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He threw his cigar away and looked up at the outstretched Galaxy.
"Back to oil and coal, are they?", he murmured
—and what the rest of his thoughts were he kept to himself.

Isaac Asimov, Foundation
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SUMMARY

Molten salts are a class of ionic liquids which have in recent years been the focus of
extensive fundamental research given that they are a versatile class of reaction media
with a variety of appealing thermophysical and thermochemical properties (e.g. melting
points, heat capacities, vapor pressures, densities, thermal conductivities, etc..) suited

for a variety of industrial applications, in particular at high temperature. The most well-

known is perhaps the production of materials as important as aluminum and sulfuric

acid, yet thermal energy storage is also a notable application. One of the most notewor-

thy application of molten salts, is as fuel and coolant for a type of nuclear fission reactor
known as the Molten Salt Reactor (MSR). In its most general sense, a MSR is a class of nu-

clear reactor in which fissile (335U, 233U, 239Py) and/or fertile isotopes (e.g. 282, 2387y

are dissolved in a carrier salt. The resulting mixture acts both as fuel and coolant. The

two prototypes which have been built in the past used a fluoride fuel, so historically most
work has concentrated on fluoride salt mixtures. However, modern day reactor develop-

ers are also interested in chloride fuels, so both molten salt fuel families are relevant at
present.

Due to the nature of the fission reaction, MSR fuel is a mixture with considerable chem-

ical complexity, comprising a multi-component salt solution, noble gases, and noble

metal precipitates. A thermodynamic description of this complex system must be the

foundation of any systematic attempt to select its original composition, predict its be-

havior in the reactor core during normal operation and accidental conditions, (in par-

ticular predict liquidus temperature, precipitation of a given component, stability of
structural materials against the fuel), and guide reprocessing schemes after burn-up. In
practice, this must be done by dividing the whole system into smaller building blocks

for which a very accurate analysis can be provided: first unitary systems, then binary,

ternary, and so on. The Gibbs energy is the thermodynamic potential which indicates

which phase or combination thereof will be stable at a given composition and isothermal-
isobaric state: that which minimizes the total Gibbs energy of the system. Thus every
level of description should minimally contain the set of phases involved (end-members,

stoichiometric intermediate compounds, solid and liquid solutions) and the Gibbs en-

ergy associated with each one.

Solution phases will have a Gibbs energy corresponding to the weighted sum of the
Gibbs energies plus a mixing contribution. The mixing contribution in turn will con-

sist of an ideal term arising from the configurational entropy, and an excess term which
will be zero if the solution is ideal and non-zero otherwise. In general this excess term is
unknown and needs to be optimized, along with any other Gibbs energy functions which
may be unknown, so as to reproduce known thermodynamic data. This optimization is
at the core of thermodynamic modelling. Closely related to the excess Gibbs energy of
the liquid solution is the local structure, which for molten salts may be ionic, molecular,

or polymeric, and which will also be manifest in excess contributions to the mixing en-

Xi
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thalpies and entropies, heat capacities, activities, and other thermophysical properties.
As density and viscosity are state functions, they may in principle also be linked to the
Gibbs energy of the system and to the local structure.

This dissertation is an effort in the direction of making an explicit link between the struc-
ture, thermodynamics, and state properties (density, viscosity) for a set of salts com-
prised of alkali actinide halides related to MSR technology: ACI-ThCls (A = Li, Na, K),
LiF-AnF4 (An = Th, U), NaF-ThF,, KF-ThF,, NaCl-UCls, and the ternaries LiF-ThF,-UF,,
LiF-KF-ThF,, and NaF-KF-ThF,. Several experimental and computational techniques
were used throughout this work to achieve said goal: differential scanning calorimetry
(DSC), X-ray diffraction (XRD), thermal relaxation calorimetry, X-ray absorption spec-
troscopy (XAS), molecular dynamics (MD), and density functional theory (DFT). The
collected data were modelled simultaneously with computational thermodynamics, us-
ing the so-called CALPHAD method (Calculation of Phase Diagrams).

A thermodynamic assessment of the KF-ThF, binary system using the CALPHAD method
is reported initially, in which the liquid solution is described by the modified quasi-
chemical formalism in the quadruplet approximation. The optimization of the phase
diagram is based on experimental data reported in the literature and newly measured
XRD and DSC data, which allowed to solve discrepancies between past assessments. The
low temperature heat capacity of ®-K, ThFg was also measured, using thermal relaxation
calorimetry; from these data the heat capacity and standard entropy values were derived
at 298.15 K and implemented in the model. Taking existing assessments of the relevant
binaries, the new optimization was moreover used to assess the ternary systems LiF-KF-
ThF,; and NaF-KF-ThF,, for which novel DSC data were also collected. The standard
enthalpy of formation and standard entropy of KNaThFg were re-calculated from pub-
lished e.m.f data, and included in the assessment of the ternary system.

Since chloride salts are also candidates for MSR fuels, a thermodynamic investiga-
tion of the ACI-ThCly (A = Li, Na, K) binary systems was furthermore carried out. The
excess Gibbs energy of the liquid solutions was also described using the quasi-chemical
formalism in the quadruplet approximation. The phase diagram optimizations in this
case were based solely on the experimental data available in the literature. The thermo-
dynamic stability of the liquid solutions increases in theorder Li Na K, in agreement
with simplified interactions and structural models.

To develop realistic structural models, the short-range structures of AF-AnF, (A =i,
Na, K, Cs; An = Th, U) systems were then probed using in situ high temperature Extended
X-ray Absorption Fine Structure (EXAFS) spectroscopy. Notably, the EXAFS spectra of
pure molten ThF, and UF, were measured for the first time. The data were interpreted
with the aid of MD simulations and standard fitting of the EXAFS equation. As in related
studies, a speciation distribution dominated by [AnFyx]* * (x=7, 8, 9) coordination com-
plexes was observed. The average coordination number was found to decrease with the
increasing size of the alkali cation, and increase with AnF, content. An average coordi-
nation number close to 6, which had not been detected before in melts of alkali actinide
fluorides, was seen when CsF was used as solvent.
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Using MD, the structures of the melts were further characterized for composition and
temperature domains extended beyond what was possible with the EXAFS technique, for
the systems LiF-UF, and NaF-ThF,, which were taken as case studies for the implemen-
tation of an advanced quasi-chemical formalism. For both binary systems the phase di-
agram equilibria were explored with XRD and DSC. The densities, excess molar volumes,
thermal expansion, heat capacities, and enthalpies of mixing were moreover extracted
from the MD simulations across a range of temperatures and compositions. The distri-
butions of heteropolyanions in the liquid solution were also calculated, and modelled
using the quasi-chemical formalism in the quadruplet approximation, thereby explicitly
linking the structural and thermodynamic properties to result in a rigorous physical de-
scription of the melts. The existence of 7- and 8-coordinated single-shell complexes and
of the dimeric species [UsF14  (in the case of LiF-UF,) and [ThoF138® (in the case of
NaF-ThF,) were taken into account. Subjecting the optimization of the excess Gibbs en-
ergy parameters of the liquid solution to the constraints of the phase diagram data and
local structure of the melt as derived from the EXAFS and coupled MD simulations, a
CALPHAD-type assessment was proposed, linking structural and thermodynamic prop-
erties, with a rigorous physical description of the melt. For NaF-ThF,, the description
was made even more rigorous by experimentally deriving the standard entropies from
low-temperature heat capacity measurements of two phases appearing in the system,
with formula Na,ThFg and NaTh,Fg. Furthermore, the low and high-temperature heat
capacities of these phases were successfully bridged with a methodology combining DFT
and the Quasi-Harmonic Approximation (QHA).

Finally, an effort was made to compute the density and viscosity functions, in a way
consistent with the thermodynamic assessments. Models for four systems were opti-
mized: NaCl-UCls, LiF-ThF,, LiF-UF,, and LiF-ThF,-UF,. Assessment of all four sys-
tems, using the modified quasichemical formalism in the quadruplet approximation
for the description of the liquid solutions, were carried out. In the case of NaCl-UClI;3,
phase diagram and mixing enthalpy data available in the literature were incorporated.
For the fluoride systems, recently published data on some solid phases were taken into
account, while retaining the most recently published descriptions of the liquid solutions.
The densities of the liquid solutions, when not ideal, were modelled using pressure-
dependent terms of the excess Gibbs energy, while the viscosities were modelled using
an Eyring equation.

Overall, the thesis improves the state of knowledge on the topology of the phase dia-
grams studied. Throughout the work, structural motifs of actinide-bearing molten salts
are discussed, with a view to aid in the prediction of the characteristics of systems which
are to this date unexplored. The quasi-chemical formalism has become well-established
in the computational thermodynamics of MSR chemistry, and the number of systems as-
sessed is already substantial. This work is a template showing how databases of molten
salt fuels may be extended to reflect more largely structure, density, and viscosity in com-
bination with the thermodynamic properties.






SAMENVATTING

Gesmolten zouten vormen een groep van ionaire vloeistoffen die onderwerp van uit-
gebreid fundamenteel onderzoek zijn geweest in de afgelopen jaren. Dit is te danken
aan het feit dat het een veelzijdige reactiemedia betreft, met een verscheidenheid aan
aantrekkelijke thermofysische eigenschappen (zoals het smeltpunt, soortelijke warmte,
dampspanning, dichtheid, warmtegeleiding, etc...), geschikt voor een veelvoud van in-
dustriéle toepassingen - in het bijzonder bij hoge temperaturen. Het meest bekend is
wellicht de productie van belangrijke materialen zoals aluminium en zwavelzuur, maar
daarnaast is ook de mogelijkheid warmte op te slaan noemenswaardig. Een van de meest
opmerkelijke toepassingen van gesmolten zouten is als splijtstof en koelvloeistof voor
een bepaald type kernreactor, te weten de gesmoltenzoutreactor (MSR). Een MSR is een
type kernreactor waarin splijtbare isotopen (*3°U, 233U, 239Pu) en/of isotopen waaruit
splijtbaar materiaal kan worden gekweekt (bijv. 232Th, 238U), zijn opgelost in een zout.
Dit mengsel is zowel splijtstof als koelmiddel. De twee prototypes die in het verleden zijn
gebouwd, maakten beide gebruik van een fluoride splijtstof, wat ertoe heeft geleid dat
historisch het meeste onderzoek zich richtte op fluoride-zoutmengsels. Desalniettemin
zijn hedendaagse reactorontwikkelaars ook geinteresseerd in chloride splijtstoffen, dus
beide families van gesmoltenzoutsplijtstoffen zijn momenteel relevant.

Als gevolg van de kernsplijting is MSR-splijtstof een mengsel met een grote chemi-
sche complexiteit, en bestaat uit een vloeibare oplossing van meerdere componenten,
edelgassen en neergeslagen deeltjes van edelmetalen. Een thermodynamische beschrij-
ving van dit complexe systeem moet ten grondslag liggen aan iedere systematische po-
ging om de initiéle zoutsamenstelling te bepalen, het gedrag in de kern van de reactor —
zowel tijdens normaal bedrijf als ongevalssituaties — te voorspellen (in het bijzonder de
liquidustemperatuur, neerslag van componenten, stabiliteit van structurele materialen
ten opzichte van de splijtstof), en verwerkingsschema'’s voor de opgebrande splijtstof te
ontwerpen. In de praktijk wordt dit bewerkstelligd door het opdelen van het complexe
systeem in kleinere stukken, waarvan een zeer accurate beschrijving verkregen kan wor-
den: eerst de unaire systemen, daarna de binaire, de ternaire, etc. De Gibbs vrije energie
correspondeert met de thermodynamische potentiaal die aangeeft welke fase, of combi-
natie daarvan, stabiel zal zijn voor een gegeven samenstelling en isothermische-isobare
toestand: die waarvoor de totale Gibbs vrije energie van het systeem het laagst is. Op elk
niveau zal de beschrijving dus minstens alle betreffende fases moeten omvatten (eind-
leden, stoichiometrische intermediaire verbindingen, vaste en vloeibare oplossingen),
evenals de Gibbs vrije energie van de fases.

Mengfasen hebben een Gibbs vrije energie die overeenkomt met de gewogen som
van de Gibbs vrije energieén en een mengbijdrage. De mengbijdrage zal op zijn beurt
bestaan uit een ideale waarde overeenkomend met de configurationele entropie, en een
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exces bijdrage die nul zal zijn indien de oplossing ideaal is en niet-nul zal zijn in de an-
dere gevallen. Over het algemeen is deze exces waarde onbekend en optimalisatie ervan
is nodig, wat ook geldt voor iedere andere Gibbs-energiefunctie die mogelijk onbekend
is, teneinde de bekende thermodynamische gegevens te kunnen reproduceren. Deze
optimalisatie vormt de kern van thermodynamisch modelleren. De atomaire structuur
is nauw verbonden met de exces Gibbs vrije energie van de vloeibare oplossing, welke
voor gesmolten zouten ionair, moleculair of polymerisch kan zijn, en tevens tot uiting
zal komen in de vorm van exces bijdragen aan mengenthalpie en -entropie, warmte-
capaciteit, chemische activiteit, en andere thermofysische eigenschappen. Aangezien
dichtheid en viscositeit toestandsfuncties zijn, kunnen zij in beginsel gerelateerd wor-
den aan de Gibbs vrije energie van het systeem, en met de atomaire structuur.

Dit proefschrift wordt de expliciete link onderzocht tussen de structuur, thermody-
namica en toestandseigenschappen (dichtheid, viscositeit) voor een groep zouten die
zijn samengesteld uit alkali-actinide-halogeniden, relevant voor MSR-technologie: ACI-
ThCly (A =Li, Na, K), LiF-AnF, (An = Th, U), NaF-ThF,, KF-ThF,4, NaCl-UCls, en de ter-
naire systemen LiF-ThF,-UF,, LiF-KF-ThF,, en NaF-KF-ThF,. Om bovengenoemd doel
te bereiken is gebruik gemaakt van diverse experimentele en computationele technie-
ken: differentiéle scanning calorimetrie (DSC), rontgendiffractie (XRD), lage-temperatuur-
calorimetrie, rontgenabsorptie-spectroscopie (XAS), moleculaire dynamica (MD), en Dicht-
heidsfunctionaaltheorie (DFT). Met behulp computationele thermodynamica, gebruik-
makend van de zogeheten CALPHAD-methode (berekening van fasediagrammen, Cal-
culation of Phase Diagrams), zijn verzamelde data in modellen verwerkt.

Dit proefschrift beschrijft eerst een thermodynamische evaluatie van het binaire KF-
ThF,-systeem aan de hand van de CALPHAD-methode. De vloeibare oplossing is hier
beschreven met het verbeterde quasi-chemische formalisme in de quadruplet benade-
ring . De optimalisatie van het fasediagram is gebaseerd op experimentele data uit de
literatuur en nieuwe metingen met behulp van XRD- en DSC, waarmee de discrepanties
tussen eerdere metingen konden worden opgelost. Met behulp van lage-temperatuurca-
lorimetrie is tevens de warmtecapaciteit van ®-K, ThFg gemeten, waaruit de warmtecapa-
citeit- en standaard entropie bij 298.15 K zijn afgeleid en geimplementeerd in het model.
Gebruikmakend van bestaande evaluaties van relevante binaire systemen, zijn voorts
de ternaire systemen LiF-KF-ThF, en NaF-KF-ThF, geévalueerd, waarvoor ook nieuwe
DSC-gegevens werden verzameld. De vormingsenthalpie (onder standaardomstandig-
heden) en de standaardentropie van KNaThFg zijn herberekend uit gepubliceerde ge-
gevens van elektromotorische-krachtmetingen, en meegenomen in de evaluatie van het
ternaire systeem.

Aangezien chloride-zouten tevens van belang zijn als MSR-splijtstof, is er verder een
thermodynamisch onderzoek uitgevoerd naar de binaire systemen ACI-ThCly (A = Li,
Na, K). De exces Gibbs vrije energie van de vloeibare oplossingen is eveneens beschre-
ven aan de hand van het quasi-chemische formalisme in de quadruplet benadering. De
optimalisaties van het fasediagram zijn in dit geval uitsluitend gebaseerd op de beschik-
bare experimentele gegevens uit de literatuur. De thermodynamische stabiliteit van de
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vloeibare oplossingen neemt toe in de volgorde Li Na K, in overeenstemming met
de vereenvoudigde interacties en structurele modellen.

Teneinde realistische structuurmodellen te ontwikkelen, werden de atomaire struc-
turen van de AF-AnF, (A = Li, Na, K, Cs; An = Th, U)-systemen in situ onderzocht met
hoge-temperatuur-EXAFS-spectroscopie (Extended X-ray Absorption Fine Structure). Ver-
meldenswaardig is daarbij dat het EXAFS-spectrum van puur gesmolten ThF, en UF,
voor de eerste keer werd gemeten. De gegevens zijn verder geinterpreteerd met behulp
van MD-simulaties en standaardregressie analyse met de EXAFS-vergelijking. Zoals in
vergelijkbare studies werd de verdeling van de moleculaire anionen in de vloeistof over-
heerst door de codrdinatie [AnFy]* * (x = 7, 8, 9). Het bleek dat het gemiddelde coor-
dinatiegetal afneemt naarmate het alkali-kation groter wordt, en de concentratie AnF,
toeneemt. Een gemiddeld codrdinatiegetal dat dicht bij 6 ligt - iets dat niet eerder werd
geconstateerd in gesmolten alkali-actinide-fluoriden - werd waargenomen wanneer CsF
als oplosmiddel werd gebruikt.

Met de toepassing van MD voor de systemen LiF-UF4 en NaF-ThF, werden de struc-
turen van de vloeistiffen verder gekarakteriseerd voor een reeks van composities en tem-
peraturen, in een groter bereik dan mogelijk was met de EXAFS-techniek. Deze syste-
men werden als case studies genomen voor de implementatie van het verbeterde quasi-
chemisch formalisme. Voor beide binaire systemen is het fasediagram onderzocht met
XRD en DSC. De dichtheid, exces molaire volume, thermische expansie, warmtecapa-
citeit en enthalpie van mengsels werden bovendien verkregen met behulp van de MD-
simulaties voor een reeks temperaturen en composities. De distributie van heteropolya-
nionen in de vloeistof fase werden eveneens berekend, en gemodelleerd aan de hand van
het quasi-chemische formalisme in de quadruplet benadering. Daarbij werden expliciet
de structurele en thermodynamische eigenschappen gekoppeld, met een gedegen fysi-
sche beschrijving van de vloeistof fase als resultaat. Er is rekening gehouden met het
bestaan van 7- en 8-gecodrdineerde enkelvoudige complexen en het dimeer [U2F;4]°
in het geval van LiF-UF, en [Th2F 13]° inhet geval van NaF-ThF,. In de CALPHAD op-
timalisatie van de parameters voor de exces Gibbs vrije energie van de vloeibare fase
zijn de fasediagramgegevens en de atomaire structuur van de vloeistof, zoals afgeleid uit
de EXAFS- en gekoppelde MD-simulaties, als invoer gebruikt, en zijn structuur en ther-
modynamische eigenschappen gekoppeld in een robuuste fysische beschrijving van de
vloeistoffase. In het geval van NaF-ThF, was de beschrijving zelfs nog grondiger dank-
zij gebruik van de standaardentropieén van de twee fases die voorkomen in het sys-
teem, NapThFg en NaTh,Fg, verkregen uit metingen van de warmtecapaciteit bij lage
temperaturen . Daarnaast is de warmtecapaciteit bij hoge en lage temperaturen van
deze fases succesvol verbonden door middel van een combinatie van DFT en de Quasi-
Harmonische Benadering (Quasi harmonic approximation, QHA).

Tenslotte zijn berekeningen van dichtheid en viscositeit uitgevoerd met een aanpak
die overkomt met de thermodynamische evaluaties. Modellen voor de volgende vier
systemen zijn geoptimaliseerd: NaCl-UCls, LiF-ThF,, LiF-UF,4, en LiF-ThF;-UF,. Er
zijn evaluaties van alle vier de systemen uitgevoerd, waarbij voor de beschrijving van



Xviii SAMENVATTING

de vloeibare mengfases gebruik gemaakt werd van het verbeterde quasi-chemische for-
malisme in de quadruplet benadering. In het geval van NaCl-UCl;3 zijn in de literatuur
beschikbare gegevens uit fasediagrammen en mengenthalpiemetingen meegenomen.
Voor de fluoridesystemen werden onlangs gepubliceerde gegevens voor enkele vaste fa-
ses meegenomen, terwijl de onlangs gepubliceerde beschrijvingingen van de vloeibare
oplossingen werden overgenomen. De dichtheid van de vloeibare oplossingen werd, in-
dien niet ideaal, gemodelleerd met drukafthankelijke variabelen voor de exces Gibbs vrije
energie, terwijl voor het model van de viscositeit gebruik werd gemaakt van een Eyring-
vergelijking.

Samenvattend kan worden gesteld dat dit proefschrift de kennis van de topologie
van de bestudeerde fasediagrammen verder heeft gebracht. Dwars door het werk zijn
de structuur kenmerken van actinide-houdende gesmolten zouten besproken, met als
doel het voorspellen van de eigenschappen van systemen die tot op heden nog niet zijn
verkend. Het quasi-chemische formalisme is onderhand gemeengoed geworden in de
computationele thermodynamische beschrijving van het chemie van de MSR, en het
aantal geévalueerde systemen is inmiddels aanzienlijk. Dit werk dient als voorbeeld hoe
databases van gesmolten-zoutsplijtstoffen kunnen worden uitgebreid om dichtheid en
viscositeit in combinatie met de thermodynamische eigenschappen te beschrijven. !

1Dutch translation provided by Stefanie Klaassen with corrections by Rudy Konings.
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2 1. INTRODUCTION

1.1. MOLTEN SALT REACTORS

The Molten Salt Reactor (MSR, Fig. 1.1) is one of the six nuclear reactor designs retained
by the Generation IV International Forum as a promising concept for the next gener-
ation of reactors. In its most general sense, a molten salt reactor is a class of nuclear
reactor in which fissile (23°U, 233U, 239pu) and/or fertile isotopes (e.g. 2827, 238() are
dissolved in a carrier salt. The resulting mixture acts both as fuel and coolant. By far
most of the work to this date has concentrated on fluoride salts as these have shown
advantageous physico-chemical properties and compatibility with corrosion-resistant
alloys [23]. What sets it apart from current water-cooled reactors (Pressurized Water Re-
actor, Boiling Water Reactor, etc.) is that the fuel is in the liquid as opposed to the solid
state. The advantages arising from the fluid character of the fuel can be can be grouped
into two categories: safety and operational aspects.

Figure 1.1: Diagram of major MSR components: (1) reactor core, (2) heat exchangers, (3) turbine, (4) generator,
(5) heat sink, (6) fuel processing plant, (7) freeze plugs, (8) drain tanks. Figure adapted from [13].

On the one hand, molten salts, and in particular molten fluorides, have low vapor
pressures; thus, even in the event of a serious accident -a vessel rupture, for example-
there would be no driving force to expel radioactive material from the reactor com-
plex [3]. Moreover, with a melting point of hundreds of Kelvin (strongly dependent on
composition), leaking salt would quickly solidify when encountering room temperature.
That is, it would be contained on site. Another key feature of molten salt fuels is their
inherent negative temperature feedback coefficient: an increase in temperature results
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in the expansion of the fuel salt, which would force some of it out of the reactor core and
result in decreased reactivity [3]. In the event of an accident, passive safety features re-
quiring no operator intervention can be designed making use of the liquid nature of the
fuel. The best known example is a freeze plug. During a prolonged power failure similar
to the one in Fukushima, such a plug, actively cooled by a fan under normal operation,
would melt and drain the salt from the reactor core into tanks with a subcritical configu-
ration (Fig. 1.1). On the other hand, notable operational advantages of molten fluorides
include high solubility for U and Th, high volumetric heat capacity, and relatively good
chemical stability towards a few metals commonly used in structural alloys. In addition,
the salts do not undergo radiolytic decomposition [24]. Swelling, cracking, and other
solid fuel-related mechanical phenomena become irrelevant [3]. Furthermore, the MSR
may be single or double-fluid, it may or may not have a moderator, and consequently it
may work on a large range of neutron spectra [23]. Also of great importance is the fact
that the salt chemistry can be carefully controlled by either batch-wise or online pro-
cessing: neutron poisons can be removed, and the redox potential and fuel composition
can be adjusted while the reactor is operational. Removal of neutron poisons leads to an
advantageous neutron economy which can be used to breed fuel from fertile elements.
In particular, using a Th-232 (fertile) blanket, a fissile U-233 isotope may be obtained
through the following reaction [7]:

232Th nW 23ThW ZPpaW 3°u (1.1

In the same manner, the reactor could be loaded with the fertile U-238 to produce the
fissile Pu-239:

2380 nWN ZUW 29NpWN 2°Pu (1.2)

1.2. APPLICATIONS OF M SRS

The most obvious application for the MSR is electricity production. Beside its safety
characteristics, the MSR has the potential to be remarkably efficient as a power supply.
Recall that the theoretical maximum efficiency of a heat engine is given by the Carnot
efficiency:

Te
Th

where T, and Ty, are the temperatures of the cold temperature heat sink and the heat
source, respectively. Eq. (1.3) tells us that making T lower or Ty, higher will increase
the performance. In the case of MSRs, T, would be a few hundred degrees higher as
compared to conventional nuclear plants, driving the efficiency of the coupled heat en-
gine upwards. Nowadays, Rankine cycles with an operational temperature Ty, lower than
the temperature that could be achieved by the MSR have an efficiency in the range of 40-
49%, and a comparable efficiency could be obtained with a helium-cooled Brayton cycle,
while a supercritical CO, Brayton cycle could achieve efficiencies of over 50% [11].

o, 1

(1.3)

Apart from a grid power supply, MSRs could become key decentralized infrastruc-
tures, driving industrial clusters with a varied set of activities with high energy input
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requirements [4]:

e Water desalination
150 countries depend on desalinated water to some extent [12], with several meet-
ing more than 50% of their freshwater needs with desalination [22]. In all proba-
bility, this figure will dramatically increase in the future, given climate change and
arising world population.

¢ Ammonia production
Ammonia is an important chemical feedstock for many products, most notably
fertilizers. The overall process is endothermic and requires high temperatures.

¢ Hydrogen production
Hydrogen is extensively used already in the petrochemical industry, but could be
required in even larger amounts if it becomes an energy carrier in a hypothetical
"hydrogen economy’ [6]. MSRs could be apt power sources for two practically fea-
sible routes: electrolysis and the iodine-sulfur cycle.

¢ Radionuclide production
Valuable medical radioisotopes, notably Mo? used for cancer diagnostic, could be
extracted from a MSR while it produces electricity and/or heat for another appli-
cation.

¢ Catalytic cracking
Another activity that requires high temperatures for the manufacture of feedstock
chemicals.

1.3. CONCERNS FACING M SRS

MSRs are not without their challenges, including:

¢ Public acceptance

This is not unique to MSRs, but applicable to the nuclear power technology as
a whole. Nuclear accidents such as Three Mile Island (1979), Chernobyl (1986),
and Fukushima (2011), have decreased the level of trust among members of the
public [20]. Consequently, even countries with nuclear experience and sophisti-
cated industrial bases like Germany and Japan have been prompted to phase out
their nuclear infrastructure [25]. France, the classical example of a predominantly
nuclear-powered country, has been required by law to reduce the share of nuclear
in its energy mix from 75 to 50% by 2025 [26].

¢ Economics and finance
Evaluating the monetary cost of nuclear plants is highly nontrivial, let alone those
which only exist on paper. Historically, nuclear power plants (NPPs) have tended
to increase in size in order to gain in economies of scale, albeit at huge overhead
costs [28]. The modern paradigm shift is to design reactors to be small and mod-
ular, so as to be produced in an assembly line and gain in economies of multiples,
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thereby reducing the demand-side expenses. Such a shift to small and modular
reactors is not unique to MSRs, however, so even within that mode of production
MSRs will have to be competitive against other advanced nuclear technologies,
not to mention other baseload sources. At present, the only MSR financing claims
come from would-be vendors themselves, without assessments from independent
experts [28].

e Proliferation concerns
Aside from the concerns normally associated with plutonium reprocessing, intro-
ducing the thorium fuel cycle has its own proliferation concerns. As pointed out
by Ashley et al. [2], there are well-established pathways to separate protactinium
from thorium. This implies that, having irradiated >*>Th and separated ?**Pa from
it, simply letting the latter isotope decay would lead to very pure 233U (see Eq. 1.1).

* Modelling and simulation
These are key aspects while designing and licencing NPPs. MSRs are arguably the
most difficult reactors to model and simulate [33] —-robust nuclear codes handling
circulating as opposed to static fuel are still in the making.

¢ Materials

High radiation and temperatures, and corrosive salts are punishing environments

for structural materials. While thermodynamic considerations allow choosing fresh
fuel salts such that the structural materials are stable towards oxidation from the

salt, during operation there arise five main mechanisms of corrosion [10, 16, 32]: 1)

impurity driven corrosion, 2) intrinsic corrosion, 3) thermal gradient-driven cor-

rosion, 4) dissimilar material corrosion, 5) stress corrosion cracking. Although this

dissertation is not directly related to corrosion mechanisms, these should also be

studied through the lens of thermodynamic modelling (see Section 8.3), and it is

worth discussing them in some more detail.

1.3.1. IMPURITY DRIVEN CORROSION

Although salts and alloys should be thoroughly purified, any impurities that do arise
during preparation and handling will dominate corrosion in the first stages of operation,
and once depleted, other mechanisms will be more significant [32]. The main impurities
are H,O, HX (X=E CI), and oxides and fluorides, either in the salt itself or in the structural
alloys [10, 16].

H,0
Water will react with the salts to form strongly corrosive hydrogen halides via hydrolysis

reactions [8, 29, 18]:

X
MF. 2H,0 MOy, xHFpq (1.4)

MFy zH20 MOzFp 5,q 2zHFpIQ (1.5)
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MF H,O MOH HFpq (1.6)
MCl; H,O MOCI 2HClpq 1.7)
H,Opyg 2F 0%  2HFpQ (1.8)

Water may be evaporated from fluoride salts under Ar flux beyond 573 K [10], yet it has
been reported to be more difficult to do so in chlorides [16].

HX X=FE CL)
HFpygand HClpg gwill attack metals [16, 18]:

4
M zHX MX; EHZ X FCI (1.9)

and species such as FeCl, may become further chlorinated [18]:

FeCl,pg 2HCIlpgg FexClgmg Hapmq (1.10)

Aside from reactions 1.4-1.8, HF and HCI may be left as residues from the halogenation
process. To prevent this HF/H, mixtures may be used instead of pure HF [10], and excess
HCI may be flushed with a further drying cycle under Ar atmosphere [32], or its use can
be avoided by using CCly as a chlorinating agent [1].

OXIDES
Oxide impurities in the fuel salt may result in the precipitation of stable oxides such as
UO; [10]. Oxides on alloy surfaces can result in corrosion by species in the salt, e.g.:

2NiO ZrF4 ZrOy 2NiF; (1.11)

NiF, and other transition metal fluorides can then react with Cr, the metal which is most
susceptible to fluorination [35, 5]:

2NiF, Cr CrFy Ni (1.12)

CrF, will moreover be soluble in the salt matrix, with no passivation to prevent it from
being extracted from the alloy.

1.3.2. INTRINSIC CORROSION

This mechanism is related to the properties of the fuel salt itself. Even assuming that the
specified fresh fuel is not corrosive towards a given structural alloy, this may change as
the redox potential changes due to fission and transmutation products. It is linked to
the presence of species which can have more than one valence state, such as uranium.
In a fluoride-based MSR, uranium can exist as either a trifluoride or a tetrafluoride. The
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redox potential of the salt, determined by the UF,:UFj3 ratio, is given by the Nernst equa-
tion [8]:

q 2.3RTI XPJF4q
Efuelsalt EU|:4{UF3 F ° XPJF3q

(1.13)
where R is the ideal gas constant (J K 'mol !), T is the temperature (K), F is the Fara-

day constant (C) and E81 F4{UF3 is the apparent potential of the UF,/UFj3 couple, a com-

bination of the standard potential of the couple and the activities of both species. The
potential thus increases as the UF,/UF; ratio increases. Most of the fission products will
have a lower valence state than U(IV), and moreover every fission event produces two
fission products. As a result the salt will lose some of its capacity to hold fluoride ions,
which will evolve into fluorine gas which can react with UFj3, increasing the potential,
schematized by Delpech et al. [9] as follows:

UF; nYN LnF3; M (1.14)
UFs nYN LnF3 M 1{2F,q (1.15)
UF3  1{2F,5qYN UF, (1.16)

Here M denotes a noble metal, Ln alanthanide element, and n denotes a neutron. Since
a greater redox potential will increase the corrosion rate of the structural material, it is
important to keep it within the right margins during the lifetime of the reactor. Upon
formation of UF, (Eq. 1.16), Cr can be attacked [5] as in Eq. 1.17:

2UF4 Cr CrFy 2UF3 (1.17)

For values x(U(IV))/x(U(IID)) > 100, reaction 1.17 is strongly driven to the right, while
below x(U(IV))/x(U(III))=10, UF3 disproportionates to UF; and U [5]:

4UF3 YN 3UFspaltq Upsq (1.18)

Since UCls is less susceptible to disproportionation than UFs, it is expected that ratios of
0.003 < x(U(IV))/x(U(IID)) < 0.05 could suffice to control the redox potential in chloride
fuels [16].

In the Molten Salt Reactor Experiment (MSRE) [17], metallic Be was used as a reducing
agent to keep the U(IV)/U(III) ratio in the right redox window [34]:

2UF, BepmqYN 2UF; BeF, (1.19)

while for the Molten Salt Fast Reactor (MSFR), the European concept currently being
developed, T hpsqis proposed instead [9], because the fuel salt is LiF-ThF, and contains
no Be. In chloride-fueled reactors, the developer Moltex Energy has proposed containing
the fuel salt in metallic zirconium cladding as a sacrificial anode, maintaining the salt in
a sufficiently reducing state [15].
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1.3.3. THERMAL GRADIENT-DRIVEN CORROSION

Since solubility is a function of temperature, solutes in hot sections of the reactor may
precipitate out of solution in colder sections like heat exchangers. Reaction 1.17 is re-
sponsible for most of the experimentally observed mass transfer going from hot sections
to cold sections of convection loops [21]. Its equilibrium constant Ky is given by:

apCrFaEUFsq  XPCrFagrpJ Fadf

apCroppJ Fyacf XPCroxpJ Facf
where a denotes the activity of a species, and x its concentration. Again, the
xpJplV qagkpJ pl 1 1garatio is critical to avoid Cr dissolution.

