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A B S T R A C T   

The atomic structure of FLiNaK and its evolution with temperature are examined with x-ray scattering and 
molecular dynamics (MD) simulations in the temperature range 460–636 ◦C. In accord with previous studies, it’s 
observed that the average nearest-neighbor (NN) cation-anion coordination number increases with increasing 
cation size, going from ~4 for Li-F to ~6.4 for K-F. In addition, we find that there is a coupled change in local 
coordination geometry – going from tetrahedral for Li-F to octahedral for Na to very disordered quasi-cuboidal 
for K. The varying geometry and coordination distances for the cation-anion pairs cause a relatively constant F-F 
next-nearest neighbor (NNN) distance of approximately 3.1 Å. This relatively fixed distance allows the F anions 
to assume an overall correlated structure very similar to that of a hard-sphere liquid with an extended radius 
which is beyond the normal F ion size but reflects the cation-anion coordination requirements. Careful consid
eration of the evolution of the experimental atomic distribution functions with increasing temperature shows 
that the changes in correlation at each distance can be understood within the context of broadening asymmetric 
neighbor distributions. Within the temperature range studied, the evolution of F-F correlations with increasing 
temperature is consistent with changes expected in a hard-sphere liquid simply due to decreasing density.   

1. Introduction 

Molten salts are of interest for a variety of energy applications, 
including as a coolant and fissile material carrier in molten salt reactors 
(MSRs) [1] and as an energy storage material in concentrated solar 
power stations [2]. The eutectic composition 46.5–11.5–42 mol % of 
LiF-NaF-KF, known as FLiNaK, has long been regarded as a model salt for 
MSR applications. Knowledge of the atomic structure of the liquid salt is 
important for understanding the origin of the material’s physical and 
chemical properties. Accordingly, a number of x-ray [3,4] and neutron 
scattering [5] experiments, as well as molecular dynamics (MD) simu
lations [4,5,6], have examined the basic structure of molten FLiNaK, as 

well as FLiNaK with added components [4,7,8]. These have focused 
primarily on nearest-neighbor coordination distances and numbers. 
Here, however, we take advantage of new x-ray scattering studies co
ordinated with MD simulations to investigate more deeply the structural 
motifs in the liquid beyond the coordination numbers. The present 
studies, examining temperatures from just above the melting point of 
454 ◦C up to 636 ◦C, particularly focus on local coordination geometry 
and the importance and relative simplicity of the F-F correlations, which 
provide the largest single share of local atomic pairings due to the high 
atomic fraction of fluorine in the melt. 
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2. Experimental details 

FLiNaK salt was prepared by melting the component salts (LiF, NaF 
and KF 46.5–11.5–42 mol %, Sigma Aldrich, >99% purity) in a ultra- 
high purity argon glovebox and crushing the solidified salt into pow
ders. The final composition was confirmed using Inductively-Coupled 
Plasma-Mass Spectroscopy (ICP-MS). 

X-ray scattering experiments were performed at beamline 6-ID-D of 
the Advanced Photon Source using an x-ray energy of 100.3 keV. A 
Varex CT4343 area detector with 2880 × 2880 150 μm square pixels 
measured the scattered x-rays at a position 399 mm behind the sample. 
The scattering geometry was calibrated using a cerium dioxide powder 
sample. The sample furnace was as described in Guo et al. [9]. Samples 
were held in a glassy carbon crucible of 5 mm OD and 0.5 mm wall 
thickness which was held in a vacuum furnace chamber backfilled with 
+5 psi of Ar gas. Kapton windows were used for x-ray entrance and exit 
from the chamber. 

Scattering from the FLiNaK was measured at 460 ◦C, 510 ◦C, 560 ◦C, 
610 ◦C and 636 ◦C. Scattering from the empty glassy carbon crucible was 
also measured for subtraction from the total observed scattering. At each 
temperature five x-ray scans were performed, with each scan being 3000 
frames of 0.1 s exposures, and then averaged. 

