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a b s t r a c t

In situ high temperature NMR spectroscopy was used to characterize the NaF-ScF3 melt over a wide range
of compositions. 19F, 23Na, and 45Sc NMR spectra were acquired in NaF-ScF3 melts of up to 70mol% of
ScF3. The interpretation of all experimental results obtained in situ in the melt is significantly enhanced
by the contribution of Molecular Dynamics (MD) calculations. A new interatomic potential for the molten
NaF-ScF3 system was developed by using a Polarizable Ion Model (PIM). The potential parameters were
obtained by force-fitting to density functional theory (DFT) reference data. MD simulations were com-
bined with further DFT calculations to determine NMR chemical shifts for 19F, 23Na, and 45Sc. The
agreement between the experimental NMR data and the corresponding calculated data from our applied
computational protocol indicated the polymerization and network formation in the melt. Additionally,
the density and the electrical conductivity in the molten state were calculated from the statistical
analysis of ionic trajectories obtained through MD simulations.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

One of the main fields of application of scandium is the devel-
opment of lightweight, high-strength aluminum alloys [1]. Scan-
dium in aluminum-based alloys is introduced during their
manufacture as an aluminum-scandium master alloy where scan-
dium content is varied from 1.5 to 5wt%. The structure of the Al-Sc
master alloy represents a solid solution of scandium in aluminum
with dispersed particles of the Al3Sc intermetallic compound [2].
The maximal solubility of scandium in aluminum-based solid so-
lutions does not exceed 0.8wt% [3]. Thus, А13Sс is formed during
both initial and eutectic crystallization, and as result of decompo-
sition of a supersaturated solid solution. This intermetallic phase,
with a face centered cubic lattice, has very close geometrical pa-
rameters to the aluminum lattice that results in the unique influ-
ence of scandium on structure and properties of aluminum alloys
[4].

Themainmanufacturers of Al-Sc master alloys use the following
matullin).
methods for their synthesis: direct alloying of scandiummetal with
aluminum, electrowinning from molten salts containing scandium
salts or oxide, and aluminothermic reduction of scandium salts or
Sc2O3 [5]. The last technique allows technological use of scandium
concentrate based on NaScF4 that was obtained from waste solu-
tions arising from uranium underground leaching according to the
original method [6].

Therefore, the study and comprehension of the ionic structure of
the electrolyte, consisting of NaF and ScF3, represents an important
contribution to understanding the mechanism of the formation of
Al3Sc. Chemical and physical properties of this melt strongly
depend on scandium speciation.

The information concerning scandium speciation in halide sys-
tems is relatively poor. Moreover, most authors have used limited
number of techniques in their works. Several electrochemical
studies indicated that complex Sc3þ ions are the only soluble
scandium species in chloride and chloride-fluoride molten salts
[1,7,8], however their structure in the melts is unknown. CsI-ScI3
and CsCl-ScCl3 mixtures were studied in detail in both molten and
solid state by Raman spectroscopy over the entire composition
range at temperatures up to 1000 �C [9e11]. In the molten CsI-ScI3
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Table 1
Pair potential parameters (all of the parameters are given in atomic unit (au)).
Where, Bij and aij are parameters from the repulsion term; Cij

6 and Cij
8 are respectively

dipole-dipole and dipole-quadrupole terms from the dispersion component be-
tween two ions at a longer range. The dipole polarizabilities of fluoride, Scandium
and sodium ions obtained in this work are 8.158 au, 2.318 au and 0.847 au,
respectively.

