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Molten salts have recently received increased attention worldwide as key materials for sustainable and
low-carbon energy supply technologies (e.g. thermal energy storage, concentrated solar power technolo-
gies, fission and fusion nuclear reactors) thanks to their appealing thermo-physical properties. In partic-
ular, they are used as fuel and coolant in the Molten Salt Reactor (MSR), considered a breakthrough
technology for the next generation of nuclear fission reactors. This review focuses on the thermochemical
and thermo-physical properties of actinide bearing fluoride and chloride salts, used as nuclear fuel in
MSRs, and more specifically on the structure–property relationships. In the last 15 years, the knowledge
on the structural properties of actinide containing salts has grown quite significantly thanks to the devel-
opment of dedicated high temperature in situ X-ray Absorption Spectroscopy measurements, and to the
advancement of atomistic simulations. These have evidenced the formation of short-range order in the
liquid, which contributes to storing energy in the salt and directly influences transport and thermody-
namic excess properties. This interrelationship is illustrated in the present article, which covers both
experimental and computational information, as well as most recent developments in the modelling
methods at the mesoscale of the structural, thermodynamic, density and viscosity properties using the
CALPHAD methodology.
� 2022 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

In view of the energy challenges of the 21st century, and the
need to reduce greenhouse gas emissions, the development of sus-
tainable and clean energy technologies has become a necessity.
This requires innovative and ingenious materials with appealing
thermo-physical properties. In this context, the interest for molten
salts is growing rapidly, whether used for thermal energy storage
(TES) systems, concentrated solar power (CSP) technologies, fission
or fusion reactors [1,2]. Because of their advantageous properties
(i.e low melting and high boiling points, low vapour pressure, ther-
mal stability, high heat capacity and thermal conductivity, low vis-
cosity, and in the case of nuclear applications low neutron capture
cross-section, stability under irradiation, good fission product
retention capabilities [1,2]), molten salts can be used as coolant,
heat transfer fluid or heat storage medium depending on the par-
ticular application. They have in particular been considered for
the primary and secondary coolants of nuclear reactors, more
specifically for Molten Salt Reactors (MSRs) and Advanced High
Temperature Reactors (AHTRs) [1], as well as for fusion systems
[3]. They can serve as sensible heat or latent heat systems in TES
technologies with applications in power generation, industrial pro-
cess heat, vehicles, space heating and cooling [2]. They are also a
suitable medium for advanced electrochemical recycling of spent
fuel, pyroprocessing for extraction and purification of metals, zir-
conium alloy production [4], heat treatment of industrial compo-
nents, or electrolytes for fuel cells and molten metal batteries [1].

Several classes of molten salts have been considered depending
on the application: fluorides, chlorides, nitrates, fluoborates
[1,2,5,6], and their suitability for a particular field of application
has been quantified by so-called Figures of merits (FOMs) [7].
The FOMs are useful generalized heat-transfer metrics to compare
the suitability of a salt medium depending on the nature of the
flow, by accounting for its performance in terms of multiple
physico-chemical properties simultaneously, more specifically
the density, viscosity, thermal expansion, heat capacity, and ther-
mal conductivity. This review focuses on the use of molten salts
in the nuclear field, more specifically in Molten Salt Reactor tech-
nology and for electrochemical recycling of spent fuel, where fluo-
rides and chlorides are to this date the two main candidates.

Historically, the development of molten salt technology goes
back to the studies at the Oak Ridge National Laboratory (ORNL)
in the period 1940s to 1970s with the Aircraft Reactor Experiment
(ARE) [8], followed by the Molten Salt Reactor Experiment (MSRE)
in the 1950s and 1960s [9]. Development stopped in the 1970s due
to the limited technology readiness level, but MSR technology has
regained interest as breakthrough technology, ideally suited for
sustainable and low-carbon energy supply. The Molten Salt Reactor
(MSR) [10,11] provides not only an innovative concept, but also an
inherently safe design that remains subcritical in an accidental
event or temperature increase [5]. Furthermore, it can be coupled
to a thorium fuel cycle, which leads to less long-lived radioactive
waste, and ensures a sustainable nuclear energy production (tho-
rium resources on Earth being three times larger than uranium)
[10]. Numerous nuclear technology companies and consortia are,
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at the time of writing of this article, developing MSR concepts
worldwide at an intense rate (e.g. Terrestrial Energy, ThorCon, Flibe
Energy, TerraPower, Seaborg Technologies, Moltex Energy, Kurcha-
tov Institute, BARC, SAMOFAR and SAMOSAFER consortia etc.) [5].

The liquid nature of the fuel in the MSR design (a fluoride or
chloride salt of typical composition e.g. 7LiF-ThF4-UF4-PuF3 for
the European Molten Salt Fast Reactor (MSFR) [12] or NaCl-
MgCl2-UCl3-PuCl3 for the fast breeder molten salt reactor [13])
makes it unique among the current and next generation nuclear
reactor concepts. One main challenge for the development of this
technology and its commercialisation in the near future is a thor-
ough understanding and modelling of the liquid fuel physico-
chemical properties, i.e., density, viscosity, heat capacity, thermal
conductivity, and vapour pressure. The salts used in MSRs are
multi-component systems made of three or more end-members,
showing complex non-ideal thermodynamic behaviour at the high
temperatures used in the reactor (550–800�C [5]). Moreover, the
chemical composition of the fuel continuously changes due to
the fission process, introducing new reactive dissolved, precipi-
tated or gaseous species, depending on local thermodynamic con-
ditions, the so-called fission products. The reactor operation and its
safety analysis require an exhaustive assessment, and fundamental
understanding of the fuel chemistry and physico-chemical proper-
ties, as well as models and computer simulation codes predicting
performance under normal operation and accidental conditions.

Despite being very promising, the available knowledge on the
physico-chemical properties of molten salts is still far from com-
plete. The experimental data are limited in some cases due to the
challenges inherent to the work with molten salt materials, which
are hygroscopic, highly corrosive at high temperatures, and in the
case of nuclear applications radioactive. Nevertheless, over the last
20 years, a large thermodynamic database has been developed for
fluoride and chloride molten salts based on the CALPHAD (CALcu-
lation of PHAse Diagrams) methodology and the quasichemical
model in the quadruplet approximation [14]. In parallel, a number
of atomistic simulations including molecular dynamics (MD), den-
sity functional theory (DFT), ab initio molecular dynamics (AIMD),
and machine-learning potentials MD have been reported on the
thermodynamic and transport properties of the salts [15,16,7,17],
which are very valuable given the difficulties associated with the
experimental studies [18].

A number of recent reviews can be cited on the available
physico-chemical properties on molten salts for nuclear applica-
tions by Beneš and Konings [5], Capelli and Konings [6], or Beneš
and Soucek [19]. The present review is dedicated to a subject that
has not been covered at length in the aforementioned works,
namely the structure–property relationships in molten salts for
nuclear applications. The number of studies dedicated to the struc-
ture properties of the salts are not as numerous as other properties
such as phase diagram equilibra for instance, due to the associated
experimental challenges. The molten salts are ionic liquids where
cations and anions form a loose network. Depending on conditions
of composition, temperature and concentration, they can form a
dissociated ionic melt, molecular species or exhibit
oligomerization/polymerization [20,21]. The formation of short



Table 1
Crystallographic data on the most stable actinide fluorides and chlorides. CN(An) is the coordination number of the actinide in the AnXn polyhedra.

Compound Symmetry Space group Unit cell volume (Å3) CN(An) Rave An� X½ � (Å) Ref.

Tetravalent actinide fluorides - ZrF4 structure
ThF4 monoclinic C2=c (15) 986.4 8 2.324(19)a [18]
ThF4 monoclinic C2=c (15) 8 2.30(1)c [18]
UF4 monoclinic C2=c (15) 932.4 8 2.28(2)a [33]
NpF4 monoclinic C2=c (15) 911.2 8 2.26a [33]
PuF4 monoclinic C2=c (15) 890.6 8 2.25b [34]
AmF4 monoclinic C2=c (15) 873.8 8 2.23b [34]
Tetravalent actinide chlorides
a-ThCl4 tetragonal I41=a (88) 530.7 8 2.87b [26]
b-ThCl4 tetragonal I41=amd (141) 539.5 8 2.83b [35]
UCl4 tetragonal I41=amd (141) 515.6 8 2.77b [36]
NpCl4 tetragonal I41=amd (141) 507.5 8 2.76b [35]
Trivalent actinide fluorides - LaF3 structure
UF3 hexagonal P3c1 (165) 327.9 9 2.49b [31]

NpF3 hexagonal P3c1 (165) 321.0 9 2.48b [31]
PuF3 hexagonal P3c1 (165) 316.3 9 2.46b [12]
AmF3 hexagonal P3c1 (165) 313.4 9 2.49b [32]

Trivalent actinide chlorides - LaCl3 structure
UCl3 hexagonal P63=m (176) 207.4 9 2.93b [30]
NpCl3 hexagonal P63=m (176) 203.7 9 2.91b [37]
PuCl3 hexagonal P63=m (176) 200.9 9 2.90b [38]
AmCl3 hexagonal P63=m (176) 199.6 9 2.89b [39]

a Neutron diffraction data.
b X-ray diffraction data.
c EXAFS data.

Fig. 1. Evolution of the mean An-X distance (An = Th, U, Np, Pu, Am; X = Cl, F) in
the AnX8 and AnX9 polyhedra in the tetravalent and trivalent actinide fluorides and
chlorides, both in the solid state (marked as ”s”) and in the liquid state (marked as
”l”). Most probable distances are shown in the liquid state.

1 For an overview of all possible oxidation states of the actinide chlorides and
fluorides, see [6].
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range order in the liquid contributes to storing energy in the salt
and to thermodynamic excess properties as will be covered in
more detail in this article. It can also be directly related to the
transport properties. A striking example is that of a {LiF + BeF2}
mixture, that forms a dissociated melt (Li+, BeF2�4 and F� species)

at low BeF2 content, and Be2F
3�
7 , Be3F

4�
10 , Be4F

5�
13 and higher degree

polymers with increasing BeF2 content. This chemical speciation
can be directly related to the viscosity of the salt mixture, which
increases drastically with increasing BeF2 content [15,16,20].

An extensive review of the structural properties of various mol-
ten metal halides was reported in 2011 by Rollet and Salanne [22].
However, at that time, the data available on actinide metal halides
was limited to UCl3 based on neutron diffraction (ND), X-ray diffrac-
tion (XRD), andmolecular dynamics data, andThCl4 basedonRaman
spectroscopy data [22]. The behaviour of other actinide halides
could only be predicted by analogy with rare earths as analogues
3

for actinides in the + 3 oxidation state, and zirconium for actinides
in the + 4 oxidation state. Since the latter review, a number of exper-
imental studies including X-ray Absorption Spectroscopy (XAS),
neutron diffraction, Nuclear Magnetic Resonance (NMR) or compu-
tationalmethods have been reported.Wewill thus scrutinize herein
the properties and trends of the trivalent and tetravalent actinide
bearing salts (i.e. the most stable oxidation states in MSR fuel mix-
tures1 [6]) based on the latter data, with a more particular focus on
mixtures envisaged and relevant in the current MSR reactor designs
(e.g. mixtures of alkali metal halides with actinide halides, mixtures
including beryllium fluoride or magnesium chloride). Next, the ther-
modynamic excess properties, more particularly mixing enthalpy
data available on the same systemswill be reviewed, and the relation-
shipwith the structurepropertieswill be pointedout. The link to other
thermo-physical properties such as density and viscosity will also be
briefly illustrated. Finally, the most recent developments in the mod-
elling methods of the structural, thermodynamic, density and viscos-
ity properties will be addressed, with again an emphasis on the
coupling between the various properties.

2. Structural properties of the actinide halides in the solid state

Before we dive into the structural properties of the melts, it is
very instructive to consider the properties in the solid state. The
crystal structures of the tetravalent and trivalent actinide fluorides
and chlorides are reported in Table 1, including the reported sym-
metry, space group, unit cell volume at room temperature derived
from X-ray or neutron diffraction data, coordination number of the
AnXn polyhedra (An = Th, U, Np, Pu, Am; X = F, Cl) in the structure,
and average actinide-halide distance Rave An� X½ � in those polyhe-
dra. The evolution of Rave An� X½ � as a function of the actinide
cation is also shown in Fig. 1.

