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Abstract: The selection of a salt species for use in a molten salt reactor MSR is a key part of any MSR design.
However, many salts have sparse or no thermophysical property data sets, especially those with higher melting
points. One such salt is the eutectic mixture of (NaF)0.345(KF)0.59(MgF2)0.065, or FMgNaK, and is explored here
through ab initio molecular dynamics (AIMD) simulation (1023-1273K) as well as experimental measurement of the
liquid density using the Archimedean method (973-1223K). Predicted densities from AIMD are similar to
experimentally-measured densities, though with more noise, suggesting that the small scale necessitated by AIMD
simulations may be problematic for simulating FMgNaK in particular. The coefficient of thermal expansion is
predicted from simulation, and salt structure is characterized. Mg-F-Mg chaining is observed in the salt network,
though the low concentration of Mg inhibits chaining on the scale that is observed in (LiF)o¢7(BeF2)o.33, or FLiBe.
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1. Introduction

While several eutectic mixtures of halide salts have been considered as coolants for molten salt reactors (MSRs)!,
one salt that has received relatively little attention is (NaF)0.345(KF)0.59(MgF»)0.065, or (FMgNaK). FMgNaK poses
an economical alternative to the expensive purification process of FLiBe?, or (LiF)0.67(BeF2)0.33, which is the most
common' salt used in MSR designs. FMgNaK has comparable heat capacity, thermal conductivity, and neutron
absorption® without intense ’Li-enrichment, which added $10,000/kg to the cost of FLiBe in 20122, Indeed, "Li-
enrichment is needed for many molten salt alternatives (FLiBe, FLiNaK, LiF, KLiCl) as natural lithium produces
tritium, which permeates through the reactor, severely harming both the reactor and the environment* 3. °Li also has
a large neutron absorption cross-section, making it a significant neutron poison®. FMgNaK, however, does not
require any lithium, making the salt less expensive, less poisonous to neutronics, and safer to produce in large
quantities. Handling beryllium is also very dangerous. Acute skin exposure or inhalation can quickly cause chemical
pneumonia, lung diseases, and even lung cancer, among many other ailments’. On the other hand, while personal
protective equipment is still required to handle FMgNaK, none of its components are highly toxic and none are
suspected carcinogens®!!. Additionally, in a neutronic analysis of thermal diffusion length and fermi age, the
components of FMgNaK rival the components of FLiBe, having excellent neutronic properties?.

Despite these advantages, FMgNaK has not traditionally been considered for MSR designs as salt
temperatures for early reactors only reached a maximum of between 720-750 °C'%: just barely above FMgNaK’s
eutectic melting point of 685 °C'3. However, improvements in material science and fabrication techniques enable
modern reactors to reach much higher temperatures, bringing the salt back into the limelight'*. Still, because
FMgNaK has been overlooked for so long, its properties are even less well-characterized than other salts, with no
entry in even large, inclusive databases of molten salt properties'®.

This paper describes (AIMD) simulations used to predict both thermophysical properties of FMgNaK
(density, coefficient of thermal expansion), and its structure. AIMD has been used to study several molten fluoride
salts including (LiF)0.465(NaF)0.115(KF)0.42 (FLiNaK), and FLiBe!®?*. AIMD simulations of FLiNaK from our own
lab were found to predict salt structure very well compared to pair distribution functions generated by neutron
scattering experiments'®. (That study also predicted salt density very closely in line with one established
experimental correlation, though it fit other correlations from the literature less closely). AIMD also has the
advantage of not requiring an interatomic potential model, unlike classical molecular dynamics, which is helpful for
a little-studied material like FMgNaK which does not have established potentials. FMgNaK density was also
experimentally measured using the Archimedean method, generating some of the first experimental data ever
published on this intriguing salt, and experimental density was compared to predictions from simulation.

