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A B S T R A C T

Lithium-based fluoride salts are one of the leading options as fuel matrix in Molten Salt Reactors. The
understanding of their thermodynamic behavior, e.g. chemical stability, activity, as well as heat transfer
properties, in the reactor’s environment is crucial for the safety assessment. In this work, the chemical equilibria
of lithium fluoride with two important fission products dissolved in the salt matrix, namely barium fluoride
and zirconium fluoride, are considered. The phase diagrams of the binary systems LiF–BaF2, LiF –ZrF4 and
BaF2 –ZrF4, as well as the ternary system LiF–BaF2 –ZrF4 are assessed by the CALPHAD (CALculation of PHase
Diagram) method using the quasichemical model in the quadruplet approximation for the liquid solution. These
models are based on literature and new experimental data, and provide a good overview of the stability of
intermediate compounds formed in the various systems and of the liquid solution.
1. Introduction

Molten Salt Reactors (MSRs) offer a promising alternative to con-
ventional nuclear power plants due to their potential for improved
safety, fuel utilization, and waste management [1]. Lithium-based fluo-
ride salts, for instance 7LiF–ThF4 –UF4( –UF3) [2], or the so-called FLi-
NaK (LiF-NaF-KF: 46.5-11.5-42 mol%) salt with dissolved AnF4( –AnF3)
(An = actinide) [3], are leading candidates for use as a coolant and
fuel carrier in MSRs, and have been characterized quite extensively
already [4,5]. The composition of the fuel salt changes continuously
in the reactor core due to the fission process, introducing new species
that can be dissolved, form metallic precipitates, or form gaseous
species [6,7]. By contrast with the base fuel salt, the knowledge on the
thermodynamic properties and phase equilibria of the fission products
in equilibrium with the fuel salt in the fuel salt is still limited, although
information on irradiated fuel salt behavior is key for the design and
optimization of MSRs.

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

As LiF is the main component of the fuel, it is essential to know
how it interacts with the different compounds encountered in the
reactor. Phase equilibria with actinides, such as ThF4, UF4 and PuF3,
composing the fresh fuels, have received particular attention in the
literature [3,8,9]. Nowadays, the evolution of the fuel salt’s compo-
sition and the possible change of its properties as a function of the
burnup (residence time), with the addition of fission products [10],
and corrosion products [11,12], is an important milestone to assess the
safety of the MSR technology.

Barium is a major fission product that is produced during the
nuclear power generation process. It is a highly reactive element that
can potentially form compounds with other chemical elements from
the fuel salt leading to a complex fuel chemistry. Zirconium is also a
main fission product which can significantly contribute to the source
term in an accidental scenario with release to the environment. ZrF4
is particularly volatile in the liquid state and can easily vaporize.
Furthermore, when zirconium dissolves in the fluoride matrix [6,13], it
can also associate with other fission products, leading to the formation
of multiple stable solid intermediate compounds, in association with for
instance barium.

The most comprehensive experimental exploration of molten salt-
fueled reactors in operation was carried out at the Oak Ridge National
Laboratory, during the MSRE (Molten Salt Reactor Experiment). Ac-
cording to their measurements on various samples taken from a fully
vailable online 6 June 2024
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Table 1
Purity and providers of the chemicals used in this work.

Compound Provider Purity

LiF powder Alfa Aesar 99.99% (metal basis)
BaF2 powder Alfa Aesar 99.998% (metal basis)
ZrF4 powder Alfa Aesar 99.9% (metal basis)

operating (up to 9000 h) lithium-fueled reactor with 235U, fission yields
for the isotope 140Ba were 5.43% and 6.01% for 95Zr, respectively [14].
Based on their empirical observations, BaF2 and ZrF4 stable were
soluble and were not removed during fuel reprocessing. Their presence
in the salt matrix did not appear to interfere with the fission reaction.
However, the dissolution of barium and zirconium in the fuel salt
will affect its properties, and the formation of barium and zirconium
compounds could become problematic if this occurs during reactor
operation. These radioisotopes could also contribute to the release of
harmful radioactive material into the environment in an accidental sce-
nario [15]. Knowing how these fission products behave in the reactor
core is therefore crucial for the safety assessment.

In this work, the experimental phase diagram data on the binary
system LiF–BaF2 were updated to resolve discrepancies found in the lit-
erature. Then, phase diagrams of LiF –BaF2, LiF –ZrF4 and BaF2 –ZrF4
were modeled using the quasichemical model in the quadruplet approx-
imation for the liquid solution, based on collected and literature data.
Finally the assessments of the binaries were used to extrapolate and
optimize the ternary system LiF–BaF2 –ZrF4 based on mixing enthalpy
data from the literature.

2. Experimental methods

2.1. Sample preparation

All experiments were performed in a glovebox with argon atmo-
sphere, where O2 and H2O levels were maintained below 5 ppm. The
starting materials were provided by Alfa Aesar: lithium (1+) fluo-
ride LiF (99.99%), barium (2+) difluoride BaF2 (99.998%) and zirco-
nium (4+) tetrafluoride ZrF4 (99.9%) (see Table 1). The powders were
preliminary dried for 8 h at 500 K under argon atmosphere.

LiBaF3 was the only intermediate compound synthesized in this
work. The synthesis was done by the solid state method from a stoi-
chiometric mixture of LiF and BaF2 powders. The pure end-members
were thoroughly blended in an agate mortar, and placed in a her-
metically closed stainless steel container inside a nickel liner, then
heated in a ceramic tubular furnace under argon flow for 8 h at 1093
K. The set heating and cooling rates were 5 K min−1 following the
recommendation of Mishra et al. [16].

2.2. X-ray diffraction

The purity of the pure salts (e.g. LiF, BaF2, ZrF4) used as start-
ing materials for the phase diagram measurements and synthesis of
intermediate compounds, was checked using X-ray Diffraction (XRD)
at room temperature (T = 293 ± 2 K), using a PANalytical X’Pert PRO
X-ray diffractometer with a Cu anode (0.4 × 12 mm line focus, 45
kV, 40 mA). Samples were homogeneously distributed on a sample
holder, closed under argon atmosphere with a Kapton® foil. X-ray data
were collected by step scanning in the range 10° < 2𝜃 < 120° in
a Bragg–Brentano configuration. The X-ray scattered intensities were
measured with a Real Time Multi Strip (RTMS) detector (X’Celerator).
The purities of each powder salt was analyzed by Rietveld refinement
method using the FullProf suite software [17,18], and no secondary
phases were detected.