(1.20)

N

DISSIMILAR MATERIAL CORROSION

Dissimilar materials close to each other in solution can be a cause for corrosion, driven
by gradients in activity or electrode potentials (galvanic corrosion) [16, 32]. For exam-
ple, corrosion tests on samples of Incoloy 800H in FLiNaK media using graphite cru-
cibles revealed the formation of Cr;Crs on the crucible, as the high activity of CrF, (see
Eq. 1.12, 1.17) allowed the migration of Cr to the graphite surface [29, 32].

1.3.4. STRESS CORROSION CRACKING
Stress corrosion cracking is the propagation of cracks in a material exposed to a reactive
environment and non-cyclic tensile stresses [31]. During the MSRE, it was found that S,
Se, and Te attack structural elements in this mode [10]. Te is especially problematic, as it
can attack the structural metals even in the metallic state at low concentrations, through
the formation of intermetallics at the grain boundaries, leading to severe embrittlement
of the alloys [8]:

xTe yMYN MyTex pM  Ni,Crq (1.21)

Moreover, Te is produced in appreciable amounts, in the order of 200 moles/year in both
fluoride and chloride salts [27]. However, experimental work at Oak Ridge National Lab-
oratory (ORNL), showed that maintaining the salt in a reducing state, with a U(IV)/U(III)
ratio below 60, significantly reduces tellurium attack towards Hastelloy-N, the Ni-based
structural alloy used to build the MSRE [19].

1.4. THIS DISSERTATION IN THE CONTEXT OF MOLTEN SALT
REACTORS

Despite the giant leaps MSR technology has seen since its conception, there remain
many technical issues for the technology to reach commercial maturity. As highlighted
by the preceding discussion on corrosion, the chemical complexity of the fuel salt be-
longs to one of these key technical issues. Assuming a well-defined, simple system with
two or three end-members as a fuel system and extensively studying its thermodynamic
and transport properties is practically feasible. Adding more components in order to
obtain operational advantages complicates matters, but is still possible. Once fission
occurs, however, the initial solvent becomes a multi-component system. Since the pa-
rameters needed to describe it scale combinatorially, and there are deviations from ide-
ality, characterization becomes much more difficult. There is therefore a need to develop
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models and simulation tools able to predict the fuel’s physico-chemical properties over
a wide range of temperatures, compositions and redox potential.

A fundamental understanding of the relationship between the local structure of the molten
salt and its physico-chemical and thermodynamic properties is needed to develop such
models and gain greater predictive capability over this dynamic, non-ideal salt. It is
known that depending on conditions of composition and temperature, the local struc-
ture can vary widely with cases where the ions in the melt are completely dissociated,
form molecular species, or even exhibit some degree of polymerization [30], [14]. What
kind of regime would we expect at the outlet of, say, a Molten Salt Fast Reactor? Would
the lanthanide fission products co-polymerize with the actinides in long chains, increas-
ing the viscosity with respect to the fresh fuel? Would the multi-component melt indeed
have a low vapor pressure? What would be the solubility of the corrosion products from
the structural materials? How much heat could be carried off by this outgoing flow?
These are all necessary design questions which could be answered by experimentation.
But all ranges of conditions (temperature, composition, redox potential) of interest can-
not be investigated experimentally. To build a comprehensive model for the safety as-
sessment of the reactor requires to perform measurements of simpler systems, for which
we can make models that can be extrapolated and benchmarked. In order to gain in ac-
curacy, we also need the models to take into account as much physical information as
possible. The approach in this dissertation is therefore multi-disciplinary and includes
several techniques: X-ray absorption spectroscopy (XAS), X-ray diffraction (XRD), differ-
ential scanning calorimetry (DSC), low-temperature heat capacity measurements (us-
ing the Physical Property Measurement System, PPMS, designed by Quantum Design),
molecular dynamics (MD) simulations, density functional theory (DFT) and thermody-
namic modelling and state function assessments (density, viscosity) using the CALPHAD
method (CALculation of PHase Diagrams). Each technique is discussed in more detail
as it is mentioned in each chapter.

The salt systems under consideration were those which are germane to MSR develop-
ment either because they would be part of the fresh fluoride or chloride fuel formulation
or, in the case of CsE because cesium is a fission product that is generated with a high
yield. The focus is on binary systems of actinide halides (ThF,, UF4, ThCly, UCl3) and
alkali halides (LiF NaE KE CsE LiCl, NaCl, KCl). When studying these ionic systems, the
thermodynamic properties can reveal trends linked to their most fundamental proper-
ties: ionic radius, electronegativity, charge, coordination chemistry, and formation of
complex ions. State functions such as the density and the viscosity may be in turn re-
lated to such structural information, and may be modelled even making strong simpli-
fications about the structural features of the salts, as will be seen. Hence, at the heart of
the work is the structure-property relationship in the salt systems under study.

1.5. CONTENT

The thesis is made up of six chapters apart from the introduction and conclusion, titled:

1. Thermodynamic assessment of the KF-ThF,, LiF-KF-ThF, and NaF-KF-ThF, sys-
tems
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2. Thermodynamic description of the ACI-ThCl, (A= Li, Na, K) systems

3. Examination of the short-range structure of molten salts: ThF,, UF,, and related
alkali actinide fluoride systems

4. New insights and coupled modelling of the structural and thermodynamic prop-
erties of the LiF-UF, system

5. Experimental and Computational Exploration of the NaF-ThF, Fuel System: Struc-
ture and Thermochemistry

6. Beyond the Phase Diagram: Density and Viscosity Models for Molten Salt Fuel Sys-
tems

The first chapter features a study of the KF-ThF,, LiF-KF-ThF, and NaF-KF-ThF, sys-
tems with extensive use of DSC and XRD. The CALPHAD method used to calculate their
phase diagrams is introduced, as is a key player within this methodology: the quasi-
chemical formalism, used to describe the excess Gibbs energy parameters of the liquid
solutions. The second chapter is similar from a modelling viewpoint, but for three alkali
actinide chloride systems. In this chapter only data available in the literature are used:
limitations and suggestions for future measurements are put forth. Simple conceptual
models of potential and structure are discussed to relate the calculated excess properties
of the solutions to the structural changes in the liquids upon mixing, a recurrent theme
throughout the thesis. Chapter 3 moves from simplified structural models to experimen-
tal observations of the actual coordination environments around the cations, now with
fluoride salts, using X-ray Absorption Spectroscopy (XAS) and interpreting the data rely-
ing on MD simulations. In Chapters 4 and 5, the quasi-chemical formalism is adapted
to reflect the structural motifs identified in the molten fluorides, while reproducing or
incorporating experimental data, e.g., phase transitions, heat capacities, and mixing en-
thalpies. In Chapter 6, the focus is extended beyond phase diagrams to the computa-
tion of state functions —density and viscosity- of three binary and one ternary keystone
systems belonging to both halide fuel families: LiF-ThF,, LiF-UF,, LiF-ThF,-UF,, and
NaCl-UCls. Following these six chapters, concluding remarks summarize the main out-
comes. The technical implications of the dissertation at large, outlook, and suggestions
for future research are also discussed.
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THERMODYNAMIC ASSESSMENT OF
THE KF-THF,, LIF-KF-THF, AND
NAF-KF-THF, SYSTEMS

A thermodynamic assessment of the KF-ThF,4 binary system using the CALPHAD method
is presented, where the liquid solution is described by the modified quasichemical formal-
ism in the quadruplet approximation. The optimization of the phase diagram is based
on experimental data reported in the literature and newly measured X-ray diffraction and
differential scanning calorimetry data, which have allowed to solve discrepancies between
past assessments. The low temperature heat capacity of ®-K, ThFg has also been measured
using thermal relaxation calorimetry; from these data the heat capacity and standard en-
tropy values have been derived at 298.15 K: Cg,mszth,cr,z%.lSKq p193.2 3.9
JK mol !and S K,ThFg,cr,298.15Kq p256.9 4.8)JK ! mol !. Taking existing
assessments of the relevant binaries, the new optimization is extrapolated to the ternary
systems LiF-KF-ThF4 and NaF-KF-ThF4 using an asymmetric Kohler/Toop formalism. The
standard enthalpy of formation and standard entropy of KNaThFg are re-calculated from
published e.m.f data, and included in the assessment of the ternary system. A calculated
projection of the NaF-KF-ThF, system at 300 K and the optimized liquidus projections of
both systems are compared to published phase equilibrium data at room temperature and
along the LiF-LiThF5 and NaF-KThFs5 pseudobinaries, with good agreement.

Jaén A. OCADIZ FLORES, Etienne CARRE, Jean-Christophe
GRIVEAU, Eric COLINEAU, Elisa CAPELLI, Ondrej BENES,
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2.1. INTRODUCTION

The Generation IV International Forum, a group of fourteen member countries pursuing
research and development for the next generation of nuclear reactors, has selected six
nuclear energy systems [19, 20]. Among these, the Molten Salt Reactor (MSR) is, in terms
of safety and performance, one of the most promising nuclear reactor designs presently
being studied. Its central characteristic is that the nuclear fuel is made of a molten fluo-
ride (or chloride) salt instead of being a solid oxide or a metal. This liquid serves both as
the fuel and coolant for the reactor. Two experimental MSRs have been built in the past:
the Aircraft Reactor Experiment (ARE) [9] in 1954, and the Molten Salt Reactor Experi-
ment (MSRE), which operated successfully between 1965-1969 [23]. A comprehensive
knowledge of the physico-chemical properties of the salt is needed for the safety assess-
ment and design of modern reactors, as the irradiated salt constitutes a complex and
multi-component system.

The LiF-NaF-KF-ThF4-UF,-AnF;3 (An= actinide) system has been proposed for the fuel
of an actinide burner design [37], and still needs a full thermodynamic characteriza-
tion. In particular, studies on many of the KF-containing systems are either absent in
the literature or need to be revisited, namely KF-UF; (some intermediate compounds
have been synthesized [46]), KF-UF, (phase diagram information exists [47], but a CAL-
PHAD model is missing), KF-PuFj3 (there is no phase diagram information available), and
KF-ThF,. Two sets of authors, Emelyanov and Evstyukhin [16] and Asker et al. [2] have
studied the potassium fluoride-thorium fluoride binary system, with fair agreement in
some regions of the system. However, they have reported conflicting interpretations in
other regions, which need to be resolved. To this end, we present a re-evaluation of the
KF-ThF, binary system, using X-ray diffraction (XRD), Differential Scanning Calorime-
try (DSC), and low temperature heat capacity measurements. A thermodynamic assess-
ment using the CALPHAD method is moreover reported for the first time, where the
Gibbs energy of the liquid solution is described using the quasi-chemical model in the
quadruplet approximation. The assessment of the binary system is subsequently used
to extrapolate to the ternary LiF-KF-ThF, and NaF-KF-ThF, systems.

2.2. EXPERIMENTAL METHODS

2.2.1. SAMPLE PREPARATION FOR DSC MEASUREMENTS

The purity of the four constituent salts, LiF (ultra-dry), NaE KE (all from Alfa Aesar,
0.9999  0.0001! mass fraction purity) and ThF, was confirmed using X-ray diffraction
(XRD) and Differential Scanning Calorimetry (DSC). NaF and KF had to be dried further,
for4 h at 673 Kin an open nickel boat under Ar flow, in order to reach the adequate purity
for thermodynamic measurements. ThF, was synthesized in JRC-Karlsruhe as described
in [44]. All salts were of white color, and were handled in either powder or pressed pellet
form. The experimental compositions reported hereafter were prepared by mixing either
powder or pellet fragments of the pure salts in the corresponding stoichiometric ratios.
As fluoride salts are highly sensitive to water and oxygen, handling and preparation of
samples took place inside the dry atmosphere of an argon-filled glove box, where H,O
and O, content were kept below 1 ppm.

I The reported uncertainty corresponds to the standard uncertainty.
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Table 2.1: Provenance and purity of the samples used in this study.

Formula Source State Color Mass fraction Purity analysis
purity method

LiF Alfa Aesar Powder White 0.9999 0.0001 Provided by supplier

KF Alfa Aesar Powder White 0.9999 0.0001 Provided by supplier

NaF Alfa Aesar Powder White 0.9999 0.0001 Provided by supplier

ThF, JRC-Karlsruhe Powder White 0.995 0.005 ICP-MS, XRD, DSC

Ko ThFg Solid-state synthesis Powder White 0.99 0.01 XRD, DSC

The quoted uncertainties correspond to standard uncertainties.
2The secondary phase was K, ThFg.

2.2.2. SYNTHESIS

The samples whose X-ray diffraction patterns are shown in this work were made by two
methods. The first consisted in grinding powder mixtures and heating them inside a
closed stainless steel crucible with a Ni liner in a tubular furnace under Ar flow. The
second method consisted in heating powder mixtures in a DSC crucible above melting.
The conditions are given below in Table 1.

Table 2.2: Synthesis conditions

Composition Starting reagents? High-temperature instrument®  Conditions®

K5ThFg + Ko ThFg (KF:ThF,4) = (0.833:0.167)  Furnace 923 Kfor 12 h

K5ThFg + Ko ThFg (KF:ThFy4) = (0.750:0.250)  Furnace 1073 K for 12 h

Ko ThFg (KF:ThF4) = (0.667:0.333)  Furnace 873 Kfor12h

KoThFg + K;ThgF3;  (KF:ThF4) = (0.582:0.418)  DSC Max T = 1373 K, cooling 2 K/min
KThyFg + KThgFos5 (KF:ThF,) = (0.250:0.750) DSC Max T = 1373 K, cooling 2 K/min
KThyFg + KThgFos  (KF:ThF4) = (0.143:0.857)  Furnace 1073Kfor12h

@ Standard uncertainty on the composition of the starting reagents was u(X(ThFy)) = 0.005.

b The DSC measurements were performed at a pressure P = (0.10  0.01) MPa.

The syntheses in the furnace were carried out at a pressure P = (0.10  0.04) MPa in the furnace.
The quoted uncertainties correspond to the standard uncertainties.

¢ Standard uncertainties u are u(T) = 15 K for the furnace and u(T) = 10 K for the DSC temperature.

2.2.3. POWDER X-RAY DIFFRACTION

X-ray powder diffraction (XRD) data were collected at room temperature (T =293 5
K?) using a PANalytical X'Pert PRO X-ray diffractometer and a Cu anode (0.4 mm x 12
mm line focus, 45 kV, 40 mA) by step scanning at a rate of 0.0104 ° s ! in the range
10°<2u<120° in a Bragg-Brentano configuration. The X-ray scattered intensities were

2The reported uncertainty corresponds to the standard uncertainty.
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measured with a real time multi strip (RTMS) detector (X’ Celerator). Structural analysis
was performed with the Rietveld and LeBail methods using the FullProf suite [38].

2.2.4. DIFFERENTIAL SCANNING CALORIMETRY

3D-heat flow DSC measurements were performed using a Setaram Multi-Detector HTC
module of the 96 Line calorimeter under argon flow at a pressure of (0.10  0.01 MPa3).
All samples were placed inside a nickel liner and encapsulated for the calorimetric mea-
surements inside a stainless steel crucible closed with a screwed bolt as described in [7]
to avoid vaporization at high temperatures. Two kinds of information were sought using
the DSC technique: phase diagram equilibria points and mixing enthalpies. In all cases
the measurement program began with one heating cycle reaching 1483 K and was main-
tained at that temperature for at least 300 s to ensure complete mixing and melting of the
end-members. In general, this first cycle was followed by three successive heating cycles
with a heating rate ranging between 4 to 10 K min !, and 20-15-10-5 K min ! cooling
rates. The procedure followed for the mixing enthalpy measurements is described in de-
tail in section 2.2.5.

Temperatures were monitored throughout the experiments by a series of intercon-
nected S-types thermocouples. The temperature on the heating ramp was calibrated by
measuring the melting points of standard high purity metals (In, Sn, Pb, Al, Ag, Au). The
temperature on the cooling ramp was obtained by extrapolation to 0 K min ' cooling
rate. The melting temperatures of pure compounds and transition temperatures of mix-
tures were derived on the heating ramp as the onset temperature using tangential anal-
ysis of the recorded heat flow, while the liquidus temperatures of mixtures were taken
as the minimum of the last thermal event as recommended in [10]. The data measured
on the cooling ramp were not retained for the phase diagram optimization due to the
occurrence of supercooling effects. The uncertainty on the measured temperatures is
estimated tobe 5 K for the pure compounds and 10 K for mixtures*.

The DSC measurements support the purity indicated by the suppliers and XRD data,
as the heat flow signal for each of the four salts (LiE NaE KE ThF,) showed only one peak
corresponding to the melting event, and no peaks that could be assigned to impurities.
The measured onset temperatures are in good agreement with the literature: (1118 5
K), (1268 5K), (1129 5K), and (1381 5 K°), respectively, vs. 1121.3 K (LiE, [14]),
1269.0 K (NaFE [14]), 1131.0 K (KE [14]), and 1383.0 K (ThFy, [25]).

2.2.5. ENTHALPY OF MIXING MEASUREMENTS

Enthalpies of mixing measurements were made in the same DSC calorimeter as the
aforementioned equilibrium data, using a technique described in detail in [12]. The
starting end-members KF and ThF, materials were pressed into pellets. The KF pellet
(compound with the lowest melting point) was placed under the ThF, pellet, with a Ni
liner separating them to avoid eutectic melting upon heating. Upon melting of KE, the Ni

3The reported uncertainty corresponds to the standard uncertainty.
4The reported uncertainty corresponds to the standard uncertainty.
5The reported uncertainties for LiF NaE KE and ThF, correspond to the standard uncertainty.
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liner sank to the bottom and solid ThF, came into contact with molten KE and melted
too. The enthalpy of mixing is then calculated as the difference between the measured
heat and the melting enthalpies of the end-members:

CmixHPTruskFd  CmeasHPTruskFd Xpr The,gl fusHPKF Truskrd

2.1)
XThe, € fusHOPT hF4, Trusked

The values used for the enthalpies of fusion of KF and ThF, were taken from the SGTE
database [1] and the work by Capelli et al. [12], respectively: ¢ ¢ ,sH(KF) = 27.2 k] mol !
and ¢ s ,sH(ThF,) = (41.9  2.0) k] mol 1 As in the work by Capelli et al., the main as-
sumption used in this method for ThF, is that the enthalpy of fusion is invariant with
temperature, at least down to the melting point of the lower-melting salt, KF (T,s =
1131 K). This assumption is supported by the fact that supercooling of ThF, is observed
until 1081 K during cooling at 10 K/min, while the area of the peak is almost as large as
for the 10 K/min heating curve which resulted in a melting event at the expected tem-
perature of fusion (1381 5) K®.

The sensitivity of the calorimeter, from which the measured enthalpies are calculated,
was determined on each individual run by using a silver standard in the reference cru-
cible, as described in [12]. The sensitivity coefficient used to determine the mixing en-
thalpies was validated by testing on the end-members. The enthalpy of fusion of ThF,
was measured to be: (38.7 3.2)7 kl mol !, while that of KF was measured as (27.8
2.3)8 k] mol !. Thus both measurements were within the stated uncertainties in agree-
ment with the published values. Moreover, enthalpy of fusion measurements for LiF and
NaF also gave values in agreement with the literature. The results are listed in Table 2.3
along with those of KF and ThF,. These results give us good confidence in the chosen
calibration factor. The errors reported in Table 2.7 are based on the propagation of the
standard uncertainty of the sensitivity coefficient obtained from the calibration process.

2.2.6. LOW TEMPERATURE HEAT CAPACITY

Low temperature heat capacity measurements were performed on m=7.29 mg® of K, ThFg
in the temperature range T = (1.8-298.5) K using a PPMS (Physical Property Measure-
ment System, Quantum Design) instrument with no applied magnetic field. A critical
assessment of this thermal relaxation calorimetry method can be found in [26]. The
contributions of the sample platform, wires, and grease were taken into account by a
separate measurement of an addenda curve. From previous studies with standard ma-
terials and other compounds [24, 42], the relative standard uncertainty was estimated
at about 2 % above 270 K, 1% from 100 to 270 K, and reaching about 3 % at the lowest
temperatures [26, 24].

6The quoted uncertainty corresponds to the standard uncertainty.
“The quoted uncertainty corresponds to the standard uncertainty.
8The quoted uncertainty corresponds to the standard uncertainty.
9Standard uncertainties u are u (m)=0.05 mg.
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Table 2.3: Comparison between measured and available data for enthalpies of fusion of different salts at their
respective fusion temperatures and (0.10  0.01)2 MPa.

Salt Measured?® ¢ ¢ ,sH(T¢ ys salt) Reference® ¢ fusH(Tfys,salt)

K mol ! KJ mol !
LiF 259 2.1 27.087 [1]
NaF 339 28 33.3[1]
KF 27.8 2.3 27.2 [1]
ThF, 38.7 3.2 419 2.0[12]

2 The quoted uncertainty corresponds to the standard uncertainty.
b Standard uncertainty not reported when not found in the reference.

2.3. THERMODYNAMIC MODELLING

Optimizations of the phase diagrams were carried out by the CALPHAD (CALculation
of PHase Diagram) method [28] using the Factsage software [3]. To carry out such an
optimization, the identity of the phases present in the system of interest must be known,
as well as their respective Gibbs energy functions.

2.3.1. PURE COMPOUNDS
The Gibbs energy function of a pure compound is given by:

))T

Gprq ¢:H2®98g S 98dr CompradT T
298

» 1
Cp,mqudT

(2.2)
298 T

where ¢  H2 298qis the standard enthalpy of formation, S2,[298qis the standard abso-
lute entropy, both evaluated at a reference temperature, in this case 298.15 K (throughout
this work 298 will be understood to mean 298.15 K for simplicity), and Cp, r, is the isobaric
heat capacity expressed as a polynomial:

CpmPTd a bT ¢T? dT 2 eT? 2.3)

with more terms added if necessary.

In this work, the Neumann-Kopp rule [27] applied to KF and ThF, was used to es-
timate the heat capacities of intermediate compounds in the absence of experimental
data. The only exceptions were ®-K,ThFg(cr) and ~ -K,ThFg(cr), for which a fit was
made. The fit included the low temperature heat capacity points measured herein in
the 250-300 K range as well as high temperature points given by the Neumann-Kopp
rule in the 500-1500 K range. Moreover, the temperature-independent term of the heat
capacity, a, was optimized such that C, (KzThFs,(cr),298.15K) = 193.2J K ! mol !, the
same value found by fitting of the low temperature heat capacity data of ®-K,ThFg(cr)
(see Section 2.5.3).
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The thermodynamic data for all compounds in this study are listed in Table 1. The con-
vention used throughout this paper is that the lower temperature phases are denoted
with ®; the opposite convention is used by [2] and [16] (respectively: Figs. A.1 and A.2).
The data for both solid and liquid alkali fluorides (LiE NaFE KF) and ThF, were taken from
[14] and [13], respectively. All thermodynamic functions of the intermediate compounds
in the LiF-ThF, and NaF-ThF, systems were derived by optimization in [13], while those
for intermediate compounds in the KF-ThF, system were obtained in this work by opti-
mization using phase equilibrium and mixing enthalpy data.

The transition temperature and enthalpy of transition of KsThFg (¢¢+HS p 9.3 0.8q
kI mol !, T(=926 5) K, KoThFg (¢ HS, p 22.0 2.0gkJ mol !, T;=952 5)K, and
KNaThFg (¢¢H2, p 15.3 0.60k] mol 1 T,,=825 5) Kwere measured in this work by
DSC using a similar procedure to the mixing enthalpies with a silver standard in the ref-
erence crucible. The experimentally determined values were implemented in the model
without further optimization.

No quaternary fluorides have been reported in the LiF-KF-ThF, system, while KNaThFg
(which displays a phase transition) is the only quaternary fluoride reported in the NaF-
KE-ThF, system [16], and its thermodynamic properties were studied by Mukherjee and
Dash by means of DSC and solid electrolyte galvanic cell [30]. Based on the former tech-
nique, the authors derived the heat capacity in the temperature range 300-870 K, while
with the latter, they obtained the Gibbs energy of formation in the temperature range
773-849 K from which they derived standard enthalpy of formation and standard en-
tropy values at 298 K. The heat capacity reported by them results in an extremely sta-
ble phase, such that unreasonably high excess parameters would have to be applied to
the liquid NaF-KF-ThF, solution in order to stabilize it even at high temperatures. For
this reason, this work approximated the heat capacity function of KNaThFg using the
Neumann-Kopp rule applied to NaE KE and ThF,. In addition, we have reassessed the
enthalpy of formation and entropy at 298 K based on the experimental data of [30] and
carefully selected auxiliary data (see Appendix for details). The final optimized standard
enthalpy of formation and standard entropy yield a Gibbs energy which is only 1 %
larger than the experimental value.

2.3.2. SOLID SOLUTION
The total Gibbs energy function of the two-component solid solutions in the present
system is given by:

GPTQ XiG%,PTq X2G% PTq XiRTINX; XRTInX, G 2.4)

where X; are the molar fractions and G&,i(T) are the standard molar Gibbs energies of
the pure end members. The excess Gibbs energy parameter is described using the poly-
nomial formalism:

G T oxix) L 2.5)
i
where L j is a coefficient which may depend on temperature in the form of the general
equation
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Table 2.4: Thermodynamic data for end-members and intermediate compounds used in this work for the phase diagram assessment: ¢ ¢ HS, (298 K)/(kJ mol 1), S, (298

K/J K ! mol 1), and heat capacity coefficients Cpm(T/K)/(J K I 'mol 1), where Cpm(T/K)=a+bT+c T2+d T 2 +e T3. Optimized data are shown in bold.

22!

Z |Compound ¢ +H3 (298 K)/  S9,(298 K)/ Com(T/K)/JK 'mol =a+bT+cT>+dT *+eT? Reference

& 1 1 1

%) (kJ mol ) JK “mol %) a b c d e
LiF (cr) -616.931 35.66 43.309 0.016312 50470 10 7 -5.691 10° [14]
LiF(D) -598.654 42.962 64.183 (14]
NaF(cr) -576.650 51.21 47.63 0.01479 -464300 (14]
NaF(l) -557.730 52.755 72.989 (14]
KF(cr) -568.606 66.547 68.757414 -5.775688 10 > 7.540486 10 ° -766718.34 -2.38856 10 8 [14]
KF() -554.374 67.769 71.965 (14]
ThF, (cr) -2097.900 142.05 122.173  0.00837 -1.255 10° [25]
ThF, (1) -2103.654 101.237 170 (25],112]
Li3ThF7(cr) -3960.259 236.1 282.100  0.05730 1514 10 ©  -2.962 10° [13]
LiThFs (cr) -2719.490 181.89 165.482  0.02468 5047 10 7 -1.824 10° (13]
LiTh,Fg(cr) -4822.329 324.29 287.655  0.03305 5047 10 7 -3.079 10° (13]
LiThyFy7(cr) -9021.140 609.0 532.001  0.04979 5047 10 7 -5.589 10° (13]
Nay ThFg(cr) -4355.195 450.4 312.693  0.067530 -3.11220 10° (5]
Na;ThyFis(cr)  -8285.600 677.6 577.756  0.12027 -5.76010 10° [5]
Naj ThFs (cr) -3282.870 255.9 217.433  0.037950 -2.18360 10° (5]
NagThpFyi(cr)  -5910.275 526.4 387.236  0.061110 -3902900 (5]
Na;TheFsi(cr)  -16653.219 1364.0 1066.448  0.15375 -1.07801 107 (5]
NaThFs (cr) -2693.871 199.2 169.803  0.023160 -1.71930 10° (5]
NaTh;Fg(cr) -4791.776 348.3 291.976  0.031530 -2.97430 10° (5]
KsThFy-®(cr)  -5048.000 473.0 465.960  -0.28041 37702410 *  -5.088592 10°  -1.19428 10 7  This work
KsThFy-"(cr)  -5038.700 483.0 465.960  -0.28041 3.7702410 *  -5.08859210°  -1.19428 10 7  This work
K,ThFs-®(cr)  -3340.000 256.9 208.616  0.03925 3.04459 10 ©  -2.434407 10° This work
K,ThFs-"(cr)  -3318.000 280.0 208.616  0.03925 3.04459 10 ©  -2.434407 10° This work
K3ThF; (cr) -3837.250 4115 328445  -0.16490 2.2621410 *  -3.55515510°  -7.16569 10 ® This work
K;TheFsi(cr)  -16938.800 1327.0 1214340 -0.35408 52783410 *  -1.2897028 10" -1.6719910 7  This work
KTh;,Fy(cr) -4830.425 346.0 313.103  -0.04102 7.54049 10 °  -3.276718 10°  -2.38856 10 ®  This work

o [KThsFas (cr) -13223.100  913.9 801.795  -7.53688 10 7.5404910 °  -8.296718 10°  -2.38856 10 ®  This work
KNaThFs-®(cr)  -3322.100 252.2 238.560  -0.03460 7.54049 10 ° -2.486018 10°  -2.38857 10 ® This work, [30]
KNaThFs- (cr)  -3306.800 270.7 238.560  -0.03460 7.54049 10 ° -2.486018 10°  -2.38857 10 ® This work, [30]

N
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Lij A BT CTInT DT? (2.6)

Solid solutions are formed in the NaF-KF and NaF-ThF, binary systems, with optimiza-
tions taken from the literature, shown in Eq. (2.7) [6] and (2.8) [5]:

Giakg XNaFXkr 26750 X3 aF XkE 200003 mol ! 2.7)
G;ilax,Thl xFa 3x XNaFX‘%hH p 155009 XﬁlaFXTtht 40000 mol ! (2.8)

2.3.3. LIQUID SOLUTION

All excess Gibbs energy terms of liquid solutions presented here have been modelled
using the modified quasi-chemical model proposed by Pelton et al. [33], in the quadru-
plet approximation. The quasi-chemical model is particularly well adapted to describe
ionic liquids such as in the present system, as it allows to select the composition of maxi-
mum short-range ordering (SRO) by varying the ratio between the cation-cation coordi-

. A B . P . .
nation numbers Z AB{FF and Z AB{FF (the fluorine is in this case the only anion present).

The quadruplet approximation assumes a quadruplet, composed of two anions and two
cations, to be the basic unit in liquid solution, and the excess parameters to be optimized
are those related to the following second-nearest neighbor (SNN) exchange reaction:

PA F AqpB F BqYN2pA F Bg Cgns(r 2.9)

where the fluoride anions are represented by F, and A and B denote the cations. ¢ g g (¢
is the Gibbs energy change associated with the SNN exchange reaction, and has the fol-
lowing form:

B

Al (2.10)

o > i0 Al 0j
q:gAB{F ¢gAB{F gAB{FAAB{F y gAB{F BA{F
i¥1 1

i¥
where ¢ g‘;B (F and g'AJB (F e coefficients which may or may not be temperature-dependent,

but which are independent of composition.
The dependence on composition is given by the A, g (F terms defined as:

A X 2.11)
AB{F Xaan Xaps XgB ’

where Xaa, Xgg and Xap represent cation-cation pair mole fractions.
The anion coordination number is finally fixed by conservation of charge in the quadru-
plet:

2
AQA BCIB FQF 2.12)
Z Z Z
AB{FF AB{FF AB{FF

F

AB{FF is the anion-anion coordina-

where q; are the charges of the different ions, and Z
tion number, in this case fluorine-fluorine.
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The cation-cation coordination numbers used in this work are listed in Table 3. These
were chosen to represent the composition of maximum short-range ordering, where the
Gibbs energy tends to have its minimum. In the case of KF-ThF,, the point of maximum
SRO can be reasonably expected to lie near X(ThF,) = 0.33, i.e. where the liquid solution
seems to be especially stable as indicated by the low liquidus in the vicinity of that com-
position. Hence, the cation-cation coordination numbers were chosen to fix maximum
SRO around X(Thy) = 0.33. Similarly, the cation-cation coordination numbers in the LiF-
ThF,; and NaF-ThF, systems were chosen to fix maximum SRO around X(Th4) = 0.25,
because the liquidus those phase diagrams is lowest in the vicinity of that composition.

Table 2.5: Cation-cation coordination numbers of the liquid solution.

A B ZQB {FF Zis {FF
Li Li 6 6
Na Na 6 6
K K 6 6
Th* Th* 6 6
Li K 6 6
Na K 6 6
Li Th* 2 6
Na Th* 2 6
K Th* 3 6

The optimized excess Gibbs energy parameters of the binary liquid solution in the
KF-ThF, system are shown in Eq. 2.13. The parameters were optimized based on the
enthalpy of mixing data and on the phase diagram equilibria points of the liquidus. The
excess Gibbs energy parameters of the other binary liquid solutions needed to calculate
the ternary systems are given in Appendix A.6.

COxrh(rr 35472 p 14644 835 TQAcrner P 8786 9 TQArpiqee J mol !
(2.13)

2.3.4. HIGHER ORDER SYSTEMS

The ternary diagrams LiF-KF-ThF, and NaF-KF-ThF, have each been extrapolated from
the constituting binary sub-systems using the asymmetric Toop formalism [34]. The
salts belong to two groups of symmetry based on their tendency to remain as dissoci-
ated ionic liquids (LiE NaFE KF) or to form molecular species in the melt (ThF4). The
optimized excess ternary parameters are:

¢YrhLipcgEr 30000 mol ! (2.14)

¢YyrhpiqEr 1000 mol ! (2.15)
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¢YiikprhgEr  3000J mol ! (2.16)

¢Oxrhpvager 5000 mol ! (2.17)

2.4. PREVIOUS EVALUATIONS OF THE KF-THF, SYSTEM

Phase diagram studies of this system have been reported by Bergman and Dergunov [15],
Asker et al. [2] (Fig. A.1), and Emelyanov and Evstyukhin [16] (Fig. A.2). Bergman and
Dergunov report a phase diagram which is certainly too simple, with four eutectics and
three congruent melting points corresponding to the compounds K3 ThF7, KThFs, and
KThsF;3; these results markedly differ from those of the other two authors. Emelyanov
and Evstyukhin [16] and Asker et al. [2] agree on the existence of KsThFg, K3ThF;, KThFs,
and K, ThFg, and the melting points they report for these compounds are similar. How-
ever, they report different ternary compounds for close compositions: KTh3Fy3 (X(ThF,)
=0.75, [2]) vs. KThgFo5 (X(ThFy) = 0.85, [16]); K, ThFg (X(ThF4) = 0.33, [2]) vs. K3ThyFy;
(X(ThF4) = 0.4 [16]). Unlike the former pair, for which similar melting points were re-
ported, KoThFg and K3Th,Fy; are reported to have dissimilar behavior: the former with
a peritectic decomposition at 1023 K, and the latter with a congruent melting at 1160 K.
In addition, these authors find different allotropic transformations: Asker et al. report
two phases for KsThFg9 and K,ThFg, while Emelyanov and Evstyukhi report two phases
only for KThyFg. Finally, Asker et al. suggest the existence of a solid solution close to
pure ThF,, yet Emelyanov and Evstyukhin do not. Our studies focused on exploring the
differences found between the two sets of authors.

