7 (left) on
the NaCl-PuCl; phase diagram optimized in this work, with an eutectic transition
at a composition 61.5NaCl — 38.5PuCl;. On this figure, we see that the interval of
"safe" plutonium chloride concentrations extends between Xpycy, = 0.245 and 0.565.
A calculation is then performed in the ternary melt of the maximum concentration
of ThCl, (as a substitute for NaCl) allowed if one wants to remain below the
safety temperature for different fixed concentrations in PuCl; in the interval defined
previously (i.e. between Xpycy, = 0.245 and 0.565, as shown in Figure 7.7 (right)). It is
observed that with high concentration of PuCl;, the corresponding concentration of
ThCl,; becomes very limited. Figure 7.8, showing the range of PuCl; concentration
allowed to remain below the safe temperature as function of the concentration in
ThCl,, confirms this evolution. A "safe" area can be observed at the composition
40 (NaCl—PuCly) + 60 ThCl, between Xpycy, = 0 and Xpycy, = 0.28, which offers only a
very limited margin with the safety temperature, thus could not be recommended.

A pseudo-binary phase diagram passing through the ternary eutectic (57.4 NaCl —
22.3ThCl, — 20.3PuCl;) at fixed PuCl; content is moreover shown in Figure 7.9. It
demonstrates a large interval of "safe" composition ranging from Xryc,, = 0.0956
(0.12 multiply by 0.797 ThCl,) to Xtnc), = 0.638 (0.80 times 0.797 ThCl,).
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Figure 7.7.: Phase diagram of the NaCl-PuCl; system with the composition area
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of safety with the minimum inlet temperature minus 50 K (873 K)
superposed in green (left), and curve of the maximal safe molar
concentration* of ThCl, in the ternary solution NaCl-ThCl,—PuCl; as
a function of the concentration of PuCl;. *Maximum concentration
ensuring melting temperature of the ternary solution below 873 K.
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Figure 7.8.: Chart of the maximal safe molar concentration* of PuCl; in the ternary

solution NaCl-ThCl,—PuCl; as function of the concentration of ThCl,
according to the ternary model. *Maximum concentration ensuring
melting temperature of the ternary solution below 873 K.
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Figure 7.9.: Calculated pseudo-binary phase diagram of the 79.7 (NaCl-ThCl,) +
20.3PuCl; system, intercepting the ternary eutectic determined in
Section 3.4. The green area represents the range of compositions with a
liquidus transition below the minimum safety temperature of operation
(T = 873K).
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The potential of this fuel is finally illustrated by the computation of the
pseudo-binary systems at the constant concentration of 70 % (Figure 7.10) and 60
% NaCl (Figure 7.11). With fixed concentrations of heavy metal chloride (ThCl,
+ PuCly) of respectively 30 % and 40 %, all possible combinations between these
two compounds in the ternary solution are meeting the safety requirements. The
flexibility proposed by these systems is a major advantage that allows to optimize
other necessary properties in order to get the most adapted fuel for a MSR.
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Figure 7.10.: Phase diagram of the pseudo-binary 30 (ThCl,—PuCls) + 70 NaCl system
with the composition area of safety with the minimum inlet temperature
minus 50 K (873 K) superposed in green.
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Figure 7.11.: Phase diagram of the pseudo-binary 40 (ThCl,—PuCls) + 60 NaCl system
with the composition area of safety with the minimum inlet temperature
minus 50 K (873 K) superposed in green.
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An experimental study of the thermodynamic phase transition data of the
mentioned key compositions appears essential, however, to validate the present
model and for the development of this potential fuel in the framework of the fast
neutron spectrum MSR. The evolution of the chemical composition of the fuel upon
fission of plutonium (and uranium-233 generated from the fertile thorium), should
also be monitored carefully as well as its impact on the thermo-physical properties.
A more comprehensive picture of the fuel salt chemistry should then include the
melts NaCl-ThCl,—UCl; and NaCl-ThCl;—UCI, as well as the extrapolation to the
higher order system NaCl—-ThCl,—PuCl;—UCl;—UCl,.

