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Abstract: The electrochemical process of Mg—Sr codeposition was studied in MgCl,—SrCl,—KCl melts containing different MgCl,
concentrations at 700 °C by cyclic voltammetry, chronopotentiometry and chronoamperometry. The results show that the actual
precipitation potential of Sr reduces by nearly 0.5 V because of the depolarization effects of Sr activity reduced by forming Mg—Sr
alloy. The codeposition potential condition of Mg and Sr to form Mg—Sr alloy is as follows: When electrode potential is more
negative than —1.5 V, the magnesium will precipitate; when electrode potential is more negative than —2.0 V, the magnesium and
strontium will both deposit. The control step of codeposition process of Mg and Sr is not diffusion control step. The codeposition
current condition of Mg and Sr to form Mg—Sr alloy by chronoptentiometry is as follows: cathode current densities are higher than
0.71, 1.57 and 2.83 A/cm? in MgCl,—SrCl,—KClI melts with MgCl, concentrations of 2%, 5% and 10% (mass fraction), respectively.
Key words: molten salt electrolysis; Mg—Sr alloy; electrochemical reduction

1 Introduction

Sr can be used as a magnesium alloy modificator.
Adding a small amount of Sr into magnesium alloy can
refine the grain and improve its mechanical properties
[1]. Meanwhile, Sr can also be used as an alloying
element to improve the heat resistance of magnesium
alloy [2]. Sr is also widely used as efficient modificators
in aluminum alloy. Generally, it is added to the alloy in
the form of Al-Sr master alloys. However, Mg—Sr
master alloys are superior than Al—Sr master alloys.
Al-Sr alloy has mostly eutectic structure containing a lot
of thick high-temperature phase Al,Sr. Its dissolved
absorption is slow and Sr burns seriously. The melting
point of Mg—Sr alloy is lower than that of Al-Sr alloy.
Mg—Sr alloy does not contain high-temperature phase
that is difficult to break down. The dissolved absorption
of Sr is faster and Sr burns to a less extent [3]. Mg—Sr
alloys and multicomponent alloys have been studied by
ARGYROPOULOS and CHOW [4], and Mg—Sr alloys
are used in the modification of aluminum alloy.

The main methods to produce Mg—Sr alloys are

mixed method and melt-immerse reduction. The mixed
method can be used in the preparation of Mg—Sr alloys,
but it needs preparation of metal Mg and Sr in advance,
which are then remelted and doped into alloys. Therefore,
the process is long and the energy consumption is high.
The melt-immersion reduction is achieved by adding Sr
compounds to the Mg melt and Mn functions as a
reducing agent and the Sr concentration gradient of the
reaction interface functions as the thermodynamic and
kinetic driving force. Sr precipitated from Sr compound
diffuses continuously into the Mg melt, forming Mg—Sr
alloy. However, due to the slow diffusion rate of
reduction, only the Mg—Sr alloy containing a trace
amount of Sr (generally not higher than 0.02%) can be
prepared [5]. Molten salt electrolysis codeposition can
prepare the metal which is difficult to achieve from an
aqueous solution and it has a high deposition rate. Also,
it makes the current efficiency higher than that by the
codeposition  and process  proceed
simultaneously.

Molten salt electrolysis method has been used in the
preparation of Mg—Li [6,7], Al-Ca [8], Mg—Li—La [9],
Mg-Li—Gd [10] and other alloys [11—13]. As the
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solubility of Sr in strontium chloride molten salt reaches
up to 20%, the current efficiency of elemental Sr is lower
by molten salt electrolysis [14]. Although the study of
preparation of Mg—Sr master alloy by molten salt
electrolysis is significant, the preparation of Mg—Sr
master alloy by molten salt electrolysis has not been
reported yet. Theoretical decomposition potential
difference between Mg® and Sr** is nearly 1 V, from
which it is generally believed that molten salt code-
position is very difficult. But because of the formation of
binary alloys, the activity of alloying elements can be
effectively reduced [15]. It may promote the dissolution
and diffusion of the alloying and has depolarization
effect which makes molten salt electrolysis codeposition
possible. In this work, the electrochemical mechanism of
different MgCl, concentrations of Mg—Sr alloy in
electrodeposition process was investigated, and the
reduction potential and current parameters of Mg*" and
Sr*" in an inert cathode in molten salt system were
identified, which provides some theoretical guidance for
industrialization preparation of Mg—Sr alloys by molten
salt electrolysis codeposition.

2 Experimental

The electrochemical experimental apparatus used in
the experiment is shown in Fig. 1. The electrolyte melt
temperature of electrochemical test as 700 °C. The
working electrode was W electrode (d 1 mm) and the
electrode area of W wire cathode was controlled by the
depth of the molten salt. The auxiliary electrode and
reference electrode were spectral pure graphite rods (d 8
mm). In order to further remove impurities,
pre-electrolysis at potential of —1.3 V (vs spectral pure
graphite reference electrode) was carried out for 3 h
before starting the experiment.

