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The use of molten salts as coolants, fuels, and tritium breeding blankets in the next generation of fis-
sion and fusion nuclear reactors benefits from furthering the characterization of the molecular structure
of molten halide salts, paving the way to predictive capability of the chemical and thermophysical prop-
erties of molten salts. Due to its neutronic, chemical, and thermochemical properties, 2LiF-BeF; is a
candidate molten salt for several fusion- and fission-reactor designs. We performed neutron and x-ray
total-scattering measurements to determine the atomic structure of liquid 2LiF-BeF,. We also performed
ab initio and neural-network molecular-dynamics simulations to predict the structure obtained by neutron-
and x-ray-diffraction experiments. The use of machine learning provides improvements to the efficiency
in predicting the structure at a longer length scales than is achievable with ab initio simulations at signif-
icantly lower computational expense while retaining near ab initio accuracy. We found that the NNMD
simulations accurately predicted the BeFi_ oligomer formations seen in the experimental first-structure-
factor peak. Our combination of high-resolution measurements with large-scale molecular dynamics
provided an avenue to explore and experimentally verify the intermediate-range ordering beyond the first-
nearest neighbor that has posed too many experimental and computational challenges in previous works.
With a deeper understanding of the salt structure and ion ordering, the evolution of salt chemistry over the
lifetime of a reactor can be better predicted, which is crucial to the licensing and operation of advanced
fission and fusion reactors that employ molten salts. To this end, this work will serve as a reference for
future studies of salt structure and macroscopic properties with and without the addition of solutes.

DOI: 10.1103/PRXEnergy.3.013001
I. INTRODUCTION

Molten salts have garnered a resurgence of interest
due to their favorable use in energy applications such
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as advanced next-generation nuclear power plants [1-3].
These include fluid-fueled molten-salt reactors (MSRs)
that employ fluoride or chloride salts [4,5], solid-fueled
reactors that employ salt as a high-temperature coolant,
such as the fluoride-salt-cooled high temperature reac-
tor (FHR) [6], and fusion reactors such as the afford-
able robust compact (ARC) reactor, which uses 2LiF-
BeF, as both a coolant and a tritium breeding blanket
[7,8]. Molten salts provide high volumetric heat capacity
and a wide range of thermal stability that allow reac-
tors to deliver a larger fraction of their heat at higher
temperatures compared with traditional designs. This
increase in heat-to-electricity efficiency, along with the

Published by the American Physical Society
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possibility of diverse energy products at higher temper-
atures, enhances the economic competitiveness of salt-
based nuclear-energy systems [9,10]. Additionally, the
ability to operate at nearly atmospheric pressure enables
the design of passive safety systems and inherent safety
features that help meet high safety standards with greater
simplicity of design and, consequently, with potentially
lower development costs and shorter development time
lines [11,12].

A number of salt compositions are candidates for use
in MSRs, with FLiBe (2LiF-BeF,) being the focus of
this study [13—17]. Experimentally determining the ther-
mochemical and thermophysical properties, such as the
density, viscosity, thermal expansion, specific heat, and
others, has been the focus of a number of studies [18—
26]. Electroanalytical studies have sought to characterize
ionic transport as well as the liquidus in LiF-BeF, systems
[27-29]. Additional studies have focused on measuring
the atomic structure of molten-salt candidates [30—33] and
their corrosive effects on structural materials [34—39]. With
the vast possibilities of salt compositions, predictive mod-
eling can alleviate experimental bottlenecks associated
with characterizing new salt mixtures [40—42]. To success-
fully ascertain the physical characteristics of molten salts
using simulations, their atomic structure needs to be mea-
sured experimentally to validate the assumptions required
in simulations. Furthermore, an understanding of salt struc-
ture provides the basis for understanding the macroscopic
thermochemical and thermophysical properties of a salt
and, thus, may provide an avenue for better predicting the
evolution of salt within a reactor with changes in tem-
perature and composition. The relationship between the
structure of a molten salt and its conductivity and/or ion
transport, viscosity, and solvation behavior has been ana-
lyzed in several studies [43—45]. Broadly, salt structure
has been characterized by its solvoacidity, or its degree
of association or dissociation as measured by the chemi-
cal activity of its Lewis base—F~ in the case of fluoride
salts [46—48]. Salt chemistry and fluoroacidity encompass
both composition and structure: i.e., what ions are present
and how they interact. By characterizing the interactions
among ions in a melt, we gain access to a more funda-
mental understanding and a greater predictability of salt
behavior.

The structure of molten LiF-BeF, solutions was studied
by x-ray diffraction (XRD) 50 years ago by Vaslow and
Narten [49], using a MoK, laboratory x-ray source. They
verified tetrahedral geometry for BeFif complex ions as
in the model developed by Baes [50] and output nearest-
neighbor (NN) distances and coordination numbers (CN)
for Be—F, Li—F, and F—F. They postulated corner-
sharing tetrahedra, showing a consistent Be—F CN of 4
for binary melts across the entire composition space from
100% LiF to 100% BeF,. This postulation was further
supported by molecular-dynamics models that predicted

NN and CN for LiBeF;; the Be—F values were within
two standard deviations, the F—F values were identical
between molecular-dynamics (MD) predictions and exper-
iments, and the Li—F NN distance predicted by MD at
760°C was more than three standard deviations smaller
than x-ray—measured values at 400°C [51].