3. Experimental results 

The 2-d x-ray scattering data was circularly averaged over an 
appropriately masked area of the detector using Fit2D [10]. Background 
scattering was subtracted from the total scattering and the resulting 
FLiNaK scattering patterns were then analyzed using PDFGetX2 [11] 
with qmin = 0.60 Å−1 and qmax = 16.0 Å−1. They were normalized to a per 
atom basis to obtain the structure factors S(q) and scattering functions F 
(q): 

F(q) ≡ q[S(q) − 1 ] = q

[
I(q)

〈f (q)〉
2 −

〈f 2(q)〉−〈f (q)〉
2

〈f (q)〉
2 − 1

]

(1) 

Here the averages are over the atomic species α, of concentrations cα, 
and the fα(q) are the atomic scattering factors for the given atomic 
species. The second term on the right-hand-side is the Laue diffuse 
scattering. Experimental results extrapolated to q = 0 and multiplied by 
a Lorch function sin(Δ0q)/(Δ0q) with Δ0 = π/qmax [12] to minimize 
truncation oscillations in subsequent Fourier sine transforms are shown 
in Fig. 1. It can be noted that there are some unusual small features in the 
experimental F(q) curves in the range of 5–5.5 A-1 and near 6.6 Å−1. 
These seem to be related to imperfect background subtraction and do not 

affect the final quality of the results. 
The scattering functions F(q) are related to the real-space distribu

tion functions by: 

F(q) =
∑

α,β

cαcβfα(q)f *
β (q)

〈f (q)〉
2 ρ0

∫

4πr
[
gαβ(r) − 1

]
sinqrdr (2)  

where ρ0 is the atomic density and the species-specific pair distribution 
functions gαβ(r) are: 

gαβ(r) ≡
1

4πcαcβNρ0r2

∑

i∈{α}

j∈{β}

i∕=j

δ(r − rij) (3)  

where N is the total number of atoms. Because of the concentration- and 
scattering factor-dependence shown in Eq. (2), the strongest contribu
tions to the x-ray scattering are from F-F, K-F and K-K correlations while 
Li-Li, Li-Na and Na-Na contributions are quite small. 

In the Hannon-Howells-Soper (HHS) formalism [13], the differential 
correlation function is the sine transform of F(q): 

D(r) =
2
π

∫ ∞

0
F(q)sinqrdq (4) 

The experimental differential correlation functions are shown in 
Fig. 2. For comparison, the tabulated results of Igarashi et al. [3] taken at 
520 ◦C are also shown in Fig. 2. They are in good agreement with the 
present results at 510 ◦C. The D(r) function removes the average density 
and is particularly useful for examining structure on length scales 
beyond nearest neighbor. For future reference, we note that for visual
ization of structure at short distances, it’s often useful to examine the 
total correlation function: 

T(r) = 4πrρ0 +
2
π

∫ ∞

0
F(q)sinqrdq (5) 

Atomic densities are calculated from the mass densities of Chernková 
et al. [14]. The experimental T(r) function for 510 ◦C at low separations r 
is shown in Fig. 3. The shortest correlations in the melt are from Li-F, Na- 
F and K-F nearest-neighbor (NN) distances. Due to the overlap between 
different atomic pair contributions, only the Li-F correlations appear 
distinctly, as a strong shoulder at a distance of approximately 1.9 Å on 
the background of Na-F and K-F correlations. In principle the individual 
contributions to T(r) can be fit, but the multiple contributions make this 
difficult to do in a reliable manner. We therefore refrain from trying to 
fit atomic shells directly to the measured distribution function and 

Fig. 1. Evolution of x-ray scattering function F(q) with temperature.  
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instead turn to simulation for further guidance. 

