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ABSTRACT

In the present work, we carried out a molecular dynamics study of the kinetic properties of the FLiNaK
molten salt, as well as a detailed study of the structure of this salt melt. The high value of the self-
diffusion coefficient of fluorine ions is due to the large number of Coulomb repulsions between the
most numerous negative ions. The calculated values of shear viscosity are in good agreement with the
experimental data, as well as with the reference data obtained on the basis of finding the most reliable
data. The total and partial functions of the radial distribution are calculated. According to the statistical
analysis, fluorine ions have the greatest numerical diversity in the environment of similar ions, and
sodium ions with the lowest representation in FLiNaK, have the least such diversity. For the subsystem of
fluorine ions, the rotational symmetry of the fifth order is the most pronounced. Some of the fluorine
ions form linear chains consisting of three atoms, which are not formed for positive ions. The results of
the work give an understanding of the behavior molten FLiNaK under operating conditions in a molten
salt reactor and will find application in future studies of this molten salt.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Molten fluoride salt FLiNaK can serve as an effective heat carrier
at high temperature, low pressure and high radiation fluxes. It can
also be used as a coolant or fuel salt for the molten salt reactor
(MSR) system [1,2]. Recently, there has again been a significant
interest in MSR technology [3,4]. At the same time, priority studies
must be carried out in order to determine the structure and
composition of the molten salt, which acts as a coolant, both with
and without fission products [5]. In this direction, extensive
research should be carried out, because more than 50 elements
(including fission products, fuel and transuranium elements) can be
dissolved in the coolant [G]. At present, FLiBe and FLiNaK are the
main candidates for use as a liquid salt reactor coolant. The main
advantage of molten fluorides is their stability under radiation
conditions. Molten fluorides have higher thermal conductivity
values than molten chlorides. In the case of molten salts in the form
of mixtures of eutectic composition, the law of simple scaling with
respect to changes in density and composition does not hold. A

Abbreviations: MD, Molecular dynamics; MSR, Molten salt reactor; RDF, Radial
distribution function; VP, Voronoi Polyhedron.
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reliable database of FLiNaK properties can be obtained by molecular
dynamics (MD) modeling. First-principles molecular dynamics
modeling was used to calculate the density, bulk modulus, thermal
expansion coefficient, and self-diffusion coefficient FLiNaK and
FLiBe [7]. In general, the obtained data are in good agreement with
the available experimental data. Molecular dynamics calculations
show that the composition of molten LiF-KF mixtures affects the
self-diffusion of anions and cations to a lesser extent than tem-
perature [8]. Using computer simulations, it was possible to show
that the polarizability of cations and the formation of associates can
dictate the mechanism by which the charge is screened in the
double electric layer [9]. Although an exhaustive study of the reli-
ability of structural alloys with respect to these salts has not been
carried out, it is believed that FLiNaK is inherently more aggressive
to structural metals than FLiBe [10].

The purpose of this work is to study in detail the structure of
pure molten FLiNaK, which is necessary for the subsequent struc-
tural analysis of a more realistic salt melt containing various
inclusions.

2. Molecular dynamics

To describe the interaction between ions in the molten salt
FLiNaK, the Born-Meyer-Huggins potential was used, the
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representation of which in the Fumi-Toshi form [11] is:

di: -
U (r) = U (r) + Uz (r) + U (1) (1)
Polarizability effects are not taken into account by this potential.
The repulsive part of the potential is given by the expression

gi+a;—T og—T
Uirje"(r):aij oboexp(%)onexMT) (2)

where the total interaction parameter 4 is determined in terms of
the energy parameter b and numerical Pauling coefficients a;; [12];
the parameter ¢ is determined by the sum of the length parameters
(0; and ;) characterizing the interaction between ions i and j; p is
the "stiffness" parameter of the ionic system.

The contribution describing the dispersion interaction of the
van der Waals type is presented as:

(3)

where the coefficient C; characterizes the dipole-dipole interac-
tion, and the coefficient D;; is introduced to take into account the
dipole-quadrupole interaction. These coefficients were obtained by
Mayer in quantum mechanical calculations based on experimental
data on the absorption of ultraviolet radiation [13].

