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Abstract

Aluminum-scandium master alloys are highly demanded
products used to create multi-functional aluminum alloys
and composites. A high cost of Al-Sc master alloys stops
the automotive industry from using them widely. This
research investigates the possibility to produce Al-Sc
master alloys via electrolysis of the LiF-AlF3-Sc,03 melt.
The kinetic parameters of the aluminum and scandium
electrowinning were studied by means of voltammetry,
stationary polarization, and electrolysis tests. The appar-
ent limiting current density for co-deposition of Alu-
minum and Scandium on tungsten cathode was in the
range from 1.28 to 1.97 A.cm™ in the temperature range
from 860 to 940 °C. Based on the electrochemical
measurements, the parameters for galvanostatic electrol-
ysis were selected and electrolysis tests were carried out
to obtain Al-Sc master alloys. The microstructure of the
obtained Al-Sc master alloys was studied. It was possible
to obtain Al-Sc alloys with the concentration of Sc 0.68
wt.%.
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Introduction

The advancement of technology is closely intertwined with the
development of innovative materials and manufacturing tech-
niques. Among these, considerable attention is directed toward
alloys and composite materials based on aluminum, which
hold great promise in various applications [1-3]. Specifically,
aluminum-scandium master alloys have garnered significant
interest due to their role in producing multi-functional alu-
minum alloys and composites [4, 5]. Al-Sc alloys find
extensive applications in the manufacturing of sports equip-
ment, including baseball and softball bats, bicycle frames,
lacrosse sticks, and tent poles. Their exceptional strength
properties make them the material of choice for these items. In
cutting-edge sectors, such as aerospace, both NASA and
Airbus are actively assessing Al-Sc alloys for potential use in
aircraft components [0, 7]. However, their widespread adop-
tion, particularly in the automotive industry, is hindered by the
high production costs associated with existing methods.

Currently, Al-Sc master alloys are primarily manufac-
tured through an aluminothermic reduction process,
involving scandium salts beneath a layer of salt flux at
approximately 900 °C [4]. This process requires costly
scandium fluoride and pure aluminum as raw materials,
encompassing expenses for their production and trans-
portation within the overall production cost of Al-Sc master
alloys. Additionally, a notable drawback of this method is
the rapid accumulation of oxides within the salt flux,
necessitating periodic replacement or regeneration.

An alternative and more cost-effective approach to pro-
ducing Al-Sc master alloys involves utilizing relatively
inexpensive Sc,O3 within alumina reduction cells according
to the equations:

AL O5(dis) +3/2C(s) = 2A1(1) +3/2C0,(g) (1)

Sc,05(dis) +3/2C(s) = 2Sc(dis) +3/2C0Ox(g)  (2)
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3ALO;(dis) + Sc,05(dis) + 4C

= 2AL3Sc(1) +4CO; (g) ®)

This method eliminates several steps such as cooling,
transportation, and subsequent heating of the resulting pure
aluminum and obviates the need for an additional reactor
dedicated to Al-Sc master alloy production [8, 9]. However,
this technology is characterized by high operating temperatures
(950-960 °C), limited scandium extraction, the presence of
hazardous gaseous byproducts, and overall low energy effi-
ciency. Electrowinning of elemental scandium and the Al;Sc
intermetallic compound occurs at potentials roughly 0.44 V and
0.31 V more negative than aluminum electrowinning [4].

Several alternative methods have been proposed to address
these challenges, including the electrolytic production of
Al-Sc alloys in various molten salt compositions at lower
temperatures [10-14]. Among these approaches, electrolysis
in KF-AlF5- and NaF-AlF;-based melts with Al,O5 and Sc,05
additives at temperatures ranging from 700 to 900 °C, using a
liquid aluminum cathode and carbon anode, has shown pro-
mise [11, 15-17]. Recent pilot-scale implementations of these
methods have further supported their feasibility [18].

The occurrence of potassium electrowinning, facilitated
by depolarization in the presence of scandium, may be
attributed to the potential formation of intermetallic com-
pounds. This situation complicates the precise estimation of
kinetic parameters, given that scandium electrowinning
coincides with aluminum electrowinning, and there's a
likelihood of forming intermetallic compounds involving
scandium, aluminum, and potassium.

Under conditions of stationary polarization, the addition
of Sc,03 oxide to the KF-AIF; melt leads to a notable
increase in the limiting current density for both aluminum
and scandium electrowinning [4]. This increase is approxi-
mately from 0.45 to 0.81 A cm 2. Simultaneously, potas-
sium electrowinning becomes evident at a potential of
approximately —0.95 V and remains relatively unchanged.
The limiting current density for aluminum electrowinning
from the KF-AlF; melt ([KF]/[AlIF;] = 1.5 mol/mol) satu-
rated with Al,Oj5 is around 0.70 A cm ™2 [19].

