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Abstract: The effects of Hg and Ga on the electrochemical corrosion behavior of Mg-5%Hg (molar fraction) alloys were
investigated by the measurement of polarization curves and galvanostatic test. The microstructure of the alloys and the corroded
surface of the specimens were investigated by scanning electron microscopy, X-ray diffractometry and emission spectrum analysis. It
can be concluded that the addition of 1%Ga (molar fraction) reduces corrosion current density from 26.98 mA/cm? to 2.34 mA/cm?;
while the addition of 1%Hg (molar fraction) increases corrosion current density. The addition of Ga and Hg both promotes the
electrochemical activity of the alloys and the influence of Ga is more effective than Hg. Mg-5%Hg-1%Ga alloy has the best
electrochemical activity, showing mean potential of —1.992 V. The activation mechanism of the magnesium alloy produced by Hg
and Ga was put forward. Magnesium atoms are dissolved in liquid Hg and Ga to form amalgam and undergo severe oxidation at the

amalgam/electrolyte interface.
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1 Introduction

Magnesium is used extensively as anode material in
sea battery systems. Major attributes of the batteries are
rapid activation, high cell voltage and wide voltage
range, high power density capability, relatively light
mass in unactivated state and long unactivated storage
life[1—4]. These are reflected in typical applications such
as sonobuoys, beacons, emergency equipment, balloon
batteries and life jackets[5—8].

In previous studies, Mg-6%AI-5%Pb, Mg-7%TI-
5%Al alloys[1] and Mg-Hg alloys[9] are mainly used as
the high voltage anode materials. Among them the
seawater battery using Mg-Hg alloys as anode has
specific energy of 150 W-h/kg[10—11]. But there exists
some problems such as being hard to process, large
self-corrosion velocity, low current efficiency[12—13],
the contamination of Hg, Pb and Tl to the environment
and the harm to human beings.

So far there is not much report about the alloy
component and processing technique for the Mg-Hg
anode materials. Experiment demonstrates that the
corporation of Ga and Hg leads to uniform dissolution

and enhances the electrochemical activity of Al anode
[14—17]. The addition of Ga into the dental amalgams
promotes the corrosion resistance of the alloy[18]. In this
work, Ga is firstly chosen to replace partial Hg in
magnesium anode materials and the effects of Ga and Hg
on microstructure and electrochemical corrosion
behavior of Mg alloys anode materials are studied.

2 Experimental

Mg-Hg-Ga alloys were sealed in iron flask filled
with Ar atmosphere, melted in muffle furnace and air
cooled. After homogeneous heat treatment, these alloys
were taken out. The chemical compositions of the
specimens (Table 1) were determined by emission
spectrum analysis and atomic absorption spectrometry
analysis.

The specimens used for the measurement of
electrochemical corrosion behavior were polished with
emery paper and buffed to a mirror finish. Each of them
was then sealed with epoxy resin except for an exposed
surface of 10 mm X 10 mm served as an electrode. The
auxiliary electrode was Pt sheet. Potential were measured
against a SCE reference electrode. Potentiodynamic and
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Table 1 Chemical composites of Mg-Hg-Ga alloys

x/%
Sample
Mg Hg Ga Fe Ca
Mg-5%Hg Bal.  4.882 0 0.088  0.030
Mg-6%Hg Bal.  4.803 0 0.075 0.042
Mg-5%Hg-1%Ga  Bal. 4914 1.001 0.090  0.035

galvanostatic experiments were performed with a
Potentiostat-Galvanostat(Model 263A). The corrosion
solution is 3.5%NaCl and the temperature is 298 K. The
current density for the galvanostatic test is 100 mA/cm?.

The microstructures of the alloys with different Hg
and Ga contents as well as the corroded surface of each
specimen were determined by using scanning electron
microscope. The phase of the alloys and the corrosion
products were determined by using X-ray diffraction and
emission spectrum analysis, respectively.