Evidence of tetrahedral BeFi_ in molten LiF-BeF, solu-
tions is ubiquitous, beginning with measurements using
XRD and vibrational spectroscopy (infrared and Raman)
along with molecular-dynamics studies [49,51-53]. Evi-
dence of dimers and higher-order oligomers increasing
with the BeF, concentration has followed from Raman
spectroscopy and thermodynamic models fitted to mea-
sured activity coefficients and other thermochemical data
[42,54-56]. The formation of corner-sharing tetrahedral
BeFﬁ_ clusters (which was proposed from considering flu-
oroberyllate melts as analogous to SiO4 melts) [50] has
been reinforced by modern molecular-dynamics simula-
tions [40,42,44,57,58]. However, the ability to validate the
intermediate-range melt structure predicted in molecular
simulations is limited by the resolution of experimen-
tal XRD data available in the literature [49]. With the
NN structure of fluoroberyllate melts described and val-
idated, it now becomes possible to investigate the role
of intermediate-range order on solvation mechanisms and
other macroscopic physical and chemical properties of
fluids. Thus, validating molecular-dynamics models for
their structure predictions beyond the NN would be highly
impactful.

Molecular-dynamics simulations have revolutionized
the ability of researchers to discover and assess new
materials, aiding interpretation, error analysis, sensitiv-
ity analysis, and prioritization of experimental studies.
Ab initio molecular-dynamics simulations (AIMDs) have
been the premier method for modeling molten-salt struc-
ture and predicting physical properties [41]. However,
due to high computational costs, AIMD simulations are
practically limited to small system sizes (fewer than hun-
dreds of atoms). Meanwhile, classical interatomic poten-
tials can simulate large system sizes but have recently
been shown to inaccurately predict relative populations
of bond angles and clusters, which play an important
role in determining the thermophysical and thermochem-
ical behavior in structurally complex salt mixtures [59].
While such simulations have been used to interpret the
general features and structures that exist in an experi-
mental x-ray or Raman spectrum, precise reconstruction
and detailed analysis has not been possible. To over-
come these limitations, recent developments of neural-
network molecular-dynamics simulations (NNMDs) have
demonstrated that NNMD simulations can achieve near ab
initio accuracy, at orders-of-magnitude-higher speed and
scalability, for predicting the structures and properties
of molten salts [60—64]. Moreover, it has recently been
shown that larger NNMD simulations were required for
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accurately capturing the intermediate-range structures
beyond the first solvation shell that can emerge in salts
containing significant fractions of multivalent cations such
as Zr [59]. Structures of similar length scale have also been
predicted for LiF-BeF, with dissolved tritium [45,65].

In this work, we present a structural characterization
of molten FLiBe including total-scattering measurements
and molecular-dynamics simulations. We examined FLiBe
using both neutron and XRD from room temperature up
to 700°C, well above the melting point and in the typi-
cal range for energy applications including advanced fis-
sion and fusion reactors. Our measurements, conducted
using renowned sychrotron—x-ray and spallation-neutron
facilities, enabled higher resolution than prior XRD mea-
surements and a degree of detail inaccessible to previ-
ous studies. The use of both x-ray and neutron-scattering
techniques allows for insight into each species (Li, Be,
F), given their differing x-ray atomic form factors and
neutron-scattering lengths. These high-resolution measure-
ments are necessary to validate new molecular-dynamics
techniques and investigate the intermediate-range ordering
present within FLiBe. We performed AIMD and NNMD
simulations to interpret the structural peaks found in mea-
surements and we provide several validation experimental
data sets for both short-range and intermediate-range order
in FLiBe melts at multiple temperatures. Our neutron total-
scattering measurements provide new evidence for the
intermediate-range structure seen in the first diffraction
peak that is necessary to validate emerging molecular-
dynamics models.

II. EXPERIMENTAL AND COMPUTATIONAL
METHODS

A. Sample preparation

A 2:1 stoichiometric ratio of LiF and BeF, was prepared
with isotopically enriched "LiF provided by Oak Ridge
National Laboratory (ORNL) and BeF, from Materion. To
prepare the sample for neutron-scattering measurements,
a 1.3(1)-g sample of FLiBe was placed and melted in a
vanadium canister and sealed with a flanged titanium lid
and a graphite-foil gasket. FLiBe has a melting point of
459.1(2)°C [23,29]. The sealed canister was subsequently
cleaned from beryllium contamination by thoroughly wip-
ing the canister with Ghost Wipes and then sampling with
a Ghost Wipe to ensure that the surface contamination was
below the free-release limit of 0.2 ug Be per 100 cm?. For
X-ray scattering measurements, a sample of FLiBe (pre-
pared from constituent Materion salts) was loaded and
melted into a capped graphite insert and then placed into
a flame-sealed quartz NMR tube [33].