Ion pair Bij aij C6
ij C8

ij

F� - F� 392.57 2.48 3.11 104.93
F� - Sc3þ 51.45 1.77 4.68 33.76
F� - Naþ 38.73 1.89 0.65 8.07
Sc3þ - Sc3þ 3.00 0.99 761.16 1454.85
Sc3þ - Naþ 0 5.22 189.72 1382.19
Naþ - Naþ 9.04 1.82 91.06 83.52

A. Rakhmatullin et al. / Journal of Alloys and Compounds 786 (2019) 953e959954
system with scandium iodide mole fractions below 0.6, the pres-
ence of ScI63� and ScI4� species in the equilibrium was proposed. In
the CsCl-ScCl3 system, a different ionic species, i.e. ScCl74�, ScCl63�,
Sc2Cl93�, and ScCl4�, were established. A cluster-like model for the
structure of pure molten ScCl3 was also proposed, where fragments
of scandium octahedra bridged by chlorides were terminated with
scandium tetrahedra having terminal chlorides.

The aim of this contribution is to investigate the structure of
molten NaF-ScF3 binary systems by a multinuclear (19F, 45Sc, and
23Na) in situ NMR spectroscopy at high temperature and by com-
putations combining Molecular Dynamics (MD) simulations and
density functional theory (DFT) calculations. To perform MD sim-
ulations over a large dynamic time interval (1e5 ns), a classical
interaction atomic potential for NaF-ScF3 melts has been specially
developed. The interatomic potential was validated over a wide
range of compositions, by computing the NMR chemical shifts of
each nucleus in the framework of the density functional theory. DFT
calculations were performed on configurations generated along the
MD simulations without further optimization. Statistical analysis of
ion trajectory from MD simulations allowed to describe accurately
the structure of the melts and to establish the relation between the
physicochemical and structural properties.

2. Methods and experiments

2.1. Materials

For the preparation of the samples, the following chemicals
were used: NaF (Fluka, min. 99.9%; dried in vacuum at 773 K for
4 h), ScF3 (Sigma-Aldrich, 99.9%), without further purification. All
fluorides were stored in a dry box under argon atmosphere main-
tained below 0.3 ppm of moisture and 0.1e0.5 ppm of oxygen.
Different compositions of ScF3 and NaF were prepared by mixing
and grinding the corresponding fluorides. For high temperature
(HT) NMR measurements, approximately 60mg of the mixtures
were put into tightly closed high purity boron nitride crucibles to
avoid any contamination by the surrounding atmosphere.

2.2. NMR spectroscopy

The HT NMR spectra were acquired using the laser heated NMR
system developed in CEMHTI, Orleans [12]. The BN crucible was
hermetically closed, containing the sample in powder form is
placed inside the RF-coil, in the centre of the cryomagnet. To insure
a good homogeneous heating, the top and the bottom of the cru-
cible are heated by a CO2 laser (Coherent Diamond 250W), passing
axially through the NMR probe. The temperature was controlled by
the laser power following a preliminary calibration curve. During
the experiment, the temperature was held at 10 �C above the cor-
responding sample melting point [13]. The melting point of the
sample is clearly detected by the modification of the shape and
width of the NMR line. The transition from solid to liquid state can
be followed by 19F NMR spectra during the heating of the sample.
The desired temperature should be reached in the sample after
4e5min. During the NMR experiments, the peaks do not change
with time once the sample is in the liquid state. NMR spectra of 19F,
23Na, and 45Sc have been acquired for NaFeScF3 compositions
ranging from 0 to 70mol% ScF3. It was not possible to obtain HT
NMR spectra at concentrations above 70mol%, due to the very high
melting point [13]. ScF3 has a maximum melting temperature
among all simple fluorides (MFx) Tm¼ 1550± 3 �C [14].

2.3. Molecular dynamics simulations

Molecular dynamics simulations were performed using the
polarizable ion model (PIM) [15,16]. This model uses a classical
interatomic potential, which is a sum of four pairwise additive in-
teractions. The analytical expression is made up of four terms:

V ¼
X
i< j

 
qiqj

rij
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The first term corresponds to the electrostatic interactions. The
two following terms are expressed by a Born-Huggins-Mayer type
potential; they consist of an exponentially decaying term ac-
counting for the overlap repulsion of the electronic clouds at short
distances, and a term, which represents the dispersion effects. The
Bij and aij represent the repulsion coefficients and the Cij

6 and Cij
8

parameters are the dipoleedipole and dipoleequadrupole disper-
sion coefficients. The fn are Tang-Toennies dispersion damping
functions [17] describing the short range penetration correction to
the asymptotic multipole expansion of dispersion.

