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Abstract: The Mg-Hg-Ga alloys are widely used in high power the seawater batteries. Mg-5%Hg-5%Ga alloy was melted and heat 
treatments at 573−773 K were performed for different times. The electrochemical and corrosion behaviors of the Mg-5%Hg-5%Ga 
alloy were studied by means of potentiodynamic, galvanostatic and electrochemical impedance spectroscopy(EIS). Scanning electron 
microscopy(SEM), energy dispersive spectrometry(EDS) and X-ray diffractometry(XRD) were employed to characterize the 
microstructures of the alloy. The results demonstrate that the best electrochemical activity occurs in the Mg-5%Hg-5%Ga alloy with 
homogeneously dispersed Mg21Ga5Hg3 compound in α-Mg matrix. The most negative mean potential at 100 mA/cm2 polarization 
current density can reach −1.928 V. The largest corrosion current density 19.37 mA/cm2 of the Mg-5%Hg-5%Ga alloy appears in the 
Mg-5%Hg-5%Ga alloy with intergranular eutectic α-Mg and Mg21Ga5Hg3. 
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1 Introduction 
 

The Mg anodes are widely used in the seawater 
batteries and cathodic protection(CP) technology due to 
their excellent properties, such as rapid activation, low 
density, low electrode potential and high current capacity 
[1−4]. The developed magnesium anode materials with 
high cell voltage are AP65 (Mg-6%Al- 5%Pb), 
Mg-7%Tl-5%Al[1] and Mg-Hg alloys. The specific 
energy of the seawater battery using Mg-Hg alloy as 
anode can reach 150 W·h/kg[5−6], compared with the 30 
W·h/kg of lead acid battery. However, the good results of 
Mg anodes obtained in high power seawater battery still 
meet with problems such as bad deformability, large 
self-corrosion velocity and low current efficiency[7−8]. 
In order to solve these problems, the influences of 
alloying elements such as aluminium, zinc, lead and 
mercury on the magnesium anodes have been 
investigated in recent years[9−12]. But there is not any 
report about the influence of the second phases on the 
electrochemical and corrosion properties of the Mg 
anodes. 

According to Refs.[13−14], Ga can activate Mg and 
Al anodes due to the dissolution-redeposition mechanism. 

Ga can also enhance the corrosion resistance of the 
dental amalgams[18]. But the influence of the 
compounds containing Ga on the electrochemical 
activation and corrosion resistance of the Mg and Al 
anodes was not reported. In this work, Ga was selected to 
substitute part of Hg in the Mg-Hg anodes and the 
morphology of the intermetallic compound Mg21Ga5Hg3 
in the α-Mg matrix has been studied as a key factor in 
achieving good surface activation and corrosion 
resistance of the Mg-Hg-Ga anodes. 

 
2 Experimental 
 

The Mg-5%Hg-5%Ga alloy was prepared using 
metals with 99.99% purity in order to avoid 
contamination by other elements. The alloy was melted 
in a sealed iron tube filled with argon, as described in a 
previous work[19]. After heat treatment at 573−773 K 
for 1−200 h, the samples were removed from the iron 
tube. The chemical composition of the alloy (in Table 1) 
was determined by EDS and atomic absorption spectrum 
analysis. 

Potentiodynamic and galvanostatic experiments 
were performed with a Potentiostat-Galvanostat (Model 
263A) in a 3.5% (mass fraction) NaCl solution. The 
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Table 1 Chemical composition of Mg-5%Hg-5%Ga alloy 
(mole fraction, %) 

Hg Ga Fe Ca Ni Cu Mg 

4.853 4.998 0.010 0.038 0.031 0.012 Bal.

 
scanning rate of potentiodynamic test was 5 mV/s and 
the anodic current density in galvanostatic test was 100 
mA/cm2. The EIS measurements were performed to 
study the kinetics of the electrode reactions using a 
Potentiostat-Galvanostat (Model 263A) and a 1255 
Solartron Frequency Response Analyzer. The impedance 
measurements were made over a frequency range of 
0.005−100 kHz (15 points per decade) with a 10 mV 
alternative current signal and interpreted in terms of 
equivalent circuit(EC) with frequency dependent 
components. The samples were polished with emery 
paper and buffed to a mirror finish. Each of them was 
sealed with epoxy resin except for an exposed surface of 
10 mm×10 mm submitted to the electrochemical tests in 
a three-electrode cell. A platinum sheet was used as the 
auxiliary electrode and a saturated calomel electrode 
(SCE) was used as the reference electrode. 