4. MD simulations 

For simulations, we established a 432 atom FLiNaK supercell with 
eutectic composition (100 Li atoms, 25Na atoms, 91 K atoms, 216 F 
atoms) and conducted molecular dynamics simulations using LAMMPS 
[15]. A Buckingham potential model was used with a radial cutoff of 8 Å 
[16]. A periodic boundary condition was used to eliminate the boundary 
effect. An Ewald summation of all electrostatic interactions was per
formed. The initial ionic configure was built in the KF crystal structure 
by replacing K atoms with Li and Na to represent the solid state of 
FLiNaK and assigned velocities randomly according to the Gaussian 
distribution at 10 K. In MD simulations, the system temperature was 
gradually raised to the specific temperature during 50,000 steps by 
using an NPT ensemble, thus keeping the number of atoms constant and 
fixing the pressure at 0 GPa. After reaching the specific temperature, the 
system was allowed to continue to equilibrate at temperature for 
100,000 steps. The average value of thermodynamic data of the last 20% 
of steps was used as outputs. The timestep was 0.001 picosecond (ps). 
Formal charges were used for Li (+1), Na (+1), K (+1), F (−1). During 
the final equilibration process, the partial pair distribution functions 

also were calculated and recorded. 
Fig. 4 shows the MD species-specific pair distribution functions gαβ(r)

at T = 510 ◦C. These are in good agreement with the ab-initio MD results 
of Frandsen et al. (cf. Fig. 4b in Frandsen et al. [5]). The MD gαβ(r) results 
can be compared with the experimental results through calculation of 
the predicted x-ray differential and total correlation functions. In order 
to compare as closely as possible with experiment, Eq. (2) was used to 
calculate F(q) from the gαβ(r), with a Lorch function which truncated the 
results at qmax = 16.0 Å−1 to give a predicted x-ray scattering function F 
(q). These were then Fourier sine transformed back to real space as per 
Eqs. (4) and (5) to yield predicted x-ray differential correlation functions 
D(r) as shown in Fig. 5, as well as the total correlation functions T(r). A 
comparison of the experimental and MD T(r) results at 510 ◦C is shown 
in Fig. 3. In addition, the figure shows the contribution of individual pair 
correlations to the MD T(r) function. Examination of Fig. 3 shows that 
the MD K-F and perhaps Na-F distances appear to be slighly shorter than 
measured and there is slighly more structure near 2.5 and 3.5 Å in the 
simulation than in the experiment. However, overall agreement between 
experiment and MD results is very good. The challenge of reliably fitting 
the experimental results a priori is immediately apparent in Fig. 3 as the 
there are multiple overlapping contributions to T(r) at most distances 
and peaks of individual contributions are not Gaussian in profile, further 

Fig. 2. Evolution of experimental differential correlation function D(r) with temperature. The dashed line shows the results of Igarashi et al., obtained at 520 ◦C.  

Fig. 3. Experimental total correlation function T(r) at 510 ◦C and comparison with T(r) calculated from the MD simulations using the same structure factor 
weightings and transform cutoff as for the experiment. Also shown from MD results are contributions of prominent species pair correlations to T(r). 
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complicating any fitting process. 

5. Atomic structure of the liquid 

To gain insight into the structure of the liquid, we examine the MD 
simulations results more closely. Nearest-neighbor cation-anion coor
dination distances, numbers and root mean square displacements are 
given in Table 1. The distances are the peaks in the MD cation-anion pair 
distribution functions gαβ(r); their uncertainties are approximately 
±0.03Å, based on difficulty of identifying the peak position. The coor
dination numbers and root mean square displacements include contri
butions up to the first minimum in the gαβ(r) functions. The increased 

coordination shell width for Na-F and K-F compared to Li-F is easily seen 
in Fig. 4. Overall, good agreement is seen with previous experiment of 
Igarashi et al. [3] and recent simulations [5,6]. We note that the ab-initio 
MD (AIMD) simulations of Frandsen et al. and Lee et al. used 100 atoms 
while the present simulations use less-accurate classical potentials but 
with a much larger number of atoms (432 atoms). Lee et al. had also 
found good agreement between smaller AIMD simulations and larger 
simulations using optimized potentials. The level of consistency be
tween three simulations shows the maturity of MD simulations of the 
salt despite different methodologies and system sizes. Finally, for later 
comparison purposes, we also note that the peak in the F-F distribution 
function is at rF−F = 3.12 ± 0.03Å. 

Fig. 4. Individual species-specific pair distribution functions from MD simulations at 510 ◦C.  

Fig. 5. Predicted x-ray differential correlation functions D(r) calculated from the MD species-specific pair distribution functions.  

