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Electrodeposition of quarternary Mg—Zn—Li—Ca alloys from molten salts
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Abstract: Direct electrodeposition of quarternary Mg—Zn—Li—Ca alloys on a molybdenum electrode from LiCl-KCl-MgCl,—
ZnCl,—CaCl, melts at 943 K was investigated. Cyclic voltammograms (CVs) show that the deposition potential of Li shifts in a
positive direction after adding MgCl,, ZnCl, and CaCl,. Chronopotentiometric measurements indicate that the codepositon of Mg, Li,
Zn, and Ca occurs at current densities lower than —1.55 A/cm?’. X-ray diffraction (XRD) indicates that Mg—Zn—Li—Ca alloys with
different phases were prepared via galvanostatic electrolysis. The microstructures of typical phase of Mg—Zn—Li—Ca alloys were
characterized by optical microscopy (OM) and scanning electron microscopy (SEM). The analysis of energy dispersive spectrometry
(EDS) shows that elements of Mg and Ca distribute homogeneously in the Mg—Zn—Li—Ca alloy. However, element Zn mainly

locates at the edges of the domain.
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1 Introduction

Magnesium—lithium alloys exhibit comparable
properties to other light metal alloys based on aluminum,
titanium and beryllium and attract more attention in
industrial application, such as in the automobile and
digital gadget manufacture [1—4]. However, the further
application of magnesium—lithium alloy is restricted, due
to its low elevated temperature properties [5]. Researches
indicated that the addition of Ca and Zn increases the
strength, castability and corrosion resistance [6—8].
However, the preparation method of Mg—Zn—Li—Ca
alloys has been restricted mostly to metal melting
(vacuum metallurgical technique). This conventional
method has many  disadvantages, such as
unhomogeneous  alloy composition, complicated
production process, serious metal oxidation, and
high-energy consumption. To overcome these problems,
electrochemical preparation methods for magnesium-
based alloys have been investigated. Our group has
successfully prepared a relatively more simple
electrochemical method in which lithium was deposited

and diffused to form Mg-Li alloys on a magnesium
cathode from LiClI-KCl melts at 693—783 K [9,10].
proposed a direct preparation of
Mg—Zn—Li—Ca alloys via electrochemical codeposition
of Mg, Li, Zn and Ca from LiCl-KCI-MgCl,—ZnCl,—
CaCl, melts. The process is simpler than previous
methods. With regard to deposition and electrochemical
studies of pure metallic ~magnesium ions,
CASTRILLEJO et al [11] used voltammetric techniques
to characterize the Mg (II) reduction process in the
equimolar CaCl,~NaCl mixture at 550 °C. And
BORRESEN et al [12] investigated the electrodeposition
and reduction of magnesium from halide melts [12].
However, the codeposition of Mg—Zn—Li—Ca alloys has
not been investigated even though the electrochemical
codeposition method has been widely used to prepare
other alloys. For example, IIDA et al [13,14] investigated
the electrochemical formation of Sm—Ni and Sm—Co
alloy films by a Li codeposition method from
corresponding chloride melts. GU [15] discussed cobalt
codeposited with copper and Co—Cu alloy produced on a
glassy carbon electrode (GCE) from Co-rich electrolytes.

In this work, we attempt to prepare Mg—Zn—Li—Ca

Recently, we
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alloys directly from LiCI-KCI-MgCl,—ZnCl,—CaCl,
melts using a co-electrodeposition method by
galvanostatic electrolysis and characterization of these
alloys by ICP, XRD, SEM and EDS.

2 Experimental

A mixture of LiCI-KCl (50%:50%, analytical grade)
was first dried under vacuum at 573 K for more than 72
h to remove excess water, and then melted in an alumina
crucible placed in a quartz cell located in an electric
furnace. The working temperature was measured with a
thermocouple protected by an alumina tube inserted into
the melt. Metal ion impurities in the melts were removed
by pre-electrolysis at —2.00 V (vs Ag'/Ag) for 4 h.
Magnesium, zinc and calcium ions were introduced into
the bath in the forms of anhydrous ZnCl,, MgCl, and
CaCl, powders. All experiments were carried out under a
carefully purified and dehydrated argon atmosphere.