The microstructure of the corrosion morphology of 
each sample was determined by SEM. The phases of the 
samples were determined by EDS and XRD. 
 
3 Results and discussion 
 
3.1 Microstructure of Mg-5%Hg-5%Ga alloy 

Fig.1 shows the SEM micrographs of Mg-5%Hg- 
5%Ga alloy with different aging times. Combined with 
the EDS and XRD results (as seen in Figs.2 and 3), the 
samples aged for 1 h and 24 h show the presence of 
matrix which is α-Mg solid solution and eutectic at the 
grain boundary, characterized by “islands” of eutectic 
α-Mg within Mg21Ga5Hg3 compound. In the Mg-Hg-Ga 
ternary phase diagram, Mg21Ga5Hg3 is a new compound 
with Ge8Pd21 structure type (space group I41/a, a=14.539 
1(5) Å, c=11.595 5(4) Å, Z=4), which was determined by 
XRD measurement and Rietveld method. When the 
aging time is prolonged from 1 h to 24 h, the grain 
becomes larger and the amount of eutectic obviously 
decreases. When the aging time is prolonged to 200 h, 
the intergranular eutectic disappears and the Mg21Ga5Hg3 
particles with 2−30 μm size distribute homogeneously in 
the α-Mg matrix. 
 
3.2 Influence of Mg21Ga5Hg3 compound on electro- 

chemical and corrosion behaviors of Mg-5%Hg- 
5%Ga alloy 

3.2.1 Potentiodynamic and galvanostatic measurements 
To obtain information about the influence of 

Mg21Ga5Hg3 compound on the corrosion behavior of the 

 

 
Fig.1 SEM images Mg-5%Hg-5%Ga alloy after aging for 
different times: (a) 1 h; (b) 24 h; (c) 200 h 
 
Mg-5%Hg-5%Ga alloy, potentiodynamic polarization 
curves were tested on the Mg-5%Hg-5%Ga alloy in a 
3.5% NaCl solution (Fig.4). 

As seen in Fig.4, during the potentiodynamic 
scanning, a steady state current is attained for each 
applied potential step. Starting from the rest potential, 
the anode polarization curves show a remarkable 
increase in the anodic current density. When the scanning 
potential is more positive than −1.95 V, the concentration 
polarization occurs more easily in the sample aged for  
1 h because of the steeper anodic curves and the larger 
anodic Tafel rate of slope. The black corrosion products 
flake off continuously in the process of polarization, 
which is consistent with the electrochemical reaction of 
an amalgam with moisture[20−21]. 

The corrosion current densities and corrosion 
potentials of the Mg-5%Hg-5%Ga alloy were calculated 
by Tafel linear extrapolation and listed in Table 2. The 
corrosion current density of the alloy decreases from 
19.37 mA/cm2 to 1.19 mA/cm2 when the aging time 
increases from 1 h to 200 h. The best corrosion resistance 
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Fig.2 EDS results of Mg-5%Hg-5%Ga alloy after aging for  
24 h: (a) α-Mg, (b) Mg21Ga5Hg3 
 

 
Fig.3 XRD spectra of Mg-5%Hg-5%Ga alloy after aging for 
different times: (a) 1 h; (b) 24 h; (c) 200 h 

 
Table 2 Electrochemical corrosion parameters of Mg-5%Hg- 
5%Ga alloy after aging for different times 

Sample 
No. 

Aging 
time/h 

Jcorr/ 
(mA·cm−2) 

φcorr(vs 
SCE)/V 

φmean(vs 
SCE)/V

1 1 19.37 −2.184 −1.846 

2 24 6.72 −2.039 −1.894 

3 200 1.19 −2.087 −1.928 

 

 

Fig.4 Potentiodynamical curves of Mg-5%Hg-5%Ga alloy after 
aging for 1 h and 200 h 
 
appears in the sample aged for 200 h. 