Finally, the fourth term, called polarization term reflects the
distortion of the electronic density in response to the electric fields
due to all the other ions, which results in induced dipole on each
ion [18]. This polarization term include charge-dipole and dipole-
dipole interactions as well as the polarizability a, corresponding
to the energy cost of deforming the charge density of the ion i to
create the induced dipole:

Vpol ¼
X
i; j
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where mi are induced dipoles on each ion i, Ta and Tab are the
chargeedipole and dipoleedipole interaction tensors, ai is the
polarizability of ion i and gji are Tang-Toennies functions.

The parameters listed in Table 1 for each atomic pair are specific
of the studied system and force field used.

Their determination was made by a ‘force-matching’ method
[19,20] based on ab initio DFT calculations of forces, dipoles and
stress tensor chosen as reference. These first-principles electronic
structure calculations were performed on nine high temperature
ionic configurations to cover a wide range of compositions going
from 5 to 70mol% of ScF3. The DFT calculations were carried out by
using a generalized gradient approximation (GGA) with a Perdew,
Burke, and Ernzerhof (PBE) exchange-correlation functional [21] as
implemented in the Vienna Ab-Initio Simulation Package (VASP)
[22e24] with the cut-off energy (Ecut) fixed at 800 eV. The disper-
sion interactions are explicitly calculated through the use of the
DFT-D3 correction [25], which gives a better representation of the
interaction. The forces and dipoles on each ion were determined
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from the results of this calculation. The forces on each species and
the stress tensors were obtained directly from each DFT calculation
using the Hellmann-Feynman theorem. As for the dipoles, they
were extracted by making use of the transformation of the
KohneSham orbitals to a Maximally Localized Wannier Function
set [26]. Then the parameters in the polarizable potential were
optimized by matching the dipoles, forces and stress tensors from
the potential on the same ionic configuration to the Ab-Initio values
[27]. A visual representation of the matching obtained from DFT
and PIM is presented in the supporting information (Fig. 1S).

In this work, a simple cubic box corresponding to the unit cell
was used with periodic boundary conditions that impose a specific
symmetry on the system under study. For the MD simulations, the
systems were first equilibrated using the isothermal-isobaric (NPT)
ensemble for several compositions ranging from 5 to 70mol% of
ScF3. The temperature and the average internal pressure were held
at 10 �C above melting point (Table 2) and 0 GPa, respectively, by
coupling the simulation cell to Nos�e-Hoover thermostat chains and
a barostat [28,29]. The melting temperatures for the different
compositions were extracted from the phase diagram established
by Thoma and Karraker [13].

The relaxation time that sets the strength of the coupling of the
system to the thermostats or to the barostat was fixed to 20 ps and
the time step for integrating the equations of motion was fixed to 1
fs using the Verlet algorithm [30]. The aim of this equilibration
period, whose duration was typically 200 ps, was to allow the
system to reach equilibrium. The cell length was fixed to the stable
average value of the NPT run. In our case, this equilibration time
corresponds to the time required for the total energy of the system,
the temperature and the density were calculated from length of the
cell, to reach a steady state around an average value. We considered
that this stability was achieved when the ratio between the average
absolute deviation and the average value is less 5%.

