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ABSTRACT

Fluoride salts and their interactions with metals are of wide interest for the nuclear community.
In this work, first-principles molecular dynamics (FPMD) was employed to study both pure
molten fluoride salt and fluoride salt with dissolved solute Cr ions (a common corrosion product)
at high temperature (823K-1423K). Two types of molten fluoride salts, namely flibe (LiF-BeF,)
and flinak (LiF-NaF-KF), with the Cr°, Cr** and Cr®" ions were chosen as a target system for the
FPMD modeling. The prediction of thermo-kinetic properties of pure fluoride salt, such as the
equilibrium volume, density, bulk modulus, coefficient of thermal expansion, and self-diffusion
coefficient, provide useful extensions of existing data and verify the accuracy of the FPMD
simulation in modeling of fluoride salts. The FPMD modeling of solute Cr in fluoride salt shows
the effect of Cr valence on diffusivity and local structure in the salt.
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1. Introduction

Molten fluoride salt has been studied extensively as a coolant or a fuel salt for nuclear reactor
systems because it can serve as an effective heat transfer fluid under high temperature, low
pressure and high radiation flux conditions. In the late 1960s, Oak Ridge National Laboratory
(ORNL) performed the molten salt reactor experiment (MSRE) to assess the potential application
of molten fluoride salts for nuclear power reactor systems [1, 2]. During the operation of MSRE,
the molten mixture of LiF-BeF; (denoted “FLiBe”) with dissolved fuels was utilized as a primary
coolant as well as a host for the fuel itself. Despite the fact that molten salt reactor technology
has not been extensively researched thereafter, the molten salt reactor (MSR) system utilizing the
fluoride salt as a coolant is still actively considered as one of the six major reactor concepts for
Generation-1V technology [3]. Fluoride-cooled high-temperature reactor (FHR) [4, 5] and liquid
fluoride thorium reactor (LFTR) [6] concepts that are being currently explored also propose the
molten fluoride as a coolant or fuel salt, respectively. Furthermore, FLiBe has also been
considered as a self-cooled tritium breeder in nuclear fusion reactor designs [7-9].

The major corrosion characteristics of candidate structural materials that are exposed to fluoride
salts have been investigated quite extensively [10-17]. In general, molten fluoride salts are not
considered corrosive to the structural materials because of the inherently high thermodynamic
stability of the salt constituents’ fluorides, which is greater than that of the binary fluorides of Cr,
Fe and Ni, three major elemental constituents of the supporting steel structures. Nevertheless, the
presence of excess fluorine in the fluoride salts can still be detrimental to the structural materials
[14, 18, 19]. The behavior of Cr in fluoride salts is of particular interest, since amongst these
three major constituents of the structural materials, chromium fluoride has the highest chemical
activity and hence readily dissolved into the fluoride salts.

While there have been extensive thermo-kinetic properties of molten salts obtained in the 1960s,
there continues to be a need to model of molten salts, both to validate the experimental data
where there is significant scatter and also to generate the data when no experimental
measurements were made. For these reasons, classical interatomic potential molecular dynamics
(IPMD) has been used for modeling of various molten salt systems [20-22] including the flibe
(FLiBe; Li;BeF,) [23-25] and flinak (FLiNaK; eutectic LiF-NaF-KF) [26-28] salts. Although
there has been a slight variation in the forms of interatomic pair potentials used, the Tosi-Fumi
(or Born-Huggins-Meyer) type potential [29-31] was typically used to model most of the molten
salt systems. Parameters in these interatomic potentials were determined primarily by fitting the
experimental and/or first-principles data.

In this work, instead of using interatomic potentials and IPMD, we employ first-principles
molecular dynamics (FPMD) (also referred to as ab-initio molecular dynamics, or AIMD)
directly to model the molten fluoride salt at high temperature. Due to the rapid growth of
computer performance, FPMD can now be practically used in modeling of various liquid systems



[32-37], and has previously been applied to the flibe salt [38]. This previous work on flibe salt
was conducted using the Car-Parrinello method [39], which is different with Born-Oppenheimer
MD used in this study, and primarily focused on the diffusion at a fixed volume of
2g/cm®.FPMD has several advantages over IPMD, including the accuracy of full quantum
mechanical calculation of the forces, the flexibility to study any system without needing to first
fit potentials, and the ability to study electronic properties (e.g., spin state) that are not accessible
to potentials.