The tetravalent actinide fluorides AnF4 show a monoclinic
structure, in space group C2=c, isostructural with ZrF4 and CeF4.
The actinide cation is found on two different crystallographic sites,
both eightfold coordinated. The average An-F distance of the
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AnF8 polyhedra on those two sites differ by no more than 0.024 Å.
The AnF8 polyhedra moreover share corners, forming a three-
dimensional network structure. The average An-F distance varies
from 2.33 Å for Th to 2.23 Å for Am. For future reference, and com-
parison with bond distances in the liquid state, the corresponding
average Zr-F distance in ZrF4 is equal to 2.10 Å [23], while that in
CeF4 is equal to 2.24 Å [24]. Those values are in line with the series
of the actinide tetrafluorides, when considering the Shannon ionic
radii [25] of Zr4+ and Ce4+ in 8-fold coordination (0.84 and 0.97 Å,
respectively), compared to those of Th4+, U4+, Np4+, Pu4+ and Am4+

(1.05, 1.0, 0.98, 0.96, 0.95, respectively).
The tetravalent actinide chlorides AnCl4 are stable in the form of

a tetragonal structure, in space group I41=amd. The actinide cation
is again eightfold coordinated, but on a single crystallographic site.
The AnCl8 polyhedra share edges, forming infinite chains in the a
and b directions. The average An-Cl distance varies between 2.83
Å for Th and 2.76 Å for Np. It should be noted that ThCl4 is reported
to have a polymorphic transition between a low temperature
metastable a phase (tetragonal in space group I41=a) stable below
678 K [26], and a high temperature b modification (tetragonal, in
space group I41=amd). The reported thermodynamic data usually
refers to the latter phase, which is the one observed experimentally
[27]. The a-b phase transition is in particular not reported in phase
diagram investigations of systems such as NaCl-ThCl4 [27] or
PuCl3-ThCl4 [28]. Mason et al. only managed to observe the low-
temperature modification by using a very slow cooling rate [26].

The trivalent actinide fluorides AnF3 adopt a hexagonal symme-
try, in space group P3c1, isostructural with some of the rare-earth
halides, namely LaF3, CeF3 and NdF3 [6,29]. It is worth noting that
the reported crystal structure for UF3 in the literature is hexagonal
in space group P63cm, however. The corresponding works date back
from the 1950s and 1960s [29], and 2018 for onemore recent study
outlying a ”facile” synthesismethod forUF3 [30]. But the reportedU-
F average distance with the P63cm symmetry is not in line with the
rest of the actinide trifluoride series. In view of the expected
isostructurality with the other actinide trifluorides, one can suspect
UF3 to also adopt the P3c1 symmetry. The distance shown in Fig. 1 is
derived from a refinement made using the latter space group (un-
published) on data provided by the Joint Research Centre of the
European Commission (JRC Karlsruhe) [31]. Similarly the refined
distances for NpF3 (unpublished) were also derived from the refine-
ment of data provided by the JRC Karlsruhe. The data for PuF3 and
AmF3 are from [12,32], respectively. The actinide cation in the
P3c1 structure is ninefold coordinated, and the AnF9 polyhedra
share edges. The average An-F distance varies between 2.49 Å for
U and 2.46 Å for Pu. The distance for the Am salt (2.49 Å), taken from
astudydatingback to1983 [32], is slightlyhigher than the rest of the
U-Np-Am series of trifluorides, and should probably be re-visited.

Finally, the actinide trichlorides AnCl3 form a hexagonal struc-
ture, in space group P63=m, isostructural with some of the rare-
earth halides, namely LaCl3, CeCl3, NdCl3 and GdCl3 [29]. The acti-
nide cation is again ninefold coordinated and the AnCl9 polyhedra
share edges. The average An-Cl distance varies between 2.93 Å for
U and 2.89 Å for Am.

When looking at general features in Fig. 1, one can point out the
shortening of the average An-X distance along the series of the
actinide elements (from Th to Am) as expected from the contrac-
tion of the ionic radius, and the higher average An-Cl distances
compared to the An-F distances, which is related to the larger size
and polarizability of the chloride compared to the fluoride anion.
2 Note that gAB rð Þ and gBA rð Þ are the same function.
3 Note that CNB usually differs from CNA .
3. Local structure properties in the liquid state

The local structure properties as discussed hereafter have been
investigated using a combination of experimental techniques,
4

including in situ high temperature Extended X-ray Absorption Fine
Structure (EXAFS) spectroscopy, Raman spectroscopy, X-ray
diffraction (XRD) and neutron diffraction (ND), as well as atomistic
simulations, including semi-classical molecular dynamics (MD)
using the Polarizable Ion Model (PIM) [40], ab initio molecular
dynamics (AIMD), and Density Functional Theory (DFT). We refer
the reader to the review of Rollet and Salanne [22] and more spe-
cialized reference works for a detailed explanation of those tech-
niques. We will simply mention briefly some of the concepts
often referred to in this article.

The interpretation of the structure of a liquid involves looking at
the so-called radial distribution function (RDF) or pair correlation
function, noted g rð Þ. g rð Þ is the probability density function
describing the likelihood of finding a particle in a shell of thickness
dr at a distance r from a central particle. In other words, it describes
the variation of the local number density around the particle of
interest. Partial RDFs gAB rð Þ are usually considered, that correspond
to the distribution of one particle B around a particle A2. The total
number of particles B surrounding a central particle A within a
sphere of radius r0 is then obtained by integrating with the following
formula:

NB r0ð Þ ¼ 4pqB

Z r0

0
gAB rð Þr2 dr ð1Þ

where NB r0ð Þ is the total number of particles B within a sphere of
radius r0 of the RDF, and qB is the number density in B particles.

Of more interest in this article, is the coordination number of
the first coordination shell (also called solvation shell) around a
central particle A. This is given by:

CNB ¼ 4pqB

Z rmin;1

0
gAB rð Þr2 dr ð2Þ

where CNB is the coordination number of particles B around a cen-
tral particle A; rmin;1 is the first minimum in g rð Þ called bond cut-off
distance, and qB the number density in B3.

This means that any atom B closer to A than the minimum of the
RDF belongs to the first coordination shell. The partial RDFs are
also used to characterize the distribution of A-B distances. In par-
ticular, the first maximum of the A-B RDF denotes the most prob-
able distance between A and B (usually the one quoted in most
articles), while the expected distance E R½ � is given by the following
formula:

E R½ � ¼
R rmin;1
0 rg rð ÞdrR rmin;1
0 g rð Þdr ð3Þ

Finally, a more extended picture of the local structure up to
intermediate-range is also obtained from the partial RDFs. If the
maximum of the A-A RDF is less than twice the A-B distance, then
there is indication of a A-B-A linkage, and more generally of the for-
mation of chains of connected A particles in the melt.

Among the various computational methods used to study the
structure of molten salts, molecular dynamics simulations using
the Polarizable Ion Model (PIM), have been especially used exten-
sively and will be mentioned a number of times in this article. The
Polarizable Ion Model was developed by Madden and co-workers
and is particularly well-suited for the simulation of chloride and
fluoride salts [41,40]. The approach is semi-classical in the sense
that the interaction potentials between given pairs of ions are first
derived from ab initio calculations on the condensed phases [41].
They include both classical interaction forces, i.e. charge-charge
Vqq, repulsion Vrep, dispersion Vdisp and forces resulting from polar-
ization effects Vpol [40]. We refer the reader to the cited articles or



Fig. 2. MD snapshot of molten (a) ThF4 (b) (LiF:ThF4) = (0.75:0.25) and (c) (LiF:ThF4) = (0.85:0.15). ThFn polyhedra are shown in green, Li cations in yellow and fluoride anions
in grey.

Table 2
Local structure properties of molten actinide halides. Uncertainties, when available, are indicated in parenthesis. ”An” stands for actinide, i.e. Th or U. ”X” stands for fluorine or
chlorine. The data for UCl3 in italic are shown for completeness but discarded in this review.

Compound T(K) CN(An) Rave An� X½ � [AnXn]4�n fraction Ref.

Tetravalent actinide fluorides [AnF5]� [AnF6]2� [AnF7]3� [AnF8]4� [AnF9]5� [AnF10]6�

ThF4 1433 7.92 2.34⁄/ 2.26⁄⁄ 0.034 0.262 0.473 0.210 0.021 [21]a

1433 8.0(8) 2.32(1)⁄ [21]b

1433 8.09 0.005 0.205 0.511 0.251 0.028 [42]a

UF4 1357 7.94 2.28⁄/ 2.21⁄⁄ 0.023 0.250 0.509 0.201 0.018 [21]a

1357 8.0(7) 2.27(1)⁄ [21]b

Tetravalent actinide chlorides [AnCl5]� [AnCl6]2� [AnCl7]3� [AnCl8]4� [AnCl9]
5� [AnCl10]

6�

ThCl4 1073 �6 2.66⁄⁄⁄ [43]c

UCl4 6.1 2.63⁄⁄ 0.18 0.60 0.2 0.02 [44]d

Trivalent actinide chlorides [AnCl5]2� [AnCl6]3� [AnCl7]4� [AnCl8]5� [AnCl9]6� [AnCl10]7�

UCl3 1200 6 2.84 [45]g,h

1113 6 2.84 [46]f,h

7.05 2.82 [47]f

1200 8 2.85 [48]e

1200 8.1 2.85 [48]a

1200 6.8 2.74 �0.4 �0.4 �0.18 [44]d

1200 7.69 2.78 0.0732 0.332 0.432 0.150 0.0126 [49]a

1200 7.2 2.84 [17]d

a MD data using the PIM. MD trajectories were used as input for the FEFF8.40 [50] ab initio code to simulate to EXAFS spectra and compare directly with the experimental
data as done by various groups in recent years [51,52,18,21] for liquids that are highly disordered systems and show anharmonic behaviour and high Debye–Waller factors.

b Fitting of EXAFS data using the standard equation for solids.
c Raman data.
d Ab-initio molecular dynamics (AIMD).
e X-ray diffraction (XRD).
f Neutron diffraction (ND).
g Classical MD.
h Data discarded in this review.

⁄ Expectation value.
⁄⁄ Peak maximum of the RDF (most probable distance).
⁄⁄⁄ Extrapolation.
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to the review of Rollet and Salanne [22] for a more detailed expla-
nation of the different terms.

3.1. Pure actinide halides

The local structural properties of ThF4 and UF4 have been
recently scrutinized by Ocádiz Flores et al. using in situ high tem-
perature EXAFS spectroscopy [21] and by Dai et al. for ThF4 using
molecular dynamics with a polarizable force field model [42]. Mol-
ten ThF4 and UF4 can be described as a network of [AnFn]4�n (An
= Th, U; n = 6, 7, 8, 9, 10) polyhedra that share corners (�69–
70%), edges (�27%) and faces (�3–4%) [42,21] (Fig. 2a). The coordi-
nation numbers and average Th-F and U-F distances in the
[AnFn]4�n structural units are listed in Table 2.

The dominant species are 7-, 8- and 9-coordinated complexes,
[ThF8]4� and [UF8]4� being the predominant species. The average
coordination number is also very close to 8 in both cases. The local
coordination environment is thus preserved when transitioning
from the solid (see Section 2) to the liquid state. The average An-
F distance is very similar or slightly shorter than in the solid state
as reported by Ocádiz Flores et al. [21], depending if one considers
5

the most probable or expected distance. For comparison, the Th-F
distance is 2.324(19) Å in the solid state [18] and 2.34/2.32(1) Å
in the liquid state (expectation value, the most probable distance
shown in Fig. 1 being 2.26 Å). The U-F distance is 2.28(2) Å in
the solid phase [33] compared to 2.28/2.27(1) Å in the liquid state
(expectation value, the most probable distance shown in Fig. 1
being 2.21 Å). A strengthening of the local structure is observed
upon melting: although longer bond lengths can form compared
to the solid, shorter ones close to the most probable distance
become at the same time more populated [21,53]. Dai et al. more-
over studied the evolution of the coordination numbers of molten
ThF4 in the range 1273–1733 K, which display a decrease of the
contributions of the 8-fold and 9-fold coordinations with increas-
ing temperature, and a concordant increase in the 6-fold, 7-fold
and 10-fold complexes [42]. The distribution of 6-, 7-, 8- and 9-
fold coordinated species is equivalent at 1733 K (23, 26.2, 23.8
and 16.9%, respectively). The average coordination number varies
from 8.1 at 1273 K to 7.6 at 1733 K. This can be related to various
factors, namely a decrease in density, increased thermal disorder
and faster exchange rates of the fluoride anions in the solvation
shell.
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It is interesting the compare those data with the local structure
of the isostructural compound ZrF4, scrutinized by Alders et al.
using MD and the PIM model [54]. The sevenfold coordinated com-
plex [ZrF7]3� is the most abundant (49.8% at 1400 K), followed by
[ZrF6]2� (26.4%) and [ZrF8]2� (20.8%). The average coordination
number is 6.96, i.e. lower than in ThF4 and UF4 melts, and average
Zr-F distance is 2.01 Å (most probable distance), compared to 2.10
Å in the solid state [23]. There also, a strengthening of the local
structure is thus observed upon melting. The lower Zr-F average
distance and lower coordination number are related to the smaller
ionic radius of Zr4+.

