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Abstract For the first time, the mechanism of metal alu-
minum dissolution in NaF-ScF; eutectic melts and the
chemical interaction between the constituents of this mixture
have been thoroughly studied by a combination of differential
thermal analysis (DTA), high temperature and solid-state
nuclear magnetic resonance (NMR), and X-ray diffraction
(XRD) coupled with the molecular dynamic simulations. The
formation of an insoluble Al;Sc alloy in molten (NaF—ScF3)e
system was proven, and the chemical mechanism of this alu-
minothermic Al;Sc alloy production was elucidated. Corre-
sponding ex situ examinations bring to light the formation of
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NaScF, and solid solution of Naz(Al,Sc)Fg in cooled bath. The
molecular dynamics calculations of the bath allow us to
construct the structural model and to predict viscosity, density
and electrical conductivity of the reagent melt to help to
optimize the conditions of the alloy synthesis.

Keywords Scandium; Alloy; Molten salts; NMR;
Molecular dynamics

Introduction

It is well established that tiny infusion of a rare earth metal
scandium to aluminum alloys radically improves the tensile
strength and desirable physical properties of the alloy product.
Scandium strengthens aluminum products in three distinct
paths: grain refining, precipitation hardening and preventing
recrystallization or diminishing grain growth. Scandium rai-
ses the recrystallization temperature of aluminum alloys to
further aloft 600 °C, which is well enough for the heat-treat-
able aluminum alloys. Using small scandium concentrations,
between 0.1 wt% and 0.45 wt%, yields the excellent strength
characteristics by a smaller, even-sized grain structure in
alloys during the solidification process (50-100 MPa incre-
ment of strength per 0.1 wt% Sc added) [1].

Currently, the establishment of economically prof-
itable conditions for producing scandium is a relevant task,
because the requisition for high-purity scandium raw materi-
als, above all in the aerospace industry, whether it is oxide or
fluoride, is progressively growing. Meanwhile, the high cost of
scandium hinders commissioning its large-scale production.

The greatest contribution to the cost of scandium
products has come from the leaching of scandium from ore
or waste [2—4]. Scandium content in processing products of
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raw material amounts to 1-10 parts per million (ppm,
X 10*6). Once initial concentrates are obtained, these are
further processed into scandium compounds. Thus, the cost
of final products can be reduced via the synthesis of prin-
cipal metal or raw materials, combined by the production
of scandium. For example, the raw materials can be ura-
nium-leaching solutions or hydrolytic acid, released upon
the titanium dioxide fabrication. Very recently, a new
original technological process based on the recovery of
scandium from uranium ores was developed and put into
practice [5]. The final product was scandium concentrate
based on NaScF, [6]. The main advantage of this method is
the ability to use directly as obtained scandium concentrate
without additional purification in order to obtain an Al-Sc
alloy by adding aluminum metal into molten concentrate.
The reduction of Sc by aluminum from NazScFg proceeds
according to the below reaction:

Na3ScFg 4+ 4Al — Al3Sc + NazAlFg (1)

Therefore, the investigation of the reaction of scandium
fluoride with metallic aluminum directly in the molten bath
is a relevant task from the fundamental and as well as
industrial point of view with the main aim to understand
the mechanism of the Al;Sc formation.

In our previous paper, the local structure of scandium
and fluoride ions in the molten NaF-ScF; system within a
wide range of composition (from 0 to 70 mol% of ScF3)
has been established. An average coordination number of 6
had been determined for scandium in all domains of its
composition, and the formation of a network structure in
the melt was shown as well [7].

The present work aims the laboratory study relying on
the combination of high temperature (HT) and solid-state
nuclear magnetic resonance (NMR), X-ray diffraction
(XRD) and differential thermal analysis (DTA) of the
molten mixtures whose compositions are identical to those
used for the production of intermetallic Al;Sc, i.e., (NaF—
ScF3)eu + Al or 63 mol% NaF-37 mol% ScF3 + Al. The
experimental study is also supported by the molecular
dynamic simulations. A molecular dynamics simulation
study of the molten NaF-ScF;—AlF; system was performed
to further understand the local and global structure of the
molten reaction mixture and to find the match between this
structure of the melt and its possible physicochemical
behavior (density, viscosity, electrical conductivity, etc.).

Experimental
Materials

For the preparation of the samples, the following chemicals
were used: sodium fluoride (NaF, CAS Number: 7681-49-
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4), Sigma-Aldrich, ACS reagent > 99%, dried in vacuum
at 773 K for 4 h; scandium fluoride (ScF3;, CAS number:
13709-47-2), JSC Dalur > 99%; aluminum powder (Al,
CAS number: 7429-90-5), Alfa Aesar, — 325 mesh, 99.5%
(metals basis).

All chemicals were stored in a glove box under argon
atmosphere (Ar, SIAD, 99.999%) maintained below
0.3 x 107° of moisture and 0.1 x 107°—0.5 x 107° of
oxygen.

Samples preparation

The samples, analyzed at room temperature using X-ray
and solid-state NMR analysis, were prepared in glove box.
The compositions of (NaF-ScF3).,, were prepared by
mixing and grinding the corresponding fluorides. Individ-
ual mixtures with different amount of aluminum (100 mg)
were weighted into the boron nitride crucibles with lid
(boron nitride (BN, CAS Number: 10043-11-5), P Vision-
ABC France, 99.99%, Crucible ®9, hole ®2.5 x 7 mm
deep), closed and sealed into the capsule. Samples were en
bloc heated in a resistance furnace under an atmosphere of
dried argon (Messer, 99.996% purity) from room temper-
ature up to 680 °C at a heating rate of 5 °C-min~"' under
0.3 MPa of argon atmosphere. The holding time was
100 min. The temperature control and the data processing
were performed using a computerized measuring device
(multicomponent model for thermal analysis data collec-
tions National Instruments, where the data collections run
online under LabVIEW software). The temperature of the
samples was controlled by a Pt—PtRh10 thermocouple,
calibrated on the melting points of highly pure NaCl and
NaF (sodium chloride ultrapure (NaCl, CAS number:
7647-14-5) 99.9%, powder and sodium fluoride (NaF, CAS
number: 7681-49-4) 99.9%, powder; both Alfa Aesar by
Thermo Fischer Scientific GmbH, Germany). The accuracy
of the temperature difference measurement between the
temperatures of primary crystallizations of the given mix-
tures was (£ 1 °C). After melting, the samples were then
spontaneously cooled down to room temperature at a rate
of 7 °C-min~"'. The samples were then homogenized in
glove box and ready for analysis by MAS NMR and XRD.