2.5. RESULTS AND DISCUSSION

2.5.1. PHASE DIAGRAM STUDIES IN THE KF-THF, SYSTEM

K5THFq

Attempts to synthesize KsThFg did not yield pure KsThFg, but a mixture with Ko ThFg
(diffractogram shown in Fig. 2.1). KsThFg has orthorhombic symmetry space group
Cmc2; [39]), with a diffractogram with many small reflections, while K, ThFg is hexag-
onal (space group P62m [51]). The structure could be refined with the model proposed
by Ryan and Penneman [39], with distorted anti-prism for K and Th, and pentagonal
bipyramid for the polyhedra of K. The refined cell parameters and table of atomic posi-
tions are reported in Appendix 5.10.1.

Our DSC data from a sample made with a stoichiometric mixture of KF and ThF,
powders suggest a first transition taking place at (926  10) K, which is higher than the
transition temperature recorded by Asker et al. (908 K), but similar to the temperature
that Evstyukhin and Emelyanov attribute to the first eutectic of the system (935 K). We
assign the event to an allotropic transition as the thermogram at this composition shows
three other thermal events which are coherent with the existence of a high temperature
KsThFg phase: eutectic (968 10 K), peritectic decomposition (982 10 K), and lig-
uidus (1013 10 K). With a measurement in the DSC using a silver reference method,
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the enthalpy of transition for KsThFg was found tobe ¢ H3, p 9.3 0.89kJ mol 1

Figure 2.1: Diffractogram of the K5ThFg-K, ThFg mixture X(ThF,) = 0.17. Comparison between the observed
(Yops, in red) and calculated (Y4, in black) X-ray diffraction patterns. Ygpg - Yea)c, in blue, is the difference
between the experimental and calculated intensities. The Bragg’s reflection angular positions are marked in
blue (K2 ThFg), and red (K5 ThFg).

KsTHF,

K3ThF7 is not stable at room temperature according to Asker et al. [2] (Fig. A.2). The
main goal of the present investigation at this composition was to confirm its eutectoid
decomposition into K, ThFg and KsThFg around 840 K as reported by [2]. The XRD pat-
tern indeed revealed a mixture of K, ThFg and KsThFg, as illustrated in Figures 2.2a and
2.2b. Although a satisfactory Rietveld refinement of the XRD pattern of the sample could
not be obtained because of the poor crystallinity of the Ks ThFg phase in the mixture, the
main Bragg reflections of both phases could clearly be identified, such that we were able
to confirm that K3ThF; is not stable at room temperature.

Ko THFg

K, ThFg was successfully synthesized in pure form (hexagonal in space group P62m [51],
Fig. 2.3). A Rietveld refinement of the XRD data showed the sample was the low tem-
perature hexagonal phase. In another attempt (Fig. 2.4), the synthesized sample was a
mixture of the two phases reported in the literature, the high temperature phase being
cubic and belonging to the space group Pm3m [51]. After a second annealing of this mix-
ture at 873 K, below the transition temperature (918 K [2]), the diffractogram (Fig. 2.4)
no longer showed any Bragg reflections attributable to the cubic phase, indicating the
complete transformation of the cubic phase to the hexagonal form (Fig. 2.3). The DSC
measurement of pure ®-K,ThFg shows an event at (952  10) K which is higher than
the temperature assigned by Asker et al. to the allotropic transformation (918 K). Using
a silver reference the enthalpy of transition was measured to be ¢ H2, p 22.0 2.0q
kJ mol .
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(a) (b)

Figure 2.2: Insets of the diffractogram of the sample of composition X(ThF,) = 0.25, revealing Bragg reflections
corresponding to the "K3ThF7" composition (black), compared to K»ThFg (red) and KsThFg (blue).

Figure 2.3: XRD pattern of the pure hexagonal K»ThFg, X(ThF4 = 0.33). Comparison between the observed
(Yops, in red) and calculated (Y¢ 4, in black) X-ray diffraction patterns. Yyps - Ycaic, in blue, is the difference
between the experimental and calculated intensities. The Bragg’s reflection angular positions are marked in
blue.
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Figure 2.4: Detail of the diffractogram of sample at composition X(ThF,) = 0.33 after the first heating treatment
at973 K (red) and after a second annealing treatment at 873 K (black). The red arrows indicate Bragg reflections
corresponding to the cubic phase, while the black arrows indicate those of the hexagonal phase. It is observed
that the high temperature cubic phase disappears after the second annealing treatment, revealing a reversible
phase transition.
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K7THeF31
Both previously reported phase diagrams and a study by Zachariasen during the Man-
hattan project agree on the existence of KThF5 (thombohedral in space group R3, [51]). A
compound with this composition has not been described in later structural works, how-
ever. Rather, later studies identify K;ThgFs; as the line compound in the neighborhood
of X(ThF,) = 0.5. This was first reported at Oak Ridge National Laboratory [45], where
having studied other (AF:ThF4)=(7:6) compounds in alkali fluoride-thorium tetrafluo-
ride systems, the authors predicted the existence of such a compound in the KF-ThF,
system and confirmed its existence with thermal analysis of slowly cooled melts. In-
deed, a melt of composition X(ThF,) = 0.462 displayed a single event upon slow cooling
and a single phase according to post-characterization by XRD. By comparing the XRD
data of this phase with the spacings for Na;UgF3; and K;UgF3;, the authors were able to
classify it as having rhombohedral symmetry. Moreover, the melting temperature, (1172
2) K, was very close to that reported for KThF5: 1178 K [2] and 1166 K [16]. Brunton
[11] and more recently Grzechnik et al. [22] were able to fully solve the crystal structure
of K;ThgF3; (R3), both using single-crystal X-ray diffraction data. A sample of composi-
tion X(ThF,)= 0.418 (after having been subjected to a DSC measurement) was found in
this work to be a mixture of K,ThFg and K;ThgF3; according to the Rietveld refinement
(Fig. 2.5) of the XRD data. Supporting this result is a sample of mole fraction X(ThF,)=
0.494 (between KF:ThF, = 7:6 and 1:1 compositions) measured in the DSC which did not
show thermal events close to 950 or 1000 K (corresponding to the equilibria of K, ThFg);
these equilibria would be visible between K, ThFg and the putative compound KThFs if
K7ThgF3; were not a stable phase (see Fig. 2.11). Finally, due to the lack of convincing
experimental evidence for the existence of KThFs, in particular the absence of reported
Wyckoff positions, we discarded it from the phase diagram.

Figure 2.5: XRD pattern of a sample with composition X(ThF,) = 0.418 after DSC measurements. Comparison
between the observed (Ygps, in red) and calculated (Y4, in black) X-ray diffraction patterns. Yqps - Yealc,
in blue, is the difference between the experimental and calculated intensities. The Bragg's reflection angular
positions are marked in blue (K2 ThFg), and red (K7ThgF31).
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KTHgF>5

To discern whether the phase with the highest thorium content was KTh3F;3 or KThgF»s,
we attempted a synthesis of both compounds (see Table 1). The XRD pattern of the sam-
ple with composition X(ThF,) = 0.857 was found to be a mixture of KTh,Fq (space group
Pnma) and KThgF,5 (space group P6smmc) from a LeBail refinement (Fig. 2.6). Unre-
acted excess KF was possibly not detected by XRD. In the same manner, the sample with
composition X(ThF,) = 0.75 revealed reflections corresponding to KTh,Fg and KThgFys.
Furthermore, KTh3F;3 is not mentioned in the literature outside the work of Asker et al.,
which brings further doubt on its existence. The phase was hence not retained in the
present thermodynamic assessment.

Figure 2.6: XRD pattern of a sample with composition at X(ThF4)= 0.857. Comparison between the observed
(Yops, in red) and calculated (Y, )¢, in black) X-ray diffraction patterns. Ygpg - Ycayc, in blue, is the difference
between the experimental and calculated intensities. The Bragg’s reflection angular positions are marked in
blue (KThgF25), and red (KThyFg).

2.5.2, SOLID SOLUTION

Asker et al. [2] report the existence of a solid solution between KTh3F;3 and ThF, ex-
tending up to about 16 % KF in ThF,;. No evidence for such solid solution was found
in the present DSC measurements, however, for three compositions between KThgF25
and ThF,: X(ThF4)= 0.902, 0.942, 0.979. These measurements only showed two ther-
mal events (Fig. 2.7) which we assign to the peritectic decomposition of KThgF25 and
liquidus.

2.5.3. LOW TEMPERATURE HEAT CAPACITY OF ®-K,THFg

The low temperature heat capacity data of ®-K,ThFg measured in the temperature range
T=(1.8-298.5) K are shown in Figure 2.8a and listed in Table A.3. The heat capacity
reaches values that are about40J K ! mol ! below the classical Dulong-Petit limit (C) ¢
3nR  224]JK ! mol ! for the nine atoms in the formula unit) as the temperature ap-
proaches 298.15 K. The collected data exhibit an anomaly in the neighborhood of the
65-120 K range, evident in the plot of Cp{T (Fig. 2.8b). Repeated operation of the in-
strument with diverse reference samples has shown that this is a systematic error at-
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Figure 2.7: Representative DSC signal of a sample with high ThF4 content: X(ThF4) = 0.979. There are two
events which we assigned to a peritectic decomposition and liquidus.

tributable to the specific measuring puck upon which the sample is placed, and not an
intrinsic feature of the measured material. This error is corrected by the fitted curve.

The thermodynamic functions of ®-K,ThFg were derived at 298.15 K by fitting the
experimental data using the OriginPro 2015 software to theoretical functions below T =
10.0 K [29], and a combination of Debye and Einstein heat capacity functions [50, 49, 43]
from T = (10.0 to 297.0) K. The fitting was done with the Levenbergh Marquardt iteration
algorithm, using Origin C type fitting function above T = 10.0 K, and a simple harmonic
lattice-type function below T = 10.0 K. The fitted data are shown with solid lines in Fig-
ures 2.8a and 2.8b.

In the low temperature limit (T < 10.0 K), the phonon contribution can be adequately
approximated by the harmonic lattice model [29], the form of which is given in Eq. 2.18:

Clatt  BnT", wheren 3,5,7,9... (2.18)

Three terms, with coefficients listed in Table 2.6, were used over the temperature
range T = (1.9 to 10.0) K. The electronic contribution of the conduction electrons at the
Fermi surface are represented with a linear term ° T [21]. In this case, K»ThFg being a
poor conductor, the electronic specific heat is nearly zero.

In the region 10.0 < T < 297.0 K the main contribution comes from the lattice term,
modelled here with a combination of Debye and Einstein functions, denoted by Dpupq
and E pug g respectively, shown in Eq. 2.19:

Cpm nNpDpupg neiEpueiq ne2Eple2q (2.19)
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(a) Cp,m (b) Cp’m IT

Figure 2.8: Heat capacity of K2ThFg (° ) measured in zero magnetic field and fit to the data (red line): (a) Cp,m
and (b) Cp,m /T.

Table 2.6: Summary of fitting parameters of the heat capacity of K, ThFg within the temperature range T = (1.8
t0 10.0) Kand T = (10.0 to 297.0) K.

Harmonic lattice-model Debye and Einstein fit
Temp. range/K 1.8-10.0 Temp. range/K 10.0-298.5
°/mJmol 'K ? 0.00389 np/mol 1.1135
Bs/mJ mol 'K * 0.00111 up /K 115.24
Bs/mJmol 'K % 47956910 ® ng;/mol 2.8066
Bz/mJmol 'K & -2.2382210 &8 pgi/K 187.12

nEglmol 4.5253
HE2/K 392.70
Np Ngp nEzlmol 8.4

Two Einstein functions were needed in order to achieve an adequate fit of the data,
which was carried out excluding the problematic 65-120 K region. The fitted coefficients
are listed in Table 2.6. The sum over n atoms is equal to 8.4, quite close to 9 as should be
expected. The Debye and Einstein functions have the following forms:

X
1 exppxox* Mo
0
Epieq SRX2— P4 ke @2.21)

rexppxq 1€’ T
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' mol L.

where the universal gas constant is denoted by R and is equal to 8.3144598 ] K
The heat capacity value at 298.15 K obtained by interpolation is

ComPKaThFg,cr,298.15Kq=p193.2 3.9 JK ' mol '. The experimental standard en-

tropy at 298.15 K determined by numerical integration of IC, m,{Tq fpT qusing the

aforementioned fitted functions, is

SO Ko ThFg,cr,298.15 Kg= 256.9 4.8)!1°] K ! mol . The heat capacity and entropy

functions were calculated at selected temperatures between T = (0 and 300) K and are

listed in Table A.5.

2.5.4. MIXING PROPERTIES OF THE (KyxTH; x)F4 3x LIQUID SOLUTION
The determination of the mixing enthalpy of the liquid solution is very useful in the as-
sessment of a complex system such as KF-ThF, as it provides another dataset, besides
the phase diagram points, to optimize the excess Gibbs energy terms of the liquid phase.
Table 2.7 reports the values for the mixing enthalpies of the (KyTh; y)Fs 3x liquid solu-
tion as determined in this work at the melting temperature of KE i.e., (1131  10) K. The
range of investigated compositions is limited by the large difference in molar masses
between the two salts: at high X(ThF,) mole fraction, the mass of ThF, is much larger
compared to the mass of the solvent KE with lower melting temperature, such that com-
plete mixing of liquid KF with ThFy, is difficult to obtain. However, complete mixing of
the liquid solution compositions reported in Table 2.7 was ensured by the presence of
one single event which corresponded to the combination of KF melting, ThF, melting,
and mixing event, and the absence of other events such as the melting of residual ThF,,
invariant equilibrium reactions, or the liquidus at the given composition. An example of
a successful measurement is shown in Figure A.5.

The experimental data obtained in this work and the curve predicted by our model are
plotted for comparison (green) in Fig. 2.9a against the mixing enthalpies of the LiF-ThF,
(red), NaF-ThF, (blue) and CsF-ThF, (black) systems as calculated respectively from the
thermodynamic assessments of Capelli et al. [13], Benes et al. [5] and Vozarova et al. [48].
The present experimental data and modelled mixing enthalpies are more negative than
for the LiF-ThF, and NaF-ThF, systems, which is consistent with the increase in the al-
kali cation ionic radius. Depending on composition and temperature, liquid fluoride
salts can form dissociated ions, molecular species, or even a polymeric network. The
larger K ion offers a larger steric hindrance than Li and Na , isolating the coordina-
tion complexes ThFj " from each other, and therefore stabilizing the coordination shell
around Th* . Evidence of this stability was provided by Pauvert et al. in the analogous
AF-ZrF, systems [32]. The authors calculated the lifetimes of the Zr* first solvation
shells in LiF-ZrF4, NaF-ZrF4, and KF-ZrF, melts at X(ZrF4)= 0.35 using molecular dy-
namics. As in [40],[41], they defined the lifetime ¢ to be the time at which the cage-out
correlation function [35] decays to a value of 1/e. Pauvert et al. found the lifetimes to
increase with the ionic radius of the alkali metal (calculated as 3.1, 15.7, and 76.4 ps,
respectively). Similarly to the behavior in AF-MCl, melts [17], (A = alkali metal, M =
transition metal), a coordination complex around Th* in the (K, Th)Fx liquid solution
is also likely to be further stabilized compared to its analogue in (Li,Th)Fx or (Na,Th)Fy
liquid solutions due to polarization effects: lighter alkali ions are more polarizing than

10The quoted uncertainty corresponds to the standard uncertainty.
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Table 2.7: Mixing enthalpy of the pl ~ XgKF(l) + XThF4 (I*) system determined in this work at T=1131 10K
and (0.10 0.01)d MPa. KF melts at the measurement temperature, while ThF, is solid, although the initial
state is taken to be a hypothetical liquid. The final state was an undercooled liquid mixture. The scanning
temperature range was from (303  10) Kto (1373 10) K.

X(ThF4)2 ¢ mixHSP /K mol ' m(KF) /mg® m(ThE,) / mg®

0.109 -15.0 14 29.2 18.9
0.200 -29.5 1.8 23.6 31.3
0.305 -30.3 0.2 21.9 50.9
0.338 -30.8 1.0 14.9 40.4
0.401 -31.7 07 57.9 16.3
0.504 -329 3.0 39.3 7.3

@ Standard uncertainties u are u(X(ThFy)) = 0.005.

b The error is based on the standard uncertainty determined during calibration.
¢ Standard uncertainties u are u(m) = 0.1 mg.

d The quoted uncertainty corresponds to the standard uncertainty.

* Indicates a hypothetical liquid state.

K and thus are able to attract F  more strongly, leading to longer Th* -F distances
and weaker complexes. The most negative mixing enthalpy curve, corresponding to the
largest cation Cs , fits this trend.

Gibbs energies of mixing (Fig. 2.10a) also reflect this trend in stability, with the compo-
sition of maximum stability indicated by the minimum in the curve. This composition
is related to the choice of cation-cation coordination numbers (Table 3), as is the maxi-
mum of the M-Th-F-F pair fractions (Fig. 2.10b), which is around X(ThF,) = 0.25 for Li,
Na systems and X(ThF,) = 0.33 for K, Cs systems. The basicity of the systems can be qual-
itatively gauged from the shape and value of the M-Th-F-F maximum: a strongly basic
system would lead to complete dissociation of the cation-cation pairs to result in per-
fect SNN ordering, i.e., a bond fraction of unity at the composition of maximum short-
range ordering. In this case, the systems can be qualified as moderately to reasonably
basic with a round shape for the M-Th-F-F fraction and maximum value between 0.55
and 0.79. Moreover the degree of basicity is closely linked with the stability trend just
discussed: the maximum fraction of the Li-Th-F-F distributions is the lowest, those of K-
Th-F-F and Cs-Th-F-F are the highest. It is interesting to note that not even CsF-ThF, is
basic enough for Cs-Th-F-F to reach unity; it can be expected that FrF-ThF, would come
closest.

The entropies of mixing are plotted in Fig. 2.9b. Capelli et al. [12] related the max-
imum for mixing entropy in LiF-ThF, at X(ThF4) 0.25 to a higher content of free F ,
observed in NMR studies by Bessada et al. [8]. The computed curves suggest that there
would be less free F , at least in the KF and CsF-based systems. Structural studies such
as NMR or EXAFS on these systems at high ThF, compositions could help understand if
this trend is correct.
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(a) Mixing enthalpies (b) Mixing entropies

Figure 2.9: (a) Mixing enthalpies and (b) mixing entropies of the LiF-ThF, (red) [12], NaF-ThF, (blue) [13],
KF-ThF, (green, this work) and CsF-ThF, (black) [48]. The calculations were done at T = 1400 K considering
KF(l) and ThF4(]) as initial states and the liquid solution as the final state.

Circles: experimentally measured enthalpies of KF(l)-ThF,(s) mixing at 1131 K (see
Table 2.7); squares: experimentally measured points by [12] at 1121 K (LiF(1)-ThF4(s),
white) and 1383 K (LiF(1)-ThF, (1), black).The dashed green line corresponds to KF-ThF,
at T =1131 K. Initial states were KF(l) and (hypothetical) ThF, () , the final state was the
liquid solution (hypothetical for most of the composition range).

(a) Gibbs energy of mixing (b) Pair fractions

Figure 2.10: (a) Gibbs energy of mixing at T = 1400 K. Red: LiF-ThF,, blue: NaF-ThF,, green: KF-ThF,, black:
CsF-ThF;,. Initial states were the liquid end-members, the final state was the liquid solution. (b) Bond fractions
of the LiF-ThFy (red) [12], NaF-ThF, (blue) [13], KF-ThF, (green, this work) and CsF-ThFy (black) [48] systems
calculated at T = 1400 K. Dashed lines: M-M-F-F, solid lines: M-Th-FE dotted lines: Th-Th-F-F pair fractions.
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2.5.5. CALPHAD ASSESSMENT OF THE KF-THF, SYSTEM

The KF-ThF, system (Fig. 2.11) was finally optimized based on our measured DSC equi-
librium and mixing enthalpy data, all of which are presented in Table 2.8.There are 6
intermediate compounds: K5sUFg (® and ~ phases), KsThF;, K;ThFg (® and ~ phases),
K7ThgFs1, KThyFg, and KThgF»5.The phase diagram is further characterized by four eu-
tectics (X(ThF,4) = 0.152, 0.298, 0.511, 0.681), three peritectics (X(ThF,) = 0.165, 0.333,
0.743), three congruent melting points (X(ThF,) = 0.25, 0.462, 0.667), and two limits of
stability (X(ThF,) = 0.25, 0.333); the temperatures and compositions of these equilibria
are listed in Table 2.9. It can be seen that the liquidus temperatures measured in this
work are sometimes slightly higher than those reported by the previous studies. This is
most likely because the authors [2] and [16] used onset temperatures rather than mini-
mum temperatures on the heat flow events for liquidus determination (see Fig. A.3 for
an explanation of how these are determined in this work in a typical DSC measurement).
In fact, the agreement with the previous studies [16], [2] becomes much better if the on-
set temperatures of the liquidus equilibria as measured in this work (O, red) are selected
(see Fig. 2.11).

Figure 2.11: Optimized KF-ThF,; phase diagram superimposed against experimental points by Asker et al.
(N,+, ) [2], Emelyanov and Evstyukhin (4 , # ) [16], and this study (N, liquidus onset O, red).
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Table 2.8: Equilibrium data in the KF-ThF, system as measured in this work by DSC.

X(ThEg)2 T/KP®  Equilibrium Equilibrium reaction
0.000 1129  KF congruent melting  KF=L

0.109 926 Polymorphic transition ~KsThFg-® = KsThFq-"
0.109 971 Eutectic KF + KsThFg-~ =L
0.109 1036  Liquidus KF+L =L

0.165 931 Polymorphic transition =~ KsThFg-® = K5ThFq-—
0.165 968 Eutectic KF + KsThFg- =L
0.165 982 Peritectic KsThFg-~ =K3ThF; + L
0.165 1005 Liquidus KsThF; +L=T

0.167 919 Polymorphic transition = KsThFg-® = K5 ThFq-"
0.167 966 Eutectic KF + KsThFg- =L
0.167 1057 Liquidus K3ThF; +L=L

0.200 925 Polymorphic transition ~ K5ThFg-® = K5 ThFg-
0.200 982 Peritectic KsThFg-~ =K3ThF; + L
0.200 1098 Liquidus K3ThF; +L' =L

0.25 856 Eutectoid K3ThF; = K5sThFg-® + K, ThFg-®
0.25 1141 Congruent melting KsThF; =L

0.305 851 Eutectoid K3ThF7 = K5ThF9 -® + K2ThF6 -®
0.305 961 Eutectic KgThF7 + KzThFG-_ =L
0.305 1029 Liquidus KsThF; + L' =L

0.333 952 Polymorphic transition = KyThFg-® = Ko ThFg-—
0.333 1000 Peritectic KoThFg- =K;ThgF3; + L
0.418 940 Polymorphic transition = KyThFg-® = Ko ThFg-
0.418 1021  Peritectic K>oThFg-~ = K;ThgF3; + L
0.418 1169 Liquidus K;ThgF3; + L' =L

0.494 1159 Eutectic K;ThgF3; + K ThFg =L
0.494 1178 Liquidus K;ThgF3; + L =L

0.600 1157 Eutectic K;ThgF3; + K;ThFg =L
0.600 1201  Liquidus KoThFg +L =L

0.666 1202  Congruent Melting KoThFg=+L

0.749 1197  Eutectic Ko ThFg + KThgFa5 = L
0.749 1218  Peritectic KThgF25 =L + ThF,
0.802 1221  Peritectic KThgFy5 =L + ThF,
0.802 1300 Liquidus ThF4+L =L

0.855 1218  Peritectic KThgF25 = L + ThF,
0.855 1336  Liquidus ThF;+L =L

0.902 1206  Peritectic KThgF25 =L + ThE,
0.902 1365 Liquidus ThF4 +L' =L

0.942 1209  Peritectic KThgFy5 =L + ThF,
0.942 1379  Liquidus ThF4+L =L

0.979 1241  Peritectic KThgF25 = L + ThF,
0.979 1383  Liquidus ThF4+L =L

1.000 1381 Congruent melting ThF, =L

8Standard uncertainties u are upX pT hF4qc: 0.005.

bStandard uncertainties u are u(T)=5 K for the pure end-members, u(T)= 10 K for mixtures.

The pressure was (0.10

0.01) MPa.
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2.5.6. CALPHAD ASSESSMENT OF THE L1IF-KF-THF, SYSTEM

LIF-KTHF5 PSEUDOBINARY SECTION

Some equilibrium data were collected along the LiF-KThF5 pseudobinary section in or-
der to optimize the liquidus surface of the LiF-KF-ThF, ternary system. The section is
relatively simple, as shown in Fig. 2.12. LiF is the first compound to crystallize below
25 mol % X(KThFs), beyond that the liquid solution is in equilibrium with K;ThgFs;. Be-
low the solidus the calculation shows that there are two ternary phase fields throughout
the COl’l’lpOSitiOH range: {LiF + Li3ThF; + K7TheF31} and {Li3ThF7 + KThyFg + K7 ThgF31}.
Below 662 K the equilibrium is between LiE KTh,Fg, and K;ThgF3;. The experimental
points, however, suggest that the temperature range in which {LiF + Li3ThF; + K;ThgFs;}
and {Li3ThF; + KThyFg + K;ThgF3;} exist is much more narrow. The phase equilibria of
the experimental points are given in Table 2.12.

Figure 2.12: Phase diagram of the LiF-KThF5 pseudobinary section as calculated in this study superimposed
against experimental points measured in this work (N, red, listed in Table 2.12).

LIF-KF-THF, LIQUIDUS PROJECTION

The LiF-KF-ThF, system (Fig. 2.13) as calculated in this study is characterized by fifteen
primary fields of crystallization and nineteen invariant points: nine quasi-peritectics,
four saddle points, two peritectics, and four eutectics, the lowest of which is calculated
at T = 755 K, very close to the LiF-KF eutectic: (X(ThF,), X(LiF), X(KF)) = (0.023, 0.461,
0.516). DSC analysis of an experimental point in the neighborhood of this ternary eutec-
tic X(ThF,), X(LiF), X(KF)) = (0.037, 0.463, 0.500) showed only one event at T = (753
10 K), which can be assigned to the invariant reaction LiF(cr) + KF(cr) + KsThFg(cr) = L.
Hence, the point is a ternary eutectic. The agreement between the measured and calcu-
lated liquidus points is reported in Table 2.10. The solid phases in equilibrium with the
liquid, compositions, and temperatures of all calculated invariant equilibria are listed in
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Table 2.10. The rest of the equilibria measured by DSC are listed in Table 2.11. There are
no ternary stoichiometric compounds or solid solutions in the ternary system reported
in the literature.

Figure 2.13: Liquidus projection and primary crystallization fields in the LiF-KF-ThF, system as calculated in
this study. The spacing between the isotherms is 25 K. The dashed line represents the LiF-KThF5 pseudobinary
section shown in Figure 2.12. Experimental points: (*). Primary crystallization phase fields: (A) ThF,(s); (B)
KThgFz5; (C) KThaFg; (D) LiThgFy7; (E) LiThoFo; (F) LiThFs; (G) Li3ThF7; (H) K7 TheFs1; (D ~-K2ThFg; (J)
K3ThF7; (K) ®-KoThFg; (L) LiF; (M) ®-K5ThFg; (N) ~-K5ThFg; (O) KF

Table 2.10: Calculated vs. experimental liquidus temperatures in the LiF-KF-ThF, system.

X(ThFy)? X(LiF)2 X(KF)2 Equilibrium reaction Tealre / K TEXp /K

0.037 0.463 0.500 LiF + KF + ®-KsThFg =L 783° 7539
0.183 0.285 0.532 KoThFg-®+ L =L 866 839
0.430 0.138 0.432 K;ThgFs; + L'=L 1133 1133
0.200 0.597 0.203 LiF+L =L 901 943
0.333 0.334 0.333 K;ThgFs; + L' =L 1056 1050

aStandard composition error is up||(X(ThFy), X(LiF), X(KF))||q = 0.006.

bStandard uncertainties u are u(T)=10 K.

CCalculated as LiF + L = L at the experimental composition, since the eutectic does not exactly match the experimental one.
dEutectic temperature calculated as 755 K in the vicinity of the experimental composition, see Table 2.11.

Measurements done at (0.10  0.01) MPa.



2.5. RESULTS AND DISCUSSION

41

Table 2.11: Invariant equilibrium data and saddle points calculated in the LiF-KF-ThF, system.

X(ThF4) X(LiF) X(KF) T¢ac/K Equilibrium Solid phases present

0.533 0.319 0.148 11135 Quasi-peritectic KThgF25 + LiThyF17 + ThF,
0.517 0.331 0.152 1101.4 Quasi-peritectic KThyFg + KThgF25 + LiThyFq7
0.402 0.510 0.088 1003.2 Quasi-peritectic  KThpFg + LiThyFg + LiThyFy7
0.285 0.140 0.575 952.0 Peritectic ®-K,ThFg +  -K,ThFg + K;ThgF3;
0.276 0.049 0.674 952.0 Quasi-peritectic ®-K,ThFg +  -KyThFg + K3ThF;
0.109 0.131 0.760 926.0 Peritectic KF + ®-K5ThFg +  -K5ThFg
0.165 0.103  0.732 926.1 Saddle point ®-K5ThFg +  -K5ThFg

0.180 0.084 0.736 926.0 Quasi-peritectic ®-KsThFg +  -K5ThFg + K3ThF;
0.214 0.827 0.286 879.5 Saddle point K;ThgF3; + LiF

0.194 0.390 0.416 877.6 Saddle point K;ThgF3; + LiF

0.215 0.451 0.334 869.0 Eutectic ®-K,ThFg + K;ThgF3; + LiF
0.302 0.647 0.051 852.9 Quasi-peritectic KThyFg + LiThyFg + LiThF5
0.185 0.176 0.639 846.4 Quasi-peritectic ~ ®-K,ThFg + K3ThF; + ®-K5ThFq
0.276 0.669 0.054 810.2 Quasi-peritectic  KThyFg + Li3ThF; + LiThF5
0.275 0.669 0.054 809.9 Quasi-peritectic  K;ThgF3; + KThyFg + LisThF;
0.251 0.685 0.064 807.7 Eutectic K7ThgF3; + LigThF; + LiF

0.107 0.355 0.538 803.7 Saddle point LiF + ®-K5ThFg

0.135 0.319 0.546 797.7 Eutectic ®-K,;ThFg + ®-K5ThFg + LiF
0.023 0.461 0.516 754.8 Eutectic ®-KsThFg + KF + LiF

Table 2.12: Phase diagram equilibria of the LiF-KF-ThF, system as measured in this study by DSC.

X(ThFy)? X(LiF)? X(KF)? Teyp / K° Equilibrium Equilibrium Reaction

0.037 0.463 0.500 753 Eutectic LiF + KF + ®-KsThFg =L

0.183 0.285 0.532 816 Eutectic LiF + ®-K5ThFg + ®-K,ThFg = L
839 Liquidus ®-K,ThFg + L=L

0.430 0.138 0.432 825 Eutectic LisThF; + K;ThgF3; + KThoFg =L
1133 Liquidus K;ThgF3; + L' =L

0.200 0.597 0.203 826 Eutectic LiF + Li3ThF; + K;ThgF3; =L
902 Quasi-peritectic L + LiF + K;ThgF3; =L + LiF
943 Liquidus LiF+L =L

0.333 0.334 0.333 815 Eutectoid LigThF7 + K7Th6F31 =LiF + KTthg
825 Eutectic LigThF7 + K7Th6F31 +LiF=L
1050 Liquidus K7ThgF3; + L' =L

aStandard composition error is up||(X(ThFy), X(LiF), X(KF))||q = 0.006.

b Standard uncertainties u are u (T)=10K.
0.01 ) MPa.

The pressure was (0.10

2.5.7. CALPHAD ASSESSMENT OF THE NAF-KF-THF4 SYSTEM
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NAF-KTHF5 PSEUDOBINARY SECTION

The NaF-KThF; pseudobinary section, studied by Emelyanov and Evstyukhin, is the only
set of data reported in the literature related to the liquidus surface of the NaF-KF-ThF,
ternary system. As measured by the authors, the pseudo-binary section shows only one
intermediate compound: the quaternary fluoride KNaThFg, displaying a phase transi-
tion at 813 K [16], and incongruent melting at 938 K. In this work the ®- transition of
KNaThFg was observed at (825 10) K. The enthalpy of transition was measured to be
¢y HY p 153 0.6gk] mol . The melting event was observed at (940  10) K. The au-
thors reported a peritectic decomposition, which agrees with the phase transition pre-
dicted by our calculation, namely

KNaThFg YN K,ThgFs; L (2.22)

In our calorimetric measurement we were not able to detect a third event which
would correspond to the liquidus, and neither did [16] (Fig. 2.14). This might be due to a
very close proximity of the incongruent melting event to the liquidus surface, making it
hard to detect.

Figure 2.14: Phase diagram of the NaF-KThF5 pseudobinary section as calculated in this study superimposed
against experimental points by Emelyanov and Evstyukhin [16], (# , black) and experimental points measured
in this work (N, liquidus onset O, red, included in Table 2.16).

