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Effects of Hg and Ga on microstructures and
electrochemical corrosion behaviors of Mg anode alloys
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Abstract: The effects of Hg and Ga on the electrochemical corrosion behaviors of the Mg—2%Hg, Mg—2%Ga and
Mg—2%Hg—2%Ga (mass fraction) alloys were investigated by measurements of polarization curves, galvanostatic tests and
measurements of electrochemical impedance spectroscopy. Scanning electron microscopy, X-ray diffractometry and energy
dispersive spectrometry were employed to characterize the microstructures and the corroded surface of the above alloys. The results
demonstrate that the microstructure of the Mg—2%Ga alloy is solid solution and the Mg—2%Hg and Mg—2%Hg—2%Ga alloys have
white second-phases at the grain boundaries. The Mg—2%Ga alloy has the worst electrochemical activity and the best corrosion
resistance, showing a mean potential of —1.48 V and a corrosion current density of 0.15 mA/cm?® The Mg—2%Hg—2%Ga alloy has
the best electrochemical activity and the worst corrosion resistance, showing a mean potential of —1.848 V and a corrosion current
density of 2.136 mA/cm?. The activation mechanism of the Mg—Hg—Ga alloy is dissolution-deposition of the Hg and Ga atoms.
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1 Introduction

Magnesium and its alloys are used extensively as
the seawater battery materials and cathodic protection
(CP) materials due to their excellent properties such as
rapid activation, high power density capability, high
electrode potential(—2.37 V vs NHE), light mass and
relative abundance in sea-water and earth [1-3]. The
developed magnesium anode alloys are AZ system alloy
and AP65 [4—6]. However, these commercial magnesium
anode alloys have some problems, such as positive mean
potential, severe polarization phenomenon and bad
deformability, and anode mud sheds difficultly when
used in high power seawater battery. So these Mg anode
alloys are not fit for high power seawater battery anode
materials. In order to search for the good properties of
magnesium anode used in high power seawater battery,
alloying, a promising way to solve the problems of the
positive mean potential, bad deformability and large
self-corrosion rate, was proposed [7-9]. Recently, the
effects of alloying elements such as aluminum (Al), zinc
(Zn), lead (Pb), manganese (Mn) and tin (Sn) on the
magnesium anodes have been investigated [10—12]. But

there are no any reports about the chemical composition
and processing technology of Mg anode materials used
in high power seawater battery.

According to Refs. [13—16], Hg ions deposit on the
surface of the anode and form amalgams, which can
initiate the activation process, detach the passive film
and make the mean potential negative. Ga ions can
deposit on the electrode surface to increase the
adsorption of C1  ions and inspire the activation. But the
effects of Hg and Ga on the electrochemical activity and
the corrosion resistance of Mg anodes were not reported
in detail. In this work, Hg and Ga were added into the
magnesium anode alloys and the effects of Hg and Ga on
the microstructures and the electrochemical properties of
the Mg anode alloys were studied.

2 Experimental

The Mg—2%Hg, Mg—2%Ga and Mg—2%Hg—2%Ga
alloys were prepared using metal with 99.99% purity in
order to avoid contamination by other elements. The
alloys were melted in a sealed iron tube filled with Ar
atmosphere, and then air cooled. After homogeneous
heat treatment at 673 K for 24 h, these alloys were water
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cooled and taken out from the iron tube.

The samples used for the measurements of
electrochemical corrosion behaviors were polished with
emery paper and buffed to a mirror finish. Each sample
was sealed with epoxy resin except for an exposed
surface of 10 mmx10 mm submitted to electrochemical
tests in a three-electrode cell. The Pt sheet was used as
the auxiliary electrode and a saturated calomel electrode
(SCE) was wused as the reference electrode.
Potentiodynamic and galvanostatic experiments were
performed with a CHI660D electrochemistry workstation
in a 3.5% (mass fraction) NaCl solution. The anodic
current density in the galvanostatic tests was 100
mA/cm® and the scan rate of potentiodynamic tests was
5 mV/s. The electrochemical impedance spectroscopy
measurements were performed to study the kinetics of
the electrode reactions with the CHI660D
electrochemistry workstation and a Zview analyzer. The
impedance measurements were made over a frequency
range of 0.01-100 kHz with a 10 mV alternative current
signal and interpreted in terms of equivalent circuit with
frequency dependent components.