Photiadis and Papatheodorou performed high temperature
Raman spectroscopy measurements of molten ThCl4 in 1999 [43],
which suggested the occurrence of edge-sharing thorium octahe-

dra units [ThCl6]2�, leading to the formation of Th2Cl
2�
10 , Th3Cl

2�
14 ,

Th3Cl
2þ
10 etc. chains of small length. The authors justified the pres-

ence of such ionic species in relation with the ionic conductivity
of ThCl4. Liu et al. reported MD simulations with the PIM model
on LiCl-ThCl4 mixtures with compositions in the range 4.85–
66.7% ThCl4 [55]. More detail on the coordination chemistry in
the mixtures is given in the next section. Although the correspond-
ing study does not cover pure ThCl4, we can tentatively extrapolate
the behaviour from the highly concentrated solutions. The Th-Cl
distance obtained from the RDFs is 2.66 Å, with little variation with
the ThCl4 concentration. In particular, the formation of a network
with bridging chlorides as proposed by Photiadis and Pap-
atheodorou is confirmed. Moreover, the predominant complex is
found to be [ThCl6]2�, in accordance with the Raman studies. The
bridging mechanism at high concentrations is dominated by
edge-sharing, followed by face-sharing. The lower coordination
number in ThCl4 (�6) compared to ThF4 (�8) is related to the smal-
ler ionic radius of F� compared to Cl�: the higher the ratio of the
cation/anion ionic radius is, the larger the coordination number
is expected to be. This leads to more bridging fluorides than chlo-
rides in the network structure, thus the ThCl4 structure is
”weaker”. Further investigations of the local structure of molten
ThCl4 using experimental techniques (e.g. EXAFS, neutron diffrac-
tion) and simulations would be extremely useful in view of the
growing interest and technological benefits in the use of a NaCl-
ThCl4-PuCl3 [56] fuel mixture for fast spectrum chloride reactors.

It seems that no experimental studies have been reported to
this date on the structural properties of molten UCl4. Li et al.
reported first-principles molecular dynamics simulations on this
system, however [44]. As for the molten ThCl4 salt previously con-
sidered, 6-fold coordinated species [UCl6]2� were found predomi-
nant. The average U-Cl distance was found around 2.63 Å, which
is about 0.4 Å higher than in molten UF4 and 0.14 Å lower than
in solid UCl4. A network of bridging chlorides is again observed
with 99% of U in a polymer chain and only 1% of U in isolated com-
plexes [44].

A number of studies have been reported on UCl3, both experi-
mental (using high temperature X-ray and neutron diffraction)
and computational (using classical and first-principles MD). The
earlier studies by Okamoto et al. (1998) [45] and Neilson et al.
[46] using XRD and ND, respectively, report a lower coordination
number (�6) compared to the later studies by Adya et al. (1999)
[47], Okamoto et al. (2005) [48], Li et al. [44], Nguyen et al. [17],
and van Oudenaren et al. [49] that found higher coordination num-
bers, around 6.8–8.1, using ND, XRD, AIMD, PIM-MD and machine
learning potentials. It is clear that there is still no clear consensus
on the coordination geometry. The same XRD data were analysed
in the two works of Okamoto et al. [45,48], and interpreted with
the aid of molecular dynamics simulations. The study in 1998
made use of classical MD potentials, more specifically an ionic
Busing-type potential and a covalent Morse potential. This work
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showed that a fully ionic model was not appropriate to represent
the local structure, and that a much better agreement was obtained
when introducing some degree of covalency into the U-Cl bond.
The subsequent study in 2005 was based on simulation of the
XRD with the polarizable ion model, where polarization effects of
Cl� were accounted for. The resulting coordination was found very
close to 8, in good agreement with the later studies. The latter
coordination is thus retained for molten UCl3. The U-Cl average
bond distance is around 2.78–2.85 Å depending on the technique
used for the assessment. The AIMD method seems to underesti-
mate this distance slightly. In any case, it is clear that network for-
mation/oligomerization also takes place, and corner-sharing was
reported to be the dominant mechanism [44].

No data seem to be available to this date on molten UF3, neither
from experimental nor computational work. This would be extre-
mely valuable given that UF3 is added in small amounts to the fuel
salt mixture in some designs (typically with a UF4/UF3 ratio around
100 [5]) to set the redox potential to acceptable values and limit
the corrosion of structural materials.

Thus, from this analysis we see that the tetravalent actinide flu-
orides ThF4 and UF4 adopt a 8-fold coordination, while the equiva-
lent tetrachlorides ThCl4 and UCl4 are stable on average in 6-fold
coordination, which is related to the smaller ionic radius of the flu-
oride compared to the chloride anion. The larger coordination
number in ThF4/UF4 also leads to more bridging fluorides in the
network structure, thus the actinide chloride structures are slightly
”weaker”. Trivalent chloride UCl3 is stable in 8-fold coordination
according to the most recent studies. The actinide-halide distance
in the molten state is generally shorter than in the solid state by
about 0.07–0.14 Å (Fig. 1), which indicates a strengthening of the
local structure.

Finally, it is interesting to point out some features related to the
change in oxidation state of the actinide cation. Li et al. looked at
the effect of the valence state in UCl3/UCl4 in mixtures with NaCl
[44]. One of the main observations was that the first coordination
shell of the chloride anion was more dynamic in the trivalent com-
pared to the tetravalent mixtures, which translates to weaker
bonds (faster dissociation) in UCl3 salt. The maxima of the free-
energy barriers for the U4+-Cl� and U3+-Cl� dissociations were cal-
culated to be 59 kJ�mol�1 and 43 kJ�mol�1 at x UCl4ð Þ = 0.32 and
x UCl3ð Þ = 0.25 in mixtures with NaCl, respectively. At the same
time, the authors report a higher tendency for network formation
in UCl3 compared to UCl4 salt, which leads to higher coordination
numbers (�6 in UCl4 and �8 in UCl3).
3.2. Alkali metal-actinide halide binary mixtures

A number of alkali metal-actinide halide mixtures have been
investigated in the literature using Raman spectroscopy, EXAFS
and molecular dynamics simulations. An overview of available
data with the corresponding references is given in Tables 3 and
4. We will not describe every system in detail in this review, but
will rather point to the trends encountered across these systems.
We refer the reader to the cited papers for further details on a
specific system.

LiF-ThF4 appears as the most studied system, which is due to its
technological importance. For thorium (resp. uranium) fluoride-
alkali fluoride systems, the distribution of [AnFn]4�n (An = Th, U)
complexes ranges between 6 and 10 [21,60], the 7-fold, 8-fold
and 9-fold complexes being the most abundant for Li, Na, and K.
For cesium which is found at the end of the alkali-metal series,
the contributions from 6-fold, 7-fold and 8-fold clusters are the
most predominant, with an average coordination number that
reaches 6.2 at x AnF4ð Þ=0.25 [21]. As for thorium chloride systems,
the Raman studies of Photiadis and Papatheodorou suggested the



Table 3
Overview of the investigated binary alkali metal-actinide fluoride mixtures by various experimental and computational techniques. ”nr”: not reported. ”An”: actinide, i.e. Th or U.
CN(An) indicates the coordination number of fluoride anions around the actinide cation.

System x AnX4ð Þ T(K) CN(An) Technique Ref.

LiF-ThF4 0.1,0.25,0.50 1133,973,1193 7.88,7.73,7.78a EXAFS/PIM [21]
0.18,0.25,0.35 973,973,973 8.05,7.94,8.06a EXAFS/PIM [57]
0.05,0.10,0.15,0.18,0.20,0.23 1115,1070,1015,970,970,855 8,7.99,8.02,8.05,7.95,8.10a PIM [57]
0.25,0.30,0.35,0.40,0.50 875/970,855/970,970,1035,1135 8.09/7.94,8.20/8.03,8.06,7.98,7.87a PIM [57]
0.05 1123/1173/1223/1273/1323/1373 8.0/7.9/7.8/7.8/7.7/7.7 PIM [58]
0.0485,0.1202,0.1988,0.3005 1200 7.86,7.82,7.82,7.8⁄ PIM [53]
0.4,0.5,0.6667 1200 7.84,7.87,7.96⁄ PIM [53]
0.05,0.35 1273,1273 7.86,7.69 PIM [42]
0.22 850/900/950/1000/1050/1100 8.13/8.07/8.0/7.98/7.95/7.87 PIM [59]

NaF-ThF4 0.33,0.50,0.67 1073,1108,1252 7.52,7.89,7.83a EXAFS/PIM [21]
0.10⁄,0.46⁄,0.60⁄ 1223,1223,1223 7.6,7.7,8.0⁄ EXAFS/PIM [57]
0.05 1123/1173/1223/1273/1323/1373 7.5/7.5/7.5 PIM [58]

KF-ThF4 0.167,0.33,0.50 1060,1123,1209 7.12,6.99,7.53a EXAFS/PIM [21]
0.18,0.25 1073,1173 nr,7.03a/7.1b EXAFS/PIM [52]
0.25,0.35,0.46 1073/1173,1073/1173,1073/1173 7.1/7.0,7.2/7.0,7.6/7.4⁄ EXAFS/PIM [57]
0.05 1273/1323/1373 7.1/7.0/7.0/7.0/6.9/6.9 PIM [58]

CsF-ThF4 0.25, 0.50 1301,1201 6.24,6.97a EXAFS/PIM [21]
LiF-UF4 0.25,0.5,0.67 831,1040,1216 7.92,7.80,7.72a EXAFS/PIM [60]

0.05,0.10,0.15,0.20 1175,1125,1075,1000 7.75,7.68,7.82,7.86 EXAFS/PIM [57]
0.274,0.30 825/875/925/975,875 7.90/7.91/7.85/7.86,7.89a EXAFS/PIM [57]

NaF-UF4 0.50,0.67 1033,1153 7.75,7.76a EXAFS/PIM [21]
KF-UF4 0.50,0.67 1098,1090 7.42,7.72a EXAFS/PIM [21]

0.14 1073 nr EXAFS/PIM [52]
CsF-UF4 0.25,0.50,0.67 1293,1058,1191 6.2,7.14,7.46a EXAFS/PIM [21]

a MD data using the PIM.
b Fitting of EXAFS data using the standard equation.

⁄ Data extracted from a figure, but not tabulated in the corresponding paper.

Table 4
Overview of the investigated binary alkali metal-actinide chloride mixtures by various experimental and computational techniques. ”nr”: not reported. ”An”: actinide, i.e. Th or U.
CN(An) indicates the coordination number of chloride anions around the actinide cation. ”n.r” means not reported.

System x AnXnð Þ T(K) CN(An) Technique Ref.

LiCl-ThCl4 0.1,0.2,0.25,0.33,0.5,0.77,1 873,873,873, 873, 923, 1003, 1073 n.r. Raman [43]
0.0485,0.12,0.199,0.301,0.4 1200 6.5,6.6,6.6,6.6,6.7 PIM [55]
0.5,0.667 1200 6.7,6.7 PIM [55]

NaCl-ThCl4 0.2,0.25,0.33,0.5,0.75,0.82 993,993,993,923,993,1023 n.r. Raman [43]
0.273 1070 6.5 AIMD [17]
0.273 700,800,900,1000,1070 7.3,7.3,7.1,7.0,6.5 GAP-MD [17]

KCl-ThCl4 0.1,0.2,0.25,0.33,0.5,0.75,0.85 993,973,993,973,973,1003,1023 n.r. Raman [43]
CsCl-ThCl4 0.05,0.1,0.25,0.33,0.45,0.5 973,973,1013,973,1023,973 n.r. Raman [43]

0.75,0.87,1 973,1023,1233 n.r. Raman [43]
LiCl-UCl3 0.2,0.8 n.r. n.r. ND [47]
NaCl-UCl4 0.5 1200 6.1 AIMD [61]

0.1,0.25,0.32,0.4,0.52,1 1200 6.71,6.17,5.97,5.99,6.02,6.07 AIMD [44]
NaCl-UCl3 0.5 1200 6.5 AIMD [61]

0.049,0.1,0.148,0.199,0.251 1100 6.17,6.38,6.61,6.69,6.83 PIM [49]
0.302,0.352,0.399,0.498 1100 6.98,7.06,7.23,7.39 PIM [49]
0.049,0.1,0.148,0.199,0.251 1400 6.23,6.33,6.36,6.46,6.58 PIM [49]
0.302,0.352,0.399,0.498 1400 6.66,6.77,6.87,7.04 PIM [49]
0.286 1345 7.1 AIMD [17]
0.286 945,1045,1145,1245,1345 7.8,7.63,7.4,7.2,7.0 GAP-MD [17]
0.05,0.1,0.15,0.2,0.25,0.3 1100 6.61,6.68,6.75,6.85,6.97,7.09 PIM [62]
0.35,0.4,0.45,0.5,0.55 1100 7.23,7.32,7.39,7.48,7.56 PIM [62]
0.1,0.25,0.3,0.4,0.54,1 1200 5.99,5.85,6.04,5.94,6.18,6.75 AIMD [44]
0.8 n.r. n.r. ND [47]

KCl-UCl3 0.8 n.r. n.r. ND [47]
CsCl-UCl3 0.8 n.r. n.r. ND [47]
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predominance of [ThCl6]2� complexes in the melt in equilibrium
with [ThCl7]3� [43]. This was later confirmed in the molecular
dynamics simulations of Liu et al. [55] of the LiCl-ThCl4 system,
where 6-fold coordinated complexes were found largely dominant
across the whole composition range, followed by 7-fold and 5-fold
coordinated complexes. The AIMD and GAP-MD (Gaussian approx-
imate potential-molecular dynamics) simulations of Nguyen et al.
on NaCl-ThCl4 also gave average coordination numbers of 6.5–7.3
depending on temperature [17], and predominance of [ThCl7]3�

and [ThCl6]2� complexes. In NaCl-UCl4, the average coordination
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number is also around 6, while it is higher in NaCl-UCl3
(ranging from 6.17 to 7.56 depending on temperature and
composition).