In this paper, two representative fluoride salts for nuclear application were studied by using
FPMD, with goals of both assessing FPMD for these salts and enhancing our knowledge of key
thermodynamics and kinetic properties of the salts. The salts are flibe, which is considered as a
primary coolant or fuel salt, and flinak, which is a candidate as a secondary coolant in fission
reactor designs. Firstly, details of computational methods to model the molten fluoride salt
systems through FPMD are addressed. Basic thermo-kinetic properties were calculated and
compared with the experimental measurements to validate the FPMD modeling of fluoride salts.
Then we focused on the modeling of the chromium solute interactions within the salt which is a
major corrosion product of structural materials in fluoride salts at high temperature.

2. Computational methods

2.1 Details of first-principles molecular dynamics simulation

Initialization of the FPMD follows the approach from Bengtson et al. [37]. Initial configuration
of ions for molecular dynamics was prepared by packing ions randomly in the simulation cell
using Packmol package [40]. Then, IPMD simulation with the LAMMPS simulation package [41]
was performed to obtain a reasonable input configuration of ions for FPMD. This step ensures
the system to be at equilibrium before the FPMD simulation. Interatomic potential parameters for
pure flibe and flinak were obtained from previous IPMD studies [23, 27] without taking Tang-
Toennies dispersion damping term which can be replaced by a constant value of 1.0 [42]. The
potential parameters between solute Cr and constituent elements of flibe and flinak salts were
approximated following the method detailed in Larsen et al. [43]. We should note here that the
IPMD simulation was merely employed as a preprocessing step to set up the initial configuration
prior to the FPMD simulation, and thus the approximation of potential parameters should not
affect the final results. Detailed procedures for geometry optimization using IPMD was
addressed in the previous study [37]. After the IPMD runs, the molten state of the salt was
verified by analyzing the radial distribution function (RDF) of atoms in the simulation cell. The
RDF were compared with those reported in the literature data [24]. We consider simulation cells
for flibe comprised of 28 Li atoms, 14 Be atoms, and 56 F atoms (total 98 atoms) and flinak
comprised of 23 Li atoms, 6 Na atoms, 21 K atoms, and 50 F atoms (total 100 atoms). The cell



sizes are expected to be adequately converged with respect to the properties evaluated in this
work based on a similar study on the Li-K-CI system [37].

The FPMD simulations for molten fluoride salts have been performed with density functional
theory (DFT) as implemented in the Vienna 4b-Initio Simulation Package (VASP) version 5.3.2
[44-46]. The molecular dynamics simulations are done in a statistical ensemble of fixed particle
number, volume and temperature (NVT) using a Nosé-thermostat [47]. The Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional was implemented in the generalized gradient
approximation (GGA) [48, 49]. Dispersion forces are included using the vdW-DF method with
the optB88 functional [50], as discussed in detail in Sec. 2.3. The calculations used projector
augmented wave (PAW) technique and a plane wave basis set with an energy cutoff of 600eV
[46, 51]. A 1x1x1 k-point mesh was chosen to be used in FPMD simulations, yielding an error
of less than 1meV/atom with respect to k-points. Time step for the FPMD simulations were
chosen at 0.001ps (1fs) to ensure an energy drift less than 1meV/atom-ps for pure salts and
2meV/atom-ps for solute systems.

FPMD simulations were performed for pure molten fluoride salts (flibe and flinak) at multiple
simulation temperatures (T=973, 1223, 1423 K) to obtain a temperature dependent thermo-
Kinetic properties. To study the behavior of Cr solute in the salt, Cr atom, CrF, and CrF;
molecules were introduced in the pure salt to simulate the behavior of Cr°, Cr?* and Cr** ion,
respectively. When Cr solute is introduced into the salt, spin polarized calculations were
conducted to accurately describe the effect of solute system. The pressure of the system at a
finite temperature was determined by taking the sum of the external pressure and the kinetic
pressure from the output of the VASP-MD. The standard error of the mean from correlated
molecular dynamics data was determined from the auto-covariance function as can be found in
the work of Alexopoulos [52].