2.3. Differential scanning calorimetry

3D-heat flow measurements were conducted on the Setaram Multi
2

Detector HTC module of the 96 line calorimeter. Every measurement a
consisted of at least four consecutive heating cycles with 5 or 10 K
min−1 heating rates and cooling rates of the same order. The transition
temperature data were collected from the heat flow signals obtained on
the heating ramps. All transition temperatures were extracted from the
onset of the corresponding endothermic heat flow signal, except for the
liquidus transition temperature that was taken from the maximum of
the corresponding peak according to the NIST recommendations [19].
A correction was applied on the collected temperature data using a
calibration equation determined with pure metals (In, Pb, Al, Ag, Au),
to correct for the effects of the heating rate and apparatus geometry.
The uncertainties on the reported temperatures is estimated ±5 K for
pure compounds, and ±10 K for mixtures. The data collected in this
work for the LiF–BaF2, LiF –ZrF4 and LiF–BaF2 –ZrF4 systems are
listed in Table 6 and in the corresponding phase diagram figures.

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

3. Thermodynamic modeling

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

3.1. Gibbs energies of pure compounds

The Gibbs energy of pure compounds is expressed by:

𝐺(T) = 𝛥𝑓𝐻
𝑜
𝑚(298.15)−𝑆

𝑜
𝑚(298.15)⋅T+∫

T

298.15
𝐶𝑝,𝑚(T)𝑑T−T∫

T

298.15

𝐶𝑝,𝑚

T 𝑑T

(1)

here 𝛥𝑓𝐻𝑜
𝑚(298.15) is the standard enthalpy of formation, and

𝑜
𝑚(298.15) is the standard entropy of the pure compound at standard
ressure and reference temperature 298.15 K. 𝐶𝑝,𝑚 is the heat capacity
xpressed as a function of the temperature T.

.2. Selected thermodynamic data

Thermodynamic data for lithium fluoride were taken from the Joint
esearch Centre Molten Salt Database (JRCMSD) which are taken from

he NIST-JANAF recommendation [5,31,32]. The latter was also the
ource for BaF2 thermodynamic functions [5,33]. BaF2 shows two
hase transitions before melting. The transition between the 𝛼 phase
nd the 𝛽 phase at T = 1240 K is reported to be a second order transi-
ion, while the transition from the 𝛽 phase to the 𝛾 phase at T = 1480 K
s of first order. The thermodynamic functions for ZrF4 were taken from
he SGTE database [34]. Several intermediate phases were reported in
he literature for the binary LiF-BaF2, LiF-ZrF4, and BaF2-ZrF4 systems.
he known and confirmed stoichiometries and crystal structures are

isted in Table 2. For the intermediate compounds selected in this work
or the modeling, the thermodynamic properties (enthalpy of forma-
ion, standard entropy and heat capacity) were not reported in existing
iterature. Therefore, the Neumann–Kopp rule was used to estimate the
eat capacities [35]. Enthalpies of formation and standard entropies
ere first approximated from the stoichiometric sum of the pure end-
ember compounds, and then optimized during the modeling to fit the
vailable phase diagram data. The optimized entropies were kept close
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Table 2
Reported intermediate compounds and crystal structures in the LiF-BaF2-ZrF4 system.
Note that high pressure phases have not been included.

Compound Crystal symmetry Space group Reference

LiBaF3 Cubic 𝑃𝑚3𝑚 (221) [36]
Li2ZrF6 Trigonal 𝑃 31𝑚 (162) [37]
Li4ZrF8 Orthorhombic 𝑃𝑛𝑚𝑎 (62) [38]
Li3Zr4F19 Triclinic 𝑃 1 (2) [38]
Ba3ZrF10 Orthorhombic 𝐶𝑚𝑐𝑚 (63) [39]
Ba2ZrF8 Orthorhombic 𝑃𝑛𝑚𝑎 (62) [40]
𝛼-BaZrF6 Monoclinic 𝑃 21∕𝑐 (14) [41]
𝛽-BaZrF6 Orthorhombic 𝐶𝑚𝑚𝑒 (67) [42]
𝛼-BaZr2F10 Monoclinic 𝑃 1 (2) [43]
𝛽-BaZr2F10 Monoclinic 𝐶2∕𝑐 (15) [44]

to the additive approximation, since the entropies of formation of the
intermediates compounds from the end-members (LiF, BaF2 and ZrF4)
are expected to be relatively small.

The thermodynamic data of all compounds used and optimized in
this work are listed in Table 3.

3.3. Solid solution modeling

A solid solution was observed in the BaF2 –ZrF4 system between the
compositions X(ZrF4) = 0.35 and X(ZrF4) = 0.375 (Fig. 6). Defined as
Ba2+𝑥Zr1−𝑥F8+2𝑥, this intermediate compound with homogeneity range
was identified by Ratnikova et al. [46] and then by Grande et al. [29],
as detailed below in Section 4.3. The existence of this solid solution
was finally experimentally confirmed by Babitsyna et al. using a water-
quenching melt method [47,48]. A one lattice polynomial model was
used to describe the solid solution with Ba2ZrF8 and BaZrF6 end-
members. The Gibbs energy function 𝐺(T) of the solid solution is
described by the equation:

𝐺(T) = (𝑋Ba2ZrF8 ⋅ 𝐺
𝑜
𝑚,Ba2ZrF8

+𝑋BaZrF6 ⋅ 𝐺
𝑜
𝑚,BaZrF6

) − 𝑇𝛥𝑆𝑖𝑑𝑒𝑎𝑙 + 𝛥𝐺𝑥𝑠
𝑚 (2)

with

𝛥𝑆 𝑖𝑑𝑒𝑎𝑙 = −𝑅(𝑋Ba2ZrF8 ln𝑋Ba2ZrF8 +𝑋BaZrF6 ln𝑋BaZrF6 ) (3)

where 𝐺0
𝑚,Ba2ZrF8

and 𝐺0
𝑚,BaZrF6

are the molar Gibbs energies of the pure
end-members with Ba2ZrF8 and BaZrF6 stoichiometries, respectively,
𝑋Ba2ZrF8 and 𝑋BaZrF6 the molar fractions of the end-members, 𝑅 the
universal gas constant and 𝛥𝐺𝑥𝑠 is the excess Gibbs energy. The excess
Gibbs energy is expressed by:

𝛥𝐺𝑥𝑠
𝑚 =

∑

𝑖,𝑗
𝑋𝑖

𝐴 ⋅𝑋𝑗
𝐵 ⋅ 𝑞𝑖,𝑗 (4)

where A and B represent Ba2ZrF8 and BaZrF6, respectively, and 𝑞𝑖,𝑗 is an
interaction coefficient which can depend on temperature 𝑇 described
by the equation:

𝑞𝑖,𝑗𝐴,𝐵 = 𝛼 + 𝛽 T (5)

The optimized excess energy parameters are given by the following
equation:

𝐺𝑥𝑠
(Ba2ZrF8 ,BaZrF6)

= 𝑋Ba2ZrF8 ⋅𝑋BaZrF6 ⋅ 2000 J mol−1 (6)

In addition, to allow the formation of a solid solution around the
Ba2ZrF8 composition in the phase diagram that does not extend fully
towards BaZrF6, the Gibbs energy of the BaZrF6 end-member of the
solid solution had to be destabilized according to:

𝐺BaZrF6 (𝑠𝑠) = 𝐺BaZrF6 + 4000 J mol−1 (7)

3.4. Liquid solutions modeling for binary systems

The liquid solutions were described by the modified quasichemical
3

model in the quadruplet approximation [49,50], where the quadruplet p
could be represented as two anions and two cations symmetrically
disposed around an axis. Two atomic interactions are considered, the
First Nearest Neighbor (FNN) interaction which describes the interac-
tion cation–anion, and the Second Nearest Neighbor (SNN) interaction
which describes the interactions between the two closest ions in the
same sublattice. This model, which is particularly well-adapted to
describe ionic liquids, allows to choose the composition of maximum
short-range ordering in a binary system thanks to the variation of
the ratio between the cation–cation coordination numbers 𝑍𝐴

𝐴𝐵∕𝐹𝐹
and 𝑍𝐵

𝐴𝐵∕𝐹𝐹 . The short-range ordering is defined by the quadruplet
approximation and includes the SNN interactions between each cation
and each anion.

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

(𝐴 − 𝐹 − 𝐴) + (𝐵 − 𝐹 − 𝐵) ←←←←←←←←←←←←←←←←←→ 2(𝐴 − 𝐹 − 𝐵) 𝛥𝑔𝐴𝐵∕𝐹 (8)

where 𝛥𝑔𝐴𝐵∕𝐹 is the parameter of the Gibbs energy change associated
with the SNN exchange reaction described as:

𝛥𝑔𝐴𝐵∕𝐹 = 𝛥𝑔0𝐴𝐵∕𝐹 +
∑

𝑖≥1
𝑔𝑖0𝐴𝐵∕𝐹𝜒

𝑖
𝐴𝐵∕𝐹 +

∑

𝑗≥1
𝑔0𝑗𝐴𝐵∕𝐹𝜒

𝑗
𝐵𝐴∕𝐹 (9)

where 𝛥𝑔0𝐴𝐵∕𝐹 and 𝑔𝑖𝑗𝐴𝐵∕𝐹 are possibly dependent on temperature, but
independent of composition, and optimized to fit as best as possible
the experimental data available on a given system. The dependence on
composition is given by the term 𝜒𝐴𝐵∕𝐹 defined as:

𝜒𝐴𝐵∕𝐹 =
𝑋𝐴𝐴

𝑋𝐴𝐴 +𝑋𝐴𝐵 +𝑋𝐵𝐵
(10)

here 𝑋𝐴𝐴, 𝑋𝐴𝐵 and 𝑋𝐵𝐵 represent the different cation–cation pair
ractions. To maintain electro-neutrality in the system, the anion–anion
oordination should be determined. The following equation is applied
fter the selection of cation–cation coordination numbers:
𝑞𝐴

𝑍𝐴
𝐴𝐵∕𝐹𝐹

+
𝑞𝐵

𝑍𝐵
𝐴𝐵∕𝐹𝐹

= 2 ⋅
𝑞𝐹

𝑍𝐹
𝐴𝐵∕𝐹𝐹

(11)

ith 𝑞𝑖 representing the charges of the different ions and 𝑍𝐹
𝐴𝐵∕𝐹𝐹 is

he anion–anion coordination number. These choices are based on the
ptimization of the systems in order to get the maximum short range
rdering and highest excess Gibbs energy at a composition usually
round the lowest eutectic in the phase diagram. The coordination
umbers selected in this work are listed in Table 4.

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

𝑔LiBa∕𝐹𝐹 = −1900 + 2 T − 1500𝜒LiBa∕𝐹𝐹 + (−6500 + 4.3 T)𝜒BaLi∕𝐹𝐹 J mol−1

(12)

𝛥𝑔LiZr∕𝐹𝐹 = −26000 + 3 T + (−5500 + 2.2 T)𝜒LiZr∕𝐹𝐹

+ (−22000 − 4.9 T)𝜒ZrLi∕𝐹𝐹 + (7000 + 23 T)𝜒2
ZrLi∕𝐹𝐹 J mol−1 (13)

𝑔BaZr∕𝐹𝐹 = −30400 − (25000 + 15 T)𝜒ZrBa∕𝐹𝐹 + 3000𝜒2
BaZr∕𝐹𝐹 J mol−1

(14)

