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ABSTRACT

The (Li,Be)Fy fluoride salt is an ionic liquid with complex non-ideal thermodynamic behaviour due to the
formation of short-range order. In this work, we explore the relationship between local structure, thermo-
physical and thermodynamic properties in this system using a multidisciplinary approach that couples
molecular dynamics simulations using the Polarizable lon Model (PIM) and thermodynamic modelling
assessment using the CALPHAD method. The density, thermal expansion, viscosity, thermal conductivity,
molar and mixing enthalpies and heat capacity of the (Li,Be)Fx melt are extracted from the polarizable ionic
interaction potentials and investigated across a wide range of compositions and temperatures. The agree-
ment with the available experimental data is generally very good. The local structure is also examined in
detail, in particular the transition between a molecular liquid with Li*, BeFi‘ and F~ predominant species
at low BeF, content, and a polymeric liquid at high BeF, content, with the formation of polymers (Be,F>~,
Bes l-“]‘g , Be4F§3‘, etc.), and finally of a three-dimensional network of corner-sharing tetrahedrally coordinated
Be?* cations for pure BeF,. Based on the available experimental information and the output of the MD simu-
lations, we moreover develop for the first time a coupled structural-thermodynamic model for the LiF-BeF,
system based on the quasi-chemical formalism in the quadruplet approximation, that provides a physical
description of the melt and reproduces (in addition to the thermodynamic data) the chemical speciation of

beryllium polymeric species predicted from the simulations.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

a three-dimensional network of corner-sharing tetrahedrally coor-
dinated Be2* cations, but with a much lower melting temperature
which makes experiments with BeF, on some aspects less demand-

The LiF-BeF, system has been widely investigated in the past
due to its importance for the development of the Molten Salt Reac-
tor technology and because of its interesting and peculiar struc-
tural properties from theoretical perspectives. ’LiF-BeF, (FLIBE) was
selected as fuel carrier for the Molten Salt Reactor Experiment
(MSRE) in 1965-1969 [1] due to its favorable neutronic and thermo-
physical properties, and is nowadays still a primary choice for some
Molten Salt Reactor (MSR) designs or as primary coolant in Advanced
High Temperature Reactors (AHTRs) [1,2]. In addition, it is also one
of the options for liquid blanket systems in fusion reactors [3].

Studies on beryllium fluoride systems in general have also been
numerous as BeF,(cr) adopts a structure analogue to SiO,(cr), with
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ing. The liquid moreover shows a polymeric structure similar to
silicate melts, and its connectivity is reduced by adding alkali fluo-
rides such as LiF, in a similar way to the behaviour observed when
adding alkali or alkaline-earth oxides to SiO,.

Fluoride salts are ionic liquids in which cations and anions form
a loose network [1]. Depending on conditions of composition, tem-
perature and concentration, they can form a dissociated ionic melt,
molecular species or exhibit polymerization [4,5]. The formation
of short-range order in the liquid contributes to storing energy in
the salt and to thermodynamic excess properties. In this work, we
explore this relationship and report a comprehensive model cou-
pling structure, thermodynamic, and thermo-physical properties in
the LiF-BeF; system, illustrating the case of a polymeric liquid.

The experimental studies performed on the LiF-BeF, system
include thermodynamic investigations of phase diagram equilibria,
mixing enthalpies, activity coefficients, heat capacities, vapour

0167-7322/© 2019 The Authors. 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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pressures [6-14], density and viscosity [15,16], thermal diffusivity
and thermal conductivity of the melt at high temperatures [13,17,18].
Thermodynamic modelling assessments using the CALPHAD method
(CALculation of PHAse Diagram) [19] have been reported by Van der
Meer [20] using Redlich-Kister polynomials, and later by Bene§ and
Konings using the quasi-chemical model in the quadruplet approx-
imation [21]. Around the same time, Romero-Serrano et al. [22]
reported a “structural” thermodynamic model for this system simi-
lar to that previously applied to silicate melts AO-SiO, (A= Ca, Mn,
Mg, Fe, etc.) [23,24], based on empirical expressions for enthalpy
and non-configurational excess entropy. Finally, molecular dynam-
ics studies by Heaton et al. [25] and Salanne et al. [26,27] using the
Polarizable Ion Model (PIM) should be mentioned, where the inter-
action potentials of BeF, and its mixture with LiF were obtained from
first-principles calculations on the condensed phases. The authors
compared the predicted thermo-physical properties of pure BeF,
(diffraction, infrared, diffusion data) and of the molten salt mixtures
at selected temperatures and compositions (vibrational spectra, elec-
trical conductivity, viscosity) with the available experimental data,
with good results, thereby demonstrating the promising predictive
capabilities of their method.

Hereafter, we calculate the thermo-physical properties of the
LiF-BeF, system based on the reported interaction potentials of the
Polarizable lon Model (PIM), covering a wider range of compositions
and temperatures than done previously in Refs.[26,27]: (i) density,
(ii) thermal expansion, (iii) viscosity, and (iv) thermal conductiv-
ity are calculated and compared to the available experimental data.
We also derive the thermodynamic properties of the molten salt
for the first time from the MD potentials: (v) molar enthalpy and
enthalpy of mixing, (vi) heat capacity and excess heat capacity. In
addition, we characterize in detail the (local) structure of the melt
at selected temperatures. Because molecular dynamics are not well
suited to characterize phase equilibria, the aim of this work is to
subsequently combine the output of the MD simulations with a
CALPHAD assessment of the system, so as to provide in the end a
comprehensive picture of the structure-property relationships in the
(Li,Be)Fx polymeric melt.

2. Molecular dynamics simulations: the Polarizable Ion Model

The Polarizable lon Model (PIM) used in the present work and
developed by Madden and co-workers, is a particularly well-suited
simulation method for fluoride and chloride salts [4, 28-30]. This
method is based on a semi-classical approach where the interaction
potentials between given pairs of ions are derived ab initio from elec-
tronic structure calculations on the condensed phases [28]. Only the
density of the pure compounds are necessary as first input [4]. The
interaction potentials include both classical interaction forces, i.e.
charge-charge Vqyq, repulsion Viep, dispersion Vs, and those resulting
from polarization effects Vp, [4]. Their functional form are given by
the following equations:

]
Viq(rij) = 2i<j% (1)
ij
where g; and g; are the formal charges of ions i and j.
Viep(rij) = 3 ATe il (2)

where A;; and aj; are fitting parameters.

Tij i

PR (SN RN
lesp(ru) = —21<] fij(ru)—G +jtlf(r’1)r78 3)

where Cg. and Cf} are the dipole-dipole and dipole-quadrupole disper-
sion coefficients, respectively. fU6 and fU8 correspond to Tang-Toennies
dispersion damping functions that account for short-range correc-
tion to the asymptotic multipole expansion of dispersions. They are
given by the equation:

(o)

fptrg) =1 - )5y AV 4)

i
in which bj; equals the distance at which the correction factor is
applied.

Viol(Ti) =3 [Qiliaii(Tif) — Qittiagii(ri)] T () — 2i<jMaM[éT$3(ry)
1.5
+ EITOQIIJ” (5)

where Té}) is the charge-dipole interaction tensor, T(ZS) is the dipole-

dipole interaction tensor, o; the polarizability of ion i, and p; the
set of induced dipoles, thereby introducing 3N additional degrees of
freedom to the system.

The interaction potential parameters for the (Li,Be)Fy liquid solu-
tion, treated as a mixture of LiT, Be2* and F~ ions, have been
determined by Heaton et al. [25]. They are listed in Table 1. Note
that the A; and a; parameters were not reported correctly in the
paper by Ref. [25]. The polarization term accounts for fluoride polar-
ization only, with a fluoride polarizability equal to 7.09 Bohr3. The
parameters of the damping function are: bgge = 1.78, bg; = 1.81,
Crge = 0.99 and cp; = 1.40.

Two simulation cells were used to rule out any size effects: one
with a total of 550 ions, and the other with a total of 800 ions. The
assessed temperatures and compositions are listed in Table 2. The
systems were equilibrated for 1ns in the NPT ensemble at 0GPa,
from which the equilibrium volumes were taken. This was followed
by 200 ps of equilibration in the NVT ensemble, and finally 5 to 10-
20ns production run for each temperature and composition. Longer
runs were used for compositions above x(BeF;) = 0.6 and lower
temperatures to make sure the shear stress autocorrelation function
and microscopic fluxes autocorrelation function reached a plateau
for the calculation of the viscosity and thermal conductivity via a
Green-Kubo formalism (see Sections 4.1.5 and 4.1.6). Time steps in
both ensemble were set to 0.5fs, whereas the relaxation time for
both the Nosé-Hoover thermostat and barostat (for the NPT run) was
set to 10 ps. Cutoffs for the real space part of the Ewald sum and
short-range potential were both set to half the length of the cell.

3. Thermodynamic modelling: the quasi-chemical formalism in
the quadruplet approximation

The thermodynamic modelling assessment of the LiF-BeF, system
is carried out using the CALPHAD (CALculation of Phase Diagram)
method, based on the least-square minimization of the total Gibbs
energy of the system [19] using the Factsage software [31]. Both the
experimental data reported in the literature and the output of the

Table 1

Parameter values for the LiF-BeF, potentials, given in atomic units. The atomic unit
of length is the Bohr radius (0.52918A), the atomic unit of energy the Hartree
(4.3597+10718]).