All electrochemical techniques were performed
using an Im6eX electrochemical workstation (Zahner Co.,
Ltd.) with a THALES 3.08 software package. The
working electrodes were d1 mm molybdenum (99.99%
purity), which were polished thoroughly using SiC paper,
and then cleaned ultrasonically with ethanol prior to use.
The active electrode surface was determined after each
experiment by measuring the immersion depth of the
electrode in the molten salt. The reference electrode used
was a solution of LiClI-KCl-AgCl (1%) prepared in a
Pyrex tube. All potentials were referred to this Ag'/Ag
couple. A graphite rod (=1 mm, 99.99% purity) served
as a counter electrode.

The samples of Mg—Zn-Li—Ca alloys were
prepared by galvanostatic electrolysis under different
conditions. After electrolysis, all samples were washed in
hexane (99.8% purity) in an ultrasonic bath to remove
salts and stored in a glove box for analysis. These
deposits were analyzed by XRD (X’ Pert Pro; Philips Co.,
Ltd.) using Cu K, radiation at 40 kV and 40 mA. The
samples for SEM (DFC320; Leica Microsystems) were
mounted in thermosetting resins using a metallographic
mounting press and then mechanically polished, and
finally etched with a solution of 2% HNO; (volume
fraction) in alcohol. The etching time was 30—60 s. The
microstructure and micro-zone chemical analysis were
also measured using SEM and EDS (JSM—6480A; JEOL
Co., Ltd.). The specimen for SEM/EDS was polished and
etched again using the former method and time. Each
sample was dissolved in aqua regia V(HNO;):V(HCI):
V(H,0)=1:3:8). The solution was diluted and analyzed
using an inductively coupled plasma atomic emission
spectrometer (ICP-AES, Thermo Elemental, IRIS
Intrepid II XSP).

3 Results and discussion

3.1 Cyclic voltammetry

Figure 1 shows typical cyclic voltammograms of the
LiCI-KCI melts on a molybdenum electrode before
(curve 1) and after addition of 5.0% MgCl,, 0.5% ZnCl,
and 3.0% CaCl, (curve 2). In curve 1, cyclic
voltammograms in the LiCI-KCI melts, as the control,
show no significant peaks within the electrochemical
window, except a couple of cathodic/anodic signals (B/B")
corresponding to the reduction and oxidation of Li,
respectively. After the addition of 0.5% ZnCl, and 3.0%
CaCl,, another redox system found at a more positive
potential (<0.75 V vs Ag'/Ag ) is characteristic of a
metallic deposition and can be attributed to the reduction
of Zn (II) to Zn (0) (peak A), because the deposition
potential of Zn (II) ions is more positive than that of
Mg(II), Li(I) and Ca (II) ions in a chloride system [16].
Peak A' shows the reoxidation of the deposited Zn metal
on the molybdenum electrode. Peak C, associated with
the reduction of Mg”" ions, followed by the dissolution
of the deposited Mg metal (peak C") first was detected at
around —1.65 V (vs Ag/AgCl). Afterward, a cathodic
current was slowly increased from approximately —1.80
V indicating that the formation of the Mg—Ca alloy or
deposition of metallic Ca Since the
decomposition potentials of calcium and lithium chloride
are significantly close (the difference is only about 0.12
V) and deposition rate of lithium on Mg has high
underpotential at relatively high temperature, an
Mg-Li—Ca alloy is formed almost from the beginning of
the formation of the magnesium phase on the
molybdenum substrate. Consequently, the current peak
for Mg—Ca alloys or deposition of metallic Ca is not
detected easily. A similar phenomenon was observed in
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Fig. 1 Typical CVs of LiCI-KCIl melts before (curve 1)
and after (curve 2) addition of 5.0% MgCl,, 0.5% ZnCl, and
3.0% CaCl, on molybdenum electrode at 943 K (Scan rate:
0.1 V/s)
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Ref. [17]. In addition, a clear anodic peak (labeled D') at
a potential of —1.0 V is observed, which is thought to
correspond to the dissolution of the Mg—Zn deposits.