3 Results and discussion

3.1 Cyclic voltammetry

Figure 2 shows the typical cyclic voltammetry
curves in different concentrations of magnesium chloride
in MgCL—SrCl,—KCl melts on the W electrode.
According to Fig. 2, as the potential scans in the negative
direction, the current starts to increase sharply at about
—1.6 V. With the continuing negative shift of potential,
the peak reduction current appears; when the potential
continues to scan in the negative direction to about -2.1 'V,
the current increases sharply again.

Comparing different MgCl, concentrations of cyclic
voltammetry curves, the deposition potential of Mg and
Sr has little change as MgCl, concentration gradually
increases. It demonstrates that Mg*" and Sr*
concentration ratio in molten salt has no effect on Mg
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Fig. 1 Schematic diagram for electrochemical experiment
apparatus: 1 — Gasket seal; 2 — Resistance furnace; 3 —
Resistance wire; 4—Furnace; 5—Stainless steel sleeve; 6—
High purity graphite crucible; 7 — Molten salt; 8 —

Thermocouple; 9—Auxiliary electrode; 10—Working electrode;
11—Reference electrode; 12—TInsulation filler

0.20
0.16
0.12
0.08
0.04

Current/A

1
=
=
I =]

-0.08

-0.12
-0.16

0 =03=0.6-09-12<1.5 -1:8-2.1 =24 2.7
Potential/V

Fig. 2 Cyclic voltammetry curves for MgCl,—SrCl,—KCI melts

containing different MgCl, concentrations (mass fraction): (a)

10% MgCly; (b) 5% MgCly; (¢) 2% MgCl,

and Sr deposition potential. However, the impact is the
depolarization owing to precipitation of strontium in
liquid magnesium, which results in Sr** increasing by 0.5
V in the actual deposition potential. With MgCl,
concentration gradually increases, the reduction peak
current of the Mg®" also increases gradually, mainly for
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that concentration of Mg®" is higher, the limiting
diffusion current is larger in the same cathode
electrolysis area.

3.2 Chronoamperometry

In order to study the electrochemical behavior of
Mg—Sr alloys by Mg—Sr codeposition further, current
signals with time of the 2% MgCl,—SrCl,—KCI melts on
W electrode at different applied potentials at 700 °C are
shown in Fig. 3.
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Fig. 3 Current signals with time of 2%MgCl,—SrCl,—KCl at
different applied potentials

It can be seen from Fig. 3 that when cathode relative
potential is —1.4 V or higher, the cathode has
substantially no reduction current, so Mg®" has not been
precipitated yet. With the continuing negative shift of
relative potential, when the cathode relative potential
reaches up to —1.6 V, a current signal appears and
cathode starts to precipitate Mg?'. The amount of
magnesium precipitation gradually increases with the
continuing negative shift of the cathode potential. When
the cathode relative potential negative shifts over —2.2 V,
cathode current increases significantly. The main reason
is that the cathode relative potential reaches the actual
deposition potential of the Sr, and the underpotential
precipitation of strontium on the liquid magnesium
results in an obvious increase of the cathode current.

The conditions of Mg and Sr codeposition can be
judged from the chronoamperometry potential, namely
when the cathode relative potential reaches approxi-
mately —2.2 V, Mg and Sr will codeposit.

When the concentration of MgCl, increases to 5%,
chronoamperograms for 5%MgCl,—SrCl,—KCl melts at
different applied potentials are shown in Fig. 4.

According to Fig. 4, when cathode relative potential
is —1.4 V or higher, the cathode has substantially no
reduction current, so Mg®" has not been precipitated yet.
With the continuing negative shift of relative potential,
when the cathode relative potential reaches up to —1.5 'V,

a current signal appears and cathode starts to precipitate
Mg?". The amount of magnesium precipitation gradually
increases with the continuing negative shift of the
cathode potential. When the cathode relative potential
negative shifts over —2.1 V, cathode current increases
significantly. The main reason is that the cathode relative
potential reaches the actual deposition potential of Sr,
and the underpotential precipitation of Sr on the liquid
Mg results in an obvious increase of the cathode current.
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Fig. 4 Current signals with time of for 5%MgCl,—SrCl,—KCl at
different applied potentials

The conditions of Mg and Sr codeposition can be
judged from the chronoamperograms, namely when the
cathode relative potential reaches approximately —2.1 V,
Mg and Sr will codeposit.

Figure 5 shows the plot of | versus t* on a W
electrode at different applied potentials in 5% MgCl,—
SrClL,—KCl.
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Fig. 5 Plot of | vs t2 on W electrode at different applied
potentials
From Fig. 5, | versus t " only establishes linearly
proportional relationship in the range of —1.5 V to —1.7 V.
There is only Mg*" deposition, indicating that the Mg*"
reduction is a diffusion-controlled process [16]. When
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cathode relative potential reaches the deposition potential
of Sr, | versus t"? severely deviates from the linear
relationship, which shows that it is no longer a
diffusion-controlled process when Mg and Sr codeposit.