PHASE EQUILIBRIA AT 300 K

In addition to the section of the liquidus surface which can be observed along the NaF-
KThFs5 pseudobinary section, Emelyanov and Evstyukhin [16] analyzed several melts of
the ternary phase diagram at room temperature using XRD to determine their phase
composition, reported in Table 2.13. These are compared to the equilibrium phase fields
as calculated herein. The authors concluded that within this region of the phase diagram
there are six equilibrium ternary phase fields having the following compositions:
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1. NaF + K3ThF; + KF

2. NaF + K3ThyFy; + K3ThF;

3. NaF + KNaThFg + K3ThyFqy
4. NaF + NayThFg + KNaThFgq

5. NayThFg + KNaThFg + KThF5

6. KNaTth + KThF5 + KgTthH
In the present assessment 12 ternary phase fields are calculated (Fig. 2.15):

1. NaF + (Na,K)F + K5ThFq
2. NaF + K, ThFg + KsThFq
3. NaF + K, ThFg + KNaThFg
4. NaF + NapThFg + KNaThFg
5. KoThFg + K;ThgF3; + KNaThFg
6. NaThF5 + Na,ThFg + KNaThFg
7. KThyFg + K;ThgF3; + KNaThFg
8. NaThFs5 + KThyFg + KNaThFg
9. NaThF5 + KThyFg + KThyFg
10. NaThFs + KThyFg + KThgF2s5
11. NayTh; xF4 3x + NaThyFg + KThgF»5

12. NaXThl XF4 3X+KTh6F25

Among these, (2)-(8) are found within the region studied by the authors. The main
differences can be related to those already discussed in the KF-ThF, binary phase di-
agram: [16] observed K3ThF; in fields (a) and (b). We find this compound to decom-
pose around 979 K, however, and so we predict KsThFg to be the stable phase instead.
In experimental points represented by (half-filled square) they reported unidentified
lines, which possibly were those of KsThFg. Similarly, they observed phase fields with
K3ThyF;; whereas our model predicts the phase KoThFg. Fields (d) and (4) coincide
fully, but again e) disagrees with our calculation having established that KThFs is not a
true stable phase. However, our model does predict that K;ThgFs; exists in those regions
where they reported KThFs5 to be present. Finally, phase fields (f) and (5) also coincide
fully allowing for the fact that the authors misinterpreted XRD patterns of KThF5 and
K3ThyF;; with those of K;ThgF3; and Ky ThFg, respectively. The only compound in the
region of interest which was not reported by them but which appears in our projection
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is NaThFs5, which was possibly observed given that points represented by (half-filled di-
amond) showed Bragg reflections they could not identify. Overall, the agreement is close
enough to consider the description of solid equilibra as satisfactory.

Figure 2.15: Projection of the NaF-KF-ThF, ternary system as calculated in this study at 300 K superimposed
against experimental compositions analyzed using XRD by [16]: red circles: {NaF + K3ThF; + KF}; blue trian-
gles: {NaF + K3ThyFy; + K3ThF7}; black squares: unidentified patterns; green diamonds: {NaF + KNaThFg};
half-filled squares: phase similar to KNaThFg and unidentified lines; half-filled circle: {KNaThFg}; black circle:
{KNaThFg + KThF5}; half-filled diamond: {KThF5 + KNaThFg + unidentified lines}; half-filled orange triangle:
{Nap ThFg + unidentified lines}; filled orange triangle:{Na» ThFg + KNaThFg}; empty orange triangle: {Nap ThFg
+ KNaThFg + Nag ThFg(?)}; white circle: {KNaThFg + weak lines}. These data are also compared in Table 2.13
for more clarity. Phases in equilibrium in phase fields (1)-(11) are listed in section 2.5.7.

NAF-KF-THF, LIQUIDUS PROJECTION

The NaF-KF-ThF, (Fig. 2.16) system is an even more complex system, with one qua-
ternary compound (displaying a phase transition), 19 primary crystallization fields and
31 invariant points (Table 2.14). Of these, nineteen are quasi-peritectic, five are sad-
dle points, four are peritectic, and four are eutectic, with the lowest one occurring at
804 K and X(ThF,) = (0.219,0.234,0.547). We have found the liquidus temperatures of
eight samples (points shown in red) to closely match the calculated ones only in most
instances (Table 2.15). All equilibria measured experimentally are given in Table 2.16.
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Figure 2.16: Liquidus projection and primary crystallization fields of the NaF-KF-ThF, system as calculated
in this study. The spacing between the isotherms is 25 K. Experimental points: (*). The dashed line is the
pseudobinary section shown in Figure 2.14. Primary crystallization phase fields: (A) (NaxThy x)F4 3x; (B)
KThgF2s; (C) KThpFg; (D) NaThyFg; (E) NaThFs; (F) Na; TheF31; (G) NagThoFr; (H) Nap ThFg; (I) ~-KNaThFg;
() K7ThgFs1; (K) ~-KoThFg; (L) ®-KoThEg; (M) KsThF7; (N) ~ -KsThFg; (O) ®-K5ThFy; (P) (Na,K)F; (Q) NaF;
(R) Nay ThFg; (S) ®-KNaThFg.



Table 2.14: Invariant equilibrium data calculated in the NaF-KF-ThFy system.
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X(ThF4) X(NaF) X(KF) Tcqic /K Equilibrium Solid phases present

0.654 0.078 0.268 1185.3 Quasi-peritectic KThgF25 + KThpFg + (NayTh; x)Fs4 3x
0.538 0.327 0.135 1017.7 Quasi-peritectic KTh2F9 + NaTthg + (NaXThl x)F4 3x
0.399 0.587 0.014 954.7 Quasi-peritectic NazThF6 + NagTthu + Na7Th6F31
0.301 0.100 0.599 952.9 Saddle point ®-K,ThFg +  -K,ThFg

0.308 0.112 0.580 952.0 Quasi-peritectic ®-KyThFg +  -KyThFg +K7ThgF3;
0.285 0.044 0.671 952.0 Quasi-peritectic ®-KoThFg +  -KyThFg +K3ThF;
0.187 0.093 0.720 927.9 Saddle point ®-K5ThFg +  -KsThFg

0.204 0.071 0.725 926.0 Peritectic ®-K5ThFg +  -KsThFg + K3ThF;
0.147 0.114 0.739 926.0 Quasi-peritectic ®-KsThFg +  -KsThFg + (Na,K)F
0.300 0.225 0.475 909.2 Peritectic K;ThgF3; + -KNaThFg + ®-K,ThFg
0.331 0.511 0.158 900.1 Saddle point Na,ThFg + -KNaThFg

0.434 0.465 0.101 892.8 Peritectic Na;ThgF3; + NaThyFg + NaThF5
0.233 0.759 0.008 884.3 Quasi-peritectic NapThFg + NayThFg + Na;ThyoF 5
0.421 0.474 0.105 883.2 Quasi-peritectic NapThFg + Na;ThgF3; + NaThF5
0.231 0.756 0.013 883.0 Quasi-peritectic NayThFg + Na;ThyF;5 + NaF

0.138 0.220 0.642 882.5 Quasi-peritectic NaF + ®-KzThFg + (Na,K)F

0.432 0.436 0.132 873.4 Quasi-peritectic KThyFg + NaThyFg + NaThF5

0.242 0.535 0.223  842.0 Saddle point ~-KNaThFg + NaF

0.424 0.429 0.147 872.9 Quasi-peritectic KThyFg +K;ThgF3; +  -KNaThFg
0.425 0.437 0.138 866.2 Quasi-peritectic NaThFs + KThyFg +  -KNaThFg
0.418 0.450 0.132 865.4 Quasi-peritectic NaThFs +Nap,ThFg +  -KNaThFg
0.232 0.137 0.631 846.2 Quasi-peritectic ~ ®-K,ThFg + ®-K5ThFg + K3ThF;
0.231 0.300 0.469 816.3 Saddle point ®-K,ThFg + NaF

0.247 0.624 0.1129 829.2 Quasi-peritectic  NapThFg + Na;ThyF;5 + NaF

0.248 0.337 0.415 825.0 Peritectic ®-KNaThFg + -KNaThFg + ®-K,ThFg
0.250 0.606 0.144 825.0 Quasi-peritectic ®-KNaThFg + NaF +  -KNaThFg
0.248 0.601 0.151 825.0 Quasi-peritectic ®-KNaThFg + NaF + -KNaThFg
0.241 0.411 0.348 825.0 Eutectic ®-KNaThFg + -KNaThFg + NaF
0.249 0.608 0.143 822.1 Eutectic ®-KNaThFg + Na, ThFg + NaF

0.241 0.353 0.406 808.1 Quasi-peritectic ~ ®-KNaThFg + ®-K,ThFg + NaF
0.219 0.234 0.547 804.3 Eutectic ®-K,ThFg + ®-KsThFg + NaF
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Table 2.15: Calculated vs. experimental liquidus temperatures in the NaF-KF-ThF, system.
X(ThFy)? X(NaF)? X(KF)? Equilibrium Reaction Tgac /K TEXP /K
0.307 0.386 0.307 L'+ -KNaThFg =L 943 986
0.130 0.739 0.131 NaF+L =L 1133 1096
0.230 0.741 0.029 NaF+L =L 893 888
0.334 0.332 0.334 L + K;ThgF3; =L 950 -
0.183 0.467 0.350 NaF+L =L 995 977
0.401 0.199 0.400 L +K;ThgF3; =L 1082 1136
0.428 0.143 0.430 L +K;ThgF3; =L 1117 1153
0.459 0.082 0.459 L + K;ThgF3; =L 1148 1163
aStandard composition error is up||(X(ThFy), X(NaF), X(KF))||q = 0.006.
bStandard uncertainties u are u(T)=10 K.
The pressure was (0.10  0.01 ) MPa.
Table 2.16: Phase diagram equilibria of the NaF-KF-ThF, system as measured in this study by DSC.
X(ThFy)? XNaF)? XKF)? Texp / K° Equilibrium Equilibrium Reaction
0.307 0.386 0.307 827 KNaThFg transition ®-K,;ThFg =" -K>,ThFg
986 Liquidus L'+ -KNaThFg =L
0.130 0.739 0.131 848 Eutectic NaF + -KNaThFg =L
1096 Liquidus NaF+L =L
0.230 0.741 0.029 802 Eutectoid Na;Th,F;5 = NaF + Na,ThFg
888 Liquidus NaF+L =L
0.334 0.332 0.334 825 KNaThFg transition ®-K,ThFg =" -K>ThFg
948 Peritectic " -K,ThFg = L + K;ThgF3;
0.183 0.467 0.350 819 KNaThFg transition ®-K,ThFg="-K,ThFg
866 K, ThFg transition ®-K,ThFg = -K,ThFg
977 Liquidus NaF+L =L
0.401 0.199 0.400 931 Peritectic " -KyThFg = L + K7 ThgF3;
1136 Liquidus L + K;ThgF3; =L
0.428 0.143 0.430 821 KNaThFg transition ®-KNaThFg = -KNaThFg
1104 Quasi-peritectic L + KThyFg + K;ThgF3; = L + K;ThgF3;
1153 Liquidus L+ K7Th6F31 =L
0.459 0.080 0.459 839 KNaThFg transition ®-K,;ThFg =" -K>,ThFg
1116 Quasi-peritectic L + KThyFg + K;ThgF3; = L + K;ThgF3;
1163 Liquidus L + K;ThgF3; =L

8Standard composition error is up||X(ThFy), X(NaF), X(KF))||q = 0.006.

bStandard uncertainties u are u(T)=10K.

The pressure was (0.10

0.01) MPa.
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2.6. CONCLUSIONS

A thermodynamic assessment for the KF-ThF, binary system using the CALPHAD method
is reported for the first time in combination with XRD and calorimetric measurements.
The main characteristics of the sytem are: i) two allotropes of KsThFy, ii) formation of
K, ThFg, with both low and high temperature phases, instead of K3ThyF;; as reported
earlier [16], iii) a eutectoid decomposition for K3ThF; at 856 K iv) existence of the K; ThgF3;
phase instead of KThF;5 as previously reported [2, 16], v) congruent melting of KTh,Fg,
vi) existence of KThgF»5 instead of KThsF;3 as reported earlier [2], vii) no formation of
solid solution. This new assessment, coupled with existing assessments of the LiF-KE
LiF-ThF,, NaF-KE and NaF-ThF, systems, was used to extrapolate and optimize the LiF-
KF-ThF, and NaF-KF-ThF, ternary systems. The lowest melting point in the LiF-KF-
ThF, system is calculated at (X(ThF,, X(LiF), X(KF)) = (0.023, 0.461, 0.516), T = 755 K.
The lowest eutectic temperature in the NaF-KF-ThF, system is predicted to be 804 K, at
composition (X(ThF,4, X(NaF), (X(KF)) = (0.219,0.234,0.547).

2.7. CREDIT AUTHOR STATEMENT

J.A. Ocadiz-Flores: Conceptualization, Methodology, Formal analysis, Investigation, Data
Curation, Writing - Original Draft preparation, Visualization E. Carré: Data Curation, In-
vestigation J.-C. Griveau: Investigation E. Colineau: Investigation E. Capelli: Verifica-
tion P. Souéek: Resources O. Benes: Resources, Writing- Review & Editing R.J.M. Kon-
ings: Writing - Review & Editing A.L. Smith: Conceptualization, Resources, Writing -
Review & Editing, Supervision, Project Administration, Funding acquisition

2.8. ACKNOWLEDGEMENTS

AL. Smith acknowledges financial support from the Netherlands Organisation for Sci-
entific Research (NWO) (project 722.016.005).




- 2. THERMODYNAMIC ASSESSMENT OF THE KF-THF,4, LIF-KF-THF4 AND NAF-KF-THF,4
50 SYSTEMS

A.1. PREVIOUS PHASE DIAGRAMS OF KF-THF,; REPORTED IN
THE LITERATURE

Figure A.1: KF-ThF, phase diagram reported by Asker et al. [2], reproduced with permission from the Royal
Society of Chemistry.
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Figure A.2: KF-ThF, phase diagram reported by Emelyanov and Evstyukhin [16]. Reproduced with permission
from Springer.

A.2. THERMODYNAMIC DATA FOR KNATHFg

As mentioned in Section 7.2, Mukherjee and Dash characterized the properties of KNaThFg
by means of DSC to derive the heat capacity and solid electrolyte galvanic cell to derive
the Gibbs energy of formation [30]. Herein we describe our recalculation of the stan-
dard enthalpy of formation and standard entropy based on the data published by the
authors [30] and carefully selected auxiliary data.

The solid electrolyte galvanic cell used by Mukherjee and Dash can be described by:

pqgPt,tThOFypcrq KNaThFgperg NaFperq

Al
KFperquEaFaperg|tNiOprg NiFeperquPtp g (A-D

The reaction at the cathode is:

. 1 .
NiFapcrq Eongq 2e NiOprq 2F (A.2)
and at the anode:
1

KFprrq NaFprg ThOFyperg 2F KNaT hFgpecrq Eongq 2e (A.3)

with the net reaction being:

KFpergd NaFprqg ThOFeperq NiFoperqg KNaThFgperg NiOperq (A.4)
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The authors measured the electromotive force (e.m.f) as a function of temperature
and found linear relationships with two different slopes, corresponding to the two phases
of KNaThFgpcrg[30]: one in the interval 773-848 K and one in the interval 848-973 K. In
the lower temperature range of 773-848 K, the following expression was reported:

Eprg{v 0.0014 0.2772 1.586 10 ° pT{Kq @73 8480K (A.5)
with the associated Gibbs energy of reaction given by:

¢,Goprq 0.02kimol ' 535 0.031 pT{Kq@73 848qK (A.6)

Using carefully selected data reported in the literature (Table A.1, [14], [18], [36]), the
Gibbs energy of formation of KNaThFg is derived as:

Table A.1: Standard molar Gibbs energies of formation of compounds in Eq. (A.4) expressed as ¢ ¢ G, (T)
(K mol H=A+B TKq

Compound A/kfmol ! B/KK !'mol !

ThOF, -1654.7 0.232
NaF -575.7 0.1026
KF -567.9 0.1012
NiF, -655.05 0.155
NiO -238.33 0.0918
¢ GO pKNaThFg cr,Tq 326852 0.5023 0773 8480K (A7)

Applying the second law of thermodynamics, the enthalpy of formation and entropy
of KNaThFg are deduced at the average measurement temperature (811 K). Having de-
rived ¢ s H, 11K gand ¢ £ S3,B11K ¢ the values at 298.15 K are estimated from the en-
thalpy increment ¢  H3, PTaved- ¢ £ H3, 298K gcalculated with the heat capacity data as
given by the Neumann-Kopp rule. Finally, the auxiliary data of the constituent elements
of KNaThFg in Eq. (A.4) can be used again, to obtain S°pgK NaT hFg,cr,298K g The values
soderived are: ¢ t HQ K NaT hFg,cr,298Kq p 3282 30gkJ mol !, S K NaThFg,cr,298Kq
=(2535 4)JK ! mol .

A.3. LATTICE PARAMETERS OF RIETVELD AND LEBAIL REFINE-
MENTS

Table A.2 lists the lattice parameters of different intermediate phases as refined in this
work, as well as a comparison with the literature values and the corresponding space
groups.
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A.4. EXPERIMENTAL HEAT CAPACITY DATA AND STANDARD THER-
MODYNAMIC FUNCTIONS FOR K, THFg

Table A.3: Experimental heat capacity data® for K, ThFg measured at p=1.25 mPaP and magnetic field B=0T.

K Cpm0 K ma b T{K  cpmok Tma ) Tk Cpm0 K I mol Ty
297.03 189.74 183.74 170.36 70.25 77.18
295.03 190.82 181.72 169.64 68.21 74.56
293.01 191.01 179.69 168.78 66.18 71.68
290.97 190.53 177.67 168.05 64.15 68.82
288.95 189.59 175.63 167.14 62.11 65.97
286.92 189.03 173.61 166.28 60.08 63.16
284.90 188.68 171.58 165.22 57.90 60.26
282.88 188.35 169.55 164.41 55.74 57.49
280.85 188.25 167.52 163.57 53.74 54.52
278.84 188.17 165.49 162.54 51.71 51.50
276.82 188.45 163.47 161.54 49.68 48.40
274.80 188.42 161.44 160.50 47.66 45.40
272.79 188.14 159.40 159.38 45.63 42.40
270.75 188.11 157.38 158.39 45.72 42.29
268.73 188.43 155.35 157.24 45.37 41.90
266.72 188.03 153.32 156.14 45.06 41.43
264.70 187.97 151.29 155.07 44.70 40.96
262.68 187.89 149.26 153.99 44.37 40.49
260.66 187.52 147.22 152.74 44.03 39.90
258.64 187.11 145.19 151.37 43.72 39.39
256.61 186.78 143.16 150.03 43.35 38.94
254.58 186.90 141.33 148.26 43.02 38.45
252.56 186.88 139.24 146.86 42.69 37.97
250.55 186.43 137.27 145.46 42.35 37.39
248.52 186.30 135.19 144.28 42.01 36.90
246.49 185.92 133.16 143.36 41.67 36.43
244.46 185.84 131.13 142.04 4134 35.96
242.43 185.62 129.10 140.29 41.00 35.48
240.41 185.24 127.07 138.50 40.66 35.03
238.38 185.11 125.04 136.69 40.33 34.46
236.35 184.82 123.01 134.92 39.99 33.99
234.32 184.36 120.99 133.24 39.66 33.52
232.30 184.07 118.96 131.32 39.32 33.04
230.27 183.51 116.93 129.37 38.98 32.58
228.25 183.28 114.89 127.37 38.65 32.10
226.23 182.86 112.86 125.17 38.33 31.52
224.21 182.30 110.83 122.95 37.99 31.06
222.19 181.75 108.80 120.81 37.64 30.58
220.16 181.32 106.78 118.68 37.30 30.15
218.14 180.88 104.75 116.36 36.96 29.68
216.12 180.59 102.72 114.16 36.53 29.14
214.09 180.23 100.70 111.71 36.22 28.79
212.06 179.77 98.67 109.43 35.87 28.22
210.04 179.20 96.64 107.12 35.61 27.78
208.02 178.71 94.60 104.33 35.18 27.31
206.00 178.30 92.58 102.10 34.85 26.87
203.98 177.51 90.55 99.94 34.54 26.44
201.96 177.17 88.51 97.50 34.28 25.95
199.94 176.33 86.48 95.04 33.83 25.41
197.92 175.67 84.45 92.73 33.59 24.97
195.89 175.08 82.42 90.57 33.14 24.50
193.87 174.41 80.38 88.56 32.93 23.97
191.84 173.67 78.35 86.30 32.58 23.40
189.81 172.75 76.32 83.97 32.21 22.85
187.79 171.86 74.29 81.66 31.89 22.44
185.77 171.21 72.26 79.47 31.55 22.00

3The standard uncertainties u on the temperature are:

upT g=0.01 K for 1.9 < T/K < 20, upT g=0.02 K for 20<T/K<100,

upr ¢=0.05 K for 100 < T/K< 300.

The relative standard uncertainties on the values of the heat capacities are determined to be uy pCp,m@=0.03 for T/K < 15,
Ur PCp,m00.02 for 15 < T/K < 70, ur pCp m4=0.04 for 70 < T/K < 120, ur PCp,mG=0.01 for 120 < T < 270 K,

and ur pCpm0=0.02 for T > 270 K.

bThe standard uncertainty on the pressure is u(p) = 0.01 mPa.
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Table A.4: Experimental heat capacity data? for Ky ThFg measured at p=1.25 mPaP and magnetic field B=0T
(continued).

T T T T T

T{K CpmU K Imal 1)  T{K Cpm0 K I ma T T{K CpmU K Imol 1)
31.21 2157 12.23 2.482 6.072 0.3053
30.87 21.14 11.89 2.300 5.989 0.2924
30.53 20.61 11.55 2.128 5.904 0.2803
30.20 20.18 11.21 1.961 5.820 0.2681
29.86 19.76 10.87 1.773 5.735 0.2568
29.52 19.35 10.53 1.620 5.651 0.2462
29.18 18.92 10.19 1.478 5.561 0.2339
28.84 18.42 10.18 1.472 5.478 0.2236
28.50 18.00 10.10 1.443 5.393 0.2136
28.17 17.61 10.02 1.408 5.309 0.2044
27.82 17.18 9.936 1.378 5.224 0.1948
27.49 16.77 9.852 1.343 5.139 0.1857
27.15 16.38 9.767 1.312 5.055 0.1773
26.82 15.90 9.683 1.279 4.972 0.1685
26.47 15.51 9.598 1.248 4.887 0.1601
26.14 15.11 9.515 1.215 4.801 0.1523
25.80 14.73 9.431 1.185 4.717 0.1447
25.46 14.36 9.349 1.155 4.632 0.1371
25.12 14.01 9.264 1.124 4.548 0.1303
24.78 13.63 9.179 1.096 4.463 0.1235
24.44 13.17 9.096 1.038 4.379 0.1168
24.10 12.79 9.006 1.008 4.294 0.1104
23.75 12.42 8.924 0.9823 4.209 0.1046
23.42 12.06 8.839 0.9555 4.124 0.0986
23.07 11.72 8.757 0.9300 4.041 0.0928
22.73 11.37 8.672 0.9047 3.957 0.0874
22.39 10.94 8.591 0.8792 3.872 0.0823
22.05 10.58 8.505 0.8532 3.787 0.0773
21.71 10.23 8.422 0.8289 3.702 0.0725
21.37 9.891 8.338 0.8047 3.617 0.0681
21.05 9.566 8.254 0.7814 3.534 0.0641
20.69 9.165 8.170 0.7581 3.450 0.0603
20.37 8.854 8.085 0.7353 3.366 0.0565
20.01 8.534 8.002 0.7129 3.276 0.0529
19.70 8.238 7.918 0.6905 3.190 0.0492
19.34 7.909 7.834 0.6685 3.104 0.0459
19.02 7.563 7.749 0.6464 3.018 0.0429
18.66 7.245 7.666 0.6248 2.933 0.0399
18.33 6.959 7.582 0.6041 2.848 0.0373
18.00 6.696 7.497 0.5835 2.764 0.0348
17.65 6.396 7.413 0.5636 2.679 0.0327
17.31 6.116 7.330 0.5441 2.594 0.0304
16.98 5.786 7.244 0.5247 2.509 0.0282
16.64 5.525 7.161 0.5061 2423 0.0259
16.29 5.264 7.097 0.4924 2.338 0.0242
15.96 5.007 7.002 0.4725 2.253 0.0225
15.62 4.754 6.917 0.4551 2.167 0.0207
15.28 4.508 6.833 0.4382 2.082 0.0190
14.94 4219 6.749 0.4215 1.999 0.0175
14.60 3.986 6.666 0.4052 1.915 0.0162
14.26 3.760 6.581 0.3895 1.830 0.0149
13.93 3.537 6.497 0.3753

13.59 3.323 6.413 0.3614

13.25 3.113 6.329 0.3469

12.92 2.867 6.242 0.3317

12.57 2.671 6.156 0.3183

aThe standard uncertainties u on the temperature are:

aupT g=0.01 K for 1.9 < T/K < 20, upT ¢=0.02 K for 20<T/K<100,

aupT g=0.05 K for 100 < T/K< 300.

The relative standard uncertainties on the values of the heat capacities are determined to be uy pCp m@=0.03 for T/K < 15,
Ur PCp,m00.02 for 15 < T/K < 70, Ur PCp,mG=0.04 for 70 < T/K < 120, ur pCp,m=0.01 for 120 < T < 270K,

and ur pCp m0=0.02 for T > 270 K.

bThe standard uncertainty on the pressure is u(p) = 0.01 mPa.
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Table A.5: Standard thermodynamic functions for Ko ThFg at pressure p = 100 kPa. A3, pT ¢=S,pT g r H3pTq HSpogs{r .2

T{K CpmPT{KdY/ SmPT{Kd/ HmPT{Kd Hmppoo/ AnpT{Ka{
K 'mol 1) (K !'mol 1) (kJ mol 1) JK 'mol 1)
0 0 0 0 -
0.5 2.0800E-03 1.8000E-03 5.04E-07 7.8911E-04
1 5.0000E-03 4.0700E-03 2.23E-06 1.8400E-03
2 0.01681 0.01077 1.31E-05 4.2100E-03
3 0.04276 0.02210 4.29E-05 7.8000E-03
4 0.09114 0.04062 1.10E-04 0.01315
5 0.17144 0.06916 2.41E-04 0.02093
6 0.29413 0.11081 4.74E-04 0.03182
7 0.47013 0.16890 8.56E-04 0.04661
8 0.70965 0.24684 0.00145 0.06609
9 1.0203 0.34787 0.00231 0.09110
10 1.4047 0.47479 0.00352 0.12245
11 1.8475 0.62900 0.00515 0.16086
12 2.3628 0.81143 0.00725 0.20687
13 2.9447 1.0231 0.00991 0.26095
14 3.5882 1.2645 0.01317 0.32348
15 4.2883 1.5356 0.01711 0.39476
16 5.0402 1.8361 0.02178 0.47500
17 5.8403 2.1654 0.02722 0.56433
18 6.6861 2.5229 0.03348 0.66282
19 7.5759 2.9080 0.04061 0.77049
20 8.5088 3.3200 0.04865 0.88733
25 13.800 5.7679 0.10402 1.6073
30 20.023 8.8216 0.18825 2.5465
35 26.881 12.417 0.30532 3.6933
40 34.064 16.473 0.45761 5.0325
45 41.364 20.906 0.64615 6.5466
50 48.679 25.642 0.87127 8.2168
55 55.963 30.624 1.13289 10.026
60 63.183 35.803 1.43079 11.957
65 70.307 41.142 1.76456 13.995
70 77.295 46.609 2.13363 16.129
75 84.106 52.175 2.53721 18.346
80 90.703 57.815 2.97432 20.636
85 97.054 63.506 3.44382 22.990
90 103.13 69.227 3.9444 25.400
95 108.92 74.959 4.47466 27.858
100 114.42 80.687 5.03313 30.356
110 124.51 92.075 6.22872 35.450
120 133.44 103.30 7.51937 40.638
130 141.30 114.30 8.89389 45.883
140 148.19 125.03 10.34208 51.154
150 154.23 135.46 11.85485 56.429
160 159.53 145.59 13.42423 61.686
170 164.18 155.40 15.04329 66.912
180 168.28 164.90 16.70603 72.093
190 171.89 174.10 18.40726 77.222
200 175.10 183.00 20.14253 82.289
210 177.94 191.61 21.90797 87.291
220 180.47 199.95 23.70024 92.224
230 182.73 208.03 25.51644 97.084
240 184.76 215.85 27.35407 101.87
250 186.58 223.43 29.21093 106.58
260 188.23 230.78 31.0851 111.22
270 189.71 237.91 32.97491 115.78
273.15 190.15 240.11 33.57319 117.20
280 191.06 244.83 34.87887 120.26
290 192.29 251.56 36.79569 124.68
298.15 193.20 256.90 38.3666 128.22
300 193.40 258.10 38.72421 129.02

aThe relative combined standard uncertainties in the values of the fitted heat capacities

are determined from the experimental and fitted uncertainties to be ur pCp,m@=0.031 for T/K < 15,

Ur PCp,mG=0.021 for 15 < T/K < 70, ur PCp,mG=0.041 for 70 < T/K < 120, ur pCp m=0.011 for 120 < T <270 K,
and ur pCp , G=0.021 for 270 < T/K.
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A.5. REPRESENTATIVE DSC CURVES

This section contains representative examples of DSC measurements carried out in this
work and how the data were extracted. Figure A.3 is a DSC heating ramp with two event
corresponding to eutectic and liquidus temperatures. The intersection between the base-
line and the line tangent to the first inflection point of a given event is the onset temper-
ature, Tonset, and the temperature assigned to all events except for the liquidus of mix-
tures. The intersection between the baseline and the line tangent to the second inflec-
tion point of a given event is the offset temperature, Tyt fset- In this work, the minimum
of the peak, T, in, was chosen as the liquidus temperature except for congruent melting.
Nevertheless, onset temperatures are also drawn in Fig. 2.11 as (O, red) for the liquidus
events to illustrate this choice as a likely source of disagreement with previous authors.
Figure A.4 overlays the heating curve of ThF, when it is being melted for the first time
with the curve of the same ThF, sample as it undergoes a second heating cycle, showing
that the heat capacity remains the same before and after melting.

Finally, Fig. A.5 is a representative example of a measurement of the mixing enthalpy.
The gray area is the mixing event. Note that the curve does not have the pseudo-gaussian
shape of the other events in Figs. A.3, A.4, or A.5, but a slightly more complex shape
which arises from the endothermic contribution of the melting of KF and ThF, and the
simultaneous exothermic mixing. Still, as the shading indicates, the total area of the mix-
ing event is measured the same way as for all the other events: as the area constrained
by the baseline and the curve which departs from it. Since the areas have opposite signs,
they partially cancel each other out, and this is taken into account. The second ther-
mal event corresponds to the melting of the silver reference, after the mixing event has
concluded, such that they are both well resolved. The fusion of silver is endothermic,
yet appears as exothermic because the silver sits in the reference crucible. The super-
imposed red DSC curve corresponds to a heating ramp of pure ThF,. Crucially, after
the fusion of silver in the mixing enthalpy heating cycle there is no fusion event at the
melting temperature of ThF,; this is an indication of complete mixing. Data from mix-
ing enthalpy measurements were only deduced for those runs which showed complete
mixing.

For every run, a sensitivity could be assigned based on the heat measured on the silver
reference, as mentioned in Section 2.2.5. The total heat measured during the event at
the melting temperature of KE ¢ measH®Pl tus,kF G is given by:

Q
¢measH0prus,KFq Ssalt{A ~meas (A.8)
g sAg,i

where Qmeas is the heat measured per mole of sample during the mixing experiment,
i.e. the gray area in Fig. A.5, Sg,¢{ g is the sensitivity coefficient determined during the
calibration process, and Sag,i is the sensitivity of silver during measurement i. Finally,
the molar enthalpy of mixing can be derived based on Eq. 6.1.
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Table A.6: Extended mixing enthalpy of the pl

XxOKF(l) + xThF,4 (1*) system determined in this work at T = 1131

10 K and (0.10

0.01)9 MPa. KF melts at the

measurement temperature, while ThF, is solid, although the initial state is taken to be a hypothetical liquid. The final state was an undercooled liquid mixture. The

scanning temperature range was from (303

10) Kto (1373 10) K.

X(ThF4¢f ea_xmm)c /Kmol ' m(KF)/mg® m(ThF;)/mg® massAges / mg eBmmeoU._.Ew_é“% /X mol !
0.109 -15.0 14 29.2 18.9 62.0 13.8 1.4

0.200 -295 1.8 23.6 31.3 61.9 0.1 1.8

0.305 -30.3 0.2 219 50.9 61.80 1.4 0.2

0.338 -30.8 1.0 14.9 40.4 129.0 1.3 1.0

0.401 -31.7 0.7 57.9 16.3 61.8 0.5 0.7

0.504 -329 3.0 39.3 7.3 61.7 1.7 3.0

2 Standard uncertainties u are u(X(ThF4)) = 0.005.

b The error is based on the standard uncertainty determined during calibration.

¢ Standard uncertainties u are u(m) = 0.1 mg.

d The quoted uncertainty corresponds to the standard uncertainty.

* Indicates a hypothetical liquid state.
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Figure A.3: Representative example of a DSC heating ramp indicating how Tonset and Tt fget Were deter-
mined. Tyjn was chosen as the liquidus temperature.

Figure A.4: DSC heating curve of pure ThF, the first time being melted (black, first heating cycle) compared to
the second time (red, second heating cycle), showing the heat capacity does not change between cycles.
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Figure A.5: Representative example of a mixing enthalpy measurement. Shaded area: [Melting of KF + melting
of ThF, + mixing of KF with ThF,]. Second event: melting of the silver reference. Red curve: heating cycle of
pure ThF4 compared against the mixing experiment.

A.6. EXCESS GIBBS ENERGY PARAMETERS OF THE CONSITUTENT

BINARY LIQUID SOLUTIONS

The excess Gibbs energy parameters of the binary solutions needed to calculate the
ternary systems were taken from existing assessments and are listed below for complete-
ness.

COuik(er 7615 4.861 T 0.001674 T2p 958 1.255 Tchy e P 690 1966
Ty ifee I mol 1 (9)

(JRCSMSD thermodynamic database on halide salts, JRC-Karlsruhe.)

¢gLiTh{FF 10878 p 6694 2929 Tq&LiTh{FF p 20920 1946 Tq&ThLi{FF J mOI 1
(10)
(JRCSMSD thermodynamic database on halide salts, JRC-Karlsruhe.)