Ion pair Ajj ajj Cg CS bﬁj bf}
F~-F~ 181.84 2.267 15.0 150.0 19 19
BeZ*-F- 41.72 2.254 0.0 0.0 1.0 1.0
Lit-F~ 20.42 2.052 0.0 0.0 1.0 1.0
Be?+-Be2* 106.16 3.944 0.0 0.0 1.0 1.0
Be2*-Lit 0.0 1.0 0.0 0.0 1.0 1.0
Lit-Lit 19591 4252 0.0 0.0 1.0 1.0
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Table 2

Molecular dynamics simulations conditions.
x(BeF) Ng- Npe2+ Npj+ Neotal T(K)
0 275 0 275 550 600/700/800/900/1000/1100/1135/1200
0.049 281 13 255 549 900/1135/1200
0.099 288 26 236 550 900/1135/1200
0.148 294 38 218 550 900/1135/1200
0.2 300 50 200 550 600/700/800/900/1000/1100/1135/1200
0.25 305 61 183 549 900/1135/1200
0.301 311 72 167 550 900/1135/1200
0.33 314 78 158 550 753/778/828/878/1135/1200
0.35 316 82 152 550 900/1135/1200
0.397 320 91 138 549 600/700/800/900/1000/1100/1135/1200
0.451 325 101 123 549 900/1135/1200
0.5 330 110 110 550 670/695/745/795/900/945/975/1135/1200
0.507 330 111 108 549 600/700/800/900/1000/1100/1135/1200
0.553 334 119 96 549 900/1135/1200
0.602 338 127 84 549 600/700/800/900/1000/1100/1135/1200
0.652 342 135 72 549 900/1135/1200
0.704 346 143 60 549 900/1135/1200
0.75 350 150 50 550 818/843/893/900/943/1135/1200
0.801 353 157 39 549 600/700/800/900/1000/1100/1135/1200
0.85 357 164 29 550 900/1135/1200
0.905 360 171 18 549 900/1135/1200
0.952 363 177 9 549 900/1135/1200
1 366 183 0 549 600/700/800/900/1000/1100/1135/1200
0 400 0 400 800 800/900/1000/1100/1200
0.094 418 36 346 800 800/900/1000/1100/1200
0.203 437 74 289 800 700/800/900/1000/1100/1200
0.332 457 114 229 800 600/700/800/900/1000/1100/1200
0.439 472 144 184 800 600/700/800/900/1000/1100/1200
0.532 484 168 148 800 600/700/800/900/1000/1100/1200
0.64 497 194 109 800 600/700/800/900/1000/1100/1200
0.749 509 218 73 800 600/700/800/900/1000/1100/1200
0.857 520 240 40 800 600/700/800/900/1000/1100/1200
0.996 533 266 1 800 600/700/800/900/1000/1100/1200

MD simulations were used to adjust the excess parameters of the
Gibbs energy functions of the phases involved in this system.

3.1. Stoichiometric compounds

The Gibbs energy function of a pure condensed phase is defined
as:

T

T
G(T) = AfH3,(298) — S3,(298)T + / Com(T)dT — T C"T’de (6)
298

298

where AfHS,(298) is the standard enthalpy of formation, S5,(298) is
the standard absolute entropy, both evaluated at a standard temper-
ature of 298.15 K (noted 298 K throughout this work for simplicity),
and Cpm is the isobaric heat capacity expressed as a polynomial:

Com(T) = a+ bT + cT? +dT2 + eT? (7)

The LiF-BeF, system involves four solid phases, namely the two
end-members LiF and BeF,, and two intermediate compounds Li; BeF4
and LiBeFs. Their thermodynamic data are listed in Table 3. The well-
known data for the end-members were taken from the literature.
BeF, shows two polymorphs of quartz, i.e. a low temperature o and
a high temperature 3 forms with a phase transition at T, = 500K
and associated transition enthalpy equal to ApHS, = 284]-mol-!
in the present model based on the critical review by Konings et
al. [32]. The selected melting temperature and melting enthalpy
for BeF, in the latter review [32], ie. Ts = (828 &+ 5)K and
ApsHy = (4.5 + 0.2)k]-mol~, are also retained for our model.
Note that those values differ slightly from the recommended data by
NIST-JANAF [33] (T = 500K, AgHS, = 220]-mol-1, Ty, = 825K,
ApsHy, = 4.757KkJ-mol~!). The standard enthalpy of formation,
standard entropy, and heat capacity functions for the intermediate

compounds LiyBeF4(cr) and LiBeFs;(cr) were taken from the NIST-
JANAF tables [33], and the entropy terms slightly adjusted compared
to the original values (130.583 and 89.245]-K~'-mol~!, respectively)
toreproduce the expected melting temperatures in the phase diagram.

3.2. Liquid solution

The excess Gibbs energy terms of the liquid solution are mod-
elled in this work using the modified quasi-chemical model proposed
by Pelton et al. [35] in the quadruplet approximation. In the lat-
ter approximation, a quadruplet composed of two cations A and B
and two anions (fluorine F in this case is the only anion present), is
assumed to be the basic unit in the liquid solution (Fig. 1).

The optimized excess parameters of the liquid solution are linked
to the second-nearest neighbour (SNN) exchange reaction of the
quadruplets and is expressed as:

(A—F—A)+(B—F—B)—s 2(A—F —B) (8)

The Gibbs energy change Agpr associated with this SNN
exchange reaction is given by:

B 0 o
Agap/r = Aggp/r + Zg/l\B/F)(}AB/F + ZgA]B/F)dSA/F (9)
i1 j=1

where AggB/F and gZB/F are composition independent coefficients
that may vary with temperature.

The composition dependence )(j\B I is a function of the cation-
cation pair mole fractions Xas, Xgg, and Xpp:

X
AA/Fy (10)

Kas/F = Xaasr, + Xag/r, + Xas/F,
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Table 3

Thermodynamic data for end-members and intermediate compounds used in this work for the phase diagram assessment: A/HS,(298 K)/(kJ » mol~1), $3,(298 K)/(J+K~! +mol~),
and heat capacity coefficients Cpm(T/K)/(J+K~! *mol~"), where Cpm(T/K) = a + b+T + c+T? + d+T~2 + e+T>. Optimized data are shown in bold.

Compound AfH, (298 K)/ S2,(298K)/ Com (T/K)(JoK~"emol~")=a +beT+ cT? + d+T2 +e-T? T/K Ref.
(kJ*mol-1) (JeK-1'emol-1)
a b [« d e
LiF(cr) -616.931 35.66 43309 0.016312 5.0470+10~7 -569,123.6 298.15-1500 [33]
LiF(1) —598.654 42.962 64.183 298.15-2500 [33]
LiF(g) —340.946 200.188 35397917 0.001870664 —1.654306+10~7 298.15-6000 [33]
BeFy(cr,c)  —1026.800 53.35 19.181 0.109538 298.15-500  [32]
BeF(cr, B) -1025.511 56.21 394569  0.046255 298.15-1500 [32]
BeF; (1) -971.427 60.79 409844  0.044936 298.15-2500  [32], This work
BeF,(g) ~796.010 227.56 29.74683  0.07466 —6.99886+10-5 2.43404-10-8 298.15-1050 [33]
61.44717  0.00033 —3,056,474.6686 1050-2000  [33]
BeyFy(1)? -1992.854 1216 81.9688  0.089872 298.15-2500  This work
Be,Fa(g) -1731.716 323.161 834006  0.0860764  —4.39494.10-5 -912,416 298.15-700  [34]
1304974  0.00135 —~1.896+10~7 —5437,627 700-3900 [34]
BesFs(1)? —3064.281 182.4 1229532 0.134808 298.15-2500  This work
Li;BeFy(cr)  —2273.589 132.0 90.779451 0.1491498 —1.8415736-10-8  197,083.29 298.15-1500  [33], This work
LiBeFs(cr) ~1651.843 90.13 5439217  0.12552 298.15-1500  [33], This work
LiBeF5(g) -1390.300 292.583 -3.71166  0.30325 —0.000324686 1.25972-10-7 298.15-840  [33]
106.40356  0.00063 ~7,305,978.79 840-2000 [33]
Li;Fa(g) -935.323 261.802 83.09363 1-10-5 -2,170,730 298.15-6000 [33]
LizFs(g) —1524.598 316.702 13292431 3-10°5 —3,747,000.5 298.15-6000 [33]
* Liquid beryllium fluoride is modelled as a {BesFe(1)-BezFa(1)-BeF>(1)} mixture with g3, - = 1/383, . ( +50,000 and g3, . . = /383, ;) + 50,000.

One strength of this type of formalism is the ability to select
the composition of maximum short-range ordering, where the total
Gibbs energy of the system has its minimum, usually around the
lowest melting point of the liquidus curve. This is done by vary-
ing the ratio between cation-cation coordination numbers Z} 4B/F, and

z y/F, to match in first approximation the eutectic composition. The

anion-anion coordination number is subsequently fixed to satisfy
conservation of charge:

qa

A
Zyp /Fy

+ 4B _ 9

B F
Zyp /Fy Zyp /Fy

ZFqF (11)
AB/F,

The thermodynamic model as detailed above does not provide a
truly physical description of the local structure of the salt melt, how-
ever, as we know from Raman studies [36,37], molecular dynamic
simulations [25-27] and Density Functional Theory (DFT) calcula-
tions [38,39] that the (Li,Be)Fy melt tends to form molecular species
and even exhibits polymerization towards higher BeF, concentra-
tions. The Raman spectra of Quist et al. on molten Li,BeF,, Na;BeF,
and (LiF:NaF:BeF;)=(0.3:0.53:0.17) melt showed the presence of

@

ORD
o)

Fig. 1. Schematic representation of the quadruplet basic unit and first-nearest neigh-
bour (FNN) and second-nearest neighbour (SNN) interactions between ions of oppo-
site and same charge, respectively.

tetrahedral BeFﬁ* complexes [36], while Toth et al. also reported the
occurrence of Beng‘ dimers in addition to BeFﬁ‘ in LiF-BeF; and LiF-
NaF-BeF, molten salt mixtures [37]. These results were confirmed
in the MD simulations of Heaton, Salanne and co-workers using
the PIM model [25-27], indicating the formation of BeF2~, Be,F>~,
Be3F?0, Be4F?3‘ , and higher degree polymers at high BeF, content.
The ab initio molecular dynamics simulations of Dai et al. [39] of the
local structure and IR (infrared) vibrational spectra of Li;BeF, in the
gas phase, in the melt at 873K and 30K (frozen melt) also identi-
fied BeF2~, Be;F3~, and BesFj; entities. The same composition was
investigated by Liu et al. by combining high temperature (in-situ)
IR absorption spectroscopy measurements at 873 K and DFT calcula-
tions to simulate the IR spectrum [38]. The authors confirmed once
again the formation of BeFi‘ complexes, and ruled out the existence
of BeF; entities. Melts rich in LiF are thus constituted of Li*, F~ and
BeFi* ions, while the fraction of polymeric units increases with the
BeF, concentration until a fully connected network of corner-sharing
beryllium cations is obtained for pure BeF,, in a similar manner to
the situation observed in silicate melts.

In this work, a coupled structural-thermodynamic description of
the melt is thus proposed where the liquid solution corresponds to
a mixture of fluorine anions F~, lithium cations Li*, and Be;", Bej ™,
and BeGJr cations with coordinations [IV], [VII] and [X], respectlvely
Be‘z1+ and Be* cations correspond to the dimer and trimer species
Be; F?‘, BesF{;, respectively. Three compositions of maximum short-
range ordering are subsequently defined. A similar physical model
was reported for the (NaF + AlF; + CaF, + BeF, + Al,03 + BeO) sys-
tem by Robelin and Chartrand [34], which included (Na*t, AB*, AL,

AIST, Ca?*, Be, Bej™) cations and (F~, 0>~) anions, although this
was not coupled to MD simulations.