3 Results and discussion

3.1 Effect of Hg and Ga on microstructure

Fig.1 shows the scanning electron micrographs of
the specimens. The results from emission spectrum
analysis demonstrate that in these specimens the tint
second-phase is MgzHg and the dark phase is a-Mg,
confirmed by X-ray diffraction analysis. The content of
Hg increasing from 5% to 6% leads to the size and
number of Mg;Hg second-phase increasing. The addition
of 1%Ga also increases the size of the second-phase.

3.2 Activation mechanism

Fig.2 shows the scanning electron micrograph of the
corrosion surface of Mg-5%Hg-1%Ga after galvanostatic
test for 10 s. The alloy is mainly attacked by pitting in
the a-Mg solid solution at the early stage. The vesicular
corrosion products accumulate on the surface of the pit
due to the precipitation of the hydrolysis product H2.
When the test time prolongs to 1 000 s, general corrosion
occurs and a layer of loose and porous corrosion
products covers the surface. The profile observation
shows that the general corrosion is even everywhere
without pitting in depth. Fig.3 shows that Hg, Ga, HgMg
and Ga,Mg exist in the corrosion product except
magnesium.

Fig.4 shows the scanning electron micrograph of the
pit in Mg-5%Hg-1%Ga alloy after galvanostatic test for
1 000 s. The vesicular corrosion product cracks showing
a mud structure at the bottom. Wide circular cavity with
incipient feather in surrounding can be seen. At the
bottom of the pit there is also cracks that make the
activated a-Mg exposed. Spherical Hg and Ga particles
identified by X-ray diffraction analysis can be seen at the
bottom of the pit. Similar micrographs and products are

Fig.1 Scanning electron micrographs of Mg-Hg-Ga alloy:
(a) Mg-5%Hg; (b) Mg-6%Hg; (c) Mg-5%Hg-1%Ga

100 pm

Fig.2 Scanning electron micrograph of surface of Mg-5%Hg-
1%Ga alloys after galvanostatic test in 3.5%NaCl solution at
298 K for 10 s

observed in the Mg-Hg samples except for Ga,Mg and
Ga.

The activation reaction equations can be written as
Mg(Hg, Ga)—Mg” +Hg +Ga’"+6e (1)
Hg'+e—Hg )
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Fig.3 X-ray pattern of corroded products of Mg-5%Hg-1%Ga
alloy after galvanostatic test
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Fig.4 Scanning electron micrograph of bottom zone of pit

Ga’'+3e—Ga (3)
Hg, Ga+tMg—Hg, Ga(Mg) @)
Hg, Ga(Mg)+H,0—MgO-H,0+Hg+Ga+2H" %)
Hg, GatMg—Hg, Ga(Mg) (6)

The pure Hg and Ga spherical particles at the
bottom of the pit generate from deoxidation
accumulation of Hg" and Ga’* (Eqns.(2) and (3)), which
are produced by the pitting (Eqn.(1)). In the spherical Ga
particle liquid appears because of the heat from the
exothermic Mg”" hydrolysis reaction. The mixture liquid
of Hg and Ga enter into a metallic contacting with a-Mg,
whose atoms diffuse into the liquid to form amalgam,
HgMg and Ga2Mg (Eqn.(4)). Magnesium amalgam
reacts severely with moisture and forms metal oxide film
(feather-like) and pure liquid Hg and Ga (Eqn.(5)). The
liquid Hg and Ga strip the corrosion product and react
with a-Mg unceasingly (Eqn.(6)), maintaining the
activation dissolution process.

3.3 Effect of Hg and Ga on electrochemical corrosion
behavior
Fig.5 shows the polarization curves of the

Mg-Hg-Ga alloys in 3.5%NaCl solution. Starting from
the rest potential, the anode polarization shows a
remarkable increase in the anodic current density. Near
the rest potential as the potential rises, anodic dissolution
rate increases linearly. The whole reaction is controlled
by activation polarization.