COnak(rr 118 0.847 TJ mol (1)
(4]
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COnaTh{rr 26784 p 10046 1256 TCAyatn{rr P 30106  16.74 TGt Na(rr J

mol ! (12)

[13]
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THERMODYNAMIC DESCRIPTION
OF THE ACL-THCL, (A= LI, NA, K)
SYSTEMS

The ACI-ThCIy (A = Li, Na, K) systems could be of relevance to the nuclear industry in
the near future. A thermodynamic investigation of the three binary systems is presented
herein. The excess Gibbs energy of the liquid solutions is described using the quasi-chemical
formalism in the quadruplet approximation. The phase diagram optimizations are based
on the experimental data available in the literature. The thermodynamic stability of the
liquid solutions increases in the order Li  Na K, in agreement with idealized interac-
tions and structural models.
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3.1. INTRODUCTION

Glenn Seaborg called the discovery of ?>Th being a fertile isotope, yielding fissile
after neutron absorption and subsequent decay, 'a fifty quadrillion discovery’ [36] [32].
That notwithstanding, industrial use of thorium is still virtually nonexistent in modern-
day society. If it is to fulfill its potential as a vastly abundant energy source, reactor and
fuel cycle designs are needed that are optimised for the efficient breeding and utilisation
of 233U, Studies have shown that thorium can be used in a wide variety of reactors [25].
Therefore it is important to continue characterizing the thermophysical properties of the
chemical forms it may take as an advanced nuclear fuel, e.g. metallic, oxide, nitride, or
halide. As part of that effort, a thermodynamic description of the binary systems ACI-
ThCls (A = Li, Na, K) is presented herein, since these are systems from which metallic
thorium powder may be produced [4], and because they may be part of a fuel matrixin a
Molten Salt Reactor (MSR) [26]. Metal chlorides are receiving increasing attention in the
MSR community, as they allow high loading of actinides compared to the more studied
fluorides, although they are best suited for fast neutron systems.

233 U

Even though it has been the subject of several studies, ThCl, is not fully character-

ized. It has been reported to crystallize in two phases. The low-temperature phase is
tetragonal in space group 14S,/a, while the high-temperature phase belongs to space
group 14;/amd [50]. The latter phase is metastable below the phase transition tempera-
ture, 679 K, and it is the one usually reported by experimentalists [38, 17, 53, 39, 8, 52].
The low-temperature phase has only been isolated by Mason et al. [37], who used a very
slow cooling rate. For this reason, the recommended thermodynamic data in the lit-
erature is for the high-temperature polymorph. The value of the standard enthalpy of
formation recommended by Fuger et al. [50] is an average of values determined via solu-
tion calorimetry [19, 21, 56]. The standard entropy was estimated by Konings consider-
inglattice and electronic contributions [29], and the high-temperature heat capacity was
estimated by Rand [2]. Intriguingly, there could also be a very low-temperature phase,
below 70 K [27].
Some studies for the ACI-ThCly (A = Li, Na, K) binary phase diagrams are available in the
literature. Despite this and their apparent simplicity compared to their fluoride counter-
parts, their topology is not well-established to this date, however. In the LiCl-ThCly sys-
tem, Oyamada found no intermediate phase [43], yet Vokhmyakov et al. [61], Tanii [58],
and Vdovenko et al.' [60] observed an incongruently melting compound of composi-
tion LiyThClg. In the NaCl-ThCl, system, all available sources agree on the existence
of NayThClg and no other compound, but Vdovenko et al. [60] observed NaThCls in-
stead. Finally, in the KCI-ThCly system, different groups report the existence of K3ThCly,
K, ThClg, and KThCls. The observations are summarized in Table 1.

From these mixed accounts, it can be seen that there is a need for a comprehensive
study to establish a coherent description of these phase diagrams. An interpretation of
their most likely topology is put forward in this work, and CALPHAD models for their
calculation are presented.

1Original work not available to us, but described in The Chemistry of Actinide and Transactinide Elements [16].
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Table 1: Phases occurring in the alkali thorium chloride binary systems according to different sources.

System Compounds References
LiCl-ThCl;  LiyThClg (61, 58, 60]
none [43]
NaCl-ThCl; Na,ThClg (61, 58, 43]
NaThCls [60]
KCI-ThCl;  K3ThCl, (43, 22]
K, ThClg (58, 22]
KThCls [22, 43]

3.2. THERMODYNAMIC MODELLING

3.2.1. PURE COMPOUNDS

The thermodynamic assessments were performed with the Factsage software [3] (Ver-
sion 7.2). A thermodynamic assessment consists of optimizing unknown parameters
related to the Gibbs energy functions of all the phases occurring in a system, in order to
develop a thermodynamic model consistent with experimentally determined informa-
tion such as phase diagram equilibria, thermodynamic data, enthalpies of fusion, vapor
pressures, and activities. The Gibbs energy function of a pure end-member in a system
is given by:

» »

T T CpmPTq

GopTq ¢¢HO®98q S° R98AT COmPTCHT T dT 3.1)
298

298 T

where ¢ ¢ H3,298q is the standard enthalpy of formation, and S, ®298qis the standard
absolute entropy, both evaluated at a reference temperature, typically taken to be 298.15
K (denoted here as 298 K for simplicity). C, m is the isobaric heat capacity expressed as a
polynomial:

CpmPTd a bT c¢T? dT 2 (3.2)

Isobaric heat capacity data is only available for the end-members. To estimate the
heat capacities and standard entropies of intermediate compounds, the Neumann-Kopp
rule [33] was applied.

The thermodynamic functions of LiCl(cr,]) and KCl(cr,]) were taken from SGPS [18].
Those of NaCl(cr,]) were taken from the IVTAN tables by Glushko et al. [23], while the heat
capacity of NaCl(l) was recently recommended by van Oudenaren et al. [42]. The authors
critically reviewed the four studies available on the determination of the heat capacity
of NaCl(l) [48, 49, 40, 14] and found that there was no discrepancy between the data by
Dawson et al. [14] and the rest of the authors, in contrast with what Glushko et al. had
argued. Considering the average of the four studies, van Oudenaren et al. recommend
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(68 1) kI mol !inthe 1074-2500 K range. In the case of ThCly(cr,]), the data used were
recommended by Fuger et al. [50] and Capelli and Konings [10]. As mentioned in the
introduction, ThCly crystallizes in two phases. Using an adiabatic calorimeter, Chiotti
et al. [12] measured an enthalpy of transition equal to (5.0 1.5) kJ mol ! at (679

2) K. Taking the heat capacity of ThCl,-® (the low-temperature phase) to be equal to
that recommended for ThCly- (the high-temperature phase), the standard enthalpy of
formation and standard entropy of ThCls-® were optimized in this work such that the
transition between both phases matched the values reported by Chiotti et al. [12]. The
enthalpy of fusion (61.5 5.0) kJ] mol !, melting temperature (T = 1042 K), and heat
capacity recommended by Capelli and Konings [10] were used to describe ThCls(1). The
thermodynamic functions of the intermediate compounds were optimized in this work
to match the experimentally determined phase diagrams as closely as possible. All val-
ues are given in Table 1.

3.2.2. LIQUID SOLUTION

The excess Gibbs energy terms of liquid solutions were modelled using the modified
quasi-chemical model in the quadruplet approximation proposed by Pelton et al. [46].
This formalism is apt to describe ionic liquids like the melts examined here, as it allows
to select the composition of maximum short-range ordering (SRO) by varying the ratio

between the cation-cation coordination numbers Z QB (c and ZABB {cl (see Table 3). It

has been used to assess a significant number of molten salt systems for nuclear applica-
tions [6, 9], becoming a standard of sorts for the MSR thermochemistry community [1].
Despite its practicality, structural features such as molecular species and network forma-
tion, are not accounted for. However, structural features may be imposed on the model,
for example by explicitly introducing ions with different coordinations [55, 51]. In this
formalism, a set of two anions and two cations makes up a quadruplet, taken to be the
basic unit in the liquid solution, and the excess parameters to be optimized are those
related to the following second-nearest neighbor (SNN) exchange reaction:

pA Cl AqpB ClI BgYN2pA Cl B ¢gag(c (3.3)

where the chloride anions are represented by Cl, and A and B denote the cations. ¢ g agc
denotes the Gibbs energy change associated with the SNN exchange reaction:

0 : i0 Al > 0j N
¢dnsict  ®9ppic y 9Ias{ciPasicH y 9aeiciBalcI 3.4)
i¥1 Jj¥1

¢ g‘;B i and giAjB (c1 € coefficients which may have temperature dependence, but which

are independent of composition. The composition dependence is specified by the AAB{u :

A XAn (3.5)
AB{CI Xaan Xas XgB ’

where Xaa, Xgp and Xap represent cation-cation pair mole fractions. Finally, charge
conservation over the quadruplet imposes the anion coordination number:
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2
qa ds dci (3.6)
Z A Z B Z Cl
AB{CI AB{CI AB{CI
where q; are the charges of the different ions, and Z(/i:3 (c is the anion-anion coordi-

nation number. These were chosen to represent the composition of maximum short-
range ordering, where the Gibbs energy tends to have its minimum. Typically, the point
of maximum short-range ordering can be expected to lie near the lowest eutectic. The
cation-cation coordination numbers are listed in Table 3.

Table 3: Cation-cation coordination numbers of the liquid solution.

A B ZA 78

AB{CI AB{CI
Li Li 6 6
Na Na 6 6
K K 6 6
Th* Th* 6 6
Li Th* 4 6
Na Th* 3 6
K Th* 4 6

The optimized excess Gibbs energy parameters of the binary liquid solutions are
shown in Eq. 3.7-3.9. The parameters were optimized based on the phase diagram equi-
libria points of the liquidus.

CYiith{ci 8000 4000 Ajirhic; 2700 Arppigcid mol ! 3.7

COnatnici 27700 10000A%

A 1

¢Oxrhici 28000 16000 A’

A 1
Xrhc1 25000 Arpyqcy 3 mol (3.9)

3.3. RESULTS AND DISCUSSION

3.3.1. PHASE DIAGRAMS

The calculated phase diagrams are shown in Figs. 3.1-3.3, and invariant equilibria are
listed in Table 4. For the LiCl-ThCl, system, the modelling choice to include Li;ThClg
was very clear: three different authors reported they had observed it. Incidentally, in
the LiCl-UCly phase diagram there is also a ternary chloride, although the formula is
LioUClg [59]. It has been determined to belong to space group P63/mmc [5]. The calcu-
lated phase diagram closely reproduces the equilibria found by Tanii [58]. The melting
points of the end-members measured by Tanii agree well with the recommended values,
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indicating quite pure reagents. Oyamada [43], on the other hand, reports melting points
for the end-members which are more than 20 K higher, which could be due to oxygen
or water contamination. It can be seen that the ® = transition of ThCly is very close to
the eutectic of the system, which would make both events very difficult to resolve exper-
imentally.

In the NaCl-ThCl, system, the modelling choice is also clear: three authors agree
that Na, ThClg forms and that is melts congruently, and only Vdovenko et al. [60] report
a different stoichiometry (NaThCls). In the analogous NaCl-UCl, system a compound
with formula NaUCIls; was not observed, but Na, UClg was [30, 31, 59]. Furthermore, its
crystal structure was studied and it is known to belong to space group P-3m1 [5]. These
observations support the choice to include NayThClg. In this phase diagram the ®
transition of ThCly is again very close to the second eutectic of the system, making it
experimentally difficult to observe.

The KCI-ThCly system has greatest discrepancies in the 0.25 < ThCly < 0.33 region.
Gershanovich and Suglobova [22] reported both K3ThCl; and K, ThClg, Oyamada [43]
reported only the former, and Tanii [58] and Vokhmyakov [61] reported only the latter
(see Table 1). In fact, Gershanovich and Suglobova [22] characterized the crystal struc-
ture of K, ThClg, which belongs to space group Cmcm, so this phase was retained in the
assessment. Including K3ThCl; raises the liquidus around the line compound and can
be done without re-optimizing the Gibbs energy terms of the other intermediate phases.
However, much larger excess Gibbs energy parameters would need to be imposed on
the liquid solution to obtain in this new optimization the solidus temperature close to
the experimental points. Relying yet again on what is known on the KCI-UCly system, in
which a phase with formula K,UClg was reported [59, 30], the phase K3ThCl; was dis-
carded. As for KThCls, Tanii [58] is the only author who did not suggest its existence,
although his calorimetric measurements form a concavity with a maximum centered
around X(ThCly) = 0.5 (Fig. 3.3, ), which can very well be interpreted as the congruent
melting of a phase with stoichiometry KThCls. For that reason, the phase was retained
in the assessment.

3.3.2. ENTHALPY OF MIXING

The mixing enthalpies are of great interest since they are linked to the stability of the
liquid solutions. They have not been measured for these systems, yet the calculated val-
ues, shown in Fig. 3.4a (T = 1100 K), may serve as another data set, apart from the phase
diagrams, to gauge the validity of the models optimized here. There are three things to
notice. First of all, the mixing enthalpies are negative at all compositions. Second, the
depth of the curves increases in magnitude in the order Li Na K. Third, the curves are
not symmetric, but display minima in the ACl-rich regions (A = Li, Na, K). Although ions
do not behave like hard charged spheres [7], it may be a useful exercise to model them
with such an idealized potential in order to gain insight into the energetics of mixing in
the melt:

> Qigj
VqqPijqQ ? Fiji Toij (3.10)
i
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Table 4: Invariant equilibrium data in the ACI-ThCly systems.

System Equilibrium Invariant reaction This study (calc.) Tanii et al. [58] Vokhmyakovetal. [61] Oyamada [43]
X(ThCly) T/K X(ThCly) T/K X(ThCly) T/K X(ThCly) T/K
LiCl-ThCly;  Congruent Melting LiCl=L 1 883 1 881 1 910
Peritectic LiyThClg =LiCl + L 0.2 725 0.2 725 0.2 723 - -
Eutectic LiyThClg +  -ThCly =L 0.347 684 - 690 0.38 681 0.35 703
®- transition ®-ThCly = -ThCly 1 679
Congruent Melting ~-ThCly =L 1 1042 1 1041 1 1070
NaCl-ThCl; Congruent melting NaCl=L 0 1074 0 1074 0 1097
Eutectic NaCl + Na,ThClg = L 0.269 652 - 639 0.255 633 0.26 667
Congruent Melting Na,ThClg =L 1/3 702 1/3 708 1/3 708 1/3 729
Eutectic Na,ThClg + ®-ThCly =L  0.430 661 - 637 045 648 0.49 686
KCI-ThCly Congruent melting KCl=L 0 1044 O 1043 0 1070
Eutectic KCl + K, ThClg =L 0.193 911 - 895  0.25 903 0.15 917
Congruent melting K;ThClg =L 1/3 977 1/3 988 1/3 978 0.252 997
Eutectic K>ThClg + KThCl5 =L 0.449 702 - 705 0.42 668 0.43 681
Congruent melting KThCls =L 0.5 714 0.5 703 0.5 741
Eutectic KThCl5 + -ThCly =L 0.521 714 0.54 693 0.56 706

aInterpreted by the author to be the congruent melting of K3 ThCls.



3.3. RESULTS AND DISCUSSION 75

Figure 3.1: The LiCl-ThCly phase diagram as calculated in this work. Symbols: phase diagram data reported by
Tanii [58] ( ), Oyamada [43] ( ), and Vokhmyakov et al. [61] ( ).

Figure 3.2: The NaCl-ThCly phase diagram as calculated in this work. Symbols: phase diagram data reported
by Tanii [58] (), Oyamada [43] ( ), and Vokhmyakov et al. [61] ( ).

Veepijgq 8 rij @ rojj 3.11)

In Eqg. (3.10,3.11), g denotes formal charge of ions i and j, rjj is the internuclear distance,
and rg;; is the sum of the radii of ions i and j. Retaining the quadruplets as a crude
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Figure 3.3: The KCI-ThCly phase diagram as calculated in this work. Symbols: phase diagram data reported by
Tanii [58] (), Oyamada [43] ( ), and Vokhmyakov et al. [61] ( ).

structural model, the energy change upon SNN exchange (Eq. 7.6) is:

2%QTh Acifct  drhdth  Mcidct  9ada  geidci

2 2 r 2 r 2
"Ther Tac Thel ACl

¢VSNNexchange (3.12)

In rocksalt structures, the cation-anion coordination number is 6, and a coordination
number of 6 has been seen to be prevalent about Th* in LiCI-ThCl4 melts with Molecu-
lar Dynamics (MD) simulations [34]. Taking into account the Shannon radii [54] for such
coordinations, the values in Table 5 are obtained. Note that they are meant only to illus-
trate general qualitative trends: a quantitative description requires taking into account
physically realistic structural models and multiple interactions over the long range, as in
molecular dynamics simulations.

From this simplified picture, the enthalpies of mixing can be expected to be favorable
from a Coulombic point of view. Moreover, Table 5 agrees with the trend of progressive
stabilization with increasing alkali radius shown by the curves in Fig. 3.4a. This trend is
also related to an increased stability of first-nearest neighbor (FNN) shells around Th?
as the polarizing ability of the alkali cation diminishes with increasing size [13]. Further-
more, if the mixing event is considered as an acid-base reaction:

NAClI ThCly r ThCly s " nA (3.13)

the increasing radius of the alkali cation implies its charge is spread over a larger vol-
ume, resulting in a more stable conjugate chloroacid A , contributing to the overall
stability of the liquid solution. The third effect, the asymmetry, is related to the choice
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Table 5: Change in exchange energy due to SNN exchange reactions

Ton Coordination®  Shannon ionicradius ¢ Vsnnexchange
ri (A) [54] (hartree)

Li VI 0.76 -4.1

Na VI 1.0 -4.2

K VI 1.38 -4.9

Th* VI 0.94

Cl VI 1.81

2Not to be confused with the cation-cation coordination number of Table 3.

of cation-cation coordination numbers (Table 3), chosen to reflect the compositions of
the lowest-melting eutectics and maximum short-range ordering. Such an asymmetry
would also be expected in experimentally measured curves. For instance, calorimetric
studies of the ACI-MCl, systems (M=Mn, Fe, Co, Ni, Cd; A= Li, Na, K, Rb, Cs) [45],[44],
[28] revealed a minimum for the enthalpy of mixing near X(MCl,)=0.33, the stoichiome-
try which favours the formation of tetrahedral MCLZ1 complexes in the melt. Complexes
of these kind have been observed spectroscopically in studies in which NiCl, is dissolved
in alkali chlorides [24, 57]. The coordination of [ThCl]* * shells has been studied with
Raman spectroscopy by Photiadis and Papatheodorou [47], and they were found to be 6
(octahedral) and 7-coordinated (pentagonal bipyramidal) in melts rich in alkali chloride
(A=Li, Na, K, Cs). Beyond 0.3 ThCl, content, bridging of these shells was observed via
shared chlorides, up to pure ThCl,. The relatively limited stability of [ThCl,]* X cages
when LiCl is the solvent, compared to the other alkali chlorides would yield the most
symmetric curve, as in Fig 3.4a. Calorimetric measurements have shown this to be the
case for the (Li,Th)Fyx melt [11].

The thermodynamic stability of solutions is also affected by entropy effects. For exam-
ple, in systems with shallow mixing enthalpies and negative mixing entropies, miscibility
gaps may result, although that is more common in metallic systems [35]. In the present
systems, the calculated mixing entropies of the (Li,Th)Clx and (Na,Th)Cly liquid solu-
tions are positive throughout the composition range (Fig. 3.4b), contributing to the sta-
bility of the mixtures. In agreement with the structural features just discussed, (Li,Th)Cly
tends to regular solution behavior, and (Na,Th)Clx deviates from regularity, showing a
minimum at the point of maximum short-range ordering (SRO). (K,Th)Cly displays such
strong SRO that the entropy of mixing is negative at its minimum near X(ThCly) = 0.4:
the mixing is least favourable from an entropic perspective where it is most favourable
from an enthalpic point of view. However, the mixing enthalpies dominate the contri-
bution, and the Gibbs energies of mixing which govern overall liquid phase stability are
arranged in the same order (Fig. 3.5). A high stability of the liquids is a desirable property,
as it makes it more likely to find alloys which can withstand their corrosive properties, as
well as contributing to their stability under irradiation [20].
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(@) (b)

Figure 3.4: (a) Enthalpies and (b) entropies of mixing of the (A,Th)Cly liquid solutions calculated at T = 1100 K.

Figure 3.5: Gibbs energies of mixing of the (A, Th)Clx liquid solutions calculated at T = 1100 K.

3.4. CONCLUSIONS

The ACI-ThCl, (A =Li, Na, K) systems are of metallurgical and nuclear importance. CAL-
PHAD models have been parametrized for them, with a view to assess whether further
research on these binary systems is required. The models describe the experimental
phase diagrams with a good accuracy. The enthalpies of mixing substantially contribute
to the thermodynamic stability of the melts, which increases in the order Li Na K.
Strong short-range order is apparent in the calculated mixing entropy curves, which be-
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come less favourable with increasing size of the alkali cation: (K, Th)Clx even displays
negative entropy of mixing where the enthalpy of mixing is greatest in magnitude. The
trends in the mixing properties are consistent with simple Coulombic and structural
considerations of these salts in the molten state. Still, novel data on these systems is
called for to better ascertain their phase diagrams and thermodynamic data. Relatively
easy access to ~ -ThCly from a reaction between widely available ThO, and AlCls, has
recently been described by Deubner et al. [15]. This provides an opportunity to, among
other things:

* isolate the intermediate phases Li4ThClg, Na,ThClg, and KThCl; and and elucidate
their crystal structures

e derive their standard enthalpies of formation and standard entropies

* obtain novel phase equilibrium data with calorimetry, particularly for the KCI-
ThCl, system

* measure enthalpies of mixing for the liquid solutions
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A.1. ERRATUM TO: THERMODYNAMIC DESCRIPTION OF THE ACL-
THCL4 (A = L1, NA, K) SYSTEMS

The optimized Gibbs energies for the second-nearest neighbor (SNN) exchange reac-
tions of the liquid solutions were incorrectly reported to be polynomial expansions in
terms of pair fraction expansions in Egs.(7)-(9) of our recent work [41]. Rather, they were
polynomial expansions in terms of coordination-equivalent fractions Y 5, Y11, (A=Li, Na,

K). Given Z’:B (cl and ZiB (cr the SNN coordination numbers of ions A and B in a binary

chloride melt, their equivalent pair fractions are defined as [46]:
A A B
Ya ZAB{CI r'A{pZAB{m Na ZAB{CI ng(q (A.1)

Ye 1 Ya (A.2)

where n; corresponds to the number of moles of species i. To be consistent with the no-
tation just introduced, the aforementioned Egs. (7)-(9) in [41] should have been written
as:
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¢Yiith{ci 8000 4,000 Y 2,700 YrpJ mol ' (A.3)
¢Onath{ci 27,700 10,000 YJ, 20,000 Y7y J mol ! Ad)
COxrhici 28,000 16,000 Y 25,000 Yy J mol ! (A5)

However, in order to be compatible with existing molten salt databases for nuclear
applications, the excess Gibbs energies of the liquid solutions should better be expressed
as polynomial expansions in the composition term A:

A Xan (A.6)
AB{CI Xaa Xas XgB '

where Xaa, Xgg and Xap represent cation-cation pair mole fractions. Note that in the
case of binary solutions with a common anion, AAB{C| = Xaa, and Ag A{ci = Xgs. Egs.
A.7-A.9 were found to reproduce the ACI-ThCl, (A = Li, Na, K) phase diagrams with com-
parable accuracy to that obtained with expressions A.3-A.5.

¢guith{ci 8000 3,600 A irpic 7,300 Appiicd mol ! A7)
®OnaThic 27,700 7,500 ANaTh{CI 14,000 AThNa{CI J mol ! (A.8)
¢gurnici 40,000 10,000 Arpycic; d mol ! A9)

The Gibbs energy terms of the intermediate phases needed some adjustment also, namely
the standard enthalpies of formation and in the case of K,ThClg, also the standard en-
tropy. The re-assessed values are given in Table A.1.

The phase diagrams as calculated with this corrected model are shown in Figs. A.1-
A.3, and invariant equilibria are listed in Table A.2, while the mixing properties of the
liquid solutions are shown in Figs. A.4a-A.5. The latter properties display the same trends
(discussed in [41]) as those appearing when polynomials in coordination-equivalent sites
were used.
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Table A.2: Invariant equilibrium data in the ACI-ThCly systems.

System Equilibrium Invariant reaction This study (calc.) Tanii et al. [58] Vokhmyakovetal. [61] Oyamada [43]
X(ThCly) T/K X(ThCly) T/K X(ThCly) T/K X(ThCly) T/K
LiCl-ThCly;  Congruent Melting LiCl=L 1 883 1 881 1 910
Peritectic LiyThClg =LiCl + L 0.2 723 0.2 725 0.2 723 - -
Eutectic LiyThClg +  -ThCly =L 0.343 695 - 690 0.38 681 0.35 703
®- transition ®-ThCly = -ThCly 1 679
Congruent Melting ~-ThCly =L 1 1042 1 1041 1 1070
NaCl-ThCl; Congruent melting NaCl=L 0 1074 0 1074 0 1097
Eutectic NaCl + Na,ThClg = L 0.252 667 - 639 0.255 633 0.26 667
Congruent Melting Na,ThClg =L 1/3 710 1/3 708 1/3 708 1/3 729
Eutectic Na,ThClg + ®-ThCly; =L  0.459 661 - 637 045 648 0.49 686
KCI-ThCly Congruent melting KCl=L 0 1044 O 1043 0 1070
Eutectic KCl + K, ThClg =L 0.206 894 - 895  0.25 903 0.15 917
Congruent melting K;ThClg =L 1/3 977 1/3 988 1/3 978 0.252 997
Eutectic K>ThClg + KThCl5 =L 0.467 697 - 705 0.42 668 0.43 681
Congruent melting KThCls =L 0.5 702 0.5 703 0.5 741
Eutectic KThCl5 + -ThCly =L 0.536 699 0.54 693 0.56 706

aInterpreted by the author to be the congruent melting of K3 ThCls.
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Figure A.1: The LiCl-ThCly phase diagram as re-calculated in this work. Symbols: phase diagram data reported
by Tanii [58] ( ), Oyamada [43] ( ), and Vokhmyakov et al. [61] ( ).

Figure A.2: The NaCl-ThCl4 phase diagram as re-calculated in this work. Symbols: phase diagram data re-
ported by Tanii (58] (), Oyamada [43] ( ), and Vokhmyakov et al. [61] ( ).
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Figure A.3: The KCI-ThCly phase diagram as re-calculated in this work. Symbols: phase diagram data reported
by Tanii [58] ( ), Oyamada [43] ( ), and Vokhmyakov et al. [61] ( ).

(@ (b)

Figure A.4: (a) Enthalpies and (b) entropies of mixing of the (A, Th)Cly liquid solutions calculated at T = 1100 K.
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Figure A.5: Gibbs energies of mixing of the (A, Th)Cly liquid solutions calculated at T = 1100 K.
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EXAMINATION OF THE
SHORT-RANGE STRUCTURE OF
MOLTEN SALTS: THF,, UF,, AND
RELATED ALKALI ACTINIDE
FLUORIDE SYSTEMS

Jaén A. OCADIZ FLORES, Aimen E. GHERIBI, John VLIELAND,
Dick DE HAAS, Kathy DARDENNE, Jorg ROTHE, Rudy J.M.
KONINGS, Anna Louise SMITH

The short-range structures of LiF-ThF4, NaF-AnF4, KF-AnF4, and Cs-AnF4 (An = Th, U),
were probed using in situ high temperature Extended X-ray Absorption Fine Structure (EX-
AFS) spectroscopy. Signally, the EXAFS spectra of pure molten ThF, and UF; were mea-
sured for the first time. The data were interpreted with the aid of Molecular Dynamics
(MD) and standard fitting of the EXAFS equation. As in related studies, a speciation dis-
tribution dominated by [AnF,]* X (x =7, 8, 9) coordination complexes was observed. The
average coordination number was found to decrease with the increasing size of the alkali
cation, and increase with AnF4 content. An average coordination number close to 6, which
had not been detected before in melts of alkali actinide fluorides, was seen when CsF was
used as solvent.

This chapter has been published in Phys. Chem. Chem. Phys., 2021, 23, (11091-11103) [32].
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4.1. INTRODUCTION

Molten salts are a class of ionic liquids which have in recent years been the focus of
extensive fundamental research. This can be explained by the fact that they are a versa-
tile class of reaction media, e.g. carbonates, nitrates, fluorides, chlorides, with a variety
of melting points, heat capacities, vapor pressures, densities, and other thermophysical
properties suited for a variety of industrial applications. The most well-known is perhaps
the production of materials as important as aluminum and sulfuric acid, yet thermal en-
ergy storage is also a notable application. In the future, molten salts may be used for
processes as important as the production of hydrogen [22] and ammonia [30], carbon
capture and storage [53], nuclear fuel pyroprocessing [26], and as nuclear fuels [6], [39].

Understanding the speciation and structure of the molten salts, which are closely re-

lated to their thermodynamic and transport properties, is crucial for the design and op-
eration of any intended application. Salt systems which have been subject of this type of
analysis in the literature include AF-ZrF, (A = Li, Na, K), [36], KF-ThF, [3], LiF-ThF, [46]
and LiF-ThF,-UF, systems [5]. In these studies, the experimental technique used is in-
situ high temperature Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy.
This element-specific, non-destructive, oxidation state-sensitive technique requires very
small masses of sample, making it very powerful and ideally suited for radioactive, corro-
sive salts at high temperature. It provides detailed information about the local structure
such as interatomic distances among nearest neighbors and second-nearest neighbor
elements.
However, EXAFS spectroscopy of liquids is less straightforward than that of solids be-
cause the standard EXAFS equation [31] may be inaccurate to describe the measured ex-
perimental data since it relies on a Gaussian distribution of interatomic distances, which
liquids do not have. Another approach, known as cumulant expansion, is also inade-
quate because of a strong correlation between the fitting parameters [16],[35],[3]. Hence,
this work relied on configurations generated from Molecular Dynamics (MD) simula-
tions as the underlying structural models. MD has demonstrated already in numerous
studies to be a strikingly valuable tool in its own right for calculating the thermo-physical
and thermo-chemical properties of molten salts [28], [21], [15], [20]. In other works, our
group has presented EXAFS data of the LiF-ThF, [46], LiF-UF, (submitted), and NaF-
ThF, [46] systems. In order to arrive at a comprehensive picture of the local structure of
alkali actinide fluoride binary systems as a function of the alkali and actinide ions, this
work extends to NaF-UF, and focuses on larger alkali ions: KF-ThF,, KF-UF,4, CsF-UF,,
and CsF-ThF,. Notably, EXAFS data for pure molten ThF, and UF, were collected for the
first time.

4.2, EXPERIMENTAL METHOD

EXAFS measurements were performed at the INE beamline [40] of the KARA (Karlsruhe
Research Accelerator) synchrotron facility (Karlsruhe, Germany), with 2.5 GeV and 150-
170 mA as operating conditions in the storage ring. The beamline uses a Ge(422) double-
crystal monochromator (DCM). Rh-coated mirrors before (flat, cylindrically bent) and
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after (toroidal) the DCM are used to collimate and focus the synchrotron beam, respec-

tively, producing a spot size of 300 m 500 m at the sample surface. Transmission and

fluorescence geometries could be measured in unison, and samples were probed at the

L3 edges of Th (16.300 keV) and U (17.166 keV), scanning from 16.1to 17.05keV and
17.14to 17.77 keV, respectively.

A dedicated experimental set-up, previously described in detail by Smith et al. [46]
and built to operate at the INE beamline, was used for the measurements. The set-up
consists of a specifically designed furnace inside a custom-made glovebox. The salts
themselves were sealed in pre-dried boron nitride containment cells loaded into the fur-
nace chamber, which was evacuated under operation down to 2 10 °® mbar to avoid
reaction of the salts with residual oxygen or water. Once under vacuum, the samples
were heated up to (50 10) K above their liquidus temperatures. Quick scans were
made during the heating ramp to detect the melting of the material. If the measurement
temperature of the sample was less than the melting point of the pure alkali fluoride
end-member, the temperature was ramped up to the melting point of the end-member
and held for about 15 minutes to ensure complete melting and homogenization. The
temperature was subsequently adjusted to a set value (50 20) K above liquidus. In
addition, an equilibration time of 15-30 min was employed before collecting the X-ray
Absorption Spectroscopy (XAS) data to ensure the signal had stabilized. EXAFS data were
collected up to  12.5 A, and were Fourier transformed using the Hanning window over
the k-range 3-12A ! (dk = 2) for solids, and 3-9 A ! (dk = 2) for liquids. A step size of 0.8
eV was used in the X-ray absorption near edge structure (XANES) region.

The samples (8-25 mg) were prepared by mixing and grinding stoichiometric amounts
of metal fluorides in the desired stoichiometric ratio, and then pressed in the form of
pellets of thickness less than 100 m by applying a pressure of 10 tons cm 2. Sodium,
potassium, and cesium fluorides were sourced from Alfa Aesar (99.99%, metals basis)
and dried at 673 K for 4 h in an open nickel boat under Ar flow. The thorium fluoride was
supplied by the Joint Research Center, Karlsruhe, Germany, ((0.995 0.005), synthesized
as described in [47]. The UF, was obtained from International Bio-Analytical Industries
(0.9999 0.0001 metals basis). All the samples in this work were handled in the inert and
dry atmosphere of an argon-filled glovebox (H,O and O, contents below 5 ppm), and in
a nitrogen atmosphere when handled in the self-designed glovebox containing the fur-
nace set-up at the KARA-INE beamline.

Each liquid-state scan took close to 30 minutes, and three to four scans were accu-
mulated to be averaged. The energy E of the edge absorption threshold position was
identified as the first x-intercept of the second derivative of the signal, which also cor-
responds to the first inflexion point of the signal. Before averaging, the spectra were
aligned with the XANES spectrum of an appropriate reference: a ThO,-BN pellet in the
case of AF-ThF, (A = Li, Na, K, Cs) and ThF,, a metallic yttrium (K edge = 17.0384 keV)
plate in the case of AF-UF, (A =Na, K, Cs). AUO2-BN pellet was used as reference for the
UF, sample at room temperature. The references were located between the second and
third ionization chambers and measured simultaneously with the sample. Data treat-
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ment of the raw XAS data was done with the ATHENA software [38], version 9.25. The
XANES data were analyzed to confirm that the actinide cations remained tetravalent (re-
fer to Electronic Supporting Information, ESIt).

Fitting of the treated data with the standard EXAFS equation was done with Artemis soft-
ware [38], version 0.8.012. No third-order cumulant parameter was used. The use of the
standard EXAFS equation on liquids has limitations, since liquids are highly disordered
and display strong anharmonicity. Moreover, the coordination number and distance to
nearest neighbor distributions are lost, replaced by averages. To complement the infor-
mation obtained with fitting, this work has also relied on MD simulations.