TG/DTA analysis

The thermal properties of the basic mixture (NaF—ScF3)ey
with different amount of Al were investigated by means of
differential scanning calorimetry performed with a
NETZSCH simultaneous thermal analyzer STA 449 F3
Jupiter®. All samples (60 mg) were individually weighted
in a glove box under inert atmosphere (Ar, Messer,
99.999% purity) and placed in a sintered Al,O3z (99.7%)
crucible and closed in an simultaneous thermal analysis
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(STA) apparatus. The system was one time evacuated and
then measured under an argon (Ar, 99.999%) atmosphere
(50 mL-min~"). Phase transition data were obtained from
heating and cooling curves. Every sample was heated at
7 °C-min~" up to 50 °C above the liquidus temperature and
subsequently cooled to ambient temperature by a cooling
rate of 1.4 °C-min~". A baseline correction measurement
for the empty crucible was done under the same conditions
as the sample measurements. Calibration of temperature
and sensitivity (£ 3%) was done for the pure Al. The
NETZSCH Proteus Thermal Analysis software was used
for data processing and for evaluation of the experimental
thermogram. The X-ray technique was used for identifi-
cation of new phases in the measured system.

Powder XRD

Powder XRD patterns of all the spontaneously cooled
samples were measured using an Empyrean PANalytical
diffractometer with Cu Ko, , radiation in Bragg—Brentano
geometry and a [ filter (Ni). A solid-state PIXcel detector
was used to record XRD patterns. The measurements were
taken at room temperature, with 26 varying from 5° to 80°
at a step of 0.0261°. The time per step was 26 s. Phase
analysis was performed with Oxford Cryosystem Crystal-
lographica Search-Match 2.1 software with PDF2 2011
database.

NMR spectroscopy

The HT NMR setup was identical to our previous work,
and the study was carried out on a Bruker Avance 400
spectrometer. A single-pulse sequence was used for high-
temperature experiments with the pulse widths of 19.5 ps
for '"F and 27.5 ps for **Sc and 2’Al corresponding to a
nutation frequency w,; of 12.8 and 9.1 kHz. In all *’Al and
Sc NMR measurements, the spectral width 200 kHz is
larger than excitation bandwidth. To avoid this problem
and do not lose signal, we recorded three spectra for each
composition with the same parameters but with different
offset: one at around 0, one at metal signal and one in the
middle between the two previous cases.

Solid-state MAS NMR spectra were measured at 20 T
using a Bruker AVANCE III HD spectrometer with 1.3-
mm probe. Very shot 0.2 ps (= n/12 and w; = 1.25 MHz)
pulses were used for *’Al and **Sc to excite the full
spectral width (750 kHz and 1.15 MHz for 2’Al and *°Sc)
with a single scan. The '°F pulse length was of 0.71 ps (1/
2). The recycle delays were 120 s (IQF) and 0.5 s (27A1 and
43Sc). All MAS NMR spectra were acquired at a spinning
frequency of 60 kHz, and the number of scans was enough
to acquire a good signal-to-noise ratio. PISSARRO [8]
decoupling pulse sequence was used to increase the
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Table 1 Pair potential parameters used in polarizable ion model

lon pair B ojj (o C%;

Sc3-ART 1.13 13.10 59.52 799.85

resolution of the **Sc and '°F spectra. The 19F, 23Na, 27A1
and *°Sc spectra were referenced to the external standards
of CECl;, 1 mol.L™' NaCl, 1 molL 'AI(NO;); and
0.11 mol-L™" ScCls, respectively.

Computational details

The same approach and methodology was applied as in our
previous works for NaF—AlIF; and NaF-ScF; systems [7, 9].

The parameters of new potential Sc>™—AI’" were
obtained according to the procedure described in previous
works [7, 9] and are presented in Table 1. Pair potential
parameters are used in the polarizable ion model (all of the
parameters are given in atomic unit (au)), where B;; and o
are parameters from the repulsion term; Cﬁ,-j and Cg,-j are,
respectively, dipole—dipole and dipole—quadrupole terms
from the dispersion component between two ions at a
longer range.

Results and discussion
Thermal analysis

The phase equilibria of the eutectic system NaF-ScF;
(63 mol% NaF-37 mol% ScF;) with different addition
amounts of aluminum (up to max. 80 mol%) are presented
in Fig. 1. TG/DTA study was performed to determine the
solubility of aluminum in the eutectic system of NaF-ScF;.
After several heating—cooling cycles, the thermogravimetry
of the samples also showed a mass loss of around 0.2-0.5
wt%. These very low losses indicate the stability of the
system in this temperature range.

TG/DTA shows the presence of two or three peaks,
depending on the amount of aluminum added. For the
(NaF-ScF5),,, sample without aluminum, two peaks loca-
ted at 658 and 648 °C were observed. These values are in
accordance with those reported in phase diagram estab-
lished by Thoma and Karraker [10]. According to these
data, a first transition around 660 °C was observed during
the cooling. This temperature corresponds to the transition
from a liquid state to a mixture composed of liquid and
solid NaScF,. A second transition, obtained at 650 °C, is
related to the transition from the above-mentioned state to
a solid solution of NaScF, and Na;ScF.