Table 1 
NN cation-anion coordination distances and numbers.   

P 
r [Å] 

P 
N 

P 
σ [Å] 

I 
r [Å] 

I 
N 

I 
σ [Å] 

F 
r [Å] 

F 
N 

L 
N 

Li-F  1.83  4.0  0.23 1.83  3.3  0.177  1.84 4 3.87–4.12 
Na-F  2.21  5.4  0.32 2.18  3.8  0.261  2.2 5.42 4.57–5.25 
K-F  2.54  6.4  0.37 2,59  4.0  0.282  2.6 7.12 7.38–7.78 

P: Present Work: root mean square displacements σ are calculated using distances up to the first minimum in the gαβ(r) functions. 
I: Igarashi et al. [3] (x-ray); root mean square displacements are calculated from a Gaussian fit to coordination shells. 
F: Frandsen et al. [5] (AIMD). 
L: Lee et al. [6] (AIMD and Machine-Learning Optimized MD). 
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Fig. 6 shows that there is a significant variation in coordination 
numbers (CNs) within each species, especially for Na-F and K-F pairs. 
Overall, it’s seen that Li is predominantly 4-fold coordinated by F while 
the median CNs of 5 for Na-F and 7 for K-F, which is consistent with the 
average CNs. The average coordination numbers observed here and in 
other simulations follow the same trend with increasing cation size as 
obtained from fits of x-ray data by Igarashi et al. However, there they 
reported much less variation with cation, going from CN(Li-F) = 3.3 to 
CN(Na-F) = 3.8 to CN(K-F) = 4.0. We note that they effectively assumed 
that each type of NN pair contributes as a Gaussian shell to the total PDF, 
while we observe here that the pair distributions are actually quite 
asymmetric. If only the central part of the distribution is included in the 
calculation, resulting CN’s are naturally smaller. In agreement with this 
supposition, the NN shell widths given in Igarashi et al. [3] are sys
tematically smaller than those reported here (Table 1). 

Angular Distribution Functions (ADFs) showing the distribution of 
bond angles as a function of the polar angle θ provide further informa
tion about local cation-anion coordination environment. It is also useful 
to consider the probability of finding an angular correlation per unit 
solid angle, rather than per unit polar angle θ. The angular correlation 
per unit solid angle is presumably independent of relative azimuthal 
angle, so the angular correlation per unit solid angle P(θ) = ADF 
(θ)/(2πsinθ). The anion-cation–anion nearest-neighbor ADF(θ) and P(θ) 
at 510 ◦C are shown in Fig. 7. These appear to agree well with the MD 
results of Lee et al. [6]. 

The F-Li-F distributions have a distinct peak at approximately 105◦– 
near the 109.5◦ angle of a perfectly tetrahedral coordination around the 
central Li cation. Moreover, the edge distance in a tetrahedron is √(8/3) 
times the center-to-vertex distance. With the observed rLi−F = 1.83Å, 
this predicts rF-F is 2.99 Å, in reasonable agreement with the broad gFF(r)

peak centered at 3.12 Å. 
The distributions for F-Na-F and F-K-F are much broader. For the F- 

Na-F angle, there is a peak at around 81◦ in both ADF(θ) and P(θ). An 
octahedral coordination of 6 flourines around a cation, such as is found 
in the rocksalt crystal structure of LiF, NaF and KF, would give a F- 
cation-F angle of 90◦, which is not too much higher than the observed 
peak for F-Na-F. Moreover, in P(θ) a second broad peak is seen at 180◦, 
again consistent with an octahedral coordination geometry. The edge 
distance in an octahedron is √2 times the center-to-vertex distance. 
With the observed rNa−F = 2.21Å, this predicts that rF-F is 3.12 Å, again 
in agreement with the broad gFF(r) F-F peak centered at that same value. 