The Coulomb interaction between ions is given by the contri-
bution Ulf]’.’q

99

q—q —
vt ==

(4)
where the charges of i and j ions are denoted as g; and g,
respectively.

The parameters of the Born-Meyer-Huggins potential for the
components of the salt melt FLiNaK can be found in Table 1 of the
reference [14].

The self-diffusion coefficient D of atoms was calculated by us
from the Einstein relation represented by equation (6). Thus, the
value of D was determined from the slope of the dependence of the
average square of the displacement (Ar2) of the center of mass of
similar atoms on time.

1 N
)=(5 2 [rilto +db) — (o)) =
i=0
N n )
(t; +dt) —ri(4;)] (5)
tico Jj=

where N is the number of atoms of a certain sort, n; —is the number
of intervals for determining (Ar2), t, and tj — are the initial times,

angle brackets denote averaging over selected equally spaced time
points.
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= llm (Ar / t (6)
The MD calculation of shear viscosity is based on the use of the
Einstein relation [15]:

Pyg(r)dr (7)

n_taoozt kBT .
0

where P,g represents the off-diagonal components of the stress
tensor (i.e., Pxy, Pxz, and Py;), kg is the Boltzmann constant, t is the
correlation time, and V and T are the volume and temperature of the
system, respectively.

The partial function of the radial distribution is defined as

dnaﬁ(r)

8ap = 4rr2drp, (8)

where dng(r) is number of atoms of sort § in a shell dr at the

distance r of atom of sort «, partial density of species a: p, = Nl =
V/(Nx,), xa. represents the concentration of atomic species a.
The first coordination number is defined as [16].
rm[n
Nys = 4mpxg J r2gus(r)dr (9)
0

where p is the number density, x; is the concentration (Ng/N) of
species B, riyiy is the first minimum of the g,4(r) function.

The hydrodynamic radius is a characteristic of the diffusing
object. The hydrodynamic radius can be calculated from the Stokes-
Einstein correlation between the self-diffusion coefficient and the
shear viscosity [17].

B kBT
~ 6mD

h (10)

where, D is the self-diffusion coefficient; n is the viscosity; T is
temperature; and kg is the Boltzmann constant. Sometimes, instead
of 6, 4 is used in the denominator of expression (10), but for ions of
different sizes experiencing Coulomb interactions it is better to use
the value 6, as in the case of a model of rough objects [21].
Molten FLiNaK was prepared from 20000 ions by melting su-
perheated fcc crystals: LiF (9300 ions), NaF (2300 ions) and KF
(8400 ions) at 3000 K for 1 million time steps (At = 0.1 fs). This
composition of the system corresponded to the FLiNaK eutectic: LiF
- 46.5-mol%, NaF - 11.5-mol% and KF - 42.0-mol%. The melt was
then held at this temperature for 2 million At for complete mixing.
The above procedures were performed in the NVT ensemble. The
next stage of system preparation consisted in bringing the melt to
the required initial density and temperature of 800 K and holding
the system under these initial conditions. The total duration of the

Table 1
The location of the first maximum and the first coordination number determined from the partial radial distribution functions®.
Element Top Mo
a 6 MD Ab initio MD Experiment MD Ab initio MD Experiment
Li F 1.60 1.60 1.83 33 3.6 33
Na F 2.05 2.20 2.18 4.2 49 3.8
K F 2.55 2.75 2.59 52 6.9 4.0
F F 2.85 2.85 3.05 9.1 - 8.9

¢ MD, T = 800 K, the work presented here; ab initio MD, T = 973 K, [26]; Experiment, T = 793 K, [25].
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calculation was 3 At. These and subsequent calculations were
performed in the NPT ensemble. All calculations at temperatures
above 800 K were carried out sequentially by increasing the tem-
perature by a given value of AT, followed by holding at a new
temperature (0.5 million At) and performing the main calculation
with a duration of 2 million At at each temperature. To expand the
system, periodic boundary conditions were imposed on the main
MD cell. Long-range interactions were determined based on the
Particle-Particle Particle-Mesh (PPPM) summation method [18], i.e.
the charges were placed on a 3D grid and the Fastest Fourier
Transform was used to solve the Poisson equations. Electric fields
were interpolated from grid points back to charged particles.