As it can be seen from Fig. 1, the temperature of the
thermal effects in our systems varies with the aluminum

Rare Met. (2024) 43(7):3356-3369
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Fig. 1 DTA peak temperatures of system (NaF-ScF3)e Al as a
function of aluminum concentration. /,_3: different peaks
recorded by DTA

content in the samples. In the case of peak I;, the tem-
perature increases in the concentration range of aluminum
from O to 10 mol%. The peak I, has, however, in this
concentration range, an opposite trend. The temperature in
this case decreases with an increase of the content of alu-
minum. Since on 10 mol% of Al, the transition temperature
related to both peaks (1, ) is being stabilized on a plateau
value of around 665 and 640 °C, respectively. The second
peak disappears at the concentration of aluminum around
20 mol% to be “replaced” by a third peak (/3) from
15 mol%. The temperature of this peak in the concentra-
tion range till 60 mol% of Al oscillates around a value of
670 °C. For the highest Al content, the temperature of the
peak I3 decreases slightly to a value around 665 °C. The
similar temperature’s drop in higher concentration of alu-
minum can also be seen in the case of peak ;.

The highest thermal effect (/3) in Fig. 1 can be
explained by a transition between a liquid mixture and
Al;Sc and a solid solution consisting of o-Al and AlsSc.
According to the Al-Sc phase diagram [11, 12], the tran-
sition temperature of the Al-Sc mixture decreases with
increasing concentration of aluminum (since on 60 mol%
of Al). This observation could therefore also explain the
drop of the temperature of the third peak (/3); we have
detected since on 50 mol% of Al. The two peaks (I; and I3)
measured by DTA in the sample with 80 mol% of Al (658
and 665 °C, respectively), would therefore be the signature
of the transition from the liquid to a mixture of liquid and
a-Al and then from this mixture to a solid solution o-
Al + Al3Sc (Fig. 1).

XRD and solid-state MAS NMR analysis
of solidified samples

In order to understand the origin of endothermic peaks and
their evolution as a function of the concentration of alu-
minum in (NaF-ScF3)e, system, XRD and solid-state MAS
NMR analysis of the solidified samples were performed.

Rare Met. (2024) 43(7):3356-3369

Figure 2a shows the results of XRD analysis; the MAS
NMR analysis can be found in Figs. 3-5.

The X-ray analysis of the solidified samples without
aluminum (mixture (NaF-ScF3).,) shows the presence of
only two compounds (pattern 0 mol% in Fig. 2): the cry-
olite-like phase, Na3ScF¢ and NaScF,. The presence of
these compounds is in accordance with the phase diagram
reported by Thoma and Karraker [10].

Besides the already observed patterns of NaScF, and
Na3ScFg, XRD patterns of all the mixtures with the alu-
minum contain the new patterns of two new compounds:
Al3Sc and ScOF. The presence of the oxygen-contained
species in the pattern (ScOF) is probably due to a con-
tamination from the hot-pressed boron nitride crucibles.
Figure 2 also shows that the intensity of the Al;Sc
diffractions linearly grows with increasing concentration of
aluminum in the samples.

The diffractions of NasScFg are observed in the whole
concentration range of aluminum in the mixtures, and their
intensities decrease with increasing concentration of alu-
minum. Besides that, an interesting change of the shape of
these diffractions with the increased concentration of alu-
minum was observed (Fig. 2b). This change suggests that
the compositional variation of the aluminum concentration
affects the unit cell parameters as well as the composition
of the phase.

The compound Na;ScFg (ICSD No. 401761 [13]) bears
a marked crystal symmetry resemblance to Na;AlFs (ICSD
No. 4029 [16]), resulting to some sort of X-ray pattern
similarity, as it can be seen in Fig. 2b. It can be inferred
that the changes of the X-ray patterns of the Na3ScFg
observed with the increasing concentration of aluminum in
the samples are caused by the formation of a solid solution,
where the Sc®T ions in the Na;3ScFq structure are being
replaced by smaller AI*" ions. This replacement leads
necessarily to a modification of the unit cell of Na;ScFg,
due to a change of the distance between individual lattice
sites. The effect of the formation of the fore-mentioned
solid solutions is more pronounced at the higher aluminum
content (30 mol%-70 mol%), where the continually
increasing peak of NajzAlFg (Fig. 2b) can be seen.

The intensity of the signals of the NaScF, gradually
decreases from 11 mol% of aluminum to complete disap-
pearance above 30 mol%—50 mol%. On the other hand,
new diffractions begin to appear in the records at this
concentration range. Also, the formation of ScF;, observed
in the X-ray patterns taken on the samples with the higher
concentration of aluminum, is very likely a side product of
the disappearance of NaScF,.

All the aluminum containing samples, practically from
the very beginning, show the presence of the Al;Sc alloy in
the X-ray patterns. The intensity of the Al3Sc alloy signal
tends to increase with the increase of the aluminum

a
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Fig. 2 a XRD patterns of solidified samples of (NaF—ScF3)ey with different amounts of aluminum (from O to 70 mol%), b selected
enlarged region of XRD patterns; #—NaScF, [10], ®—NazScFg [13], X—Al3Sc [14], + —ScOF [15], O—NazAlFg [16], O@—
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Fig. 3 “Sc MAS NMR spectra at 20 T of solidified (NaF-
ScF3)eut With 0, 2.5 mol%, 5 mol%, 7.5 mol%, 11 mol%,
30 mol%, 50 mol% and 70 mol% Al, where * represents spin-
ning side bands

concentration. This trend however reaches a plateau at the
concentration of 40 mol%. At these very high concentra-
tions, diffraction peaks corresponding to the metallic alu-
minum also evolved.

To elucidate in more detail the chemistry and the phases
presented in the investigated solidified systems, a MAS
NMR experiment was carried out to probe the local envi-
ronment around the 2’Al, **Sc and '°F nuclei. Figure 3
shows *Sc MAS NMR spectra of the solidified samples of

aQ

NaF-ScF; with an addition of different amounts of alu-
minum (0 to 70 mol% of Al). Figures 4, 5 show spectra of
'9F and ?’Al, respectively.