The microstructure and the morphology of
corrosion surface of each sample were determined by
SEM. The phase compositions and the corrosion
products were determined by EDS and XRD.

3 Results and discussion

3.1 Effects of Hg and Ga on microstructures of Mg
anode alloys

Figures 1(a), (b) and (c) show the scanning electron
micrographs of the Mg—2%Hg, Mg—2%Ga and
Mg—2%Hg—2%Ga alloys, respectively. It can be seen
that there are white second-phases (arrow) at the grain
boundaries of the two alloys. The size of the
second-phases in the Mg—2%Hg—2%Ga alloy is larger
than that in the Mg—2%Hg alloy. This demonstrates that
the addition of Ga into the Mg—Hg alloy can increase the
size of the second-phase. Combined with the EDS and
XRD results (see Fig. 1(d) and Fig. 2), the white
second-phases in the Mg—2%Hg—2%Ga alloy are Mg;Hg
and MgsGa,. The microstructure of the Mg—2%Ga alloy
(Fig. 1(b)) shows homogeneous solid solution without
second-phases precipitated.

3.2 Effects of Hg and Ga on electrochemical and
corrosion behaviors of Mg anode alloys
To obtain information about the effects of Hg and
Ga on the electrochemical activities of the Mg anode
alloys, galvanostatic curves were tested on the
Mg—2%Hg, Mg—2%Ga and Mg—2%Hg—2%Ga alloys in

Element

Mg  50.61 79.55
Hg 18.51  3.53
Ga 30.89 16.93
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Fig. 1 SEM images (a, b, ¢) and emission spectrum (d) of Mg anode alloys: (a) SEM image of Mg—2%Hg; (b) SEM image of
Mg—2%Ga; (c) SEM image of Mg—2%Hg—2%Ga; (d) EDS of Mg—2%Hg—2%Ga
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Fig. 2 X-ray pattern of Mg—2%Hg—2%Ga alloy

3.5% NaCl solution (Fig. 3). The anodic current density
is 100 mA/cm”.

As seen in Fig. 3, the Mg—2%Ga alloy shows
obvious polarization behavior with the test time
prolonging and the Mg—2%Hg alloy and
Mg—2%Hg—2%Ga alloys show excellent electrochemical
activities. Table 1 shows the mean potentials of the
samples measured from the galvanostatic curves. The
sample of the Mg—2%Hg—2%Ga alloy has the most
negative mean potential of —1.848 V and the best
electrochemical activity. The sequential negative
potential occurs in the Mg—2%Hg alloy and the
Mg—2%G@Ga alloy has the most positive mean potential of
—1.48 V and the worst electrochemical activity. The
addition of Ga in the Mg—Hg alloy anode can promote
the electrochemical activity, but only adding Ga into the
Mg anode does not show activation effect.

The electrochemical activity of the anode depends
on the electrode surface state of the alloying elements
during electrochemical reaction processing. Figure 4
shows the scanning electron micrographs and the energy
dispersive spectroscopies of the corroded surfaces of the
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Fig. 3 Galvanostatic curves of Mg anode alloys at current
density of 100 mA/cn’

Table 1 Electrochemical corrosion parameters of Mg anode

alloys
(ﬂmean(vs goCOIT(VS JCO[T/
Alloy SCEYV ~ SCEYV  (mA-cm?)
Mg—2%Hg -1.78 -1.752 1.375
Mg—2%Ga ~1.48 ~1.60 0.15
Mg—2%Hg—2%Ga  —1.848 ~1.919 2316