The chemical speciation in the (Li,Be)Fy melt was first calculated
in this work using the PIM model parameters listed in Section 2,
by applying the methodology described in detail in Section 4.1.3 at
temperatures T = 900, 1000, 1100, 1135 and 1200K. The distribu-
tion of species calculated by MD showed Lit, BeFﬁ‘ and F~ species
at low BeF, content, and the formation of polymeric species BezF%’,
BegF‘fO, Be4F]3 , etc. with increasing BeF, concentration, until a fully
connected network of tetrahedral corner-sharing Be2* cations linked
by F~ anions was obtained for pure BeF, (see Section 4.1.3). To repro-
duce the structure of the melt, while keeping a reasonable number
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of fitting excess parameters, Be3F‘1‘5 was assumed to represent the
largest possible polymeric unit in the present CALPHAD model. Hence
pure beryllium fluoride is modelled with a fully connected network
constituted exclusively of trimers.

To this end, the following constraints are applied to the Gibbs
energy associated with the reactions 1/3 BesFg(l) = BeyFo(1) and 2/
B63F6(1) = B62F4(1)I

enFyl) = /38Besry(1y + 50,000 J-mol™! (12)

ZhesFy)) = 3Epesray T 50,000 J-mol ™! (13)

where gge,sz(l)' g§e2F4(l) and g§e3F6(,) are the Gibbs energies of
(hypothetical) liquids made of solely Be%, Be5*, or Be™ cations,
respectively. The chosen value of 50,000 ]-mol~" is an arbitrary num-
ber to destabilize the monomers and dimers at high BeF, concentra-
tions. It is close to the value adopted by Robelin and Chartrand for
the CALPHAD model of the NaF-BeF, system (49,162 ]-mol~1) [34].

The present model includes three excess Gibbs energy expres-
sions for the SNN exchange reactions associated with the formation
of the (Li-F-Beyy), (Li-F-Be;) and (Li-F-Bes) quadruplets, i.e. Agyige,, /.
Ag1ige, sk and Agpige, /r-

The selected SNN coordination numbers are listed in Table 4. In
the two-sublattice quadruplet approximation of Pelton et al. [40],
the ratio between the first-nearest neighbour (FNN) coordination
number z; and the second-nearest neighbour (SNN) coordination
number Z; is constant and equal to:

4 _¢n (14)

Zi

where ¢ was set equal to 2.4 for the reciprocal system {Li, Na, K,
Mg, Ca/[F, Cl} in Ref. [41]. The same value was adopted by Robelin
and Chartrand for the {NaF + AlF; + CaF, + BeF, + Al,03 + BeO}
system [34], and was retained here. Considering four first-nearest
neighbours for beryllium as confirmed by the molecular dynamics

. . . . BEIV ey
simulations [25,26], the coordination numbers ZBesze:v/Fz' ZBEWBEZ/FZ,

Beyy : Bey —
and ZBe’V383/FZBare set equal to 4.8. Note al;o the choice of Z LiBew /Fy =
Li e — 47l e3 — 47l ;

3 Ziigen, /5y Z Libeysr, = 4 Ziipeyr,» A Z g e = 4 Zig,. p, Which

corresponds to maximum short-range ordering near the composi-
tions x(BeF,) = 0.25 (“LisBeF5;”), x(BeF,) = 0.333 (Li;BeF4), and
Xx(BeF,) = 0.43 (“LigBesF1¢”). This choice of cation-cation coordi-
nation numbers ratios was found to best reproduce simultaneously
(i) the distribution of beryllium species across the full range of com-
position as calculated by the MD simulations (see Section 4.1.3);
(ii) the phase diagram data by Refs. [7-9]; (iii) the enthalpy of mixing
data measured experimentally by Ref. [10] and calculated from the
MD simulations (see Section 4.1.4).

All the ternary subsystems of the LiF-“ BeF,” binary system need
to be defined as either “symmetric” or “asymmetric”, according to
the description in Ref. [42]. The subsystems {LiF + Be/F, + BeyF4},

Table 4

Cation-cation coordination numbers of the liquid solution.
k ! Zﬁ/rz Z;(l/FZ ZE:/FZ
Li Li 6 6 6
Bey Bey 4.8 4.8 24
Be, Be; 6 6 15
Be3 B€3 6 6 1
Bey Be; 4.8 6 1.85
Beyy Bes 4.8 6 141
Be, Bes 6 6 12
Li Bey 2 6 2.4
Li Be; 1.5 6 15
Li Bes 1.5 6 1.2

{LiF + BejyF, + Be3Fg}, and {LiF + Be,F,4 + BesFg} are all three asym-
metric with LiF as the asymmetric component, while the system
{BeF» + BeyF4 + BesFg}is symmetric. Accordingly, the composition
dependence for the quadruplets as a function of the cation-cation
pair mole fractions becomes:

Xiiti
LiBeyy /Fy LiBey /Fy LiBe3 /F Zk Zl>>kXI<I/F2
XBeylLi/Fy = XBe,yLi/Fy — XBeslLi/F,
— XBe,VBeIV + XBezBez + XB€3B€3 + XBeIVBeZ + XBe,VBe3 + XBezBe3 (16)

2 k2t kXKki/F,

where k and [ represent the Li*, BeZ", Be3 ", and Be§™ cations. In the
case of the {LiF + “ BeF,""} system, >, > 1 1 Xui/r, = 1.

The optimized Gibbs energies for the second-nearest neighbours
exchange reactions are finally:

Agiiper /7, /(J*mol™") = 21,500 — (T/K) + 1000 fyiper, r,  (17)

Agiigey r, /(- mol ™) = ~37,500 — 5(T/K) (18)

Agiige, r,/(Jomol ") = — 12,000 — 23(T/K)
+ (22,000 — 21(T/K)) ¥pes i/,
+ 9900%§e3u/52 (19)

These were obtained by fitting simultaneously (i) the distribution
of [BeF5~], [Be2F3~] and [BesF{;] units as calculated from the MD
simulations, (ii) mixing enthalpy data derived experimentally [10]
and from MD simulations, (iii) experimental phase diagram data
[7-9], (iv) experimental activity data [11,43,44].

3.3. Gas phase

The gas phase is described by an ideal mixture of (LiF, Li,F, LisFs,
LiBeFs, BeF,, Be;F4) gaseous species. The Gibbs energy functions for
the gaseous species were taken from the JANAF tables and Ref. [34]
and are listed in Table 3 with the corresponding references.

4. Results and discussion
4.1. Thermo-physical properties derived from MD simulations

4.1.1. Density and molar volume

The density of the salt mixtures was calculated for each com-
position and temperature based on the mean volume of the cubic
simulation cell after the 500 ps equilibration in the NPT ensemble
at 0 GPa. The results, converted to the molar volumes, are shown in
Fig. 2, in which they are compared to the data at T = 873, 973,
1073 K of Blanke et al. who measured for x(BeF,) = 0-0.55 [45] and
Cantor et al. who measured for x(BeF,) = 0.502, 0.749, 0.892 [15].
The agreement is rather good.

The results for the x(BeF,) = 0.33, 0.5, and 0.75 compositions
as a function of temperature are moreover compared to the experi-
mental data of Cantor et al. obtained for mixtures with composition
x(BeF,) = 0.34 [16], x(BeF,) = 0.502, 0.749 [15], and the data of
Blanke et al. obtained for compositions x(BeF,) = 0.3333, 0.5 [45].
The simulations seem to underestimate slightly the densities, the
deviation with the data of Cantor et al. [15,16] being of the order of
~0.6%, 1.5% and 3.9% for the x(BeF,) = 0.33, 0.5, and 0.75 composi-
tions, respectively, but the overall agreement is good. The evolution
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Fig. 2. Molar volume of (Li,Be)F, melt at T = 800, 900, 1000, 1100, 1200 K compared
to the data of Blanke et al. [45] (M) and Cantor et al. [15] (a), [16] (e) measured at
T=2873,973,1073 K.

of both the densities and molar volumes are linear with tempera-
ture (see Fig. 3), and the fitting equations for all compositions are
summarized in Table 5.

The evolution of the density as a function of composition is
depicted in Fig. 4 for T = 800, 900, 1000, 1100, 1200K. Interest-
ingly, the density at those temperatures shows a maximum around
x(BeF,) ~ 0.3-0.45, which can be related to the local structure of
the melt (Section 4.1.3). The same feature is seen when plotting the
excess molar volume (Fig. 4b), which shows an S-shape curve, with a
maximum of the negative deviation from the ideal behaviour around
x(BeF,) ~ 0.4, and a slightly positive deviation at high BeF, concen-
trations. The x(BeF,) ~ 0.3-0.45 composition range corresponds to

O 33% BeF, (MD - 550 atoms)
X 33.20 BeF, (MD - 800 atoms)
O 50% BeF, (MD - 550 atoms)

25 M 4% 74.9% BeF, (MD - 800 atoms) L L L
[ [——34% BeF, (Cantor etal, 1973) 1
24 I |—— 5029 Be, (Cantor et al, 1969) T
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Fig. 3. Comparison of the simulation results at x(BeF,)=0.343, 0.5, 0.749 with
experimental molar volumes reported on (Li,Be)F, molten mixtures at compositions
X(BeF,) = 0.34 [16], x(BeF,) = 0.502, 0.749 [15], and x(BeF,) = 0.3333, 0.5 [45].

Table 5
Linear evolution of the molar volume versus temperature as obtained by fitting of the
simulation results.

X(BeF) Vi (cm3 «mol-1) T(K)

0 10.425 + 3.48:1073T 700-1200
0.094 11.290 + 3.55-1073T 800-1200
0.2-0.203 12.285 + 3.62+1073T 600-1200
0.33-0.332 13.549 + 3.65-1073T 600-1200
0.397 14.434 + 3.48-1073T 700-1200
0.439 15.077 + 3.36+1073T 700-1200
0.5-0.507 16.099 + 3.10-1073T 600-1200
0.532 16.552 + 3.04:1073T 700-1200
0.602 17.707 + 2.80-1073T 800-1200
0.640 18.707 + 2.41+1073T 700-1200
0.749 20.049 + 2.41+1073T 800-1200
0.801 21.329 + 1.81-1073T 900-1200
1 24.982 + 4.947+1074T 600-1200

the transition region from a molecular type of liquid including BeF2~,
Li* and F~ (predominant) species to a polymeric type of liquid with
the formation of dimers, trimers, and higher order polymeric units
with increasing BeF, content. An S-shape curve is also observed for
the enthalpy of mixing as described in detail in Section 4.1.4. The pos-
itive contribution at high BeF, concentration was attributed to the
breakdown of the three-dimensional network structure of beryllium
fluoride by addition of the alkali cation [10]. The same interpretation
fits with the evolution of the excess molar volume calculated by MD.