.5. Liquid solution for the ternary system

For the LiF–BaF2 –ZrF4 system, the ternary diagram was modeled
rom the binary sub-systems LiF–BaF2, LiF –ZrF4 and BaF2 –ZrF4 de-
cribed above using the Kohler/Toop interpolation [51], where the
atter is an asymmetric interpolation model of two groups of symmetry:
he monovalent group of LiF considered as dissociated ionic liquid,
nd bivalent BaF2 plus tetravalent ZrF4 more likely to form molecular
nd oligomer species in the melt. Optimization of the ternary excess
arameters was based on the only data available for the ternary system,
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Table 3
Thermodynamic data for end-members and intermediate compound used in this work for the thermodynamic model. Standard enthalpy of formation 𝛥𝑓 H𝑜

𝑚(298.15 K), standard
ntropy S0

𝑚(298.15 K) and heat capacity coefficient of pure compounds C𝑝,𝑚 (T/K)/(J K−1 mol−1) = a + 𝑏⋅T + c⋅T2 + d⋅T−2. Values optimized in this work in the thermodynamic
odeling assessment are marked in bold.
Compound 𝛥𝑓 H0

𝑚(298.15 K) S0
𝑚(298.15 K) C𝑝,𝑚 (T/K)/(J K−1 mol−1) = a + 𝑏⋅T + c⋅T2 + d⋅T−2 T (K) Ref.

(kJ mol−1) (J K−1 mol−1) a b c d

LiF(cr) −616.931 35.66 43.30898 0.016312168 5.0470398⋅10−7 −569123.6 298.15–2500 [33]
LiF(l) −598.654 42.96 64.183 – – – 298.15–6000 [33]
LiF(g) −340.946 200.08 35.397917 1.870664⋅10−3 −1.654306⋅10−7 – 298.15–6000 [33]
Li2F2(g) −942.781 258.52 60.80524 5.13678⋅10−2 −3.433579⋅10−5 −882301 298.15–600 [33]

82.55869 3.852765⋅10−4 −6.715069⋅10−8 −2142689 600–3100 [33]
83.05533 2.587352⋅10−5 −2.112209⋅10−9 −2215248 3100–6000 [33]

Li3F3(g) −1517.202 317.97 97.43992 8.075246⋅10−2 −5.345478⋅10−5 −1266154 298.15–600 [33]
131.0814 1.723168⋅10−3 −4.214711⋅10−7 −3179819 600–2000 [33]
132.9855 1.516407⋅10−5 −1.454542⋅10−9 −3852585 2000–6000 [33]

𝛼-BaF2(cr) −1208.758 96.399 84.428 −0.0133132 1.872487⋅10−5 −881.770 298.15–700 [33]
510.809 −0.7551455 0.0003813337 −42423270 700–1100 [33]
30 262.42 −36.20693 0.0122619 −6249891000 1100–1240 [33]

𝛽-BaF2(cr)
a 444.9684 −0.236396 – – 1240–1481 [33]

𝛾-BaF2(cr)
b 107.6543 – – – 1481–1641 [33]

BaF2(l) −1182.7251 112.440 99.82606 – – – 1641–3500 [33]
BaF2(g) −803.7464 301.186 57.28314 1.299299⋅10−3 −4.94381⋅10−7 −341665.4 298.15–1400 [33]

58.20781 −2.102083⋅10−6 1.858868⋅10−10 −475260.6 1400–6000 [33]
ZrF4(cr) −1911.300 104.6 81.64412 0.08062462 −1.957282⋅10−5 −21580.19 298.15–1183 [34,45]
ZrF4(l) −1850.300 156.16 150 – – – 1183–2000 [34,45]
ZrF4(g) −1669.506 322.77 93.77765 2.462543⋅10−2 −1.198783⋅10−5 −1112192 298.15–900 [34,45]

107.9527 5.26574⋅10−5 −5.370488⋅10−9 −2544208 900–6000 [34,45]
LiBaF3(cr) −1829.689 132.1 127.73698 0.002998968 1.872487⋅𝟏𝟎−𝟓 −881770 298.15–6000 This work (model)c

Li2ZrF6(cr) −3184.500 170.0 202.231 0.053124 1.01⋅𝟏𝟎−𝟔 −2738757 298.15–2500 this work (model)c

Li4ZrF8(cr) −4419.800 241.3 288.8489 0.085749 2.02⋅𝟏𝟎−𝟔 −3877004 298.15–2500 This work (model)c

Li3Zr4F19(cr) −9558.500 515.0 592.3789 0.130937 1.51⋅𝟏𝟎−𝟔 −8109411 298.15–2500 This work (model)c

Li3ZrF7(cr) −3755.050 270.0 245.53994 0.069436504 1.51411⋅𝟏𝟎−𝟔 −3307880.8 298.15–2500 This work (model)c

𝛼-BaZrF6(cr) −3158.090 215.0 166.07212 0.06731142 −8.4795⋅𝟏𝟎−𝟕 −903350.19 298.15–817.15 This work (model)c

𝛽-BaZrF6(cr) −3153.090 215.0 166.07212 0.06731142 −8.4795⋅𝟏𝟎−𝟕 −903350.19 298.15–817.15 This work (model)c

Ba2ZrF8(cr) −4396.567 311.5 250.50012 0.05399822 1.787692⋅𝟏𝟎−𝟓 −178120.19 298.15–6000 This work (model)c

Ba3ZrF10(cr) −5635.500 392.5 334.92812 0.04068502 3.660179⋅𝟏𝟎−𝟓 −2666890.19 298.15–6000 This work (model)c

𝛼-BaZr2F10(cr) −5056.700 345.0 247.71624 0.14793604 2.042077⋅𝟏𝟎−𝟓 −924930.38 298.15–796.15 This work (model)c

𝛽-BaZr2F10(cr) −5053.700 345.0 247.71624 0.14793604 2.042077⋅𝟏𝟎−𝟓 −924930.38 796.15–6000 This work (model)c

a 𝛼 ↔ 𝛽 second order transition at 1240 K, 𝛥𝐻𝑡𝑟(𝑇𝑡𝑟) = 0 kJ mol−1.
b 𝛽 ↔ 𝛾 first order transition at 1480 K, 𝛥𝐻𝑡𝑟(𝑇𝑡𝑟) = 2.6736 kJ mol−1.
c Heat capacity obtained using the Neumann–Kopp approximation [35].
Table 4
Coordination numbers of the liquid solution used in this work.