The corrosion resistance of Mg-5%Hg-5%Ga alloy 
depends on the amount and distribution of the 
Mg21Ga5Hg3 compound. The samples aged for 1 h and 
24 h have eutectic (α-Mg+Mg21Ga5Hg3) at the grain 
boundaries. Fig.5 shows the optical micrograph of the 
sample after aging for 24 h and exposure in air for 15 
min. It can be seen that corrosion occurs in the 
intergranular eutectic. This is related to the different 
electronegativities of α-Mg and Mg21Ga5Hg3 in the 
intergranular eutectic. The intergranular corrosion has 
large ratio of cathodic area compared with anodic area, 
which increases the corrosion driving force. Moreover, 
the closest distance and largest contact area between the 
anodic and cathodic in the eutectic accelerate the 
corrosion rate. So the sample aged for 1 h has the largest 
corrosion current density and lowest corrosion resistance 
because of the largest amount of eutectic. 

The sample aged for 200 h has dispersed 
Mg21Ga5Hg3 particles in the α-Mg matrix. Due to the 
homogeneity of electrochemical properties, the sample 
 

 
Fig.5 Corroded surface of Mg-5%Hg-1%Ga alloy after aging 
for 24 h and exposure in air for 15 min 



FENG Yan, et al/Trans. Nonferrous Met. Soc. China 19(2009) 154−159 

 

157

aged for 200 h preserves a general and homogeneous 
corrosion. Its corrosion resistance is better than that of 
the samples with intergranular eutectic. 

Fig.6 shows the galvanostatic curves of Mg-5%Hg- 
5%Ga alloy after aging for different times. The anodic 
current density is 100 mA/cm2. The specimen aged for  
1 h shows obvious polarization behavior with the test 
time prolonging. When the aging time increases from 1 h 
to 200 h, the mean potentials of the samples move 
negatively. Table 2 shows the mean potentials of the 
samples measured from the galvanostatic curves. The 
sample aged for 200 h has the most negative mean 
potential of −1.928 V, which leads to the least anodic 
polarization and the best electrochemical activity. The 
sample aged for 1 h shows the most positive mean 
potential of −1.846 V and the worst electrochemical 
activity. 
 

 
Fig.6 Galvanostatic curves of Mg-5%Hg-5%Ga alloy after 
aging for different times 
 

The electrochemical activities of the samples are 
also relevant to the amount and distribution of the 
Mg21Ga5Hg3 compounds. The activation reaction of the 
surface begins from the interfacial zone between α-Mg 
and Mg21Ga5Hg3. The corrosion of the interfacial zone 
leads to the dissolution of the anodes, which agrees with 
the previous work[21−22]. The sample with dispersed 
Mg21Ga5Hg3 particles in the α-Mg matrix leads to 
homogeneous generalized dissolution of matrix, which 
enlarges the area of the activation reaction and enhances 
the electrochemical activity. While the activation 
reactions of the samples with intergranular eutectic only 
focus on the grain boundaries. Moreover, the larger 
corrosion current densities of the intergranular corrosion 
in these samples increase the activation polarization and 
decrease the electrochemical activity. 
3.2.2 EIS measurement 

The electrochemical impedance spectra for Mg- 
5%Hg-5%Ga alloy at φcorr in a 3.5% NaCl solution are 
shown in Fig.7. Nyquist plots were characterized by two 

 

 
Fig.7 Electrochemical impedance spectra of Mg-5%Hg-5%Ga 
alloys after aging for different times at φcorr in 3.5% NaCl 
solution: (a) 1 h; (b) 24 h; (c) 200 h 
 
capacitive loops at high and medium frequencies and one 
Warburg diffusion line at low frequency. 

On the basis of the reaction models of the 
Mg-Hg-Ga alloys discussed by FENG et al[17] and the 
EIS results in Fig.7, the EC could be attained (Fig.8). R0 

is the electrolyte resistance, Cox is the capacitance of the 
corrosion products film and Rox is film resistance 
(Mg(OH)2 film resistance), Rp is the resistance of the 
electrolytic solution within the pit, Cdlt and Rct refer to the 
capacitances of the double layer and the charge transfer 
resistance in the faradaic reaction, and W is the value of 
the Warburg impedance. A method of parameter 
adjustment based on the equivalent circuit in Fig.8 was 
applied and the results are listed in Table 3. 