Traditionally, the structure of a liquid is represented by a radial
distribution function, and the structure of a multicomponent liquid
is represented by a set of partial radial distribution functions.
However, in both cases, the three-dimensional structure is repre-
sented as a one-dimensional function, as a result of which a sig-
nificant part of the information is lost. A more accurate three-
dimensional representation of the structure of a liquid can be
performed by the method of statistical geometry based on the
construction of Voronoi polyhedra (VP). VP is constructed by
drawing planes perpendicular to the segments connecting the
central atom with its nearest neighbors. Moreover, these planes are
drawn through the midpoints of these segments. The constructed
polyhedron is convex and no point in space can be simultaneously
closer to two centers of the system of polyhedra. With such a
partitioning, the polyhedra densely (without voids) fill the entire
space, and the partitioning is uniquely determined by the system of
the central points (i.e., atoms). Usually the structure of the
considered system (liquid) is interpreted with the help of statistical
distributions of the constructed polyhedra. Such distributions can
be distributions of polyhedra by the number of faces, distributions
of faces by the number of sides they contain, distributions of the
lengths of the segments connecting geometric neighbors (which
form VP faces), angular distributions of nearest geometric neigh-
bors, and some other characteristics. To construct the angular dis-
tributions, we consider the angles 0 enclosed between pairs of
segments connecting the center VP with geometric neighbors. In
other words, the vertex of the angle 6 coincides with the center of
VP, and the sides are perpendicular to the corresponding faces.
Representation of the structure by constructing Voronoi polyhedra
makes it possible to fully reflect its three-dimensional nature. VPs
were built every 10,000 time steps, so that during a calculation with
a duration of 1 million time steps for a system containing 20,000
ions, 2 million polyhedra were built.

3. Results

The calculated self-diffusion coefficients D along with the
experimental values of D [19] of the F~, Li*, Na* and K' ions in
molten FLiNak are shown in Fig. 1. As can be seen from the Figure,
the calculated and experimental values of D for Li* and Na* ions
agree on average within 22%, and for K™ and F~ ions, within 12%.
The D coefficients of the ions forming FLiNaK increase with
increasing temperature. The behavior of the D(T) function can be
approximated using a linear relationship also shown in the figure.
In addition, Fig. 1 shows the analytical expression of the obtained
approximation dependence D(T). The D values for all the ions under
consideration are not very different. The highest values of D were
obtained for F~ ions, and not for the lightest Li* ions, which can be
explained by their highest abundance in the salt melt. Their share is
2.15 times greater than the number of the second largest number of
Li* ions. The sign of the ion charge also affects the mobility. F ions
are the only particles in the system that carry a negative electrical
charge. Note that in the eutectic FLiNaK studied by us the number
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and total charges of positive and negative ions are the same.
However, the total mass of ions carrying a positive electric charge
exceeds the total mass of ions (F~) with a negative charge 1.17
times. Among the positive ions, K* ions show the highest mobility,
and Li* ions show the lowest. Exactly the same relationship be-
tween the D coefficients for ions was obtained in ab initio MD
simulations of pure FLiNaK at temperatures of 973 Kand 1223 K[7].
The D coefficient for F~ ions still dominates even at 1423 K. The
mechanism of diffusion in this molten salt is still unknown.

Fig. 2 shows the temperature dependences of the shear viscosity
7(T) of pure FLiNaK, obtained in experiment [20—22] and in MD
calculations [23], including the data of this work. In Ref. [26], the
most important data for the shear viscosity of pure FLiNaK were
analyzed. After a critical study, new improved reference viscosity
correlations were recommended. The dependence #5(T) calculated
by us agrees well with the corresponding curve obtained in a recent
experiment performed using a rheometer FRS-1600 [22], as well as
with the values of dynamic viscosity recommended in Ref. [24].

