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A B S T R A C T   

In this work, the temperature dependence of the viscosity and thermal conductivity of molten systems FLiNaK 
and FLiNaK-MeF3 (Me = La, Nd) was studied using the molecular dynamics method with Born-Mayer-Huggins 
potential. The dependencies were obtained in the temperature range of 800 < T < 1020 K, as well as for the 
concentration of lanthanide fluoride additives up to 15 mol.%. The temperature behavior of these kinetic 
properties is explained based on an MD model of dynamic ionic connectivity. The main contribution to the 
connectivity of pure FLiNaK ions is made by Li-F ion pairs, and in the presence of LaF3 and NdF3 dissolved in the 
salt mixture, the connectivity in the system is supplemented by ion pairs formed by lanthanides with fluorine. 
Both viscosity and thermal conductivity decrease with increasing temperature and rise when lanthanide tri-
fluorides are added to the molten salt.   

1. Introduction 

Molten salt reactor (MSR) is a type of reactor that combine aspects of 
both nuclear and chemical reactors [1]. The fuel for such a reactor is 
nuclear fuel dissolved in the molten salt. Such a melt is either pumped 
through the primary circuit or is in a slightly changing state in pipes 
located inside the core. MSRs have increased passive safety, fuel cycle 
flexibility, and provide an alternative economic use of nuclear energy. 
Due to their suitability for industrial production of heat and isotopes, the 
development of improved MSRs is considered to be a promising area of 
study [2]. However, the multiphysics behavior of MSR requires a wide 
range of studies, such as neutronics, thermohydraulics, coolant chem-
istry, etc. [3]. Fluid flow and thermal properties of the molten salt are 
important characteristics that largely determine the performance of 
MSR. FLiNaK (46.5 LiF–11.5 NaF–42 KF mol.%) and FLiBe (66 LiF- 
34BeF2 mol.%) are among the most well-known and proven coolants 
used in MSR [4]. Predicting the behavior of molten salts when they are 
saturated with fission products of radioactive fuel is an important sci-
entific and practical task. 

Traditionally, computer simulation methods are used to study the 
physicochemical properties of melts. The high aggressiveness of the 

environment, high temperatures, inaccessibility and radioactivity of 
some samples make it impossible to execute a real experiment [5–7]. At 
the same time, to optimize the operation of MSR, it is important to 
develop a reliable predictive model that can properly describe the 
behavior of molten systems both when the composition varies and when 
the external parameters of the reactor operation change. Accurate ac-
counting of flow regimes and heat transfer of molten salts can be made 
based on data on transport coefficients. 

To design pumps that move molten salt around an MSR or concen-
trated solar power plant, it is necessary to know the flow behavior of the 
molten salt, which is described by its viscosity. The physical meaning of 
fluid viscosity is to quantify its resistance to flow and ability to dissipate 
momentum. Typically, shear viscosity is defined as the ratio of shear 
stress divided to the velocity gradient. Viscosity of solids and liquids 
depends on the chemical composition of the material and determines the 
relaxation time, i.e. the time required to achieve stabilized material 
properties. Temperature has a strong influence on viscosity. The acti-
vation energy for flow decreases with increasing temperature, and the 
viscosity decreases. There are various model approaches for the micro-
scopic description of viscosity behavior [8]. For example, according to 
the valence-configuration theory, viscous flow is an activated switching 
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of valence bonds between atoms [9]. 
Thermal conductivity is a key characteristic that plays a significant 

role in the selection of salts both as a heat transfer fluid and for their 
application within the reactor core. Experimental measurement of the 
thermal conductivity of high-temperature molten salts is a challenging 
task, as the results are extremely sensitive to both the measurement 
method and the composition of the salt [10]. The values obtained by 
different authors show a large scatter and ambiguous temperature 
dependence (Fig. 1) [11–17]. In addition to the purity of the investigated 
salt composition, the main reasons for discrepancies in the literature 
data are attributed to thermal losses during the measurement process. 

The thermal conductivity of solid crystalline is determined by the 
collective vibrations of the lattice, i.e. phonons. In the case of amor-
phous solids, the picture of heat transfer becomes more complicated. 
Along with the phonon-like mechanism, there may be other ways of 
energy transfer, for example, heat transfer using delocalized modes that 
have a diffusion character of propagation [18,19]. In molten salts, a 
significant part of the energy transfer is carried out due to the random 
walk of categorical oscillations [20], i.e., vibrations determined by a 
certain type of ions. Such vibrations mainly appear due to the bonds that 
are formed by the smallest, lightest and most mobile positive ions, as 
well as high valence cations with the negative ions present in the melt. 
Thus, thermal conductivity in molten salts is related to the microstruc-
ture of the melts. Consequently, by modifying the structure of the molten 
salt, it is possible to control its thermal conductivity. 

The increase in the viscosity of the system is largely due to the 
presence of a dynamic network of bonds between ions, or dynamic ionic 
connectivity. This bonding is determined by the strong Coulombic 
interaction between closely spaced ions of opposite charges. The dy-
namic nature of bonding is that it changes rapidly over time, i.e. due to 
the rapid movement of ions, bonds are constantly broken and recreated. 

It can be noted, that dynamic viscosity and thermal conductivity of a 
liquid are not independent characteristics. Their connection is evident 
from the following example. If the temperature of a flowing fluid in-
creases, its viscosity decreases. A decrease in viscosity leads to an in-
crease in the fluid flow rate and an enhanced rate of heat transfer at the 
wall, affecting thermal conductivity. 