2. Methodology

2.1. Simulation methods



2.1.1. Simulation setup

We created a simulation cell for each of 20 AIMD production runs. Each cell contains 95 atoms with a
eutectic composition of NaF-KF-MgF, (49 F atoms, 3 Mg atoms, 16 Na atoms, and 27 K atoms). Initial
configurations of atoms were generated at random using the Packmol software package®:2°. The average box size of
our equilibrated simulations was 12.72 + .065 A, with the error representing a 95% confidence interval on the mean.

We performed AIMD simulations using the CP2K software?” 28, These simulations were based on density
functional theory (DFT), and utilized the Perdew-Burke-Ernzerhof (PBE) exchange-correlational functional®, which
is a form of the generalized gradient approximation (GGA). We employed the Gaussian and plane waves method
(GPW) to approximate the wavefunctions and electron density’*32. All atoms were modelled using DZVP-
MOLOPT-SR-GTH basis sets®* *, and all core electrons were treated with GTH pseudopotentials®’-3+36, A detailed
explanation of our AIMD methodology is also given by Frandsen et al., and was found to accurately predict molten
salt density compared to experimental correlations from the literature and structure FLiNaK compared to neutron
scattering data'®. The main difference between methodology described in that publication and the work described
here is the values of the GPW cutoffs used: this work uses 2500 Ry for the plane-wave energy cutoff, and 200 Ry
for the relative cutoff (the plane-wave cutoff of the reference grid upon which the gaussians are mapped). These
cutoffs were set higher here than in that previous paper, which in general should increase accuracy.

The temperature was controlled using the canonical sampling through velocity rescaling®” (CSVR)
thermostat, which is purported to be more ergodic than the Nosé-Hoover thermostat®”. The system barostat also
employed canonical sampling through velocity rescaling. We simulated FMgNaK over the temperature range 750-
1000 °C. We used the NPT ensemble with an external pressure of 1 atm and a timestep of 0.5 fs. We allowed the
simulations to equilibrate for 20 ps and obtained our equilibrium properties by averaging the following 20 ps of the
simulation, a technique successfully employed by Caro et al®,

Van der Waals dispersion corrections were not included in our simulations, as literature suggests these
interactions only play a significant role in larger boxes®” *°, defined by Shi et. al. as simulations greater than 1024
atoms™®. Our simulation size of 95 atoms suggests Van der Walls forces are negligible in comparison to electrostatic
interactions, and similar salt systems have accurately predicted salt behavior without Van der Waals forces'®. In our
results section below we compare our simulated density with experimental density measurements and further
confirm our simulations can model the behavior of FMgNaK with reasonable accuracy without including Van der
Waals forces.

2.1.2. Density and equilibration

The density of a simulated molten salt is quite sensitive to the interaction energies of a system,?* and so an
accurate density prediction is a reasonably good indication that simulated energies are adequate to describe the
behavior of a molten salt system. Density is calculated straightforwardly from the NPT ensemble, taking:

m

where m is the total mass of all particles in a cell and V(T) is the equilibrium volume as a function of temperature.
Density of molten salts at this temperature range has traditionally been fit to a simple linear regression for a wide
range of fluoride salts*'**, A D-optimal design of experiment for a simple linear regression mandates that the
variance be minimized for the two extreme points of the range being investigated. In our case this means that the
highest and lowest temperatures simulated carry more information about the density than any other two temperatures
within the range simulated. Our 20 simulations were thus weighted towards either end of the temperature range of
interest.

To verify that the liquid density is indeed a linear function of temperature over the range investigated, and
to allow for regression of other properties of interest, several intermediate temperatures were also simulated. The
number of simulation cells at each temperature simulated is given in Table 1.



Table 1: A list of the simulated temperatures and the number of simulations conducted at each temperature.

Temperature Quantity
()

750
800
850
900
950
1000
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We checked for equilibration by testing if the average density over a period of 5 ps (10,000 steps) in the
production run was within 2% of the average density of the subsequent 5 ps of that production run. If a production
run failed to meet this condition throughout its data range, the run was defined as unequilibrated and not used in
calculations. See Section 3.0 for information on the impact of this definition on our results.