2.2 Evaluation of thermo-kinetic properties from FPMD

The equation of state (EOS) analysis was conducted to determine pressure (P) vs. volume (V) for
a series of volumes at a given temperature which were calculated from the FPMD simulations.
The P(V) dependence is then fit to a third-order Birch-Murnaghan equation of state [53, 54] to
obtain equilibrium volume, density and bulk modulus. From the temperature dependence of the
density, coefficient of thermal expansion (CTE; « ) was calculated using Eq. (1).
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where Vis the volume, T the temperature, and p the density. The error in each property was
estimated according to the standard error propagation method during the EOS analysis.
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The self-diffusion coefficient was calculated from the slope of the mean squared displacement
(Eq. (2) of the center of mass of atoms of the same type as a function of time, according to the
well-established Einstein relation presented in Eq. (3).
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In order to calculate the self-diffusion coefficient of constituent elements of fluoride salt, FPMD
simulations were conducted at the equilibrium volume for more than 12,000 time steps (total 12
ps simulation) with about 100-atom simulation cell (98 atoms for flibe and 100 atoms for flinak)
at the temperatures of 973 K, 1223 K, and 1423 K. Four equal size of blocks were used to
estimate the standard error of the mean diffusivity using the block averaging method [55].
Details of this methods are addressed in the previous study [37].

The self-diffusion coefficient of solute Cr in fluoride salts was also calculated from the FPMD
simulations at 973K. Unlike the case of the solvent constituents of the molten salts, the accuracy
of the diffusion coefficient of Cr solute can be quite limited as in this case there is only one Cr
atom/ion introduced into the simulation cell. Therefore, a longer simulation is necessary to
isolate the diffusivities of Cr** and Cr®* solutes in the salts. For longer simulations, we reduced
the size of the cell to 63 atoms for flibe (18 Li, 9 Be, and 36 F atoms) and 52 atoms for flinak (12
Li, 3 Na, 11 K, and 26 F atoms). These systems sizes are small enough that one must be
concerned with periodic cell size effects influencing the predicted Cr diffusivity. However,
testing with IPMD showed that the effect of the reduced system size is negligible on the
calculated Cr diffusion coefficients.

The radial distribution function analysis was conducted from the FPMD trajectory to study the
local structure surrounding solute Cr/Cr?*/Cr** ions in fluoride salts. The first-shell coordination
number of Cr with the surrounding F anion was estimated by integrating the radial distribution
function from zero to the first minimum. We refer to the integral of the RDF as the neighbor
function (Eq. (4))
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where g, is the RDF between species « and g, and P, the average number density of

species .



2.3 Effect of xc-functional and dispersion

In DFT calculations, the exchange-correlation functional (xc-functional) is used to calculate the
electron-ion interaction. It is known that the LDA (local density approximation) xc-functional
underestimate the lattice constant of solid system about 1% and GGA overestimate the lattice
constant about 1% [56]. In this study, three exchange-correlation functionals were tested,
initially without introducing the dispersion interactions. Firstly, GGA/PBE without dispersion
was used to estimate the equilibrium volume of molten salt at multiple temperatures and it
overestimates the equilibrium volume by about 9% (18%) compared to the experimental V, from
Janz [57] (Ignat’ev et al. [58]) (Fig. 1). Although the difference is quite large compared to errors
in solids, this difference can be explained by low bulk modulus of liquid salt (~10GPa), which
means that even small errors in energy can yield large errors in volume. The LDA without
dispersion interaction was also tested at 973K and it gives an estimate of V, lower than any of
the experimental data, as shown in Fig. 1. Only one simulation at 973K was conducted with the
LDA xc-functional because introducing the dispersion will lower the estimation of \V, further
and LDA was already predicting a significantly too low a volume. The PBEsol exchange-
correlation, which usually shows a good estimation of the lattice constant for solid systems,
especially for alkali metals and alkali halides, was also tested without dispersion [59]. PBEsol
gives a better estimation of the volume at multiple temperatures (about 3% (11%) larger than the
Vo from Janz [57] (Ignat’ev et al. [58]).