The "Li-enriched sample used in this study was believed
to be of approximately 99% enrichment, though the stock
"LiF was a legacy sample from ORNL and was not
labeled with a numerical value. We include a comparison

between a 99% and 95% "Li-enriched sample in Fig. S4 of
the Supplemental Material [66] by weighting the NNMD
results.

B. Neutron and x-ray scattering

Neutron total-scattering measurements were performed
at the NOMAD beamline [67] at the Spallation Neutron
Source (SNS). Samples were loaded into vanadium sam-
ple cans and placed into the vanadium furnace to measure
the sample from room temperature up to 700°C. The sam-
ple was heated using the vanadium furnace provided at the
beamline; the sample was measured upon heating, with
an exposure time of 5 min for each measurement. Once
the sample had reached 550°C and 700°C, the sample
was measured for 7.6 h at each temperature. The mea-
surements at the beamline were calibrated using standard
samples such as diamond and vanadium. The measure-
ments were background corrected by subtracting the empty
sample container [67]. The raw neutron-scattering inten-
sity was converted to the total (static) structure factor S(Q)
with corrections using the ADDIE software package [68] at
the beamline (shown in Figs. S5 and S6 of the Supplemen-
tal Material [66]). Q is the scattering vector and is defined
as O = 4x /(L) sin@ for elastic scattering, where A is the
wavelength of the radiation and 26 is the diffraction angle.
NOMAD has a Q range that extends out to 150 A~!. How-
ever, the Qunax used was 50 A1 for the structure factor
and the Fourier analysis before filtering (discussed in the
Supplemental Material [66]).

XRD measurements were conducted at the pair-
distribution-function (PDF) beamline (28-ID-1) [69] at
the National Synchrotron Light Source II (NSLS-II). The
sample was placed in a novel sample holder designed to
contain molten salts that includes a sealed quartz capil-
lary with a capped graphite insert to hold the salt [33]. The
x-ray measurements were performed with an amorphous-
silicon-based flat-panel detector mounted orthogonal to the
beam path that moved between two distances for PDF and
XRD measurements [69]. At the high-Q PDF distance, the
instrument measures a Q value out to 33 A~! and we used
a Omax Of 20 A~! for Fourier analysis. The distance was
calibrated by measuring a LaBg¢ standard sample. The sam-
ple was heated using a hot-air blower at a rate of 5°C per
minute until it reached 510°C. The sample was measured
while heating with an exposure time of 30 s for each mea-
surement. Once at 510°C, the sample was measured with
an exposure time of approximately 5 min. The raw two-
dimensional detector images were corrected using standard
procedures such as subtracting the detector dark current
and masking regions with artifacts. The corrected images
were radially integrated and converted into the scattering
intensity as a function of the scattering vector Q [70].
Patterns of the empty graphite quartz container were also
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measured and were subtracted from the sample measure-
ments (see Figs S7 and S8 of the Supplemental Material
[66]). The x-ray scattering intensities were converted into
the total structure factor S(Q) using the PDFgetX3 soft-
ware package [71], which uses an ad hoc data-correction
method to obtain the coherent x-ray scattering intensities.
The sample temperature was calculated using the methods
described by Sprouster et al. [33].

The total structure factor S(Q) calculated from the total-
scattering intensity is composed of partial structure factors
dependent on the salt components through

S(n/X) (Q) — Z Sg[;/X) (Q)
o,f>a
= > WY (0)S.(0), (1)
o,f>a
with
(n/x)(Q) Cotcﬂfa(Q)f,B(Q) ( _s, ) ’ (2)

[ cala @]

where o and § are coefficients representing the salt com-
ponents, c is the concentration of the atomic species, f (Q)
is the x-ray form factor [72], and §up is the Kronecker
delta function. The weights w,g are normalized such that
they sum to one for all values of Q. For neutron scatter-
ing, the x-ray atomic form factors are replaced with the
neutron-scattering lengths b, which are independent of Q.
The superscripts indicate that the structure factor or PDF
was weighted using Eq. (2) for neutrons (n) or x rays (X).
A discrete Fourier sine transform is used to calculate the
PDF g(7), as

Qmax sin Qr

g —1=

—1] AQ,  (3)

where pg is the average number density and r is the dis-
tance from a reference atom. The inverse Fourier sine
transform calculates the structure factor from the PDF:

o sin Or
A 4
0 @

S(Q) =1 =4mpy Yy rlgr) —1]

The PDF is the ratio of the atomic density at a distance
r from a central atom to the bulk density [73—76]. Note
that the unweighted partial PDF g, that we discuss is also
commonly referred to as the radial distribution function
(RDF) [40,44,62,65].