At low Al contents, the two main quadrupolar resonance
lines in Fig. 3 located around — 50 x 10™®and 10 x 107
indicate the presence of NaScF, and Na3;ScFs compounds,
respectively. These findings are in accordance with '°F
NMR spectra (Fig. 4). '°F NMR spectra of the mixture
with Al content up to 30 mol% contain two sets of signals
corresponding to the NaScF,, Na3ScFg and one line to
NasAlFg. It is worth to note that there is a broadening of the
"YF NMR signals of Na3ScFe and NasAlFs, which is the
result of the decreasing symmetry around fluorine nuclei
due to the substitution of Sc by Al atoms, i.e., the result of
the formation of solid solutions (the same phenomenon was
identified by XRD). The YF line of NasScFs is not
resolved, the line width (full width at half-maximum,
FWHM) of NasAlFg increases from 1500 Hz (pure com-
pound) to 2400 Hz. **Sc spectra more clearly show the
formation of a solid solution. The initial resonance of
Na;ScFg begins to broad with increasing aluminum con-
tent, and at 11 mol% of Al, a new peak with a symmetric
line shape appears at — 17.5 x 107°. At low Al contents,
the solid solutions are not easy to be detected by XRD.
This is the reason why in this particular case the NMR is
more accurate compared to XRD.

On the other hand, the presence of ScFj; is difficult to be
identified by NMR due to the overlapping with NaScF,

Rare Met. (2024) 43(7):3356-3369
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Fig. 5 2’Al MAS NMR spectra at 20 T of solidified (NaF—
ScF3)eut With 0, 2.5 mol%, 5 mol%, 7.5 mol%, 11 mol%,
30 mol%, 50 mol% and 70 mol% Al, where * represents spin-
ning side bands

peaks in both **Sc and '°F spectra. The presence of Al;Sc
alloy is characterized by a **Sc peak around 1130 x 107,
and it confirms its formation as soon as a few mol% of
aluminum is introduced to the NaF-ScF; mixture. The
appearance of a small peak with quadrupolar line shape
(diso = 58.4 x 107°, Co = 12.2 MHz, 5o = 0.81) in **Sc
and with Gaussian line shape (d;, = — 75.6 X 10_6) in
19F spectra also confirms the presence of ScOF, where J;q,
is isotropic chemical shift, Cq is quadrupole coupling
constant, and #g 1is asymmetry parameter of the

Rare Met. (2024) 43(7):3356-3369

quadrupolar interaction [19]. For the high Al contents of
50% and 70%, one unassigned resonance at — 181 x 107°
can be observed.

*’Al MAS NMR spectra (Fig. 5) confirm that for the
contents less than 30 mol% of Al, only the resonance lines
of AlFg octahedra in Nas(AlSc)Fg (dio = — 1.6 x 107°)
and in AlsSc (3;0 = 728 x 107°) are detected. The inten-
sity of the Al;Sc peak in *’Al and **Sc NMR spectra
increases with increasing Al content up to 30 mol%. The
measured **Sc and ?’Al chemical shifts of Al;Sc slightly
differ from those given by Bastow et al. [20], which is
1100 x 107® and 756 x 107°, respectively. This differ-
ence of the chemical shifts can be explained by the for-
mation of off-stoichiometric compound(s) Als_Sci,, [21],
where the structural environments around both nuclei are
slightly different. Microstructural observations also indi-
cate that the Al;Sc phase also has a solubility range (im-
miscibility region where molten Al is in equilibrium with
the melt). The characteristic resonance line of Al metal
located around 1636 x 107° [22, 23] only appears for the
concentrations above 30 mol% of Al.

**Na NMR spectra (Fig. S2 in Supporting Information)
agree well with the above-mentioned results obtained for
other nuclei. Only a spectral signature of the compounds
NaScF, and Na3ScFg is observed in a sample without Al.
The intensity of an envelope of signals of NaScF,
decreases with increasing Al content. It was already men-
tioned that the compounds Na3ScFg and Na3AlFg were
isostructural [13, 16]. The environment of the two sodium
sites in Na3ScF¢ and NazAlF¢ is very similar, and conse-
quently, the shape and the position of the two peaks are
very close. With increasing of Al content in the system, the
right peak remains almost unchanged, while the left one
slowly migrates from the “NazScF¢” position (ca
— 2 x 107% toward “NasAlFs” one (ca 2.5 x 107°).
Same as for 19F, for the high Al content of 50%, one
unassigned resonance at around — 6 x 107° can be
detected.

It can be mentioned here that both techniques, XRD and
solid-state MAS NMR, are useful complement to each
other, and our study showed that the obtained results were
in good agreement. To see how the in situ evolution of the
internal structural environment of the investigated systems
in molten state as a function of the aluminum content, a
high-temperature (HT) NMR analysis of the ?’Al, *Sc,
*3Na and '"F nuclei was also performed. The results of that
analysis are presented in the following sub-chapter.

HT NMR in melts
Figure 6 shows HT NMR analysis of the *’Sc nucleus

taken at 770 °C in (NaF-ScF3).,—Al mixture. As it can be
seen, HT NMR **Sc spectra of the samples with higher

a
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content of aluminum (59 mol%) have two lines: one nar-
row corresponding to scandium in liquid melt at
— 6.7 x 107® and the second one, a broad line at
1338 x 107°, which is a characteristic line for the solid
state. A small drift of the “liquid” line of **Sc nuclei from
— 6.7 x 107% t0 5.5 x 107° can be attributed to a slight
change in scandium environment in the melt with the
increasing content of aluminum (from 11 mol% to
70 mol%). The average coordination number around
scandium in the melt is constantly six over the whole range
of compositions of Al [24, 25].

The chemical shift of the “solid” line of the system with
70 mol% of Al detected in our work at 770 °C
(1338 x 107 is in good agreement with what was
reported in Ref. [20]. The authors in this work studied the
variation of the *>Sc Knight shift with temperature in Al;Sc
(from room temperature to 960 °C). A strong **Sc Knight
shift dependence on temperature was observed:
§=1100 x 107®at RT, § = 1320 x 107° at 770 °C, and
d = 1350 x 107° at 960 °C. The Knight shift was due to
the conduction electrons in metals. They introduced an
“extra” effective field at the nuclear site, due to the spin
orientations of the conduction electrons in the presence of
an external field. Depending on the electronic structure, the
Knight shift may be temperature dependent. However, in
metals which normally have a broad featureless electronic
density of states, Knight shifts are temperature indepen-
dent. It means that the detection of a particularly strong
temperature dependency of the Knight shift indicates a
formation of an electronically conductive phase in the
system. The position of our  “solid” line
(0 = 1338 x 10_6) is, as already stated, very close to that
observed by Bastow et al. [20], and this signal can be
attributed to an electronically conductive solid Sc—Al alloy
formation. The finding is also the confirmation of the
reaction in our system ((NaF-ScF3).,—Al) between the
aluminum metal and the melt.
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Fig. 6 “°Sc HT NMR spectra of (NaF—ScF3)eu—Al melts at
770 °C as a function of Al concentration
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No changes in **Sc HT NMR spectra with time were
observed within 5 min of experimental stabilization, sug-
gesting the fast establishing of the equilibrium in the
reaction mixture.