In this study, the behavior of viscosity and thermal conductivity of 
pure FLiNaK molten salt is investigated using classical equilibrium 
molecular dynamics (MD). Additionally, the characterization of the 
changes in kinetic properties upon the addition of the rare earth element 
fluorides to the molten salt is studied. Thus, the focus of this work is the 

investigation of the properties of the system FLiNaK + MeF3 (Me = La3+, 
Nd3+) in the wide temperature range. 

2. Molecular dynamics model 

The LiF-NaF-KF (FLiNaK) system consisted of 20,000 particles. The 
number of particles in the melt corresponded to the eutectic composition 
of LiF-NaF-KF (46.5–11.5–42 mol. %): LiF (9300 ions), NaF (2300 ions), 
KF (8400 ions). The molar ratio of the components was calculated in 
accordance with the following definition: Ni/Nall (where Ni is the num-
ber of atoms of the individual salt and Nall is the total number of atoms in 
the molten system). The size of the simulation cell was 12.1 × 3.4 ×
11.7 nm. Temperature and pressure control in the model were carried 
out using the standard procedure within the framework of the Nosé- 
Hoover dynamics approach [21]. 

The Born-Mayer-Huggins (BMH) potential in the form (1) without 
taking into account the polarization effects [22] was used to describe the 
interatomic interactions. 

U(r) =
qiqj

rij
+A • exp

(σ − r
ρ

)
−

C
r6 +

D
r8 (1)  

The first term describes the Coulombic interaction between ions in the 
molten system, where q is the ionic charge, rij is the interatomic distance 
between i-j ions. The second term is the short-range repulsive interac-
tion, where A is the Pauling factor, σ is the ionic radius of i charge 
particle and ρ is a bond “hardness” parameter. The last two terms 
correspond to dipole–dipole and dipole-quadrupole dispersion in-
teractions, where C and D are the dispersion parameters. 

The interaction parameters between the ions of the FLiNaK melt with 
additions of MeF3 (Me = La3+, Nd3+) were determined in separate cal-
culations using Density Functional Theory (DFT) within the Generalized 
Gradient Approximation (GGA) and employing scalar relativistic pseu-
dopotentials. The obtained parameters are presented in Table 1. The 
procedure for calculating the parameters of the BMH potential for pairs 
of ions Me-Me, Me-FLiNaK (Me = La3+, Nd3+) is discussed in more detail 
in the Supplementary Material 1 section. 

It should be noted that the polarization model, when describing the 
behavior of molten halide salts − ionic melts, is a common approach and 
increases the accuracy of calculations [14,23]. In the present work, it 
was of interest to study the effect of adding lanthanide fluorides LaF3 
and NdF3 on the behavior of the FLiNaK melt. In this case, the intro-
duction of expensive (in terms of computing resources) polarization 
would significantly reduce the speed of calculations and the dimensions 
of the system available for modeling. Since the calculation of transport 
coefficients is associated with the calculation of autocorrelation func-
tions depending on heterogeneous collective coordinates, we opted for a 
simplified model that does not take the polarization into account. 

Similar to the work [24], the simulation consisted of two steps. 
Firstly, the crystals of LiF, NaF, KF and MeF3 (Me = La3+, Nd3+) were 
melted in the NVT ensemble, with control measures taken to ensure 
good mixing (by visual layer-by-layer observation of the structure in the 
model and by analyzing partial radial distribution functions). The ob-
tained equilibrated melt was the result of this step. In the second stage, 
under the conditions of the NPT and NVE ensembles, the geometric 
optimization, relaxation, and calculation of physicochemical properties 
were performed. Fig. 2 shows the FLiNaK-LaF3 (10 mol.%) system after 
melting and relaxation (left), as well as the radial distribution functions 
g(r) of the melt components, along with the g(r) obtained in the work [6] 
for the pure FLiNaK melt (right). In the bottom right in Fig. 2 the 
behavior of pressure and specific energy (potential and total) of the 
molten salt mixture during the relaxation process of the system in the 
NPT ensemble is shown. 

During the melting stage, the system was overheated to 3000 K for 
0.5 ns in the NVT ensemble. Subsequently, the system was cooled to the 
operating temperature within the range of 800 ≤ T ≤ 1020 K over a 

Fig. 1. The temperature dependence of thermal conductivity of pure FLiNaK 
system obtained by various authors: X.-H. An [11], M.V. Smirnov [12], V.A. 
Khohlov [13], R. Gallagher [14], G.J. Janz [15], B. Merritt [16], S.G. Rob-
ertson [17]. 
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duration of 1 ns. At the operating temperature, the melt was adjusted to 
the experimental density under constant pressure conditions (in the NPT 
ensemble). Once the system reached equilibrium, the dynamic viscosity 
(η) and thermal conductivity (λ) calculations were executed. Several 
calculations were performed for the thermal conductivity at different 
melt densities (at elevated pressures of P = 10,000, 15,000, and 20,000 
bar) to determine the degree of influence of temperature and density on 
the value of λ. 

All calculations were performed with the use of the open source 
program code for MD simulation LAMMPS [25] on a URAN cluster-type 
hybrid computer at the N.N. Krasovskii Institute of Mathematics and 
Mechanics UB RAS. We used Ovito version 3.0.0 [26] for the visuali-
zation of the molten salt structure. 