4.1.2. Thermal expansion

The thermal expansion 3 of the (Li,Be)Fy melt was subsequently
derived from the simulation results as a function of temperature
from the relation:

1 dp 1 3V
p==5(at), o =, (57), 2o

The variation is quasi-linear with temperature (Fig. 5) and the
fitting equations for each composition are listed in Table 6. It is
interesting the compare those data with the results obtained in
the same temperature range for NaF-ZrF, and LiF-NaF-KF melts by
Salanne et al. [4]. The thermal expansion of the fully ionic lig-
uid (LiF:NaF:KF)=(0.465:0.115:0.42) is the highest (in the order
of 3.2 -3.6-10"*K!), followed by (NaF:ZrF;) = (0.57:0.43) (in the
order of 2.9 -3.2-10~4 K1), and then LiF-BeF, (in the order of 0.5
-2.5-10~*K-! depending on composition, as shown in Fig. 5). The
(Na,Zr)F, melt is characterized by the co-existence of molecular com-
plexes ZrF2~, ZrF3~, and ZrFg~, which can moreover be linked to each
other with a bridging fluorine [46]. It is hence seen that the more
the melt is structured at the molecular level by strong bonds result-
ing in long-range order, the smaller is the corresponding thermal
expansion.

4.1.3. Local structure

Previous molecular dynamic studies on this system by Salanne
et al. [26,27] have shown that the (Li,Be)Fy melt is made of a net-
work of tetrahedral corner-sharing Be2+ cations linked by F~ anions,
whereas Li* cations do not form any particular complex. At low BeF,
content, the melt is essentially well-dissociated and is constituted of
Li*, BeF%~, and F~ species. Polymeric species such as Be,F>~, BesFiy,
Be4F§; , etc. are moreover formed progressively, when the BeF, con-
centration increases, until a fully connected network is obtained for
pure BeF,, similar to the tetrahedral network of silica SiO-.

The exact chemical speciation as a function of temperature and
composition can be extracted from the MD simulations by identify-
ing Be2* cations with common F~ anions in their coordination shells.
The radial distribution function (RDF) of the F~ anions around the
Be?* cations is calculated (see example in Fig. 6), and the first local
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Fig. 4. Evolution of the (a) density and (b) excess molar volume as a function of temperature and composition as derived from the MD simulations.

minimum is assigned to the bond cut-off distance. Any anion closer
to the cation than the minimum of the RDF is said to belong to the
first coordination shell. In Fig. 6, the Be-Be RDF, calculated for the
X(BeF;) = 0.5 composition at T = 1135K, shows a rather sharp
peak with a maximum at a distance of 3.03 A. The latter distance is
less than two Be-F distances (at 1.57 A), indicating a Be-F-Be link-
age. Applying this procedure to describe the linkages in the melt, the
chains of connected Be2™* cations are identified.

The result of this analysis performed in this work at T=900,
1000, 1100, 1135 and 1200K are shown in Figs. 7 and B.2. The
output of the simulations can be expressed as percentage of F
atoms or Be atoms involved in the various species. The calculated
data at T=1200K are in excellent agreement with the results of
Refs.[26,27], while the speciation at the other temperatures are
reported for the first time. These calculations are used as input for
the optimization of the coupled structural-thermodynamic model for
this system as explained in Section 4.2. Note that in the MD simula-
tions, the “polymer” corresponds to all clusters with a Be nuclearity
greater than 4. For the purpose of the CALPHAD modelling, “Be; F‘fa "
is assumed to represent the largest possible polymeric species, i.e.
includes the BegF‘]‘g units plus all clusters with a Be nuclearity greater
than 3.

4.1.4. Thermodynamic properties
Some key thermodynamic properties, i.e. enthalpy and heat
capacity, can be derived from the molecular dynamic simulations.

x(BeF,) =0

x(BeF,) = 0.094
X(BeF,) = 0.2-0.203
X(BeF,) = 0.332
X(BeF,) = 0397
x(BeF,) = 0.439
x(BeF,) = 0.5-0.507
x(BeF,) = 0.532
X(BeF,) = 0.602
X(BeF,) = 0.640
x(BeF,) = 0.749
x(BeF,) = 0.801
x(BeF,) =1
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Fig. 5. Thermal expansion of the (Li,Be)Fy melt as derived from the MD simulations.

The enthalpy is obtained directly from the (average) potential energy
of the 1 ns production run in the NPT ensemble. The evolution of the
molar enthalpies as a function of temperature and composition is
shown in Fig. 8.

By performing simulations at a fixed temperature while varying
the composition, the enthalpies of mixing A;HS, can moreover be
computed, as done in this work at T= 700, 800, 900, 1000, 1100,
1135 and 1200K:

AmixH®, = HC\(T) — [1 — X(BeF, )]HC,(LiF, T) — x(BeF,)HS,(BeF,, T) (21)

The results are shown in Fig. 9 and compared to the experi-
mental data of Holm and Kleppa [10] measured at T=1135K by
high-temperature reaction calorimetry. The peculiar S-shape of the
enthalpy curve is well-reproduced in the MD simulations, with posi-
tive values for high BeF, content, although the overall trend is more
negative. The simulations also show that the mixing enthalpy tends
to more negative values as the temperature is decreased. The S-shape
and therefore strong energetic asymmetry in this system was related
to the breakdown of the network structure of liquid BeF, in the study
by Holm and Kleppa [10]. This interpretation is in accordance with
the findings of the MD simulations: when LiF is added to the BeF, lig-
uid, the 3-dimensional polymeric network is progressively disrupted
and the Be-F-B bridging bonds are broken, which results in a positive
contribution to the enthalpies of mixing and excess molar volume
as seen previously. The minimum in the enthalpy of mixing curves
moreover occurs around x(BeF,) ~0.3 -0.4, which can be related to
the increasing stability of the BeFi‘ anionic complexes.

Table 6
Thermal expansion versus temperature of the (Li,Be)Fx melt as obtained by fitting of
the simulation results.

x(BeF,) BKT) T(K)

0 1.909:10~% + 6.375-10°8T 700-1200
0.094 1.820+10~% + 5.726+10°°T 800-1200
0.2-0.203 1.827+107% + 5.377+1078T 600-1200
0.33-0.3323 1.728-10~% + 4.666+10-8T 600-1200
0.397 1.646+10* + 4.163+1078T 700-1200
0.439 1.518+107% + 3.379:10°8T 700-1200
0.5-0.507 1.327+107% + 2.539:10°8T 600-1200
0.532 1.333+107% + 2.447-10°8T 700-1200
0.602 1.181+10~% + 1.866+10-8T 800-1200
0.64 1.023-10~% + 1.318-10-8T 700-1200
0.749 9.594+10~> + 1.153-1078T 800-1200
0.801 7.137+10> + 6.056+107°T 900-1200
1 1.912+107> + 3.786-1071°T 600-1200
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Fig. 6. Radial distribution functions obtained for x(BeF,) = 0.5at T = 1135K.

The heat capacity is obtained from the average potential energy of
the 1ns NPT simulations run at neighbouring temperatures accord-
ing to the equation:

G = (7). (22)

The variation of the molar enthalpies is linear up to the composi-
tion x(BeF,) = 0.602 and was fitted as such in the temperature range
900-1200K. For the compositions x(BeF,)= 0.640, 0.749, 0.801,
0.857, a fitting with a second order polynomial function seems more
appropriate, and was applied in the temperature range 800-1200 K.
The fitting equations are shown in detail together with the simula-
tion results in the Appendix (see Fig. C.4). After derivation of those
equations, the heat capacity functions were subsequently derived: a
constant heat capacity was obtained up to x(BeF,) = 0.602, and a lin-
ear heat capacity function was obtained for the more concentrated
compositions x(BeF,) = 0.640, 0.749, 0.801, 0.857. The results above
x(BeF,) = 0.857 were quite scattered and could not be exploited fur-
ther for the analysis of the heat capacity. The simulations at very high
BeF, content appeared very challenging due to the formation of the
three-dimensional polymeric network and long polymeric chains,
which requires large simulation cells and long simulation times to
yield reliable results.

The heat capacity determined at T= 900, 1000, 1100 and 1200K
from the simulations are shown in Fig. 10a. The heat capacity
derived from the simulations for pure LiF, i.e. 66.6]J-K~1-mol-! is
1.6% higher than the experimental value recommended in the liter-
ature, i.e. 64.183]-K~'-mol~' [33]. Experimental measurements of
the heat capacity of molten (Li,Be)Fyx have been reported at the com-
position x(BeF,) = 0.34 by Hoffman and Cooke (79.77]-K~!-mol-1,
unknown temperature range, cited in Cantor et al. [13]) and Douglas
and Payne [14] (78.45]-K~'-mol~! in the temperature range 773-
873K). The data obtained with the simulations at x(BeF;) = 0.332,
i.e. 77.72]-K-1-mol-1, are in very good agreement with the latter
data. Experimental data for other compositions are not available,
but the results of the simulations are also compared in Fig. 10a
to the heat capacity data computed from our coupled structural-
thermodynamic model presented in the following Section 4.2. The
agreement is overall rather good. The heat capacity derived from
the simulations is independent of temperature up to x(BeF;) = 0.602,
which is not the case in the model, however, in which a temperature
dependence exists over the entire composition range. Based on this

comparison, one sees that the simulations best represent the heat
capacity of the molten salt for a temperature around T= 1200 K.

From the simulation results, the excess heat capacity was
determined as done previously for the excess molar volume and
enthalpies of mixing. One difficulty here is that the simulations
could not give a reliable result for the BeF, end-member. Taking the
same value as in our coupled structural-thermodynamic model at
T=1200K, i.e. Cp’,‘m(Ber, 1, 1200K) = 94.91]-K~!-mol~!, one com-
putes the excess heat capacity shown in Fig. 10b. The simulation
results seem to reproduce the maximum as predicted in our coupled
structural-thermodynamic model around x(BeF,)=0.3. The com-
parison is only qualitative and tricky, however, since the result is
directly influenced by the choice of the heat capacity of the BeF,
end-member.