2.1.3. Coefficient of thermal expansion

From the temperature dependency of our density measurements, we calculated the coefficient of thermal
expansion (CTE; a) using Eq. (2).
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where T is the temperature, p is the density, and V is the volume. This technique has been successfully used to
calculate CTE in literature'® and is an accurate method of determining thermal expansion in liquids. Our density
simulations are also directly compared to experimental measurements, making properties directly derived from
density similarly verifiable.

2.1.4. Radial distribution function

Radial distribution functions (RDFs) contain valuable information about the structure of a material,
especially within the first peak. The normalized height of the first peaks in the RDFs correspond to the relative
strength of the interaction between the ions, and the x-axis coordinate value of each first peak indicates the most
probable radial distance between an ion of species a and another ion of species b within its solvation shell. The
normalized integral of the RDF up to the terminus of the first peak yields the average coordination number of
species b with respect to species a. We determined first-shell coordination numbers by integrating the RDF from
zero to its first minimum. RDF’s were generated for each of our equilibrated simulations.

RDFs were generated from the CP2K-generated trajectory files using the Visual Molecular Dynamics
(VMD) software package® and these RDFs incorporate periodic boundary conditions (PBC). RDFs are used to
determine the structure and potential speciation of the ions in FMgNaK.

2.2. Experimental methods

To prepare FMgNaK salt, we first purchased the component salts KF, NaF, and MgF, from Sigma Aldrich
at 99.99% purity. Salts were stored and handled exclusively within an argon glovebox, which is also where all
experimental measurements were conducted. We dried each salt in a dry box at 500 °C for twenty-four hours, after
which we weighed and mixed each salt in order to produce molar ratios of (NaF)0.345(KF)0.59MgF2)0.065. We then
melted and mixed the solid powder mixture at 700 °C.

Any water contamination before or after drying would lead to corrosion of the container material*;
therefore, after density measurements were taken, a semiquantitative inductively coupled plasma mass spectrometry
(ICP-MS) analysis was performed on our salt mixture. This semiquantitative analysis gives an order of magnitude



estimate of the concentration of corrosion metals in the salt. In our samples, the presence of Ni, Cr, and Fe were

detected, all at concentrations at two orders of magnitude lower than K, Na, and Mg. From this, we used the molar

volume additivity model to estimate the maximum effect of these contaminants on the density of the salt. Taking the
3

molar volumes of NiF,, CrF,, and FeF; as 32 %,

samples due to contaminants is estimated as 0.2%.

to be conservative, the maximum change in density of our salt

We built a density measurement device, shown in Figure 1, that operates on the Archimedean method, a
robust and relatively simple method*’ which has previously been used to measure the density of molten salts by,
among others, researchers at Sandia National Laboratory who documented their experimental setup in great detai
In this method, a bob of known volume is submerged in a liquid, and the buoyancy force measured on the bob is
used to calculate liquid density according to:

14,
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where p is density, Fj, is the buoyancy force, g is the gravitational constant, and V (T) is the volume of the bob at the
salt temperature.

Figure 1: BYU Molten Salt Laboratory Archimedean method density apparatus diagram. a — Mettler Toledo
analytical scale with hook for mass underneath: model ML503T or MS303TS, b — stainless steel heavy duty scissor
lift, ¢ — Paragon SC-2 Pro Furnace with Orton SntryXpress 5.0 Controller, d — Omega Industry Type-K
thermocouple, e — nickel wire, f — nickel bob.

