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ABSTRACT

Magnesium-gallium-mercury alloy is one of the new developed anode materials for seawater activated
batteries. The potentiodynamic polarization, galvanostatic discharge and electrochemical impedance
spectroscopy of Mg-4%Ga-2%Hg alloy in seawater are studied and compared with commercial AZ31 and
APG65 alloys in this study. The results show that Mg-4%Ga-2%Hg alloy exhibits different discharge behav-
iors in as-cast, homogenizing, rolling and annealing conditions. The annealing Mg-4%Ga-2%Hg sheet
obtains the most negative corrosion potentials in different current densities. And the Mg-4%Ga-2%Hg
alloy provides more negative corrosion potentials than AZ31 and AP65 alloys. EIS studies reveal that the
Mg-Ga-Hg alloy/seawater interfacial process is determined by an activation-controlled reaction. The
Mgs;Hg and Mg,1GasHgs phases improve the electrochemical properties of Mg-4%Ga-2%Hg alloy. The
assembled prototype battery with Mg-4%Ga-2%Hg alloy as anode and CuCl as cathodes exhibits a satisfac-
tory discharge performance because of the advantages in discharge characterizations and microstructure
of the Mg-4%Ga-2%Hg alloy.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Seawater activated batteries are potential power sources for
underwater instruments such as sonobuoys, underwater defense
devices, air-sea rescue equipment and meteorological radiosondes
[1]. Such batteries can be designed for a wide range of duty cycles,
from a few minutes to several days, for low and high current, pulsed
and constant operation [2]. Because seawater is the electrolyte, the
electrodes are not housed in a pressure case and the power den-
sity is potentially very high [3]. Such advantages provide higher
practicability and lower cost for seawater activated batteries than
lithium or alkaline batteries for subaqueous applications. The sea-
water activated batteries rely on the corrosion of a reactive metal
anode in seawater and the reduction of oxygen or water at an inert
cathode to generate an electrochemical potential [3]. Hence, the
key material applied in the seawater batteries is the metal anode,
which increases the cell voltages and minimizes self-discharge [4].
Magnesium offers several advantages as an anode material in such
battery, for example a high electrode potential of —2.73V vs. nor-
mal hydrogen electrode (NHE), a high faradic capacity, appropriate
corrosion rate and low density [5]. In the past few years, several
seawater activated magnesium alloy anodes have been developed
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for military and commercial applications but many designs are
apparently unpublished or patented [6-8]. The electrochemical
characterizations of reported commercial magnesium alloys show
that the typical anode materials for seawater activated batter-
ies were Mg-Al system alloys, including AZ31 (Mg-3%Al-1%Zn),
AZ61 (Mg-6%Al-1%Zn) and AP65 (Mg-6%Al-5%Pb) alloys [6,9]. But
the previous investigations show that AZ31 and AZ61 alloys are
unsuitable to be used as the battery anodes in seawater system
or even including Mg(ClOg4),, MgBr, and MgCl, electrolyte solu-
tion systems because they cannot provide enough cell voltages[10].
Only AP65 alloy can be used in some seawater activated battery
because it provides high corrosion potential. It can be assembled
with cuprous chloride (CuCl) or silver chloride (AgCl) to fabricate
seawater activated batteries [11]. But the specific energy of the
battery using AP65 alloy anode is not high enough to be used in
many instruments which need high power over 100WhKg~1[12].
One of the new developed magnesium alloys used as seawater acti-
vated battery anode is magnesium-gallium-mercury system alloy
because it can provide a high specific energy of about 150 WhKg~!
in the battery. Mercury is an effective element used in the metal
anode materials to improve the corrosion voltage. Galliumis an ele-
ment to control the corrosion behaviors of metal anode and provide
a high specific energy of the battery [13]. Furthermore, Mg-Ga-Hg
alloy anode can even be used as a semi-fuel cell as well as a bat-
tery. Up to now, there are few reports about the Mg-Ga-Hg alloy,
which used seawater activated battery anode materials. Thus, in
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order to achieve good performance of Mg-Ga-Hg alloy anode, it
is necessary to obtain a thorough understanding of the associated
electrochemical discharge behavior of Mg-Ga-Hg alloy. Accord-
ingly, the present study examines the discharge behaviors of a
Mg-4%Ga-2%Hg (wt%) alloy in the artificial seawater, and com-
pares its electrochemical properties with those of AP65 and AZ31
alloy. The relationship between various discharge parameters and
microstructure of Mg-4%Ga-2%Hg alloy in as-cast, homogenizing,
rolling and annealing states are also discussed. And a simple pro-
totype battery is assembled with Mg-4%Ga-2%Hg alloy sheet as
anode and CuCl as cathode to evaluate its discharge properties in
seawater.