For F-K-F bond angles, there is a maximum near 70◦. The angle for a 
cube of anions around the central cation (as in the CsCl crystal structure) 
is 70.5◦, which is thus the same as observed. However, for F-K-F there is 
no 180◦peak observed in P(θ); nor is there a peak near 109.5◦, which 

would be expected for a cube of anions. Instead, there is a rather broad 
distribution of angles. This indicates the presence of considerable dis
order in relative F ion configurations around a K ion. For a cube, the 
length of an edge is 2/√3 times the center-corner distance. With the 
observed rK−F = 2.54Å., this predicts rF-F is 2.93 Å, yet again in 
reasonable agreement with the broad gFF(r) peak centered at 3.12 Å. 
However, given the lack of peaks at 109.5◦ and 180◦ in ADF(θ) and P(θ), 
any “cuboidal” configuration of anions around K+ must be very 
disordered. 

Fig. 8 shows the distribution of F-F-F bond angles. There is a strong 
peak just below 60◦, suggesting local hexagonal arrangements of atoms. 
However, the P(θ) function shows that beyond this peak, the probability 
of a given configuration is independent of angle, suggesting consider
able disorder. 

If all neighbors up to the first minimum in the gFF(r) function are 
included, the F-F NNN CN is ~11. A similar F-F NNN CN was reported 
from the simulations of Frandsen et al. [5]. Here we note that this is 
comparable to the number of neighbors in a dense hard-sphere (HS) 
liquid. Moreover, the relatively simple shape of the F-F correlation 
function resulting from the consistent F-F distances around the different 
cations further suggests comparison with the correlations of a HS liquid 
using an extended diameter for the F atom to reflect that the anions are 
physically separated due to their coordination of cations. Fig. 9 shows a 
comparison with a simple HS liquid calculated using the method of 
Trokhymchuk et al. [17] and taking atomic diameter dext

F = 2.86Å while 
using the actual number density of F atoms in the liquid. Also shown is 
the result of convolving the HS total correlation function T(r) with a 
gaussian of width σ = 0.22 Å to more realistically reflect the nature of 
atomic interactions. The agreement of the MD F-F correlations with this 
simple model is striking. 

Turning now to the NNN cation-cation correlations, Table 2 shows 
the calculated number of cation-cation NNNs at 510 ◦C out to the first 
minimum of gαβ(r). Total NNN coordination numbers are high and in
crease with increasing cation size. The right column shows the cation 
fractions of NNN for each cation central atom; these can be compared 
with the FLiNaK Li-Na-K cation fractions of 46.5–11.5–42. Relative to 
the random composition values, there is clear preference for the large K+

ions to be NNNs around the small Li+ ions. 
Before concluding our discussion of the liquid structure, we compare 

results from the molten FLiNaK mixture with the structures of the 
respective individual pure molten salts and their crystalline form. The 
NN cation-anion distance values in FLiNaK found here and in other 
recent studies [5] are generally slightly below those reported for the 
pure molten components in the early work of Zarzycki [18], which re
ported approximately 2.0 Å for Li-F, for 2.3 Å for Na-F and 2.66 Å for K- 
F. The experimental values are also slightly below the NN cation–anion 
distances in the binary crystals at 510 ◦C (2.05 Å in LiF, 2.33 Å in NaF 
and 2.68 Å in KF). Among the three cations, the largest difference in 
coordination distances between FLiNaK melt and crystal is for Li-F pairs, 
a point to which we will return momentarily. 

While all of the binary crystals of NN cation-anion CNs of 6, Zarzycki 
[18] reported values in the pure molten components which were well 
under this, though increasing slightly with cation size: (CN(Li-F) = 3.7 to 
CN(Na-F) = 4.1 to CN(K-F) = 4.9). Although these values and trend are 
generally consistent with the FLiNaK mixture results of Igarashi et al. 
[3], they are systematically a bit lower than the FLiNaK mixture results 
found here (CN(Li-F) = 4.0 to CN(Na-F) = 5.4 to CN(K-F) = 6.4) and 
reported in other recent simulations. 

The overall picture from the comparison with the binary crystals is 
that melting to the FLiNaK mixture frees the cation-ion NNs to relax 
closer together, with the decrease in NN distance being largest for Li-F 
pairs. Concommitantly, the cation-anion CN is freed from the crystal 
value of 6, with the largest change again being the decrease from 6 to 4 
for Li-F pairs. 