alloys after galvanostatic tests. It can be seen that
spherical Hg ions deposit on the corrosion surface of the
Mg—2%Hg alloy (Fig. 4(a)). Spherical Hg ions enter into
a metallic contact with Mg atoms and form Mg
amalgams, which react severely with moisture and form
metal oxide film and pure liquid Hg. At the same time,
the liquid Hg deposits on the electrode surface, strips the
corrosion products of the surface and reacts with the
o-Mg matrix, maintaining the activation dissolution
process. Adding 2%Ga into the Mg—2%Hg alloy leads to
the co-dissolution of Hg and Ga atoms. It can be
demonstrated by the results of scanning electron
micrographs of corroded surface and energy dispersive
spectrometry  of  corrosion  products of  the
Mg—2%Hg—2%Ga alloy (Fig. 4(c)). This accumulates
liquid Ga because the exothermic Mg>" hydrolysis
reaction can enlarge the area of the Hg liquid and
dissolve more Mg atoms. Moreover, the stripping effect
of mutually soluble liquid Hg and Ga is lager than that of
liquid Hg due to the smaller size of Ga atom than Hg
atom. But when adding 2%Ga in the Mg anode, there is a
small amount of Ga deposited on the corroded surface of
the Mg—2%Ga alloy and the corrosion products
accumulate on the electrode surface (Fig. 4(b)), so the
activation effect is not obvious.

The electrochemical activity of the anode is also
relevant on the microstructure morphology of the alloy.
Figure 1 shows that there are second-phases in the
Mg—2%Hg alloy and the Mg—2%Hg—2%Ga alloy. The
second-phases have different electro-negativity from the
o-Mg matrix, which acts as the cathode compared with
the a-Mg matrix. The activation reaction of the surface
begins from the interfacial zone between the a-Mg
matrix and the second-phase. But the microstructure of
the Mg—2%Ga alloy is solid solution and its surface has
homogeneous electro-negativity, thus the activation
dissolution of the matrix is slow. So the electrochemical
activity of the Mg—2%Gea alloy is the worst.

Figure 5 shows the polarization curves of the Mg
anode alloys in 3.5% NaCl solution. From the rest
potential, the anode polarization shows remarkable
increase in the anodic current density. Near the rest
potential as the potential rises, the anodic dissolution rate
increases linearly. The whole reaction is controlled by
activation polarization.
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Fig. 4 SEM images of corroded surface (a, b, ¢) and energy dispersive spectrometry (a’, b’, ¢')of corrosion products of Mg anode
alloys: (a), (a') Mg—2%Hg; (b), (b") Mg—2%Ga; (c), (c') Mg—2%Hg—2%Ga
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Fig. 5 Potentiodynamic curves of Mg anode alloys

It can be seen that the Mg—2%Ga alloy has more
positive corrosion potential than the Mg—2%Hg or the
Mg—2%Hg—2%Ga alloy. The corrosion current densities
and corrosion potentials of the Mg anodes were
calculated by Tafel linear extrapolation and listed in
Table 1. The Mg—2%Ga alloy has the smallest corrosion
current density and the best corrosion resistance,
showing a corrosion current density of 0.15 mA/cm®. The
Mg—2%Hg—2%Ga alloy has the largest corrosion current
density and the worst corrosion resistance. The corrosion
current density of the Mg—2%Hg—2%Ga alloy increases
from 1.375 mA/em’ to 2.316 mA/em® when 2%Ga is
added.

The corrosion resistance of the Mg anode alloys is
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relevant on the microstructure morphology and the
chemical composition of the alloys. Figure 1 shows that
there are second-phases at the grain boundaries of the
Mg—2%Hg alloy and the Mg—2%Hg—2%Ga alloy. The
second-phases have positive potential and act as the
cathode compared with the a-Mg matrix. The two phases
constitute of galvanic battery and decrease the corrosion
resistance of the alloys. The Mg—2%Ga alloy has better
corrosion resistance than the Mg—2%Hg alloy because
the microstructure of the Mg—2%Ga alloy is solid
solution, its surface has homogeneous electro-negativity,
and the electro-negativity discrepancy between Mg and
Ga is smaller than that between Mg and Hg. Moreover,
Hg ions deposit on the electrode surface and form Mg
amalgams, which have higher electro-negativity. The
Mg—2%Hg—2%Ga alloy has the worst corrosion
resistance because the amount of the alloy element is the
most among the three alloys, and the galvanic corrosion
driving force is the largest.