A B Z𝐴
𝐴𝐵∕𝐹𝐹 Z𝐵

𝐴𝐵∕𝐹𝐹 Z𝐹
𝐴𝐵∕𝐹𝐹

Li+ Li+ 6 6 3
Ba2+ Ba2+ 6 6 3
Zr4+ Zr4+ 6 6 1.5
Li+ Ba2+ 2 6 2.4
Li+ Zr4+ 2 6 1.71
Ba2+ Zr4+ 4 6 1.71

from Hatem et al. [30,52]. These authors measured the mixing enthalpy
on different pseudobinary sections of the ternary system and were the
base for the optimization (Section 4.4). More detail will be given in the
next section. The ternary excess parameter optimized for the system
LiF–BaF2 –ZrF4 is given below:

𝛥𝑔011LiBa(𝑍𝑟)∕𝐹𝐹 = −90000 J mol−1 (15)

3.6. Gas phase

The gas phase is described by an ideal mixture of (LiF, Li2F2, Li3F3,
aF2, and ZrF4) gaseous species. The Gibbs energy is expressed by:

𝜑 = 𝛴
𝑖
𝑦𝑖

o𝐺𝜑
𝑖 + 𝑅𝑇𝛴

𝑖
𝑦𝑖𝑙𝑛𝑦𝑖 + 𝑅𝑇 𝑙𝑛𝑃∕𝑃 o (16)

here 𝑦𝑖 is the fraction of the species 𝑖 in the gas phase, o𝐺𝜑
𝑖 the

tandard Gibbs energy of the gaseous species 𝑖, and 𝑃 o the standard
ressure. The functions for the gaseous species are listed in Table 3.
4

To the best of our knowledge, only vapour pressure studies in the LiF-
ZrF4 binary system have been reported in the literature [53,54]. Sense
and Stone suggested the existence of the LiZr2F9 gaseous molecule
above the LiF-ZrF4 binary mixture. In the absence of structural and
thermodynamic data for the latter species, it was not included in
the present assessment. A comprehensive assessment of the vapour
pressures in the LiF-BaF2-ZrF4 system is out of the scope of the present
study, as it would require complementary experimental investigations.

4. Results and discussions

4.1. LiF – BaF2

Phase diagram data were measured on this system by thermal
analysis measurement techniques by Bergman and Banashek [24],
Boukhalova [55], Taniuchi et al. [56], and Agulyanskii and Bessanova
[25]. In the works of [24,25,55], the melting temperature of pure BaF2
was measured at 1553 K, at odds with the temperature selected by
the NIST-JANAF tables [33], (1641 ± 2) K (selected for the present
assessment). The agreement between the four studies is generally
good, as seen from Fig. 2, although the data of Boukhalova [55] and
Agulyanskii and Bessanova [25] show some discrepancy with results
obtained in this work and in the other two studies, and are thus
considered less reliable. The data reported by Taniuchi et al. [56]
and Bergman and Banashek [24] are consistent with respect to the
eutectic transition temperature and composition. The experimental data
measured in this work (Table 6), have enabled the determination of the
peritectic decomposition temperature of LiBaF , and liquidus curve in
3
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Fig. 1. Diffractogram of LiBaF3 synthesized in this work Yobs (red dots), measured at (293 ± 2) K with Cu anode, compared to the Rietveld refinement performed on the FullProf
suite software. Represented by: Ycalc (black line) the calculated XRD pattern and Yobs - Ycalc (blue line) the differential calculation between observed and calculated data. The
Bragg’s reflection angular positions of LiBaF3 ((99.7 ± 0.2)%) (top) and BaF2 ((0.3 ± 0.2)%) (bottom) are shown by green marks.
Fig. 2. Phase diagram of the LiF–BaF2 system calculated in this work. (●) are the transitions measured experimentally in this work, (▽) represent the data from Bergman and
Banashek [24], (♢) the data from Boukhalova [55], (△) the data from Taniuchi [56], and (□) the data from Agulyanskii and Bessanova [25].
greater detail at high BaF2 concentrations (from X(BaF2 ) = 0.6 to 1),
with a trend that is consistent with the selected reference value for the
melting temperature of the BaF2 end-member. Although the melting
temperature of pure BaF2 could not be measured with the equipment
used in this work, it is in line with the measured trend of the liquidus
temperatures at high BaF2 concentrations.

The peritectic decomposition at the stoichiometric composition
LiBaF3 was measured on the synthesized sample (see Section 2.1). The
XRD measurement conducted on the sample confirmed a cubic an-
tiperovskite (Pm3m(221)) crystal structure [36] (see Table 2), and the
product’s purity was found to be (99.7 ± 0.2)% (with BaF2 impurities)
by Rietveld refinement (Fig. 1) [17]. The experimental results are listed
in Table 6 and the invariant equilibria in the phase diagram are listed
in Table 5.

Mixing enthalpy data were measured experimentally at T = 1354
K using twin micro-calorimetry by Hong and Kleppa [57]. From the
calculation at the same temperature with the present model (Fig. 3),
the agreement is confirmed with the experimental data and particularly
with the extrapolation proposed by Kleppa et al.
5

The model proposed here (Fig. 2) reproduces well the new experi-
mental data provided in this work. It is also conform to the invariant
equilibria composition and temperature determined in the works of
Bergman and Banashek [24], Boukhalova [55], Taniuchi et al. [56],
and Agulyanskii and Bessanova [25], with the exception of the melting
temperature of BaF2 as explained above.