For the accurate prediction of thermo-kinetic properties, van der Waals (vdW) dispersion
interaction was included in the FPMD modeling of molten salt systems. Although general
density functional theory cannot describe the van der Waals dispersions, several methods have
been developed to be used in first-principles modeling [50, 60]. For the VASP-MD simulations,
currently (VASP version of 5.3.2) two different methods can be used to include the dispersion
interaction. Those are the DFT-D2 of Grimme [61, 62] and vdW-DF of Langreth and Lundgvist
et al [50, 63]. The DFT-D2 method adds a semi-empirical dispersion term, which can be
described from a simple pair-wise force field, to the DFT energy. Parameters (C6 dispersion
coefficient and vdW radii) used in this force field were empirically determined and provided for
the elements up to the atomic number of Xe (atomic number = 54). The vdW-DF method, on the
other hand, uses a non-local energy term which approximately accounts for the nonlocal
electron-electron correlations. Fig. 1 also shows a comparison between two dispersion methods
for flibe system with GGA/PBE functional at multiple temperatures. Although both methods are
within the range of experimental measurements, we decided to use the vdW-DF method instead
of DFT-D2 in this study, because the vdW-DF method is a non-empirical method and hence can
describe elements without specifying pre-determined parameters.

By employing the van der Waals dispersion between atoms in FPMD simulations, the system
pressure is decreased by more than 1GPa in flibe system and hence the equilibrium volume is
decreased by about 9-13% compared to the V, estimates without dispersion interaction.



Therefore, PBEsol and LDA with the dispersion interaction will give a poor estimation of
equilibrium volume for molten fluoride salts. This trend with dispersion interaction is also
observed in molten LiCI-KClI system [37]. In this study, therefore, the vdW-DF method with
PBE functional is used in FPMD modeling of molten fluoride salts. For the vdW-DF method,
several different optimizations of exchange functional have been made up to date. Among these
optimizations, the optB88 functional is chosen to be used to study the molten fluorides, because
it provided a good estimate for the lattice constant for solid alkali halides in previous literature
[50].

3. Results and discussions
3.1 Thermodynamic properties of pure fluoride salts

The aim of this section is to benchmark the FPMD simulations against known molten fluoride
salt thermodynamic properties to the extent possible and also provide additional new
thermodynamic data where experimental values are missing or unreliable.

3.1.1 Equilibrium volume, density and bulk modulus

The density is an essential and very useful thermodynamic property for fluoride salts. Several
correlations for density vs. temperature for flibe and flinak have been developed from
experimental measurements [19]. In order to obtain a correlation for density (density vs.
temperature) from purely first-principles, equilibrium volumes (Vo) of molten salt system at
various temperatures were determined from EQOS calculations. Fig. 2 shows an example of the
EOS analysis for flibe at 973K used in this study, performed as described in the Methods Section.
The comparison of the EOS fit and the experimental data of Janz [57] and Ignat’ev et al. [58]
shows that the predicted V, is within the range of the experimental measurements. The same
procedure was applied to molten flibe and flinak salt systems at three different temperatures
(T=973, 1223, 1423 K) and additionally at T=823K for flibe.

Fig. 3(a) and (c) show the equilibrium volume of flibe and flinak, respectively, including error
bars as a function of temperature. Experimental equilibrium volumes for flibe were predicted

from the correlation for density of Janz [57] and Ignat’ev et al. [58] (800K—1080K) from the

literature [19]. For flinak, the three experimental correlations for density of Grele et al. (d1) [64,
65], Vriesema et al. (d2) [16, 66, 67] and Janz et al. (d3) [68] given within Sohal et al. [19] are
shown in the figure for comparison. In addition, one correlation for density (d4) of flinak
obtained from IPMD simulation [27] is also included for comparison.