2. Material and method

The Mg-4%Ga-2%Hg (wt%) alloy was melted with high purity
magnesium (>99.9%), gallium (>99.99%) and mercury (>99.99%).
The analyzed chemical composition of the experimental alloy was
Mg-4.13%Ga-2.21%Hg (impurity Si<0.05%, Fe <0.01%, Cu < 0.005%,
Ni<0.005%, Ca<0.005%). The experimental Mg-4%Ga-2%Hg alloy
melted at 953 K with a protection of a special flux and Ar, + SFg gas
mixture to impede the reduction of gallium or mercury at high tem-
perature. The molten alloy was casted in the water-cooled copper
mold. Then the as-cast Mg-Ga-Hg alloy ingot was homogenized at
698 K for 16 hand hot rolled to sheets with 0.4 mm in thickness with
several rolling passes. During every hot rolling passes, the experi-
mental alloy plates were reheated to 673 K for 0.5 h to improve the
deformability. At last, the rolled Mg-4%Ga-2%Hg alloy sheets were
annealed at 533K for 2 h. Different specimens in as-cast, homog-
enizing, rolling and annealing conditions were prepared for the
electrochemical testing to investigate the discharge behaviors of
Mg-4%Ga-2%Hg alloy.

All the specimens used for the electrochemical testing were
polished with 1000 grit SiC emery paper and exposed to
test with a surface of 10 mm x 10 mm. The Solartron SI 1287
potentiostat/galvanostat system was used in a three-electrode
configuration for testing the half-cell characterization of the
experimental alloys. The working electrode was the experimental
Mg-4%Ga-2%Hg alloy and the counter electrode was a Platinum
plate. A saturated calomel electrode (SCE) served as the refer-
ence electrode and all potentials are reported with respect to such
reference electrode in this study except for special illustration.
The polarization, galvanostatic test and electrochemical impedance
spectroscopy (EIS) of Mg-4%Ga-2%Hg alloy anode were measured
and the data were acquired and processed by the Zplot/Zview
software version 2.6. Three samples in different conditions were
tested for the electrochemical properties and the minimum val-
ues were reported. And the discharge behaviors of experimental
Mg-4%Ga-2%Hg alloy were compared with AZ31 and AP65 alloy
sheets from Magnesium Elektron UK under three electric current
densities 10 mA cm~2, 100 mA cm~2 and 200 mA cm 2 respectively.
At last, the prototype battery with ten pieces of Mg-4%Ga-2%Hg
alloy sheets as anode and CuCl as cathode was assembled and dis-
charged in seawater.

The electrolyte in this study was artificial seawater with
a pH 7.02. Its composition is 26.5gl-'NaCl+24gl-1MgCl, +
0.73g1-1KC1+3.3g1"TMgS0,4+0.2g1-'NaHCO3 + 1.1 gl-1CaCl, +
0.28 g1-NaBr [14]. The temperature of the artificial seawater in
this study is 286+ 1K.

The microstructure and the surface morphology of the experi-
mental Mg-4%Ga-2%Hg alloy in different conditions were observed
by using a Polyvar-MET metallographic microscope, a JSM-5600Lv
scanning electron microscopy (SEM) with Energy-dispersive X-ray
spectroscopy (EDS).