3. Defining a dynamic network of ionic bonds in simulated 
systems 

Both propagative (“propagons”) and diffusive components 
contribute to the thermal conductivity of disordered materials [27]. The 
term “propagons” refers to propagating phonons with a certain vector of 
direction of motion. Diffusion components are both atoms characterized 
exclusively by translational motion and “diffusons”, i.e. vibrational 

modes with a wandering direction of propagation. “Propagons” (pho-
nons) can be characterized by the mean free path lp, which is related to 
thermal conductivity λ by the expression 

λp =
1
3
Cvvslp (2)  

where λp is the phonon component of thermal conductivity, is the 
volumetric heat capacity and vs is the speed of sound. 

In the case of molten salt mixtures, as well as for quartz glass melts, 
the contribution to the thermal conductivity from the diffusive compo-
nent is insignificant (~5%), and the main contribution to λ is made by 
the propagating vibration mode (i.e., phonons) [27,28]. The high- 
frequency collective excitations (optical phonon-like modes), caused 
by fast charge fluctuations, can propagate in molten salt mixtures along 
with acoustic “propagons” typical of other disordered systems [29]. 

Interatomic distances increase with rising temperature, reducing the 
heat transfer of “propagons”, and the thermal conductivity of typical 
liquids decreases. It is not possible to explain the positive temperature 
trend in thermal conductivity, often observed in fluoride salt liquid 
mixtures, solely by typical “propagons” and convective heat transfer 
[17]. Most likely, typical “propagons” and “diffusons” in such a system 
do not contribute to the abnormal temperature changes in thermal 

Table 1 
Parameters for interaction of La3+ and Nd3+ with the components of FLiNaK molten salt.  

Lanthanum A, eV ρ, Å σ, Å Neodymium A, eV ρ, Å σ, Å 

La3+ – La3+ 1.158  0.151  2.06 Nd3+ – Nd3+ 0.723  0.117  1.96 
La3+ – F–  2.541  0.33  2.36 Nd3+ – F–  1.634  0.3328  2.31 
La3+ – Li+ 0.046  0.141  1.79 Nd3+ – Li+ 0.012  0.110  1.74 
La3+ – Na+ 0.106  0.154  2.05 Nd3+ – Na+ 0.028  0.121  2.00 
La3+ – K+ 0.078  0.174  2.41 Nd3+ – K+ 0.032  0.146  2.36  

Fig. 2. The general view of the FLiNaK + LaF3 (10 mol.%) system obtained by the final moment of the melting process (on the left); on the right, the radial dis-
tribution functions of the melt components are presented; g(r) values obtained for pure FLiNaK in the work [6] are indicated by dash-dot lines; the fluctuations in 
pressure and specific energy (E/atom) during the relaxation of the system in the NPT ensemble are shown below. 
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conductivity. In this case, optical “propagons” propagating as electro-
magnetic waves must be included in the consideration. 

We establish categorical collective fluctuations in the model based 
on the composition of the molten salt. This arises from the fact that ions 
with similar electrical charges, but varying in size and mass, exhibit 
different behavior within the molten salt. In the molten salt considered 
here, there are strong electrostatic interactions between cations and 
anions, which create the conditions for the formation of complex 
nanostructures. To construct and further analyze the network of short- 
term bonds formed in the melt between ions at a certain time step, we 
introduced a characteristic − connectivity. In the melt, such a bond acts 
as an electron donor from the F- ion to the Li+ ion. Essentially, the bond 
is formed as a result of deformation of the electron shells of colliding 
ions. Chemical interactions also cause changes in the charge density 
distribution. Although in the molten salt with exclusively monovalent 
ions, cations and anions alternate evenly, short-lived dipole moments 
are formed only for cation–anion pairs with the shortest interionic dis-
tances. The presence of an electromagnetic field in the real molten salt, 
due to the dynamically formed network of dipole moments, leads to the 
propagation of spontaneous electromagnetic waves in the medium. In 
this interaction, part of the internal energy of the ions is carried away. 
The amount and intensity of the removing internal energy will be 
determined by internal friction in the medium. This approach can give a 
concept of the nature of heat and mass transfer in the melt; the essence of 
this effect is discussed in more detail in the Supplementary Material 2 
section. 

Since the interionic bond is established through an electron, i.e. a 
very small particle, and due to the spherical symmetry of colliding ions, 
the angular dependence of the emerging bond disappears. In this case, 
the only bond parameter is the distance between the ions forming a pair. 
Understanding the basic interactions and structures is important for the 
use of fluoride molten salts in chemical and related fields. 

To determine the connectivity in the melt at every time step, we 
utilized a custom program to track the quantity of bonds with certain 
bond lengths forming between the ions in the system. First of all, when 
investigating the FLiNaK and FLiNaK + MeF3 systems (Me = La3+, 
Nd3+), our focus was on studying the number of Li+ bonds with F-. This 
is due to the fact that Li+ ions are the most dominant positive ions in 
these systems. In addition, these are the most dynamic ions, making 
them more responsive to variations in external conditions, i.e. temper-
ature and density. Finally, Li+ ions form the strongest bonds with F- ions, 
characterized by the shortest bond length. Most likely, it is precisely 
such connections that can lead to the emergence of categorical collective 
fluctuations in the molten salt under examination. The program used to 
determine the connectivity of ions in the system analyzed the co-
ordinates of all ions in the system, recorded at equal time intervals (100 
ps). Using this program, it was found that at all temperatures and den-
sities considered, bonds with a length not exceeding 0.2 nm were pre-
dominantly formed between Li+ and F- ions. The remaining positive ions 
accounted for less than 0.1 % of these bonds with F- ions. Thus, the value 
of 0.2 nm served as a connectivity parameter in the models of the molten 
salt melts under investigation. The functionality of the connectivity 
program is based on the choice of distances between all (or some spe-
cific) positive and all negative ions of the system, which satisfy the 
condition r ≤ 0.2 nm or r ≤ 0.27 nm for subsystems containing cations 
with high valence. When saving a list of such distances, the numbers of 
the ions between which these shorter distances were established were 
simultaneously recorded. Both threshold distances (0.2 and 0.27 nm fall 
within the range between the first maximum and minimum of the cor-
responding partial radial distribution function. The minimum distance 
between Li+ and F- ions in molten salts containing lanthanide tri-
fluorides was ~ 0.14–0.17 nm, and between Nd3+ (La3+) and F- ions that 
was 0.203–0.207 nm. 