A strong short-range ionic ordering is observed in the mixtures,
with some degree of covalency in the first coordination shell,
which leads to a rather deep minimum of the first peak of the cal-
culated An-X RDFs by molecular dynamics methods [21]. We will
discuss hereafter the trends (i) across the series of the alkali metal
elements, (ii) as a function of the metal/actinide cation, (iii) as a
function of temperature, (iv) as a function of composition within
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a single system, (v) as a function of the halide anion (fluorine ver-
sus chlorine), (vi) as a function of the valence state of the actinide
cation.

3.2.1. Trends across the series of alkali metals
When the size of the alkali metal increases (from Li to Cs), it is

clear from the data in Table 3 that the average coordination num-
ber decreases. This is also accompanied by a decrease in the aver-
age An-X bond length (X = F, Cl) [58,57,21]. This can be related to
the fact that AnXn (An = Th, U; X = F, Cl; n = 3,4) salts qualify as
Lewis acids that attract the anions (fluoride or chloride) from the
alkali fluoride (resp. chloride) AX salt: for larger and more fluo-
robasic alkali cations, the An-X bonding is stronger leading to
shorter bond lengths.

The increasing size of the alkali metal also leads to more stable
complexes. This trend can also be seen when looking at so-called
cage-out times of the An-X cage-out correlation functions calcu-
lated by molecular dynamics simulations, which are a measure of
the lifetimes of the coordination complexes. The cage-out time is
defined as the time required for the correlation function to reach
a value of 1/e. The more stable a complex is, the longer its cage-
out time will be. A comparison of the Th-F or Zr-F cage-out corre-
lation functions in different alkali systems have shown that the
cage-out time increases with the size of the alkali metal cation,
indicating the formation of more stable clusters [51,58]. This can
be explained by the larger distance between the complexes in sol-
vents where the alkali metal has a larger ionic radius, which
increases the energetic barrier required for a fluoride (resp. chlo-
ride) anion to leave a complex and enter another one [21].

3.2.2. Trends as a function of the metal/actinide cation
When looking at trends as a function of the metal (actinide or

zirconium) cation, one sees that lower coordinations are obtained
in the zirconium melts (mainly 6-, 7- and 8-coordinated com-
plexes) compared to the actinide melts (mainly 7-, 8-, and 9-
coordinated complexes). This can in turn be related to the basicity
of the salt. The lower CNs in the Zr-based systems lead to more free
fluoride F� (resp. chloride) for a given composition, and thus to an
increase of the fluorobasicity (resp. chlorobasicity) [57]. At the
same time, the metal-fluoride (resp. chloride) distances are shorter
(stronger bonds) [53] in the zirconium melt. This is particularly
interesting considering that zirconium, thorium and uranium all
have the same coordination environment in the solid state (see
Section 2), with 8-fold coordinated cations in the monoclinic struc-
ture. When comparing the situation in the thorium melts com-
pared to the uranium melts, one observes lower U-X distances
than Th-X distances, in accordance with the actinide contraction
[21,60], and the behaviour in the solid state.

3.2.3. Trends as a function of temperature
Little or rather limited variation is generally seen with temper-

ature. The first solvation or coordination shell becomes a little
”looser”, as reflected by the evolution of the width of the first peak
of the An-X RDF that becomes slightly broader, or by the cage-out
times of the cage-out correlation functions [58]. The fraction of
complexes with lower CNs increases, while the fraction of higher
CNs complexes decreases, leading overall to a decrease of the aver-
age CN with increasing temperature. This is to be expected, as
more thermal energy will lead to more disorder and faster
exchange rates of the fluoride (resp. chloride) anions. As for the
network formation described in the following section, it happens
at a slightly lower rate with increasing temperature, which can
be related to the decreasing density [49]. The evolution of the aver-
age An-An distance finally is not straightforward: the thermal
expansion with temperature leads to increasing distance between
the actinide cations in principle, but the concurrent lowering of the
8

average CNs also results in stronger cation–anion interactions, thus
to a decrease of the distance between actinide centers in a network
structure.
3.2.4. Chemical speciation as a function of composition for a single
system

The An-X distance (and the corresponding RDFs) shows little
variation with composition. By contrast, the evolution is greater
for the An-An bond, as illustrated in Figs. 3a and b for the LiF-
ThF4 system. The AnXn (An = Th, U; n = 3,4) end-member is made
of oligomers of corner, edge and face-sharing polyhedra as detailed
in the previous section, while the alkali metal end-member is a
fully dissociated melt (A+ and X� species). When the concentration
of alkali metal increases, the AnXn network is progressively broken,
until only molecular complexes of the type [AnXn]4�n and
[AnXn]3�n are stable at very low AnXn content. Conversely, one
observes a progressive oligomerization of the melt when going
from the pure alkali melt melt to the actinide melt, with the suc-
cessive formation of dimers, trimers, tetramers and higher order
chains. Such evolution is illustrated in Fig. 4 for the LiF-ThF4 sys-
tem at T = 1121 K, using the PIM parameters reported in [21].
MD snapshots of the (Li,Th)Fx melt at various compositions, show-
ing the progressive network formation when the ThF4 content
increases, are also shown in Fig. 2.

It is very instructive to investigate the critical composition
above which chains of nuclearity greater than 3 (above trimers)
start to form. We have plotted in Fig. 5 a simplified representation
of the chemical speciation in LiF-MF4 (M = Th, U, Zr), where only
monomers, dimers and ”polymers” are included. The monomers
correspond to all [ThFn]4�n units (n = 6, 7, 8, 9, 10), while the ”poly-
mers” correspond to trimers, tetramers plus all clusters with a
nuclearity higher than 4. The polymeric units become predominant
(with a fraction above 50%) around 18% UF4, 18% ThF4 and 38% ZrF4,
which shows a greater tendency towards network formation in the
Th/U melts compared to the Zr melts. This is also related to the
higher coordination numbers observed in the Th/U melts, leading
to more bridging fluorides.

Similarly, the distribution is compared in AF-ZrF4 melts at T =
1300 K [54,63] with (A = Li, Na, K) to judge the effect of the alkali
cation (Fig. 6). This time, the predominance of the polymeric unit is
observed above 36%, 38% and 40% in the LiF, NaF and KF melts,
respectively. The higher tendency towards network formation for
mixtures with smaller alkali cations is easily understood as the lar-
ger the alkali-metal is (with a larger ionic radius), the more stable
isolated complexes will be, and the more easily any network will
also be disrupted.
3.2.5. Trend as a function of the halide anion
The coordination numbers are generally lower in the chloride

mixtures than in the fluoride mixtures, which is in line with the
data presented in the previous section on the end-member com-
pounds. Liu et al. [55] compared the cage-out correlation times
in LiCl-ThCl4 and LiF-ThF4 melts, and found shorter lifetimes in
the fluoride melt compared to the chloride melt (or shorter cage-
out times), indicating less stable clusters. This is somehow
counter-intuitive, as one would rather expect the shorter and
stronger Th-F bonds to lead to more stable clusters. However, Liu
et al. [55] stress that the cage-out times and calculated lifetimes
do not only reflect the bonding strength, but more largely the char-
acteristics of the formed structural network, i.e. the linkage sharing
mechanism by either corner, edge or face sharing. The edge-
sharing and more particularly face-sharing mechanisms were
reported to decrease the stability by contrast with corner-sharing.



Fig. 3. Radial distribution functions in the LiF-ThF4 system, calculated at T = 1121 K: (a) Th-F RDF and (b) Th-Th RDF.

Fig. 4. Fraction of Th atoms involved in [ThF7]3�, [ThF8]4�, and [ThF9]5� monomers,
dimers, trimers, tetramers and ”polymers” (i.e. all clusters with a nuclearity equal to
5 or higher) at T = 1121 K in the LiF-ThF4 system.

Fig. 5. Fraction of M atoms (M = Zr, Th, U) involved in monomers, dimers and
polymers (i.e. trimers plus all clusters with a nuclearity equal to 4 or higher) at
T = 1121 K in the LiF-ZrF4 [63], LiF-ThF4 (this work) and LiF-UF4 [60] systems.

Fig. 6. Fraction of Zr atoms involved in monomers, dimers and polymers (i.e.
trimers plus all clusters with a nuclearity equal to 4 or higher) at T = 1300 K in the
LiF-ZrF4 [63], NaF-ZrF4 [54] and KF-ZrF4 [54] systems.
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3.2.6. Trend as a function of the valence state of the actinide cation
No data seem to be available to this date on mixtures with UF3.

Thus the trends can only be discussed for the chloride systems,
more specifically for NaCl-UCl4 versus NaCl-UCl3 systems. The 6-
fold coordinated complex is dominant in the NaCl-UCl4 mixtures
above 32% UCl4, while 7-fold and 8-fold coordinated complexes
are also present in NaCl-UCl3 mixtures above 25% UCl3 [44,62]. This
is in accordance with the trends already pointed out for the UCl4
and UCl3 end-members. The other major difference is the stability
9

of the solvation shells around U. The authors report a faster
exchange of Cl� ions in the first coordination shell around U3+ com-
pared to U4+, which translates to more stable clusters in NaCl-UCl4
compared to NaCl-UCl3. As for the network formation in both sys-
tems, bridging between isolated complexes by Cl� ions is observed
as soon as the concentration of uranium chloride in the mixture is
sufficient. Oligomers with nuclearity higher than 4 become domi-
nant (more than 50%) when x UCl3ð Þ and x UCl4ð Þ reach 0.3 and
0.4 M fractions, respectively [44]. This indicates that network for-
mation is thus more favourable for the lower valence states.

3.3. Ternary actinide halide mixtures

A limited number of ternary mixtures with actinide halides
have been investigated to this date, either experimentally or with
computational methods. This report covers the results reported
on some of the envisaged ternary fuel salt, coolant compositions
or mixtures for pyrochemical processing applications, namely
LiCl–KCl-UCl3, LiF-ThF4-UF4, LiF-ThF4-BeF2, LiF-ZrF4-BeF2, NaCl-
KCl-MgCl2, NaCl-UCl3-MgCl2, and NaCl-UCl4-MgCl2. As detailed
below the situation becomes even more intricate with respect to
local structural properties when considering ternary mixtures.

3.3.1. Actinide plus two alkali halide solution: case study LiCl–KCl-UCl3
Ternary mixtures in the LiCl–KCl-UCl3 system, which are partic-

ularly relevant for pyrochemical processing applications, were
investigated by Okamoto et al. [64], Li et al. [65], Song et al. [66],
and Dai et al. [67] using EXAFS and atomistic simulations as listed
in Table 5. [UCl6]3� and [UCl7]4� are the major complexes formed
at low UCl3 content, and [UCl7]4�/[UCl8]5� at high UCl3 concentra-



Table 5
Overview of the investigated ternary fluoride and chloride mixtures by various experimental and computational techniques. ”CN(M)” indicates the coordination number around
the central atom ”M”.

System Mole fractions T(K) CN(M) Technique Ref.