3. Results and discussion

3.1. Microstructures of Mg-4%Ga-2%Hg alloy in different
conditions

Since the microstructures of Mg-4%Ga-2%Hg alloy in as-cast,
homogenizing, hot rolling and annealing conditions play important
effects on its discharge behaviors in the sequent electrochemi-
cal experiment, the observation of microstructural morphology
and the identification of intermetallics are performed first to
analyze the relationship between the microstructure and the
electrochemical properties. The microstructures of experimental
Mg-4%Ga-2%Hg alloy in different conditions are shown in Fig. 1.
It shows dendritic structure morphology with many coarse inter-
metallics both on the grain boundary and in the matrix in as-cast
state (Fig. 1a). Obviously, the morphology, size, and distribution
of such intermetallics influence the electrochemical characteriza-
tion of Mg-4%Ga-2%Hg alloy because of their cathodic qualities in
the corrosion galvanic cell. After the homogenizing of the as-cast
Mg-4%Ga-2%Hg alloy, it can be observed two distinct shape inter-
metallics in the microstructure. One is large with a block shape,
and the other is dispersed point shape (Fig. 1b). With a composi-
tion analysis of EDS by using SEM (Fig. 1c and d)and the XRD phase
identification (Fig. 1e), it is found that the block shape intermetallic
is Mgz Hg. And the dispersed point shape phase is Mg,1 GasHgs. The
solid solubility of Hg in a-Mg matrix is so limited (<0.1 at%) that
it is hard for Mg3zHg phase to dissolve in the a-Mg even homog-
enized at 698K for 16 h. Hence, the MgsHg phase maintains the
block shape similar to its morphology in the as-cast state. But the
Mg,1GasHgs phase can dissolve in the a-Mg matrix to form solid
solution because the solubility of such intermetallic in a-Mg is over
3at% at 695.7K. And the dispersed Mg,;GasHgs phase probably
precipitates from the solid solution of a-Mg matrix during the slow
cooling process of homogenization. As a result, the heat treatment
of as-cast Mg-4%Ga-2%Hg specimen can homogenize the composi-
tion of alloy and modify the morphology of the Mg, GasHgs phase.
The intermetallics in the hot rolled Mg-4%Ga-2%Hg alloy sheet dis-
perse along the rolling direction (Fig. 2a). Especially, the block shape
intermetallic MgzHg phase is broken up to small spot shape and
distributes more uniformly. After the annealing treatment of rolled
experimental alloy, all intermetallics in the Mg-4%Ga-2%Hg sheet
distribute homogeneously (Fig. 2b) and the sheet can be treated
as the anode material to be assembled in the seawater activated
batteries.

3.2. Discharge behaviors of Mg-4%Ga—-2%Hg alloy in different
conditions

The potentiodynamic polarization behaviors of the
Mg-4%Ga-2%Hg alloy in different conditions are shown in
Fig. 3. The polarization parameters measured from the polar-
ization curves are given in Table 1. The results show apparent
variations in the corrosion potential and the corrosion current
density of Mg-4%Ga-2%Hg alloy in different conditions. In hot
rolling and annealing conditions, the corrosion potentials of
experimental alloy are more negative than those of alloy in

Table 1
Parameters of Mg-4%Ga-2%Hg alloy from Polarization curves.

Condition Corrosion potential (V) Corrosion current
I('Dl'l' (A cmiz)
As-cast —1.5471 2.0142 x 104
Homogenization —1.6007 2.7034 x 104
Rolling -1.7394 4.2884 x 104
Annealing -1.7606 4.5347 x 104
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Fig. 1. Microstructures and phase identification of Mg-4%Ga-2%Hg alloy in different conditions. (a) Morphology of Mg-4%Ga-2%Hg alloy in as-cast state; (b) morphology
of intermetallics in homogenized state; (c) EDS identification of Mgz Hg phase; (d) EDS identification of Mg, GasHgs phase; (e) XRD phase identification of Mg-4%Ga-2%Hg
alloy.

Fig. 2. Morphology of hot rolled and annealed Mg-4%Ga-2%Hg alloy sheet. (a) Morphology of hot rolled Mg-4%Ga-2%Hg alloy sheet; (b) morphology of annealed
Mg-4%Ga-2%Hg alloy sheet.
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Fig. 3. Potentiodynamic polarisation behavior of Mg-4%Ga-2%Hg alloy in different
conditions.

as-cast and homogenization states. The corrosion potential shifts
negatively by 0.2135V, meanwhile the corrosion current increases
by 2.5205 x 10~#Acm~2. Although the standard potential of the
magnesium electrode is —2.73V (vs. NHE), the steady-state work-
ing potential is generally about —1.50V (vs. NHE). This deviation
in potential is due to the formation of a magnesium hydroxide
film on the metal surface. Therefore, the more negative corrosion
potential with higher corrosion current is benefit for the utilization
of Mg-Ga-Hg alloy as anode in the seawater activated battery. The
electrochemical reactions for Mg alloy anode seawater battery can
be described as the following reaction mechanism [15]:

Anode : Mg — Mg%* +2e~ (1)
Cathode : H,O + 2e~ — Hy +20H™ (2)

Therefore, the anode will undergo hydrogen evolving corrosion:
Mg + 2H,0 — Mg(OH), +H, (3)

The discharge reaction can be minimized by the corrosion
product Mg(OH), which pastes on the surface of Mg-4%Ga-2%Hg
alloy and results in the reducing of anode reacting area. But the
dispersed distribution of intermetallic Mg,;GasHgs and MgzHg
phases in the a-Mg matrix makes the electrochemical reactions
more uniform and increases the corrosion rate. Such is benefit to the
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continuation and stable discharge reaction of the Mg-4%Ga-2%Hg
anode alloy. This phenomenon can be observed on the corrosion
surface of the specimens after discharging as shown in Fig. 4.
Fig. 4a shows that the corrosion products around the Mg,;GasHgs
phase (white point phase with EDX analysis in Fig. 4b) break off
and result in the corrosion reaction penetrate into the interior
of Mg-Ga-Hg alloy matrix. And such continuous corrosion pro-
vides the more negative discharge potential from —1.5471V to
—1.7606V for annealed Mg-4%Ga-2%Hg anode alloy than ordi-
nary magnesium alloy. This corrosion process can be illustrated
by the schematic diagram as shown in Fig. 5a. The corrosion
of a-Mg matrix around the Mg,;GasHgs phase is serious than
other place and the corrosion products can be removed from the
surface of alloy. Mg(OH), is the main solid corrosion products
produced by the reaction (3). Mg(OH), can impede the corro-
sion penetrate into the Mg Matrix. But the high concentration
of chloride ions in seawater can accelerate the corrosion rate
by transforming the formed Mg(OH), into more soluble MgCl,.
The breakdown of Mg(OH), layer decreases the protected area
on the surface of specimen, consequently promoting further dis-
solution of the substrate. The chloride ions are involved in the
a-Mg matrix dissolution by accelerating the electrochemical reac-
tion from magnesium to magnesium univalent ions. So, the surface
morphology of specimen becomes a rimous view as shown in
Fig. 5b. Such unprotected surface is beneficial to maintain con-
tinuous corrosion reaction and provide stable discharge potential
of the Mg-Ga-Hg alloy anode. Hence, the galvanostatic discharge
behaviors of Mg-4%Ga-2%Hg alloy in different conditions are
measured and shown in Fig. 6. Three different electric current
densities (1mAcm~2, 150mAcm~2 and 300mAcm2) are per-
formed to evaluate the variation of corrosion potentials. The
electrochemical parameters are listed in Table 2. Based on the
galvanostatic measurement test, it can be seen that there is lit-
tle difference between Mg-4%Ga-2%Hg in different conditions at
a very low current density of 1mAcm~2. With the increasing
of discharge current density, the corrosion potentials in differ-
ent conditions of Mg-4%Ga-2%Hg alloy become more and more
different. The discharge voltage values in as-cast and homoge-
nization state are —1.2453V to ~—1.4338V at 150 mAcm~2 and
—0.9452 Vto~—1.1136V at 300 mA cm 2. Such results confirm that
Mg-4%Ga-2%Hg alloy in as-cast and homogenization states only
provide relative low discharge voltage values which hardly meet
the application requirements as a seawater activated battery anode.
The Mg-4%Ga-2%Hg alloy obtains the most negative discharge

(b) Me
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a
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Fig. 4. Morphology and phase identification of Mg-4%Ga-2%Hg alloy after discharging. Corrosion surface morphology of Mg-4%Ga-2%Hg alloy; EDS identification of

Mg,1GasHgs phase after discharging.
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Fig. 5. Schematic diagram and corrosion products of Mg-4%Ga-2%Hg alloy after discharging. Corrosion schematic diagram of Mg-4%Ga-2%Hg alloy SEM image of corrosion

surface and products of Mg-4%Ga-2%Hg alloy.