In order to measure buoyancy force, the bob is suspended from a hook on a wire connected to an analytical scale,
which measures wire tension. Commonly, the difference in tension when the bob is suspended in atmosphere (in our
case argon) and in the liquid is assumed to be equivalent to the buoyancy force on the bob in the liquid; here, we
have added corrections for the buoyancy force on the bob in argon and for the force from surface tension on the wire
as it crosses through the salt surface, giving the following expression for salt density:

M,,.P
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where the F, is the measured tension force of the probe in atmosphere (in our case Ar at room temperature), F; is the
measured tension force when the bob is submerged in the salt, My, is the molar mass of Ar, P and T, are the
pressure and temperature of the ambient Ar, Vj,.op¢ (T1) is the volume of the probe at the salt temperature, 7y is the
interfacial tension between Ar and the salt, and D, is the diameter of the wire. The expression for surface tension
force (2ymD,,ire) assumes a contact angle of 180° between the wire and the salt surface, and is taken to act
downward on the wire given that upward wicking of the salt on the bob was consistently observed. The 2 is included
because the wire breaks the surface of the salt at two different points. The surface tension of FMgNaK has not been
characterized in the literature, and so our calculation use the surface tension of (NaF)0.4(KF0.6)*, a salt with a very
similar composition.

In our apparatus, nickel was chosen as the bob material due to its low reactivity with highly oxidative
fluoride salts*®. All materials directly in contact with the molten salt are made of pure nickel except the Type-K
thermocouple sheath, which is made of a resistant nickel alloy which has previously been used in studies of molten
fluoride salts>®. Bob volume was determined by performing a measurement on 18-ohm resistant water at room
temperature, then solving Eq. 4 for bob volume using the known density of water. The volume of the bob when
submerged in the salt was adjusted to account for elevated salt temperature using an empirical expression for
thermal expansion of nickel from Abdullaev et al.’'.

FMgNaK density was measured at five temperatures: T= 700, 750, 800, 850, 900, and 950 °C.
Measurements were taken at each of those six temperatures in a random order. Then, the wire was replaced, and the
measurements were taken at the same six temperatures in a different random order. This was repeated until there
were three replicates at each temperature. Randomizing temperature order like this is done because salt vapors can
deposit on the wire, increasing tension, which leads to an artificially low measured salt density. Salt vapor
deposition increases with salt temperature (which increases vaporization), but also builds up over time.
Randomizing the order of temperatures at which measurements are taken removes time as a confounding variable
when determining the dependance of density on temperatue®>. However, no salt deposition was visible on the wire at
any point during our measurements.

The apparatus and method were checked by measuring the density of (NaNO3)0.3592(KNO3)0.6408 (solar
salt), as detailed in Appendix A. From this, we concluded that our measured densities for solar salt are well in
accordance with the literature, and that the corrections for surface tension and the buoyancy force on the bob in
atmosphere are significant, though small.

3. Results and discussion

3.0 Note on simulation equilibration

Nineteen of our twenty simulations equilibrated in the allotted timeframe, however one simulation at 850
°C was not equilibrated at the end of our 40 ps simulation period. This simulation was not used in our analysis. Due
to this issue, the diffusion coefficient values for 850 °C will not have error bars.

3.1 Density

There is little experimental literature on the properties of FMgNaK, including relatively straightforward
properties such as density. Addressing this lack, we present an experimental correlation for FMgNaK density using
techniques described in Section 2.2 above. We used this correlation to benchmark our AIMD densities. We compare
our experimental and simulation densities to an additive molar volume estimate for the mixture based upon the
densities of the binary salt components, MgF,, NaF, and KF over the range of temperatures explored. The
calculation of the additive density model is described in Appendix B. This method has been found to agree well with
experimentally measured densities in fluoride salts'® ! 42, We compare simulation and experimental densities, as
well as these additive volume density estimates across our temperature range, in Figure 2.
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Figure 2: Density measurements of FMgNaK as a function of temperature. Error bars represent one sigma standard
deviation on the mean. Each of the experimental density data points represents 3 replicates. For the simulation data,
6 parallel simulations were performed at the lowest (750°C) and highest (1000°C) temperatures,, while only 2
parallel simulations were performed at temperatures in the middle of that range (this was done in hopes of
producing a better linear fit, as described in Section 2.1.1.) One simulation cell, at 850°C, never equilibrated
according to our criteria as laid out in Section 2.1.2., and so was not included. The simulation data point at that
temperature therefore has no error bar.