After such complete processing of the entire configuration, based on 
the saved numbers of the selected ions, an analysis of the connectivity of 
the selected charged particles was executed. A necessary condition for 

obtaining a coherent structure (i.e. network) was the presence of at least 
two bonds (close neighbors) for each selected ion. In other words, the 
number of each bound ion had to appear in the list of numbers at least 
twice. To determine the numbers of different ions forming the network, 
it was enough to perform another reduction in the list of ions, ensuring 
that each ion forming the network appeared only once. As a result, we 
received a representation of the connectivity in the system, i.e., the 
coordinates of the ions forming a network of bonds. In addition, the 
minimum and maximum (typically 0.2 nm) distances in the resulting 
network of bonds were determined. The number of ions (both positive 
and negative) forming a connected network could be visually repre-
sented in relative units or percentages relative to the total number of 
ions in the system. 

4. Molecular dynamics calculation of physical–chemical 
properties of molten salts 

In this study, viscosity and thermal conductivity are computed using 
the Green-Kubo formalism [30] by the equilibrium molecular dynamic 
(EMD) approach. The dynamic viscosity is calculated as the time integral 
of the autocorrelation function of the off-diagonal elements of the 
pressure tensor in a fully equilibrated system: 

η =
V

kBT

∫ ∞

0
〈Pαβ(0) • Pαβ(t)〉dt (3)  

where Pαβ are the off-diagonal components of the pressure tensor, <… 
> is an average over the particles ensemble, kB = 1.381⋅10-23 J/K is the 
Boltzmann constant, V is the system volume, T is the temperature. 

The thermal conductivity of the FLiNaK, and FLiNaK + MeF3 systems 
is calculated according to the equation: 

λ =
1

3VkBT2

∫ ∞

0
〈j(0) • j(t)〉dt (4) 

where the subintegral expression 〈j(0) • j(t)〉 is the flow autocorre-
lation function, and the heat flow is defined as 

j =
1
2
∑N

i=1

[

miv2
i +

∑N

j∕=i
u(rij)

]

• vi +
1
2
∑N

i=1

∑N

j∕=i
(rijFij) • vi (5)  

where, the first term describes the flow of total energy, while the second 
term represents the flow associated with the forces (Fij) acting between 
atoms, N is the number of ions in the system. 

As noted in work [31], devoted to the EMD calculation of the thermal 
conductivity of the NaCl melt at a temperature of 1300 K, when deter-
mining the transport coefficients, many factors can influence the ob-
tained values. In particular, the authors discuss that when calculating 
thermal conductivity, the error in calculating energy and force flows 
(the integrand in the expressions (3), 4)) is most significantly influenced 
by: the parameters for Ewald sums; the number of time steps at which 
flows are calculated; as well as the presence of an uncompensated mo-
mentum in the system (the presence of an additive to the speed in a 
certain direction). Based on the data [31,32], in our work, the conditions 
for modeling transport processes met the following criteria: the time step 
used for numerical integration of the equations of motion was 0.1 fs. The 
Coulombic interactions between ions were calculated based on the 
conventional PPPM (Particle-Particle Particle-Mesh) method [33] using 
periodic boundary conditions. The calculation of energy and force flows 
was carried out for isolated systems under the NVE ensemble condition; 
such flows were caused exclusively by internal mechanisms of heat and 
mass transfer in melts. The calculation of correlation functions for the 
systems FLiNaK, FLiNaK + MeF3 (Me = La3+, Nd3+) was carried out for 
temperatures in the range of 750 < T < 900 K on a time interval of 
500000Δt, which corresponded to 500 ps. Fig. 3 shows the convergence 
of the normalized heat current autocorrelation function (HCACF) over a 
time interval of 300 ps for temperatures 750, 800 and 850 K. The 
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normalized HCACF was calculated in accordance with the definition 
〈j(t)•j(0)〉
〈j(0)2〉

, where the autocorrelation function of the heat current is in the 

numerator and the denominator – is the maximum value of the function 
at t = 0 ps. 