Fig. 6. Histogram of cation-anion coordination numbers at 510 ◦C.  
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6. Temperature dependence of structure 

Both the experimental and MD real-space correlation functions of 
Figs. 2 and 5 respectively show that there is a steady general decrease in 
correlations with increasing temperature, as expected. However, the 
experimental and MD results allow us to understand this process in 
detail. The top of Fig. 10 shows the difference between experimental 
total correlation functions T(r) at elevated temperatures as compared to 
T(r)at 460 ◦C, i.e. Δ T(r). The dotted lines represent the change in T(r) 
due to decrease in average density with increasing temperature. It’s 
immediately apparent that the NN cation-anion structure which occurs 
in the range of 1.83–2.64 Å is much less affected by increasing tem
perature than would be suggested by the change in overall density of the 
melt. However, there is a small positive bump near 2.0 Å and a small 
negative dip near 2.3 Å. There is a much larger change in local structure 
in the range from about 2.5 Å to 3.6 Å. These distances correspond to K- 
F, F-F and cation-cation NNNs. Then, in the range near 4.25 Å there is 
little change in experimental T(r) with respect to temperature. Above 
this distance, T(r) again changes significantly with temperature. The 
bottom of Fig. 10 shows the differences in T(r) calculated for the MD 
simulations, again using the same treatment as for the experimental T 
(r). The T(r) differences from the MD simulations show more detail, but 
the overall shape is the same as observed for the experimental curves – a 
small bump near 1.9 Å and dip near 2.3 Å, relatively large changes with 

temperature from about 2.5 Å to 3.6 Å, and then a region of little change 
in the total T(r) near 4.25 Å. We therefore turn to the behavior of the 
individual atomic pair distributions from MD with some confidence. 

It’s easiest to understand the changes in the T(r) distribution func
tions by looking at the individual pair differences Δgαβ ={gαβ(460 ◦C) - 
gαβ(636 ◦C)}, which are exhibited in Fig. 11. In general, the correlation 
functions show curves characteristic of an increase in asymmetric peak 
width with increasing temperature. This is most easily seen around the 
first peak in the cation-anion functions (top plot of Fig. 11). With 
increasing r, there is, first, a small negative bump just below the NN peak 
because in this range there is increased correlation weight with 
increasing temperature due to the increase in peak width. Then, near the 
center of the NN peak itself, Δgαβ is strongly positive because there is loss 
of weight in the central peak with increasing temperature. Finally, at 
larger r, there is a broad negative region, again because of the increase in 
width of the asymmetric peak with increasing temperature. 

Also included in the middle plot of Fig. 11 is a further comparison of 
the MD F-F correlations with the model based on a HS liquid. The dashed 
line is the difference for the HS liquid model described above between 
using 1) the F-F density at 460 ◦C with convolution gaussian of width 
0.22 Å and 2) the F-F density at 636 ◦C with convolution gaussian of 
width 0.26 Å. The fundamental structural evolution with increasing 
temperature is reproduced and appears to be determined again by 
broadening of the asymmetric first coordination peak. 

Fig. 7. Nearest-neighbor bond angular distributions at 510 ◦C calculated from MD simulations.  
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Fig. 8. F-F-F bond angular distributions at 510 ◦C calculated from MD simulations.  

Fig. 9. Comparison of MD F-F NNN correlations with Hard Sphere (HS) liquid models.  
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We can now understand the temperature changes in the experi
mental T(r), remembering that the dominant contributions come from 
K-F, K-K and F-F correlations. The small bump in ΔT(r) at 2.0 Å is due to 
decrease in the center of the Li-F correlations with increasing tempera
ture. The negative dip near 2.3 Å is due primarily to the increasing width 
of K-F correlations. The large positive region of 2.5–3.6 Å is due largely 
to the decreasing correlations at the center of the K-F, K-K and F-F dis
tributions. Then, the dip in Δ T(r) near 4.25 Å is due to the increasing 
width of the K-F, K-K and F-F distributions with increasing temperature, 
adding additional correlation weight in this region which counteracts 
the decreasing overall density. 