LiCl–KCl-UCl3 solutions

LiCl–KCl-UCl3 eutectic (5% UCl3) 823 6.6/6.8(U) EXAFS/PIM [64]
LiCl–KCl-UCl3 eutectic (17% UCl3) 823 6.9/7.2(U) EXAFS/PIM [64]
LiCl–KCl-UCl3 eutectic (50% UCl3) 823 7.6(U) PIM [64]
LiCl–KCl-UCl3 0.576–0.394–0.030 858.4/886/920.5/969.8/1019.4 6.35/6.26/6.17/6.22/6.13(U) AIMD [65]
LiCl–KCl-UCl3 0.594–0.406–0.031 858/886/921/960/1019 6.35/6.26/6.17/6.22/6.13(U) AIMD [66]
LiCl–KCl-UCl3 0.574–0.4–0.026 1023 6.3(U) PIM [67]
LiCl–KCl-UCl3 0.559–0.389–0.052 1023 6.1(U) PIM [67]
LiCl–KCl-UCl3 0.54–0.36–0.1 1023 6.6(U) PIM [67]
LiCl–KCl-UCl3 0.472–0.328–0.2 1023 6.7(U) PIM [67]
LiF-ThF4-UF4 solutions
LiF-ThF4-UF4 0.775–0.225–0.01 973 8.05(Th)/7.84(U)a EXAFS/PIM [57]
LiF-ThF4-UF4 0.775–0.225–0.02 973 8.09(Th)/7.88(U)a EXAFS/PIM [57]
LiF-ThF4-UF4 0.775–0.225–0.03 973 8.04(Th)/7.90(U)a EXAFS/PIM [57]
LiF-ThF4-UF4 0.775–0.225–0.04 973 8.08(Th)/7.89(U)a EXAFS/PIM [57]
LiF–BeF2-ThF4 solutions
LiF–BeF2-ThF4 0.85–0.10–0.05 1273 7.57(Th) PIM [42]
LiF–BeF2-ThF4 0.636–0.314–0.05 1273 7.69(Th) PIM [42]
LiF–BeF2-ZrF4 0.85–0.10–0.05 1273 7.29(Th) PIM [42]
LiF–BeF2-ZrF4 0.636–0.314–0.05 1273 7.15(Th) PIM [42]
NaCl-KCl-MgCl2 solutions
NaCl-KCl-MgCl2 eutectic 823 4.60(Mg) AIMD [68]
NaCl-UCl3-MgCl2 solutions
NaCl-UCl3-MgCl2 0.4–0.4–0.2 1200 4.8(Mg), 6.7(U) AIMD [61]
NaCl-UCl3-MgCl2 0.333–0.333–0.333 1200 4.8(Mg), 6.7(U) AIMD [61]
NaCl-UCl3-MgCl2 0.25–0.25–0.5 1200 4.7(Mg), 6.7(U) AIMD [61]
NaCl-UCl4-MgCl2 solutions
NaCl-UCl4-MgCl2 0.4–0.4–0.2 1200 4.4(Mg), 6.1(U) AIMD [61]
NaCl-UCl4-MgCl2 0.333–0.333–0.333 1200 4.5(Mg), 6.2(U) AIMD [61]
NaCl-UCl4-MgCl2 0.25–0.25–0.5 1200 4.5(Mg), 6.2(U) AIMD [61]

a MD data using the PIM.
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tion. Isolated complexes are dominant below 20% UCl3 and the net-
work is sparse, as can be expected in a mixture with two alkali
metal cations: the pattern is similar to that of binary mixtures of
actinide halides with an alkali-metal halide.
3.3.2. Two actinide plus one alkali halide solution: case study LiF-ThF4-
UF4

Bessada et al. investigated by coupled EXAFS/MD techniques
LiF-ThF4 eutectic mixtures (x LiFð Þ = 0.775; x ThF4ð Þ = 0.225) to
which 1–4% of UF4 was added [57]. The coordination environment
of thorium (in particular coordination number) was affected very
little by the UF4 addition at those concentrations. However, a more
pronounced impact was seen on the chemical speciation with 4%
UF4: namely, the fraction of thorium monomers [ThFn]4�n and
polymeric species [ThmFn]4m�n (dimers, trimers, etc.) decreased in
favour of the formation of mixed clusters [ThmUuFn]4 m+4u�n and
isolated [UFn]4�n complexes (n = 6, 7, 8). This also lead to a slight
increase in the fraction of free fluoride F� anions as uranium dis-
rupted the thorium network to form mixed uranium–thorium
polymeric units [ThmUuFn]4 m+4u�n, until a plateau was reached at
2% UF4. This behaviour leads to a corresponding increase in the
basicity of the salt, and a concomitant slight decrease in the viscos-
ity as UF4 is added [57].
3.3.3. The particular case of BeF2 containing solutions: case study LiF–
BeF2-MF4 (M = Th, Zr)

Beryllium fluoride is a strongly polymeric liquid, with a struc-
ture similar to that of silicate melts. BeF2(cr) itself is a structural
analogue to SiO2(cr): the beryllium cations form a three-
dimensional network of corner-sharing tetrahedra. This tetrahe-
dral coordination is kept upon melting. In the LiF–BeF2 melt, the
melt shows mostly dissociated Li+, BeF2�4 and F� species at low
BeF2 content. As the concentration of BeF2 increases, dimers
10
Be2F
3�
7 , trimers Be3F

4�
10 , tetramers Be4F

5�
13 , and higher degree poly-

mers form progressively, until a completely connected network is
obtained for pure BeF2 [20,16,15].

Dai et al. investigated the structure of ternary LiF–BeF2-ZrF4 and
LiF–BeF2-ThF4melts usingmolecular dynamics simulations and PIM
potentials [42]. The authors showed that for relatively low contents
of BeF2 (between 10 and 31.4%) and low contents of ThF4/ZrF4 (5%),
Be2+ and Th4+ (resp. Zr4+) retained a similar coordination environ-
ment to that observed in binary mixtures with LiF, i.e. isolated 4-
fold coordinated complexes for Be2+ and mostly 7- and 8-
coordinated Th4+ and Zr4+ cations in discrete units. Compared to
pure LiF-ThF4, however, the Th-Th RDFs in LiF–BeF2-ThF4 suggested
a more compact structure with thorium complexes closer to each
other. This can be related to the smaller ionic radius of Be2+ (0.27
Å) compared to Li+ (0.76 Å). Moreover, the number of Th-F-Th bridg-
ingwas found to increase, which is again a consequence of the smal-
ler ionic radius, but also the higher charge of Be2+ compared to Li+,
and higher acidity [42]. Be2+ is expected to disrupt the Th-F-Th
cross-linking less efficiently than Li+: thus the network becomes
more compact when adding Be2+ and sparser when adding Li+. Dai
et al. also performed a very instructive comparison with the struc-
ture properties in LiF–BeF2-ZrF4 melt. Generally, a lower coordina-
tion number is observed around Zr4+ compared to Th4+, which can
be understood from the lower ionic radius able to accommodate less
F� anions.Nevertheless this doesnotmean that theZr complexes are
less stable. On the contrary, calculations of the cage-out correlation
times and energy activation barriers to escape the solvation shell
indicate stronger Zr-F bonds and a more stable network in the ZrF4
containing salt compared to the ThF4 containing salt.

3.3.4. The particular case of MgCl2 containing solutions: case study
NaCl-KCl-MgCl2 and NaCl-UCln-MgCl2 (n = 3,4)

The addition of MgCl2 to fuel salt mixtures is considered by
some MSR designers to tailor the melting temperature of the fuel
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to their needs [13], or as component of the coolant system. In this
section, the features of the NaCl-KCl-MgCl2 mixture are described,
as they provide some first elements to predict the behaviour when
MgCl2 is added to the salt mixture. The local structure of pure
MgCl2 was scrutinized first by Raman spectroscopy, which

revealed tetrahedral MgCl2�4 units in equilibrium with oligomers/
polymers [69,70]. Neutron diffraction studies also later suggested
a tetrahedral environment [71]. More recently, computational
studies by reverse Monte Carlo techniques [72] and AIMD [73]
indicated rather the predominance of 4-fold and 5-fold coordi-
nated Mg2+ cations in equilibrium with 6-fold complexes, and a
local symmetry closer to an octahedron with anion vacancies than
a tetrahedron. The average Mg-Cl coordination number was calcu-
lated as 4.59 at 1000 K [73]. Temperature was found to have little
influence on the coordination environment.

In the NaCl-MgCl2 binary eutectic mixture, the coordination of
Mg2+ cations was calculated to be 4.68 at 861 K by AIMD [74], cor-
responding to a distribution of CNs equal to 47.3%, 41.2% and 11.4%
for the 5-fold, 4-fold and 6-fold coordinations, respectively [74]. In
KCl-MgCl2, a similar result was obtained by AIMD [75], where the
local geometry was reported to evolve from predominantly
(isolated) tetrahedral at low MgCl2 content to distorted octahedral
with one-two anion vacancies at high MgCl2 content as network
formation takes place, with an average coordination number
varying between 4.22 (22.2% MgCl2) and 4.78 (80% MgCl2) at
1073 K. As pointed by the authors, the addition of MgCl2 to a
mixture will hinder the formation of isolated monomeric
complexes, and in the contrary will result in network formation
via chains of Mg2+ bridged by Cl� anions. This will have an impact
on the excesss thermodynamic properties as detailed in the next
section, but also on transport properties, more particularly
viscosity.

In the ternary NaCl-KCl-MgCl2 eutectic mixture, the local struc-
ture is similar to that in the binaries with an average coordination
number for Mg-Cl equal to 4.60 at 823 K, and the formation of
corner-sharing and edge-sharing Mg chains of more than 9–10
units [68]. Li et al. [61] very recently reported AIMD simulations
of NaCl-UCl3-MgCl2 and NaCl-UCl4-MgCl2 mixtures, that allow to
scrutinize the effect of the Mg2+addition on the network formation
in actinide bearing salts, but also the difference in behaviour for a
trivalent and tetravalent chloride salt mixture. Upon increasing
concentration of MgCl2, the network of [UmCln]3 m�n (resp.
[UmCln]4 m�n) polymers breaks down in both cases, but the effect
is much greater in the UCl4 salt mixture. About one third of the
[UmCln]3 m�n polymers break down in the UCl3 salt and are replaced
by monomers, dimers, trimers and tetramers upon addition of
MgCl2, while the fraction of [UmCln]2 m�n oligomers and polymers
grows simultaneously. In the UCl4 salt, only 40% of the [UmCln]4
m�n polymer network remains, even at low MgCl2 content, while
only monomers and dimers are still present at high MgCl2 content.
Likewise, the fraction of [MgmCln]2 m�n polymers increases in par-
allel. The average coordination number around U increases from
6.5 in NaCl-UCl3 to 6.7 in NaCl-UCl3-MgCl2, while it increases from
6.1 in NaCl-UCl4 to 6.2 in NaCl-UCl4-MgCl2 at 1200 K. As for the
coordination around Mg, it is found around 4.7–4.8 in NaCl-UCl3-
MgCl2, and around 4.4–4.5 in NaCl-UCl4-MgCl2 depending on the
Mg content. Calculations of the free-energy barriers for the Cl�

anions to escape a coordination shell show that these are equiva-
lent for Cl� to escape the shell around Mg2+ and U3+, while it takes
more energy to escape the shell around U4+ compared to Mg2+. This
is related to the stronger U4+-Cl� bonds, as already detailed in Sec-
tion 3.2.6, and explains the lower coordination numbers around
Mg in the tetravalent uranium salt, but also the preferential forma-
tion of isolated complexes around U4+ when MgCl2 is added, thus
the easier disruption of the network structure.
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3.4. Concluding note on the structural properties in the liquid

As a conclusion to this discussion on detailed features and gen-
eral trends in structural properties of actinide bearing salts, it
should be pointed out that most of the results obtained are based
on atomistic simulations, which are challenging for actinide 5f ele-
ment systems, and would thus require further validation with
complementary experimental campaigns. Nevertheless, the overall
picture provided with classical molecular dynamics, ab initio
molecular dynamics, density functional theory, and machine-
learning potentials studies is rather consistent and in line with
the available experimental information, which gives confidence
that the computed results reflect with good predictive capabilities
the trends in these molten salt systems.