7.5. CONCLUSION

A thermodynamic assessment of the NaCl-ThCl,—PuCl; system is reported
for the first time based on the modified quasichemical formalism in the
quadruplet approximation, including the modeling of the different binary
constituting sub-systems. Two ternary eutectic transitions have been calculated at
the compositions 47.0NaCl — 35.4ThCl, — 17.6 PuCl; and 57.4NaCl — 22.3ThCl, -
20.3PuCl; at temperatures of 597 K and 598 K, respectively. This melt could be an
interesting option as fuel for the fast neutron spectrum MSR concept as it offers a
low melting temperature over a very wide range of composition, allowing flexibility
in the choice of the final composition to accommodate neutronics, thermohydraulic
and other requirements.
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CONCLUSION

His thesis aimed to provide essential insights contributing to the safety assessment
T of Molten Salt Reactors (MSRs). By exploring critical aspects and key factors, the re-
search aimed to enhance our understanding of the safety implications associated with
MSR technology. In this concluding chapter, the results are summarized in the next sec-
tion (8.1), the main outcome is given (section 8.2) and finally, some outlook and sugges-
tions for future work are offered (section 8.3).

8.1. SUMMARY OF THE RESULTS

The empirical observation of the fission product behavior in the molten fuel LiF—ThF,
and LiF-ThF,—UF, showed key outcomes result for the Molten Salt Reactor concept.
Firstly, the mass spectrometry measurements proved the high retention of Sr, lanthanides
(Nb,Ce), Rb and Y in molten fluoride salts. Cesium, as already observed by Benes et al.
[1], has showed moderate retention as CsF and low retention as CsI resulting in early
vapor release and potential recombination of iodine in Lil form. Zr also shows moder-
ate retention, with a release at a lower temperature than the fuel matrix under Knudsen
conditions. Secondly, an essential criteria from an engineering point of view, is the melt-
ing temperature of the fuels, which was found to decrease by 21 K upon addition of a
large amount of fission products at the eutectic compositions. This must be taken into
consideration for the safety margin of operation. Furthermore, the vapor pressure of
the elements of the fuel calculated by KEMS on the same mixture, was found almost un-
changed compared to the pure fuels measured in the literature. These first results proved
the limited impact of the accumulation of the fission products on the vapor pressure of
the fuel itself. However the scope of this work remains limited, because the gaseous fis-
sion product were not included and the chemical speciation of vapor species could not
be determined in this work. Complementary studies of the dissociation patterns would
give valuable insights on the speciation.

To prolong the fission product analysis, a dedicated study was performed for two im-
portant fission product: zirconium and barium. For the first time, thermodynamic mod-
els were established for the binary systems LiF—BaF,, LiF-ZrF,, and BaF,—ZrF,, as well
as the ternary system LiF — BaF, — ZrF,, by integrating experimentally obtained phase
diagram data and information from literature sources on phase diagrams and mixing
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enthalpy. These models were developed using the modified quasichemical model in the
quadruplet approximation specifically for the liquid solution. A significant portion of
the intermediates identified in the LiF—BaF,—ZrF, system seem to exhibit stability at
the minimum operating temperature of a MSR (873 K). Above 1173 K, solid phases of
Ba,ZrFg and BasZrF, are stable. Considering the potential precipitation of solid phases
involving LiE BaF,, and ZrF, within the operational reactor is essential for conducting a
thorough risk assessment of the MSR.

The development of a new method using laser-induced luminescence moreover made
it possible to directly measure changes in the concentration, i.e. recovery, of nanoparti-
cles in a bubbly flow. During the evaluation of the different recovery systems, the modi-
fied Hallimond tube, which has demonstrated its effectiveness in the removal of micro-
sized metallic particles, did not confirm it in the case of the nano-sized particles. An
alternative technique was designed, using a supernatant immiscible fluid as collecting
support. The first approximation of the recovery of nanoparticles by a bubbly flow was
measured as relatively low and strongly dependent on the size of the particles and flow
rate. These results are in agreement with the literature observation during comparable
studies [2, 3]. Helium bubbling represents probably a good option for the removal of
gaseous fission product species, but for the noble and semi noble non-dissolved parti-
cles the effectiveness is limited.

Concerning the corrosion products, the focus was made on the most problematic
one, namely chromium. In this thesis, phase diagram equilibria of the AF-CrF; (A = Li,
Na, K) systems have been optimized using the CALPHAD method combined with the
modified quasichemical model in the quadruplet approximation. On the basis of the
only experimental data in literature by de Kozak [4], the models of LiF—CrF;, NaF—CrF5
and KF—CrF; have been modeled with a good agreement. With the same method, the
CrF,—CrFj; binary system has been modeled based on the experimental data of Sturm
[5]. Understanding the phase diagrams of all four systems contributes to an enhanced
comprehension of the impact of corrosion products (CrF,, CrF3) formed due to the cor-
rosion of Hastelloy, employed as the structural material in Molten Salt Reactors, on the
characteristics of the liquid fuel salt. To completely assess the impact of chromium in so-
lution in molten LiF—ThF, salt reference fuel, the phase equilibria in the LiF—CrF,—ThF,
system were also investigated. Firstly, the synthesis of pure CrF, has been reported by
two different routes. For for the first time, phase diagram data in the LiF—CrF,, CrF,—ThF,
and LiF—CrF,—ThF, systems have been collected. Using the modified quasichemical
model in the quadruplet approximation, to describe the liquid solution, thermodynamic
models have been made. The essential information in this work has been the experimen-
tal observation that the CrF, does not form any quaternary intermediate compound in
the molten LiF—-ThF, system. The entire description of the corrosion product of chromium
behavior in the reference fuel, constitutes new knowledge for the safety assessment of
the Molten Salt Reactor.