3. 2 Chronopotentiometry

A chronopotentiometric experiment was carried out
to further study the formation of Mg—Zn—Li—Ca alloys.
Figure 2 presents chronopotentiograms measured on a
molybdenum electrode (5=0.322 cm?) in LiCI-KCl-
MgCl, (5.0%) melts containing 0.5% ZnCl, and 3.0%
CaCl, at different current intensities. At a cathodic
current lower than —50 mA (—0.16 A/cm?), only a
potential plateau corresponding to the reduction of
zincum occurs. At a cathodic current more negative than
—60 mA (-0.19 A/cm?), the curves exhibit two potential
plateaus (plateaus 4 and B), which are associated with
the reduction of zinc and magnesium ions to the
corresponding metals, respectively. At this current
intensity, codeposition of Zn and Mg occurs. According
to the phase diagram of Mg—Zn system [5], Mg—Zn alloy
can be formed at this temperature. When the current
reaches —500 mA (—1.55 A/cm?), a third plateau appears.
This plateau is caused by a reduction of lithium ions. At
this current intensity, codeposition of Mg, Li and Ca
occurs. It is obvious that the potential ranges for
deposition of Mg, Li, and Ca are the same as those
observed in the cyclic voltammograms.
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Fig. 2 Chronopotentiograms obtained at different current
intensities on molybdenum electrode (0.322 cm?) in
LiCI-KCI-MgCl, (5.0%) melts containing 0.5% ZnCl, and
3.0% CaCl, at 943 K

3.3 Galvanostatic electrolysis and characterization of

deposits

Based on the results obtained by CVs and
chronopotentiometrys, further galvanostatic electrolysis
experiments were carried out in LiCI-KCl melts
containing different MgCl,, ZnCl, and CaCl,
concentrations on molybdenum electrodes at 943 K. The
microstructure of a typical Mg—Zn—Li—Ca alloy,

obtained by codeposition from LiCI-KCI-MgCl, (8%)
melts containing 0.5% ZnCl, and 3.0% CaCl,, shows that
the alloy is composed of white o phase and black eutectic
structure (Fig. 3). According to the fundamentals of
solidification and the binary phase diagram of Mg—Zn
system, Zn acts with Mg and distributes along grain
boundaries in the solidification process, which lowers the
diffusion rate of atoms, and increases the number of
nuclei to restrict the growth of grains. On the other hand,
the enrichment of solute atoms leads to the formation of
Mg—Zn phases, which mainly distribute in the grain
boundary area, and thus inhibits further grain growth. A
SEM and EDS mapping analysis was used to examine
the general distribution of elements in Mg—Zn—Li—Ca
alloys by codeposition from LiCl-KCl-ZnCl, (0.5%)—
CaCl, (3.0%) melts containing 8.0% MgCl, (Fig. 4). The
result confirms that the Mg and Ca elements distribute
homogeneously throughout the Mg—Zn—Li— Ca alloy.
However, Zn distribution is not uniform and mainly
located in grain boundary. Figure 5 shows the complex
XRD patterns of Mg—Zn—Li—Ca alloys obtained by
galvanostatic electrolysis from LiCI-KCI melts with
different concentrations of MgCl,, ZnCl, and CacCl, at
—-6.21 A/em® for 2.5 h, respectively. In patterns in
Figs. 4(a)—(c), most of the strong peaks are identified
from a Mg phase. For patterns in Figs. 4(a) and (b),
peaks for a new phase, Mg;Zn;, are recognized in pattern
(a) with a high concentration of ZnCl,, because enough
Zn atoms concentrate at the grain boundaries to react
with Mg, forming the compound, Mg,;Zn; phase, in the
Mg—Zn—Li—Ca alloy. In addition, peaks for a new phase
LiMgZn are recognized in pattern (c) because of the
relatively high content of lithium in Mg—Zn—Li—Ca alloy.
Moreover, with the decrease of MgCl, concentration in
LiCl-KCl1-ZnCl, (0.5%)—CaCl, (3.0%) melt, the lithium
content of Mg—Zn—Li—Ca alloys increases at the
constant current intensity. However, for patterns (a), (b)
and (c), Ca has no apparent effect on the phase structure
of Mg—Zn—Li—Ca alloys because of the relatively low
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Fig. 3 Optical micrograph of Mg—Zn—Li—Ca alloy by
codeposition from LiCI-KCI-MgCl, (8%) melts containing
0.5% ZnCl, and 3.0% CacCl,
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Fig. S XRD patterns of deposits obtained by codeposition on
Mo electrodes in LiCI-KCl melts containing 0.5% ZnCl,, 3.0%
CaCl,, 10.0% MgCl, (a), 0.2% ZnCl,, 3.0% CaCl,, 10.0%
MgCl, (b) and 0.5% ZnCl,, 3.0% CaCl, and 8.0% MgCl, (c)