4.1.5. Viscosity

The viscosity of LiF-BeF, molten salt mixtures have been mea-
sured by several authors, with a very good agreement between the
various studies: Cohen and Jones [47] (x(BeF,) = 0.31 at T= 873,973,
1073K), Abe et al. [48] (x(BeF,)=0.328 in the range T=2812.5 -
1573 K), Blanke et al. [45] (x(BeF,) = 0.10, 0.31, 0.3733, 0.4333, 0.5,
0.55 at T=873, 973, 1073 K), Cantor et al. [15] (x(BeF,) = 0.36-0.99
in the range T = 649-1240K), and Desyatnik et al. [49] (x(BeF,) =0,
0.1, 0.2, 0.3, 0.4, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1 in the range T=802-
1333K). Salanne et al. [26] showed that the interaction potentials
for the LiF-BeF, system yield a good agreement with the experimen-
tal data of Cantor et al. [15] across the studied composition range
(x(BeF,) = 0-0.55) at T= 873 K, with a sharp increase in the viscosity
above 33% BeF, due to the network formation.

In this work, the viscosity was evaluated for the selected compo-
sitions and temperatures by the Green-Kubo method, i.e. by calcu-
lating the time integral of the shear stress autocorrelation function:

174 o0
n= 7, / < 0'045({')'0'045(0) > dt (23)
kgT Jo

where V is the volume of the simulation cell, kg the Boltzmann con-
stant, T the temperature, 0,z one of the components of the stress
tensor. To improve the statistics, the stress autocorrelation func-
tion is averaged over the five components (Oxy, Oxz, Oyz, Oxx—yy,
O222-xx—yy), and the simulation is run for much longer times (5 to
10-20ns) to reach a plateau for the running integral. An example
of the integration of the shear stress autocorrelation function for
X(BeF,) = 0.33 at T=1100K is shown in the Supplementary materi-
als. A test was performed with 20 ns for pure BeF,, but the plateau
could not be reached in this highly polymerized system, even for
such long simulation times (see Supplementary materials). Hence,
only limited results at the highest temperatures were obtained for
high BeF, concentrations.

The results of the simulations at x(BeF,)= 0.2, 0.203 and 0.332
in the temperature range 600-1200K are compared in Fig. 11 to the
experimental data of Blanke et al. [45] and Cohen and Jones [47]
obtained for the composition x(BeF,) = 0.31, and to the data of Abe
et al. [48] obtained for x(BeF,) = 0.328. The agreement is reasonably
good, although the MD simulations seem to slightly overestimate
the viscosity compared to the literature data. One should point out,
however, the difficulty in performing the measurements on those
highly corrosive and hygroscopic materials on the one hand, and the
challenges in assessing properly those physico-chemical properties
in a highly polymerized system such as LiF-BeF, on the other hand
(requiring very large simulation boxes and long simulation times).

The simulation results at T=900, 1000, 1100K are moreover
compared in Fig. 12 to the experimental data of Cantor et al. [15]
in the range x(BeF,) =0.36 -0.99, and Desyatnik et al. [49] in the
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Fig. 7. Fraction of F atoms and Be atoms involved in various species observed in the system as a function of composition at T = 900, 1135, 1200K; “polymer” means a cluster
with a Be nuclearity greater than 4, whereas F~ implies that the ion is coordinated only to Li*.

range x(BeF,) = 0-1, interpolated at those temperatures (by apply- The evolution of the viscosity as a function of temperature is
ing the Arrhenius correlation as listed by the authors). The general shown in Fig. 13a, together with the Arrhenius fit to the simulation
agreement is very good. results. A steep increase in the viscosity is observed with decreasing
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Fig. 8. Evolution of the molar enthalpies of the (Li,Be)F, melt as a function of
temperature.

temperature and increasing BeF, concentration, as expected. The
least-square fitted parameters for a simple Arrhenius equation of the
form 1) = A exp(E,/RT) are listed in Table 7. The evolution of the fitted
activation energy for viscous flow Ej, is displayed in Fig. 13b, which
shows a steep increase with increasing BeF, content, again related to
the formation of polymeric units.

4.1.6. Thermal conductivity

Similarly to the viscosity, the thermal conductivity is obtained
via the Green-Kubo formalism by integration of microscopic fluxes
autocorrelation functions, Lyg, defined as:

N
Laﬁ = T]LTEO m/da(t)'h%(t))dt (24)
0

where o and S take the values of either e or z;, kg and V being
the Boltzmann constant and the equilibrium volume, respectively.
J. and J; represent the energy flux and the charge flux of the i-th
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Fig. 9. Enthalpies of mixing calculated from the MD simulations at T = 700, 800, 900,
1000, 1100, 1135 and 1200K, and comparison with the experimental data of Holm
and Kleppa [10] measured at T = 1135K.

Table 7
Evolution of viscosity versus composition as obtained by fitting of the simulation
results with a simple Arrhenius equation of the form 1) = Aexp(E,/RT).

X(BeF;) 1(cP) = Aexp(E,/RT)
A E, (Jemol=1)

0 0.16195 23,926
0.094 0.10441 28,942
0.2-0.203 0.09012 28,638
0.332 0.05624 38,765
0.397 0.02421 45,680
0.439 0.09285 37,958
0.507 0.08412 41,227
0.532 0.02866 52,059
0.602 0.00714 65,527

ion, respectively. From these fluxes autocorrelation functions, the
thermal conductivity is given by:

L(T)
- LZZ(T)} 29)

1
NT) = = |:Lee(T)
for a single compound and

(26)

A(T,x) = % [Lee(T,x) - A(T”‘)]

B(T)

2
ez)

for a binary mixture, with A = L2, L,7, +L,
B =lz2Lz)z — L,g]zy

The simulations results for pure LiF are compared in Fig. 14 with
the estimated data of Ref. [50], experimental data of Refs. [51-55],
molecular dynamics data of Refs.[56,57], and the model of Gheribi
et al. predicting the thermal conductivity of pure alkali and alkaline-
earth salts [58]. The scatter in the experimental data is quite large,
mainly due to problems of heat transfer mechanisms (convection
and radiation), purity and homogeneity of samples as discussed in
Refs.[58,59]. The most reliable and accepted experimental data are
marked with a “R” in Fig. 14. The estimated values of Nagasaka and
Nagashima [50] are also considered sound in the literature [60]. In
any case, a negative temperature dependence is expected for the
thermal conductivity [58,59] as discussed by DiGuilo [61]. This is
indeed the case in our predictions from the polarizable interaction
potentials, but the deviation with the recommended data is about
30%. This is a general feature observed for molecular dynamics sim-
ulations on such fully dissociated ionic systems [60]. The results of
Refs.[56,57] for LiF shown in Fig. 14 are also about 30% too high. This
overestimation by MDs is moreover correlated to the mass of the
alkali cation as evident from the results along the LiF-NaF-KF-RbF-
CsF series reported in Ref. [58]. The simulations give better results
for the heavier alkali metals.

In Fig. 15, the results for all compositions are shown for T = 800,
900, 1000, 1100, 1200K. The predicted values from the model of
Gheribi et al. [58] for pure LiF and BeF; are also displayed at T= 800
and 1200K. The latter model requires only input on density, heat
capacity, velocity of sound and melting temperature, and has shown
to give good results on a variety of salts (fluorides, chlorides, bro-
mides, iodides, carbonates, nitrates, nitrites, sulfates, hydroxides),
with an estimated accuracy of 20%.

Thermal conductivity and thermal diffusivity measurements
were reported in the literature at x(BeF,) = 0.34 by Cooke et al. [17]
and at x(BeF,)=0.34 and 0.47 by Kato et al. [18], respectively.
The former authors estimated A=1.0W.m~1.K-! at T=923K and
1.2W-m~1.K-! in the range 1023-1133 K. It should be pointed out
that these result do not follow the correct dependence with tem-
perature [59]. Kato et al. reported thermal diffusivities between
the melting temperature and T= 873K equal to 2.5-107 m2.s~!

Lz 2, —2Lez, Lezy Lz, 2, and
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Fig. 10. (a) Heat capacity and (b) excess heat capacity at T = 900, 1000, 1100 and 1200K of the (Li,Be)Fy liquid solution derived from the MD simulations, and comparison with
the heat capacity data computed with our coupled structural-thermodynamic model at the same temperatures. The dotted lines in (a) correspond to an “ideal” heat capacity

calculated with the Neumann-Kopp additive rule.

and 2.47-10~7 m2.s~! for the x(BeF,) = 0.34 and 0.47 composi-
tions, respectively. From those data, we estimated the corresponding
thermal conductivities at T = 800K (within their investigated
temperature range), by taking the density of the molten salt mix-
tures from our MD simulations at those compositions (Fig. 4),
and the heat capacity computed from our coupled structural-
thermodynamic model. The resulting thermal conductivities are
1.103 and 0.971W-m~'.K~!, respectively, not far from the data of
Cooke et al. [17].

The values found in our MD simulations of the mixtures are again
somewhat higher. We can assume that the deviation is due mainly
to the overestimation of the LiF thermal conductivity for the reasons
stated above. We hence propose to correct our MD results with the
following equation:

Neorr(T) = A(T) — 0.384x(LiF) (27)
where Acorr(T) is the corrected thermal conductivity at temperature
T. The value of 0.384 W-m~!.K~! represents the difference between
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A 31% BeF, (Cohen and Jones 1957) .
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Fig. 11. Comparison of the computed viscosities at x(BeF,) = 0.203 and 0.332 with
the experimental data reported by Blanke et al. [45] at x(BeF,) = 0.31, Cohen and
Jones [47] at x(BeF,) = 0.31, and Abe et al. [48] at x(BeF,) = 0.328. The straight lines
correspond to the Arrhenius fit to the data.

the calculated equilibrium molecular dynamics (EMD) and the
experimental thermal conductivity of molten LiF at T=1200K, i.e.
above the melting point (1118 K). This error is quasi constant in the
stable liquid region, but increases as the temperature decreases in
the undercooled region. Such differences were also observed in other
EMD studies [56,57].