The linear fits for FMgNaK density shown in Figure 2 are listed in Table 2 and used in Eq. (3)

K
p[m—“z = a-T[K] + b 3)

Table 2: Coefficients of the linear density models. The additive model was calculated from a molar weighted
average of molar volumes for KF, MgF>, and NaF from Cantor et. al.”.

Model a b Range

(kg/m’-K)  (kg/m®) (K)

Experimental -0.6578 2734 973-1273
Simulated -0.4810 2502 1023-1273
Additive -0.6318 2711 973-1273

where p is the density, and T is the temperature in Kelvin. As shown in Figure 2, both experimental and AIMD
density values are relatively close to that predicted by the additivity model, and both follow the expected trend of
decreasing density with increasing temperature. However, the experimental values follow a linear relationship more
tightly, while the AIMD values exhibit more noise, and from Table 2, the slope of the linear fit to the simulation
data diverges from that of the linear fit of the experimental data as well as the additive model. However, note that
the range of densities calculated from simulation overlaps with the linear trend of the experimental data.



AIMD simulation studies of molten salts are somewhat rare, and only a few report salt density as a function of
temperature. In addition to our previous study on FLiNaK'®, we found three papers that did so: two on KLiCL!3:
and one on FLiNak and FLiBe%. None of these included newly-performed density measurements of the sort
reported here; rather they compared simulated densities to established experimental correlations from the literature.
All seem to show similar results: simulated density trends close to the experimental correlations, but with different
slopes (we did find near-perfect agreement with one out of four published experimental correlations of FLiNaK'6).
Of these four studies, only the Bengston et al paper on KLiCI'® presented individual experimental data points from
the literature, rather than simply the linear correlation model, and that paper only included two simulated
temperatures for KLiCl. Consequently, our data as shown in Figure 2 show the relative noise of AIMD-generated
and experimental molten salt densities in a way previous studies have not. This may suggest why AIMD studies
consistently predict densities close to experimental correlations but with different linear fits: it is a consequence of
the noise created by the relatively small scale of these simulations. Indeed, larger-scale classical molecular dynamics
simulations of molten salts seem to predict density trends more aligned with established experimental correlations?>.
We conclude that the precise linear fits of density reported from molten salt AIMD studies, including those
mentioned above, should not be taken as reliable, though general agreement in magnitude and direction with
experimentally-determined density trends may still suggest that simulations are capturing the basic structural
behavior of these salts.

3.2 Coefficient of thermal expansion

The coefficient of thermal expansion (CTE) for FMgNaK was calculated using densities throughout our
temperature range as described in Section 2. The slope of the line fitted to all our CTE values was 6.09 x 108 K2,
and our values had a range of 1.60 x 107 K-!, suggesting negligible temperature dependence. The reported CTE
value was calculated at 800 °C and averaged between our two simulations at that temperature. In the absence of an
experimentally determined CTE value for FMgNaK, we validate our value using the molar-weighted average CTE
of NaF, KF, and MgF,. NaF, KF, and MgF,, were measured at 1122 °C, 965 °C, and 1417 °C, respectively®®. This
resulted in an approximated CTE of 3.27 K'!. However, it should be noted that the CTE is dependent on structure,
which will change when these salts are mixed, so this average is intended merely as a general estimate to benchmark
our values. Our simulations reported a CTE of 2.46 + .070 (K'! x 10™*), where the error bounds represent a 95%
confidence interval.

In general, CTE values from AIMD simulations have consistently been reported as lower than those found
in experimental measurements®’. This caused an approximate downward shift of as much as 1.0 x 10* K*! in one
study of the CTE of FLiNaK'3. Our findings agree with the simulation shift suggested by Woodward et al.’” and
Nam et al.'®

3.3 Structural information
The structural data for FMgNaK is summarized in

Table 3, Table 4, and Figures 3-7. AIMD simulation values for FMgNaK’s average bond length (first-peak
radius), coordination number, and first peak height are compared with experimental values of FLiNaK due to a
similar chemical makeup and to compare the effects of MgF, and LiF. Structural properties of FMgNaK are also
compared with the properties of FMgNaK’s binary components (MgF,, NaF, and KF) to compare structural changes
that occur as a result of combining the binary components.