Molten salts have a low viscosity. This ensures good mixing of
the ions of which they are composed. Small discrepancies between
the force fields defined in classical ion dynamics by interaction
potentials can disrupt the short-range order for ions, which will
lead to a change in the structural and kinetic characteristics. In
other words, the structural properties and dynamic viscosity of
molten salts are sensitive to the details of the force field. The
closeness of the calculated data on shear viscosity with the
experimental data for 7 in a wide temperature range indicates an
adequate selection of all interaction potentials.

The hydrodynamic radii of the FLiNaK salt melt increase with
increasing temperature (Fig. 3), just as in the case of the molten
LiCl-NaCl—KCl system [24]. This is due to the rapid decrease in the
shear viscosity of the molten FLiNaK with increasing temperature.
In this case, the self-diffusion coefficient plays a secondary role,
determining only the nature of the change of Ry, in a given tem-
perature range. The initial value of Ry, for Na™ ions is higher than for
other ions, because sodium ions are characterized by a lower initial
coefficient of self-diffusion. If the increase in the Ry, value for Lit, K*
and F~ ions is almost linear, then the increase in this characteristic
for Na™ ions follows a different path than the linear change. The
reason for this may be the lowest concentration of Na in FLiNaK
relative to the concentration of other elements, which contributes
to greater variability in the nature of the change in the kinetic
properties of the Na subsystem.

Fig. 4 shows the total experimental and partial calculated radial
distribution functions for molten pure FLiNaK. As can be seen from
the upper parts of Fig. 4, the experimental function g(r) [25] can be
represented by the composition of the partial functions gg_g(r) and
gi_g(r), i.e. it can be formed from partial RDFs related to heavy ions
in FLiNaK. In other words, when constructing this function, the
diffraction of X-rays by F~ and K* ions was mainly taken into ac-
count. In general, the partial RDFs determined in the MD calcula-
tion are in good agreement with the corresponding functions
obtained in the ab initio MD calculation [26]. Quantification of the
RDFs can be done by the location value r,4 of the first maximum
and by the first coordination number n,z determined from these
functions. The calculated and experimental values of g and n,4 are
presented in Table 1.

The MD calculation data and experimental data [25] are pre-
sented here at almost the same temperatures, while the ab initio
molecular dynamics data [26] are given at a higher temperature.
Moreover, the value of n,s, determined through the function
gr_p(r), is missing in Ref. [26]. The r,4 values obtained from the X-
ray diffraction data turn out to be slightly higher than the corre-
sponding values found using the MD calculation. However, most of
the values of n,z determined in the experiment are lower than the
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Fig. 1. Self-diffusion coefficients of pure FLiNaK components; the linear approximation of the MD calculation is presented as a dotted line and an analytical expression; experi-

mental results are taken from Ref. [19].
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Fig. 2. Shear viscosity of molten salt FLiNaK, obtained both in experiment and MD
simulation; the linear approximation of the MD results is also represented; shear
viscosity is expressed in mPa-s.

coordination numbers calculated by the MD method. The exception
is the case indexed as Li—F, where the calculated value of n,g is
equal to the experimental value. Note that the coordination num-
ber, defined by the index Me—F, where Me = Li, Na, or K, increases
in the same order as the radius of the alkali metal ion, i.e. from Li to
K.

The calculated temperature dependence of the coordination
numbers characterizing the structure of FLiNaK is shown in Fig. 5.
With an increase in temperature, a decrease in all coordination
numbers is observed, which can range from 3% to 10% over the
entire temperature range. The most significant temperature
changes in the coordination number n,s occur for the cases
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Fig. 3. Temperature dependence of hydrodynamic radii of cations and anions.