Table 2
Galvanostatic discharge parameters of Mg-4%Ga-2%Hg alloy in different conditions.
Alloy 1mAcm—2 150 mA cm—2 300 mA cm—2
Open circuit Average Open circuit Average Open circuit Average
voltage (V) voltage (V) voltage (V) voltage (V) voltage (V) voltage (V)
As-cast -1.9856 -1.9601 —-1.8605 —1.2453 -1.9139 —0.9452
Homogenization -1.9881 -1.9677 -1.9729 —1.4338 -1.9321 -1.1136
Rolling -1.9851 -1.9702 -1.9619 —1.6008 -1.9579 -1.1917
Annealing -1.9924 -1.9714 -1.9681 -1.6304 —1.9469 -1.2149

voltage value in annealing state with different electric current den-
sities. Especially it provides an average —1.6304 V with the electric
current density of 150 mA cm~2. Such high voltage value indicates
the annealed Mg-4%Ga-2%Hg alloy sheet has the potential to pro-
vide a higher specific energy if it is assembled in a cell battery. The
annealed Mg-4%Ga-2%Hg alloy also gets a very short activation
time with only a few seconds at the beginning stage of discharge
process. Such property is necessary for Mg-Ga-Hg alloy to act as a
battery anode in practical applications.

3.3. Discharge behavior of Mg-4%Ga-2%Hg alloy compared with
AZ31 and AP65 Mg alloys

For further understanding the discharge behaviors of
Mg-4%Ga-2%Hg alloy compared with other commercial mag-
nesium alloy anode materials, the galvanostatic measurements
of annealed Mg-4%Ga-2%Hg alloy sheets with AZ31 and AP65
alloy sheets are performed with three different current densi-
ties 10, 100 and 200mAcm~2 respectively as shown in Fig. 7.
The detail discharge parameters are listed in Table 3. The low
current density of 10mAcm~2 aims to evaluate the discharge
behavior of power source anode material for long-term low-power
applications. And the higher current densities, such as 100 and
200 mA cm~2, are used to measure the discharge behavior of anode
for high-power applications. The results show that the corrosion
potentials of AZ31 alloy are more positive than those of AP65
and Mg-4%Ga-2%Hg alloy. Such results confirm that AZ31 alloys
can hardly be used as a seawater activated battery anode. The
APG65 alloy can be used as battery anode material due to its high
corrosion potential value during the discharge process. And the
Mg-4%Ga-2%Hg alloy provides the most negative voltage values
of all the alloys with different current densities, especially it
provides an average —1.5937V with high electric current density
of 200mAcm2,

Another obvious difference between the electrochemical char-
acterizations of Mg-4%Ga-2%Hg alloy with AZ31 and AP65 alloys
is the anodic polarization behavior during the discharge process.
As shown in Fig. 6, the Mg-4%Ga-2%Hg alloy maintains a stable

corrosion potential value during the whole discharge process. But
the corrosion potential values of AZ31 and AP65 alloys will first
move to negative and then move to positive because of the polar-
ization effect. This difference is due to the different compounds,
which influence the corrosion behaviors in different alloys. The
typical compounds, such as Mgq7Al;; phase in AZ31 and AP65
alloy, will hinder the corrosion process during the discharge pro-
cess and result in an obviously anodic polarization effect. But the
MgsHg and Mg,;GasHgs phases in Mg-4%Ga-2%Hg alloy obtain
a great electrode potential difference between them with the a-
Mg matrix. Such two compounds in Mg-4%Ga-2%Hg alloy will
accelerate the corrosion of a-Mg matrix and induce the corro-
sion penetrate into the internal of alloy. The corrosion activation
reaction can be described as:

Mg(Hg, Ga) — Mg?* + Hg™ + Ga3* + 6e (4)
or
Mg(Hg, Ga) + H,0 — MgO-H,0 + Hg" + Ga3t +H, (5)

The dissolving of a-Mg matrix with MgzHg and Mg,;GasHgs
will produce Hg and Ga ions, which combine with Mg to produce
amalgam thatreact severely with water and maintain the activation
reaction circle. Furthermore, the corrosion products on the sur-
face of Mg-4%Ga-2%Hg alloy fall off easily and cannot paste sturdy
enough to prevent the continue corrosion of the a-Mg matrix in
the CI- environment of artificial seawater. All these reasons will
result in a persistent corrosion and steady discharge potential of
Mg-4%Ga-2%Hg alloy.