4. Thermochemical and thermophysical properties of actinide
salt systems

4.1. Trends in stability of the actinide halides

Some selected thermodynamic properties, namely melting tem-
peratures, enthalpies of fusion, entropies of fusion, sublimation
entalpies, and heat capacity in the liquid phase are listed in Table 6
for the actinide trihalides and tetrahalides. The trends in the melt-
ing temperatures and sublimation enthalpies, displayed in Fig. 7,
show a decrease in stability along the series of the actinides tri-
halides and tetrahalides (from Th to Am). The melting temperature
and sublimation enthalpies are measures of the cohesion energy in
the crystalline lattice. A similar decrease is also observed in other
classes of materials, among the actinide oxides for instance [76].
As reported in [76], this indicates a predominant role of the 5f
valence electrons on the bonding properties of the actinide com-
pounds. When comparing to Fig. 1, it appears that the fluorides
that display shorter An-X distances compared to the chlorides, also
have a higher melting temperature and sublimation enthalpy. This
is to be expected, as the fusion and sublimation events will require
more energy when the bonding in the crystal lattice is stronger.
Only the sublimation enthalpy of AmF3 deviates from this trend,
and we suggest re-assessing the latter data.

4.2. Mixing enthalpy data

The local structural properties as described in Section 3 can be
related to excess thermodynamic properties as mentioned in the
introduction, and in particular to the so-called mixing enthalpy
data or excess enthalpy of mixing. The latter data is key when it
comes to modelling the thermodynamic properties of salt systems
using the CALPHAD method as described in Section 5.1. The Gibbs
energy of mixing DmixGm is defined as the difference between the
Gibbs energy of a solution before and after a mixing event between
two end-members:

DmixGm ¼
X
i

xi Gm;i � Gm;i

� �
ð4Þ

where
P

i xiGm;i is the initial Gibbs energy equal to the stoichiomet-

ric sum of the pure end-members, and
P

i xiGm;i is the final Gibbs
energy of the solution equal to the sum of partial molar Gibbs ener-
gies of components i.

The Gibbs energy of mixing is composed of an enthalpic and
entropic component, DmixHm and DmixSm, respectively, with a simi-
lar definition. In the case of an ideal solution, the entropy of mixing
is given by:

DmixS
ideal
m ¼ �R

X
i

xilnxi ð5Þ



Table 6
Thermodynamic data on the most stable actinide fluorides and chlorides. Unless otherwise specified, the data were taken from the review by Capelli and Konings [6]. The data in
italic are estimated.

Compound Tfus(K) DfusH
o
m Tfus
� �

DfusS
o
m Tfus
� �

DsubH
o
m 298:15Kð Þ Cp lð Þ

(kJ�mol�1) (J�K�1�mol�1) (kJ�mol�1) (J�K�1�mol�1)

Tetravalent actinide fluorides
ThF4 1383 � 3 36.4 � 10 [77] 26.3 349.7 � 12.0a 168 � 10 [77]
UF4 1309 � 5 [78] 44.79 [78] 34.2 [78] 174.74 [78]
Tetravalent actinide chlorides
ThCl4 1042 � 2 61.5 � 2.6 59.0 234.9 � 5.4a 167.4 � 10
UCl4 863 � 1 45 � 8 52.1 203.4 � 5.3a 108 + 0.06T
Trivalent actinide fluorides
UF3 1768 [79] 36.8 [79] 20.8 [79] 130 [79]
NpF3 1735 � 30 36.1 � 5 20.8 417 � 21.7a 132 � 20
PuF3 1705 � 10 35.4 � 5 20.8 418.9 � 5.2a 130 � 20
AmF3 1666 � 20 34.7 � 5 20.8 437.5 � 21.7a 130
Trivalent actinide chlorides
UCl3 1115 � 2 49 � 2 43.9 340.7 � 20.1a 129.7
NpCl3 1070 � 3 50 � 8 46.7 307.8 � 10.8a 137.5 � 15
PuCl3 1041 � 2 49 � 3 47.1 312.2 � 2.7a 144
AmCl3 991 � 5 48.1 � 4 146.2 � 6

a Uncertainty recalculated in this review.

Fig. 7. Evolution of the melting temperature (in red) and sublimation enthalpy (in
blue) along the series of the actinide halides.
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and the enthalpy of mixing is equal to zero, which means the solu-
tion is stabilized by the entropy term only, called the configura-
tional entropy.

Most systems deviate from ideal behaviour, however, and the
excess molar Gibbs energy of mixing DmixG

excess
m quantifies their

deviation from ideality:

DmixG
excess
m ¼ DmixGm � DmixG

ideal
m ð6Þ

DmixG
excess
m ¼ DmixH

excess
m � TDmixS

excess
m ð7Þ
Fig. 8. (a) Enthalpies of mixing and (b) interaction parameters for the LiF-ZrF4, NaF-Z
polynomial fits to the data.
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where DmixH
excess
m and DmixS

excess
m are the excess enthalpy and entropy

of mixing, respectively, given by:

DmixS
excess
m ¼ DmixSm þ R

X
i

xilnxi

DmixH
excess
m ¼ DmixHm

ð8Þ

Since the ideal enthalpy of mixing is equal to zero, the excess
enthalpy of mixing is given directly by the measured enthalpy of
mixing data.

Various techniques have been reported to collect such data
using calvet-type twin microcalorimetry, among which ”drop”,
”indirect drop”, ”break-off bubble”, ”break-off ampoule”, ”sus-
pended cup” methods [80,81] and conventional differential scan-
ning calorimetry [82]. A vary large databank has been collected
on binary mixtures of halides salts, mainly by Kleppa, Pap-
atheodorou, Gaune-Escard, Hattem and co-workers as cited below
in the 1960s-to this date, which have contributed to the under-
standing of the relationship between this excess thermodynamic
property and local structure behaviour. At the time of the measure-
ments, the structural information available came mostly from
Raman studies. It is very informative to re-interpret those data in
light of the more recent information collected using techniques
such as in situ EXAFS, neutron diffraction, first-principles and clas-
sical molecular dynamics simulations. This review focuses on the
fuel salt systems mentioned in the previous sections, and for which
the structural properties have been discussed more at length.
rF4, KF-ZrF4 and RbF-ZrF4 systems measured by Hattem et al. [88]. The lines are



Fig. 9. (a) Enthalpies of mixing and (b) interaction parameters for the LiF-ThF4, NaF-ThF4, and KF-ThF4 systems measured by Capelli et al. [82], Schreuder et al. [89] and Ocadiz
et al. [90]. Comparison with the thermodynamic models (solid lines) of Ocadiz et al. [91] (LiF-ThF4), and Ocadiz et al. (NaF-ThF4 and KF-ThF4) [90].

Fig. 10. (a) Enthalpies of mixing and (b) interaction parameters for the NaCl-UCl3 [85], KCl-UCl3 [84], NaCl-NdCl3 [92], KCl-NdCl3 [92], NaCl-LaCl3 [83] and KCl-LaCl3 [83]
systems. The lines are polynomial fits to the data.

Fig. 11. (a) Enthalpies of mixing and (b) interaction parameters for the LiF-LaF3 [93,94], NaF-LaF3 [93,94], KF-LaF3 [93], LiF-NdF3 [95], NaF-NdF3 [95] and KF-NdF3 [95]
systems. The lines are polynomial fits to the data.
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Some general trends can be pointed out. Firstly, the enthalpy of
mixing in most binary molten salt fluoride and chloride systems is
negative (although not always), indicating an exothermic process.
The enthalpy of mixing is the result of coulombic interactions, dis-
persion interactions, as well as ordering effects (complexing and
network structure formation) in the mixture [83]. In a binary mix-
ture of an alkali metal or alkaline-earth halide with a trivalent or
tetravalent halide (e.g. ZrF4, ThF4, UCl3, LaF3, LaCl3 etc.), the mixing
enthalpy increases in absolute value along the series as the ionic
radius of the alkali metal or alkaline-earth metal increases. This
is seen in Figs. 8–12, displaying the mixing enthalpy data of AF-
ZrF4, AF-ThF4, ACl-UCl3, AF-LaF3, AF-NdF3, and ACl-MgCl2 mixtures
(A = Li, Na, K, Rb, Cs). According to theory developed by Hong and
Kleppa [84], the value of the mixing enthalpy of a mixture with
cations in different valence states (so called charge-
13
unsymmetrical or asymmetrical mixed cations with common
anion) can be related to the ”relative ionic potential” of the cations
given by the formula:

DIP ¼ z1=r1 � z2=r2 ð9Þ
where z1; z2; r1 and r2 correspond to the oxidation state and ionic
radii of the cations 1 and 2, respectively. From the above formula,
one sees that the ”relative ionic potential” increases when the size
of the alkali metal cation increases, which causes an increase in
the absolute value of the mixing enthalpy. Moreover, systems with
the same charge and similar ionic radii will display very similar
enthalpies of mixing. This is the case for instance for NaCl-UCl3
[85] and KCl-UCl3 [84], which are very close in magnitude to the
analogue systems NaCl-NdCl3, NaCl-LaCl3 and KCl-NdCl3, KCl-
LaCl3, respectively (see Fig. 10).



Fig. 13. (a) Enthalpies of mixing and (b) interaction parameters for the LiF–BeF2, KF-BeF2, and RbF-BeF2 measured by Holm and Kleppa [96]. For LiF–BeF2, a comparison is also
made with the data derived from MD simulations [20]. The lines are polynomial fits to the data.

Fig. 14. (a) Enthalpies of mixing and (b) interaction parameters for the AECl-MgCl2 (AE = Ca, Sr, Ba) systems measured by Papatheodorou and Kleppa [97]. The lines are
polynomial fits to the data.

Fig. 12. (a) Enthalpies of mixing and (b) interaction parameters for the ACl-MgCl2 (A = Li, Na, K, Rb, Cs) systems measured by Kleppa and McCarty [87]. The lines are
polynomial fits to the data.
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The energetic asymmetry of the binary system AnXm-BuXv sys-
tem can be quantified using the interaction parameter k:

k ¼ DmixHm= x BuXvð Þ � 1� x BuXvð Þð Þð Þ ð10Þ

where DmixHm is the measured mixing enthalpy and x BuXvð Þ the
molar fraction in BuXv .

The evolution of the interaction parameters for the systems
considered is shown along with the mixing enthalpy data in
Figs. 8–14. One sees again that the magnitude of the interaction
parameter increases towards more negative values with increasing
size the alkali/alkaline-earth cation [83]. Moreover, more negative
values are obtained in alkaline/alkaline-earth rich regions com-
pared to the trivalent/tetravalent halide rich regions, indicating
asymmetric systems from the energetics point of view.
14
The position of the minima in the mixing enthalpy and interac-
tion parameter data are strongly linked to the local structure prop-
erties and more specifically to the formation of molecular species
and network formation. For binary mixtures of the type AX-MX2

with divalent cations, a minimum in the interaction parameter is
observed around 0.33% due to the formation of MX2�

4 complexes
[86]. This is the case in the ACl-MgCl2 (A = Li, Na, K, Cs, Rb) mix-
tures for instance [87] (Fig. 12). In a number of binary mixtures
with trivalent cations of the type AX-MX3, the minimum is shifted
towards higher compositions around 0.4% pointing to the forma-
tion of MX3�

6 complexes [86,84]. This is especially visible for KCl-
UCl3 presented here in Fig. 10. For the tetravalent cations shown
here (Zr, Th and U), the minimum is also around 33% for the ZrF4
systems due to the high stability of ZrF2�6 complexes, and shifted
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towards slightly higher values in the ThF4 solutions (� 0.4–0.5%),
in relation with the higher coordination numbers observed in the
corresponding melts. The minimum becomes more evident when
the size of the alkali cation increases, which can be related to the
more stable isolated complexes as detailed in the previous section.

The comparison of the data for LiF-ZrF4 (Fig. 8) and LiF-ThF4
(Fig. 9) allows to study the influence of the ionic radius of the
tetravalent cation. A more negative mixing enthalpy is observed
in the ZrF4 melt, which is due to the shorter and stronger Zr-F
bonds, more stable [ZrFn]4�n complexes and reduced tendency to
form a network by Zr-F-Zr cross-linking [60].

BeF2 and MgCl2 containing salts present particularly interesting
features, with in some cases the appearance of a S-shaped mixing
enthalpy curve. This is the case for LiF–BeF2 (Fig. 13), with positive
mixing enthalpy data (endothermic contribution) at high BeF2 con-
tent, and negative values (exothermic contribution) at high LiF
content. This occurrence of this S-type behaviour was explained
by the disruption of the highly connected three-dimensional poly-
meric structure of liquid BeF2 upon addition of LiF. The breakdown
of Be-F-Be bridges causes this positive contribution to the mixing
enthalpy [96,20]. This pattern is very well captured by the MD sim-
ulations using PIM parameters (see Fig. 13), although the magni-
tude is slightly overestimated [20]. Moreover, the minimum of
the curve occurs around x BeF2ð Þ�0.3–0.4, which indicates the sta-
bility of BeF2�4 complexes. Interestingly, this S-shape disappears
when a larger alkali metal is added to BeF2: KF-BeF2 and RbF-
BeF2 show the typical exothermic behaviour over the full composi-
tion range. Because of the larger ionic radii of K+ and Rb+, we can
expect a decreased tendency towards polymerization and an
increased stabilisation of the isolated BeF2�4 complexes.