Another possible electrolyte potentially suitable for
electrowinning of Al-Sc master alloys is LiF-AlF3-based.
Although it may help overcome some drawbacks related to
potassium co-deposition due to wider electrochemical win-
dow, it was not studied extensively. Additionally, the elec-
trical conductivity of LiF-based melts is higher compared to
NaF- and KF-based ones. Electrolytes containing portions of
LiF in 2.2NaF/AlF5-3 wt.% Al,O3-5 wt.% LiF-2 wt%
Sc,03 were used to prepare alloys with 0.14-0.41 wt.% Sc
at current efficiency of 88.7% and 79.27% for cathodic
current density of 0.5 and 1 A-cm™2, respectively [20]. Guo
et al. [21] used the LiF-ScF3-ScCl3—Sc,05 at 850 °C with Al

cathode to successfully produce Al-Sc alloys with maximum
of 3.437% of Sc content in the alloy.

The studies of Al reduction process in LiF-based melts
[22—-25] showed that the mechanism of aluminum reduction
in LiF-based melts is complicated and deserves further study
to find the optimal process parameters. In light of these
considerations, it becomes imperative to delve into the
kinetics of electrode processes within LiF-AlF;-based melts.

The present study aims to contribute to this understanding
by investigating the kinetic characteristics of aluminum and
scandium electrowinning from LiF-AlF; melts containing
Sc,05 additives during the synthesis of Al-Sc master alloys.

Experimental Methods
Preparation of Electrolytes

The molten electrolytes were meticulously prepared using
high-purity, dried fluorides. To achieve the desired compo-
sition, a precise quantity of Sc,O3 was introduced into the
melt using a steel tube. The total mass of the melt in the cell
was approximately 500 g.

Electrochemical Measurements

The electrochemical measurements were conducted within a
three-electrode graphite cell, in an argon atmosphere, across a
temperature range of 860-940 °C. A finely grained, graphite
rod served as the auxiliary electrode. Tungsten rods with a 2
mm diameter were employed as working electrodes. The
potential of the working electrode was measured relative to the
potential of the tungsten quasi-reference electrode. The sta-
tionary polarization characteristics were determined by
recording the steady-state electrode potential as a function of
the supplied cathode current. This was achieved using
PGSTAT AutoLab 302N equipment in conjunction with
NOVA 2.1.6 Software, both from The MetrOhm (the Nether-
lands). Additionally, voltammograms were generated by
varying the potential sweep rate at 900 °C. To ensure precise
measurements, the “I-Interrupt” procedure was employed to
identify and offset any ohmic voltage drop in the measurement
circuit. The melt's temperature was monitored using a K-type
thermocouple, with fluctuations limited to £ 2 °C.

A series of short-term (2-4 h) electrolysis tests were
performed in a galvanostatic mode within a two-electrode
graphite cell with varying contents of aluminum and scan-
dium oxides, at current densities of 0.12 A-cm 2, 0.6
A~cm_2, and 1.15 A-cm 2. The tests were conducted at
temperatures exceeding the liquidus temperature, specifi-
cally at 860 °C and 910 °C.
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Analysis

The electrolyte analysis was conducted using X-ray phase
analysis. X-ray diffraction patterns were recorded on a Shi-
madzu XRD7000 X-ray diffractometer, Japan, with CuKa
radiation and a monochromator. The scanning range was set
from 5 to 70° on the 20 scale, with a step size of 0.03°, and a
scanning speed of 1.5 degrees per minute.

The prepared finely dispersed powder sample was man-
ually pressed into a standard quartz glass cuvette. X-ray
powder diffraction analysis (XRD) was performed using the
Information Retrieval System for XRD (IRS XRD) program.
This analysis utilized the PDF2 database of XRD standards
for phase identification and quantitative XRD (QXRD)
through the multi-reflex method known as “corundum
numbers”. The corundum numbers of phases (Imax/Icor)
were used to normalize the intensity (I) of XRD standard
lines to a common scale (corundum intensity) and are
available in the PDF2 database.

The analysis of the cathodic metal was carried out using
the laboratory spectrometer FOUNDRY-MASTER LAB.
The detection and measurement of the intensity of emission
lines in the plasma's spectral composition were performed
using CCD detectors. The analysis of the emission spectrum
enabled the determination of the elemental composition of
the sample under examination. The assessment of whether
the metal met specified requirements, its grade, and devia-
tions from the required standards was determined by com-
paring the obtained data with the reference database
integrated into the instrument's software.