7. Discussion and conclusions 

As discussed above, there are several key motifs in the FLiNaK 

structure. In accord with previous studies [3,5,6], these include:  

1) Nearest-neighbor cation-anion distances increasing with cation size 
and slightly shorter than in the crystals of the respective components.  

2) Increasing average NN cation-anion CN with increasing cation size. 
CNs increase from ~4 for Li-F, to ~5.4 for Na-F, to above 6 for K-F. 

However, by examining carefully the MD results, we also find evi
dence for more detailed structural elements:  

3) Different typical geometries of anions about the cations – going from 
tetrahedral for Li-F to octahedral for Na to very disordered “quasi- 
cuboidal” for K.  

4) Different geometries and coordination distances around the different 
cation species causing a relatively fixed F-F NNN distance of 
approximately 3.1 Å. This allows the F anions to assume an overall 
structure very similar to that of a HS liquid with an extended radius 
beyond the normal F ion size due to the cation-anion coordination 
requirements. Within the temperature range studied, the evolution of 
F-F correlations with increasing temperature is consistent with 
changes expected in a HS liquid simply due to decreasing density. 
The importance of F-F correlations is consistent with the high con
centration of F- anions in the melt and the relatively high volume 
fraction that they occupy (approximately 46% of all occupied vol
ume, using typical ionic radius values [19]). 

Table 2 
NNN cation-cation coordination numbers and atomic species fractions.   

Coordinating 
Atom 

Li Na K Total 
NNN CN 
Number 

Li-Na-K 
Fractions 
46.5–11.5–42.0 

Central 
Atom       

Li   4.5  1.6  6.5  12.6 0.35–0.13–0.52 
Na   6.5  1.4  7.7  15.6 0.41–0.09–0.50 
K   7.2  2.1  7.5  16.8 0.43–0.12–0.45  

Fig. 10. Differences between total correlation functions T(r) at 460 ◦C and at higher temperatures. Top is experimental result. Bottom is calculated from MD 
simulations. The dotted lines are the contributions due to changing density with increasing temperature. 
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5) Some preference for large K+ ions to be NNNs around the small Li+

ions relative to the average composition. 

Moreover, careful consideration of the evolution of the experimental 
atomic distribution functions with increasing temperature shows that 
the changes in correlation at each distance can be understood within the 
context of broadening asymmetric neighbor distributions. No funda
mental change in liquid structure is observed in this temperature range. 
It has been reported from previous MD calculations that the NN cation- 
anion distance in pure molten alkali halide salts decreases slightly with 
increasing temperature [20,21,22]. In the present study, clear changes 
to the NN distances are not observed, perhaps due to the limited 
maximum temperature of 636 ◦C. It would be quite interesting to probe 
the structural evolution with higher temperatures. 

An interesting comparison is possible with oxide liquids and glasses, 
for which cation field strength FS = Zcat/(rcat-an – ran)2 has been shown to 
play an important role in relative structure [23]. Here Zcat is the formal 
charge on the cation, rcat-an is the cation-anion NN distance and ran is the 
anion ionic radius. Within the FLiNaK salt, we expect FSLi > FSNa > FSK 

because of the increasing cation size. In the oxide melts, larger cations 
with lower FS are observed to have larger cation-anion NN CNs and 
more disordered, asymmetric coordination shells [23]. This is consistent 
with what is observed within the single FLiNak salt for the different 
anions. On the other hand, in the oxide melts it’s observed that the drop 
in CN in going from the crystal to the liquid is larger for lower FS, while 
within the FLiNaK salt there is considerable decrease in Li-F CN relative 
to the pure crystal while the K-F CN is larger than in the crystal. So here 
the correlation of CN with cation field strength observed in oxide melts 
does not hold. Rather steric effects associated with the cation size seem 
likely to be a dominant factor. 

Considering the anion structure of the liquid, we note that, for a 
given density, the structure of a true HS liquid is driven only by entropy. 
Given the reasonable agreement of the simple extended and broadened 
hard sphere model for the F-F correlations with the MD results, this 
suggests that the configuration of F ions made possible by the relatively 
fixed F-F NNN distance independent of neighboring cation in FLiNaK 
yields a particularly favorable entropy. 
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