Figure 3: Snapshot of AIMD trajectory for FMgNaK at 1073 °C. Colors green, orange, blue, and purple correspond
to elements F, Mg, Na, and K, respectively.

95% confidence intervals for structural values across our temperature range deviated by less than 2%, suggesting
negligible structural temperature dependence.

Table 3 reports the average values of our simulations at 1000 °C.
3.3.1 FMgNaK compared to binary salts

Compared to FMgNaK’s constituent binary salts, FMgNaK’s coordination number for Na-F increases, yet
this increase is less than the increase for K-F. However, the first-peak radius of Mg-F, Na-F, and K-F remained
within 5% of the binary salt experimental values>®. The coordination number likely increased less in Na-F than K-F
because Na* ions are more electronegative than K* ions®®. While Mg?* ions are even more electronegative than Na*
ions®, the ratio of anion to cation in FMgNaK (49:46) is much lower than the ratio in pure MgF; (2:1), so the Mg-F
coordination in pure MgF> is likely higher than observed in FMgNaK.

3.3.2 FMgNaK compared to FLiNaK

First peak radius and coordination numbers for FMgNaK were compared to those calculated for FLiNaK in
a previous AIMD study (which was found to predict neutron scattering data very well, suggest accurate structure
predictions) '°. The absence of Li is an advantage of FMgNaK compared to FLiNaK, but it also alters the structure
of the salt. The Mg*-F" pair in FMgNaK has a wider peak radius and larger coordination number than the Li*-F pair
in FLiNaK, suggesting more F anions gathering around Mg?* in a wider coordination shell. This in turn may explain
why the F-F pair in FMgNaK has a significantly smaller first peak radius and larger coordination number than the F-
F pair in FLiNaK—the F- in FMgNaK are more concentrated around the Mg?* ion, bringing them closer to each
other in general. Recent work suggests that these the different chemical environments around F in different fluoride
molten salts will affect the thermodynamics salt solutions, and needs to be taken into account in order to e.g. predict
electrochemical potentials in salt electrolytes®; future studies more directly relating the different coordination of F
in FMgNaK and FLiNaK to different thermodynamics would be of interest. (Na-F and K-F first-peak radii remained
relatively unchanged between FMgNaK and FLiNaK. )



Table 3: Comparison between the first-peak radius and coordination number found in our AIMD simulations at 800
°C with those found experimentally in similar salts. We should note that all experimental values for binary salts are
the same as those cited by Nam et al in their simulation study of FLiNaK and FLiBe.> .

ITon Pair First-peak  First-peak radius (A) Coordination Number

height of FMgNaK Binary FLiNaK FMgNaK Binary FLiNaK

FMgNaK (AIMD)  Salts (Previous (AIMD)  Salts (Previous

(AIMD) (Lit.) Study) (Lit.) Study)
Mg>*-F" 11.7 1.95 —* - 5.25 —* -
Na*-F~ 4.64 2.25 2.30° 2.20° 5.24 4.1° 5.42*
K*-F- 3.20 2.55 2.6° 2.60° 6.11 4.9b 7.12%
F-F 1.55 3.55 - 3.10° 16.5 - 11.2*
Lit-F - - 1.85° 1.84* - 3.7° 4.0
MgZ*-Mg>* 4.17 3.45 — — 0.66 — —

2 Data for FLiNaK from our previous AIMD study, which was well-validated by neutron diffraction experiment '¢

b Experimental data for binary salts from Ohno et al.>
* We were unable to find literature values for coordination numbers or first peak radii of MgF,.
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Figure 4: Radial distribution functions (RDF) of FMgNaK at 800 °C. This analysis was performed on each of our
simulations to check for temperature dependence, and variance across temperatures was minimal.