After the first stage of equilibration, the system was simulated
for 1 ns in the canonical ensemble (NVT) by fixing the length of the
cell to its average value. During this production phase, the atomic
coordinates, the energies, the dipoles and the velocities of the
different ions were recorded every 100 fs. The parameters of the
cubic cells (compositions, number of atoms and volumes) used for
simulations are provided in Table 2. The volume of the box was
calculated by considering a cubic box. Using a confidence interval of
68%, the uncertainty about the length cell was determined from the
calculation of its mean value and the corresponding standard de-
viation on the last 100 ps of the equilibration phase.
Table 2
Molecular dynamics simulations conditions of NaF-ScF3: compositions, number of
atoms (NF-, NNaþ, and NSc3þ), volume of the cubic cell, and melting point.

mol% ScF3 NF- NNaþ NSc3þ Volume, Å3 Melting point, K

0 100 100 0 3638± 113 1268
5 115 100 5 3865± 78 1227
10 124 94 10 3941± 79 1186
15 138 90 16 4074± 81 1082
20 148 85 21 4256± 83 1123
25 120 60 20 3400± 72 1158
28 122 56 22 3268± 70 1135
31 124 52 24 3216± 69 1090
33 125 50 25 3260± 70 1004
37 126 45 27 3042± 67 925
40 128 44 28 3061± 67 926
46 131 38 31 3183± 69 1175
50 132 33 33 3247± 70 1370
56 134 29 35 3282± 70 1483
60 143 26 39 3445± 109 1523
70 161 20 47 3762± 77 1665
2.4. NMR DFT computational details

The chemical shielding tensors for all atoms (19F, 23Na, 45Sc) in
the molten system NaF-ScF3 have been calculated using the gauge
including projector augmented wave (GIPAW) method [31]
implemented with the NMR-CASTEP code [32,33]. The PBE func-
tional [21] was used for the exchange-correlation energy and the
core-valence interactions were described by ultra-soft pseudopo-
tentials (USPP) [33]. The USPP were generated during “the on the
fly” generator (OTFG_USPP) included in CASTEP. The wave func-
tions were expanded on a plane-wave basis set with a cutoff-
energy of 610 eV. The Brillouin zone was sampled using a
MonkhorstePack grid [34] spacing of 0.05Å�1.

In order to take into account, the thermal agitation of the ions
due to the temperature into the NMR parameters calculation, 10
snapshots were extracted every 100 ps along the MD trajectory
simulated in the NVT ensemble. For each snapshot, the individual
chemical shielding tensor is calculated for all the nuclei of the
system. The isotropic shielding values are then averaged to give a
mean value for each atomic configuration. For each composition,
the isotropic chemical shielding was obtained by averaging the
values obtained from the 10 snapshots [19,35,36]. Therefore, to
convert the calculated isotropic chemical shielding into isotropic
chemical shift, the definition of calibration curve relating isotropic
chemical shift and shielding is necessary. For 45Sc and 19F the
relationship reported in our previous study [37] and for 23Na the
relationship reported on [19] were applied.
3. Results and discussions

3.1. HT NMR in NaFeScF3 melts

The NMR spectra acquired in the molten state consist in a single
Lorentzian line, characteristic of a rapid exchange at the timescale
of NMR between the different atomic configurations around the
observed nucleus. The measured chemical shift is thus the average
of the individual chemical shifts of the different species.

The 19F spectra obtained in NaFeScF3 melts at high temperature,
over the whole range of compositions are presented in Fig. 1. 19F
chemical shifts obtained in our system ranged from �233.5 ppm
to �7.9 ppm. The evolution of chemical shift was monotonous and
nonlinear with composition (Fig. 2 left). This evolution is very
similar to the trend already observed in the case of rare earth
fluoridee alkali fluoride systems AF-ReF3 [38,39], LiF-ZrF4 [40], and
for the AF-ThF4 [41] system (A¼ Li, Na, and K; Re¼Y, La, Ce, Lu). This
evolution is explained by the existence of three different fluoride
Fig. 1. The 19F NMR spectra of NaFeScF3 melts.