The comparison of the values of the Mg-5%Hg- 
5%Ga alloy after aging for different times in Table 3 
shows a considerable decrease of Cdlt, Rct and W values 
with the aging time prolonging. Lower Cdlt and Rct values 
lead to lower charge transfer resistance in the faradaic 
reaction. Lower W value leads to smaller concentration 
polarization. Based on the above results, the sample after 
aging for 200 h has the best electrochemical activity, 
which is consistent with the galvanostatic results. It can 
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Table 3 Electrochemical parameters obtained by fitting analysis of Nyquist diagrams of Mg-5%Hg-5%Ga alloy 

Aging time/h Cox /(F·cm−2) Rox/(Ω·cm−2) Rp/(Ω·cm−2) Cdlt/(F·cm−2) Rct/(Ω·cm−2) W/(Ω·cm−2·s−1/2)

1 

24 

200 

0.003 9 

5.07×10−5 

1.54×10−5 

7 225 

74.24 

3.2 

8.0 

8.9 

10.3 

0.023 

0.018 

7.13×10−6 

2.8 

1.39 

1.1 

1.023 

0.903 

0.859 

 

 
Fig.8 Equivalent circuits of Mg-5%Hg-5%Ga alloy/3.5% NaCl 
solution interfaces 
 
be ascribed to the dispersed Mg21Ga5Hg3 particles in the 
α-Mg matrix. The largest Rct and Cdlt values in the 
sample after aging for 1 h lead to the largest faradaic 
impedance. Moreover, the largest W value of this sample 
leads to the largest concentration polarization. Based on 
the above results, the sample after aging for 1 h has the 
worst electrochemical activity, which depends on the 
intergranular eutectic of the α-Mg and Mg21Ga5Hg3. 

The largest Rp occurs in the sample aged for 200 h, 
which impedes the self-corrosion and leads to the least 
corrosion current density. The largest corrosion current 
density and the worst corrosion resistance occurs in the 
sample aged for 1 h, confirmed by the smallest Rp and 
potentiodynamic test results. The sample aged for 1 h has 
the highest corrosion film capacitive loop Cox and film 
resistance Rox, which suggests the largest coverage ratio 
of the corrosion products film and the least exposure 
ratio of α-Mg matrix. The corrosion products impede the 
mass diffusion rate of the electrode reaction. The 
impeded diffusion rate of mass further leads to the 
largest W value. So the concentration polarization of the 
sample with intergranular eutectic increases and the 
electrochemical activity decreases. 
 
4 Conclusions 
 

1) A sufficient annealing time during heat treatment 
has a positive influence on the microstructure of the 
Mg-5%Hg-5%Ga alloy. When the aging time increases 
from 1 h to 200 h, the intergranular eutectic (α-Mg+ 
Mg21Ga5Hg3) disappears and the Mg21Ga5Hg3 particles 

disperse homogeneously in the α-Mg matrix. 
2) The amount and distribution of the Mg21Ga5Hg3 

compound are relevant to the electrochemical activity 
and corrosion resistance of the Mg-5%Hg-5%Ga alloy. 
Homogenous dispersion of the Mg21Ga5Hg3 particles in 
the α-Mg matrix produces the least charge transfer 
resistance in the faradaic reaction and the least coverage 
ratio of the corrosion products film, which leads to the 
best electrochemical activity. Its mean potential at 100 
mA/cm2 polarization current density is −1.928 V, the 
most negative potential in the Mg-5%Hg- 5%Ga alloy. 

3) The intergranular eutectic of α-Mg and 
Mg21Ga5Hg3 in the Mg-5%Hg-5%Ga alloy produce the 
largest corrosion current density of 19.37 mA/cm2, which 
leads to the largest coverage of corrosion products in the 
electrode surface and the least exposure ratio of the 
α-Mg. The largest concentration polarization due to the 
thick corrosion film and the largest charge transfer 
resistance in the faradaic reaction produce the worst 
electrochemical activity of the Mg-5%Hg-5%Ga alloy. 
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