From the predicted Vy, correlations for density of flibe and flinak were determined and compared
with the experimental correlations for density as shown in Fig. 3(b) and (d), respectively. The



linear fit of the density versus temperature in Fig. 3(b) suggests a correlation for density of pure
flibe from FPMD simulations for the temperature range from 823 K to 1423 K of

o [kg/n]=2374-0.3967- T[K] )

where p is the density, and 7" the temperature in Kelvin. The correlation for density of pure
flinak from the FPMD simulations for the temperature range from 973K to 1423K is

p [kg/m]=2477-0.4895 T]K] (6)

As shown in Fig. 3(b) and (d), calculated densities of flibe and flinak from the FPMD
simulations at 973K are in good agreement with the experiments. However, at higher
temperature at 1423K, calculated densities seem to be slightly overestimated, because of the
smaller density decrease as the temperature increases compared to the experiments. Detail
discussion on the slope of density vs. temperature is addressed in Sec. 3.1.2.

From the third-order Birch-Murnaghan fit of pressure-volume data, bulk moduli as a function of
temperature also can be predicted. Fig. 4 shows the trend of bulk modulus as a function of
temperature. A decrease of bulk modulus with increaseing temperature, which is the typical trend
of bulk modulus for solid salt, is observed [69]. Although experimental data for pure flibe does
not exist, the bulk modulus of a LiF-BeF,-ThF4-UF4 mixture, which was estimated from the
experimental compressibility-temperature correlation, is used for comparison instead [70].
Predicted bulk modulus from the FPMD modeling is within the experimental error range of the
LiF-BeF,-ThF4-UF, mixture.

3.1.2 Coefficient of thermal expansion

The calculated CTE of flibe at 973K from the FPMD simulations is 2.00 + 0.14 x10™ (1/K).
Experimental CTE values, which are calculated from the experimental correlations for density of
Janz [57] and Ignat’ev et al. [58], are 2.52 x10™ (1/K) and 3.28 x10™ (1/K), respectively. The
calculated CTE of flinak at 973K from the FPMD is 2.45 + 0.10 x10™ (1/K). Experimental CTE
values of flinak, which are calculated from the correlations for density from previous references
within Sohal et al. [19], are summarized in Table 1. In general, the CTE values from the FPMD
simulations are slightly smaller than that from the experiments. The source of this discrepancy is
not clear but a smaller value of CTE compared to experiment when applying FPMD has also
observed by Woodward et al. [36] for different liquid system.

3.2 Kinetic properties of pure fluoride salts

Self-diffusion coefficients of Li*, Be?* and F ions in flibe and Li*, Na*, K* and F ions in flinak



were analyzed from the FPMD simulations. The estimated self-diffusion coefficient of Li*, Be*",
and F ions in flibe are shown in Fig. 5. This figure shows the temperature dependence as
described by the Arrhenius equation. Diffusivity of Li* and F in flibe were measured
experimentally in a relatively low temperature range by Iwamoto et al. [71] and Ohmichi et al.
[72]. The Arrhenius equations for Li* and F~ diffusion are taken from the above references and
plotted in the same figure for comparison. Due to the lack of experimental data of diffusivity in
flibe, diffusivity of Li and F ions in flinak is added for comparison and discussion (Umesaki et al.
[73]). The estimated self-diffusion coefficients for constituent ions of fluoride salts at multiple
temperatures are summarized in Table 2.

In case of the Li* diffusion in flibe, the calculated diffusion coefficients are lower than the
experimental value from Iwamoto et al. [71]. However, it should be noted that experimental
diffusion coefficient of Li and F in flibe has an error range due to the spread of measured values
[71, 72] and the FPMD results for Li diffusion in this study are close to the lower bound of the
experimental Li diffusion in flibe. Although the measured diffusivity of Li in flibe and flinak
differs in magnitude, the activation energies (slope of the Arrhenius plot) for the diffusion of Li
in both flibe (solid line) and flinak (dashed line) are almost identical, and the activation energy
from our study for Li diffusion is also very similar. Overall, this comparison suggests that our Li
diffusion results are in good agreement with flibe and trends from flibe and flinak.