4.2. LiF – ZrF4

A first set of phase diagram data were measured for the LiF–ZrF4
system by Thoma et al. [27], who used different methods, namely
quenching and differential scanning calorimetry. ZrF4 is particularly
volatile in solutions containing free F− anions [58,59], so measure-
ments at high ZrF4 content are particularly difficult. The reported data
were collected during cooling of the samples, allowing to confirm the
exact composition on quenched samples. The experimental procedures
are presented in further detail in ORNL reports and publications from
the same authors [60–62], including details on the experimental ac-
curacies. The quenching method was privileged by Thoma to obtain
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Table 5
Invariant equilibria calculated in this work for the system LiF–BaF2 compared to the experimental data measured and the references provided
in the literature.
Invariant Reaction Equilibrium Calculated and literature data

This study (model) Agulanskii et al. [25] Tanuichi et al. [56]

XBaF2
T (K) XBaF2

T (K) XBaF2
T (K)

LiF + LiBaF3 = L Eutectic 0.185 1034 0.175 1048 0.194 1033
LiBaF3 = L′ + BaF2 Peritectic transition 0.5 1123 0.5 1129 0.5 1110
Fig. 3. Mixing enthalpy of the LiF–BaF2 system calculated at 1354 K in this work,
compared to the experimental data and polynomial fitting by Kleppa et Hong [57].
The calculation were performed with a constant pressure of 1 atm.

Table 6
DSC data collected in this work.

XLiF XBaF2
XZrF4

T (K) Equilibrium Invariant reaction

– 1 – 1124 Congruent melting LiF = L
0.824 0.176 – 1039 Eutectic LiF+LiBaF3 = L
0.700 0.300 – 1044 Eutectic LiF+LiBaF3 = L
0.700 0.300 – 1082 Liquidus L′+LiBaF3 = L
0.550 0.450 – 1038 Eutectic LiF+LiBaF3 = L
0.550 0.450 – 1115 Liquidus L′+LiBaF3 = L
0.500 0.500 – 1036 Eutectic LiF+LiBaF3 = L
0.500 0.500 – 1121 Peritectic LiBaF3 = L′+BaF2
0.493 0.507 – 1119 Peritectic LiBaF3 = L′ +BaF2
0.493 0.507 – 1180 Liquidus L′+BaF2 = L
0.400 0.600 – 1117 Peritectic LiBaF3 = L′ + BaF2
0.400 0.600 – 1278 Liquidus L′ + BaF2 = L
0.300 0.700 – 1119 Peritectic LiBaF3 = L′ +BaF2
0.300 0.700 – 1364 Liquidus L′ + BaF2 = L
0.248 0.752 – 1114 Peritectic LiBaF3 = L′ +BaF2
0.248 0.752 – 1436 Liquidus L′ + BaF2 = L
0.111 0.889 – 1110 Peritectic LiBaF3 = L′ +BaF2
0.111 0.889 – 1529 Liquidus L′ + BaF2 = L
0.776 – 0.224 765 Peritectoid Li2ZrF6 + Li4ZrF8 = Li3ZrF7
0.776 – 0.224 855 Eutectic LiF + Li3ZrF7 = L
0.776 – 0.224 881 Liquidus L′+ Li3ZrF7 = L

Uncertainty for the temperature measurements are estimated at ±5 K for pure
compounds, and ±10 K for mixtures.

the experimental data on the liquidus transitions, while the differential
calorimetry data on the cooling ramps were selected according to
Thoma’s recommendations for the solidus and crystalline transitions.
A second complete set of phase diagram data is provided by Korenev
et al. [63], who used differential thermal analysis and X-ray diffraction.
The reported liquidus equilibria are very similar to the previous work.
The only significant difference is that Korenev identified only one
congruent melting for Li3ZrF7, while he suggested a peritectic decom-
position for Li2ZrF6. On the ZrF4-rich side, the authors also observed an
𝛼→𝛽-ZrF4 polymorphic transition. In a study on the crystal structures
of the intermediates Li4ZrF8 and Li3Zr4F19, Dugat et al. moreover re-
investigated the LiF-ZrF4 phase diagram [38]. The authors collected
6

experimental data for a few concentrations, but the invariant equilibria
were not defined precisely. Considering more recent works on the
crystal structure of ZrF4 (it was showed that the 𝛽 and 𝛾 phases are
not stable above 673 K, and the 𝛾-ZrF4 was stabilized only for a high
pressure of 28 GPa [64,65]), it was decided not to include any phase
transition in ZrF4 for the thermodynamic models.

The model shows overall a good agreement with the literature data
and the invariant equilibria (Table 7). Only the liquidus temperatures
around the congruently melting compound Li3ZrF7 are not reproduced
as well as the rest of the data. It was not achievable to match the
liquidus data in this region at the same time as the mixing enthalpy
data and reported eutectic equilibria. We therefore attempted to re-
measure the phase equilibria in this region. Our measurement at XZrF4
= 0.224 yielded a slightly lower liquidus temperature than reported
by Thomas et al. [27], and in better agreement with the optimization
(Fig. 4). Obviously, the comprehensive re-examination of this compo-
sition range would be highly beneficial. The introduction of multiple
coordination environments that could reflect better the local structure
of the melt [9,66], where oligomerization is expected [67], could help
reproduce this region of the phase diagram with a higher accuracy. It
is finally worth pointing out that the gas in equilibrium with solid ZrF4
reaches 1 bar at T = 1175 K (i.e., below its melting temperature), which
is related to the low boiling point and high volatility of ZrF4.

Using the current assessment, the mixing enthalpy calculated from
the model shows good agreement with the trend of the experimental
data from Hatem et al. [68] (see Fig. 5).

4.3. BaF2 – ZrF4

In the literature, the phase diagram of the BaF2 –ZrF4 system was
studied by several groups. In 1989, Babitsyna et al. measured a first
series of phase equilibria between X(ZrF4) = 0.33 and X(ZrF4) =
1 [47,48]. The authors reported four intermediate compounds, namely
Ba2ZrF6, Ba3Zr2F14, BaZrF6 and BaZr2F10. The latter compound was
reported with a peritectic decomposition at T = 850 K [48]. Ba2ZrF8
was defined with a stable homogeneity range and a congruent melting
at T = 1285 K.