Fig. 2. NMR chemical shift evolution for 19F (left) and for 23Na, 45Sc (right) in NaFeScF3. The calculated (full markers) and experimental (empty markers) chemical shifts are shown.
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types. At high NaF content, fluoride anions are mainly free. The
signals for the terminal (non-bridging) fluorines appear in the
chemical shift range from �63 to �114 ppm and the chemical shift
range for the bridging fluorines is from �23 to �75 ppm [37].
Therefore, from fluorine NMR results, when ScF3 is added, fluorine
atoms start to bond with Sc atoms and to be involved in scandium
based complexes [ScFx]3-x. For higher amounts of ScF3, connections
are formed between scandium complexes [ScFx]3-x by bridging
fluorides. Hence, the average coordination number around fluorine
atoms tends to monotonically increase.

The 45Sc chemical shift decreases linearly from 9 ppm
to �2 ppm with increasing concentration of ScF3 and it remains
constant after 50mol% (Fig. 2 right). In alkali fluoroscandate solid
compounds, scandium is present in octahedral (Li3ScF6 [42],
Na3ScF6 [43], KScF4 [44], and K5Sc3F14 [37]), seven (KSc2F7 [45] and
NaScF4 [46]) and eight (LiScF4 [42]) coordinations with fluorine.
The scandium chemical shifts domains are correlated with the
different possible coordination state of scandium atoms. The 45Sc
chemical shift values for six and seven coordinated scandium en-
vironments range from�20 to 14 ppm and from�53.5 to�40 ppm,
respectively [37]. Therefore, we can conclude from scandium NMR
that in our melts, the average coordination number around scan-
dium is six over the whole range of compositions.

High temperature 23Na measurements were performed for the
different compositions. We observe a decrease of the chemical
shifts values over the whole range of ScF3 content (Fig. 2 right). This
reductionwith ScF3 addition corresponds to the increased shielding
of the alkali cations. Therefore, the electronic cloud around the Na
nucleus becomes more symmetric. This means that the NaeF
interaction decreases with ScF3 amount and sodium becomes
free. This conclusion is important in terms of conductivity as the
Naþ ionwould become themain charge carrier at high ScF3 content.
Fig. 3. Scandium atomic fraction of: ScF4� (-); ScF52� ( ); ScF63� ( ); ScF74� ( ), ScF85�

( ), and average coordination ( ) as a function of concentration of ScF3 in the molten
NaF-ScF3 system.
3.2. Experimental and calculated chemical shifts

The chemical shift is one of the most sensitive markers of the
local structure. It is sensitive to the first neighbors, i.e. to the co-
ordination numbers and the corresponding bond lengths. The
chemical shifts, computed using the coupled MD/DFT approach, are
compared with experimental data on Fig. 2. The uncertainty of the
calculated chemical shift was estimated to be ±5 ppm for 45Sc,
±5 ppm for 23Na and ±3 ppm for 19F and; it is comparable with the
uncertainty in NMR experimental measurements: ±2 ppm for 19F,
±3 ppm for 45Sc and ±1 ppm for 23Na. A good agreement between
the calculated and experimental shift values is observed, which
indicates that the polarizable ionmodel used in these simulations is
capable of reproducing accurately the local structure around each
nucleus in the NaF-ScF3 molten salt.

3.3. Coordination number

The coordination numbers are obtained using the first mini-
mum of the radial distribution function as the radius of the solva-
tion shell to count the number of neighbors around a given ion.
Fig. 3 shows the proportion of each species, extracted from ion
trajectory obtained by MD simulations. As mentioned above, in
solid alkali fluoroscandates, the Sc3þ ions can usually occur in a 6-,
7-, or rarely 8-fold coordination. In the molten state, the dominant
fluoroscandate species is ScF63� in all compositions. In contrast to
the solid state, the four-fold and five-fold coordinated ScF52� ions
were found. It has to be noted that the presence of ScF85� species
was detected, but their relative concentration is very small (less
than 1%). The second species present over the whole range of
concentrations is ScF52�. Up to 40mol%, the concentration of ScF52�

varies slightly, then it increases up to 30mol%. It appears that ScF74�

entities starts to form at 25mol%. The average coordination number
around scandium obtained from calculations remained almost
unchanged and its value was 5.8± 0.1.