In case of the HT 2’ Al NMR spectra of the samples with
higher concentration of Al (60 mol%, Fig. S3), two reso-
nance lines like in case of **Sc were also expected to be
observed. However, both detected lines are narrow in this
case, indicating on the first sight the only presence of the
liquid state; one in the range, another one at around
1605 x 107°. In this case, any broader line could not
identify the presence of the solid phase. However, it might
be worth to note that, at high temperatures, Bastow et al.
[20] observed a *’Al line broadening with such a large
extent that the authors were even not able to measure the
line’s width. This observation in this work was explained
by “the constitutional vacancies associated with the non-
stoichiometry assist Al diffusion at anomalously low tem-
peratures relative to the melting point™.

A small drift (from 23 to 30 x 1076) of the line
attributed to AlFs>~ species can be also seen with the
increasing of the aluminum (Fig. S3). The evolution of the
chemical shift indicates an increase of tetrahedral envi-
ronments of Al. The similar behavior was also observed for
the molten system NaF-AlF; [23, 26, 27]:
SC'Al) ~ 14 x 10°®  at  20mol%  AIF;  and
SC7Al) &~ 27 x 107 at 35-40 mol% AlF;.

Also, a new signal (ca 1625 x 10_6) in the mixture with
the higher content of aluminum was detected, which is
based on the results of the work [23] to the pure aluminum
metal.

The experimental results demonstrate that the '°F
chemical shift is almost constant up to 20 mol% of Al
(around — 80 x 10_6), and then it decreases from
—80.5 x 107° to — 148.6 x 107° with increasing con-
centration of Al metal. This change can be explained by the
formation of AI-F linkages for high amount of Al, and
consequently, an increase of the concentration of aluminum
in the melt.

High-temperature ’Na measurements were also taken in
molten (NaF-ScF;).,—Al as a function of the different
concentrations of aluminum. A decrease of the chemical
shift values could be observed over the whole range of Al
content. This reduction with Al 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 Na—F interaction decreases
with Al amount and sodium becomes more free.

Interpretation of experimental results

Scandium can be difficult to be produced by the following
reaction, since AG of the following reaction is positive:
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Al + SCF3 = Sc+ A]F3

. 2
AG = +127 kJ - mol ' (800°C) @

However, the addition of aluminum to the molten NaF—-
ScF; eutectic mixture can really lead to the formation of a
solid Al;Sc alloy, as can be seen in previous paragraphs.

When some amount of aluminum was added into the
eutectic NaF-ScF; melt (50 °C above the melting point),
besides the formation of Al5Sc, a small part of the alu-
minum metal gets dissolved into the melt which subse-
quently leads to the formation of NazAlFg:

Al+3Na® + 6F~ = AIF;~ + 3Na (3)

Since the Al;Sc alloy is forming and precipitating from
the liquid melt, the precipitation then leads to a change in
the composition of the melt mixture. By this way, the
amount of Sc in the melt is continually decreasing with
increasing amount of Al;Sc alloy precipitated off the melt.
As the composition of the originally eutectic mixture
(63 mol% NaF/ 37 mol% ScF;) is being continually
changed according to phase diagram, a formation of
NaScF, and Na;ScFg can be seen [10]. That was the
reason why the presence of NaScF, and Nas(AlSc)Fg has
been detected in XRD patterns of the solidified samples
with low addition of aluminum. When the amount of ScF;
in the melt dropped below 25 mol%, only Na3(Al,Sc)Fg
was formed.

When more than 40 mol% of aluminum was added to
the molten NaF-ScF; eutectic mixture, all amount of the
scandium in the original melt would be consumed in the
formation of Al3Sc. This corresponds with our findings of
the presence of Al3Sc and the presence of unreacted part of
aluminum and Na3AlFg in the solidified samples with the
very high addition of aluminum. However, it should be
noted that some small traces of NaScF, and Nas(Al,Sc)Fg
compounds were also found (MAS NMR and XRD) in the
solidified samples containing 50 mol% of aluminum. A
back reaction(s) during the natural cooling of the samples
could be an explanation of the finding of these traces of
scandium species.

Molecular dynamics modeling with density
functional theory approach

To have a better understanding of reaction mechanism in
our process, molecular dynamics simulations (MDs) and
density functional theory (DFT) calculations were postu-
lated to match the HT NMR experimental results. This
methodology was already proven as a success in different
molten fluoride systems: NaF/KF-AlF; [9, 28], NaF-AlF;—
Al,O5 [29], NaF-ScF; [7], LiF/NaF/KF-ZrF, [30] and
LiF-ThF,~UF, [31]. Molecular dynamics modeling with

Rare Met. (2024) 43(7):3356-3369

density functional theory approach can be used to deter-
mine the speciation of the melt and to help to predict its
physico-chemical behavior (density, electrical conductiv-
ity, viscosity, etc.).

When aluminum is added into the molten eutectic
mixture of NaF-ScF;, some part of the aluminum reacts to
form an Al;Sc solid alloy, and the remaining melt is
basically the NaF-AlIF;-ScF; system. The whole process
can be described by the following reaction:

(NaF — ScF3),,+Al° = (Al3Sc)(s)
+ (NaF — AIF; — ScF3)(1)  (4)

eut

The melt contains the fluoroscandate, fluoroaluminate
species and very likely the fluoroalumoscandate
complexes. The high-temperature liquid, which is
essentially reaction mixture where the formation and the
precipitation of Al3Sc solid alloy takes place, therefore
contains four ions: Na*, AI>*, F~ and Sc>*. In order to find
out a qualitative/quantitative composition and the
chemistry of this liquid reaction mixture, a further
calculation and an additional HT NMR analysis of the
specific NaF-AlF;-ScF; system have been then carried
out.