The resulting corrected thermal conductivities at T=800 and
1200K, shown in Fig. 15, are in much better agreement with the lit-
erature data and estimated data in the model of Gheribi et al. [60].
The value obtained at x(BeF,)=0.332 is (1.3 + 0.2)W-m~!.K!,
slightly higher than the data of Cooke et al. and data derived from
the thermal diffusivity measurements of Kato et al., but in very good
agreement within uncertainty ranges. The computed data moreover
seem to follow an “ideal” linear behaviour (dashed line in Fig. 15),
taking the end-members LiF and BeF, values from the model of
Gheribi et al. [60]. In the work of Gheribi and Chartrand [59] on
(Li,K)Cl, (Li,Na)Cl, (Na,K)Cl, (Li,K)F, (Li,Na)F and (Na,K)F binary mix-
tures, a negative deviation from the linear behaviour was reported,
where the largest deviation (maximum thermal conductivity degra-
dation) occurred with increasing difference between the ionic radii
of the cationic end-members. But the case of (Li,Be)Fy solution, the
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Fig. 12. Comparison of the computed viscosities at T = 900, 1000, 1100K with the
data reported by Cantor et al. [15] interpolated at those temperatures.
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Fig. 13. (a) Computed viscosities at x(BeF,) = 0, 0.094, 0.203, 0.332, 0.397, 0.439, 0.5, 0.532, 0.602, 0.749, 0.801, 0.857, 1 as a function of temperature, and Arrhenius fit to the
data (shown as a line). Only the data at the highest temperature T = 1200 K were derived for x(BeF,) = 1. (b) Evolution of the fitted activation energy for viscous flow E,, when

fitting the MD results with a simple Arrhenius equation of the form 1) = A exp(E,/RT).

mass fluctuation term is small (12.9g-atom~'-mol-! for LiF and
15.7 g-atom~'-mol~! for BeF,), which explains the linear behaviour.

4.2. Coupled structural and thermodynamic model of the LiF-BeF,
system

The agreement between computed thermo-physical properties
with the polarizable ionic interaction potentials and the available
experimental data is generally very good as seen previously. The MD
simulations are not able to give information on chemical equilib-
rium, however [28]. In particular, entropy data cannot be extracted
by MD, which characterizes the properties of a system in a given sin-
gle state [28]. This means that the Gibbs energy is also not directly
obtainable by this method. For a thorough safety assessment of the
MSR, the simulation codes used to predict the thermo-physical prop-
erties and behaviour of the liquid fuel during normal operation and
accidental conditions should also characterize the phase equilibria
of the system, however. To this end, we integrate in this work the

® R-Estd [46]
2.5 — T T T T T T A RExp[47]
P> R-Exp [48]
R-Exp [49]
é + Exp [50]
2.0 F % X Exp [51]
o) O MD[52]
—_ § %%X% < MD[53]
< + © o | O MD thiswork)
~ 15 Model (Gheribi 2014 [54])
£
+20%
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Fig. 14. Computed thermal conductivity of LiF as a function of temperature, com-
pared to the estimated data of Ref. [50], experimental data of Refs. [51-55], molecular
dynamics results of Refs. [56, 57], and model of Ref. [58]. More reliable data are
identified by “R” in the legends.

output of the MD simulations (more specifically the calculated dis-
tribution of beryllium species in the melt and the calculated mixing
enthalpy) together with the available experimental data, to develop
a thermodynamic model for this system based on the CALPHAD
methodology and the formalism described in Section 3.

The present CALPHAD model reproduces well the experimental
phase diagram and thermodynamic data available on this system in
the literature: (i) phase diagram equilibrium data by Roy et al. [7],
Thoma et al. [8], and Romberger et al. [9], (ii) enthalpies of mixing
of the (Li,Be)Fy liquid solution by Holm and Kleppa [10], (iii) fusion
enthalpy of LiF and BeF, [33], (iv) activity coefficients of LiF and BeF,
species measured in the liquid by Hitch and Baes [11], Biichler and
Stauffer [43] and Fukuda et al. [44], (v) vapour pressure data by Refs.
[43, 44, 62-65]. In addition, a physical description of the liquid is pro-
posed, where the distribution of beryllium species derived from the
MD simulations are well followed.

The phase diagram calculated herein is shown in Fig. 16 and
compared with the equilibrium data reported in the literature
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Fig. 15. Computed thermal conductivity atx(BeF,) = 0, 0.094, 0.203, 0.332, 0.439,
0.532, 0.640 as a function of temperature. Comparison with the thermal conductivity
data of Cooke et al. [17] and Kato et al. [18] (estimated in this work from the thermal
diffusivity data).



A. Smith, E. Capelli, R. Konings, et al. /Journal of Molecular Liquids 299 (2020) 112165 13

1300 T T

1100

900

T(K)

Liquid (L)

700 L + B-BeF, -
S o o) o
N o . = o =
° g o Li,BeF + B-BeF,
] § 9 g
500} o o
] = i
2 r.% LiBeF + a-BeF,
= e
300 1 1 1 1
0 0.2 0.4 0.6 0.8 1
x(BeF,)

Fig. 16. Calculated LiF-BeF, phase diagram and comparison with the experimental data by Roy et al. (1950) [6] (O); Roy et al. (1954) [7]: quenching () and DTA (A); Thoma et

al. (1968) [8] (¢); and Romberger et al. (1972) [9] (e).

(Table 8), with good agreement. LiF and BeF, melt at 1119.5
and 827.4K, respectively. Two eutectic invariant equilibria are
computed at {T=730.2K and x(BeF,)=0.328}, and T=635.4K
and x(BeF,)=0.531, respectively}. Li;BeF; melts congruently at
T = 730.3 K, while LiBeF; decomposes into {Li,BeF4(cr) + BeF,(cr, 3)}
at T=553.8K. The computed enthalpy and entropy of fusion
for the intermediate compound Li;BeF4 are 15.2kJ-mol-! and
20.8]-K~'-mol~! at T, = 730.15K. There are no reference data in
the literature for this compound.

Note that only the standard entropies of the intermediate com-
pounds Li;BeF, and LiBeF; were slightly adjusted compared to the
data selected by NIST-JANAF [33] (130.583 and 89.245]-K~!-mol~!,
respectively) to reproduce the reported melting and decomposi-
tion temperatures. Moreover, the existence of a miscibility gap was
predicted by Vallet and Braunstein [12] in the BeF, rich corner
of the LiF-BeF, system at the critical temperature T= 807K and
X(BeF,) = 0.781 based on the extrapolated activity coefficient data of
Hitch and Baes [11] and using the Cook-Hilliard method to compute

the binodal and spinodal curves. The thermodynamic assessments
by Van der Meer using Redlich-Kister polynomials [20], by Bene$
and Konings [21] using the modified quasi-chemical model based on
the quadruplet approximation and the “structural” thermodynamic
model by Romero-Serrano et al. [22] also reproduced this miscibility
gap. As pointed out by the authors, a satisfactory agreement between
the (i) liquidus data, (ii) the well-known thermodynamic data on
BeF, and (iii) the model can only be obtained when allowing for the
formation of this miscibility gap since the limiting slope of the lig-
uidus curve in the BeF, rich corner is related to the fusion enthalpy
and fusion entropy of BeF, as follows:

lim ﬂ = RT}ZUS = RTfus
x—>1\dx AfusH% AfUSS?n

(28)

In the present model, the miscibility gap is again reproduced. The
miscibility gap is imposed by the small fusion entropy of BeF,

Table 8
Invariant equilibrium points for the LiF-BeF; system calculated in the present model and compared to experimental data.

Equilibrium Invariant reaction X(BeF;) T(K) Reference

Congruent melting LiF = Liq. 0 1119.5 This work (calc.)
0 (1121 £1) [32]

Eutectic Liq. = LiF + Li,BeF4 0.328 730.2 This work (calc.)
- 729 [6]
0.3280 + 0.0004 (731.9+0.2) [9]

Eutectic Liq. =p-BeF, + Li;BeF4 0.531 635.4 This work (calc.)
0.52 629 [6]
- 621-623 [7]
0.52 633 [8]
0.531 + 0.002 636.5 + 0.5 [9]

Congruent melting Li;BeF4= Liq. 0.333 730.3 This work (calc.)
0333 (731 £5) [6]
0333 728 [7]
0.333 (7321+£0.2) [9]
0333 732.2 [33]

Peritectic Li,BeF4= Liq. + LiF 0.34 731 [8]

Peritectoid LiBeF; = Li; BeF,4 + 3-BeF; 0.5 553.8 This work (calc.)
0.5 (573 £5) [7]
0.5 553 [8]

Congruent melting BeF, = Liq. 1 8274 This work (calc.)

(828 + 5)

[32]
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(5.4]-K-'-mol~!) as discussed by Van der Meer et al. [20]. The
temperature of the monotectic equilibrium reaction is T=769.2 K,
and the critical temperature and composition {T=820.5K and
xger, = 0.819}, are slightly different from the calculated critical point
by Vallet and Braunstein [12].

The enthalpy of mixing curve for the (Li,Th)Fy liquid solution cal-
culated with the present model is compared in Fig. 17a with the
experimental data by Holm and Kleppa [10] and the result of the MD
simulations using the Polarizable lon Model. The computed enthalpy
of mixing reproduces the expected S-shape with values in between
the experimental and simulated data. The asymmetry in the enthalpy
of mixing curve is obtained with the yg.,;i/r, €xcess term, while
excess entropy terms are necessary to reproduce simultaneously the
liquidus and enthalpy of mixing data.