Fig. 4 shows the fluorine environments extracted from the MD
calculations. As expected, at low ScF3 concentrations fluorine is
present mainly as the free anion, whereas with an increase in ScF3



Fig. 4. Fluor atomic fraction of: free fluorine (-), terminal fluorine F-Sc ( ), bridged
fluorine Sc-F-Sc ( ), three bridged fluorine ( ), and average coordination ( ) varying
concentrations of ScF3 at molten state.

Fig. 5. Evolution of calculated (-) and experimental ( ) [50] density as a function of
mol% ScF in the molten state.
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concentration the fluorine anion takes part in the formation of
anionic species containing the Sc-F bond (Sc-F$$$Naþ). At around
25mol% its concentration reaches a maximum. More than 90% of
the fluorine atoms are connected with only one scandium atom,
forming the terminal fluorines. Bridging fluorides (Sc-F-Sc) appear
for a concentration of ScF3 larger than 25mol% and it becomes the
dominant fluoroscandate species for concentrations of ScF3
exceeding 55mol%. It should be noted that the free fluorine atoms
disappear from the melt at the eutectic composition (40mol% ScF3)
and there are only terminal and bridging fluorines. Then the
polymerization process continues: 1) amount of bridging F in-
creases rapidly which leads to the formation of bonded chain or
network -F-Sc-F-Sc-; 2) three coordinated fluorine atoms start to
form with the formation of bonds between the chains (Fig. 4). It is
worth noting that the formation of fluorine atoms bonded with
three scandium atoms is accompanied by the formation of five- and
seven-fold coordinated scandium ions, whereas the concentration
of six-coordinated scandium decreases. At melt compositions rich
in scandium fluoride, the melt becomes fully polymerized. We can
therefore deduce that the polymerization process is the origin of
the variation of the density shown below.

In the case of Li- and Na-cryolites, the formation of AlFm6-m di-
mers bridged via common F atoms was detected by Raman, NMR
spectroscopies [12,47] and computing methods [19,35,48]. In
contrast to these systems, in our case, formation of dimeric species
was not observed.

The average coordination number around scandium obtained
from calculations and NMR experiments agrees closely and it does
not change with the concentration of ScF3. Corradini et al. [49]
compared experimental and simulation data of the molten YCl3-
(LiCl-KCl)eut and LaCl3-(LiCl-KCl)eut mixtures. The average coordi-
nation number around a lanthanum ion chloride melt ranges from
6 to 8. As in our system, the yttrium coordination number remains
close to 6 across the concentration range. They propose two
possible behaviors of the melt: either the cation can reduce the
number of anions in its coordination shell to remain isolated, or the
individual cations might begin to share anions and have over-
lapping shells. In other words, there is an increasing degree of
corner and edge-sharing between coordination polyhedra as the
YCl3 or ScF3 concentration increases, leading ultimately to a
network structure. They show that the tendency to increase
coordination number is linked to the propensity to form linkages of
different types.

The average coordination number around fluorine atoms in-
creases monotonically in case of both methods. Our calculation
results are fully consistent with our earlier conclusions deduced
from the NMR experimental data.
3.4. Density and electrical conductivity

Density and electrical conductivity are very important proper-
ties for industrial applications of molten salts. Such systems are
rarely amenable to experimental measurements due to the high
price of scandium fluoride. To the best of our knowledge, there are
no data in the literature on these physical properties of NaF-ScF3
melts. Thus, to obtain a quantitative estimation of such systems, we
resorted to calculation. The good agreement shown above between
calculations and experiment allows us to present computed pa-
rameters here with confidence in the accuracy of the results.