a = =1Liand « = § =F, i.e. for the cation having the highest self-
diffusion coefficient among cations and for the anion (with the
highest D value). The coordination number calculated through the
partial radial distribution function is directly proportional to the
concentration xg of component § (see formula 9). When the xg
concentration becomes too low (as is the case for the Na concen-
tration in FLiNaK), the spherical approximation used to determine
the probability of finding a near neighbor becomes unsatisfactory.
In other words, a spherical layer of thickness dr may not include
geometric neighbors whose arrangement does not satisfy spherical
symmetry. A significant increase in dr will lead to a serious
decrease in the accuracy of the definition of the function g,4(r), and
as a consequence of r,,, i.e. the upper limit of the integral in
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Fig. 4. Total experimental radial distribution function (873 K) [25] and partial RDFs calculated by molecular dynamics (MD, present work, 975 K) and ab initio molecular dynamics

(ab initio MD, 973 K) [26] methods.

expression (9). Thus, at a low concentration xg, the determination
of the coordination number through the function g,s(r) becomes
incorrect. Therefore, the value of n,z (« = 8 = Na) is not shown in
Fig. 4. It was also not defined in Refs. [25,26].

Let us now consider the mutual arrangement of ions of the same
kind using the method of statistical geometry. The distributions of
polyhedra by the number of faces (n distributions) for the Li, Na, K
and F subsystems are shown in Fig. 6. As can be seen from the
figure, the most representative is the n distribution for the F sub-
system, and the poorest in relation to the variety of face types in
VPs is the n distribution for the Na subsystem. The number of F

12 T T i T " T
—FF --e-LiLi - = KK
5 | ~ - Li-F oK
'g e, .,
S g ]
e
g .
g I - W——— n———— - -m--m
S 8:.?..‘_::.@ ------ A==
S 4] ~Orersm Qs nQug
g * o R S RO I e .-
® ]
0 T T T
800 900 1000

Temperature (K)

Fig. 5. Temperature dependence of the first coordination numbers of the molten
FLiNaK salt.

ions is equal to the number of all positive ions (Li*, Na™ and K*)
taken together and is 8.7 times greater than the number of Na*
ions, which are the least in the system. There are 1% more Li* ions
in the system than K ions, and the n distribution for the Li sub-
system has a slightly larger representation than that for the K
subsystem. Li* ions are mostly surrounded by 4—6 same-type ions,
Na' and K" ions are surrounded predominantly by 4 of the same
ions (Na' and K*), and F~ ions have a wide spectrum of the same
type environment with a maximum at n = 11.

The distribution of faces according to the number of sides (m
distribution) shows which rings of the same type of ions are visible
to an observer located at the center of a given VP. As can be seen
from the inserts in Fig. 6, for the most numerous F~ and Li* ions in
the system, the maximum of the m distribution is localized at
m = 5. The localization of the m distribution maximum for the less
numerous K™ and Na * ions fall on m = 4 and 3, respectively. The
widest m spectrum is observed for the F subsystem, and the Na
subsystem has the poorest m spectrum.

The shape of the angular distribution of the nearest geometric
neighbors is unique for the subsystem of each type and reflects the
special type of mutual arrangement of the same type ions (Fig. 7).
The bimodal 6 distribution for the Li subsystem is characterized by a
low and rather narrow first peak. For the Na subsystem, the dis-
tribution has one pronounced peak and a shoulder to the right of it.
The bimodal 6 distribution for the K subsystem has a nonzero in-
tensity only at angles 6 > 30°. The first peak in this distribution is
higher than the second peak. In the case of the F subsystem, the 0
distribution consists of two parts: a sharp peak near 0° and a wide
part of the 6 spectrum, which has a small deflection in the vicinity
of the angle 72°. Only for the F subsystem the 6 distribution has a
pronounced non-zero intensity at 6 = 0°. This means that three F~
ions can lie in a straight line, which is almost never the case for
positively charged ions.
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Fig. 6. The distribution of Voronoi polyhedra by the number of faces for the Li-, Na-, K- and F- subsystem of pure FLiNaK at a temperature of 975 K; in insets: distribution of faces by
the number of sides corresponding to each n distribution.

4. Discussion
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Fig. 7. Angular distributions of nearest geometric neighbors for the Li-, Na-, K- and F- subsystem of pure FLiNaK at 975 K.

Knowledge of the structural and kinetic characteristics of
molten salts makes it possible to increase the efficiency of energy
conversion for electricity production and to diversify the energy
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products produced by nuclear reactors. In addition, these data help
to simplify the implementation of high reactor safety standards,
facilitate the demonstration of the safety of developed reactors, and
improve economic performance [27—29].