5. Calculation results 

5.1. Dynamic network of connections in simulated systems 

The degree of network development, namely the number of bonds 
not exceeding 0.2 nm in length between positive and negative ions, and 
how it changes with temperature and due to the addition of LaF3 (10 

mol.%) to FLiNaK is depicted in Fig. 4. In pure FLiNaK, on average from 
3.0 to 6.1 % of all ions are involved in the formation of such bonds. With 
increasing temperature, the proportion of bonds under consideration 
and the number of ions forming them decreases, except for temperatures 
below 850 K. This pattern is observed both in pure FLiNaK and in molten 
salt mixtures, i.e., FLiNaK with LaF3 and NdF3 additives (Fig. 4 only 
displays data with the addition of LaF3). In all cases considered, intro-
ducing 10 mol.% of LaF3 to FLiNaK leads to an increase in the considered 
molten salt connectivity. Note that both in pure FLiNaK and in the 
presence of LaF3 or NdF3 additives, the considered dynamic connectivity 
of ions is not stable. Moreover, over time it can completely disappear 
and reappear. A decrease in the connectivity of the system with rising 
temperature indicates a negative temperature trend in the value of vis-
cosity (η). The decrease in viscosity in this temperature range for pure 
FLiNaK was 55.2 %, and for FLiNaK + 10 mol.% LaF3 it was 70.4 %. The 
concentration trend of viscosity has the opposite sign. The increase in 
viscosity is mainly due to a sharp increase in the density of the system 
when lanthanide fluorides are dissolved in FLiNaK. Thus, the dissolution 
of LaF3 in FLiNaK at a temperature of 800 K led to an increase in the 
density of the system by 24.2 %. 

Fig. 5 shows the nodes of the considered bond network in pure FLi-
NaK at a temperature of 1000 K. The configurations of the ions forming 
the network refers to the time instants of (a) 1.7 and (b) 1.8 ns. It is 
noteworthy that the network of bonds does not cover the entire small 
volume of the MD cell, but is localized in some relatively part of it. 
Moreover, the location of the area in which the network of bonds is 
located changes over time. In other words, a network of bonds can 
disappear in one area of space and appear in another area. The existence 
in the system of fragments of a dynamic network of bonds appearing and 
disappearing in different parts of the system can serve as an additional 
factor in increasing the thermal conductivity of the system, because its 
presence means the existence of optical “propagons” and “diffusons“. In 
this regard, it can be expected that a simulated molten salt system with 

Fig. 3. Normalized heat current autocorrelation function (HCACF) over the 
time moment of 300 ps of simulation under the NVE ensemble conditions for 
the pure FLiNaK system; the data presented for T = 750, 800 and 850 K. 

Fig. 4. Relative number of bonded ions with a bond length not exceeding 0.2 nm between positive and negative ions in the systems: (a) FLiNaK, (b) FLiNaK + 10 mol. 
% LaF3; the dotted line and numbers show the average Nb/N values; the temperature corresponding to the resulting dependence is shown in the upper left corner of 
each part of the figure. 
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LaF3 and NdF3 inclusions will have higher thermal conductivity than a 
pure FLiNaK molten salt. 

The addition of lanthanide tetrafluoride leads to the appearance of 
additional F- ions in the system, with the help of which the dynamic 
connectivity expands with a threshold bond length value of 0.2 nm. 
However, the trivalent ion itself (La3+ or Nd3+) can create stronger 
bonds with the F- ion in the molten salt than any of the monovalent 
cations can. The presence of such bonds, leading to the appearance of 
associates in the system, is shown in [24]. At a sufficiently high con-
centration of trivalent cations in the system (as in the case of 15 mol.% 
NdF3) and a large number of anions, such as F-, networks of bonds from 
ions such as Nd3+ (La3+) and F- can also be formed in the system. This is 
also facilitated by the situation when trivalent ions are crowded in some 
place in the volume of the system, i.e. their distribution over the volume 
is not completely uniform. This new categorical bond network will have 
an effect on the kinetic properties of the system similar to the bond 
network with a threshold bond length value of 0.2 nm. 

The placement of Nd3+ ions in the FLiNaK + 15 mol.% NdF3 system 
at the end of the MD calculation at temperatures of 850 K and 1020 K is 
shown in Fig. 6. As can be seen from the figure, in both cases, the 
placement of trivalent cations throughout the volume of the MD cell is 
not uniform. In the center of the MD cell, a concentration of Nd3+ ions is 
observed. Consequently, in the vicinity of the center of the MD cell, one 
should expect the appearance of a network of bonds formed by Nd3+ and 
F- ions. 

The nodes of the dynamic bond networks between Nd3+ and F- ions 
for the configurations are shown in Fig. 7. The figure shows networks 
with the maximum number of bonds observed throughout the MD 

calculation formed by Nd3+ and F- ions. The number of nodes in the 
network varied from 3 to 1098 at a temperature of 850 K and from 5 to 
853 at 1020 K. Since heavy ions (Nd3+) are displaced by insignificant 
distances during MD calculations, these new categorical networks are 
located approximately in the same place at different temperatures. Of 
course, the shape and number of bonds in these networks at tempera-
tures of 850 K and 1020 K are significantly different. A distinctive 
feature of the bond networks formed by Nd3+ and F- ions with a 
threshold bond length value of 0.27 nm, as compared to the networks 
formed by Li+ and F- ions with a threshold bond length value of 0.2 nm, 
is the stable location of the former and the time-varying localization of 
the latter. 

Fig. 8 shows the temperature dependence of the average dynamic 
connectivity of the FLiNaK and FLiNaK + 15 mol.% NdF3 systems, ob-
tained with a threshold bond length value of 0.2 nm for connectivity, as 
well as for the latter system with combined or total connectivity. The 
additional connectivity due to the presence of trivalent Nd3+ (as well as 
La3+) ions was established only for the component introduced into 
FLiNaK. In this case, a threshold bond length value of 0.27 nm for 
establishing Nd-F bonds was used. The validity of the chosen threshold 
bond length values in determining connectivity is discussed in the Dis-
cussion section. 