4.3. MOLECULAR DYNAMICS SIMULATIONS

MD simulations were performed using the PIMAIM code [28] for all compositions mea-
sured by EXAFS at the corresponding experimental temperature: 50 K above the liquidus
line. The form of the potential used for the study of these molten salt systems is the Polar-
izable Ion Model (PIM) [43]. It has been chosen because it has already shown its useful-
ness in the study of several molten systems such as alkali fluoride mixtures [43], LiF-BeF,
[20], [41], AF-ZrF,4 (A = Li, Na, K) [36], LiF-UF4[14], and LiF-ThF, [15]. The potential has
four contributions with functional forms given in Eq. 5.1 to 5.5: charge-charge (Eq. 5.1),
dispersion (Eq. 5.2), overlap repulsion (Eq.5.4) and polarization (Eq.5.5).

¢ Charge-charge:

s Qiqj

VaqPijd — (4.1)
ij Y
where g denotes the ionic formal charges.
¢ Dispersion:

5 cd

. . * 6 8~ A
VdispijQ fijpqur_a fijp'Iqu_s (4.2)

i ij ij

where CiGJ. prijdis the dipole-dipole dispersion coefficient and CiSJ. prijdis the dipole-
quadrupole dispersion coefficient, while fif} prijgand fi% prijgare Tang-Toennies
dispersion damping functions; they are short-range corrections to the asymptotic
multipole expansion of dispersions [48]:

n Ny,
b?jrij B Fhijrljd<

k! (4.3)

fijrija 1 e
k 0

This work only consider dipoles and quadrupoles.

¢ Overlap repulsion
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ViepPrijg  Ajje i 4.4)
i

Here A;j and a;j are fitting parameters.

¢ Polarization

> ]
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In the equation above, T(glq is the charge-dipole interaction tensor, T(giq is the
dipole-dipole interaction tensor, ®; is the polarizability ofion i, and * ; is the set of
dipoles, while g i is a damping function given by Eq. 5.6:

A opbijrijd

m (4.6)

gijrijq 1 Cije Piifii
k 0

The parameters were taken from different sources, and are listed in Tables 2 and 2.
Aside from LiF-ThF,, the parameters were not derived ab initio especially for the binary
systems in this work, but rather for other fluoride-based ionic systems (e.g. pure alkali
fluorides).

The systems were equilibrated for 500 ps in the NPT ensemble at 0 GPa and the cor-
responding temperature 50 K above the liquidus (Table 8), from which the equilibrium
volume was taken. This was followed by a 100 ps equilibration and finally a 500 ps pro-
duction run in the NVT ensemble at the same temperature. Time steps in all runs were
set to 0.5 fs, while the relaxation time for both the Nosé-Hoover thermostat and baro-
stat (for the NPT run) was set to 10 ps. The cubic simulation cell contained 600-800
ions in periodic boundary conditions. Cut-offs for the real space part of the Ewald sum
and short-range potential were both set to less than half the length of the cell. After the
production run, the extracted MD trajectories were used as input for the ab initio code
FEFF8.40 [1] to compute a simulated EXAFS spectrum, to be compared with experimen-
tal data. The effect of anharmonic vibrations and Debye-Waller factor were accounted
for by accumulating about 25000 ionic coordinates as input.

4.4. RESULTS AND DISCUSSION

4.4.1. LOCAL STRUCTURE OF URANIUM AND THORIUM TETRAFLUORIDE
SOLID VS. LIQUID STATES.

The suitability of the experimental set-up was originally tested on ThF,(cr) at room tem-
perature as reported in [46]. In a later campaign the EXAFS spectrum of UF,(cr) was
collected and is shown in Fig. 4.1a, 4.1b. Fitting of the latter data (in green) was made
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Table 1: Parameter values of the pair-wise ionic interactions in the PIM potential used in this work, with values
in atomic units

Ion pair Ajj ajj Ciﬁj C?j b?j bi6j Source

F -F 282.3 2.44 15 150 1.9 1.9 [15]

F -U* 70.623 1.666 38.7 387 1.9 1.9 [14]

F -Th* 70.148 1.634 38.7 387 1.9 1.9 [15]

F -Na 52.83 1.97 13.25 88.15 19 19 [42]

F -K 138.8 2.043 3.9 38.7 1.9 1.9 [42]

F -Cs 151.12 1.874 1095 1095 19 19 [43]

An* -An* 1 5 100 1000 1.9 1.9 [14]

Th* -Li 1 5 3.16 31.6 1.9 1.9 [14]

Th* -Na 1 5 0.001 0.001 1.9 1.9 [20,43,44]
U* -Na 1 5 10 100 1.9 1.9 [43,42,18
An? -A (An=U, Th;A=K,Cs) 1 5 10 100 1.9 1.9 [43,18]
Na -Na 1 5 11.7 51.8 1.9 1.9 [42]

K -K 1 5 1 10 1.9 1.9 [42]

Cs -Cs 5000 3 8 80 1.9 19 [2]

@Modified from cJ - = -0.84905 in Ref. [14].

using the neutron diffraction refinement by Kern et al. [24] as a structural model. The
spectra of molten UF, (T = 1357 K, also shown in Fig. 4.1a, 4.1b) and ThF, (T = 1433 K,
Fig. 4.2) were also collected.

Uranium tetrafluoride is isostructural with thorium tetrafluoride, with space group
C2/c. There are two uranium sites, both 8-coordinated, with U-F distances within 0.1
A of each other (see Table 4). In EXAFS, the threshold above which it is possible to
discriminate between neighboring shells depends on the k-range of the spectra, ¢k, as
¢R ¥{p2¢ kg For the solid-state measurement in Fig. 4.1a, ¢R  0.17 A. This means
that the resolution in this case is not sufficient to distinguish between more than one U-
F first coordination shell and more than one U-U second-nearest neighbor shell, so only
one of each was included in the fit. The results are summarized in Table 4 and compared
with the structural model used. The bond lengths are within error of each other.

In the molten state, the loss of long-range order gives rise to strong damping of the
EXAFS signal, as can be seen in Fig. 4.1. The disorder is also manifest in the Fourier trans-
form (FT) modulus of the signal, where the intensity of the first peak in the liquid state
is much diminished with respect to that of the solid. Furthermore, the second shell of
U neighbors, displayed by the crystal phase as a peak centered at 4.5 A, can no longer
be resolved in the liquid. The same is true in the case of ThF,: the crystal has its second
shell centered around 4.6 A [46] and in the liquid it is not visible anymore.
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(a) (b)

Figure 4.1: (a) Experimental (fluorescence, room temperature: , transmission, T = 1357 K: ¢ ), fitted (green,
blue) and simulated (red) k2Apkqoscillations of UFy. (b) Fourier transform moduli |ApRq| of the EXAFS spec-

tra.

(a) (b)

Figure 4.2: (a) Experimental (transmission, room temperature: , transmission, T = 1433 K: ¢ ), fitted (green,
blue) and simulated (red) k2Apkqoscillations of ThFy. (b) Fourier transform moduli |ApRq| of the EXAFS spec-
tra. Room temperature experimental data and fit taken from Smith et al. [46].
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Table 2: Pair-wise damping terms in the PIM potential used in this work

Interaction ij CPJ- Source
F -U* bR, =b§F =1.7516 cg, =1.8148 ch =0.84905%  [14]

F -Th* bp, =bgr=1938 ¢, =2791 ¢ =-0.60906 [15]

F -Na bPya=bRar =184 c2y,=254 ¢y, =-0.19 [42]

F -K bP =bRr =175 2 =25 cRe =-0.31 [42]

F -Cs bPe =bo =193 P =3.391 2y =0.485 [2]

4 b D _ D _
An® -A bAnA =10.0 Caan =0.001 - -
8Modified from CBF =-0.84905 in Ref. [14].

n bNot defined elsewhere, set arbitrarily.

Table 3: Polarizabilities of the ions used in the MD simulations, atomic units

Ion Polarizability Ref.

F 7.8935 [15]
Ut 5.8537 [14]
Th*  7.696 [15]
Na 0.991 [42]
K 5.0 [43]
Cs 14.8 (2]

STRUCTURAL MODELS FOR LIQUIDS.

Due to the caveats mentioned in the introduction regarding standard fits of the EXAFS
equation for disordered states, MD simulations were used to generate atomic positions
from which an EXAFS spectrum could be calculated, as described in Section 5.3. The
large number of configurations allows to reproduce non-Gaussian features of the radial
distribution function (RDF or g pr ¢), such as anharmonic vibrations. Despite the caveats,
standard fits were included as well, and the MD results help illustrate why this was not
an idle exercise. Fig. 4.3 shows the RDFs of molten UF; and ThF,. It should be noticed
that the first peak of the An-F RDFs, although certainly not Gaussian, can be modelled as
having this behavior with reasonable accuracy. In contrast, modelling either the remain-
ing peaks in the An-F RDFs or any peaks in the An-An and F-F distributions as Gaussian
would be a poor approximation. In short, as long as the fitting of the standard EXAFS
equation is limited to the first shell of a pair of species (in this case An-F with A = U, F)
with a tail thin enough to resemble a Gaussian, then the fit may contribute useful quan-
titative information.

The EXAFS oscillations in the molten state become considerably noisy at high wavenum-
bers, but there is a fair agreement between the first three oscillations in the experi-
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Table 4: Local environment around uranium as derived from the present study using EXAFS spectroscopy
(room temperature), compared with neutron data from [24]. CN is the coordination number, %2 is the Debye-
Waller factor, ¢ Eg = 4.8(4) eV is the energy shift from the L3 edge, Ry = 0.014 is the goodness of fit. Standard
deviations are given in parentheses.

Bond CN R/A vZ A2
Neutron data from [24]

Ul-F6 2 2.256(4)

Ul-F4 2 2.268(4)

Ul-F7 2 2.280(4)

U1-F3 2 2.328(4)

U2-F5 1 2.237(2)

U2-F1 1 2.247(2)

U2-F7 1 2.273(2)

U2-F6 1 2.281(2)

U2-F3 1 2.286(2)

U2-F5 1 2.288(2)

U2-F2 1 2.308(2)

U2-F4 1 2.313(2)

U1-U2 2 4.516(2)

uU2-02 2 4.510(2)
Averaged neutron data

U-F 8 2.28(2)

u-u 2 4.51(4)

EXAFS data

U-F 8 2.26(3) 0.008(6)
U-u 2 4.50(2) 0.0001(5)

mental k?Agkq EXAFS signal, the simulation, and the fit. The MD-generated signals are
slightly out of phase with the EXAFS signal, which in many cases translates into an over
or underestimation of the radial distance of the maximum of |ApRq} The fits using the
standard EXAFS equation match the phase and the intensity of the experimental signal
more closely. However, the fits themselves were directed by the quantitative informa-
tion which could be directly extracted from the MD trajectories, namely the coordina-
tion numbers (Table 8). These tended to be underestimated by the fitting algorithm, a
common problem arising when fitting EXAFS signals of liquids [16]. Hence, if a fitting
process is deemed appropriate for a given disordered system, it is good practice to com-
bine it with another suitable structural model, e.g. MD, to gauge the results.

FEATURES OF THE RADIAL DISTRIBUTION FUNCTIONS.
A key advantage of using MD as a complementary tool is that a more comprehensive
picture of the salt structure emerges than with fitting alone. First, the RDFs in Fig. 4.3,
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Figure 4.3: Pairwise radial distribution functions of molten UF; and ThF, calculated with MD at T = 1357 K
and T = 1433 K, respectively.

nearly overlapping with each other, readily reveal that UF, and ThF, are isostructural
melts, much like they are isostructural crystals. Second, it is seen that although there
is long range order in the molten state, there is a structure of interlocking anionic and
cationic coordination shells: three such An-F shells (centered at 2.2, 4.7, and 6.4
A), are visible for each RDF before stabilizing around the mean value of g(r) = 1 (Fig. 4.3).
There is a small but non-zero probability of having fluorides as first-nearest neighbors
(FNN), yet the electric repulsion makes it is so unfavourable for actinides that such prob-
ability is zero. There is also a large probability of finding two actinides within a distance
r<2 Ran Fcutoff, Which is the basis for quantifying fluoride bridging between actinide
centers, as detailed hereafter.

COORDINATION CHEMISTRY OF MOLTEN THORIUM AND URANIUM TETRAFLUORIDES.
The principal coordination shell is the An-F shell which, despite the thermal disorder,
is made up of fluorides tightly bound to the actinide cation. Table 8 lists three different
distances to characterize the distribution of distances within this shell: a most probable
(Rmax, corresponding to the maximum of the RDF), a bond cut-off (R¢to¢ ¢, correspond-
ing to the first minimum of the RDF), and the expected distance E[R], obtained on the
one hand by fitting with the standard EXAFS equation and on the other by computing
the expectation value between 0 and Reytof £ :
3

Reutof £ r gpredr

(?cutof f g p_ CFI r
The spread between Rmaxth F =2.26 A and Reytorf,th £ =3.17 A is 0.91 A, hence

more than 6 times greater than in the solid state (0.141 A), as derived from neutron
diffraction data [46]. In the case of UF4pQ Reutoff.Th F - Rmaxu F = (3.06 - 2.21) A=
0.85 A, about 12 times greater than in UF,4jcrq(0.072 A, see Section 4.4.1 above). In that
sense, there is an expansion of the coordination cage, as remarked by Bessada et al. [5].
Nevertheless, as Liu et al. suggested after finding Rmax to be smaller than the sum of the

ErRan FS 4.7)
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Shannonradii of Th* andF , thereis a concordant strengthening of the local structure.
Ocddiz-Flores et al. [33] reported the same phenomenon by comparing solid phases oc-
curring in the LiF-UF, system with the melts at the corresponding mole fractions. On
average, the strengthening can be observed because even though longer bond lengths
close to R¢ytof f become available, shorter bond lengths close to Rmax are much more
populated, with the result that the average U-F distance in the liquid mixtures is equal to
or shorter than in the solids. For ThF,: ErRS=2.26 < 2.324(19) A in the solid!. For UF,:
ErRs=2.28=2.28(2) A in the solid®.

Bessada et al. [5] calculated average bond lengths in the LiF-ThF; melt as a function of
coordination number, and the former are seen to consistently decrease as the latter in-
creases. This can be explained mainly by an increased repulsion between the F  ligands
with increasing coordination. Decreased shielding from the 29 shell, evidenced by the
absence of an An-An peak in the plots of |ApRq| (Figs. 4.1b, 4.2b), is likely to contribute
to the shortening of the An-F distance as well [52]. In the liquid phase, the coordination
numbers are dominated by CN = 7, 8, 9, with an average close to 8, yet CN = 7 weighs
more in the distribution than CN = 9 (see Table 6), allowing for tightening of the cage. It
is 8 in the solid state. Finally, in the gas phase, where fluorides are not shared between
actinide centers, it is found that E[Rt fgas] = 2.08 A [17], and E[Ry Fgas] = 2.017(5)
A [25].

STRUCTURE BEYOND THE FIRST COORDINATION SPHERE.

Molten ThF, was described by Dai et al. [10] as a network of predominantly corner (  69%),
edge ( 27%), and face-sharing (<4%) [ThF,]* (n=6, 7, 8, 9...) polyhedra. In order to
characterize the network of UF, and ThF, in this work, a linkage analysis was performed
by defining a bridging fluoride as one which is part of the first coordination shell of two
given An* , while the distance between the two actinide centers is less than the min-
imum of their RDF ( 5.1 A for both actinides, Fig. 4.3). The network structure found
for molten UF, with a distribution of 70% corner-sharing, 27% edge-sharing, and 3%
face-sharing is very similar to that of ThF,, confirming the view of the melt provided by
the RDFs. An MD snapshot of the networks, emphasizing An-An connectivity, is shown
in Figure 4.4.

4.4.2. LOCAL STRUCTURE OF THE AF-UF4 AND AF-THF4 MELTS
COORDINATION ENVIRONMENT OF THE ALKALI CATIONS.

As solids, all alkali fluorides crystallize in the rock salt structure (NaCl structure) [7], in
which the coordination number is 6. In the molten state, alkali fluorides preserve their
strong ionic character and local ordering, and on average have a coordination number
close to 5 [52], as can be seen in Fig. 4.5a. In mixtures, as the fluoroacidity of the melt
increases with AnF, (An = Th, U) content, fluoride donation by the alkalis is evidenced
by a growing A-F distance (Fig. 4.5a). The gap between the A-F distance in molten alkali
actinide fluorides and pure AF melts grows in the order Li< Na< K< Cs. This growing

1From neutron diffraction data, [46]
2 Averaged from the crystallographic data in [24].
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(a) (b)

Figure 4.4: (MD snapshot of (a) molten UF,4 and (b) ThF, at the EXAFS measurement temperatures, T = 1357
Kand 1433 K, respectively, emphasizing An-An connectivity (U: green, Th: blue). Fluoride ions shown in gray.

distance is coupled with a substantial increase in the coordination number of the alkali
cation (Fig. 4.5b). The general trends of the radial distance and coordination number of
the alkali cations suggest that uranium molten fluorides are slightly more fluoroacidic
than those of thorium, probably due to the actinide contraction.

(@ (b)

Figure 4.5: (a) Most probable A-F (A = Li, Na, K, Cs) distance and (b) average coordination number around
the alkali cations in the (A,An)Fy solutions as a function of composition, calculated with MD in this work.
Temperatures are variable; they are indicated in Table 6. For the pure AF melts, T = 1200 K for all except NaF
with T = 1270 K (above the melting point).

COORDINATION ENVIRONMENT OF THE ACTINIDE CATIONS.

This section presents EXAFS measurements carried out in the molten state for seven dif-
ferent alkali actinide fluoride systems at a few representative compositions. As above,
accompanying the experimental data are the simulated EXAFS oscillations, generated as
described in Section 5.3. The Fourier Transform moduli of the signals are shown along-
side the EXAFS oscillations (Figs. 4.6-4.12). The features of the EXAFS spectra are simi-
lar to those of the end-members: damped sinusoidal oscillations, and |ApRq|signals of
which the only discernible peak is that of the An-F first solvation shell. The characteris-
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tics of this shell as studied with MD and with standard fitting are summarized in Table 8.
The composition LiF:ThF, = (0.75:0.25) (Fig. 4.6), which can be singled out because of its
importance as Molten Salt Fast Reactor (MSFR) fuel , is compared with data by Bessada
et al. [5]. Although recorded at different temperatures, the spectra are comparable to
each other. The experimental data for all compositions can be found in the ESI+.

(a) (b)

Figure 4.6: (a) Experimental (¢, [46]), simulated (red), and fitted (blue) k2Apkq oscillations of (LiF:ThF,) =
(0.75:0.25) (fluorescence, T = 898 K). Dotted green line: experimental data by Bessada et al. [5] at the same
composition (absorption, T = 973 K). (b) Fourier transform modulus |ApR | of the EXAFES spectra.

Table 6 lists the distribution and expected values of coordination numbers as calcu-
lated in this work. They are also plotted in Fig. 4.13. In agreement with previous stud-
ies [10, 46, 5, 18, 4, 15], the distribution ranges between 6 and 10. From the works related
to LiF-ThF, and LiF-UF, melts [46, 10, 15, 3, 14, 18, 33], it is clear that the dominant con-
tributions are from CN =7, 8, and 9 at all temperatures and compositions. Guo et al. [18],
who performed MD calculations of dilute solutions of ThF, in AF (A = Li, Na, K) systems,
observed a bimodal distribution with virtually only [ThF;]® and [ThFg]* complexes
present, and very small concentrations of [ThFg]® (mean values at 1373 K indicated in
cyan in Fig.4.13). Bessada et al. report the following mean CN in the NaF-ThF, system
at 1223 K: 7.6 for X(ThF,) =0.10, 7.8 for X(ThF4) =0.45,and 8.0 for X(ThF,) = 0.6 [5].
These results correlate well with those in Table 8, where it can be seen that NaF-UF, be-
haves similarly.

In the KF-ThF, system it was found previously [4], also with a combined EXAFS-
MD approach, that the dominant complexes at X(ThF,) = 0.25, 1073 K, were [ThFG]2
(14.5%), [ThF7]® (68.7%), and [ThF;]® (16.8%), for an expected CN of 7.03 [4]. In a
later work [5] the authors reported a mean coordination of 7.5 in the KF-ThF, system at
X(ThF,) =0.45, T=1173 K, and slightly higher at T = 1073 K. These values are in excellent
agreement with the data collected in this work, i.e. E[CN] = 7.12 at X(ThF,) =0.167, T =
1060 K, E[CN] = 6.99 at X(ThF4) = 0.33, T = 1123 K, and E[CN] = 7.53 at X(ThF,4) = 0.50, T
=1209 K (Tab. 6).
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(@ (b)

Figure 4.7: (a) Experimental (¢ ) and calculated (red), and fitted (blue) szp(q oscillations of (NaF:ThFy) =
(0.33:0.67) (absorption, T = 1252 K). (b) Fourier transform modulus |ApRq| of the EXAFS spectra.

(@) (b)

Figure 4.8: (a) Experimental (¢ ) and calculated (red), and fitted (blue) k2Apkq oscillations of (NaF:UFy) =
(0.33:0.67) (absorption, T = 1153 K). (b) Fourier transform modulus |ApRq| of the EXAFS spectra.
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@ (b)

Figure 4.9: (a)Experimental (¢ ), simulated (red), and fitted (blue) k2Apkqoscillations of (KF:ThFy) = (0.67:0.33)
(fluorescence, T= 1123 K). (b) Fourier transform modulus |A[Rq| of the EXAFS spectra.

(@ (b)

Figure 4.10: (a) Experimental (¢ ), simulated (red), and fitted (blue) szpkqoscillations of (KF:UF4) = (0.50:0.50)
(absorption, T= 1098 K). (b) Fourier transform modulus |ApRq| of the EXAFS spectra.
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(@ (b)

Figure 4.11: (a) Experimental (¢ ), simulated (red), and fitted (blue) k2Apkq oscillations of (CsF:UFy) =
(0.75:0.25) (absorption, T= 1293 K). (b) Fourier transform modulus |A[:Rq| of the EXAFS spectra.

(@ (b)

Figure 4.12: (a) Experimental (¢ ), simulated (red), and fitted (blue) kZAp<q oscillations of (CsF:ThF,) =
(0.75:0.25) (absorption, T= 1301 K). (b) Fourier transform modulus |ApRq| of the EXAFS spectra.
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Figure 4.13: Average coordination number in the (A,An)Fx solutions as a function of temperature, and compo-
sition, calculated with MD. Unless otherwise indicated, the data is from this work. Where the temperature is
not indicated, it is variable, indicated in Table 8.

Finally, there are, to the best of our knowledge, no EXAFS, MD, or otherwise stuctural
studies available in the literature on the CsF-AnF, (A = U, Th) systems. Like for the other
AF-AnF, systems, the CN distribution is calculated to be in the 6-10 range, with a small
contribution from CN =9 and a negligible one from CN = 10. The atomic environment
for the An* cations in the crystal phases occurring in the CsF-AnF, binary systems is
mostly a tricapped trigonal prism (CN = 9) [50] except for an octa-coordinated site in
CsyUFg (space group Cmcm, [51]) and an exceptionally rare 1-coordinated site in one of
the polymorphs of CsThF5 (space group P4/nmm [49]). Hence, as discussed earlier for
thorium and uranium tetrafluorides, thermal disorder reduces the coordination num-
ber in the first solvation shell, as CN =6 becomes more prevalent than in melts based on
other alkali fluorides.

As for the An-F bond length, which was varied freely during the fitting process without
constraints based on the MD simulations, the agreement between the fits and the sim-
ulations is quite good: in all cases, the average value of the fit falls between the most
probable distance and the bond cutoff distance extracted from the MD trajectories, i.e.,
it is close to the expected value of the simulations.

4.4.3. MAIN STRUCTURAL FEATURES OF THE LIQUID MIXTURES

GENERAL FEATURES.

The An-E An-An, and A-F RDFs have been plotted for the three most representative com-
positions: X(AnF,4) = 0.25 along with 0.33, 0.50, and 0.67 in Figs. 4.14-4.16. In a similar
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Table 5: Structural information of the first fluoride coordination shell around the actinide ion in different melts as calculated in this work, 50 K above the liquidus
line. CN is the coordination number, %2 is the Debye-Waller factor, ¢ E is the energy shift from the L3 edge, R¢ is the goodness of fit. Standard deviations are given in

parentheses. The amplitude reduction factor was fixed as mw =0.9.

System  X(AnFy)? CNan ¢ CNan ¢ R3, - RS, ¢ ERan £]® E[Ran ¢l° ¢E Za Rf T/K
MD Fit  MD/A MD/A MD/A Fit/ A Fit/eV  Fit/A*  Fit

LiF-ThF, 0.10 7.88 2.21 3.14 2.32 2.34(1) 4(1)  0.020(6) 0.056 1133
0.25 7.73 2.22 3.15 2.26 232(1)  459(72)  0.02(2) 0.015 973

0.50 7.78 2.22 3.15 2.33 231(1)  131(79)  0.02(3) 0.027 1193

NaF-ThF;  0.33 7.52 7.4(4) 2.21 3.17 2.31 2.30(1)  6.7543) 0.020(1) 0.016 1073
0.50 7.89 7.8(8) 2.20 3.18 2.33 2.34(1)  4.08(86) 0.021(2) 0.035 1108

0.67 7.83 7.9(7) 2.21 3.18 2.33 231(1)  252(77) 0.019(1) 0.024 1252

NaF-UF, 0.50 7.75 7.2(7) 2.15 3.07 2.27 2.26(1)  161(87) 0.020(2) 0.036 1033
0.67 7.76 7.2(7) 2.16 3.05 2.27 2.23(1)  2.26(57) 0.019(2) 0.025 1153

KF-UF, 0.50 7.42 6.9(4) 2.13 3.09 2.25 2.26(1)  7.07(50) 0.020(1) 0.012 1098
0.67 7.72 7.8(7) 2.16 3.07 2.27 223(1)  256(94) 0.02(2) 0.049 1090

KF-ThF;  0.167 7.12 7.0(7) 2.22 3.23 2.28 229(1)  3.71(94) 0.018(2) 0.033 1060
0.33 6.99 6.5(8) 2.19 3.15 2.27 2.30(1) 2(1)  0.017(3) 0.048 1123

0.50 7.53 7.6(8) 2.18 3.23 2.31 231(1)  3.17(92) 0.024(2) 0.040 1209

0.67 7.70 8.0(4) 2.20 3.20 2.33 2.33(5) -1(1)  0.020(3) 0.089 1266

CsF-ThFy  0.25 6.24 6.6(7) 2.15 3.16 2.21 229(1)  3.65(92) 0.020(2) 0.043 1301
0.50 6.97 6.9(5) 2.14 3.25 2.27 2.33(1)  4.48(64) 0.016(1) 0.028 1201

CsF-UF, 0.25 6.2 7.0(6) 2.12 3.11 2.17 225(1)  7.48(78) 0.018(2) 0.027 1293
0.50 7.14 7.8(6) 2.12 3.11 2.23 226(1)  2.75(71) 0.020(2) 0.019 1058

0.67 7.46 8.2(8) 2.14 3.08 2.26 226(1)  -0.72(99) 0.021(2) 0.048 1191

ThF, 1 7.92 8.0(8) 2.26 3.17 2.34 2.32(1)  2.38(87) 0.020(2) 0.035 1433

UF, 1 7.94 8.0(7) 2.21 3.06 2.28 227(1)  3.52(71) 0.030(2) 0.031 1357

@Most probable &mﬁm:om‘c expected value,°bond cut-off = maximum An-F distance.

dstandard uncertainty on the composition of starting reagents was u(X(AnF4)) = 0.005.

€Standard uncertainty on the temperature is estimated to be u(T) =10 K.
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way to the pure actinide salts, a structural motif of interlocking shells can be observed:
every distribution, with the exception of those for AnF, dissolved in CsF at concentra-
tion X(AnF,) = 0.25, displays at least three local maxima before tending to bulk behav-
ior. Hence there is strong ionic ordering, the characteristic range of which is around
3-4 hydrodynamic radii. In the special case of the An-F bond, there is also a degree of
covalency, as indicated by the deep first minimum of the RDFs, whereas the broader
peaks and shallower minima in the rest of the RDFs indicate more dynamic ion clusters
in which a faster exchange of F  ions occurs [27]. The ordering is strong enough so as
to guarantee that no An-An or An-A FNN exist, yet weak enough such that A-A and F-F
FNN are possible (see ESI for An-A, A-A, and F-F RDFs) .

(@ (b) ()

Figure 4.14: Radial distribution functions: (a) An-E (b) An-An, and (c) A-F in the AF-AnF, melts at composition
X(AnF4) = 0.25 (Li and Cs-based melts) and X(AnF,4) = 0.33 (Na and K-based melts).

(@ (b) (©)

Figure 4.15: Radial distribution functions: (a) An-E (b) An-An, and (c) A-F in the AF-AnF4 melts at composition
X(AnF4) = 0.50.

The data available, with varying compositions across systems, allow for three main
trends to be observed: i) trends across composition, ii) trends as a function of the ac-
tinide metal, and iii) trends as a function of the alkali metal.

TRENDS AS A FUNCTION OF COMPOSITION.
The RDFs in general vary little with increasing AnF, content, with the exception of An-
An. At X(AnF,)= 0.25 and 0.33 there is a first maximum centered close to 4 A which is of
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(@ (b) (©

Figure 4.16: Radial distribution functions: (a) An-E (b) An-An, and (c) A-F in the AF-AnF4 melts at composition
X(AnFy) = 0.67.

lower intensity than the following one centered between 6 and 7 A: it is more probable at
that composition for An centers to be farther away from each other than second-nearest
neighbors (SNN) because it is more favorable for alkali cations to occupy SNN sites. In
melts richer in AnF, the An number density makes it more likely that actinide pairs will
be SNN, so likely indeed that fluoride bridging is still possible, even in the presence of
bulky Cs cations. This change is apparent in the An-F RDFs when going from being dis-
solved in CsF (X(AnF,4) = 0.25) to AnF, being the solvent (X(AnF,) = 0.67): in the former
case only the first shell is distinguishable, while at the other two compositions there is
a second shell centered at 4.8 A where the majority of the fluorides meet the fluoride
bridging criteria forr: r<5.1A Ran anmax andr<6.2A 2R an Emax-

The An-F bond cutoffs are not very sensitive to composition, a result which agrees with
the analysis of Th-F [27], U-F [33], and Zr-F [36] bond lengths in mixtures with LiE
Reutoff,an £, however, becomes slightly more populated as the actinide cations start
competing with each other for the fluoride counter ions, which results in an increase
in the average bond length and the average coordination number. This increase is not
monotonic, and actually both quantities were found to go through a minimum between
20 and 30 mol%, (where F:Th 7) in isothermal studies of AF-ThF, (A = Li, Na, K) mix-
tures [5]. This effect can be seen in Fig 4.13 as well.

TRENDS AS A FUNCTION OF THE TETRAVALENT CATION.

The F-E A-A, An-A, (see ESIt) and An-An radial distribution functions (Figs. 4.14b, 4.15b,
4.16b) change very little with respect to each other upon replacement from Th* to U* .
Once again the An-F distribution can be singled out. The subtle structural changes are
dominated by the actinide contraction, which the potentials reproduce well: for a given
alkali cation, the complete U-F bond distribution shortens with respect to that of Th-F as
can be seen from the most probable, the expected, and the bond cutofflengths (Table 8).
If the distributions are further compared with AF-ZrF, (A = Li, Na, K) liquid solutions,
with an even smaller tetravalent cation for a given coordination number [45], the trend
is continued, as the bond cutoff distance in that case was identified as Rz, rcutofs =2.8
A [36]. Correspondingly, the coordination number distribution shifts from being domi-
nated by 7, 8, and 9, in AF-AnF, (A = Li, Na, K, An = Th, U) mixtures, with CN = 6 being
a negligible contribution, to being dominated by 6, 7, and 8 in ZrF4-containing melts.
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This agrees with the behavior in the solid fluoride compounds: structures with hexa-
coordinated An* (An = Th, U) are unknown, but common in the case of Zr* [37].

TRENDS AS A FUNCTION OF THE ALKALI CATION.

The substitution of the alkali cation results in pronounced structural changes: all RDFs
(Figs. 4.14a- 4.16¢) show a marked evolution when the alkali cation is substituted. The
change is dominated by the size of the cation: the RDFs have their maxima ordered from
lowest to largest distance in the order Li, Na, K, Cs, except in the case of the An-F dis-
tance. The AnF, (A = Th, U) salts are Lewis acids, readily accepting fluoride ions from
their alkali fluoride solvents or solutes - Lewis bases- to form anionic coordination com-
plexes. As the alkali cation becomes larger, and hence more fluorobasic, the fluorides
bind more tightly to their coordinating An* cation, as can be confirmed from the An-F
RDFs (Figs. 4.14a, 4.15a, 4.16a): there is a shift to lower bond lengths and they become
sharper, with a lower minimum. A measure of the stabilization of the conjugate base
was provided by Pauvert et al. [36], who calculated the lifetimes of the A-Zr coordina-
tion complexes in AF-ZrF, (A = Li, Na, K) mixtures, and found them to increase in the
order Li < Na < K. The authors suggested that bulkier alkali cations implied larger dis-
tances between the complexes, in turn increasing the energy barrier to be overcome for
a fluoride ion to leave a cage and incorporate into another. In addition, the stability of
the conjugate acid A itself also increases because the charge can spread over a larger
cationic volume. The large stabilization of the conjugate base [AnFxS' * can be most
clearly appreciated in Fig. 4.14a. The RDFs corresponding to the (Cs,An)Fy solutions are
characterized by only one very sharp peak, followed by a diffuse layer which slowly ap-
proximates bulk behavior.

A second measure of the stabilization of the [AnFys$* * complexes in alkali fluoride melts
is given by the negative mixing enthalpies in these systems. The liquid-liquid mixing en-
thalpies in AF-ZrF, (A = Li, Na, K, Rb) mixtures, are convex curves which become more
negative in the order Li, Na, K, Rb [19]. The AF-ThF, (A = Li, Na, K) systems [9], [44], [34]
obey the same trend. Moreover, the depth of the curves is greater in ZrF,-based systems,
due to the strength of the shorter Zr-F bond. The progressive tightening of the [AnFys' X
cage down the alkali family corresponds well to the trend in liquid-liquid mixing en-
thalpies.