In 1992, Grande et al. [29], reported new results by thermal analysis
and compared their results to the work by Babitsyna et al. [48]. They
observed that the transition data previously collected by Babitsyna
et al. for pure ZrF4 were not reliable: they found a melting temperature
at (1183 ± 1) K, in agreement with literature recommended by the
SGTE and NIST-JANAF databases [33,34], in contrast with the previous
work (1273 K). No phase transition was observed for pure BaF2 [29].
A congruent melting was identified for BaZr2F10 at a temperature of
(863 ± 2) K by thermal analysis. The latter transition was also reported
around the same temperature by other authors [46–48], but defined
as a crystalline transition. Congruent melting was found for Ba2ZrF8
at (1289 ±1) K. Two phase transitions were also identified, at 796 K
and 813 K, respectively. These results were moreover confirmed by
X-ray Diffraction of the different polymorphs in quenched samples.
A last work, by Ratnikova et al. in 1997 [46], shows a phase dia-
gram without BaZr2F10, but with an homogeneity range for Ba2ZrF8,
melting congruently. The phase equilibria at high temperature of the
BaF2 –ZrF4 system were also studied by Lin et al. [69], particularly

at high concentration of ZrF4, where previous work gave inconsistent
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Fig. 4. Phase diagram of the LiF–ZrF4 system calculated in this work. (●) are the transitions measured experimentally in this work, (■) represent the data from Thoma et al. [27],
(◆) the data from Korenev et al. [63] and (▼) the data from Dugat et al. [38]. The calculation was performed for a constant pressure of 1 atm.
Table 7
Invariant equilibria calculated in this work for the system LiF–ZrF4 compared to the references provided in the literature.
Invariant Reaction Equilibrium Calculated and literature data

This study (model) Thoma et al. [27] Korenev et al. [63]

XZrF4
T (K) XZrF4

T (K) XZrF4
T (K)

LiF + Li3ZrF7 = L Eutectic 0.194 899 0.21 871 ± 2 0.21 858 ± 5
Li3ZrF7 = L Congruent melting 0.250 886 0.25 935 ± 5 0.25 913 ± 5
Li2ZrF6 + Li4ZrF8 = Li3ZrF7 Peritectoid 0.250 731 0.25 743 ± 3 0.25 747 ± 5
Li2ZrF6 = L′ + Li3ZrF7 Peritectic 0.333 842 0.295 843 ± 2 0.33 843 ± 5
Li2ZrF6 + Li3Zr4F19 = L Eutectic 0.481 786 0.49 780 ± 3 0.50 775 ± 5
Li3Zr4F19 = ZrF4 + L′ Peritectic 0.571 791 0.571 793 ± 5 not identified
Fig. 5. Mixing enthalpy of the LiF–ZrF4 system calculated at 1173 K in this work,
compared with the experimental data from Hatem et al. [68].

data. The model proposed here (Fig. 6), is in good agreement with
data by Grande et al. [29], selected as reference for the optimization
because the information in the paper allows for a detailed evaluation of
experimental methods and interpretation. A comparison with the other
datasets allows to consider this model as a satisfactory representation
of the system BaF2 –ZrF4 overall (Table 8).
7

4.4. Ternary LiF – BaF2 – ZrF4

The optimization of the ternary phase diagram was based on the
only set of experimental data determined by drop calorimetry and
differential thermal analysis by Mahmoud [52], describing the mixing
enthalpy along different pseudobinary sections (as defined in Fig. 7) of
the phase diagram, shown in Figs. 8 and 9. No mutual solid solubility is
expected in the ternary system in between the intermediate compounds
stable in the binary systems as the stoichiometries and crystal structures
differ from one system to the other. Moreover, the large difference in
ionic radius between the Li+ and Ba2+ cations makes it unlikely for such
solid solutions to form. A quaternary compound was reported, however,
in the ternary system, with stoichiometry LiBaZr2F11, and tetragonal
symmetry in space group 𝐼4∕𝑚 [70]. The latter was prepared with a
hydrothermal synthesis route at 180oC in an hermetic Teflon jar. The
information provided by Gao et al. [70] in their study does not allow
to conclude if LiBaZr2F11 is a stable phase under standard pressure. We
could also not find any thermodynamic data for the latter compound in
the literature. The melting/decomposition temperature is not known. In
the absence of sufficient information, the quaternary phase LiBaZr2F11
was thus not included in the present thermodynamic assessment.

The ternary excess parameters of the liquid solution, obtained for
a Kohler-Toop interpolation (XLiF = asymmetric component) [71], al-
low a very good agreement in the different (LiF/BaF2) –ZrF4 sec-
tions (Fig. 8). These data were first used for the optimization, con-
sidering their lower uncertainty (± 3%), compared to the sections
(LiF/ZrF4) –BaF2 (± 6%) [52]. However, even for the latter case, the
model remains also in very good agreement with these other data
(Fig. 9).
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Fig. 6. Phase diagram of the BaF2 –ZrF4 system calculated in this work. (●) are the data from Grande et al. [29], (◆) represent the data from Ratnikova et al. [46], and (▼) the
ata from Babitsyna et al. [47]. The calculation was performed for a constant pressure of 1 atm.
Table 8
Invariant equilibria calculated in this work for the system BaF2 –ZrF4 compared to the references provided in the literature.

Invariant Reaction Equilibrium Calculated and literature data

This study (model) Grande et al. [29] Ratnikova et al. [46]

XZrF4
T (K) XZrF4

T (K) XZrF4
a T (K)

Ba3ZrF10 = BaF2 + L′ Peritectic 0.250 1294 0.250 1305 0.29 1285
Ba3ZrF10 + Ba2ZrF8 = L Eutectic 0.321 1283 0.30 1270 0.31 1259
Ba2ZrF8 = L Congruent melting 0.333 1283 0.336 1289 0.333 1279
𝛽-BaZrF6 = Ba2ZrF8 + L′ Peritectic 0.500 838 0.500 858 0.500 833
𝛽-BaZrF6 + BaZr2F10 = L Eutectic 0.597 832 0.62 822 Only one eutectic
BaZr2F10 = L Congruent melting 0.667 866 0.667 863 identified:
BaZr2F10 + ZrF4 = L Eutectic 0.691 862 0.7 842 0.65 828

a Uncertainty on the composition reported to be: ± 0.02.
Fig. 7. Pseudobinary sections experimentally assessed in the ternary system
iF–BaF2 –ZrF4 at 1173 K measured by Mahmoud [52] and calculated in this work.