C. Coordination-number calculations

The coordination numbers (CN), N (r), were calculated
by integrating the area under the partial PDF using

"min

N (Fnin) = 47T,0/3 1 gp (r)dr

4
7;75) / r2 (n/ %) (rdr, %)

where pg = cgpo is the number density of the 8 atoms
around a central o atom [40,75,77]. The ry, value is
chosen as the first minimum in the partial PDFs.

The first-peak locations were determined by fitting the
simulated partial PDFs with a skewed Gaussian and cal-
culating the location of the maximum. The error estimate
comes from the fitting procedure. To find the first-peak
locations for the neutron and x-ray measurements, we fitted
our results with three skewed Gaussians summed together.
The peak location was calculated by finding the maxi-
mum point on the component Gaussians. The experimental
coordination numbers were calculated by integrating the
component Gaussian and removing the weight factor as
shown in Eq. (5) [78-80] (for more details, see Figs. S10
and S11 of the Supplemental Material [66]). Determination
of the x-ray coordination numbers was not feasible using
this method, because the weight factor w,g depends on Q.

We note also that the coordination numbers depend on
the chosen cutoff value, iy, at the first minimum gug(r),
as shown in Eq. (5). The Be—F partial PDF has a clear
minimum at zero and we use a ry;, value of 2.35 A. How-
ever, Winner et al. [44] have argued that r, (referred to
as the first-coordination-shell radius) for F—Be should be
1.92 A, which resulted in their CN result of 3.9. Using a
Fmin value of 1.92 A with our NNMD partials at 700°C, we
find the CN to be 3.89, which matches their results more
closely.

D. Molecular-dynamics simulations
1. Ab initio molecular-dynamics simulations

A supercell containing 91 atoms was used (13 Be, 26
Li, and 52 F). The simulation-cell volume was imposed
based on the FLiBe density of 2.0314 g/ml and 1.937 g/ml
at 510°C and 700°C, respectively [81]. More recent
experiments have found the density of FLiBe to be
2.029(11) g/ml and 1.948(14) g/ml at 510°C and 700°C,
respectively, with a molecular weight of 33.02(5) g/mol,
an LiF/BeF, molar ratio of 1.977, and 93.12% ’Li enrich-
ment [23]. Assuming natural isotopics for ’Li of 92.5%
and 6.94 g/mol Li atomic weight, the cell lengths are
10.17 A and 10.33 A, respectively. The AIMD simula-
tions were performed under Born-Oppenheimer approx-
imations using the Vienna ab initio simulation package
(VASP) [82]. For electronic self-consistent calculations, the
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generalized-gradient approximation (GGA) in the form of
the Perdew-Burke-Ernzerhof (PBE) exchange correlation
functional was adopted [83]. The following projector aug-
mented wave (PAW) pseudopotentials provided by VASP
were used to model the core electrons in FLiBe: Be (25°),
Li_sv (1s? 2s'), and F (25> 2p°). There was a large plane-
wave cutoff of 600 eV with a 1 x 107> eV convergence
criterion for electronic self-consistent steps. The calcu-
lations were performed using a single (gamma) k£ point.
The parameters chosen yield convergence with 2 meV per
atom. To account for the effect of dispersion interactions,
the density-functional-theory (DFT)-D3 formulation pro-
posed by Grimme et al. [84] was used. This formulation
has previously been found to most closely match the exper-
imental density for the FLiBe system. All calculations
were performed allowing for spin polarization. The canon-
ical (NVT) ensemble using a Nosé-Hoover thermostat [85]
was employed while maintaining periodic boundary con-
ditions. The supercell was first initialized with a random
structure generated with the PACKMOL software package
[86] to avoid overlapping atomic positions. The initial ran-
dom configuration was equilibrated at 510°C and 700°C
for 20 ps to develop the liquid structure. Once equilibrated,
the nearly 50-ps simulation trajectory should be sufficient
to obtain a converged molten-salt structure and proper-
ties according to our previous work [87]. A time step of
2 fs was used for all of the AIMD simulations. The pres-
sure of the equilibrated fixed-volume cells was —500 and
—300 MPa, respectively (95% confidence interval).

2. NNIP training

For training of the neural-network interatomic poten-
tial (NNIP), the DeePMD-kit (DP-kit) software package
(version 1.3.3) was employed [88]. The Deep-Pot-Smooth
Edition (DeepPot-SE) potential contained inside the DP-
kit was chosen due to a smooth and continuously dif-
ferentiable potential-energy-surface generation [89]. The
DeepPot-SE model learns a mapping between the local
environment of each atom within an 8-A cutoff to a per-
atom energy, such that the sum of the atomic energies
corresponds to the reference DFT energy. The gradients
of the NNIP predicted energies are then used to com-
pute the atomic forces. Both the reference energies and
forces are included to evaluate the loss function, which
is minimized during training of a DeepPot-SE model. The
training data set comprised 11 019 configurations at 510°C
and 10283 configurations at 700°C, containing LiF and
BeF, of the AIMD simulations with 91-atom supercells.
During the training, the data sets were shuffled and were
split into 80% and 20% for training and validation, respec-
tively. Here, a smooth-cutoff and hard-cutoff radius of
2 A and 8 A, respectively, were chosen. The inclusion of
a smooth-cutoff radius in the DeePMD-SE model avoids
sudden discontinuity when evaluating atomic forces by