Since the use of an A.C. signal can provide more information than
that obtained from D.C. polarization technique, the electrochemical
impedance spectroscopy is used to study the discharge behav-
ior and corrosion mechanism of Mg-4%Ga-2%Hg alloy in present
investigation. Generally, the simple electrochemical system con-
sists of a double-layer capacitance (Cy;), a solution resistance (Rs)
and a charge-transfer resistance (R¢) [9,16]. The impedance locus
diagrams of Mg-4%Ga-2%Hg, AP65 and AZ31 alloys are obtained by
applying a frequency range of 0.01-100 kHz with a AC amplitude
of 10 mV. The Z/phase () relation of the impedance is given by
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Fig. 6. Galvanostatic discharge behavior of the Mg-4%Ga-2%Hg alloy in different
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Z' =Z cos(0) for the real part and Z” = Zsin(@) for the imaginary part.
Typical Nyquist plots for the three magnesium alloys are shown
in Fig. 8a—c respectively. The Nyquist plot shows that the curves
of three alloys have a single capacitive loop at all frequencies. The

Table 3
Galvanostatic discharge parameters of alloys in different conditions.
Alloy 10mAcm~2 100 mA cm—2 200 mA cm—2
Open circuit Average Open circuit Average Open circuit Average
voltage (V) voltage (V) voltage (V) voltage (V) voltage (V) voltage (V)
AZ31 —1.5451 -1.5034 —1.5437 —1.0254 —1.5532 —0.7252
AP65 —1.7560 —1.6587 -1.6869 —1.4848 —-1.7261 —1.4041
Mg-4%Ga-2%Hg —-1.9232 -1.8714 -1.9118 -1.6378 —-1.9193 —-1.5973
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nature of the curves indicates whether the system is activation-
controlled (a semicircle), diffusion-controlled (a 45° straight line),
or a combination of both [16]. In this experiment, semicircles have
been obtained and this indicates that the electrode/electrolyte
interface in this study is controlled predominantly by activation-
controlled processes.
The diameter of the semicircle gives the charge-transfer resis-
tance (R.) at the electrode/electrolyte interface, which relates to
the corrosion rate. The intercept on the x-axis at the higher fre-
quencies gives the solution resistance (R;). In order to enable a
detail analysis of the impedance diagram, the equivalent circuit
model reported in Fig. 8d and the obtained parameters such as Rs,
Cy and R¢; are shown in Table 4. The EIS spectra of three alloys are
similar except in diameter, which shows that the corrosion mecha-
nism is same but the corrosion rate is different. The least diameter
is obtained with Mg-4%Ga-2%Hg alloy indicates that the corrosion
resistance of such alloy is the lowest. The corrosion rate is inversely
related to R.. Higher the R value, lower the corrosion rate. And
the order of the R values with respect to three experimental
alloys is: AZ31 > AP65 > Mg-4%Ga-2%Hg, which reflects the corro-
sion rate of Mg-4%Ga-2%Hg alloy is the highest. The low Cy value
for the magnesium alloy implies the formation of relatively thick
and compact protective film on the alloy surface. As expected, the
Mg-4%Ga-2%Hg alloy obtains the highest Cy value and AZ31alloy
obtained the lowest value. In the present study, it is also seen that
increasing of R is accomplished by the reduction of Cy due to the
total difference corrosion behaviors among these three alloys. In

Table 4
Corrosion parameters obtain from EIS measurement for different alloys.

Alloy Rs (2cm?) Ca (F) Re (2 cm?)
Mg-4%Ga-2%Hg 9.41 129% 103 1387
AP65 8.87 8.48 x 1074 222.6
AZ31 7.39 1.33x10°5 398.7