The elemental composition of the inclusions in the
structure of the metal sample was determined using a

scanning electron microscope EVO50 Carl Zeiss with the
Energy350 energy-dispersive spectrometer.

Results and Discussion

Cyclic voltammetry (CV) allows the study of the kinetics of
the electrode process over a wide range of potentials to
establish the potential difference between the onsets of Al
and Sc. Furthermore, by analyzing the current—potential
curve, one can draw important conclusions about the
mechanism of reduction and oxidation, which can be used to
enhance the electrowinning process. To determine the elec-
trochemical window and study the kinetic parameters of both
Al and Sc reduction, such a study was performed at a tem-
perature of 900 °C. Figure 1 represents the results of cyclic
voltammetry conducted in a 64LiF-36AlF; melt with an
initial addition of 2 wt.% Sc,0s.

Using potential sweep rates ranging from 0.1 to 0.8 V-s~',
several electrochemical processes were identified. Aluminum
electrowinning initiates at potentials more negative than
approximately -0.06 V relative to the potential of the
quasi-reference electrode (“Red 1” wave in Fig. 1b), while the
“Red 2” deposition peak emerges in the potential range of
—0.25 to —0.35 V. At potentials more negative than the “Red 2”
peak, a negative current associated with aluminum electrowin-
ning persists. The cathodic wave “Red 3”, appearing at around
—0.70 V, is likely associated with Sc reduction on the Al sur-
face. The potential window between Al and Sc varies between
0.42 and 0.48 V, which agrees with previously reported values
[4]. The potential difference between onsets for Sc and Li is
more challenging to recognize. Still, a rough estimation gives
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Fig. 1 Results of CV performed in 64LiF-36AlF; (2 wt.% Sc,03) with
W working electrode at 900 °C: a dependency between peak potentials
and In(v) for three reduction and three oxidation peaks (waves),
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the value around 0.1 V, which places the undesirable
co-deposition of Li within the bounds of possibility.

The current peaks “Red 1” and “Red 2” are likely both
associated with Al reduction. The potential difference is
between 0.13 and 0.20 V. One possible explanation is that
the first wave represents the reduction of Al on W with the
formation of an intermetallic compound, while the second
peak manifests the reduction of Al on the Al surface when
there is no uncovered W substrate left. On the other hand,
the corresponding oxidation peaks (“Ox 1” and “Ox 2”) are
very pronounced, suggesting that the reason may be differ-
ent, namely, a two-step reduction process with a
two-electron transfer on the first step and a one-electron
transfer on the second step. However, the potential differ-
ence for this case is too high, making this phenomenon
deserving of further study. The oxidation peak “Ox 3” is
likely related to the oxidation of Sc.

Analyzing cyclic voltammograms in terms of plotting
peak potentials against In(v) (Fig. la) and peak currents
against the square roots of sweep rates (Fig. 1¢) allow us to
delve deeper into the mechanism of the electrode process.
A linear correlation between i, and y"2, and Ep remaining
unchanged at different sweep rates, indicates a diffusion-
controlled process. Both conditions are fulfilled only for the
oxidation of Sc and the “Ox 2” process for Al. Without
further studies, it is impossible to arrive at a definitive
conclusion regarding the mechanism. From a technical
standpoint, calculating diffusion coefficients for these pro-
cesses based on the CV data is not feasible. Still, one can
calculate apparent diffusion coefficients D* using the Ran-
dles—Sev¢ik equation, which is normally used to calculate

the true diffusion coefficients of electroactive species when
the product is soluble:

o=

. D
iy = —0,4463 - (z-F)} . C - (;T> (4)

where z is the number of electrons participating in the
reaction; F is the Faraday constant, equal to 96,485 C/mol; C
is the ion concentration, in mol-cm™ ; v is the sweep rate in
V-s~'. D is the diffusion coefficient in cm?s '; R is the
universal gas constant, equal to 8.314 J- (K-mol)"'; and T is
the absolute temperature in Kelvin (K).

All kinetic parameters collected from cyclic voltammetry
are listed in Table 1 with apparent diffusion coefficients
calculated for three different electroactive species.

The apparent diffusion coefficients for aluminum ions
spanned from 0.6-107 to 1.2-10° cm?s™". In contrast, for
scandium ions, they were 0.2-107> cm?®-s™".

In the galvanostatic potentiometry, we gathered data on
how the cathodes potential changes over time. These find-
ings allowed us to establish relationships between potential
and current density. The results obtained in chronopoten-
tiometry in the similar electrolyte at 860-940 °C are pre-
sented in Table 2.

Notably, high limiting current densities were observed. In
the temperature range of 860 to 940 °C, the limiting current
density ranged from 1.28 to 1.97 A-cm 2. The mass transfer
coefficients (k.) were in the range from 0.49-10% cm- s ! to
0.76-107* cm-s ', which is in better agreement with theo-
retical values for various molten salt systems compared to the
diffusion coefficients obtained in cyclic voltammetry (CV).