introducing a weighting function that smoothly degrades
to zero between the smooth- and hard-cutoff radius. The
atomic environment within the hard-cutoff radius of 8 A is
considered to evaluate the atomic centric descriptor, which
is eventually mapped to the atomic energies during model
training (for additional details, see the Supplemental Mate-
rial [66]). The embedding-network and fitting-network size
were {25,50,100} and {240,240,240}, respectively. The
tunable prefactors in the loss function were chosen at
0.002, 1000, 1, and 1 for pSart, pstart plimit - and plimit,
respectively. These network parameters have previously
resulted in well-fitted potential-energy surfaces for multi-
component molten-salt systems [59,62]. Here, the network
was only trained on AIMD energies and forces. The trained
network using DeepPot-SE yielded energy and force errors
of 1.92 meV per atom and 22.1 meV/A, respectively, for
the validation set. The resulting errors are within the pre-
cision of DFT. The low energy and force-training testing
errors suggest a well-fitted potential-energy surface.

3. Neural-network molecular dynamics using developed
NNIP

The trained NNIP potentials were used in the Large-
Scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) molecular-dynamics program via the inter-
face with DeePMD-kit [90]. The NNIP-based molecular-
dynamics (NNMD) simulations allow for simulating the
larger simulation-cell parameters that are required to gain
sufficient resolution at Q ~ 1 A~!. For this purpose, cell
parameters of 20.33 A and 20.66 A were chosen for the
NNMD simulations of FLiBe at 510°C and 700 °C, respec-
tively, comprising 728 atoms (208 Li, 104 Be, and 416 F)
and corresponding to liquid densities of 2.0314 g/ml and
1.937 g/ml, respectively. During the NNMD simulations,
at least 2 ns simulations were performed using 2-fs time
steps and employing the Nosé-Hoover thermostat [91] in a
constant-volume ensemble (NVT). Periodic boundary con-
ditions were maintained in all three directions. After 0.5 ns
of equilibration, trajectories longer than 1.5 ns were used
to study radial distribution functions as well as to perform
structure-factor calculations. More details on the analysis
are provided in the following sections.

E. Quantifying agreement between experiments and
simulations

To evaluate the agreement between the simulations and
the experimental results, we calculated the R, factor pro-
posed by Wright [92] and used by others [93—96], which is
defined by

1

12
RX = (Z [fexp(xi) _fsim(xi)]z/Zfe;%p(xi)) . (6)
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FIG. 1.
melting point.

Here, fexp and fem correspond to measured and simulated
S(Q) and g(r). All of the R factors are calculated and listed
in Table S1 of the Supplemental Material [66]. We evalu-
ated the structure factor in the range 1 < Q < 15 A~! and
the PDF in the range 1 <r < 10 A, except for the AIMD
results, which extend to only approximately 5 A. All of
these values are presented in Table S1 of the Supplemental
Material [66].

III. RESULTS

The results of the total structure-factor measurements
using neutrons and x rays while heating above and below
the melting point of FLiBe are displayed in Fig. 1. At the
lower temperatures, the crystalline Bragg peaks are clearly
visible until the sample fully melts around 470 °C. At tem-
peratures above the melting point, a few peaks remain,
broader and of lower intensity than for the solid phase,
and most of the higher-Q peaks are no longer present.

(@)

gaﬁ(r)

175 F (b)
15.0 F
A I A AAMeared 28 °C |
125k A Adhsa Mol A MW—JL78°C‘
— 1 {1 [T} A A M dnaesh 127 °C
| 10.0 —— d A Mok MA s prAdanah 200 C
. _ A ™ A As Mt 256 °C
o — Y1V ITW) Aot 323°C'
;<" 75 E— A A ™ ‘M_A l A hardn. 381 c'
(_/" —_— '™ ‘h‘ ll N SN ' | 437°CA
5.0 p—a L VUL Lot Lisdn, L 473 C.
484 °C
495 °C
25k 511 °C
513 °C
0.0 |- 515 °C
1 L 1 L L L 1 L L L 1 L L L 1 L
0 2 4 6 8
Q (A1)

The total (a) neutron and (b) x-ray structure factors of FLiBe at various temperatures above (orange) and below (blue) the

Once molten, the liquid peaks only have small changes
upon further heating, with the peak intensity decreasing
and moving toward smaller Q values (see Fig. S12 of the
Supplemental Material [66]). The partial PDFs and partial
structure factors predicted by the NNMD simulations at
700°C are shown in Fig. 2 for each of the atomic pairs in
FLiBe; the same results from our AIMD simulations, and
from prior studies by Winner et al. [44] and Attarian et al.
[58], all showing similar features, are provided in Figs. S2
and S3 of the Supplemental Material [66].