Unlike the Li case, the measured F" diffusion in flibe shows much larger activation energy
compared to that of F diffusion in flinak and the FPMD value of F" diffusion in flibe. Ohmichi et
al. [72] suggested either the exchange of fluorine atoms between neighboring beryllate anions
(BeF,%) or the F diffusion by means of a neutral ion pair (LiF) as a possible mechanism of F°
diffusion in flibe to explain the large value of the fluorine diffusion coefficient. However, the
apparently extraordinarily high measured diffusivity of F ions in flibe has not yet been clearly
explained. Because another measurement of F diffusion in flibe has not been made, it is difficult
to conclude if the experiments might have an error. However, given the success of the FPMD for
Li* in flibe, there is no reason to expect a significant error form the FPMD for F~ diffusion.
Furthermore, the values for F~ diffusivities from FPMD are similar in both magnitude and
activation energy to those in flinak (shown in Fig. 5) and NaF-AlF; [74] (not shown). These
results, taken together, suggest that the values for F~ seen by Ohmichi, et al. [72] may contain
errors and should be reevaluated.

Klix et al. used the Car-Parrinello MD to study the tritium diffusion in molten flibe and
calculated the diffusion coefficients of lithium and fluorine [38]. The magnitude of the diffusion
coefficients and the activation energies (slope of the data points) are consistent with the values
from this study.

Diffusivities of Li*, Na*, K*, and F ions in flinak were also determined in this work by FPMD,
as shown in Fig. 6. The experimental diffusivities of constituent ions in flinak from Umesaki et



al. [73] are plotted in Fig. 6 for comparison. The values of activation energy for each ion are
difficult to compare gquantitatively to those obtained from experiments due to the relatively large
error bars of each data point. In particular, since only six atoms of Na exist in the 100-atom cell
for flinak, the error on the diffusivity of the Na ion is understandably greater than the others.
However, estimated diffusivities of Li*, Na*, K*, and F" in flinak from FPMD simulations are in
general agreement with those from the experimental results, especially at lower temperatures
(note that the y-axis range in Fig. 6 is only about one order of magnitude).

As shown in Table 2, estimated diffusion coefficients of constituent ions of flinak (Li*, Na", K,
and F) were similar to each other within the error bars. In contrast, the diffusivities of Li* and F
in flibe, which are common elements in both salts, show quite a significant difference between
each other, with Li* being the fastest ion. It is possible that in flibe Be?*, which has a higher
valence state than any cations in flinak, interacts with the F~ and effectively forms a fluoro-
beryllate anion (BeF,*) which consequently slows the diffusion of the fluorine in flibe.

3.3 Behavior of Cr solute in molten fluoride salts

It is well known that chromium has two dominant oxidation states when it is dissolved in the salt.
In cases when the Cr is dissolved in flibe, Cr(l1) is the predominant oxidation state, but when the
Cr is dissolved in flinak, Cr(I11) is more stable [15]. Therefore, we considered both oxidation
states of solute Cr in the salt. To assess the effect of different oxidation states of Cr solute, we
introduced Cr, CrF, and CrFs into the salt to yield Cr°, Cr** and Cr** solutes, respectively, within
the salt.

3.3.1 Diffusion of Cr ions in molten fluoride salts

Self-diffusion coefficient of solute Cr in fluoride salts at 973K was calculated from the FPMD
simulations. For these Cr solute containing systems, relatively smaller system sizes than the pure
salts (63 atoms for flibe (18 Li, 9 Be, and 36 F atoms) and 52 atoms for flinak (12 Li, 3 Na, 11 K,
and 26 F atoms)) were used to enable longer simulations (see Sec. 2.2 for more details).