Table 1 Kinetic parameters for reduction and oxidation of Al and Sc on W electrode

1 2

Scan rate, V-s~ ip, A-cm™

Reduction peaks

Y Vi In(v) Redl Red2 Red3
0.1 0.32 -2.30 -0.32 -0.49 —-0.25
0.2 0.45 - l.61 -0.37 —0.63 —-0.32
0.4 0.63 —-0.92 —0.46 —-0.79 —-0.39
0.8 0.89 -0.22 —0.68 -1.04 —0.46
Average

Standard deviation

Oxidation peaks

v V12 In(v) Ox 1 Ox 2 Ox 3
0.1 0.32 —2.30 1.05 0.70 0.20
0.2 0.45 -1.61 1.19 0.86 0.24
0.4 0.63 -0.92 1.61 1.19 0.37
0.8 0.89 —-0.22 2.31 1.47 0.43
Average

Standard deviation

E,, V w.rt. qRE D*.10° em™s ™'
Redl Red2 Red3 Redl Red2 Red3
—-0.14 -0.27 —-0.67 0.009 0.162 0.339
-0.14 —-0.31 —0.68 0.006 0.134 0.278
—-0.14 —0.34 -0.7 0.004 0.105 0.206
—-0.15 —-0.34 -0.7 0.005 0.091 0.144
0.006 0.123 0.242
0.002 0.027 0.074
Ox 1 Ox 2 Ox 3 Ox 1 Ox 2 Ox 3
0.05 -0.12 —-0.62 0.093 0.330 0.217
0.05 -0.12 —-0.61 0.060 0.249 0.156
0.05 -0.12 —0.61 0.055 0.238 0.186
0.07 -0.12 —-0.6 0.056 0.182 0.125
0.066 0.250 0.171
0.016 0.053 0.034
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Table 2 Kinetic p.ar.ameters.of T.K N
the Al-Sc co-deposition obtained
from stationary galvanostatic 860 1.28
polarization 900 1.52

940 1.97

In the stationary polarization studies, high residual cur-
rents (is) were recorded before reaching the potential of
diffusion-controlled co-deposition of Al and Sc. This current
increased with an increase in temperature and was in the
range from 0.29 to 0.46 A-cm™ 2.

Electrolysis experiments demonstrated the promise of
lithium cryolite as an electrolyte for simultaneous aluminum
and scandium electrodeposition on the cathode. After a 2-h
electrolysis session at a current density of 1.15 A/em?, we
produced an alloy containing approximately 0.7 wt.%
scandium. A microstructural analysis of the resultant sample
suggests the possible formation of aluminum-scandium in-
termetallic compounds.

The microstructure of the examined sample reveals three
zones: an extensive zone of the metallic base, a transitional zone
with sizes ranging from 180 to 280 um, and a metallic “droplet”
zone with aluminum as the main component. The structure of the
“droplet” consists of an aluminum base with inclusions of large
plate-like intermetallics. The length of the large plates ranges from
93 to 432 pwm, while the smaller ones fall within the 41-62 pm
interval. Cross sections of the “droplet” reveal clusters of irreg-
ularly shaped smaller inclusions, measuring 5-10 pm.

Conclusion

This study explores the kinetics of aluminum and scandium
electrowinning from LiF-AlF; melts with Sc,O5 additives,
shedding light on the synthesis of Al-Sc master alloys. Cyclic
voltammetry was employed to delve into the kinetics of the
electrode process. Aluminum electrowinning, scandium
electrowinning, and the potential formation of intermetallic
compounds were analyzed. Results indicate that scandium
electrowinning coincides with aluminum electrowinning,
complicating precise kinetic parameter estimation.
Stationary polarization studies revealed high limiting
current densities in the temperature range of 860 to 940 °C,
demonstrating the feasibility of the proposed method. Elec-
trolysis experiments using lithium cryolite as an electrolyte
produced an alloy containing approximately 0.7 wt.%
scandium, with possible intermetallic compound formation.
This study contributes insights into the kinetics of alu-
minum and scandium electrowinning, laying the ground-
work for more efficient and cost-effective production
methods for Al-Sc master alloys in the future. Going

2 ires Arcm 2 ke-10%, cmes !
0.29 0.49
0.43 0.58
0.46 0.76

forward, the research will be focused on unraveling the
kinetics of simultaneous metal deposition, optimizing elec-
trolysis parameters such as temperature, electrolyte compo-
sition, and current densities, and exploring the feasibility of
creating other rare-earth metal-aluminum alloys.
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