Our x-ray scattering measurements of molten FLiBe are
compared to those measured by Vaslow and Narten [49]
and displayed in Fig. 3. We find the small first peak in
the reduced structure factor at 1.7 A‘l, which Vaslow
and Narten [49] observed to increase with the concentra-
tion of BeF, in LiF-BeF, mixtures. The first three peaks
in the reduced structure factor match closely in position
but vary slightly in intensity, likely due to changes in data
processing. Our measurements have much higher

Saﬁ(o) -1

Q (A

FIG. 2. The NNMD simulation results of the (a) unweighted partial PDFs and (b) unweighted partial structure factors of FLiBe at

700°C.
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555°C). Note that the reduced structure function is defined as F(Q) = Q[S(Q) — 1]. The dashed portions of the Vaslow PDF results

were reported as artifacts resulting from the limited Q range.

resolution and extend out further in Q, which improves
the quality of real-space PDF measurements. Our PDF
measurements contain the same two large peaks at 1.5 A
and 2.5 A, with slight differences in position and intensity.
Additionally, we resolve the small peak at 1.9 A that was
displayed with dashed lines and attributed as an artifact
from their limited Q range.

The results of the total structure factor of FLiBe
at 550°C and 700°C from neutron measurements are
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included in Fig. 4, compared with corresponding neutron-
weighted results from AIMD and NNMD simulations. The
experimental structure-factor measurements were used to
calculate the PDF [using Eq. (3)] for real-space analysis
to compare with the simulated PDFs. These partial PDFs
reveal the atomic pairs that produce the peaks measured
with experiments, such as the main peak at 1.56 A, being
the result of Be—F correlations. The NN peak locations
and CNs are included in Table 1. We found the neutron and
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\
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FIG. 4. The experimental and computational results of the neutron PDF and structure factor of FLiBe at 550°C and 700°C. (a),(b)
The NNMD simulation results weighted with neutron-scattering lengths. (c),(d) The neutron-scattering results with AIMD and NNMD
simulation results for comparison. Note that the MD results are at 510°C.
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TABLE I. The experimental and computational results of the first-peak locations and coordination numbers of FLiBe. CNs from
AIMD and NNMD were calculated by integrating the partial go4(r) using Eq. (5).
Temperature Nearest-neighbor distance (A) Piin Coordination number

Pair °C) AIMD NNMD Neutron X ray (A) AIMD NNMD Neutron
F—Be 700 1.548(1) 1.546(1) 1.53(1) 3.99(5) 3.97(5) 3.67(15)

550 1.53(1) 2.35 3.73(15)

510 1.552(1) 1.551(1) e 1.51(1) 4.00(5) 4.00(5) e
F—Li 700 1.850(2) 1.849(3) 1.95(2) 4.52(8) 4.50(8)

550 1.92(2) 2.75

510 1.854(2) 1.860(2) e 1.92(2) 4.63(8) 4.66(8)
F—F 700 2.585(5) 2.587(6) 2.53(1)

550 2.52(1)

510 2.576(4) 2.579(5) e 2.47(1)

2Because neutron-diffraction measurements only provide total g”(r), the CNs were determined by integrating Gaussians fitted to the

total g” (r); we observe the uncertainty introduced by this method to be £0.15.

x-ray Be—F and F—F experimental NN distances to be
smaller than those found through simulations and Li—F
had larger distances.

The results of the structure factor from XRD measure-
ments are presented in Fig. 5 with the same AIMD and
NNMD simulation results weighted using x-ray atomic
form factors. These partial S, reveal the atomic correla-
tions producing the scattering peaks, such as the first peak
at 1.7 A~!, being comprised of Be—F and F—F, which
Vaslow and Narten [49] found to increase with the BeF,
concentration. The first peak measured with x rays around
1.7 A" is significantly weaker than the neutron-scattering
measurements because the atomic form factor for fluorine
is 5 times larger than for the other two atoms in FLiBe.
This causes a much lower peak than measured with neu-
trons and is evident with the NNMD x-ray weighted results
in Fig. 5(b). From the same reasoning, the second peak
at 2.7 A~! is dominant in the x-ray measurements. The
peak position and intensity in the simulated structure fac-
tors match closely with the experimental results [Fig. 5(d)].
The small first peak matches better in position and intensity
between the NNMD simulations and the x-ray scattering
measurements than the second peak, which is predicted
from the NNMD simulations to be at a slightly lower Q
value and a weaker intensity than was measured; the peaks
at larger Q also follow this trend. The neutron results show
this same shift relative to the predicted structure factor
but the difference is less pronounced. To compare all our
data, we display both g(r) and S(Q) from neutrons, x-rays,
AIMD, and NNMD all vertically aligned in Fig. S1 of the
Supplemental Material [66].