By balancing the total electrical charge to zero in order
to ensure the electro-neutrality of the system, the compo-
sitions of this molten mixture were calculated from initial
number of Sc (Ns.) atoms, the initial number of aluminum
atoms introduced (N4;) and the amount of x Al;Sc atoms
formed during Reaction (4). To proceed with further cal-
culations, and to find the correct mixture’s compositions, a
model was used based on the NaF-ScF;—AlF; mixture with
the different compositions presented in Table S1. The
model is based on the fact that as more aluminum is added
to the reaction mixture, the more the Al3Sc solid alloy is
being precipitated. The composition of NaF-ScF;—AlF;
molten system is then changing with concentration of AlF;.
The model is thus based on the direct linear relationship
between the production of Al;Sc and the gradual change in
the composition of the molten part of the reaction mixture
(NaF-ScF;—-AlF;). From the results presented in Table S2,
one can also see the efficiency of the process (ratio Najzsc/
Ny of the formation of AlsSc (770 °C). The different
compositions of the molten NaF-ScF;—AlF; system (cal-
culated based on the above-mentioned model) were then
used in subsequent experimental HT NMR analysis, as well
as in the related molecular dynamic simulations.

Figure 7a displays the *’Al and **Sc NMR results in
samples in which aluminum powder (15 pm grain) was
added directly in NaF-ScF; (60 mol%—-40 mol%) and
ternary NaF-ScF;—AlF; mixtures. Observation of good
overall agreement between two systems confirmed the
reaction mechanism 4 and allows us to start MD and DFT
calculations. Figure 7b shows the HT NMR experimental
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data of molten NaF-ScF;—AlF; in comparison with the
data calculated based on the molecular dynamic simula-
tions. The chemical shift is one of the most sensitive
indicators of the local structure, particularly for the first
neighbors, i.e., for the coordination numbers and the cor-
responding bond lengths. A good agreement between the
experimental values and the calculated values of the
chemical shift is observed. This agreement indicates that
our modeled approximation of the studied system (with Al)
by that of containing AlFj; is correct, and that the ion model
used in these simulations is capable to reproduce accurately
the NMR data related to the local structure around each
nucleus in the molten NaF-ScF;—AlF; system.

The analysis of ionic trajectories from molecular
dynamics calculations also allows us to study the anionic
species formed in the melts as a function of the AlF;
concentration. Figure S4 shows the evolution of the radial
distribution functions as a concentration of AlF;. Based on
the statistical mechanic, the radial distribution function
contains a pair of correlation functions, which describes
how density varies as a function of distance from a particle.
The results presented in Fig. S4 were calculated from the
ion positions for the following ionic pairs: Al-Al, Sc—Al
and Sc—Sc. As it can be seen, the presence of a double first
peak was observed for each pair. These distribution func-
tions also show a very pronounced minimum, located on
average around 0.42, 0.44 and 0.46 nm for the pairs Al-Al,
Al-Sc and Sc-Sc, respectively, which defines the first
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coordination sphere around the related ions, AIP* and S¢*+.
The radial distribution function of Al-Al and Sc—Sc pairs
also shows the appearance of a localized pre-pic at around
0.3 nm, whose amplitude increases with the increase of the
AlF; concentration. According to previous studies per-
formed on the other fluoride-containing systems [29, 32],
this medium-distance order means that the Al-Al and Sc—
Sc distances are shortened due to the presence of fluorine
ions. The presence of fluorine ion tends to simply bridge
the Al-Al and Sc—Sc ion pairs. The intensity of this phe-
nomenon is a function of the AlF; concentration in the
melt.

The qualitative analysis based on the radial distribution
function is visualized in Fig. 8, where a snapshot, extracted
during the molecular dynamics calculation performed on
the NaF-ScF;—AlF; molten mixture, is depicted (4 mol%
of AlF;). For a better observation, the sodium ions were
deliberately omitted. The figure shows a presence of a
several ionic species: free fluorine F~ anions, complexes
ScFs®~ and more complex compounds such as dimers
Sc,F;;°~ and chains Sc,AlF;5* ™. This chained Sc,AlF 5~
is an exact example of the Al-Al and Sc—Sc bringing flu-
orine ions mentioned above.

Using distances between AI-F and Sc-F atoms deter-
mined from the first minimums of the radial distribution
functions, one can calculate the mean coordination num-
bers around the aluminum and scandium ions in the melt
(770 °C). Figure 9 shows the evolution of the anionic
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Fig. 7 NMR chemical shifts in liquid phases: a comparison of experimental data obtained for NaF-ScF3;—AlF3 (empty symbols) and
NaF-ScF3;—Al (solid symbols); b experimental (empty symbols) and calculated (solid symbols) data on molten mixture NaF—ScFz—AlF 3

at 770 °C as a function of AlF; concentration
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Fig. 8 Visualization of one snapshot from molecular dynamic
trajectory for molten NaF—ScF3;—AlF; system with 4 mol% of AlF3
sodium ions has been deliberately omitted for a better observa-
tion, where average lengths of Al-F and Sc—F bonds are 0.273
and 0.293 nm, respectively

complexes of aluminum and scandium, as a function of the
molar concentration of AlFs;. AI’" ions are mainly sur-
rounded by 4, 5 or 6 neighboring F atoms, but the AlFs*~
remains the most prevalent and the most stable species over
the entire concentration range. This explains why the
average number of aluminum coordination oscillates
around an average value of 5. The value tends to decrease
slightly with an increased concentration of AlF; in the
original melt. This trend is due to a continual increase of
the presence of the less coordinated AlF,~ species with a
concomitant decrease of the presence of the higher coor-
dinated A1F637 anions.