The self-diffusion coefficient is an important transport property
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of the salt melt. Experimental methods for determining D face
significant difficulties, among which are the uncertainty in estab-
lishing such characteristics as the number of electrons transferred
in the electrode reaction, the electrode area, the volume concen-
tration of electroactive particles, and the chemical instability of the
structural materials used at high temperatures [30].

The actual calculations show that, in the operating temperature
range, the self-diffusion coefficients for F~ ions are higher than the
values of the D coefficient for Li* ions. This may be due to the fact
that the most numerous F~ ions in the system have significantly
more repulsive interactions in the specific ratio than any other ions,
which mainly tend to be surrounded by negative ions, i.e. F.
Calculation of hydrodynamic radii for various components of
molten FLiNaK shows that there is a possibility that the diffusion
mechanism in  multicomponent molten salts involves
complexation.

The discrepancy between the calculated structural characteris-
tics and the experimental data may be due to the inaccuracy of
processing the diffraction data for molten salts [31]. In this case, a
low signal-to-background ratio and a rapid decrease in the scat-
tering intensity with increasing wavenumber (q) are observed. It is
difficult to obtain the exact value of the structure factor S(q) at large
g. This entails inaccuracy in the determination of RDF and coordi-
nation number.

Various methods have been used to predict the structure and
physical properties of FLiNaK, including machine learning neural
network force field [32]. However, a detailed three-dimensional
structure of molten FLiNaK has not yet been presented. In this
work, using the method of statistical geometry based on the con-
struction of Voronoi polyhedra, we study the mutual arrangement
of ions of the same type in the molten FLiNaK salt. Among the
considered ionic subsystems in this molten salt, the appearance of a
five-link rings of F~ ions (see m distribution) is the most pro-
nounced. This means that the subsystem consisting of F~ ions has
the closest to the liquid mutual arrangement of ions [33,34], which
is consistent with the higher mobility of these ions in the system.
The main part of the angular distribution of the nearest geometric
neighbors for the F~ ion subsystem is represented by a dome with a
very weak expression of bimodality, which is characteristic of a
high degree of disorder with an almost complete absence of short-
range order. At the same time, the subsystem of fluorine ions is the
only subsystem in which a peak appeared in the angular distribu-
tion in the vicinity of the angle 6 = 0°. The appearance of this angle
means that a certain part of the F~ ions can form triplets of ions
lying on the same straight line. It is obvious that such a possibility
can exist if there is a large freedom for the appearance of various
packings from single-sorted ions. And this happens because the
most numerous F- ions form in FLiNaK a subsystem with the
greatest variety of ion packings.

5. Conclusion

In this work, the diffusion characteristics, shear viscosity and
detailed structure of the eutectic salt melt FLiNaK in the operating
temperature range of the liquid salt reactor are determined by the
molecular dynamics method. It is shown that the temperature
dependence of the self-diffusion coefficient for the same-type ions
contained in this molten salt can be represented by a linear
dependence. In a wide temperature range, the calculated shear
viscosity agrees with the reference experimental values of this
quantity. Due to the high concentration of F~ ions and, therefore,
the stronger Coulomb repulsion, these ions have the highest
mobility in the salt melt. The main peaks of the partial radial dis-
tribution functions gye_g(r) strongly decrease their intensity and
shift towards larger distances upon transition from a lighter metal
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(Li) to a heavier one (K). F~ ions have the greatest diversity in the
number of diverse geometric neighbors, and the most sparsely
represented Na™ ions have the most poor quantitative composition
of the environment. The subsystem of F~ ions is distinguished by
the most pronounced feature of the liquid structure - the rotational
symmetry of the fifth order. In the angular distribution of the
nearest geometric neighbors for this subsystem, a peak appears in
the vicinity of the angle 6 = 0°, and the main part of the 6 spectrum
has an almost unimodal shape.

The results obtained in this work will facilitate the screening of
molten salts used in molten salt reactors.
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