The final chapter opened the door to a promising molten mixture as a compelling op-
tion for the fast neutron spectrum molten salt reactor (MSR) concept: NaCl-ThCl,—PuCl;.
Thermodynamic evaluation of the NaCl-ThCl;—PuCl; system has been presented for
the first time, employing also the modified quasichemical formalism in the quadru-
plet approximation, encompassing the modeling of the constituting binary sub-systems.



8.2. MAIN OUTCOMES 191

Two ternary eutectic transitions have been computed at compositions 47.0 NaCl - 35.4
ThCly - 17.6 PuCls and 57.4 NaCl - 22.3 ThCl, - 20.3 PuCl; with corresponding temper-
atures of 597 K and 598 K, respectively. Its advantage lies in its low melting temperature
over a wide range of compositions, which means that the final composition can be cho-
sen according to neutronic requirements, thermal-hydraulic considerations and other
factors.

8.2. MAIN OUTCOMES

The main outcomes issued in this work are summarized as follow:

* The addition of 7 mol% fission products to a LiF-ThF,—UF, eutectic mixture has
a limited effect on the vapor pressure of the fuel matrix.

e The retention of the fission products under Knudsen conditions is low for Csl,
moderate for CsF and ZrF,, high for the RbF and very high for SrF,, YF; and lan-
thanides fluorides (CeF; and NdFj3).

e The helium bubbling did not prove its effectiveness for the recovery of the solid
nanoparticles.

e Inthereference fuel, LiF—ThF,—UF,, the main corrosion product expected to form
has been identified as CrF, and does not form complex intermediate compounds
in the molten LiF—ThF, salt system.

e Thermodynamic calculations allowed to define a fuel well adapted to the fast neu-
tron reactors spectrum, NaCl — ThCl, - PuClz, which showed good potential in
terms of safety and flexibility.

8.3. OUTLOOKS AND SUGGESTIONS

This thesis answered some of the key interrogations concerning the feasibility of the MSR
concept. However, to fulfill in more detail the safety assessment, some suggestions of
future research development are given hereafter.

If the fission product showed variable degrees of retention in the molten LiF — ThF,
- UF, salt and limited impact on the thermodynamic and vapor pressure properties, in
general, however their poisonous impact need to be explored in further detail. Indeed,
even if the fission product did not interact with the fuel components, they could affect
the fission reaction by interfering with the neutron diffusion. The consequences would
be a decrease of the reactivity during the reactor operation.

For the two fission products studied in further detail, zirconium and barium, the cur-
rent systems developed in this work only provide equilibria with LiE which is present
in large concentrations in the salt mixture. This establishes a foundation for explor-
ing more intricate equilibria within the entire fuel system, such as LiF-ThF,—UF,/UF;,
which must be taken into account for a more precise analysis.
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A general overview of the literature on molten salts shows a certain optimism and gen-
erally focuses on pure "fuel-interacting materials" systems. The impact of potential oxy-
gen contamination is probably underestimated in most of the projects related to the de-
velopment of MSR technology. From an engineering point of view, it appears unrealistic
to prevent the reactor core from all the potential sources of external contamination, for
instance during maintenance operations. A thorough safety assessment would include
interaction of oxygen and water with the fuel salt.

Concerning the helium bubbling, first of all, performing new series of measurements
under the same conditions would allow to reduce the uncertainties. The liquid filtra-
tion system could be improved, and different organic phase options could be studied,
for instance the use of a completely uncolored solution to reduce parasitic light during
the measurements. A dual-camera system could be designed, featuring one observation
window for the aqueous solution and another for the organic phase. This setup would
enable simultaneous monitoring of concentrations in each phase, enhancing the assess-
ment of direct removal through individual particle tracking.

For the extraction of solid nanoparticles, alternative ways should be explored, with
a particular focus on a thermochemical route. For instance, the implementation of a
cathodic protection could provide a system of collection of the semi-noble and noble
metal particles and even prevent the corrosion of the structural materials of the reactor.