The partial structure factors in Figs. 4(b) and 5(b) help
identify the contribution to the first S(Q) peak as hav-
ing Be—F, Be—Li, and Be—Be components. Using the
partial-structure-factor results from simulations, we can
evaluate the charge-alternation peaks described by Sharma
et al. [98] The second peak at 2.7 A-! appears to contain

the charge alternations that are predicted to have positive
correlations, with matching cation-cation and anion-anion
pairs and negative correlations with opposite pairs. This
peak is composed of positive F—F and Be—Be correla-
tions along with negative F—Be correlations. Note that the
negative 'Li scattering length causes the F—Li and Be—Li
correlation to be the opposite of the expected sign in the
neutron structure factor.

IV. DISCUSSION

The coordination numbers of Be by fluorine, as cal-
culated from the AIMD and NNMD simulations, are
compared with the experimental values calculated from
our neutron measurements in Table 1. We find that these
results agree to the nearest integer value, with the exper-
imental values showing a slightly lower CN. Our CN
calculations agree with other experimentally and computa-
tionally determined values [44,49,58,65]. A CN less than
the nominal value of 4 is significant, since it indicates
that Be is under-coordinated. A highly networked melt
such as FLiBe with a capacity for under-coordination can
be described as having an acid-base buffering capacity,
which means that it maintains its fluoroacidity (the activ-
ity of F7) upon the addition of solutes [44]. If the melt
can accommodate the addition of solutes without a sub-
stantial change in its fluoroacidity, i.e., its structure as
defined by association and dissociation reactions, it can
solvate fission or corrosion products without major fluctua-
tions in viscosity or other parameters affected by structure.
An under-coordination of Be as indicated by our neutron
experiments merits further analysis due to the relevance of
the buffering capacity to macroscopic properties such as
the viscosity and corrosivity.

As seen in Fig. 4(d), AIMD is able to accurately predict
S(Q) for O > 4 A~!, corresponding to the local structure
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The experimental and computational results of the x-ray scattering PDF and structure factor of FLiBe at 510°C. (a),(b)

The NNMD simulation results weighted with the atomic form factors, and (c),(d) x-ray scattering results with AIMD and NNMD

simulation results for comparison.

within the first solvation shell. We evaluate the agree-
ment of the AIMD-predicted structure factor with neutron
measurements to be R, = 7.7% for the neutron S"(Q).
However, the AIMD-simulated spectra show significant
differences in the peak heights and distances for Q <
4 A~!, showing inaccurate predictions of bond lengths
and coordinations of intermediate-range structures. This
is due to the small-cell limitations of the AIMD simula-
tions, in which intermediate structures interact with their
self-images across periodic boundary conditions. These
limitations cause the AIMD simulations to produce arti-
ficial cutoffs on the intermediate-range structures, which
are better represented in the NNMD simulations due to the
larger cell sizes.

A better insight into this can be gained by quantita-
tively comparing the ([BeF,]*), cluster sizes between
the AIMD and NNMD simulations. To identify the
([BeF,]*7),, clusters in the melt, the F—Be bond length
was chosen to be 2.35 A, which was obtained from the
rmin vValue found in the F—Be partial PDF. The num-
bers of clusters of each size n were counted throughout
the equilibrated NNMD and AIMD trajectories and were
then normalized by the total number of Be atoms in each
system. The distribution of cluster sizes larger than 2 is
shown in Fig. 6(b). It was found that the occurrence of
large ([BeF4]z_)n clusters (with n > 4) is less prominent
in the AIMD simulations compared to NNMD, resulting in

a greater mismatch in S(Q) for O < 4 A~! in Figs. 4(d) and
5(d). Meanwhile, as beryllium fluoride intermediate-range
structures are better represented in large-cell NNMD sim-
ulations, the NNMD-predicted S(Q) features (peak heights
and positions) agree very well down to the lowest Q values
with minor mismatches, with R, = 2.7% for the neutron
S"(Q).

The intermediate-range correlations in molten FLiBe in
the form of ([BeF,]*"), oligomers are evident through the
first neutron-structure-factor peak at 1.7 A~'. An increase
in correlations beyond the first shell (e.g., Be—Be) would
cause a commensurate increase in the peak height and
decrease in peak width, as shown in Figs. 4(d) and 5(d).
Our NNMD simulations with a large cell size of approx-
imately 21 A and a simulation time of nearly 1.5 ns
(compared to approximately 10.33 A and 0.05 ns for
AIMD) matched the experimental first peak both in inten-
sity and width and, as such, sufficiently and accurately
sampled the intermediate-range structures. The neutron-
structure-factor measurements provide clear evidence for
the intermediate-range structure in FLiBe. The x-ray struc-
ture is dominated by the fluoride ions with only small
contributions from Be—F and Be—Be correlations. Hav-
ing both neutron and x-ray measurements provides contrast
in the contributions of each element to the respective struc-
ture factors. For example, the more pronounced differences
between the x-ray and NNMD structure factors suggests
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FIG. 6. (a) Snapshots of ([BeF,]*"), clusters from FLiBe NNMD simulations at 700°C with Li bonds removed from the visual-
ization in the VESTA software package [97]. Note that the ions have been made all the same size for clarity. (b) The ([BeF,]*7),
cluster-size distribution normalized by the number of Be atoms, comparing AIMD and NNMD results. The snapshots of clusters with

2, 3,4, and 5 Be cation centers are shown as a guide.

that the contribution of the fluorine atoms to the structure
requires further refinements in modeling.