3.3.3 Magnesium Chaining

In studies of FLiBe, Be-F chaining had a significant influence on transport properties, causing viscosity to increase
sharply as the concentration of Be**ions increases??; this has important implications since the eutectic composition
of molten salts is typically chosen for the lowest possible operating temperature, but FLiBe’s eutectic composition is
undesirable due to the effect of beryllium chaining on viscosity, and alternate compositions or network-breaking
cations must be employed to counteract this effect in FLiBe. As far as we can determine, the effect of such chaining
on molten salt density has not been discussed in the literature, though given that we found FMgNaK density to be
fairly close to that predicted by a simple additive model, we doubt chaining has a significant effect. Though this
work does not look at transport properties, we believe the presence (or absence) of magnesium chaining in FMgNaK



would be of interest to the community and a starting point for future work, and so examined our results for this
phenomenon.

Mg-Mg distances below 4.0 A were used to classify chaining events. This cutoff was chosen because it is
approximately the distance of 2 Mg-F bonds and a similar distinction was used in defining beryllium chaining in
FLiBe?2. This made chained magnesium easily distinguishable from unchained magnesium, which consistently had a
Mg—Mg distance of at least 5.0 A.

We observed Mg-F-Mg chaining in 52.6% of our simulations, suggesting the effect of Be-F-Be chaining in FLiBe
may also occur in FMgNaK with Mg. As shown in Figure 5, the Mg of simulation index 47 (Mgs7) and Mgus
remained closely bonded to F3; from 15 ps until 27 ps. In this simulation at 800 °C, F3,—Mg47 and F3,—Mgus bonds
were 2.11 A and 2.20 A, respectively. The distance between Mg7 and Mgag was 3.43 A, well below two Mg-F bond
lengths, suggesting that the chaining does not occur linearly. Indeed a visual inspection of the chaining events
observed in all equilibrated simulations shows octahedral Mg-F complexes sharing three F~ ions, as shown in Figure
6. This suggests that the chaining occurs along an octahedral face, and not an edge or a vertex of the octahedral.

r—— F32—Mgas7
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Figure 5: Distances between 3 ions involved in Mg-F chaining in FMgNaK at 800 °C. The figure only displays the
period within a data range of 15-35 ps.

After sharing F3, for over 12 ps, the distances between F3»—Mgas and Mgs7;—Mgas dramatically increased at 27 ps.
These finding suggest that Mg-F-Mg chaining occurred between two of the Mg?* ions, and at 27 ps Mgus separated
from F3, breaking the chaining event.

From simulations at this scale, it is difficult to conclude whether chaining would have a significant effect on
FMgNaK viscosity, suggesting that future studies utilizing larger-scale simulations that can more reliably predict
transport properties would be desirable. However, the repeated formation of Mg-F-Mg complexes in our simulations
suggest that Mg?* has a strong preference for speciation with other Mg?* ions, and so at higher concentrations of
MgF,, MgF>-NaF-KF salts would undergo significant chaining.

Similar Mg—F-Mg chaining occurred in 10 out of our 19 equilibrated simulations. The distribution of these potential
chaining events across our sample temperatures is given in Table 4. No chain involving 3 Mg?* ions was observed in
any simulation.



Table 4: Equilibrated simulations that contained chaining events.

Temperature Fraction of Average Mg-Mg
(K) Simulations distance (A) in
with Chaining  Chain

1023 33.3% 3.45
1073 100% 3.50
1123 100% 3.25
1173 0% -

1223 50% 3.45
1273 66.7% 3.58

In FLiBe, the beryllium chaining occurs with negligible impact to the F- coordination of Be?*. In FMgNaK, the F-
coordination of Mg?* appears to shift. In unchained magnesium ions, the fluoride coordination appears to typically
be five, and is structured as shown in Figure 6. However, in a magnesium chaining event, the fluoride coordination
is consistently six, as shown in Figure 7.

Figure 6: An example of Mg-F chaining observed at 750 °C. The third Mg®* ion, Mg, was completely dissociated
and did not participate in Mg-F chaining.