3.3 Chronopotentiometry

In order to study the electrochemical behavior of
Mg—Sr alloys by Mg—Sr codeposition further,
chronopotentiograms obtained at different current
intensities at 2% MgCl,—SrCl,—KCl melts are shown in
Fig. 6.
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Fig. 6 Chronopotentiograms obtained at different currents in
2%MgCl,—SrCl,—KCl melts

According to Fig. 6, when the cathode current
intensity is more than 20 mA, the reduction potential
platform of Mg*" moves to the negative direction with
the increase of current intensity. When the current
exceeds 50 mA, the platform potential quickly negatively
moves from —1.70 V to —2.10 V. This indicates that the
cathode current intensity is more than 50 mA (the current
density exceeds 0.71 A/cm?), the current density of Mg*"
is close to the limiting diffusion current density.
Continuing to increase the current intensity, Sr*'
precipitates, and the potential platforms negatively
moves to the strontium precipitate platform potential
which is about —2.10 V. Meanwhile, since Mg and Sr can
form an alloy phase with a different component, the
activity of Sr greatly reduces, and its actual deposition
potential also reduces.

The conditions of Mg and Sr codeposition can be
judged from the chronopotentiograms, namely when the
cathode current intensity is more than 50 mA (the current
density exceeds 0.71 A/cm?), Mg and Sr will codeposit.

Increasing concentration of MgCl, to 5%,
chronopotentiograms obtained at different current
intensities in 5% MgCl,—SrCl,—KCl melts are shown in
Fig. 7.

According to Fig. 7, when the cathode current
intensity is more than 70 mA, the reduction potential

platform of Mg”>" moves to the negative direction with
the increase of current intensity. When the cathode
current intensity is from 70 to 100 mA, the cathode
relative potential reduces approximately —0.15 V. When
the current exceeds 110 mA, the platform potential
quickly negatively moves from —1.90 to —2.20 V. This
indicates that the cathode current intensity is more than
110 mA (the current density exceeds 1.57 A/cm?), the
current density of Mg”" is close to the limiting diffusion
current density. Continuing to increase the current
intensity, Sr*" precipitates, and the potential platforms
negatively moves to the Sr precipitate platform potential
which is about —2.20 V. Meanwhile, as Mg and Sr can
form an alloy phase with a different component, the
activity of Sr greatly reduces and its actual deposition
potential also reduces.

Potential/V

Fig. 7 Chronopotentiograms obtained at different current
intensities in 5% MgCl,—SrCl,—KCI melts

The conditions of magnesium and strontium
codeposition can be judged from the
chronopotentiograms, namely when the cathode current
intensity is more than 110 mA (the current density
exceeds 1.57 A/cm?), Mg and Sr will codeposit.

Increasing concentration of MgCl, to 10%,

chronopotentiograms obtained at different current
intensities in 10% MgCl,—SrCl,—KCI melts are shown in
Fig. 8.

According to Fig. 8, when the cathode current
intensity is more than 140 mA, the reduction potential
platform of Mg”>" moves to the negative direction with
the increase of current intensity. When the cathode
current intensity is in the range of 140—180 mA, the
cathode relative potential reduces approximately —0.1 V.
When the current exceeds 200 mA, the platform potential
quickly negatively moved from —1.90 to —2.10 V. This
indicates that the cathode current intensity is more than
200 mA (the current density exceeds 2.83 A/cm?), and
the current density of Mg®" is close to the limiting
diffusion current density. Continuing to increase the
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current intensity, Sr’" precipitates, and the potential
platforms negatively moves to the Sr precipitate platform
potential which is about —2.10 V. Meanwhile, as Mg and
Sr can form an alloy phase with a different component,
the activity of Sr greatly reduces and its actual deposition
potential also reduces.
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Fig. 8 Chronopotentiograms obtained at different current
intensities in 10% MgCl,—SrCl,—KCI melts

The conditions of Mg and Sr codeposition can be
judged from the chronopotentiograms, namely when the
cathode current intensity is more than 200 mA (the cur-
rent density exceeds 2.83 A/ecm’), Mg and Sr will
codeposit.

4 Conclusions

1) Liquid Mg—Sr alloys deposited at 700 °C as
strontium  deposited in magnesium (magnesium
pre-deposited in W cathode) and formed underpotential
deposition. The formation of Mg—Sr alloy reduced the
activity of Sr and had depolarization effect, which made
actual deposition potential of strontium reduce by about
0.5V

2) The electrochemical process of Mg—Sr was
studied in MgCl,—SrCl,—KCl melts containing different
MgCl, concentrations at 700 °C by chronopotentiometry.
The results showed that when cathode current densities
are higher than 0.71, 1.57 and 2.83 Alem?® in 2%, 5% and
10% MgCl,—SrCl,—KCl molten salts, respectively, Mg
and Sr will codeposit.

3) It can be drawn from chronoamperometry that
when the cathode relative potential is less than —1.5 V,
Mg precipitates; When the cathode relative potential is
below —2.0 V, Mg and Sr will co-precipitate. The
chronoamperograms show that the entire electrode
process is no diffusion-controlled in the
co-precipitation of Mg and Sr.

longer
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