The disagreement between experiment and simulation
could be caused by errors in predicting long-range inter-
actions at the level of DFT and the interatomic potential
fitting. To elaborate, the accumulated errors from approx-
imations of semiempirical DFT—van der Waals (vdW)
functionals in addition to the remaining contribution from
long-range interactions could have led to the observed
disagreement in peak positions and intensities between
the simulated and measured neutron [Fig. 4(d)] and x-ray
[Fig. 5(d)] structure factors, primarily at lower Q values.
To address the former, a more thorough investigation is

0.03
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0.01

Normalized frequency

0.00
60 80

100 120
Angles (deg)

140 160 180

FIG. 7.
they integrate to one.

required in which the dispersion methods are systemati-
cally tested to more accurately account for the long-range
interactions at the DFT level. For instance, we note from
our study [99] that it is possible for compounding approxi-
mations of semiempirical DFT-vdW functionals to induce
larger errors for the system, which are more strongly
influenced by long-range interactions.

A further insight into the FLiBe structure as predicted
in the AIMD and NNMD simulations can be gained by
bond-angle-distribution analysis, as shown in Fig. 7. Both
AIMD and NNMD predict an average F—Be—F angle
of approximately 108°, which corresponds to tetrahedral
beryllium fluoride [Fig. 7(a)]. The peak in the Be—F—Be
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The (a) F—Be—F and (b) Be—F—Be bond-angle distribution from molecular-dynamics simulations, normalized such that
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angle distribution [Fig. 7(b)] corresponds to corner-
sharing beryllium fluoride complexes, which lead to
extended-range ordering in the melt. Both the F—Be—F
and the Be—F—Be angle-distribution plots are normal-
ized such that their area integrates to one.

The demonstrated ability of NNIP to accurately pre-
dict intermediate-range structures and their populations
despite being trained on small DFT simulation cells can
be attributed to (1) training on a diverse range of con-
figurations beyond a single AIMD trajectory and (2)
sufficient charge screening of long-range interactions in
FLiBe. First, training the NNIP on configurations sam-
pled at both 510°C and 700°C enables accurate inter-
polation of atomic forces and energies over the wide
range of NNMD-predicted configurations. Second, it is
believed that the electrostatic potential beyond the 8-A
NNIP cutoff is sufficiently screened by polarizable sol-
vent ions. This is consistent with our previous studies of
other molten salts containing multivalent cations [59], in
which the NNMD-predicted structures were supported by
Raman spectroscopy. However, as mentioned previously,
the compounding approximations of semiempirical DFT-
vdW functionals and the NNIP truncation beyond 8 A may
induce larger errors for those systems and properties that
are more strongly influenced by long-range interactions
[99]. In such cases, other considerations may be required
for the explicit treatment of these effects. Overall, here, the
NNIP agrees with the scattering structure factor, providing
confidence in the structural analysis.

V. CONCLUSIONS

In conclusion, we performed neutron and x-ray total-
scattering measurements along with AIMD and NNMD
simulations to characterize the structure of molten FLiBe.
The combination of both neutron and x-ray measurements
provides contrast in the contributions of each element
to the structure of FLiBe. Moreover, the neutron first-
structure-factor peak clearly presents the intermediate-
range correlations comprised of ([BeF,]*7), oligomers.
The consistency between our experimental and compu-
tational findings provides confidence that this structural
characterization may serve as a reference for future inves-
tigations of the fluoroberyllate melt structure and its prop-
erties. These results will prove useful in investigations of
the influence of salt structure on its thermochemical and
thermophysical properties, which are relevant for appli-
cations of molten salts. The use of salts in real energy
systems requires the ability to calculate macroscopic prop-
erties such as conductivity and viscosity [43], salt acidity
and corrosivity [44], solvation [45], and ion transport [59],
which are strongly related to the intermediate-range struc-
ture beyond the NN. Therefore, our examination of the
structure beyond the NN will have profound effects on
the ability to predict how properties evolve in order to

select optimal compositions. Specifically, our analysis of
the oligomer structure and the CNs will be critical toward
studying FLiBe salt in the presence of corrosion and fission
products [44]. Overall, a broad and deep understanding of
molten-salt structure, as enabled by varied high-resolution
techniques, provides the basis for predicting the macro-
scopic properties relevant to engineering applications. We
hope that this work will serve as a starting point for fur-
ther studies of the effects of reactor salt compositions and
conditions on salt structure and properties.

The experimental and computational data on the molten
structure of FLiBe presented in this paper are openly
available on Zenodo [100].
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