5.2. Viscosity of the FLiNaK + LaF3 molten system 

Initially, in the MD model, the viscosity of the pure FLiNaK system 
was calculated, and the obtained data were compared with the results of 
various authors. In the wide temperature range of 750 < T < 1020 K, the 

Fig. 5. Nodes of the dynamic bond network with bond lengths not exceeding 0.2 nm between positive and negative ions in the FLiNaK system at a temperature of 
1000 K: (a) at a time of 1.7 ns, (b) at a time of 1.8 ns. 

Fig. 6. The placement of Nd3+ ions in the FLiNaK + 15 mol.% NdF3 system at the end of the calculation at temperatures of: (a) 850 K, and (b) 1020 K.  
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viscosity of the system varies nonlinearly according to the Arrhenius 
equation: 

η = η0 • exp
(

E
RT

)

(6)  

where η is the dynamic viscosity, η0 is the pre-exponential factor ob-
tained in the experiment, E is the activation energy, R = 8.3145 J/(mol 
K) is the gas constant, T is the temperature. 

Fig. 9 shows the lnη
(

1
T

)

linearized data in a semi-logarithmic scale 

(true viscosity values are shown on the right axis) obtained by various 
authors in the experiments and calculated in the MD model. It can be 
noted that the results obtained in the current model show good agree-
ment with the literature data. 

Similarly, the temperature dependences of viscosity were calculated 
for the melts containing 5 and 15 mol.% of LaF3. The results are shown 
in Fig. 10 together with the MD viscosity data of the pure FLiNaK system. 
These dependencies were obtained within the temperature range of 800 
< T < 1020 K. It can be seen that the addition of 5 mol.% of LaF3 leads to 

a 25 % increase in the viscosity as the temperature rises to 1020 K. 
Meanwhile, in the case of the 15 mol.% LaF3 addition, the viscosity 
increases by more than two times compared to the pure FLiNaK melt. In 
the case of high concentrations of the LaF3 additive at low temperatures 
(T < 850 K), the function η(T) increases sharply reaching a value of 20 

mPa⋅s, and the corresponding curve of lnη
(

1
T

)

deviates from the linear 

dependence. 
For all investigated concentrations (0, 5, 15 mol. % LaF3), the 

calculated temperature dependence is approximated by a function of the 
form lnη = a + B

T, and the data are presented in Table 2. 

5.3. Thermal conductivity of the FLiNaK + NdF3 molten system 

Fig. 11 shows the thermal conductivity of the pure FLiNaK melt 
obtained experimentally using the laser flash method [36], as well as the 
calculated thermal conductivity using the present MD model. In both the 
experimental and MD systems, a weak negative trend of thermal con-
ductivity with temperature can be observed. We have also calculated the 
temperature dependence of thermal conductivity for the FLiNaK + 15 
mol.% NdF3 system, which is also presented in Fig. 11. The thermal 
conductivity values of the molten salt mixture containing NdF3 increase 

Fig. 7. Nodes of the bond network with bond lengths not exceeding 0.27 nm between the ions Nd3+ and F- in the FLiNaK + 15 mol.% NdF3 system by the end of the 
calculation at a temperatures: (a) 850 K and (b) 1020 K. 

Fig. 8. The temperature dependence of the relative number of bonded ions for 
the systems: FLiNaK and FLiNaK + 15 mol.% NdF3; in the legend, “total” means 
that the bond lengths Lb of all positive ions with F-, which do not exceed 0.2 nm, 
as well as Lb of dissolved ions with Nd3+-F- bonds not exceeding 0.27 nm, are 
taken into account. 

Fig. 9. Viscosity of FLiNaK melt in a semi-logarithmic scale, calculated in the 
current MD model (highlighted in green), compared to data obtained by various 
authors: Tkacheva [34], Chernkova [35], Salanne [23]. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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compared to the corresponding values for pure FLiNaK. In this case, a 
decrease in thermal conductivity with temperature is observed. 

To determine the influence of density and temperature on thermal 
conductivity variation, we calculated the dependencies of λ(ρ) and λ(T) 
for pure FLiNaK at different average melt densities. Increasing density 
was achieved by raising the barostat pressure from 1 to 10,000, 15,000, 
and 20,000 bar. Fig. 12 illustrates the λ(ρ) dependency at a temperature 
of T = 850 K. It can be noted that when the density changes from 1.70 to 

2.15 g/cm3, i.e., when the pressure increases from 1 to 20,000 bar, 
thermal conductivity increases rapidly (by 1.5 times). 

To estimate the joint influence of density, temperature, and the 
addition of NdF3 on thermal conductivity, we calculated the λ(T) de-
pendencies for the pure FLiNaK system (Fig. 13a) and the FLiNaK + 15 
mol.% NdF3 system (Fig. 13b) within the temperature range of 750 < T 
< 950 K for different values of the average melt densities. Since the 
change in density at constant pressure in a given temperature range does 
not exceed 8 %, the figure (a) shows the average densities ρavg corre-
sponding to various pressures of 1, 10000, 15,000 and 20000 bar in the 
given temperature range. 

For the densities indicated in Fig. 13, the λ(T) dependence has a weak 
negative trend. However, in the cases presented here, increasing pres-
sure (average density) leads to an increasing of the λ(ρ) by 20 %, 35 %, 
and 45 % for pure FLiNaK melt, and by approximately 25 % for FLiNaK 
+ NdF3 melt. All estimates of the thermal conductivity variation are 
made relative to the λ value at a standard pressure of p = 1 bar. 