In this work, the thermodynamic behavior of chromium in molten LiF—ThF, has been
described in detail. However, a full assessment should include the chemistry of chromium
in the complete reference fuel, LiF-ThF,—UF,. Given the high probability of reduction
of UF, in UF; along the operating period and the importance of controlling the UF,/UF3
ratio observed by ORNL [6], both interactions with CrF, should be investigated. Thermo-
dynamic properties would include the assessment of phase diagrams for binary systems
CrF,—UF, and CrF,—UF;, as well as ternary systems LiF—CrF,—UF, and LiF—CrF,—UF,.
Finally, the quaternary systems LiF — CrF, — UF3 — UFy, LiF — CrF;, — ThF,; — UF, and LiF
- CrF; — ThF, - UF3 and possibly higher-order systems need to be investigated. These
studies should also explore the impact of chromium ions on the UF4/UF; ratio under
equilibrium conditions, in particular whether it has an impact on the fluoroacidity of
the salt mixture, i.e. on the corrosion rate.

A further suggestion for corrosion studies of structural materials would be to study in
depth the impact of radiation damage on corrosion. Much work has focused on exposing
materials to "simple" molten-salt fuels, but an operating reactor would involve radiation
damage from neutrons, recoil of fission products, etc. The combined effects of radiation
damage and corrosion should also be considered and understood.
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APPENDICES: THERMODYNAMIC
BEHAVIOR OF CrF, CORROSION
PRODUCT IN THE MOLTEN LiF-ThF,
SALT SYSTEM

A.1. LOW TEMPERATURE HEAT CAPACITY OF CrF,

The existence of an antiferromagnetic transition in CrF, is confirmed by the low-
temperature heat capacity data collected under varying magnetic fields (Figure A.1).
The anomaly shifts to slightly lower temperatures upon application of a magnetic
field.
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Figure A.1.: Evolution of the heat capacity of CrF, upon application of a magnetic
field B=(1, 4, 6, 8, 10, 12, 14) Tesla.
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Figure A.2 shows the measured low-temperature heat capacity together with the
function at higher temperatures recommended in the IVTAN tables [1], showing the
good accordance between the two temperature regimes.
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Figure A.2.: Evolution of the heat capacity of CrF, up to melting (1167 K).

A.2. MAGNETIZATION MEASUREMENTS OF CrF,

Magnetization measurements of CrF, show a clear anti-ferromagnetic order at Ty
= 49.6 K, as reported by Stout et al. [2] and Boo et al. [3]. Measurements
in DC and AC techniques confirmed this value (Figures A.3). Interestingly, below
the anti-ferromagnetic transition temperature Ty, we observe a strong anisotropic
behavior in the ordered state, that is of ferromagnetic type, similarly to anisotropic
features reported below 308 K for antiferromagnetic Cr,O3 [4], or for some other
reported Cr based materials [5]. Zero-Field Cooling (ZFC) measurements show
negative response versus the applied magnetic field, while Field-Cooling (FC) curves
at low magnetic fields are characteristics of a ferromagnetic-like ordered state. This
ZFC diamagnetic response disappears at 10 kOe. The estimated coercitive field
at 45 K is still 2500 Oe. ZFC and FC curves are joining at Ty, but difference
between ZFC-FC magnetization curves is still present up to the maximum magnetic
field applied (70 kOe). Neutron diffraction measurements [6] have shown CrF, to
be a two-sublattice antiferromagnet with a distorted rutile structure of monoclinic
symmetry, containing two Cr?* ions per unit cell. This supports the intrinsic
anisotropy features in the low temperature ordered state with a ferromagnetic
canted moment responding strongly to applied magnetic fields. In the paramagnetic
temperature range (T<Ty), we observe a very good reproducibility of DC magnetic
susceptibility for all magnetic fields applied. Fitting this paramagnetic field from
100 to 300 K by a modified Curie Weiss law, we obtain an effective moment p,rr
close to 5.7(3) up, and a paramagnetic temperature Op close to —70 K. Cr*>* effective
moment in the free ion model is 4.9 up.
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Figure A.3.: (a) Evolution of the DC magnetization M of CrF, below T 100 K in ZFC
and FC. (b) AC magnetic measurements showing the evolution of the AC
magnetic susceptibility y.

A.3. TERNARY EQUILIBRIA

In the Figure A.4, the isothermal sections calculated for different temperatures (750
K, 850 K, 950 K and 1050 K) in the ternary system LiF—CrF,—ThF,, showing the
stability of the solid phases.
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Figure A.4.: Isothermal sections of the ternary system LiF—CrF,—ThF, at (a) 750 K,
(b) 850 K, (c) 950 K and (d) 1050 K. The different stables solids and the
liquid phases are indicated in the figures.
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