general, the intermetallics in the alloy make great effects on the
electrochemical corrosion behavior. During corrosion process, the
Mg7Al1, phase in AZ31 alloy is highly stable and acts as effective
barrier. Hence, the corrosion product film on such phase is con-
tinuous so that the dissolution of a-Mg is inhibited. The discharge
process of AZ31 alloy will be impeded so that it cannot be used as
the seawater activated anode. On the contrary, the Mg-4%Ga-2%Hg
alloy cannot form effective protective film in chloride environment.
The MgsHg and Mg,1GasHgs phases in this alloy are activated
easier and accelerate the corrosion of a-Mg matrix. The addition
of Ga and Hg in the alloy promotes the electrochemical activ-
ity and let the anode reaction persistently. The MgsHg phase and
the amalgam produced by it during the electrochemical reactions
provide enough negative potential for the application of battery.
The solid solution of Ga in a-Mg and the dispersed distribution of
Mg, GasHgs phase which precipitates from the solid solution of -
Mg matrix produce a less charge-transfer resistance in the faradaic
reaction, which leads to a good electrochemical performance such
as the fast activity time and negative corrosion potential. Mean-
while, the dispersed and small size Mg, GasHgs phase can adjust
the corrosion current density and reduce the electro-negativity
discrepancy between a-Mg matrix and MgzHg phase. That leads
to a controllable corrosion driving force and let the alloy exhibit
an appropriate corrosion rate during the discharge process. Such
results match with the electrochemical measurements of polariza-
tion and galvanostatic discharge behaviors.

3.4. Discharge properties of a prototype battery assembled by
Mg-4%Ga-2%Hg alloy as anode

The simple prototype battery is assembled by ten
pieces of Mg-4%Ga-2%Hg alloy sheets with a size of
450 mm x 450 mm x 0.4mm as anode and cuprous chloride
as cathodes. And the electrolyte is artificial seawater at 2864 1K.
The prototype battery activated by seawater had satisfactory
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Table 5
Typical discharge properties of prototype battery.

Activation time (s) Maximum Average voltage of the entire Total discharge Hydrogen emission Specific energy
voltage (V) discharge process (V) time (min) rate (lcm=2 min~') (Whkg1)
5.7 1.451 1.393 25 (0.37-0.49) x 103 147

discharge properties as shown in Table 5. The activation time
was measured as the time required by the battery to reach 70%
of the maximum voltage. For the Mg-4%Ga-2%Hg alloy anode,
the activation time was only 5.7 s. The total discharge time of the
battery persists 25 min. The average voltage of the cell is 1.393V
and the maximum voltage is 1.451V. The Hydrogen emission rate
is a parameter to evaluate the corrosion process. The measured
0.37-0.49 x 10~3 Icm~2 min~! value is acceptable for the applica-
tion in seawater activated battery. Especially, the specific energy of
the simple prototype battery obtains the excellent 147 WhKg-1.
Compared with the published data of 30WhKg~! for lead acid
battery or 8 WhKg~! for AP65/AgCl seawater activated battery
[17,18], the discharge performance of Mg-4%Ga-2%Hg alloy are
superior to many of them.

4. Conclusions

The Mg-4%Ga-2%Hg alloy exhibits different discharge behav-
iors in as-cast, homogenizing, rolling and annealing states. The
discharge potentials show that annealing Mg-4%Ga-2%Hg alloy
sheet obtains the most negative voltage value at different dis-
charge current densities. And the Mg-4%Ga-2%Hg alloy provides
more negative corrosion potentials than AZ31 and AP65 alloys.
EIS studies reveal that the electrode/electrolyte interfacial process
is determined by an activation-controlled reaction. The Cy val-
ues which imply the formation of relatively protective film on the
Mg alloy surface follow the following sequence: Mg-4%Ga-2%Hg
>AP65>AZ31. Hence, the corrosion rate of Mg-4%Ga-2%Hg
alloy is the highest. The MgzHg and Mg,;GasHgs phases play
important roles in promoting the electrochemical properties of
Mg-4%Ga-2%Hg alloy. The MgzHg phase provides enough neg-
ative potential and accelerates the dissolution of a-Mg in the
seawater during the electrochemical reactions. The Mgy GasHgs
phase produce a less charge-transfer resistance in the faradaic reac-
tion and adjust the electro-negativity discrepancy between a-Mg
matrix and MgzHg phase. The assembled prototype battery with
Mg-4%Ga-2%Hg alloy as anode and CuCl as cathodes exhibits a

satisfactory discharge performance because of the advantages in
discharge behaviors and microstructures of the Mg-4%Ga-2%Hg
alloy, which can be used as a candidate for seawater activated bat-
tery anode.
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