6. Discussion 

This study presents a simplified model of molten salt that does not 
consider effects of polarization of molten salt ions, nor the lanthanide 
compression effect [37], when the competing filling of the 4f electron 
shell in lanthanides (and the 5f shell in actinides) leads to a decrease in 
the ionic radius of cations with rising charge. 

Covalent radii are employed to denote the presence of chemical 
bonds and the subsequent formation of molecular structures. By utilizing 
covalent radii, it becomes feasible to create accurate three-dimensional 
representations of molecules using ball and stick models. In [38], the 
data of which we use, covalent radii were derived from experimental 
bond distances to N, C, or O. This approach seems justified, since none of 
these elements form a significant number of structurally characterized 
bonds with all elements. 

According to data from [39], a chemical covalent bond between pairs 
of Li-F, Nd-F, and La-F atoms is formed when they approach each other 
at distances of 0.185, 0.258, and 0.264 nm, respectively. Similarly, Na-F 
and K-F chemical bonds are established at distances of 0.223 and 0.260 
nm, respectively. Since among monovalent ions, the most probable and 
stable virtual (non-chemical) bonds in the model occur solely between 
Li+ and F-, the threshold distance for determining ion connectivity 
should be shorter than the length of the Na-F chemical bond, specifically 
0.223 nm. In addition, since an actual Li-F chemical bond is not formed 
in the model, the threshold distance for identifying an interionic bond 
must exceed the length of the Li-F chemical bond (0.185 nm). A 

Fig. 10. The temperature dependence of viscosity (η) in semi-logarithmic scale 
for the FLiNaK melt, with 5 and 15 mol.% additions of LaF3; experimental re-
sults are shown in solid line [34], while the data obtained from MD calculations 
are presented as points; the calculation data for the pure FLiNaK melt are also 
marked in the figure. 

Table 2 
Viscosity temperature dependences of FLiNaK + LaF3 (CLaF3 = 0, 5, 15 mol. %).  

LaF3 concentration, mol. % 
f
(

1
T

)

, Pa s 

0 lnη = − 10.58 +
4490.074

T 
5 lnη = − 9.57 +

3797.96
T 

15 lnη = − 10.61 +
5344.81

T   

Fig. 11. Temperature dependence of the thermal conductivity of FLiNaK, and 
FLiNaK + 15 mol.% NdF3 molten salts; the experimental data for pure FLiNaK 
obtained using the laser flash method are highlighted in orange [36]. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 12. The dependence of the thermal conductivity of pure FLiNaK on the 
melt density when the barostat pressure grows, when the temperature is con-
stant T = 850 K. 

K. Abramova et al.                                                                                                                                                                                                                             



Journal of Molecular Liquids 407 (2024) 125154

9

threshold distance of 0.2 nm satisfies both of the above requirements. At 
the same time, to identify the virtual Nd-F and La-F bonds in the model, 
the threshold distance must be greater than 0.258 and 0.264 nm, 
respectively. 

By utilizing Slater Orbitals, quantum mechanical calculations were 
employed to establish absolute radii, i.e., the radii of isolated atoms, for 
103 elements [40]. The determined radii for La, Nd and F are 0.08333, 
0.12976 and 0.26 nm, respectively. It is the sizes of isolated atoms that 
should be incorporated in expressions predicting chemical bonding pa-
rameters employing the concept of the Golden ratio. 

From mathematics, we are familiar with the rule of the Golden ratio, 
which states that when dividing a straight line into two unequal parts, a 
and b, such that the ratio of the length (a + b) of the original line to a 
larger segment (for example, a) is the same as that of larger to smaller 

(a + b)/a = a/b = ϕ, (7)  

where 1/ϕ = 0.618 and ϕ2 = 2.618. 
The Golden ratio has a unique significance when considering the core 

of the atom [39]. In the case of a covalent bond, the following re-
lationships can be used to determine its length: 

(+ − ) : 21/2 LA − A = RA+ + RA −

( + + ) : LA − A = ϕ2 RA+ (8)  

( − − ) : LA − A = ϕ RA −

here the signs “+” and “-“ indicate the sign of the charge of the A atom 
(ion), R is the atomic radius, L is the bond length between the atoms 
(ions). 

Using the radii of isolated atoms obtained in [40], and by applying 
the first of expressions (8), we find that the lengths of covalent bonds Li- 
F, La-F, Nd-F and threshold distance are determined as 0.2298, 0.2427, 
and 0.2756 nm, respectively. Although these values can be regarded as 
approximate. Taking into account the data from [39,40], we chose the 
threshold distances for La-F and Nd-F ion pairs to be 0.27 nm. 

The viscosity of molten salts is highly dependent on the density of the 
system. Therefore, a significant rise in the density of the molten salt after 
introducing the LaF3 additive leads to a substantial increase in the vis-
cosity of the melts. This growth intensifies as the proportion of the ad-
ditive increases. Since the preliminary MD calculation was carried out in 
the NPT ensemble, the density of the molten salt decreased when 
moving to a new calculation at a higher temperature and approximately 
constant pressure. With increasing temperature, the intensity of ion 
movement, and interionic distances, increased. This led to a decrease in 
system connectivity. At the same time, the viscosity of the molten salt 

also decreased. 
An increase in temperature leads to an increase in the anharmonicity 

of collective vibrations created by all ions in the system, including ions 
that form a dynamic network of bonds. The weakening of the intensity of 
the “organized” oscillatory process affects the thermal conductivity, 
determined according to expression (4), which decreases with 
increasing temperature. Here, we only show the appearance of dynamic 
connectivity in molten FLiNaK. However, we do not take into account 
the contribution to thermal conductivity made by the electromagnetic 
flux arising from it. Since, the decrease in thermal conductivity of 
molten salt with temperature is usually very insignificant or even absent, 
it is possible that taking this contribution into account can change the 
temperature trend of thermal conductivity. 