The calculated entropy of mixing (ApixS%,) (including configu-
rational and non-configurational entropy of mixing) and configura-
tional entropy (AconsS%,) curves at T=1000K are shown in Fig. 17b.
Both curves show an “m-shape” (although not very marked for the
total entropy of mixing) related to the short-range ordering. The dip
in the configurational entropy curve is located at the highest com-
position of maximum short-range ordering (x(BeF,) = 0.43). Similar
results were obtained for the NaF-BeF, system by Robelin and Char-
trand [34], with an even more pronounced “m-shape” for both curves
and a sharp minimum of the configurational entropy located around
the compositions of maximum short-range ordering (Na,BeF, or
X(BeF,) = 0.33 and NasBe,F7 or x(BeF, ) = 0.40). One should point out
that the latter model included Be%" and Bej* cations only, and was
not coupled to MD simulations. It would be interesting to apply the
same approach as adopted here to that system for a more sound
comparison since no experimental data are available on entropies of
mixing. Fig. 18 shows the calculated activity and activity coefficients
for LiF and BeF, in the melt, compared to the experimental data of
Hitch and Baes [11] obtained in the composition range x(BeF,) = 0.3-
0.9 and temperature range T = 773-1173 K using electromotive force
measurements. The agreement is very good. Both the model and the
experimental data show that the LiF-BeF, system is non-ideal, with a
negative deviation from ideality below about 50% BeF, and a positive
deviation from ideality above that composition. The energetic asym-
metry is again related to the transition between a molecular type of
liquid and a fully connected polymeric network as reported previ-
ously to explain the S-shape of the mixing enthalpy data and excess
molar volume.
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The vapour pressure over pure BeF, is mainly constituted of
BeF,(g), with negligible amounts of the dimer Be,F4(g). The cal-
culated data in the temperature range T=850-1450K are in
good agreement with the experimental measurements of Sense
and Stone [62], Greenbaum et al. [63], Hildenbrand et al. [64],
and Fukuda et al. [44] using the transpiration, thermogravi-
metric, Knudsen cell, and torsion effusion techniques (Fig. 19).
The enthalpy of vapourization and sublimation computed in the
model at 298.15K, i.e. AyapH%(BeFy, 298.15K)=225.4k]-mol-!
and AgpHS,(BeF,, 298.15K) = 230.8 kJ-mol~! are only slightly dif-
ferent from the selected data in NIST-JANAF [33] (230.748 and
226.042 k]-mol-1, respectively) due to a slightly different choice for
the enthalpy of formation of BeF;(1) (the value retained for the model
is based on the selection by Konings et al. [32]) (Table 9).

Only a few experimental studies have been reported of the vapour
pressures over LiF-BeF, melt [43,44,65]. Berkowitz and Chupka [65]
were the first to investigate a (LiF:BeF,)=(0.5:0.5) mixture, and
to identify the formation of LiBeF3(g) gaseous species. Biichler and
Stauffer, using a twin-crucible Knudsen effusion cell, studied LiF-
BeF, melt in equilibrium with solid LiF (corresponding to a composi-
tion range between 66% and 79% BeF,) and a (LiF:BeF,) = (0.33:0.67)
mixture [43]. The authors confirmed the formation of LiBeF3(g) and
also reported Li;BeF4(g) in minor amounts. The measured vapour
composition above the (LiF:BeF,) = (0.74:0.26) mixture at T= 875K
is compared in Fig. 20 with the computed data for this composition
versus temperature. The total pressure and BeF,(g) partial pressure
are in very good agreement. The calculated partial pressures for
LiBeFs(g), LiF(g) and Li3F5(g) are two to three times higher than mea-
sured by Ref. [43]. The agreement is again very good for Li,F,(g). One
should point out that the measurement of Ref. [43] at T= 875K was
done in the two-phases region {LiF + liquid}, and not above a pure
melt.

More recently, Fukuda et al. measured the vapour pressure over
pure BeF, as well as LiF-BeF, and NaF-BeF, mixtures using a com-
bination of thermogravimetric analysis and Knudsen cell mass spec-
trometry [44]. The authors reported a vapour content constituted of
mainly BeF, plus smaller quantities of LiBeFs(g) and NaBeF;(g) for
melts in the composition range between 30% and 90% BeF,. By con-
trast with Biichler and Stauffer, Fukuda et al. do not mention any
LizBeF;r ions detected, which could be attributed to the fragmen-
tation pattern of the Li,BeF4(g) species in the Knudsen experiment.
They mention only LiBeF;, Li*, BeF;” and BeF* corresponding to
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Fig. 17. (a) Calculated enthalpy of mixing for the (Li,Be)Fy liquid solution at T = 1135K, and comparison with the experimental data of Holm and Kloppa [10] and results of the
MD simulations. (b) Calculated entropy of mixing and configurational entropy for the (Li,Be)Fx liquid solution at T = 1000K, and comparison with the computed data for the
(Na,Be)Fy liquid solution at the same temperature in Ref. [34]. The configurational entropy was calculated from the formula Ac,nSy, = -RX"ix;Inx; where X; = {XyiF, Xge,, F, » XBe, Fy »

XBe, F } Tepresent the site fractions of the sublattice constituents.
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Fig. 18. Calculated activity coefficients and activities of LiF and BeF, in the melt at T = 773, 873, 973 and 1073 K and comparison with the data of Ref. [11] measured by the emf

method, and the data of Refs. [43] and [44] obtained from vapour pressure measurements.

the ionization and fragmentation patterns of LiBeFs;(g) and BeF,(g).
In any case, its contribution is very small (0.5% of the total vapour
pressure for a (LiF:BeF,)=(0.74:0.26) melt at 875K according to
Ref. [43]). Using our model, we have computed the partial pressures
and total vapour pressure of the gaseous species (not considering
Li,BeF,4) above the melt at T= 1200K (see Fig. 21a). One can see that
BeF; is largely the dominant species above x(BeF,) ~ 0.15. The LiBeF;
fraction reaches a maximum of about 20% at x(BeF,) ~ 0.2.

The contribution of Li;BeF4(g) was ignored in the present model
since its contribution was reported to be very minor [43], and no
thermodynamic data were reported to this date for this gaseous
species. For completeness, we have nevertheless estimated its stan-
dard entropy at 298.15K and high temperature heat capacity via
statistical mechanical calculations, based on the molecular parame-
ters and spectroscopic data derived by Ramondo et al. [66] using ab
initio Hartree-Fock self-consistent field calculations. Further details
are given in Appendix E. The enthalpy of formation was then adjusted
to fit the vapour pressure data of Biichler and Stauffer on the
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Fig. 19. Calculated vapour pressure over pure BeF, and comparison with the
experimental data of Sense and Stone [62] (o), Greenbaum et al. [63] (a), Hildenbrand
et al. [64] (¢), and Fukuda et al. [44] (O).

(LiF:BeF,) = (0.74:0.26) composition at T = 875K. The correspond-
ing partial pressures and total vapour pressure have been recalcu-
lated at T = 1200K, and are shown in the Appendix E. The effect on
the total vapour pressure is negligible.

Biichler and Stauffer [43] and Fukuda et al. [44] derived the
thermodynamic activities of LiF and BeF, in the melt from their
experimental measurements at T=2875K and T=973K, respec-
tively. These are compared in Fig. 18a and b with the computed
data at those temperatures. The agreement with the model and the
determination by Hitch and Haes using the emf method is very good.

Finally, the distribution of beryllium species [BeF2'], [Be;F3~]
and [Be3F‘1‘5] are calculated at T=900, 1000, 1100, 1135 and 1200K
from the molar fractions of the various quadruplets according to the
following relations:

Xiigen, + XBeyBey T XBeyBey /2 + XpeyyBes /2

BeF2~] = (29)

(Befy”] 2ok ik Xki/F, — Xuiti

[BEZF?,] — XLiBez + XBezBez + XBe,VBez /2 + XBezBe3 /2 (30)
Dk 2tk Xk/F, — XiiLi

[B€3Fﬁ;] — XLiBe3 + XBe3Be3 + XBe,VBe3 /2 + XBezBe3/2 (31)

Dk iskXki/F, — Xiiti

where k and [ represent the Li*, Bez, Be3", and Be§™ cations, and
Xy, represents the mole fraction of the (k-F-I) quadruplet.

The results are compared in Figs. 22, and D.5 with the distribu-
tion reported from the MD simulations at the same temperatures.
Note that the extracted Bes lﬁ‘a species is assumed to represent in this
model the largest “polymer”, i.e. all Be3F‘1‘5 units plus all species with
a Be nuclearity greater than 3. A model based on more polymeric
units would introduce a too large number of fitting parameters. The
calculated speciation reproduces well the MD results, confirming
that our model is finally a good representation of both the local
structure of the melt and its thermodynamic equilibrium properties.

The only difference one can point out is that the chemical spe-
ciation is quasi-independent of temperature in the MD simulations,
whereas a more pronounced variation is computed in the CALPHAD
model due to the introduction of temperature-dependent excess
Gibbs energy parameters (Fig. 23). Such terms are needed to repro-
duce simultaneously the phase diagram and enthalpy of mixing
data. The deviation from the MD is only seen at lower tempera-
ture, and remains acceptable. The overall agreement with available
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Table 9

Vapour pressure data for pure BeF, calculated in this model and comparison with the literature.
AvapH},(BeF,, T) AgupHY, (BeF,, T) Method T (K) Reference
(k] *mol~1) (KJ*mol-1)
2254 230.8 Calc. 298.15 This work
226.042 230.748 Critical review 298.15 [33]
209.6 T 1075-1298 [62]
223.0+84 TGA 871-986 [44]
217.1 £3.8 KCMS [44]

23147 +£4.2 TE/TCP 298.15 [64]

222.7+0.8 KGE/T 823-1053/1123-1223 [63]

T = Transpiration; TGA = Thermogravimetric Analysis; KCMS = Knudsen Cell Mass Mass Spectrometry;

TE = Torsion-effusion; TC = Torsion-Knudsen; KGE = Knudsen gravimetric effusion.

@ Third law value at 298.15K.
b Measurements in the range 820-940K (TE)/1175.6-1178.2 K (TC).

experimental data (i) local structure, (ii) phase diagram, (iii) mixing
enthalpies, (iv) activity coefficients, and (v) vapour pressures is very
satisfactory.

4.3. Assessment of the performance of the (Li,Be)Fy melt as coolant

The present work finally provides a comprehensive overview
and self-consistent set of thermo-physical and thermodynamic prop-
erties for the (Li,Be)Fy melt, derived from experiments, molecular
dynamics simulations and our coupled structural-thermodynamic
model. This set of data is used herein to derive figures of mer-
its (FOM) for this salt mixture to assess its performance as coolant
in nuclear reactors as proposed by Bonilla [67]. Generalized heat-
transfer metrics are useful to compare the suitability of coolants
depending on the nature of the flow, by accounting for their per-
formance in terms of multiple physico-chemical properties simulta-
neously (e.g. viscosity, heat capaciy, thermal conductivity, etc.). The
FOMs suggested by Bonilla for fluoride salts are:

FOMi = (L)r

Btpucg}\w (32)

where i={1, 2, 3}, 1, B, Cp, and A are the viscosity, thermal expan-
sion, density, massic heat capacity at constant pressure, and thermal

logP(Pa)

0.80 085 090 095 1.00 1.15

1000/T(K)

1.05 1.10

Fig. 20. Calculated vapour pressure over pure (LiF:BeF;)=(0.74:0.26) versus temper-
ature, and comparison with the experimental data of Biichler and Stauffer measured
at T = 875K using a twin-crucible Knudsen effusion cell [43].

conductivity, respectively. The set of exponents r, s, t, u, v and w
depends on the nature of the flow:

o FOMT1: Forced convection, turbulent regime (r = 1,s = 0.2,
t=0u=2v=28andw = 0).

e FOM2: Natural convection, turbulent regime (r = 0.36,
s =02,t=1u=2v=18andw = 0).

e FOM3: Natural convection, laminar regime (r = 0.5,s = 1,

t=1u=2v=1andw = 0).