Another important conclusion from the study by Pauvert et al. [36] was that large alkali
cations favor lower coordination numbers around zirconium. In NaF and KF-based sys-
tems, [ZrFgst complexes were only formed when the concentration of ZrF, exceeded
40-45 mol%. More recently, Bessada et al [5] pointed out that shorter AF-AnF, (A =Li, Na,
K) bond lengths and lower CN are favored as the radius of the alkali cation grows. In the
case of CsF-based systems, the trend is accentuated, such that the average CN around
the tetravalent actinides is heretofore unseen: as low as 6.2 at X(AnF,4) = 0.25 (Table 8).

4.4.4. IMPLICATIONS FOR THE TRANSPORT PROPERTIES: VISCOSITY AND ELEC-

TRICAL CONDUCTIVITY
Bessada et al. [5] pointed out that the viscosity of LiF-AnF, (A= Th, U) mixtures should
be greater than that of LiF-ZrF, at a the same molar composition, since in the latter
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system the emergent ionic network is weaker, having instead more stable coordination
anions. At a given temperature, a dissociated melt should be less viscous than a molecu-
lar one, which in turn should be less viscous than a polymerized one. Nevertheless, it is
interesting to consider the role of the alkali cation: the heavier and larger cations stabi-
lize the coordination shell around the tetravalent cation, yet make the network more
fragile [54], [36]. These two trends should have opposite effects, resulting in a non-
monotonic increase of viscosity with AnF, concentration. This is what is observed in
Fig. 4.17, adapted from [13]. At a temperature of 1230 K, LiF-UF,, with relatively weak
complexes but little ability to disrupt the ionic network, displays a viscosity increasing
monotonically with UF, concentration. The KF-UF, system on the other hand, displays
a local maximum in the vicinity of X(UF,) = 0.33. The MD trajectories of the analogous
Th composition KF:ThF, = (0.67:0.33) reveal a large fraction ( 0.5) of isolated [ThF]* *
complexes. Then, there is a local minimum of the viscosity near X(UF4) = 0.5. The
KF:UF, = (0.5:0.5) simulation of the EXAFS sample, shows a large extent of network for-
mation, ( 66.5%), but the network appears to be fragile enough that the composition
with more long-lived isolated complexes (X(UF; 0.33) has a greater viscosity. From
X(UF,) = 0.5 onwards, the network becomes more robust as K is diluted, and the vis-
cosity increases, now monotonically.

While the viscosities of CsF-AnF, systems have not been measured, the electrical con-
ductivities of AF-AnF, (A = Li, Na, K, Rb, Cs; An = Th, U) are available in the litera-
ture [29], [11], [12], and a similar interpretation may be given. For isotherms across AnF,
mole fraction, the increasing alkali radius is reflected in decreasing electrical conduc-
tivities. The conductivities of AF-AnF, (A = Li, Na; An = Th, U) do not go through local
minima, while those of KE Rb, and CsF-based melts have minima in the 30-50 mol%
region. The reduced ionic mobilities in those areas suggest that the viscosity could go
through a local maximum as seen in Fig. 4.17.

4.5. CONCLUSION

Structural studies of alkali fluoride/actinide fluoride salt mixtures in the molten state
have been presented, using a combined EXAFS-MD approach which has proven to be a
valuable tool to explore the rich chemistry of molten salt systems. Fitting the standard
EXAFS equation was done in parallel, and was shown to be an adequate means to extract
information about the first coordination shell of thorium and uranium, provided there
is another structural model, e.g. obtained from MD, to constrain the fit to physically
realistic values. Remarkably, the EXAFS spectra of pure molten ThF, and UF,; were ex-
perimentally measured for the first time: the PIM potential parameters derived ab initio
by Dewan et al. [15] can approximate them well.

PIM potentials derived for other AF-based systems (A = Na, K, Cs) have shown to have
good applicability for the corresponding AF-AnF, (An = U, Th) binaries. Fluorides are
more loosely bound to alkali cations in mixtures with actinide fluorides than in the pure
alkali fluoride melts, while the opposite is true for actinide cations. The observed trends
of decreasing average bond length and coordination around the actinide with increas-
ing alkali radius are followed when Cs is present in the melt; surprisingly, Cs can even
promote an expected coordination number close to 6, something which had not been
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Figure 4.17: Molar viscosity (erg s/mol) of AF-UF,4 (A = Li, K) melts at an isotherm of T = 1230 K. Adapted
from [13].
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observed for Li , Na , or K -based systems. The role alkali cations play in stabilizing
coordination complexes while destabilizing networks in AF-AnF, mixtures, and the op-
posing effects that might have on the viscosity, was discussed. In future works the role
of charge and electronegativity of other families of solvents in molten salt environments
will be explored.
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4.,7. SUPPORTING INFORMATION FOR: EXAMINATION OF THE
SHORT-RANGE STRUCTURE OF MOLTEN SALTS: THF,, UF,,
AND RELATED ALKALI ACTINIDE FLUORIDE SYSTEMS

4.7.1. COORDINATION ENVIRONMENT OF THE ACTINIDE CATIONS

Herein are the EXAFS measurements carried out in the molten state for seven different
alkali actinide fluoride systems at a few representative compositions. Accompanying
the experimental data are the simulated EXAFS oscillations, generated using molecular
dynamics (MD) positions as input and those via fitting of the standard EXAFS equations.
The Fourier Transform moduli of the signals are shown alongside the EXAFS oscillations
(Figs. 4.18 to 4.29).

4.7.2. RADIAL DISTRIBUTION FUNCTIONS OF THE LIQUID MIXTURES

The An-E An-An, and A-F RDFs have been plotted for the three most representative com-
positions: X(AnF,) = 0.25 along with 0.33, 0.50, and 0.67 in Figs. 4.30-4.32.
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(@ (b)

Figure 4.18: (a)Experimental (¢ ), simulated (red), and fitted (blue) sz[.kq oscillations of (LiF:ThF,) =
(0.90:0.10) (fluorescence, T = 1133 K, data from [46]). (b) Fourier transform modulus |ApRq| of the EXAFS
spectra.

(@ (b)

Figure 4.19: (a)Experimental (¢ ), simulated (red), and fitted (blue) k?Apkq oscillations of (LiF:ThF4) =
(0.50:0.50) (fluorescence, T = 1193 K, data from [46]). (b) Fourier transform modulus |A[Rq| of the EXAFS
spectra.



4.7. SUPPORTING INFORMATION FOR: EXAMINATION OF THE SHORT-RANGE STRUCTURE
OF MOLTEN SALTS: THF4, UF4, AND RELATED ALKALI ACTINIDE FLUORIDE SYSTEMS 117

(a) (b)

Figure 4.20: (a)Experimental (¢ ), simulated (red), and fitted (blue) k2Apkq oscillations of (NaF:ThF,) =
(0.67:0.33) (data taken from [46], T = 1073 K measured in absorption). (b) Fourier transform modulus |AFR g|of

the EXAFS spectra.

(@ (b)

Figure 4.21: (a)Experimental (¢ ), simulated (red), and fitted (blue) szp(q oscillations of (NaF:ThF,) =
(0.50:0.50) (fluorescence, data taken from [46], T= 1108 K). (b) Fourier transform modulus |ApRq| of the EX-

AFS spectra.
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(@ (b)

Figure 4.22: (a)Experimental (¢ ), simulated (red), and fitted (blue) k2Apkq oscillations of (NaF:UF,) =
(0.50:0.50) (absorption, T= 1033 K). (b) Fourier transform modulus |A[:Rq| of the EXAFS spectra.

(@ (b)

Figure 4.23: (a)Experimental (¢), simulated (red), and fitted (blue) szqu oscillations of (KF:ThFy) =
(0.833:0.167) (fluorescence, T= 1060 K). (b) Fourier transform modulus |ApRq| of the EXAFS spectra.



4.7. SUPPORTING INFORMATION FOR: EXAMINATION OF THE SHORT-RANGE STRUCTURE
OF MOLTEN SALTS: THF4, UF4, AND RELATED ALKALI ACTINIDE FLUORIDE SYSTEMS 119

@ (b)

Figure 4.24: (a)Experimental (¢), simulated (red), and fitted (blue) k2Apkq oscillations of (KF:ThF,) =
(0.50:0.50) (fluorescence, T= 1209 K). (b) Fourier transform modulus |AFRq| of the EXAFS spectra.

(@ (b)

Figure 4.25: (a)Experimental (¢), simulated (red), and fitted (blue) kZA[kq oscillations of (KF:ThFy) =
(0.33:0.67) (absorption, T= 1266 K). (b) Fourier transform modulus |ApRq| of the EXAFS spectra.
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(@ (b)

Figure 4.26: (a)Experimental (¢ ), simulated (red), and fitted (blue) k2Apkqoscillations of (KF:UFy) = (0.33:0.67)
(absorption, T= 1090 K). (b) Fourier transform modulus |ApRg| of the EXAFS spectra.

(@ (b)

Figure 4.27: (a)Experimental (¢), simulated (red), and fitted (blue) k2A|J<q oscillations of (CsF:UFy) =
(0.50:0.50) (absorption, T= 1058 K). (b) Fourier transform modulus |ApRq| of the EXAFS spectra.
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(@ (b)

Figure 4.28: (a)Experimental (¢), simulated (red), and fitted (blue) szp(q oscillations of (CsF:UFy) =
(0.33:0.67) (fluorescence, T= 1191 K). (b) Fourier transform modulus |ApRq| of the EXAFS spectra.

(@ (b)

Figure 4.29: (a)Experimental (¢ ), simulated (red), and fitted (blue) sz[kq oscillations of (CsF:ThFy) =
(0.50:0.50) (absorption, T= 1201 K). (b) Fourier transform modulus |ApR | of the EXAFS spectra.

@ (b) (©

Figure 4.30: Radial distribution functions: (a) An-A, (b) A-A, and (c) F-F in the AF-AnF, melts at composition
X(AnF4) = 0.25 (Li and Cs-based melts) and X(AnFy) = 0.33 (Na and K-based melts).
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(a) (b) ()

Figure 4.31: Radial distribution functions: (a) An-A, (b) A-A, and (c) F-F in the AF-AnF, melts at composition
X(AnFy) = 0.50.

(@ (b) (©

Figure 4.32: Radial distribution functions: (a) An-A, (b) A-A, and (c) F-F in the AF-AnF,4 melts at composition
X(AnFy) = 0.67.
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4.7.3. XANES DATA

Both Th and U remained in the tetravalent oxidation state as revealed by the XANES data.
Uranium in particular is problematic, as it has several valence states and may oxidize
when exposed to the synchrotron beam, whereas Th may be expected to oxidize only
as Th(IV). XANES data of uranium-bearing samples in this work are compared to data
of uranium samples in three oxidation states: UO, (U(IV)), schoepite (hydrated UOs,
U(VD)), Us0g (U(V)/U(VI)), measured at the same beamline with a metallic yttrium ref-
erence, taken from Kegler et al.[23] and Bohler et al. [8]. UO», used as a reference for UF,
atroom temperature in this work;, is also included. The energy positions of the inflection
points and of the white lines are tabulated in Table 7.

Table 7: Energies of the Inflection Points and White Lines of Th-L3 and U-L3 XANES Spectra

sample inflection point (eV)  white line (eV)
ThF, 16299.9(5) 16305.3(5)
ThO, RT 16300.0(5) 16305.2(5)
(LiF:ThF4) = (0.90:0.10) 16300.0(5) 16304.9(5)
(LiF:ThF,) = (0.75:0.25) 16298.9(5) 16304.9(5)
(LiF:ThF4) = (0.50:0.50) 16300.8(5) 16305.1(5)
(NaF:ThF,4) = (0.67:0.33) 16300.1(5) 16304.9(5)
(NaF:ThF,4) = (0.50:0.50) 16299.1(5) 16304.9(5)
(NaF:ThF,4) = (0.33:0.67) 16300.7(5) 16305.1(5)
(KF:ThF,) = (0.833:0.167) 16298.5(5) 16304.7(5)
(KF:ThF,) = (0.50:0.50) 16301.0(5) 16305.6(5)
(KF:ThF4) = (0.33:0.67) 16300.9(5) 16305.0(5)
(CsF:ThFy) = (0.75:0.25) 16301.2(5) 16305.1(5)
(CsF:ThF,) = (0.50:0.50) 16302.1(5) 16306.1(5)
UF4 RT 17169.6(5) 17174.6(5)
UO, RT 17170(5) 17175.8(5)
UF, 17170.4(5) 17176.3(5)
(NaF:UF,) = (0.50:0.50) 17171.5(5) 17177.0(5)
(NaF:UF4) = (0.33:0.67) 17170.5(5) 17176.1(5)
(KF:UF4) = (0.50:0.50) 17170.7(5) 17176.5(5)
(KF:UF4) = (0.33:0.67) 17171.2(5) 17176.2(5)
(CsF:UF,) = (0.75:0.25) 17171.2(5) 17176.1(5)
(CsF:UF4) = (0.50:0.50) 17171.2(5) 17176.1(5)
(CsF:UF4) = (0.33:0.67) 17170.9(5) 17175.7(5)
Comparison with samples of Kegler et al. [23] (UO3, schoepite) and Bohler et al. [8] (U30g), RT.
uo, 17169.3(5) 17177.72(5)
schoepite 17175.5(5) 17179.73(5)
Us30g 17171.7(5) 17180.9(5)

Samples are at high temperature, unless otherwise labeled with room temperature (RT).
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NEW INSIGHTS AND COUPLED
MODELLING OF THE STRUCTURAL
AND THERMODYNAMIC PROPERTIES
OF THE LIF-UF, SYSTEM

Jaén A. OCADIZ FLORES, Aimen E. GHERIBI, John VLIELAND,
Kathy DARDENNE, Jorg ROTHE, Rudy J.M. KONINGS, Anna
Louise SMITH

LiF-UF, is a key binary system for molten fluoride reactor technology, which has not been
scrutinized as thoroughly as the closely related LiF-ThF,4 system. The phase diagram equi-
libria in the system LiF-UF, are explored in this work with X-ray diffraction (XRD) and
differential scanning calorimetry (DSC). The short-range ordering in the molten salt so-
lution is moreover surveyed with Extended X-ray Absorption Fine Structure spectroscopy
(EXAFS) and interpreted using a combination of standard fitting of the EXAFS data and
Molecular Dynamics (MD) simulations with a Polarizable lon Model (PIM) potential. The
density, excess molar volume, thermal expansion, heat capacity, and enthalpy of mixing
are extracted from the MD simulations across a range of temperatures and compositions;
the behavior is non-ideal, with reasonably good agreement with the experimental data.
Also calculated is the distribution of heteropolyanions in the liquid solution, and mod-
elled using the quasi-chemical formalism in the quadruplet approximation taking into
account the existence of the single-shell complexes [UF;S’ , [UFgs' , and the dimeric

This chapter has been published in its entirety in Journal of Molecular Liquids 331 (2021), 115820 [54].
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species [UaF14S . Subjecting the optimization of the excess Gibbs energy parameters of
the liquid solution to the constraints of the phase diagram data and local structure of
the melt as derived from the EXAFS and coupled MD simulations, a CALPHAD-type as-
sessment is proposed, linking structural and thermodynamic properties, with a rigorous
physical description of the melt.
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5.1. INTRODUCTION

The Molten Salt Reactor (MSR) is a type of nuclear reactor whose main characteristic is
a fuel in the liquid state that also serves as the primary coolant: a stream of molten fluo-
rides or chlorides. The reactor was originally conceived as a candidate engine to power
aircraft in the Aircraft Reactor Experiment (ARE) [8], designed, built and operated by Oak
Ridge National Laboratory (ORNL) in the 1950’s. Later, the potential of such reactors as
a civilian power source was recognized and demonstrated during the Molten Salt Reac-
tor Experiment (MSRE), also in ORNL in the 1960’s [33]. More recently, the Generation
IV International Forum, a group of fourteen member countries pursuing research and
development for the next generation of nuclear reactors, has selected the MSR as one of
six key nuclear energy systems to replace the current fleet of Generation II Light Water
Reactors [29].

The LiF-UF, system was a key component of the MSRE fuel (“LiF-BeF,-ZrF,-UF,) [75],
and its phase diagram was investigated as part of the original research effort at ORNL by
Barton et al. in 1958 [4]. Many years later, in 2010, a CALPHAD (Calculation of PHase
Diagram) [51] thermodynamic model of the binary system was optimized based on the
experimental data from ORNL using a modified quasi-chemical model in the quadru-
plet approximation to describe the liquid solution [5]. This system is also critically im-
portant in the proposed fuel of future reactors, such as “LiF-ThF4-233UF, for the Molten
Salt Fast Reactor (MSFR) [23], LiF-BeF,-ThF,-UF, for the liquid-fueled thorium molten
salt reactor (TMSR-LF) [21], and the ThorCon reactor which aims to be a scale-up of the
MSRE [42]. Despite this, there have been no more phase diagram data gathered since
1958 to compare with the original measurements, as it has been done extensively for
other systems, e.g. LiF-ThF, [15].

This work gives new insights into the phase equilibria of this key system using Differen-
tial Scanning Calorimetry (DSC) combined with X-ray Diffraction (XRD) measurements.
In a wider effort to understand the structure of molten (Li,U)Fy salt and its relationship
with macroscopic thermodynamic (and transport) properties which are highly relevant
for reactor design and operation, in-situ high temperature Extended X-ray Absorption
Fine Structure (EXAFS) spectroscopy measurements of the system are performed for the
first time at high UF, content. They are furthermore interpreted with the help of Molec-
ular Dynamics (MD) simulations, which have proved throughout several years already
to be an invaluable tool for characterizing the thermo-physical and thermo-chemical
properties of molten salts [52], [40], [26], [35]. The structural information obtained from
the EXAFS data, interpreted and extended to a wider range of temperatures and compo-
sitions using MD, is ultimately linked to the phase diagram equilibria and excess ther-
modynamic properties. Using both experimental and simulated data as input, a cou-
pled structural-thermodynamic model is developed using an advanced modified quasi-
chemical model in the quadruplet approximation, with a formalism similar to the recent
assessment of the LiF-BeF, system [71].
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5.2. EXPERIMENTAL METHODS

5.2.1. REAGENT PREPARATION AND HANDLING

The purity of LiF (ultra-dry from Alfa Aesar, 0.9999 0.0001 mass fraction purity) and
UF, (International Bio-Analytical Industries, 0.9999  0.0001 mass fraction purity) re-
ported by the suppliers correlated well with X-ray diffraction (XRD) and Differential Scan-
ning Calorimetry (DSC) tests. LiF has a white color while UF, is green, and both were
handled in either powder or pressed pellet form. The experimental compositions re-
ported hereafter were prepared by mixing either powder or pellet fragments of the pure
salts in the required stoichiometric ratios. As fluoride salts are highly sensitive to water
and air, handling and preparation of samples took place inside the dry atmosphere of an
argon-filled glove box, where H,O and O, content were kept below 5 ppm.

The DSC heat flow signal for both LiF and UF, showed only one event assigned to
the melting point, and no other thermal events that could be attributed to impurities.
The measured onset temperatures, after correction for the effect of the heating rate, are
in good agreement with the literature: (1118 5 K) and (1306 5 K), respectively, vs.
1121.3 K (LiE [16]), and (1307.9  3.0) K (UFy, [73]).

5.2.2. SYNTHESIS

The samples whose X-ray diffraction patterns are shown in this work were prepared by
grinding powder mixtures, and heating them above melting temperatures inside a closed
stainless steel crucible with a nickel liner in a tubular furnace under argon flow, with
slow cooling, typically 2 K min !, to allow for a good re-crystallization. The specific
conditions for each sample are given below in Table 1.

Table 1: Synthesis conditions

Starting reagents?® Ramp Hold® Cooling  Composition®

Kmin ! K min K min !
(LiF:UF4) = (0.877:0.123) 10 1350,30 2 LisUF7 + LiUF5
(LiF:UFy) = (0.75:0.25) 10 1350,30 2 LiUFs5 + LiyUFg + UF3
(LiF:UF,) = (0.5:0.5) 10 1350,30 2 LiUFs5
(LiF:UF,) = (0.2:0.8) 10 1350,30 2 LiUF5 + LiU4F;7 + UF3

a Standard uncertainty on the composition of the starting reagents was u(X(UF4)) = 0.005.
b Standard uncertainty uis u(T) = 15 K.
€ As determined by XRD.

5.2.3. POWDER X-RAY DIFFRACTION

X-ray powder diffraction (XRD) data were collected at room temperature (T =293 5
K) using a PANalytical X'Pert PRO X-ray diffractometer and a Cu anode (0.4 mm x 12
mm line focus, 45 kV, 40 mA) by step scanning at a rate of 0.0104 ° s ! in the range
10°<2p<120° in a Bragg-Brentano configuration. The X-ray scattered intensities were
measured with a real time multi strip (RTMS) detector (X’Celerator). The samples were
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measured inside a sealed sample holder, with kapton foil cover, maintaining the dry ar-
gon atmosphere of the glove box. Structural analysis was performed with the Rietveld
and LeBail methods using the FullProf suite [66].

5.2.4. DIFFERENTIAL SCANNING CALORIMETRY

3D-heat flow DSC measurements were performed using a Setaram Multi-Detector HTC
module of the 96 Line calorimeter under argon flow at a pressure of (0.10  0.005 MPa).
All samples were placed inside a nickel liner and encapsulated for the calorimetric mea-
surements inside a stainless steel crucible closed with a screwed bolt as described in [6]
to avoid vaporization at high temperatures. All measurement programs started with one
heating cycle reaching 1398 K and held at that temperature for 300 s (i.e. around 90 K
above the fusion temperature of UF4 as measured at 10 K min ! heating rate) to ensure
complete mixing of the end-members and attainment of the equilibrium state. In gen-
eral, this first cycle was followed by three successive heating cycles with a heating rate
ranging between 4 to 10 K min !, and 20-15-10-5K min ! cooling rates.

A series of interconnected S-types thermocouples were used to record the sample
temperature throughout the experiments. The temperature on the heating ramp was
calibrated by measuring the melting points of standard high purity metals (In, Sn, Pb,
Al, Ag, Au), following the procedure described in [36], [14], thereby ensuring the mea-
sured temperatures can be translated to the International Temperature Scale (ITS-90).
The temperature on the cooling ramp was obtained by extrapolation to 0 K min ! cool-
ing rate. The melting temperature of pure compounds and transition temperatures of
mixtures were derived on the heating ramp as the onset temperature using tangential
analysis of the recorded heat flow, while the liquidus temperature of mixtures was taken
as the peak extremum of the last thermal event as recommended in [10]. The data mea-
sured on the cooling ramp were not retained for the phase diagram optimization due
to the occurrence of supercooling effects, but were used to help data interpretation and
identification of transition events. The uncertainty on the measured temperatures is es-
timated to be 5 K for the pure compounds and 10 K for mixtures.

5.2.5. HIGH-TEMPERATURE EXAFS MEASUREMENTS
EXAFS measurements were performed at the INE beamline [67] of the KARA synchrotron
facility (Karlsruhe, Germany), with 2.5 GeV and 150-170 mA as operating conditions in
the storage ring. The beamline uses a Ge(422) double-crystal monochromator (DCM).
Rh-coated mirrors collimate and focus the beam with spot size 300 m 500 m at the
sample position. Samples were probed at the U L3 edge (17.166 keV), scanning from
17.14to  17.77 keV. Transmission and fluorescence yield detection mode (recording
the U-Lg fluorescence line by two silicon drift detectors) were applied simultaneously.

A dedicated experimental set-up, described in detail in [72], designed and built to
operate at the INE beamline was used for the measurements. The set-up consists of
a purpose-designed furnace inside a custom-made glovebox filled with nitrogen atmo-
sphere. The samples (8-20 mg) were prepared in the inert atmosphere of a purified-
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argon glovebox by mixing and grinding stoichiometric amounts of LiF and UF, end-
members, and then pressing pellets of thickness less than 100 m by applying a pressure
of 10 tons cm 2. The prepared pellets were sealed in a pre-dried boron nitride contain-
ment cell and loaded into the furnace chamber which was evacuated downto 210 °
mbar to avoid reaction of the salts with residual oxygen or water.

The EXAFS data were collected 50 K above liquidus temperature (as calculated from the
CALPHAD model of Benes et al. [5]). Short scans were made during the heating ramp to
detect the melting of the material. The temperature was ramped up to the melting point
of LiF and held for about 15 min to ensure complete melting and homogenization. The
temperature was subsequently adjusted to a set value 50 K above liquidus. In addition,
an equilibration time of 15-30 min was employed at the set temperature before collect-
ing the data to ensure the signal had stabilized.

Each scan took close to 30 min, and three to four scans were accumulated to be aver-
aged. A step size of 0.8 eV was used in the XANES region. The energy E of the edge
absorption threshold position was identified as the first node of the second derivative
of the signal. Prior to averaging, the spectra were aligned with the XANES spectrum of
a reference yttrium (K edge = 17.0384 keV) foil, located between the second and third
ionization chambers and measured concurrently with the sample. EXAFS data were col-
lectedup to  12.5 A, and were Fourier transformed using the Hanning window over the
k-range 3-9 A ! (dk = 2). Data treatment (normalization and extraction) of the raw XAS
data was done with ATHENA software [65], version 9.25.

5.3. MOLECULAR DYNAMICS SIMULATIONS

MD simulations were performed for all compositions measured by EXAFS at the corre-
sponding experimental temperatures, i.e 50 K above the liquidus equilibrium. In addi-
tion, the entire composition range was studied in intervals of 0.10 X(UF,), at tempera-
tures in the 900-1400 K range (Tab. 3). The form of the potential used for the study of this
molten salt system is the Polarizable Ion Model (PIM) with the general form suggested
by Salanne et al. [69]. It has been chosen because it has already shown its usefulness in
the study of several molten salt systems such as as alkali fluoride mixtures [69], LiF-BeF,
[35], [68], AF-ZrF, (A = Li, Na, K) [60], and LiF-ThF, [25]. The potential has four contri-
butions with functional forms given in Eq. 5.1 to 5.5: charge-charge (Eq. 5.1), dispersion
(Eq. 5.2), overlap repulsion (Eq.5.4) and polarization (Eq.5.5).

¢ Charge-charge:

diqj
rij

VqqPrijQ (5.1)

ij
where g denotes the ionic formal charges.

¢ Dispersion:
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where C isj fri jgis the dipole-dipole dispersion coefficient and C iBJ. pri;jqis the dipole-
quadrupole dispersion coefficient, while fiE} prijgand fi% prijgare Tang-Toennies
dispersion damping functions; they are short-range corrections to the asymptotic
multipole expansion of dispersions [74]:

n n . .
bijrij * i o

fi’}qu 1 e o (5.3)
k 0
This work only consider dipoles and quadrupoles.
¢ Overlap repulsion
VeepPrijd  Ajje i (5.4)
i
Here A;j and a;j are fitting parameters.
* Polarization
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In the equation above, T(glq is the charge-dipole interaction tensor, qu is the
dipole-dipole interaction tensor, ®; is the polarizability of ion i, and * ; is the set of
dipoles, while gjj rj;gis a damping function similar to Eq. (5.6):

i

Kl (5.6)

gijrijq 1 Cije Piifii
k 0

The parameters were derived in a semi-classical approach from ab initio calculations
by Dewan [25] and validated by comparing the data from simulations with experimental
data on the phase diagram, density, viscosity, electrical conductivity, thermal conductiv-
ity, and heat capacity [25]. For completeness they are listed in Table 2:

The systems were equilibrated for 500 ps in the NPT ensemble at 0 GPa and the cor-
responding temperature 50 K above the liquidus (Table 8), from which the equilibrium
volume was taken. This was followed by a 100 ps equilibration and finally a 500 ps pro-
duction run in the NVT ensemble at the same temperature. Time steps in all runs were




5. NEW INSIGHTS AND COUPLED MODELLING OF THE STRUCTURAL AND
136 THERMODYNAMIC PROPERTIES OF THE LIF-UF, SYSTEM

Table 2: Parameter values for LiF-UF4 PIM potential, with values in atomic units [25].

lonpair  Aij ay Gy Gy by bf b o

F -F 2823 2440 150 1500 1.9 19

F -U* 70.623 1.666 38.7 3870 19 1.9 bP,=b0=17516 c2,=1.8148 cJ. =0.84905%
F -Li 188 197 122 122 19 19 bp,=1834 cp; =133 -

ut -ut 10 50  100.0 1000.0 19 1.9

U* -Li 1.0 50 316 316 1.9 19 PbJ,=100 PcD  =0.001 -

Li -Li 1.0 50 010 1.0 19 1.9

The polarizabilities of F  and U% were set to 7.8935 au and 5.8537 au, respectively. Li  is considered to be non-polarizable.
@Modified from cJ - = -0.84905 in Ref. [25].
PNot defined in [25], set arbitrarily.

set to 0.5 fs, while the relaxation time for both the Nosé-Hoover thermostat and baro-

B stat (for the NPT run) was set to 10 ps. The cubic simulation cell contained 600-800 ions
in periodic boundary conditions. Cut-offs for the real space part of the Ewald sum and
short-range potential were both set to half the length of the cell. Simulations at higher
temperatures and different compositions were also performed; they are summarized in
Table 3. In this case, the NPT rus was 500 ps, and the NVT production run 500 ps to 2.5
ns.

5.4. THERMODYNAMIC MODELLING

Optimizations of the thermodynamic model for the LiF-UF, system was done accord-
ing to the CALPHAD (CALculation of PHase Diagram) method [51] as implemented in
the Factsage software [3]. To carry out such an optimization, the identity of the phases
present in the system of interest must be known, as well as their respective Gibbs energy
functions.

5.4.1. PURE COMPOUNDS
The Gibbs energy function of a pure compound is given by:
» T » T
Cp,mPT
p,mp q aT

Gprg ¢¢H2®98q S298qT CompPTdT T
298

5.7
298 T

where ¢  H2 298qis the standard enthalpy of formation, S2,[298qis the standard abso-
lute entropy, both evaluated at a reference temperature, in this case 298.15 K (throughout
this work 298 will be understood to mean 298.15 K for simplicity), and Cp, , is the isobaric
heat capacity expressed as a polynomial:

CpmPlg a bT c¢T? dT ? (5.8)

with more terms added if necessary.
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Table 3: Simulation conditions

Composition / X(UF4)  Nys N NEe Ntotar T/K NPT /ns NVT?/ns
0.25 72 216 504 792 831 0.5 0.5
0.50 114 114 570 798 1040 0.5 0.5
0.67 132 66 594 792 1216 0.5 0.5
0 0 400 400 800 900-1400° 0.5 25
0.025 401 1 397 799 1121,1400 0.5 0.5
0.104 36 310 454 800 900-1400° 0.5 2.5
0.211 64 240 496 800 900-1400° 0.5 2.5
0.296 82 195 523 800 900-1400° 0.5 2.5
0.400 100 150 550 800 900-1400° 0.5 2.5
0.513 116 110 574 800 900-1400° 0.5 25
0.597 126 85 589 800 900-1400° 0.5 25
0.715 138 55 607 800 900-1400° 0.5 2.5
0.807 146 35 619 800 900-1400° 0.5 2.5
0.911 154 15 631 800 900-1400° 0.5 2.5
1 160 0 640 800 900-1400° 0.5 2.5

aNVT equilibration time was 0.2 ns in all cases.
bThe temperatures were: 900, 1000, 1121, 1300, and 1400 K wherever 900-1400 K is indicated.

In this work, the Neumann-Kopp rule [49] was used to approximate heat capacities
of intermediate compounds in the absence of experimental data. The thermodynamic
data for all compounds in this study are listed in Table 1. The data for both solid and
liquid LiF and UF, were taken from [16] and [45], respectively. The standard enthalpy of
formation and standard entropy at 298.15 K of the intermediate compounds were opti-
mized to closely match phase equilibrium data.

5.4.2. LIQUID SOLUTION

All excess Gibbs energy terms of the liquid solution presented here have been modelled
using an advanced modified quasi-chemical model akin to the one recently reported
for the LiF-BeF, system [71]. The modified quasi-chemical model proposed by Pelton
et al. [61] is particularly well adapted to describe ionic liquids such as in the present
system, as it allows to select the composition of maximum short-range ordering (SRO) by

. . . _ . . . A B
varying the ratio between the cation-cation coordination numbers Z (FF and Z (FF

(fluorine is in this case the only anion present). The quadruplet approximation assumes
a quadruplet, composed of two anions and two cations, to be the basic unit in liquid
solution, and the excess parameters to be optimized are those related to the following
second-nearest neighbor (SNN) exchange reaction:

PA F AgpB F BqYN2pA F Bg Cgn(r (5.9)
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Table 4: Thermodynamic data for end-members and intermediate compounds used in this work for the phase diagram assessment: ¢  H5, (298 K)/ (k] mol ; S5, (298

K)/(JK ! mol J‘ and heat capacity coefficients Cpm(T/K)/J K ! mol J, where Com(T/K)=a+ bT+cT?2+dT 2. Optimized data are shown in bold.

Compound ¢ ¢HS (298K)/ S% (298 K)/ Com(T/K/JK "mol H=a+bT+cT?+dT 2 Reference
(kJ mol 1) JK 'mol 1) a b c d

LiF(cr) -616.931 35.66 43.309 1.6312 10 2 5.0470 10 7 -569124  [16]

LiF() -598.654 42.962 64.183 [16]

UF,(cr) -1914.200 151.7 114.5194  2.0555 10 2 -413159  [45]

UF4(1)2 -1914.658 115.4 174.74 (45]
LisUFg(cr)  -4345.920 357.55 287.75532 8.5804 10 2 2.0188 10 ® -2689653 This work, [5]
Li3UF;(cr)  -3776.464 258.68 244.44634 6.9491 10 2 1.5141 10 ® -2120530 This work
LiUFs(cr)  -2542.591 187.4 157.8284  3.6867 10 2 5.0470 10 7 -982283  This work
LiU,F7(cr)  -8292.061 644.7 501.38658 9.8532 10 2 5.0470 10 7 -2221760 This work

aUF4 (1) is modelled as a [Uy | F4()-Uy | F4 (D-Uyry v sFs (D] mixture with mm

vinvinsFa

O

=140
25Uy x v sFapig

+150000 J mol

1
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where the fluoride anions are represented by F, and A and B denote the cations. ¢ g g (¢
is the Gibbs energy change associated with the SNN exchange reaction, and has the fol-
lowing form:

o > i0 R > 0j A
COns{F  ®pg(r » 9as{rPaB(F v gAB{FABA{F (5.10)
i¥1 j¥1

where ¢ g XB (F andg 'AJB (F e coefficients which may or may not be temperature-dependent,

but which are independent of composition.
The dependence on composition is given by the AAB{F terms defined as:

A Xan (5.11)
AB{F Xaan Xas XgB ’

where Xaa, Xgg and X ag represent cation-cation pair mole fractions.