Although the ternary mixing enthalpy data do not cover the en-
ire spectrum of composition in the ternary phase diagram, the good
greement obtained with the present model gives a good confidence in
he description of the thermodynamic behavior of the LiF–BaF2 –ZrF4
ystem (Fig. 10). Fifteen ternary invariant equilibria are suggested with
he present model. The lowest ternary eutectic was found at 𝑇 = 589.1
8

K and XLiF = 0.369, XBaF2 = 0.247 and XZrF4 = 0.384. They are listed
in Table 9.

Another element of comparison can be found in the thesis of Mah-
moud (page 81) [52], that includes an isotherm of this ternary system
at 1173 K. The same isothermal projection, calculated in Fig. 11, is in
good agreement with this work [52], with the presence of stable solid
phases in equilibrium with the liquid at 1173 K at high BaF2 and ZrF4
contents. Overall, the agreement on the mixing enthalpies and on this
isotherm give us good confidence in the accuracy of the ternary phase
diagram presented here.

Based on the model, a calculation of the isothermal projection at
873 K, defined as the minimum operating temperature of the MSR [72],
was carried out. As shown in Fig. 12, some crystalline phases are stable
in a large compositional area of the phase diagram at this temperature.
Since the MSR fuel is not made exclusively of LiF, but of e.g. a
LiF–UF4 –PuF3/UF3 mixture, the more complex equilibria in the fuel-
BaF2-ZrF4 system should be considered to assess if precipitation of solid
phases could occur under operating conditions. This work provides the
basis for such calculations.

5. Conclusions

Combining experimentally collected phase diagram data and litera-
ture sources on phase diagrams and mixing enthalpy data, thermody-
namic models for the binary LiF–BaF2, LiF –ZrF4 and BaF2 –ZrF4, and
ternary LiF–BaF2 –ZrF4 systems were developed for the first time using
the modified quasichemical model in the quadruplet approximation for
the liquid solution. A large fraction of the intermediates observed in the
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Fig. 8. Mixing enthalpy in the ternary system LiF–BaF2 –ZrF4 for different pseudo-binary sections ((A/B)LiF/BaF2) –ZrF4 (A/B = 9/1; 4/1; 7/3; 3/2) at 1173 K measured by
Mahmoud [52] and calculated in this work.

Fig. 9. Mixing enthalpy in the ternary system LiF–BaF2 –ZrF4 for different pseudo-binary sections ((A/B)LiF/ZrF4) –BaF2 (A/B = 9/1; 4/1; 7/3; 3/2) at 1173 K measured by
Mahmoud [52] and calculated in this work.
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Fig. 10. Liquidus projection of the LiF–BaF2 –ZrF4 system calculated in this work from 550 K to 1650 K with an increment of 15 K. Primary crystallization fields and invariant
equilibria are detailed in the figure. The gas phase was excluded in this calculation.
Fig. 11. Isothermal plot of the LiF–BaF2 –ZrF4 system calculated in this work at 1173 K. The calculation were made excluding the gaseous phases. The different stable solid are
indicated in the figure.
LiF–BaF2 –ZrF4 system appear to stabilize at the minimum operating
temperature of a MSR (873 K). Ba2ZrF8 and Ba3ZrF10 were found to
be stable solid phases above 1173 K. The possible precipitation of
solid phases of LiF, BaF2 and ZrF4 in the operating reactor must be
10
taken into consideration for the risk assessment of the MSR. How-
ever, the current system only provides equilibria with LiF, which is
present in large concentrations in the salt mixture. This forms a basis
to study the more complex equilibria with the complete fuel system,
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a

Fig. 12. Isothermal plot of the LiF–BaF2 –ZrF4 system calculated in this work at 873 K. The calculation were made excluding the gaseous phases. The different stable solid phases
are indicated in the figure.
Table 9
Invariant equilibria calculated in this work for the system LiF–BaF2 –ZrF4.
N◦ XLiF XBaF2

XZrF4
Invariant equilibria Transition T (K)

1 0.425 0.395 0.180 Quasi-peritectic L + 𝛼-BaF2 = Ba3ZrF10 + LiBaF3 890.3
2 0.071 0.374 0.555 Phase transition 𝛼-BaZrF6 = 𝛽-BaZrF6 817.15
3 0.051 0.378 0.571 Phase transition 𝛼-BaZrF6 = 𝛽-BaZrF6 817.15
4 0.148 0.263 0.589 Phase transition 𝛼-BaZr2F10 = 𝛽-BaZr2F10 796.15
5 0.098 0.353 0.548 Phase transition 𝛼-BaZr2F10 = 𝛽-BaZr2F10 796.15
6 0.461 0.335 0.204 Quasi-peritectic L + Ba3ZrF10 = LiBaF3 + LiF 788.9
7 0.557 0.129 0.314 Peritectic L + Li3ZrF7 + LiF = Li4ZrF8 743.0
8 0.548 0.131 0.321 Quasi-peritectic L + Li3ZrF7 = Li2ZrF6 + Li4ZrF8 731.9
9 0.339 0.208 0.453 Quasi-peritectic L + ZrF4 = 𝛼-BaZr2F10 + Li3Zr4F19 615.2
10 0.448 0.259 0.293 Quasi-peritectic L + Ba3ZrF10 = Ba2ZrF8 + LiF 602.9
11 0.346 0.214 0.440 Quasi-peritectic L + Li2ZrF6 = 𝛼-BaZr2F10 + Li3Zr4F19 599.8
12 0.449 0.256 0.295 Quasi-peritectic L + Ba2ZrF8 = Li4ZrF8 + LiF 595.2
13 0.344 0.226 0.430 Quasi-peritectic L + Li2ZrF6 = 𝛼-BaZr2F10 + 𝛼-BaZrF6 591.3
14 0.445 0.252 0.303 Quasi-peritectic L + Ba2ZrF8 = Li4ZrF8 + Li2ZrF6 590.4
15 0.369 0.247 0.384 Eutectic Ba2ZrF8 + 𝛼-BaZrF6 + Li2ZrF6 = L 589.1
e.g. LiF –ThF4 –UF4/UF3, that should be considered for a more accurate
nalysis. The volatility of ZrF4 is in particular a factor to be taken into

account for gaseous releases in an accidental scenario.
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