The most suitable coolants are those with the smallest FOMs,
which corresponds to those with low viscosity and high density,
thermal expansion, heat capacity and thermal conductivity. The
FOMs have been evaluated for the (Li,Be)Fy, melt at T= 900, 1000,
1100 and 1200K, and are shown in Fig. 24 and listed in Table 10 and
Table F.1.m, B, and A were taken from the output of the MD simula-
tions, and C, from the structural-thermodynamic model. The FOMs
decrease with increasing temperature, which can be related to the
decrease in viscosity, and increase in the thermal expansion. They
also decrease with increasing LiF content, which mostly relates to a
decrease in viscosity and increase in the thermal expansion.

It is also interesting to compare those FOMs with the ones
reported for a fully ionic liquid such as FLiNaK (LiF-NaF-KF) [4]
and a liquid forming molecular complexes such as NaF-ZrF, [4]
and LiF-ThF4 [60]. The figures of merits FOM1 at T=1000K and
X(BeF,) = 0.397 and 0.439 are about 20 times higher than reported
for LiF-ThF; and NaF-ZrF, mixtures of similar composition, and 40
times higher than in FLiNaK. This result illustrates that more viscous
fluids (LiF-BeF ; > LiF-ThF,, NaF-ZrF 4 > FLiNaK) hinder the turbu-
lent regime and therefore its heat transfer. By contrast FOM2 and
FOM3 are lower in the (Li,Be)F; melt than they are in the other
mixtures. This shows that such polymeric type of liquid becomes
more advantageous in case of natural convection, irrespective of
the regime (turbulent or laminar). Here the combination of thermal
expansion, density, and heat capacity properties cancel out the effect
of the high viscosity.

5. Conclusions

The thermo-physical properties of the (Li,Be)Fx melt, i.e. density,
thermal expansion, viscosity, thermal conductivity, have been com-
puted from polarizable ionic interaction potentials over a much wider
range of compositions and temperatures than reported previously in
the literature. The calculated data have been examined with respect
to available experimental information, and the predicted thermody-
namic properties, i.e. enthalpies of mixing and heat capacities, have
been scrutinized for the first time. The agreement is generally very
good, which gives good confidence on the predictive capabilities of
the PIM potentials. General trends have been discussed in relation
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Fig. 21. Calculated vapour pressure and vapour composition over (LiF:BeF,) melt at T= 1200 K.

with the local structure of the melt. The formation of short-range enthalpies of mixing, to the energetic asymmetry of the activity and
order, and especially of polymeric units at high BeF, concentrations, activity coefficients data, or to the drastic increase in viscosity with
can be directly related to the S-shape of the excess molar volume and increasing BeF, content. The transition between a molecular type of
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Fig. 22. Distribution of BeF2~, Be, F?‘ and Bes F‘]‘g species calculated in the liquid at T = 900, 1135 and 1200K, and comparison with the output of the MD simulations; “polymer”
means a cluster with a Be nuclearity equal or greater than 3.
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Fig. 24. Variation of the figures of merits FOM1, FOM2, and FOM3 as defined in the
text for the (Li,Be)Fy melt at T = 900, 1000, 1100 and 1200 K.

liquid and a polymeric type of liquid around x(BeF,) ~ 0.2-0.3 is
also seen in the density evolution which shows a maximum around
x(BeF,) ~ 0.3. The MD calculations are very useful to identify sub-
tle deviations from an ideal behaviour. The example of the excess
molar volume is particularly striking. A linear evolution as a function
of composition could be assumed based on experimental measure-
ments, whereas the simulations are able to reveal the asymmetric
evolution. Because MD simulations are not well suited by definition to

characterize thermodynamic phase equilibria, it is very appealing to
combine them with a semi-empirical approach such as the CALPHAD
methodology, that is able to predict the equilibrium state of a sys-
tem. In this work, a comprehensive structural-thermodynamic model
of the LiF-BeF, system is therefore reported that brings together the
output of the experimental thermodynamic data and MD simulations.
The model, based on the quasi-chemical formalism in the quadruplet
approximation, reproduces well equilibrium thermodynamic data,
excess properties, and local structure of the melt, in particular the dis-
tributionofLi*, F-, BeF5~, Be,F>~, BesF}; polymeric unitsasafunction
of composition. This methodology is a step towards multi-scale mod-
elling of the salt combining atomistic simulations and thermodynamic
modelling. The next stage would be the coupling with multi-physics
tools such as thermo-hydraulics codes to provide a complete picture
of the molten salt fuel behaviour in a MSR under any set of conditions.
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Table 10

Figures of merits of (Li,Be)Fy, (Li,Th)Fy, (Na,Zr)F, and (Li,Na,K)Fx melts.
Melt T (K) FOM1 FOM2 FOM3 Ref
(LiF:BeF,) = (0.561:0.439) 1000 2.720 3.528 0.076 This work
(NaF:ZrF4) = (0.57:0.43) 973 0.126 8.98 41.74 [4]
(LiF:BeF,) = (0.603:0.397) 1000 2.399 3.262 0.058 This work
(LiF:ThF4) = (0.603:0.397) 1025 0.145 8.898 46.217 [60]
(LiF:NaF:KF) = (0.465:0.115:0.42) 973 0.063 8.01 31.45 [4]
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Appendix A. Molar volumes
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Fig. A.1. Evolution of the molar volume as a function of temperature and composition as derived from the MD simulations.

Appendix B. Chemical speciation calculated from the MD simulations
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Fig. B.2. Fraction of F atoms and Be atoms involved in various species observed in the system as a function of composition at T = 1000 and 1100K; “polymer” means a cluster
with a Be nuclearity greater than 4, whereas F~ implies that the ion is coordinated only to Li*.



20

Appendix C. Molar enthalpies
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Fig. C.3. Molar enthalpies derived from the MD simulations and fit to the data.
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Appendix D. Chemical speciation from the coupled structural-thermodynamic model
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Fig. D.5. Distribution of BeFﬁ‘, Beng‘ and BE3F‘1‘5 species calculated in the liquid at T = 1000 and 1100K, and comparison with the output of the MD simulations; “polymer”
means a cluster with a Be nuclearity equal or greater than 3.

Appendix E. Calculation of thermodynamic functions of Li; BeF4(g)

The thermodynamic functions of the Li;BeF, gaseous molecule have been determined here via statistical mechanical calculations. The
classical rigid rotor and harmonic oscillator approximations were used for the computations, which were performed using a set of Fortran
codes as described in Refs.[68,69]. The input parameters, i.e. the molecular parameters and the spectroscopic data of the molecule, were taken
from the work of Ramondo et al., who found the D,; configuration to be the most stable for this molecule. The derived values for the standard
entropy at 298.15K is:

S0 (Li;BeFs,g,298.15 K) = 331.3 J-K~!-mol ™" (E.1)

The derived heat capacity function for the temperature range 298.15 -3000 K is:

C5 n(LizBeFy, g, T) =179.47 — 9.47-1073T + 166,240.9- T+
+1.45377-107%T2 — 20,474.7-T~' J-K~'-mol ™! (E2)

The enthalpy of formation at 298.15K was optimized in this work to fit the vapour pressure data of Biichler and Stauffer on the
(LiF:BeF;) = (0.74:0.26) composition at T = 875K [43] as described previously. The derived value is:

AH®,(Li,BeFy, g,298.15 K) = —1972.0 k]-mol ™ (E3)

The corresponding partial pressures and total vapour pressure are shown in Fig. E.6a. The calculated partial pressure of Li;BeF4(g) at
T=875K is in very good agreement with the experimental data [43] and the effect on the total vapour pressure is negligible. The vapour
pressures over (LiF:BeF,) melt at T=1200K have also been recalculated considering Li,BeF;, among the gaseous species and are shown in
Fig. E.6b.
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Fig. E.6. (a) Calculated vapour pressure over pure (LiF:BeF,)=(0.274:0.26) versus temperature considering Li,BeF4(g) among the gaseous species, and comparison with the
experimental data of Biichler and Stauffer measured at T = 875K using a twin-crucible Knudsen effusion cell [43]. (b) Calculated vapour pressure over (LiF:BeF,) melt at T=
1200K considering Li; BeF4(g) among the gaseous species.

Appendix F. Figures of merits

Table F.1
Figures of merits in the (Li,Be)Fx melt at T = 900, 1000, 1100 and 1200K.
X(BeF,) T (K) FOM1 FOM2 FOM3
0 900 1.615 2.756 0.041
0.094 900 1.829 2912 0.048
0.203 900 1.851 2.910 0.044
0.332 900 2.357 3.226 0.072
0.397 900 2.603 3.383 0.078
0.439 900 2.902 3.635 0.097
0.507 900 3.321 4.011 0.127
0.532 900 3.764 4.175 0.155
0.602 900 4.200 4,562 0.206
0 1000 1.593 2.717 0.036
0.094 1000 1.775 2.855 0.040
0.203 1000 1.796 2.855 0.037
0.332 1000 2.219 3.133 0.056
0.397 1000 2.399 3.262 0.058
0.439 1000 2.720 3.528 0.076
0.507 1000 3.070 3.876 0.097
0.532 1000 3.380 3.993 0.110
0.602 1000 3.622 4.304 0.134
0 1100 1.592 2.692 0.032
0.094 1100 1.749 2.816 0.035
0.203 1100 1.770 2.817 0.032
0.332 1100 2.131 3.064 0.046
0.397 1100 2.263 3.171 0.046
0.439 1100 2.599 3.448 0.063
0.507 1100 2.896 3.774 0.078
0.532 1100 3.113 3.855 0.083
0.602 1100 3.226 4.109 0.094
0 1200 1.607 2.678 0.029
0.094 1200 1.743 2.789 0.031
0.203 1200 1.764 2.791 0.028
0.332 1200 2.078 3.014 0.039
0.397 1200 2173 3.103 0.038
0.439 1200 2.520 3.388 0.053
0.507 1200 2.775 3.695 0.065
0.532 1200 2.925 3.749 0.066
0.602 1200 2.944 3.956 0.070

Appendix G. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.molliq.2019.112165.
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