If considering Fig. 9 on the evolution of the coordina-
tion of scandium atoms as a function of the AlF; concen-
tration in the melt, only two anionic complexes can be
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seen: ScF63_ and SCFSZ_. The ScF63_ ion remains as the
most prevalent species in the melt with lower concentra-
tions of AlF; (up to ca 15 mol%), since at the higher
concentrations of AlF; the most prevalent species becomes
ScFs?~. This inverse change in the species prevalence
explains the gradual decrease of the average coordination
number of scandium from 5.7 to 5.4 as the AIF; concen-
tration increases.

The numerical results about the coordination of alu-
minum and scandium atoms in molten state suggest that the
proposed model of the calculations in this case agrees well
with our experimental HT NMR observations. At this
point, we would like to again mention that as seen in
Fig. S5, the majority of the scandium complexes are based
on our calculations probably in real melt connected toge-
ther via fluorine ions to form more or less long chains.

A detailed statistical analysis of the different atomic
configurations recorded over a molecular dynamic range of
5 ns is shown in Fig. S5. Different species have been
grouped for greater clarity into 6 major families: F~ free
jons, monomers AIF,>™ (x = 4, 5, 6) or ScFy37y (y=5,6)
and “polymer” chains of the type Sc,F,** ™, ALF, >,
Sc, ALF 7% Ag it can be seen from the figure,
Sc, ALF 7% is the most prevalent species over a wide
range of the AlF; concentration in the melt. In the melt, the
highest proportion of this species is with approximately
10 mol% of AlF;, when it gradually decreasing and is
being exceeded by Aley‘3x_y’ chains and by AIF>~"
monomers at the higher AlF; content. These calculated
results are in very good agreement with what was found as
the presence of a solid solution of Naj(Al,Sc)Fy detected
by XRD and MAS NMR in the solidified samples and
discussed above.

As it can be also seen from Fig. S5, the presence of the
free fluorine anions and the presence of the isolated
ScFy3_y complexes initially increase with the increase of
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Fig. 9 a Aluminum and b scandium complexes fractions of AIFs2~ (blue triangle), AlF>~ (red dot), AIF,~ (black square), ScFg>~ (blue
triangle), ScFs?~ (red dot), and average coordination (violet square) as a function of concentration of AlF3 in molten NaF—ScF3—AlIF;

system at 770 °C
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the AIF; content before reaching a peak at 7.5 mol%. At
the higher concentrations than 7.5 mol% of AlF;, a dis-
appear of both species can be seen, too.

When considering the pure eutectic mixture of NaF-
ScF; (absence of AlF;), the mixture is essentially a net-
work of Sc,F,** chains in coexistence with some isolated
complexes of ScFy3 Y and free fluorine ions. These findings
are in good agreement with what was already reported in
Ref.[7]. The addition of aluminum into the molten NaF-
ScFj; system breaks right away the Sc—F bonds of Schy3x_y
networks and makes them possible to form isolated
AIF,”™ complexes with subsequent release of more free
fluorine ions. The introduction of aluminum atoms into the
NaF-ScF; melt is thus responsible for the slight increase of
free fluorine ions as also seen in Fig. S5.

As the amount of AlF; in the melt increases, the pre-
viously isolated complexes of AIF,” ™ start to connect the
chains of Sc,F,>*™ and form more complex network of
chains of Sc,Al,F, 7% As the concentration of AlF;
increases more, the isolated complexes of AlFx37x also
start to connect together and form ALF, ™" chains. At the
end, in the real melt, we can thus see the coexistence of two
networks of Sc, ALF "% and ALF, > with some
isolated complexes of AIF,”*. The rearrangement of the
network structure in the liquid phase must have also cor-
related with a change of the physico-chemical behavior of
the melt like it can be really seen in Fig. 10 where values of
density calculated based on the MD simulations as a
function of the AIF; concentration are depicted. In the
figure, the change in slope of the density can be seen
somewhere between the concentration 5 mol% and
10 mol% of AlF;.

Going further in the considerations of the structure and
the physico-chemical behavior of the melt, the dynamics of
exchanges between A13+, Sc** and F~ ions was used to
evaluate the lifetime of the anionic complexes formed in
this molten system. The relaxation time of the first
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coordination spheres of the A" and Sc®* ions as a
function of the NaF-ScF;—AlF; composition at 770 °C is
already reported in Fig. S6. These relaxation time was
determined by positioning themselves at the value of 1/e of
the cage autocorrelation functions calculated according to
the method of Rabani et al. [33]. These functions represent
the time taken by a fluorine ion to leave the coordination
sphere of the AI*™ or Sc** ions (Fig. S6). The calculations
show that the average residence time of a fluorine ion
around an A’ ion (about 20 ps) is four times longer than
that of a fluorine ion around a Sc** ion (about 5 ps).
However, this difference is being reduced as AlF; content
in the melt increases.

The barrier energy based on the calculation of the
potential of mean force (PMF) [34] of the ionic pairs APT—
F~ and Sc**—F~ (Fig. S7) was also calculated using the
radial distribution function. This barrier energy corre-
sponds to the energy difference between the first maximum
and the first minimum of PMF y/(r) = —kg-T-Ing(r), where
kg is Boltzmann’s constant and g(r) is the radial function
distribution function for a given pair of ions. As it can be
seen in Fig. S5, the barrier energy of the ionic pair Al>T—
F~ was found to be higher than that of the Sc*™—F~ pair.

This finding indicates that the fluorine ions contained in
the aluminum coordination sphere are more difficult to
separate off than those of the F~ ions located in the
scandium environment. The instability of the scandium F~-
local environment compared to the aluminum one is
probably responsible for the numerous exchanges of fluo-
rinated neighbors in the vicinity of the scandium ions, and
this fact can be also an explanation for the existence of the
polymerization interactions in this molten system and thus
formation of different complex chains (e.g., Sc.F,**,
ALF, > Sc AL F 79,

It was already stated above that the combination of the
theoretical approach proposed in this work can be used for
the calculation of the physico-chemical behavior of the
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Fig. 10 a Density and b ionic electrical conductivity of molten NaF—ScF3;—AlIF; system based on MD simulations (770 °C)
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melt. The density of the molten NaF-ScF;—AlF; system
calculated based on the MD simulation at 770 °C is yet
mentioned in Fig. 11. The similar evaluation of the trans-
port properties of the molten NaF-ScF3;—AlF; system is
presented in the following paragraphs.