The thermal conductivity of most liquids (excluding water, aqueous 
solutions, and multihydroxy molecules) decreases with temperature. 
Moreover, the main mechanism of heat transfer is a molecular exchange. 
However, the scenario changes when solid particles (such as SiO2 or 
Al2O3) are introduced into the molten salt, forming a nanofluid. The 
addition of Al2O3 nanoparticles to the molten salt revealed that the 
contribution to the thermal conductivity of the nanofluid primarily 
originates from atomic movements and interactions between atoms 
within the Al2O3 nanoparticle rather than within the base liquid [41]. 

Contrary to the classical concept of phonon thermal transfer, 
increasing the thermal conductivity temperature dependence is 
observed for superionic conductors such as chalcogenides, for example, 
Ag2Te and Cu2Se [42]. Near a temperature of 420 K, a structural phase 
transition from a low-temperature monoclinic β-phase to a high- 
temperature cubic α-phase occurs in the semiconductor-superionic ma-
terial Ag2Te. In the bulk α-Ag2Te phase, the contributions of two 
different coolants (heat transfer mechanisms) were studied: phonons 
(conductive) and liquid-like mobile ions (convective). It was demon-
strated that the rise in thermal conductivity with temperature was 
attributed to the predominance of convective thermal conductivity [42]. 
A computational study of the nature of thermal excitations in the Li2S 
system undergoing a melting transition led to the conclusion of a sig-
nificant contribution to thermal conductivity from convection [43]. 
Consequently, as the temperature reaches 700 K (in liquid Li2S), this 
contribution increases to half of the total value, while the significance of 
vibrational scattering diminishes. 

There is an opinion that the temperature trend of thermal conduc-
tivity (λ) primarily depends on the density of the melt [44]. However, 
there is also an alternative point of view. The dependence of thermal 
conductivity on the coordination number is found in various systems 
with covalent bonds. When the a-SiO, a-SiC, and a-Si films are hydro-
genated, their thermal conductivity could decrease by up to 2 times 
[45]. It has been established that energy transfer occurs through a non- 

Fig. 13. The temperature dependence of thermal conductivity for different average melt densities ρavg in the systems: (a) pure FLiNaK, (b) FLiNaK + 15 mol.% NdF3.  
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hydrogen network of atoms. It has been experimentally shown that the 
speed of sound, atomic density and heat capacity cannot explain the 
measured decrease in thermal conductivity of thin amorphous films. 
Hydrogenation led to a decrease in the coordination number of basic 
atoms (not hydrogen) forming the film. It turned out that the coordi-
nation number can significantly change the scale of the coolant scat-
tering length. It was concluded that disruption of basic atom 
connectivity is responsible for the reduction in thermal conductivity of 
amorphous films. 

7. Conclusion 

In this work, the behavior of the viscosity and thermal conductivity 
of FLiNaK, FLiNaK + MeF3 (Me = La3+, Nd3+) melts in a wide temper-
ature range was studied using the molecular dynamics method. It was 
demonstrated that the ratio between the connectivity of melts with and 
without the addition of NdF3 correlates with the ratio of their viscosities 
and thermal conductivities throughout the considered temperature 
range. Another important finding is the decrease in both connectivity 
and coefficients λ and η of the FLiNaK and FLiNaK + 15 mol.% NdF3 
molten systems as the temperature rises, indicating a dependency of 
these kinetic coefficients on the ions’ connectivity in the melt. Currently, 
the error in measuring thermal conductivity is high, resulting in un-
certainty in the λ(T) dependence. 

The important mechanism of interaction in molten salts is ionic 
bonds. Moreover, the electric charges they carry capable of structuring 
the system. However, the intense movement of ions in molten salts 
impedes this process. This study demonstrates that in molten salt, a 
delicate equilibrium can be attained between the system’s inclination to 
form bonds and their breakdown due to the strong Coulomb interaction 
between the ions within the formed bond and the surrounding ions. In 
the presence of such dynamic equilibrium in molten salt, there are short- 
lived bonds between ions with lifetime of tens to hundreds of picosec-
onds. Taking into account the presence in real melts of dipole moments 
formed by rapidly decaying pairs from negative and positive ions, as a 
result, some electromagnetic field should be formed in the melt. Pro-
vided the melt is isotropic, the resulting electromagnetic waves will 
propagate symmetrically, gradually attenuating. The attenuation of the 
wave will lead to the transfer of heat to the region where the dissipation 
of electromagnetic energy occurs; such a local temperature gradient will 
lead to the formation of a flow of matter, which will be determined, 
among other things, by the presence of internal friction in the melt. An 
increase in temperature leads to a decrease in the density of the melt and 
to a decrease in the number of Li+-F- ion pairs, forming a dynamic 
network of bonds. A decrease in the number of bound ion pairs in the 
melt is associated with a decrease in both viscosity and thermal con-
ductivity of the melt. 

Thus, the work proposes a concept for studying the processes of heat 
and mass transfer in ionic melts, based on constructing an idea of the 
dynamic network of bonds formed in this particular melt. 
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