Figure 7: An example of a Mg monomer, observed in FMgNaK at 750 °C. It should be noted the simulation used in
this figure is a separate simulation than that of Figure 6, though both were performed at 750 °C.

4. Conclusions

In this work, we employed AIMD simulations to predict structure and properties of FMgNaK. Density was
also measured experimentally, providing some of the first experimental data publicly available on this salt. Density
predicted by AIMD agreed well with experimental density by the standards of molten salt AIMD studies, but were
noisy and did not follow a linear relationship as tightly as the experimentally-measured densities; larger-scale
simulations (likely employing classical molecular dynamics) might remedy this. FMgNaK structure in the simulated
salt was characterized through radial distribution functions and coordination numbers. Within this structure, we
observed Mg-F chaining similar to the Be-F chaining known to occur in FLiBe molten salt and to have an important
effect on salt viscosity, and suggests that future work explore the effect of increasing Mg concentrations on salt
structure and properties, particularly transport properties, would be of value.
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Appendix A

The density apparatus was verified against (NaNO3)0.3592(KNO3)0.6408 (solar salt). The mixture was chosen for its
relatively high melting temperature®! (~220 °C), the ease of working without the gloveboxes typically required for
fluoride salts, and the salt’s well documented density values®?. The literature uses a quadratic model to represent the
solar salt density as a function of temperature. However, we found an insignificant quadratic relationship and thus
chose a linear model for our predicted densities, as shown in Figure 9. The maximum error in the numerical
prediction from a single data point is 0.28%, and the average error in the numerical prediction is 0.09%. The linear
model is given in Eq. (9)

kg
Psolar Salt [ﬁ] =a+b- T[OC] ©)

where T is temperature, a is 2131.756 + 1.958 kg/m* and b is -0.7339 % 0.005 kg/(m? - °C). Error bounds represent a
95% confidence interval.

Solar Salt Density Vs. Temperature
1950
1930
1910
1890
1870
1850
1830

Density [kg/m?3]
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1770

1750
230 280 330 380 430 480 530

Temperature [°C]

Figure 8: The density of solar salt (kg/m’) on temperature (°C) for a verification experiment. The equation is a
linear fit of the data and the values are given in Egq. 9.



The numerical prediction shown in Figure 8 is plotted against other literature for solar salt in Figure 9. This work is
in close agreement with literature values.

Solar Salt Density vs. Temperature

1950
1900 - = =[Janz 1972]
E 1850 Predicted
[eTs]
E .-+ [Zavoico
E’ 1800 2001
1750 —=- - [Murgulescu
e 1969]
1700 “m —a— [Polyakov
1
230 330 430 530 630 955]

Temperature [°C]

Figure 9: The density of solar salt (kg/m’) on temperature (°C) contrasting values predicted from our experimental
measurements (Eq. 9) and those predicted by literature. Literature predictions are given by Janz et al.%??, Zavoico%,
Murgulescu et al.®* and Polyakov et al.%.

As expected, the surface tension and air buoyancy corrections were small when compared to the salt
buoyancy force. The force on the bob due to surface tension (2ymD,,;,.) was about 0.15% of the uncorrected salt

buoyancy force (Fy_F; ), The buoyancy force on the bob in atmosphere (% 9Vsrobe (To)) was about 0.06% of the
0

uncorrected salt buoyancy force. These corrections are of similar scale to the error caused by using a linear
temperature correlation (again, 0.28% at maximum and 0.09% on average for Eq. 9), and so we take them to be
small but significant factory in the determination of molten salt density.

Appendix B

To approximate the additive model, we took a weighted average of the molar volumes for FMgNaK’s
binary component salts at each temperature. The two resulting points were used to create a simple linear relationship
that we used to benchmark our density simulations.

Table 5: Theoretical molar volumes for the additive molar volume approximation by Cantor et. al.>>.

Binary Salt Molar Volume (cm?/mol)
600 °C 800 °C
NaF 19.08 20.2
KF 28.1 30.0
MgF, 22.4 23.3
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