3.3 Electrochemical impedance spectroscopy (EIS)
measurements

The electrochemical impedance spectroscopies for
the Mg—2%Hg, Mg—2%Ga and Mg—2%Hg—2%Ga
alloys at ¢ in 3.5% NaCl solution are shown in  Fig.
6. The Nyquist plots of the Mg—2%Hg alloy and
Mg—2%Hg—2%Ga alloy are characterized by one
capacitive loop at high frequency, while the Nyquist plot
of the Mg—2%Ga alloy is characterized by two
capacitive loops at high and low frequencies.

On the basis of the EIS results in Fig. 6, the
equivalent circuits can be attained (see Fig. 7). In Fig. 7
Ry is the electrolyte resistance; C, is the capacitance of
the double layer; R, is the charge transfer resistance in
the faradaic reaction; C, and R, refer to the capacitance
of the corrosion product film and the film resistance. A
method of parameter fitting based on the equivalent
circuits in Fig. 7 is applied and the results are listed in
Table 2.

Compared with the values of the three Mg anode
alloys in Table 2, the Mg—2%Hg—2%Ga alloy shows the
lowest C; and R, values. The lowest C; and R, values
lead to the lowest charge transfer resistance in the
faradaic reaction and the smallest concentration
polarization. The largest C; and R; values in the
Mg—2%Ga alloy lead to the largest faradaic reaction
impedance and largest concentration polarization. Based
on the above results, the Mg—2%Hg—2%Ga alloy has the
best electrochemical activity, and the Mg—2%Ga alloy
has the worst electrochemical activity, which are
consistent with the galvanostaic results. It is ascribed to
the liquid Hg and Ga ions deposited on the corroded
surface of the Mg—2%Hg—2%Ga alloy, and stripping the
corrosion products of the anode surface. A capacitive
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Fig. 6 Electrochemical impedance spectra of Mg anode alloys
at g 10 3.5% NacCl solution: (a) Mg—2%Hg; (b) Mg—2%Ga;
(c) Mg—%2Hg—2%Ga
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Fig. 7 Equivalent circuits of Mg anode alloys: (a) Mg—2%Hg
and Mg—2%Hg—2%Ga; (b) Mg—2%Ga
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Table 2 Electrochemical parameters obtained by fitting analysis of Nyquist diagrams of Mg anode alloys

Alloy RJ/(Q-cm?) Cy/(F-em ™) Ri/(Qcm?) Cy/(F-em™?) Ry/(Q-cm?)
Mg—2%Hg 7.696 1.166x10°° 55.88
Mg—2%Ga 6.113 1.383x10°° 164.6 0.000386 80.17
Mg—2%Hg—2%Ga 6.731 1.107x10°° 42.38

loop occurs on the Nyquist plot of the Mg—2%Ga alloy
at low frequency, which suggests that the corrosion
products covers the anode surface, which impedes the
diffusion of the reaction products. the
Mg—2%Ga alloy has the most positive mean potential as
well as the smallest electrochemical activity.

Therefore,

4 Conclusions

1) The microstructure of the Mg—2%Ga alloy is
solid solution and the Mg—2%Hg and Mg—2%Hg—2%Ga
alloys have white second-phases at the grain boundaries.
The results of EDS and XRD show that the white
second-phases of the Mg—2%Hg—2%Ga alloy are
Mg;Hg and MgsGas.

2) The addition of 2%Ga in the Mg—2%Hg alloy
decreases the mean potential from —1.78 V to —1.848 V,
leading to better electrochemical activity, and increases
the corrosion current density from 1.375 mA/cm® to
2.136 mA/cm?, reducing the corrosion resistance of the
alloy.

3) The addition of Hg in the Mg anode forms Mg
amalgams and strips the corrosion products. The addition
of Ga in the Mg—Hg anode accelerates the stripping of
the corrosion products, which decreases the faradaic
impedance and promotes the electrochemical activity.
Only adding Ga in Mg anode alloy does not strip the
corrosion products, which impedes the diffusion of the
reaction products. Therefore, the Mg—2%Ga alloy has
the most positive mean potential as well as the smallest
electrochemical activity.
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