To obtain reliable statistical averages of the self-diffusion coefficient of the Cr solute ion in the
salt, nine independent FPMD simulations for 8ps were performed for each solute system. Then,
the slopes of nine independent MSDs for each ion were averaged to determine the diffusion
coefficient of Cr ion. The error in the Cr diffusivity was obtained by evaluating the standard
error of the mean from these nine independent simulations. As shown in Fig. 7, FPMD is
sensitive to the role of charge state of solute ions in flibe. The neutral atom moves faster than the
charged solute ion, which interact more with the surrounding F ions. In flibe the Cr**, which
exhibits a stronger bonding with surrounding F ions, also shows a smaller diffusion coefficient
than that of the Cr** ion, as expected. However, this trend is not clear in flinak, where the



diffusion of Cr®* and Cr®" are not distinguishable within the error bars of our present calculation.
The reason that the expected trend of lower diffusivity with higher valence is found with Cr in
flibe but not in flinak is not clear at this time.

3.3.2 Structure around the Cr solute

Fig. 8 shows the radial distribution function (RDF) of flibe with Cr (solid lines), CrF, (dash-dot
lines) and CrF3 (short-dash lines), and calculated first-peak distances and first-shell coordination
numbers for Cr, Cr* and Cr*" in flibe and flinak are shown in Table 4. RDF curves between Be-
F and Li-F are similar for all Cr valence states and the RDF between Be and Be (green lines) are
affected only slightly by changing Cr valence. However, the Cr-F RDFs (orange lines) vary
considerably due to the change in the valence state of Cr in the molten salts. When comparing
the Cr°-F, Cr**-F, and Cr**-F RDFs it is seen that the first peak increases and occurs at a small
radius with increasing Cr charge. This trend indicates that the Cr ion has stronger bond with F
ion when the Cr has a higher oxidation state, as expected. This trend is also supported by
evaluating the first-shell coordination number of Cr with the surrounding F anion which can be
estimated by integrating the radial distribution function (gray lines in Fig. 8) from zero to the
first minimum. Similar trends to those observed here are also found in flinak.

The local structure of Cr solute in flibe salt was studied by analyzing the first-principles
molecular dynamics simulation trajectory. The VMD program [75] was used to visualize the
trajectory of FPMD simulation. Fig. 9 shows snapshots of FPMD trajectory of flibe system with
the dissolved Cr solute. Both Fig. 9(a) and Fig. 9(b) were captured from the FPMD trajectory of
flibe with Cr** system. For the Cr®* ion one can observe various coordination polyhedral, such as
a distorted square-planar (Fig. 9(a)) and octahedral (Fig. 9(b)) first-neighbor F shell. However,
the Cr®" ion in flibe makes a more stable octahedral Cr and F bonding structure, as can be seen in
Fig. 9(c). This trend is also supported qualitatively by the slope of the N(r) curves in Fig. 8,
where the stable first-neighbor F- shell for Cr** leads to an N() with a clear plateau while the
less stable F- shell for Cr?* leads to an to an N(r) that never levels out. The first neighbor shell
can be evaluated quantitatively by the coordination number between Cr and F in Table 4, which
shows the value of 5.9 for Cr**, a value within the simulation uncertainties of the perfect
octahedral coordination value of 6. The stability of more octahedrally coordinated Cr when in 3+
vs. 2+ state is consistent with its smaller size and larger valence, which is likely to attract F* more
strongly. The same analysis as performed for flibe was performed for the Cr** and Cr** in flinak
and it shows a similar trend as for flibe.

The spin state of the Cr** and Cr** ions in molten salts were monitored during the FPMD
simulations. Cr** and Cr** are d* and d® ions, with 4 and 3 d-orbital valence electrons,
respectively. In fluoride salts, solute Cr?* and Cr** have magnetic moments of four and three,
respectively, which are the expected moments for their high spin states.



4. Conclusions

In this work, first-principles molecular dynamics (FPMD) modeling was employed to predict
thermo-kinetic properties of two types of molten fluoride salts, flibe and flinak, and to assess the
Cr solute behavior within the salts. The GGA/PBE exchange-correlation-functional (xc-
functional) was used in the FPMD modeling, taking into account the van der Waals (vdW)
dispersion interaction. The selection of the exchange-correlation functional and the method for
the vdW dispersion was found to have a large influence on the equilibrium properties of the
molten salt system.