The anion coordination number is finally fixed by conservation of charge in the quadru-

plet:
2
AQA BQB FQF (5.12)
Z Z Z
AB{FF AB{FF AB{FF

F

AB{FF is the anion-anion coordina-

where q; are the charges of the different ions, and Z

tion number, in this case fluorine-fluorine.

Despite its usefulness, the thermodynamic model just outlined does not account for the
formation of molecular species or heteropolyanions in the melt. As will be discussed
at length in the following sections, (Li,U)F is not a solution in which cations and an-
ions are completely dissociated. UF, is a Lewis acid and accepts fluorine anions from
LiE a Lewis base. The solution, as UF, is added to LiF, is formed by discrete coordina-
tion complexes which link to each other as soon as their number density is high enough,
forming dimers, trimers, and "polymers’ (see Figs. 5.10a, 5.10b). In order to capture this
structural evolution and provide a more accurate description of the chemical speciation
in the melt, a coupled structural-thermodynamic model comparable to the one recently
reported for the LiF-BeF; system [71] was adopted. The key distinction made by Smith
et al. [71], was to introduce quadruplets which not only include Be? , but also Be‘zl ,
Beg , assigning them coordination environments 4, 7, and 10, respectively. That is, the
authors effectively included monomers, dimers, and trimers, choosing suitable compo-
sitions of maximum short-range ordering for each one. In this work, two distinct cations
were taken into account, with coordination numbers 7 and 8 (which dominate the dis-
tribution of [UF,]* X complexes as shown in Section 5.6.2), as well as a 14-coordinated

. . . . ) 4 8
cation (the most abundant according to MD simulations): Urv e Urv s U2rX s The

cation-cation coordination numbers, shown in Table 3, were chosen to reflect the com-
positions of maximum SRO in the neighbordhood of X(UF,) = 0.20 (LiyUFg), and X(UF,)
=0.25 (Li3UF7, "LigU2F14").

The choice of assigning every species with two or more bridged U*  centers to the dimer
distribution was motivated by the need to keep fitting parameters from being too nu-
merous to have a practical model, while still retaining a rigorous structural description.
In this regard, the need to reflect more than one coordination number in the first shell
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surrounding U* , which is such a salient feature of the (Li,U)F, melt, motivated the in-
clusion of two distinct monomers. Ultimately, pure UF,p qis modelled as a solution
of dimers. To do so, the reactions %UZTXIVSF8pq Uy 1sF4Pgand %UZTXIVSFBqu
U,y 111sF4plgwere constrained by the following Gibbs energy expressions (respectively,
Eq. 6.21, 6.22):

1 o

0 — 1
U,y 1 1Fapq ngzrmeap'q 150000J mol (5.13)

1
0 1.0 1
90 1eFipa 3 %0syweFopg 1500003 mol (5.14)

The value of 150000 J mol !is an arbitrary term to destabilize the monomers, in-
sofar as it allows to reproduce the melting point (1307.8 Kvs. (1307.9  3.0) K [73]) and
the enthalpy of fusion of UF, (45 kJ mol ! vs. 46.986 k] mol ! [27]).

Table 5: Cation-cation coordination numbers of the liquid solution.

A B ZﬁB{FF ZE\B{FF
Li Li 6 6
?VIIS UIZ}VIIS 6 6
U:‘1VIIIS U:‘1VIIIS 6 6
UngIVS UngIVS 6 6
?VIIS UIZ}VIIIS 6 6
rvils UngIVS 6 6
U:‘lVIIIS UngIVS 6 6
Li Ul s 2 6
Li Ul s 15 6
Li UngIVS 1 6

In the modified quasi-chemical model, interpolation to higher order systems is either
symmetric or asymmetric, the choice depending on the similarity of the components
between each other in a sublattice [62]. In the (Li,U)Fy solution, the uranium cations
are taken to be symmetric with respect to each other, while the smaller, monovalent,
non-polarizable Li is taken to be the asymmetric component. Thus, the virtual ternary
systems {LiF + Uy, sFa + Upyy sFa }, {LiF + Uy sFa + UzFg }, and {LiF + Uy, sFa +
UyFg } are asymmetric, while {Uyy | sF4 + Uyy 1 sF4 + U2Fg } is symmetric. Then for each
quadruplet, the composition dependence (Eq. 6.19) expressed as a function of cation-
cation pair mole fraction is:

o Xt

Al JFF Al dFF ALius(rr (5.15)

A B XAB{F,
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AUrV”sLi{FF AUrV”,SLi{FF AUgLi{FF

XUy isUnviis - XUninsYrvins Z(UZQZ XU niUnvins XUpynUz XUy a0z

A B XAB{F.
o o

Note that the denominator 5 g Xg(f, adds to 1 in the {LiF + "UF;"} system.

Having established the composition dependence, the optimized excess Gibbs energy
parameters of the binary liquid solution in the LiF-UF, system are shown in Eq. 6.24-
6.26. The parameters were optimized based on the complex anion distribution as calcu-
lated with MD (see Figs. 5.15a, 5.15b) and phase diagram equilibria points of the liquidus
(see Fig. 5.14).

COLiu,, {FF 59500 p 2600 0.4 TeA,y  red mol ! (5.16)

COLiu,, (FF 59500 p 2600 03 TAA,y red mol ! (5.17)

A A 1
chiUZI'XIVS{FF 32000 p 1000 0.8 TqALiUZfXIVS{FF 26 TA{JZI’XIVSLi{FF J m0|
(5.18)

5.5. BRIEF REVIEW OF LITERATURE DATA ON THE LIF-UF, SYS-

TEM

Barton et al. [4] was the first to produce a sketch of the LiF-UF, phase diagram in 1958,
shown in Fig. 5.1. The authors used a combination of i) thermal analysis, namely ex-
amination of cooling curves, ii) quenching of samples after equilibration, iii) differen-
tial thermal analysis, and iv) visual observation methods coupled with XRD. The au-
thors identified three incongruently melting compounds: LiUFg (Tperitectic = 773 K),
LizUgF31 (Tperitectic = 883 K), LiUsgF17 (Tperitectic = 1048 K) and a single eutectic at T =
763 K, X(UF4) = 0.27. The features of the diagram are summarized in Table 6. Besides
the stable phases, a meta-stable, so-called "X-phase" was detected by them and hypoth-
esized to be Li3UF-.

A few years later Weaver et al. [78] studied the LiF-ThF,-UF, system and reported no
ternary compounds but four solid solutions, amongst which was Liz(Th,U)F;. In 2010,
the binary system was optimized by Benes et al. [5] based on the experimental data from
Barton et al. [4] using a modified quasi-chemical model in the quadruplet approximation
to describe the liquid solution. The optimization included Li;UgF3; instead of LiUF5 and
did not consider LisUF; as a phase in the binary system, but did model the Li3(Th,U)F-
solid solution. Hereafter is a discussion of the findings in this work compared to the
phase diagram as reported by Barton et al.
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Figure 5.1: The system LiF-UFy as reported by Barton et al.[4]. Reproduced with permission from Wiley and
Sons.
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5.6. RESULTS AND DISCUSSION

5.6.1. PHASE DIAGRAM STUDIES IN THE LIF-UF, SYSTEM

LiyUFg

Barton et al. [4] reported quite a narrow range of stability for Li;UFg, i.e. from 743 K to
773 K (Fig. 5.1). Our attempts to quench a pure sample of composition Lis UFg were un-
successful. Nevertheless, it was found in combination with LiUF5 and UF3 impurity in
an attempt to isolate Li3UF7; LiyUFg has orthorhombic symmetry and belongs to space
group Pnma as identified by Brunton [11]. The diffractogram of this three-phase mixture
with its LeBail refinement is shown in Figure 5.2.

In another synthesis attempt, at composition X(UF,) = 0.123 (diffractogram shown in
Fig 5.3), LiyUFg was not observed anymore, in agreement with the phase equilibria re-
ported by Barton et al. [4].

Figure 5.2: Diffractogram of the LiUF5-Lig UFg mixture, X(UF4) = 0.25. Comparison between the observed
(Yops, in red) and calculated (Y4, in black) X-ray diffraction patterns. Yo - Yca)c, in blue, is the difference
between the experimental and calculated intensities. The Bragg’s reflection angular positions are marked in
blue (LiUFs5), red (Li4UFg), and green (UF3).

LisUF~,

Upon quenching samples with compositions ranging from X(UF4) = 0.2 to 0.32 from
above the solidus temperature, Barton et al. [4] observed a crystalline phase with a diffrac-
tion pattern they could not match with the established phases in the system. The authors
simply designated it as X-phase and concluded that it was metastable, since it formed
only during certain cooling conditions. In particular, it formed when the mass of the
samples was large, but not when optimal quenching conditions (small masses) were
used. They suggested 3LiF UF, to be the stoichiometry of the X-phase. As mentioned
above, an attempt to synthesize the Lis UF; phase in this work resulted in the quenching
of the high temperature phase Lis UFg along with LiUFs, as well as a UF3 impurity, prob-
ably due to reduction from the nickel liner. Yet in an attempt to ascertain whether or
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not LiyUFg is stable down to room temperature, LiUF5 could be identified as expected,
but interestingly, the other crystalline phase belonged to the same space group as one of
the known phases of Li3 ThF7 [18], P4/ncc (Fig. 5.3). Thus the hypothesis that Liz UF; was
the identity of the X-phase appears to be correct, as well as its metastability given the
absence of the line compound at the composition where it should have formed, X(UF,)
=0.25 (Fig.5.2).

Figure 5.3: Diffractogram of the LiUF5-Li3UF; mixture, X(UF4) = 0.123. Comparison between the observed
(Yops, in red) and calculated (Y, 4, in black) X-ray diffraction patterns. Ygpg - Ycajc, in blue, is the difference
between the experimental and calculated intensities. The Bragg’s reflection angular positions are marked in
blue (LiUFs5), and red (Li3UF7).

LIUF;5

Barton et al. [4] reported the line compound Li;UgF3; to be stable, guessing the sto-
ichiometry based on the existence of Na;UgF3; and K;UgFs;. Discrepancies between
the density obtained from the mass of two formula units and the proposed cell param-
eters [31], and that obtained from measurements raised doubts about the validity of the
7:6 stoichiometry, however. The mismatch between the crystal sytem and space group
of the putative phase Li;UgF3; (tetragonal, 14;/a) and A7UgF3; (A = Na, K) (trigonal, R3)
raised further concerns. Addressing these doubts, Brunton [12] later showed that the
correct formula is LiUF5. More recently Yeon et al. also grew LiUFs5 crystals in a hy-
drothermal environment [41]. In this work, a sample of high purity LiUFs (space group
141/a) could be crystallized from a melt with composition X(UF4)=0.5 (Fig. 5.4). LiUFs
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was thus included in the thermodynamic model and it is recommended that molten salt
databases use this compound rather than Li;UgFs;.

Figure 5.4: Diffractogram of LiUF5, X(UF4) = 0.5. Comparison between the observed (Yyps, in red) and cal-
culated (Y¢g4)¢, in black) X-ray diffraction patterns. Yyps - Yca)¢, in blue, is the difference between the experi-
mental and calculated intensities. The Bragg's reflection angular positions are marked in blue.

LiU4F7

No crystal structure determination could be found in the literature for either LiU4F;7 or
LiThyF;7, and there were no thermal-analysis data collected by Barton et al. [4] in the
vicinity of X(UF4)=0.8. However, the calorimetric measurements reported in the LiF-
ThF, system [15] support the existence of such a phase, as do the DSC data collected
in this work, listed in Table 7. Furthermore, Cousson and Pages [19] were able to pre-
pare crystals of LiAnyFy7 (An = Th, U), of tetragonal symmetry, and narrowed down the
possible space groups of the compounds to three: 14/m, 14, or I4. Unfortunately LiU4F;7
could not be isolated as a pure phase material in the present work, but a sample with
composition X(UF,) = 0.80 yielded a phase which could not be attributed to either LiUF5
(which also precipitated in the sample), or UF,, as would be the case if LiU4F;7 did not
exist. With the aid of a LeBail refinement, it could be established that amongst the space
groups suggested by Cousson and Pages, 14 is the most likely one, as it resulted in the
best fit to the data, shown in Figure 5.5. Note that there is a third phase in the refine-
ment, again identified as UFs3.
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B Figure 5.5: XRD pattern of a sample with composition X(UF,) = 0.8. Three phases contribute to the pattern:

LiUF5 (Bragg'’s reflection angular position marked in blue), LiU4F;7 (red), and UF3 (green). Comparison be-
tween the observed (Yqps, in red) and calculated (Y¢4)c, in black) X-ray diffraction patterns. Ygps - Yeaic, in
blue, is the difference between the experimental and calculated intensities.

DSC MEASUREMENTS

The equilibria data in LiF-UF, were investigated in this work with DSC, with good agree-
ment with the equilibria reported by Barton et al. [4]. The invariant equilibria as reported
by the authors is compared to those calculated and measured in the present work, Ta-
ble 6. The calorimetric measurements are presented in Table 7, and overlayed with the
calculated phase diagram in Fig. 5.14 (N, red).

Table 6: Invariant equilibria in the LiF-UF, system.

Equilibrium Invariant reaction This study (calc.) DSC equilib. Barton et al. [4]
X(UFy) T/K X(UFy)? T/K X(UF4)°®  T/KY
Eutectoid LiyUFg = LiF + LiUF5  0.20 750 0.20 755 2 0.20 743
Peritectic LiyUFg = LiF + L 0.257 766 - 761 1 0.26 773
Eutectic L=LiyUFg + LiUF5 0.263 758 0.27 762 4 0.27 763
Peritectic® LiUF5 = LiU4F;7 + L 0.396 879 - 877 7 0.4 883
Peritectic LiU4F17 = UF4 + L 0.568 1044 - 1044 20 0.57 1048

aStandard uncertainties u are u(X(UF4))) = 0.05.

bGlobal average of the experimental runs appearing in Table 7.
¢Standard uncertainty u reported by the authors: u(X(UF4))) = 0.01.
dStandard uncertainty u reported by the authors: uare u(T) =1 K.

€ Authors mention phase Li;UgF3; instead of LiUFs, see Section 5.6.1.
bMeasurements done at (0.10 ~ 0.005) MPa.
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Table 7: Equilibrium data in the LiF-UFy system as measured in this work by DSC.

X(UFy)? T/KP  Equilibrium Equilibrium reaction
0.000 1118 LiF congruent melting LiF=L

0.094 753 Eutectoid LisUFg = LiF + LiUF5
0.094 761  Peritectic LiyUFg = LiF + L1
0.094 1074  Liquidus LiF+L1=L

0.2 756 Eutectoid Li4yUFg = LiF + LiUF5
0.2 762 Peritectic Li;UFg = LiF + L1
0.27 770 Eutectic LiyUFg + LiUF5 = L
0.329 762 Eutectic LiyUFg = LiF + LiUF5
0.329 830  Liquidus LiUFs + L1=L

0.399 760 Eutectic LisUFg = LiF + LiUF5
0.399 881 Peritectic LiUF5 =L + LiU4F;7
0.445 761 Eutectoid LisUFg = LiF + LiUF5
0.445 878 Peritectic LiUF5 =L + LiU4Fy7
0.499 759 Eutectic L =LiUF5 + LiyUFg
0.499 882 Peritectic LiUF5 =L + LiU4F;7
0.499 1060  Liquidus L1+ LiUF7 =L
0.602 758 Unknown -

0.602 875 Peritectic LiUF5 =L + LiU4Fy7
0.602 1026  Peritectic LiU4F;7 =UF4 + L
0.642 872 Peritectic LiUF5 =L + LiU4F;7
0.642 1092  Liquidus UFs + L1

0.717 867 Peritectic LiUF5 =L + LiU4F;7
0.717 1095 Liquidus UF, + L1

0.804 1057  Peritectic LiU4F;7 =UF4 + L
0.804 1222 Liquidus UF, + L1

0.876 1031  Peritectic LiU4F;7 =UF4 +L
0.876 1263  Liquidus UF,+LL:L

1.000 1306 Congruent melting UF;=L

aStandard uncertainties u are upX pJ F4qc 0.005.
bStandard uncertainties u are u(T)= 5 K for the pure end-members, u(T)= 10 K for mixtures.
The pressure was (0.10  0.005) MPa.

5.6.2. LOCAL STRUCTURE OF THE (L1,U)Fy MELT

EXAFS SPECTRA AND CHARACTERIZATION OF THE LOCAL STRUCTURES

The local structure characteristics of molten (Li,U)Fyx salt were studied as a function of
composition with three samples with increasing UF, content: X(UF,4) = 0.25, 0.50, 0.67.
Their k?Apkq spectra are shown in Figs. 5.6a-5.8a, accompanied by the corresponding
Fourier transform moduli in Figs. 5.6b-5.8b. In all figures the experimental data are com-
pared with the results obtained from our MD simulations (red). These were computed
by using the Cartesian coordinates of the ions in the NVT production runs as input for
the FEFF8.40 code [2] and averaging over 25000 configurations. The resulting EXAFS
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signal could then be directly compared to the experimental one. Additionally, fits were
calculated using the standard EXAFS equation [48] without cumulants (blue). Four pa-
rameters were refined during the fitting process with the standard EXAFS equation: the
energy shift from the L3 edge (¢ Eg), Debye-Waller factor (¥7), the expected U-F distance
E[Ry fl, and the coordination number (CN). They are listed in Table 8.

Even though fitting of the EXAFS equation is routinely applied to liquid systems, it as-
sumes a Gaussian distribution of interionic distances between equivalent neighbors and
the absorbing central atom which does not reflect distributions in actual liquids, espe-
cially at high temperatures, where thermal disorder and anharmonicity start to play a
major role [28]. The actual radial distribution functions (denoted as g pr or RDF) can, for
instance, be obtained from neutron diffraction data or tallied from a large number of ob-
servations so as to capture thermal disorder and anharmonicity, as in MD. An example,
at the composition X(UF,) = 0.25, is shown in Fig. 5.9, where two peaks corresponding to
the first two U-F coordination shells are shown. A fluoride ion can be defined to belong
to the first coordination shell of U* when the U-F distance is less than Reyiof f, i.€. the
first minimum of the U-F RDF (marked by the red line). The peak is skewed to the right,
such that the most probable distance (maximum of the first peak) and expected bond
length within the first shell, given by:

3pU F
cutof f
ru F Qu Fprodr
35U F
cutof f

0 gu rprodr

ErRY Fs 2

(5.19)

although close, do not coincide, a feature which cannot possibly be captured by a Gaus-
sian distribution. Notwithstanding, it can be seen that the tail on the right is thin and
comes close to zero, such that the peak can be reasonably approximated by a bell curve.
In contrast, the same is not true for the second peak visible in the RDE which has a fat
tail on the right, and a bell curve would surely make a poor fit of it. For that reason, the
fits included here are only for the first coordination shell, and are intended as an approx-
imation to gauge the MD results.
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(@) (b)

Figure 5.6: (a) Experimental (¢ ), simulated (red), and fitted (blue) k2A|J<q spectra (collected in fluorescence
mode) of a sample with composition X(UF,) = 0.25 at T = 831 K. (b) Fourier transform modulus |ApRq| of the

EXAFS spectra.

(@) (b)

Figure 5.7: (a) Experimental (¢ ), simulated (red), and fitted (blue) k2Apkq spectra (collected in fluorescence
mode) of a sample with composition X(UF4) = 0.50 at T = 1040 K. (b) Fourier transform modulus |ApRq| of the

EXAFS spectra.
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(@ (b)

Figure 5.8: (a) Experimental (¢ ), simulated (red), and fitted (blue) szp(q spectra (collected in transmission
mode) of a sample with composition X(UF4) = 0.67 at T = 1216 K. (b) Fourier transform modulus |ApRq| of the
EXAFS spectra.

Figure 5.9: Example of a U-F radial distribution function, X(UF4) = 0.25. From left to right, the arrows indicate
the position of the most probable, expected, and bond cutoff lengths.

STRUCTURAL CHARACTERISTICS OF THE FIRST COORDINATION SHELL

The evolution of the average coordination around U* and the U-F interionic distance
obtained by both methods is listed in Table 8. As already mentioned, an illustration of
the tabulated most probable, expected, and bond cutoff lengths of the MD simulations
is shown in Fig. 5.9. The agreement between both sets of data is good. The coordination
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number distribution which can be derived from the MD simulations (listed in Table 10) is
dominated by 7, 8, and 9-coordinated U* , resulting in an average coordination between
7 and 8. This is consistent with the coordination environment of U(IV) fluorocomplexes
in the solid state [63] as well as the 7 and 8-coordinations which have been observed by
absorption spectroscopy in U(IV)-containing FLiNaK and FLiBE melts by Toth [76]. Most
recently, molten-state EXAFS studies on LiF-UF, mixtures in the 5 to 30 mol% UF, range
confirmed the coexistence of [UF;]® with [UFg]* and [UFq]® [7], which also result in
an average CN between 7 and 8 (Table 8).

As for bond lengths, Bessada et al. [7] studied the average U-F distances as a function
of the coordination number using MD simulations and found averages of 2.17-2.18 A,
2.23-2.24 A, 2.29-2.30 A, 2.35-2.38 A, and 2.42-2.46 A in the case of CN =6, 7, 8, 9, and
10, respectively. The global averages found by the authors are listed in Table 8. They are
rather insensitive to temperature and composition. The expected U-F distances accord-
ing to the simulations in this work and in a related manuscript [53] (2.26-2.28 A) are in
good agreement with those of Bessada et al. (2.28-2.29 A) and the standard fits (2.23-2.27
A). From the Fourier transform moduli of the EXAFS data at compositions X(UF,) = 0.25
and 0.67, it seems that the most probable bond length is slightly underestimated in the
MD calculations. In general, the polarizability of species, and thus the potential itself,
can change as a function of composition [34], and this underestimation could perhaps
be corrected by adjusting the polarizability for every composition. Nevertheless, given
the thorough validation of the potential by Dewan [25], and the good results it has also
produced with the EXAFS spectra collected by Bessada et al. [7], the results are satisfac-
tory.

It is also instructive to compare with simulations of LiF-ThF, melts at several composi-
tions [26], [72], [50], [20], [7]. The results of these different authors are summarized in
Table 9. Even if the most probable actinide-fluoride distance is very similar in both bi-
nary systems, the actinide contraction effect is evident in the bond cutoff distances, as
maxrRy gS maxrRyty gSatall compositions. Similarly one can observe that, ErRy ¢S
ErRth ES

Another interesting feature is that the average U-F distance either shortens or remains
the same in molten (Li,U)Fyx when compared to the distance in the known solid phases
(see Section 5.6.1): 2.34(11)! A in LiUFs, 2.29(6)* A in LiyUFg and 2.28(2)> A in UF,.
Dai et al.[20] observed a similar Th-F shortening in molten ThF, compared to ThF4crq
although the authors incorrectly interpreted it as an expansion of the Th* coordina-
tion cage upon melting. This was because they incorrectly identified a shorter bond
length of 2.087 A as the average Th-F distance in ThF,pcr gwhen in fact this distance
corresponds to ThF4pgq[30]. Liu et al. [50] identified a strenghtening of the local struc-
ture upon melting by comparing the bond length in their MD simulations with a sum
of the Th* and F crystal radii as tabulated by Shannon [70]: rt;, ¢ = 2.36 A. Again,
a better approach would be to look at the average distances in ThF,pcr (as measured

1 Averaged from the crystallographic data in [41].
2 Averaged from the crystallographic data in [11].
3 Averaged from the crystallographic data in [43].
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experimentally: 2.30(1)* A, 2.324(19)° A, and 2.32(3)® A. In the aforementioned bonding
analysis per CN done by Bessada et al. [7], it is clear that this strengthening of the local
structure is allowed by the reduced repulsion between fluorides in the first shell as the
CN decreases, and so it does from solid to liquid. Experimental [39], [57] and computa-
tional [46], [13], [56], [77] results on alkali halides reveal the same behavior. A decreased
shielding of the 2"9 shell, which expands and becomes less populated, could also con-
tribute to these changes in interionic distances [77].

Table 9: Summarized Th-F first neighbor distances as extracted from MD simulations of the (Li,Th)Fx melt by
different authors

X(ThFy) R3, /A ER®, _1/A RS, _ T/K Reference
0.15 2.35 850  [7]
0.20 2.34 850  [7]
0.22 23 3.4 850  [26]
0.25 2.34 850  [7]
0.30 2.35 850  [7]
0.35 2.36 850  [7]
0.5 2.23 3.2 1193 [72]
0.67¢ 224 3.2 1200 [50]
1 2.215 3.1 1633 [20]

aMost probable distance,b expected value (Eq. 5.19), “bond cut-off = maximum Th-F distance.
Fig. 5.9 illustrates how these distances differ.

d0ther compositions were studied as well by the authors, but the maximum of the RDF

was found to be insensitive to the ThF4 concentration.

4From EXAFS data, [72].
5From neutron diffraction data, [72]
6 Averaged from the crystallographic data in [43].
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Table 10: Isothermal coordination number distribution and average or expected value of CN (E[CN]) of the
(Li,U)Fx melts at T = 1400 K.

Composition 6CN 7CN 8CN 9CN 10CN E[CN]

X(UFy) % % % % %

0.025 4.4 424 482 49 0.1 7.54
0.104 5.5 46.0 435 49 0.1 7.48
0.211 10,0 493 363 43 0.1 7.35
0.296 10,0 46.1 376 6.0 0.2 7.40
0.400 115 453 363 6.6 0.3 7.39
0.513 9.5 419 394 87 0.5 7.49
0.597 8.6 404 408 9.6 0.6 7.53
0.715 5.9 35,5 449 129 09 7.67
0.807 5.9 357 448 12.7 0.8 7.67
0.911 4.1 314 477 156 1.2 7.78
1 3.0 281 497 178 14 7.86

MEDIUM-RANGE ORDERING

In addition to providing information on the coordination environment of the U species,
the MD simulations have the benefit of giving detailed information on the medium-
range structure. Two uranium ions are considered fluoride-bridged when the distance
between them is less than 2 Ry gcutoff and less than the first minimum in the U-U
RDE As the UF,; concentration increases, the number of fluoride bridges increases as
well. The bridges identified consisted of 1 F (corner-sharing), 2 F (edge-sharing),
or 3 F (face-sharing), with corner-sharing being the dominant bridging mechanism.
Dimers and trimers start to appear until a 'polymerized network’ is formed, in which all
the U cations are connected by bridging fluorides. This evolution is shown in Table 11
and plotted at 1121 K and 1400 K in Figs. 5.10a, 5.10b. The concentration of both iso-
lated coordination complexes and dimers decrease monotonically while the fraction of
polymerized species rapidly increases; trimers reach a maximum at around X(UF,) =0.2,
accounting for less than 20% of the species. The speciation is quite insensitive to tem-
perature, with the polymer fraction increasing only slightly slower with UF, addition at
T =1400 K.

Network-like behavior has also been observed in MD simulations of LiF-BeF, [35], LiF-
ZrF, [60], LiF-ThF, [50], [20], LiF-BeF,-ThF, [50], and LiF-ThF4-UF, [7]. From the cage-
out correlation function computed in some of those studies, it seems that the fragility of
the coordination environments (as measured by their lifetimes) from lowest to highest
is LiF-BeF, > LiF-ZrF, > LiF-ThF,. This has implications on the properties at the macro-
scopic scale, e.g. the viscosity can change around 7 orders of magnitude from LiF to BeF,
at a given temperature [1], while it only varies around one order of magnitude from LiF
to ThF, [17], as it does from LiF to UF, [24]. Molten LiF-UF, is thus expected to have a
similar fragility to LiF-ThF,, as characterized by the cage-out correlation function.
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Table 11: Isothermal speciation distribution and expected value of CN of the (Li,U)Fyx melt at T = 1400 K.

Composition Fraction

X(UEy) 3[UF;S  [UFgst  P[UFeS®  C[UpFx® *  9[U3F,s? Y  "Polymer"
0.025 0.468 0.482 0.050 0.00 0.00 0.00

0.104 0.317 0.268 0.030 0.239 0.027 0.118
0.211 0.143 0.087 0.011 0.160 0.116 0.483
0296 0.037 0.025 0.004 0.039 0.027 0.867

0.40 0.007 0.005 0.001 0.004 0.002 0.981
0.513 0.0 0.0 0.0 0.0 0.0 1.0

2 The tails of the monomer distribution with lower CN have been added to CN =7.

b The tails of the monomer distribution with higher CN have been added to CN =9.

¢ The dominant dimer is [UpF1485 .

d The dominant trimer is [UsF198’

The solution remains saturated with "polymer’ beyond X(UF4) = 0.513, see Fig. 5.10b.

(a) T=1121K (b) T=1400K

Figure 5.10: Fraction of species in the (Li,U)Fx solution as a function of UF; mole fraction. The monomer
contribution is split into the complex anions [UF7§ ( , black), [UFgS4 #, red), [UFgSr5 (7, blue). Dimers
indicated by: , gray, trimers: N, green; chains with more than three U* centers are counted as "polymers’
v, orange). (a) T=1123K, (b) T = 1400 K. The inset is a zoom of the X(UFy) = [0,0.4] interval, showing only the
evolution of monomer, dimer and trimer. The values at T = 1400 K are listed in Table 11.

5.6.3. EXCESS PROPERTIES OF THE (LI,U)Fy LIQUID SOLUTION

EXCESS DENSITY AND MOLAR VOLUME

Relating the excess properties of molten salts to their structural properties is one of
the motivations of the present work. Fig. 5.11a shows the comparison between den-
sity isotherms interpolated from the fitting equations to experimental data, given by Kli-
menkov et al. [44], and those calculated via MD in this work, in the 1000-1400 K range (in
some cases the densities are extrapolated beyond the experimentally measured range).
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Superposed to these data are the experimental points by Blanke et al. [9] and Porter and
Meaker [64], both at 1073 K. The agreement is quite good, with a slight overestimation
of the density of pure UF,d g The inset in Fig. 5.11a shows the relative excess molar
volume, i.e. Wmreal Vm,idealQ{Vm,ideal, calculated from the density data shown in
Fig. 5.11a. The volumes of the end-members to compute the ideal volume of mixtures
was calculated from the equations of Klimenkov et al. for the three studies in the litera-
ture.

(a) (b)

Figure 5.11: Evolution of density. (a) Solid lines: isotherms calculated from the empirical equations reported by Klimenkov
etal. [44]; solid symbols: results derived from MD simulations; , red, experimental data by Blanke et al. [9] and # (purple)
by Porter and Meaker [64], T = 1073 K. (b) Relative excess molar volume (%), of the (Li,U)Fx solution.

The MD predicts a positive excess of the molar volume, growing with increasing tem-
perature, except in a very limited region at very high LiF content for the supercooled
liquid at 1000 K. The excess deduced from Porter and Meaker [64] is also negative at
high LiF content, while that from Blanke et al. [9] is positive throughout the reported
compositions. In both cases the linear dependences of real molar volumes with com-
position (not shown) indicate that the behavior is not far from ideality [45]. Finally, the
excess from Klimenkov et al. [44] is mostly positive except at high UF, content in the
case of undercooled solution at T = 1000, 1121 K. As pointed out by the authors, posi-
tive deviations from ideality indicate interaction of the components, and they attributed
the maximum in the 20 to 30 mol% region (for an isotherm they examined at 1270 K)
to the formation of stable [UF;S’ complexes. As was discussed before (Section 5.6.2),
the first coordination shell may even contract upon melting, so it does not contribute
to free volume. Instead, the 2nd (and higher order) shells expand and have more voids,
i.e., coordination complexes are farther apart from each other in the liquid than in the
solid, and even more so in the mixtures than in the pure liquids, as the positive excess
volume reveals. This is probably due to the solvation of Li , which is nevertheless small
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enough to allow extended network formation. Indeed, in the 20 to 30 mol% region the
degree of polymerization rapidly increases, reaching a fraction of about 0.9 by 30 mol%
(see Figs. 5.10a, 5.10Db).

The thermal expansion (shown in the Electronic Supporting Information, ESI), cal-
culated from the density, showed a linear dependence in temperature, and the expan-
sion decreases as a function of UF, content. Network formation is likely to account for
this, since there is a greater bond strength between neighboring U*  ions. The fits of the
linear variations with temperature are listed in the ESI.

HEAT CAPACITY

Enthalpies were extracted directly from the ensemble averages of the potential energy of
0.5 ns NPT production runs at several temperatures: 900 K, 1000 K, 1121 K, 1200 K, 1300
K, and 1400 K. For every composition studied, a linear evolution of the molar enthalpy
vs. temperature was obtained (see ESI). Taking linear fits of the molar enthalpies, the
heat capacity could then be calculated from:

Cp,m Br (5.20)

The heat capacities of the end-members are very well reproduced: 65.9 vs. 64.183 [16]
Jmol 'K ! (LiF) and 173.3 vs. 174.4 [45] J mol ! K ! (UF,). The heat capacity as a
function of composition as calculated via MD is compared to the ideal heat capacity.
Figures 5.12a and 5.12b show that the heat capacity extracted from MD simulations has
small deviations from additivity: much like the density, the heat capacity of the mixtures
is close to ideal. For an industrial application setting this is convenient, since a reliable
estimate can easily be made for both properties.
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(@) (b)

Figure 5.12: (a) Heat capacity of the (Li,U)Fx solution as calculated via MD ( , red) in the 900-1400 K temperature
range, compared to the ideal heat capacity (black dashed line) obtained from the experimental heat capacities of the
end-members (see Table 1 also). (b) Excess heat capacity of the (Li,U)Fx solution derived from MD simulations.

MIXING ENTHALPY, ENTROPY AND GIBBS ENERGY

Plotted in Fig. 5.13 are the enthalpies of mixing at different temperatures (1000-1400 K)
extracted from the MD simulations. Although the magnitude is likely overestimated,
the negative excess at all compositions and position of the minima near X(UF,) = 0.3
are reproduced at all temperatures. The Gibbs energies of mixing display similar trends
to the mixing enthalpies, as the mixing entropies also contribute to favorable mixing
(see ESI). The shape of the mixing entropy curve (ESI) in (Li,U)Fy as calculated with the
structural-thermodynamic model is somewhat closer to ideal mixing entropy than that
of (Li,Th)Fy, yet with significant asymmetry and an inflection point near X(UF,) = 0.2
which corresponds to the strong SRO evidenced by the rapidly rising 'polymer’ fraction
(see Fig. 5.10b).
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