Finally, the binary mixtures of MgCl2 with alkaline-earth Ca, Sr
and Ba chlorides offer a very interesting case study. As shown in
Fig. 12, the results obtained for CaCl2-MgCl2 are endothermic with
a maximum at 0.7% MgCl2 around 1.2 kJ�mol�1, while the data for
BaCl2-MgCl2 show exothermic behaviour with a minimum at 0.4%
MgCl2 around �2.5 kJ�mol�1. SrCl2-MgCl2 is intermediate in beha-
viour and presents a S-shape similar to the one observed in the LiF–
BeF2 system (although less marked), which must be related to the
tendency that MgCl2 presents towards polymerization [97]. The
Mg-Cl bond thus shows a covalent character leading to the forma-
tion of Mg-Cl-Mg bridges [97]. As reported by Papatheodorou and
Kleppa, breaking the bridges leads to a significant endothermic
contribution to the enthalpy of mixing, that dominates over the
coulombic and dispersion forces contributions [97]. But here again,
the S-shape is not systematically observed, but rather limited to
very specific situations: the mixtures with alkali metal chlorides
or with BaCl2 lead to the typical exothermic trend. Interestingly,
an endothermic mixing enthalpy is obtained for CaCl2-MgCl2,
while an exothermic one is reported for NaCl-MgCl2, although
Na+ and Cs2+ have very similar ionic radii (1.02 Å and 1.0 Å in
6-fold coordination), respectively. This shows how complex the
local structure properties and their relation to the excess proper-
ties can be.

As mentioned previously, mixing enthalpies are key input
data when it comes to performing thermodynamic assessments
of molten salt systems (see Section 5.1), but are not always
available in the literature, and especially not for actinide bearing
salts apart for the few systems listed here (i.e. LiF-ThF4, NaF-
ThF4, KF-ThF4, NaCl-UCl3 and KCl-UCl3). Some empirical estima-
tion methods have been developed over the years for binary
charge symmetrical and asymmetrical systems as a function of
cation radii, including the conformal solution model of Reiss,
Katz and Kleppa (RKK) [98], the modified conformal solution
model by Davis and Rice [99] and Davis [100,101], a complex
anion model by Flengas and Kucharski [102], and more recently
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the approach by Schorne-Pinto et al. [103] that builds on the
method of Davis. We will not give a detailed description of
the latter works as this is beyond the scope of this article, but
will outline shortly the method of Davis that has been widely
used and appears suitable for a number of systems, and the
recent additions made by Schorne-Pinto et al. that were tested
on akali metal chloride - rare-earths/uranium trichloride sys-
tems. To a first approximation in the conformal solution theory
of Davis [100,101], the asymmetry parameter k in a system AX-
MXn varies, at fixed temperature, pressure and composition, lin-
early with the size parameter d12. d12 is a function of ionic radii
and distances of ionic species d1 ¼ rAþ þ rX�ð Þ and
d2 ¼ rMnþ þ rX�ð Þ and is defined as follows:

d12 ¼ d1 � d2

d1 � d2
¼ rAþ þ rX�ð Þ � rMnþ þ rX�ð Þ

rAþ þ rX�ð Þ � rMnþ þ rX�ð Þ ð11Þ

where rAþ ; rMnþ , and rX� are the ionic radii of the alkali cation, M
metal cation (e.g. alkaline-earth, rare-earth, actinide), and X anion,
respectively, taken from the Shannon tabulated data [25] in sixfold
coordination. Later works have shown that for series where the
ionic radius of the metal cation varies widely, a quadratic fitting
as a function of d12 improves the description, however [104,103].
When using the approach of Davis, the minimum value for the mix-
ing enthalpy is often assumed in the literature to be located at the
equimolar composition, as pointed out by Schorne-Pinto et al.,
which is not correct for most charge asymmetrical systems, how-
ever. A more correct approach would consist in applying the
method to every composition point, but this is very time consum-
ing. Schorne-Pinto et al. [103] thus propose to first determine the
composition of maximum short-range ordering before applying
the analysis method of Davis with quadratic fitting to the mixing
enthalpy data at the composition of maximum short range ordering
(SRO). The authors show that for alkali metal-rare earth trichloride
systems, the composition of maximum SRO follows a linear evolu-
tion with respect to d12. They demonstrate the reliability of the pro-
posed methodology by estimating the mixing enthalpy of NaCl-UCl3
and KCl-UCl3 at this maximum SRO composition based on the data
of sodium chloride-rare earth trichloride systems available in the
literature. They subsequently apply the same method to make esti-
mates of the mixing enthalpies for the other alkali metal-uranium
chloride systems (i.e. Li, Rb and Cs-based melts), as well as for the
ACl-PuCl3 (A = Li, Na, K, Rb, Cs). Such input is very valuable consid-
ering the scarcity of data in plutonium-based systems. The method-
ology described above is applicable as long as sufficient information
can be found to establish trends of the asymmetry parameter and
maximum short range ordering (SRO) compositions as function of
d12 over a range of cation radii that is wide enough. This is the case
for the trichloride salt systems, but probably not for the trifluorides
where far less studies have been reported. It is also not directly suit-
able for estimating the mixing enthalpies of tetravalent actinide salt
systems since only the cerium and zirconium surrogates are stable
in the tetravalent state.

4.2.1. Density, molar volume and viscosity
The structural features of the halide salts can also be related to

the evolution of other thermophysical properties such as density/-
molar volume, thermal expansion or transport properties such as
viscosity, thermal or electrical conductivity. The intent here is
not to give an exhaustive review of the latter properties for each
system, as this has been the subject of other works, notably by
Beneš and Konings [5] and Capelli and Konings [6]. Instead, we will
illustrate with a few examples the link between local structure and
those properties in selected systems.



Fig. 15. Viscosity of LiF-ThF4 [106], NaF-ThF4 [107], KF-ThF4 [107], LiF-UF4 [108]
salts at T = 1273 K, and that of LiF–BeF2 [109] at T = 1200 K.
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Starting with density, it is found that pure tetrafluorides melts
(e.g. UF4 and ThF4) are denser than trichloride melts (e.g. UCl3)
[6], which can be directly related to the stronger and shorter An-
X bonds (Fig. 1). Ideal behaviour is rather common in binary mix-
tures, for instance in LiF-ThF4 and LiF-UF4, meaning molar volumes
of mixtures are obtained by simple stoichiometric sum of the end-
members [91]. However, some of the systems show greater devia-
tions from ideality, for instance NaCl-UCl3, which was related to
the increased covalency of the An-Cl bonds [91,105]. In the LiF–
BeF2 mixture, a S-shape is observed when plotting the excess
molar volume versus composition, similar to that of the mixing
enthalpy data with a minimum observed around x BeF2ð Þ � 0.4
and a positive deviation at high BeF2 content [20]. The minimum
in the density data corresponds to the composition region where
the liquid transitions from molecular with mainly BeF2�4 species
to polymeric with appearance of dimers, trimers, etc. The positive
deviation is again related to the breakdown of the three-
dimensional network of BeF2 upon addition of LiF [20].

Viscosity is also directly related to local structure properties.
UF4 and ThF4 show again greater viscosity than UCl3 [91], which
is explained by the stronger An-X bonds and greater network form-
ing capabilities. As illustrated in Fig. 15, a higher viscosity is
observed in LiF-ThF4 compared to NaF-ThF4 and KF-ThF4. This
can be easily understood from the fact that the bigger the alkali
cation is, the easier it can disrupt network formation and favour
isolated complexes. The viscosity of LiF-UF4 is also lower than that
of LiF-ThF4, indicating a ”weaker” network structure in the ura-
nium melt. Finally, the viscosity of the aforementioned binary acti-
nide halide salts is still about 3 orders of magnitude lower than in
LiF–BeF2 at high BeF2 content, which reflects the much greater
degree of polymerization in the beryllium containing salt.

5. Modelling methods of the thermochemical and
thermophysical properties of molten salts

The development of modelling methods of the thermochemical
and thermophysical properties of molten salts is essential to assess
the behaviour under any set of (temperature, pressure, redox
potential etc.) conditions during normal operation and accidental
conditions in a Molten Salt Reactor. Performing an exhaustive
assessment through models and simulation codes of the dynamic
and complex fuel physical-chemistry is a stringent requirement
for the safety analysis and the licensing process. In recent years,
the atomistic simulations (e.g. ab initio molecular dynamics, den-
sity functional theory, classical molecular dynamics) of the ther-
modynamic and transport properties have undergone a
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substantial development. However, they also have their own limi-
tations, in particular they are computationally expensive and can-
not give direct information on the equilibrium thermodynamics,
which makes them impractical for use on multi-element systems
in operating conditions. This review focuses rather on the mod-
elling methods developed for thermodynamic (Section 5.1), den-
sity and viscosity (Section 5.2) properties at the mesoscale, based
on the CALPHAD (CALculation of PHAse Diagram) methodology
[110].
5.1. Thermodynamic modelling

The CALPHAD method is based on the least-square minimiza-
tion of the total Gibbs energy of the system [110], and requires
to express the Gibbs energy functions of all phases (solid, liquid,
gas) in the system under consideration. Excess parameters in the
Gibbs energy functions are optimized to fit as best as possible all
the thermodynamic information available, including phase dia-
gram data, thermodynamic functions (enthalpies of formation,
standard entropies, heat capacities), vapour pressures, chemical
potentials etc.

Various formalisms exist to model the solid, liquid and gaseous
phases, and are selected depending on the nature of the system
under consideration (e.g. metallic, oxide, salt system) to reflect as
best as possible its intrinsic physico-chemical properties. We treat
here exclusively the solution models reported for the liquid salt,
which is the prime interest in this review. Two main formalisms
are in use in the literature for halide salts, namely the associate
model [110,111] and the quasi-chemical model proposed by Pelton
et al. [112–115] in the quadruplet approximation. Both are partic-
ularly well-adapted for ionic liquids with strong short-range order-
ing as is the case for the halide salts.

In the former method, so-called associate species are defined in
the liquid solution with a stoichiometry similar to that of crys-
talline phases that correspond to ”stable” clusters in solution, i.e.
with a significant lifetime compared to the mean time between
thermal collisions [110]. Their Gibbs energies are optimized along
with other thermodynamic excess parameters in the assessment.
Examples of systems optimized with this formalism are LiF-NaF-
KF-CrF3 [116] or NaF-BeF2 [117]. However, as pointed out by Pelton
[118] and stressed again in the recent reviews of Besmann and
Schorne-Pinto [119] and Sundman et al. [111], this description is
not applicable for systems with positive deviations from ideality,
and is not completely satisfactory when it comes to extrapolation
to higher-order systems.

The latter method, i.e. the quasi-chemical model (QCM) in the
quadruplet approximation [112–115], is the one retained for the
large thermodynamic databases of salt systems for nuclear applica-
tions, in particular the Joint Research Centre Molten Salt Database
(JRCMSD) in Europe [14], or the Molten Salt Thermal Properties
Database-Thermochemical (MSTDB-TC) in the US [119,130]. The
quasi-chemical formalism was first introduced by Guggenheim
[120], and then adapted by Pelton and Blander [121] to allow more
freedom in the optimization of the minima of the mixing enthalpy
and entropy (i.e. not limited to the equimolar composition) [119].
The modified quasi-chemical model in the pair approximation was
then developed further by Pelton et al. for binary solutions [112],
by Pelton and Chartrand for multi-component solutions [113], by
Chartrand and Pelton for two sublattices [114], and finally by Pel-
ton et al. with the addition of the quadruplet approximation [115].

In the modified quasi-chemical model in the quadruplet
approximation, the basic unit in the liquid solution is a quadruplet
composed of two cations and two anions (this could be two differ-
ent anions for a reciprocal solution, or a common anion). In the
example shown below, one cation is noted Aþ (e.g. alkaline cation),



Fig. 16. Schematic representation of the second-nearest neighbour (SNN) exchange reaction of the quadruplets.

Table 7
Summary of species used on the cationic and anionic sublattices of QCMs in the
quadruplet approximation with variable coordination numbers.

System Species on the
cationic sublattice

Species on the
anionic sublattice

Ref.