1 — Mg-5%Hg
2 — Mg-6%Hg
“137 3 — Mg-5%Hg-1%Ga
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JH(A+cm2)
Fig.5 Polarization curves of Mg-Hg-Ga alloys in 3.5%NaCl
solution at 298 K

It can be seen that Mg-5%Hg-1%Ga alloy has more
positive corrosion potential than Mg-(5, 6)%Hg alloys.
The corrosion current densities calculated from the
polarization curves in Fig.5 demonstrate that the addition
of 1%Ga into Mg-5%Hg alloy greatly reduces corrosion
current density from 26.98 mA/cm?to 2.34 mA/cm” and
Mg-5%Hg-1%Ga alloy has the smallest corrosion
current density. Compared with Mg-6%Hg alloy,
Mg-5%Hg has the lower corrosion current density, so the
increasing content of Hg declines the corrosion
resistance.

Fig.6 shows the galvanostatic plots for Mg-Hg-Ga
alloys. The ¢p—t response obtained at current density of
100 mA/cm? demonstrates that a very active behavior is
attained, whereas the potential displays oscillations in
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Fig.6 Galvanostatic curves of Mg-Hg-Ga alloys at 100 mA/cm®
current density
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0.01 mA/cm®. Mg-5%Hg-1%Ga alloy has the most
negative potential (—1.992 V) as well as the best
electrochemical activity. The sequential negative
potential occurs in Mg-6%Hg alloy and Mg-5%Hg alloy
has the most positive potential (—1.915 V). The addition
of Ga and Hg promote the electrochemical activity and
the influence of 1%Ga is effective than 1%Hg.

In Mg-5%Hg-1%Ga alloy the pitting attack of a-Mg
leads to the co-dissolution of Hg and Ga atoms. This
accumulates liquid gallium because the exothermic Mg
hydrolysis reaction can enlarge the area of the Hg liquid
and dissolute more Mg atoms. The Mg-Hg alloys only
accumulate Hg liquid and the velocity of dissolution
reaction is decreased. So the best electrochemical
activity occurs in Mg-5%Hg-1%Ga alloy.

The solution of Ga in a-Mg advances the electrode
potential, so the electro-negativity discrepancy between
o-Mg and Mg;Hg as well as the driving force of pitting
is reduced. Mg-5%Hg-1%Ga alloy has better corrosion
resistance than Mg-(5, 6)%Hg alloy. Compare with the
Mg-5%Hg alloy, Mg-6%Hg alloy has more cathode
phase Mg;Hg, so the corrosion resistance becomes worse
and the electrochemical activity becomes better.

4 Conclusions

1) The content of Hg increasing from 5% to 6%
leads to the size and number of the second phase Mg;Hg
increasing. The addition of 1% Ga increases the size of
Mg;Hg.

2) The activation mechanism of the magnesium
alloy produced by Hg and Ga is as follows. The
dissolution of Hg and Ga atoms leads to the
accumulation of liquid Hg and Ga, which makes a true
metallic contact with a-Mg. Magnesium atoms diffuse
through the liquid mercury and gallium to form
magnesium amalgam and undergo severe oxidation at the
amalgam/electrolyte interface. The reaction produces
pure Hg and Ga again, which continues the activation
process.

3) Mg-5%Hg-1%Ga alloy has more positive
corrosion potential than Mg-(5, 6)%Hg alloys. The
addition of 1%Ga into Mg-5%Hg alloy greatly reduces
corrosion current density from 26.98 mA/cm® to 2.34
mA/cm’ and the increasing content of Hg from 5% to 6%
declines the corrosion resistance. The additions of Ga
and Hg promote the electrochemical activity and the
influence of Ga is effective than Hg. Mg-5%Hg-1%Ga
alloy has the best electrochemical activity with the mean
potential of —1.992 V.
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