The thermo-Kkinetic properties of pure fluoride salts such as the equilibrium volume, density, bulk
modulus, coefficient of thermal expansion, and self-diffusion coefficient were predicted and
compared to the experimental data or computational data. The predicted thermo-Kkinetic
properties were generally in good agreement with the previous experimental literature,
supporting the validity of FPMD simulation in modeling the fluoride salts at high temperatures.
The FPMD was also used to generate data to validate the experimental data in cases where the
data had a large scatter (e.g., different correlations for density vs. temperature, and F~ diffusion in
flibe and flinak) and where no experimental measurements were available (e.g., bulk modulus,
Be?* diffusion in flibe, and Cr ions diffusion in flibe and flinak).

The FPMD modeling is well suited to studying impurities, as no potential fitting is needed to
include them in the model. The self-diffusion coefficients for Cr were shown to be dependent on
the oxidation state of the dissolved Cr ions, with higher valence Cr ions generally move slower.
Further structural analysis on the Cr** and Cr** showed that Cr** was generally surrounded by ~6
F ions in a nearest-neighbor octahedral-like cage, while Cr** is located in various local
structures including distorted square planar and octahedral type environments, with an average
coordination number of ~5 F in its first neighbor shell. Cr was found to remain robustly in its
high-spin states, with moments of 4 and 3 for Cr** and Cr**, respectfully.

This study demonstrates that FPMD can be used as a versatile tool to model fluoride molten salts
and to study the behavior of dissolved solutes with varying valence states. Overall, by using
FPMD, we have been able to provide new insights into the thermo-kinetic properties of flibe and
flinak fluoride salts and Cr solutes in these salts.
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CrF; showing stable octahedral structure of Cr and F.




Table 1. Estimated coefficient of thermal expansion (CTE) of flibe and flinak at 973K from FPMD
simulations and comparison with the CTEs from literature.

FPMD, this study | From literature References
(1/K) (1/K)
\ 2.52x10™ Janz [57]
CTE of flibe 2.00 £0.14 x10 328%10° ignat'ev et al. [58]
3.04x10™ (d1) [64, 65]
\ 3.62x10™ (d2) [16, 66, 67]
CTE of flinak 2.45+0.10 x10 316%10° (d3) [68]
3.43x10™ (d4) [27]

Table 2. Estimated self-diffusion coefficients for constituent ions of flibe and flinak salt at multiple
temperatures from the FPMD simulations. Error bars represent one sigma standard error of the

mean.
Salt lons Self-diffusion coefficient (cm?/s x 10™)
973K 1223K 1423K
Li* 4,14 +£0.92 8.84+1.48 11.1 +3.74
Flibe Be®* 0.65+0.21 2.07+£0.29 3.91 +£0.88
F 1.48 £ 0.45 3.64 £ 0.52 6.41 +0.93
Li* 2.82+0.19 7.47 +0.39 9.17 £ 0.46
Elinak Naf 2.89 +0.64 7.76+0.82 8.87 £ 0.89
K 3.20 £0.26 7.78 +£0.64 9.18 £ 0.57
F 3.07+£0.21 7.77+0.42 9.83+0.31




Table 3 Estimated self-diffusion coefficients for solute Cr ions in flibe and flinak at 973K from the

FPMD simulations.

Salt lons Self-diffusion coefficient (cm®/s x 10™)
cr 1.73 + 0.54
Flibe cr¥* 0.73+0.20
cr* 0.25 + 0.06
cr 1.50 + 0.58
Flinak cr** 0.29 + 0.08
crt 0.38 £ 0.07

Table 4. First-peak radius and first-shell coordination numbers for Cr%Cr?/Cr*" and F pairs in
flibe and flinak. First shell coordination numbers are determined by the integral of the RDF up to

its first minimum.

Salt lon pair First-peak radius (A) | Coordination number
Crl-F 2.05 2.1
Flibe Crr'—F 1.97 5.2
Cri-F 1.93 5.9
Cr’-F 1.97 2.7
Flinak Crt—F 1.96 4.9
Cri-F 1.94 5.9
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