The electrical conductivity is calculated fromMD simulations by
taking into account the correlations of the displacements between
the different species, according to the formula:

s ¼ e2

kBTV
lim
t/∞

1
6t

 �����
X
i

qidriðtÞ
�����
2!

where, e is the elementary charge, T is the temperature, V is the
volume of the cubic cell, kB is the Boltzmann constant, qi is the
formal charge of the atom i, and dri(t) is the displacement of ion i in
time t.

Figs. 5 and 6 show the variations of the density and electrical
conductivity of the NaFeScF3 melts with the composition. The
density increases with increasing concentration of ScF3 and after
40mol% it remains almost constant. The conductivity shows an
important decrease up to 40mol%, and then it rapidly increases.
Both physical quantities change their trend at the eutectic point
due to changes of the speciation in the melt. This is consistent with
the structural analysis, which shows a decrease in the proportion of
free fluoride in the melt and an increase in the involvement of
fluoride in the “polymerization” process. As such, the structure of
the liquids indicates an important decrease of the electrical con-
ductivity and an increase of the density with composition in
3



Fig. 6. Electrical conductivity of molten the NaFeScF3 mixtures as a function of the
mol% of ScF3 at 10 �C above melting point obtained by MD simulations.
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NaFeScF3 due to the network formation. Rollet et al. [51] have come
to the same conclusion in the case of LiFeYF3 system. The authors
explain the decrease of the conductivity with increasing of YF3
concentration by the network formation.

According to Fig. 6, the total ionic conductivity, calculated from
the molecular dynamics data, decreases when the ScF3 content is
between 5 and 40mol% then increases again in the range
40e70mol%. The minimum conductivity value is reached for the
eutectic concentration of 38mol% in ScF3. The evolution of con-
ductivity as a function of ScF3 content shows the same evolution as
the liquidus curve. This behavior can be explained by the fact that
total ionic conductivity is directly dependent on temperature and
composition x. The total ionic conductivity (s) can be written as a
sum of individual contribution of each ion:

s ¼
X
i

rijqijmi ¼
X
i

NA

Vm
jqijmi

where ri, qi and mi are respectively the density number, the charge
and the conventional mobility of the ion of type i. The density
number is given by the ratio of the Avogadro number and themolar
volume: NA/Vm. As shown in the above formula, the conductivity
obeys to the ratio miðT ; xÞ=VmðT; xÞ and it is given by the compar-
ative growth, in temperature and composition, between both the
molar volume Vm and ionic mobility mi. However, the temperature
dependence of the ionic mobility is in general greater than the
thermal expandability, thus, the conductivity tends to increasewith
temperature.

In our future work, we plan to investigate the mechanism of the
Al metal dissolution in the NaFe ScF3 melt and to analyze how
different anionic species affect this process.

4. Conclusions

The local structure of scandium and fluoride ions was investi-
gated in the molten NaF- ScF3 system by combining HT NMR
measurements and molecular dynamics simulations. From 45Sc
high-temperature NMR spectra an average coordination number of
6 has been determined for the scandium on all domains of
composition of 5e70mol%. The 19F chemical shift evolution co-
incides with the existence of at least three types of fluorines: free at
infinite dilution, fluorines connected with one scandium, and
bridging fluorines at high ScF3 contents.
The anionic structure was calculated for the first time for a wide

range of compositions of NaF-ScF3, and was in agreement with
experimental results. The agreement between experimental and
calculated chemical shifts for the three nuclei (19F, 45Sc and 23Na)
allows us to validate the new interatomic potential specially
developed for simulating the molten binary NaF-ScF3 in a wide
range of composition (0e70mol%). The validity of this polarizable
ion model allows us to calculate reliable thermophysical data, such
as density and electrical conductivity. Their evolutions with the
ScF3 content are consistent with the structural description of the
molten NaF-ScF3 systems. Analysis of computed data made it
possible to identify the network formation in the melt. This work
will open new perspectives for the study of structural, dynamic and
thermodynamic properties of NaF-ScF3 mixtures for the production
of Sc alloys, for which experimental data are lacking.
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