An ionic electrical conductivity of the molten NaF-
ScF3—AlF; system calculated based on the MD simulations
(770 °C) is depicted in Fig. 10. The electrical conductivity
was calculated using a mean square displacement (MSD)
of the atoms when the MS dynamics simulation of 5 ns was
applied. The details of the approach used here are more
described in our previous works [7, 9].

As it can be seen in Fig. 10, the electrical conductivity
of the NaF-ScF; melt increases at the beginning sharply
with the introduction of AlF; to the melt. This trend has a
peak around 5 mol% of AlF; (200 S'm~'), and then a
sharp decrease of the conductivity can be seen reaching a
conductivity of 75 S-m~"' at 10 mol% of AlF;. The con-
ductivity goes afterward through a local minimum at
approximately 15 mol% with a subsequent slow increasing
toward higher concentrations of AlF; in the melt.

It can be noticed that the shape of the evolution of the
conductivity for the concentrations below 30 mol% of AlF;
resembles the shape of the evolution of the proportion of
the presence of ScFy3_y species in the melt (see Fig. 10).
The slow increase of the conductivity at the higher con-
centrations seems to be on the other hand more related with
the increased presence of the Ale3 Y species in the melt
or, simply, with the combination of different trends linked
with the rearrangement of the internal environment of the
melt as it was already discussed above.

The self-diffusion coefficients of the particles in the melt
can be calculated in absence of external electric fields
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using a slope of the function between MSD of the indi-
vidual particles and time. MSD is based on the statistical
mechanics to measuring of the deviation of the position of
a particle subjected to a Brownian motion with respect to a
reference position over time. The correction proposed by
Yeh and Hummer [35] was also introduced in our approach
to correct the effect of periodic boundary conditions. The
self-diffusion coefficients calculated for each ion along the
isotherm at 770 °C are presented in Fig. 11 as a function of
the composition of the melt. Figure 11 also contains an
inserted figure depicting the total diffusion coefficient as a
result of the collective effects between the particular ions.

As it can be seen in Fig. 11, the sodium ions are the
fastest diffusing ions regardless of the composition of the
melt. The figure also shows that diffusion rate of F~, AT
and Sc** ions reaches the approximately same rate, at the
higher concentrations of AlF;. However, this rate is still 3.5
times slower than that of sodium ions. These observations
are in good agreement with our structural analysis where it
has been showed that all the fluorine ions are involved in
the complexification interactions in the melt. It can be
stated that regardless of the composition, there is probably
no free F~ in our melt.

In terms of the viscosity as the other transport property
of our system, the Green—Kubo formalism [36] was used
for its prediction where a time integral of the autocorre-
lation function obtained by molecular dynamics over a 5-ns
long trajectory was applied. The results of that calculation
as a function of the AIF; concentration are depicted in
Fig. 11. As it can be seen in the figure, the viscosity sharply
drops upon the introduction of AlF; in to the system. After
this sharp drop, the evolution of the viscosity with the
increasing concentration of AlF; then shows a local
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Fig. 11 a Self-diffusion coefficients of sodium (green nabla), aluminum (blue triangle), scandium (red dot) and fluorine ions (black
square) obtained from molecular dynamic simulations in NaF—-ScF3;—AlF3 system at 770 °C, and (insert) total self-diffusion coefficients
from these diffusion coefficients taking into account collective effects between ions; b calculated values of viscosity of molten NaF—
ScF3—AlF3 mixtures as a function of AlF3 concentration (770 °C), where Green—Kubo formalism [36] was used based on a time integral

of autocorrelation function (5 ns)
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maximum at around 5 mol% of AlIF; and then a relative
constant value in the range between 10 mol% and
35 mol% of AlF;.

The initial relatively sharp drop of the viscosity can be
explained by the breakage of the original highly viscous
network of the Schy3x_y chains when AlF; is introduced into
the melt. Another peak of the viscosity, calculated at the
concentration around 5 mol%, can be then explained by a
formation of the Sc, Al F.>**~% species in the melt. After-
ward, the viscosity slightly decreases toward a relatively
constant value, probably due to a formation of a network of
the ALF,**™ species which partially compensates the
decrease in the presence of the Sc,Al,F.>*** % chains as can
be seen in Fig. S5. It can be generally stated here that even in
the case of the viscosity, the general behavior is in good
agreement with our structural considerations. At the begin-
ning, a sharp change of the physico—chemical behavior
related to the breakage of the original the Schy’g"_y network
can be seen. The further increase of the concentration of AlF;
leads generally to the smaller changes in the melt behavior. It
can be caused by the rearrangement of the internal envi-
ronment of the melt related to the gradual change of the
proportion of each species in the melt.

Conclusion

A combination of thermal analysis, in situ HT-NMR, solid-
state NMR, powder XRD and molecular dynamics simu-
lations gives first insight into the structure of molten NaF-
ScF3 eutectic with Al metal mixtures. By means of ther-
mogravimetry method, the stability of the system was
carried out in the molten state. The solubility of aluminum
in the eutectic system of NaF-ScF; was analyzed by
thermal analysis. During the in situ studies, F, 3Na, 2’Al
and *Sc chemical shift evolutions prove the formation of
an insoluble Al;Sc alloy in molten bath. It should be noted
that this reaction is very fast. In addition to the precipita-
tion of Al;Sc, the melt contains a small part of the soluble
aluminum metal. Corresponding ex situ examinations bring
to light the formation of NaScF, and solid solution of
Nas(Al, Sc)Fg in cooled bath.

Based on the validity of the polarizable ion model and a
good agreement between the experimental values and the
calculated values of the chemical shift, the local structure
in molten salt was reported. Additionally reliable physico-
chemical properties of the molten bath (density, electrical
conductivity, self-diffusion coefficients, viscosity) were
predicted.

This work represents the first step in systematic effort
aiming at the elucidation of the role of structure and
composition of melts in the Al-Sc alloy production process
and provides new perspectives for the optimization,

aQ

simplification and cost reduction of the manufacturing of
aluminum-scandium alloy.
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