NaF:BeF2 Na+, Be2þIV , Be4þ2 F� [122,123]

LiF:BeF2 Li+, Be2þIV , Be4þ2 , Be6þ3 F� [20]

LiF:UF4 Li+, U4þ
VII , U

4þ
VIII , U

8þ
2

F� [60]

NaF:ThF4 Na+, Th4þ
VII , Th

4þ
VIII , Th

8þ
2

F� [89]

NaCl:UCl3 Na+, U3þ
VI , U

3þ
VII , U

6þ
2

Cl� [49]

NaF:ZrF4 Na+, Zr4þVI , Zr
4þ
VII , Zr

8þ
2

F� [54]

KF:ZrF4 K+, Zr4þVI , Zr
4þ
VII , Zr

8þ
2

F� [54]
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the other cation is noted Mnþ (e.g. actinide cation), and the (com-
mon) anion is written X� (Fig. 16). In the quadruplet, both first-
nearest neighbour (FNN) and second-nearest neighbour (SNN)
interactions between ions of opposite and same charge, respec-
tively, are taken into account. The optimized excess Gibbs energy
parameters are then related to the second-nearest neighbour
(SNN) exchange reaction of the quadruplets as shown in Fig. 16.

The associated Gibbs energy change DgAM=X is given by:

DgAM=X ¼ Dgo
AM=X þ

X
iP1

gi0
AM=Xvi

AM=X þ
X
jP1

g0j
AM=Xv

j
MA=X ð12Þ

where Dgo
AM=X and gij

AM=X are coefficients that are composition inde-
pendent but may vary with temperature.

The composition dependence vi
AM=X is itself related to the

cation-cation pair mole fractions XAA;XMM , and XAM as follows:

vAM=X ¼ XAA

XAA þ XAM þ XMM
ð13Þ

One of the major feature of this model is the ability to select, by
varying the ratio between cation-cation coordination numbers
ZA
AM=X2

and ZM
AM=X2

4, the composition of maximum short range order-
ing where the total Gibbs energy has its minimum. The latter com-
position is related to the minimum in the mixing enthalpy curve
and most often very close to the lowest eutectic in the phase dia-
gram. To ensure conservation of charge, the anion-anion coordina-
tion number is subsequently given by:

qA

ZA
AM=X2

þ qM

ZM
AM=X2

¼ qX

ZX
AM=X2

þ qX

ZX
AM=X2

ð14Þ

One limitation of the formalism described above, however, is the
fact that a single coordination number is selected and fixed for
every cation (A and M) in the solution, regardless of the composi-
tion [119]. This of course does not reflect the real local structure
of the salt melt, especially for cations with a charge higher than
one, as we have seen in Section 3. Coordination numbers vary with
composition, and the melt structure can evolve from a truly disso-
ciated melt towards molecular species and oligomerization when
the concentration of cations with valence >+2 are introduced at
higher concentrations.

To provide a more physical description, Robelin and Chartrand
proposed an extension of the QCM in the quadruplet approximation
by introducing variable coordination numbers [122,123]. To this
end, additional species are introduced on the cationic sub-lattice,
and thus more end-member compounds are defined. In the case
of the NaF-AlF3-CaF2-BeF2 -Al2O3-BeO system considered by the

authors [122,123], the cations considered were Na+, Al3þV , Al3þIV ,

Al6þ2 , Ca2+, Be2þIV , Be4þ2 , while the anions were F� and O2�, respec-
tively. We shall focus our discussion on the NaF-BeF2 sub-system,
which is more in line with the focus of this article. The Be2þIV and
4 Note that we are here talking about cation-cation coordination numbers of A
around M, and M around A, not of the cation–anion coordination numbers of X around
A and X around M.
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Be4þ2 cations correspond to the isolated BeF2�4 complex and the

dimer species Be2F
3�
7 , respectively. Two compositions of maximum

short-range ordering are subsequently defined. As pointed out in
the recent review by Besmann and Schorne-Pinto, this methodol-
ogy allowed to obtain a better agreement with the phase equilib-
rium data compared to the ”traditional” approach [124] with
fixed coordination numbers over the entire composition range.

In a similar effort, Smith and co-workers have recently devel-
oped such models for the LiF–BeF2 [20], LiF-UF4 [60], NaF-ThF4
[89], NaCl-UCl3 [49], NaF-ZrF4 and KF-ZrF4 [54] systems. In each
case, the choice of the species on the cationic sub-lattice was dic-
tated by the chemical speciation data provided by EXAFS and MD
simulations. In order to limit the number of fitting parameters
from growing too large, a selection was made for the most preva-
lent species as detailed in Table 7. Note that in the LiF–BeF2 system,
the largest polymeric unit considered is the trimer Be3F

4�
10 , meaning

that pure beryllium fluoride is modelled with a fully connected
network of trimers. In the other systems, a dimer species (e.g.

U2F
6�
14 , Th2F

5�
13 , U2Cl

6�
12 , Zr2F

�
9 , and Zr2F

3�
11 , respectively) represents

the largest unit. This difference is meant to reflect the large differ-
ence in the degree of polymerization occurring between pure
beryllium and actinide (or other transition metal) containing
melts. Such difference is clearly visible when looking at a property
such as viscosity (see Fig. 15). For more detail on the exact imple-
mentation of such coupled structural-thermodynamic models, the
reader is referred to the corresponding papers. One notable feature
in the latter works, finally, is the use of the output of molecular
dynamics simulations on chemical speciation in the melt to opti-
mize the excess Gibbs energy parameters. This is illustrated for
the NaCl-UCl3 system in Fig. 17 where the chemical speciation as
calculated by MD is compared to that implemented in the CAL-
PHAD model, together with the calculated phase equilibria points.
5.2. Density and viscosity modelling

Molar volume Vm and density q of the liquid solution, which are
directly related to each other via q = M/Vm (M being the molar
mass), can also be modelled using a quasi-chemical formalism,
by introducing temperature-dependent molar volume expressions
for the pure end-members and pressure-dependent excess Gibbs



Fig. 17. (a) Phase diagram of the NaCl-UCl3 system and (b) chemical speciation at T = 1400 K as modelled by [49].
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energy parameters for the mixtures as described in detail in [125].
The previous Gibbs energy expression (Eq. 12) then becomes:

DgAM=X ¼ Dg0
AM=X þ b0

AM=X P � 1ð Þ
þ
X
iP1

gi0
AM=X þ bi0

AM=X P � 1ð Þ
h i

vi
AM=X

þ
X
jP1

g0j
AM=X þ b0j

AM=X P � 1ð Þ
h i

vj
AM=X

ð15Þ

where P is the pressure, and b0
AM=X ;b

i0
AM=X and b0j

AM=X are the pressure-
dependent parameters being optimized in the density model, that
are independent of composition, but can have a temperature
dependence.

This method has been applied successfully to systems such as
NaCl-KCl-MgCl2-CaCl2 [125], NaF-AlF3-CaF2-Al2O3 [122], as well
as nuclear fuel systems LiF-ThF4, LiF-UF4, LiF-ThF4-UF4 and NaCl-
UCl3 [91].

Coupled thermodynamic-viscosity models have finally been
reported in the literature based on an Eyring [126–128] equation
(Eq. 16) whose molar activation energy for viscous flow G� is
expanded as a first-order polynomial in the quadruplet mole frac-
tions (Eq. 17) [129].

g ¼ hNAv

Vm
exp

G�

RT

� �
ð16Þ

where h is Planck’s constant, NAv Avogadro’s number, Vm the
molar volume calculated from the previous density volume, R
the gas constant, and G� the molar activation energy for viscous
flow:

G� ¼
X

xquad Aquad þ BquadT
� � ð17Þ

where xquad is the mole fraction of quadruplets, and Aquad and Bquad

are adjustable parameters.
The quadruplets of the quasi-chemical model can be viewed as

structural units, and the liquid as a lattice with empty sites (vacan-
cies) and sites filled with the structural units [129]. When a struc-
tural unit acquires sufficient energy, or more specifically the
activation energy G�/NAv , it can move from an occupied site to a
vacancy. Because the viscosity of the melt is directly linked to its
structure, it is also linked to the concentration of the structural
units (the quadruplets). This approach has been followed to model
the viscosity in the nuclear fuel systems LiF-ThF4, LiF-UF4,
LiF-ThF4-UF4 and NaCl-UCl3 [91]. It should be noted that the
”traditional” quasi-chemical formalism was used, with fixed
coordination numbers. In the work of Robelin and Chartrand
on the NaF-AlF3-CaF2-Al2O3 system [129], the coupled
thermodynamic-viscosity model also considered varying coordina-

tion numbers with the inclusion of Na+, Al3þV , Al3þIV , Al6þ2 , Ca2+, F� and
O2�, respectively.
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6. Conclusions and recommendations for further research

This review has given an overview of the current state of knowl-
edge on the structural properties of actinide bearing chloride and
fluoride melts, and their relationship to excess thermodynamic
properties, density and viscosity. Generally, a strengthening of
the local structure is observed upon melting of the pure actinide
halides and their mixtures. A decrease in the coordination number
in the first solvation shell around the actinide cation is moreover
observed with increasing temperature, which is related to a
decrease in density, increased thermal disorder and faster
exchange rates of the halide anions in the solvation shell. Trends
in mixtures with alkali metals have been discussed, including
trends as a function of the alkali metal cation, actinide cation, tem-
perature, composition for a single system, halide anion, and
valence state of the actinide cation. Moving to the thermochemical
properties, a decrease in thermodynamic stability along the series
of the actinides trihalides and tetrahalides (from Th to Am) was
noted, as exemplified by the evolution of the melting temperature
and sublimation enthalpies, which is related to the effect of the 5f
valence electrons on the bonding properties. The relationship
between mixing enthalpy and local structure properties was then
discussed: the position and value of the minima in the curves is
related to the formation of isolated complexes, and to the transi-
tion from a molecular melt to one where oligomerization takes
place. The relationship to other thermophysical properties (den-
sity/viscosity) was also illustrated. Finally, an overview of mod-
elling methods of the thermodynamic, density and viscosity
properties at the mesoscale based on the CALPHAD methodology
was given. The quasi-chemical model in the quadruplet approxi-
mation is to this date the reference for the chloride and fluoride
salts, with recent efforts to include variable coordination numbers,
and to reproduce the chemical speciation as given by the output of
molecular dynamic simulations. This approach leads to a better
agreement with phase equilibrium data, and is expected to yield
better predictive capabilities in regions of temperatures/composi-
tions not accessible experimentally.

This overview has also allowed to identify gaps in knowledge,
and to formulate recommendations for further research:

� the crystal structure of UF3 (reported in the P63cm space group)
needs to be re-visited. It is suspected to belong to the P3c1 sym-
metry like the rest of the series of actinide trifluorides;

� experimental investigations of the structural properties of the
actinide halides are still scarce: only ThF4, UF4 and UCl3 have
been investigated in detail. Only one Raman study of ThCl4
has been reported. EXAFS or neutron diffraction measurements
would be extremely valuable. No experimental work has been
performed to this date on molten UCl4. No data seem to be
available on molten UF3, neither experimental nor
computational;
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� for the binary alkali metal-actinide halide mixtures: no data is
available to this date on mixtures with UF3. The local structures
of chloride salts are generally less studied than the fluoride
salts. There is a need for experimental data (EXAFS, ND, XRD)
on ThCl4 (only one Raman study), UCl4 and UCl3 based systems.
There are also no data on Pu, Np or Am containing salts due to
the even bigger challenges associated with those experiments
(highly radioactive materials requiring multiple containments).
This would be very useful however for salt systems with TRans-
Uranic (TRU) mixtures including Pu, Np, Am and Cm, coming
from the spent fuel of current Light Water Reactors [6];

� the ternary mixtures have been mostly investigated with com-
putational methods: there is a need for experimental data to
benchmark the results of the simulations;

� the knowledge acquired has been mostly for the base fuel salt.
But data on actinide mixtures with key fission products (e.g.
Cs, Ba, Se, Ce, Zr) and corrosion products (e.g. Cr) will also be
required since the composition of the fuel evolves during
irradiation;

� regarding the thermochemical properties: a re-assessment of
the sublimation enthalpy of AmF3 is necessary as it does not fol-
low the trend of the rest of the actinide series;

� the mixing enthalpy data is challenging to collect but essential
when it comes to modelling the thermodynamics of the salt sys-
tems by the CALPHAD method. Data on actinide containing sys-
tems are very scarce (limited to a few points in AF-ThF4 (A = Li,
Na, K), NaCl-UCl3 and KCl-UCl3. There is a real need for collec-
tion of such data on UF4, UF3, PuF3, UCl4, ThCl4, and PuCl3 con-
taining systems.

� finally, the coupled structural-thermodynamic-density–viscos
ity modelling methodology based on the QCM in the quadruplet
approximation needs to be tested and developed further on
ternary, quaternary and higher order systems as the fuel
becomes a multi-component system during the fission process.
Such models are essential and a stringent requirement for the
safety analysis of MSRs during normal operation and accidental
conditions.
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