Ca content in the Mg—Zn Li—Ca alloys. EDS is a
qualitative and semi-quantitative estimate of elemental
concentration, and element Li cannot be detected in the

EDS. Therefore, we carried out the ICP analysis of alloys.

The ICP analyses of all samples obtained by
galvanostatic electrolysis are listed in Table 1. The ICP
results show that the chemical compositions of

Fig. 4 SEM image (a) and EDS mapping analysis Mg(b), Zn(c) and Ca(d) of Mg—Zn—Li—Ca alloys by codeposition from
LiClI-KCI-MgCl, (8%) melts containing 0.5% ZnCl, and 3.0% CaCl,

Mg—-Zn—Li—Ca alloys are consistent with the phase
structures of the XRD patterns, Under galvanostatic
electrolysis, the lower the MgCl, concentration in the
LiCI-KCl melts with equivalent ZnCl, and CaCl,
concentration at a constant current intensity, the higher
the lithium content of Mg—Zn—Li—Ca alloys. With the
increasing ZnCl, concentration of LiClI-KCI-MgCl,
melts, the zincum content of Mg—Zn—Li—Ca alloys
increases, while calcium is opposite. Based on these
results, it can be concluded that the lithium, zincum and
calcium contents of Mg—Zn—Li—Ca alloys can be
adjusted by changing the MgCl, and ZnCl,
concentrations.

Table 1 ICP analyses of samples obtained by galvanostatic
electrolysis (—2 A) on Mo electrode (5=0.322 cm?®) from
LiCI-KCl melts containing 0.5% ZnCl,, 3.0% CaCl, and
10.0% MgCl, (a), 0.2% ZnCl,, 3.0% CaCl, and 10.0% MgCl,
(b) and 0.5% ZnCl,, 3.0% CaCl, and 8.0% MgCl, (c)

Sample w(Mg)/% w(Zn)/% w(Ca)/% Li
a 73.71 24.47 1.01 Bal.
b 79.97 15.52 2.02 Bal.
c 67.25 22.28 3.50 Bal.
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4 Conclusions

1) From the CVs, the deposition potential of Li
shifts in a positive direction after adding MgCl,, ZnCl,,
and CaCl,. The codepositon of Mg, Li, Zn and Ca occurs
at current densities lower than —0.31 A/ecm’ in
LiCI-KCI-MgCl, (5%) melts containing 3.0% CaCl,
and 0.5% ZnCl,.

2) When the concentration of ZnCl, is 0.2% in
LiClI-KCIl-MgCl,(10.0%), Zn has no apparent effect on
the phase structure of Mg—Li alloys. A new Mg;Zn;
phase occurs in Mg—Zn—Li—Ca alloy when the
concentration of ZnCl, is increased from 0.2% to 0.5% in
LiCI-KCI-MgCl, (10%) melts. A new LiMgZn phase
occurs in Mg—Zn—Li—Ca alloy when the concentration of
MgCl, is decreased to 8.0%. The lithium, zinc, and
calcium contents of Mg—Zn—Li—Ca alloys can be
controlled by MgCl,, ZnCl,, and CaCl, concentrations.

3) The EDS results show that element Zn
concentrates at the edges of domain to react with Mg and
Ca which distribute homogeneously in the Mg—Zn—Li—
Ca alloy.
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