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Abstract: Mg-6%Al, Mg-5%Pb and Mg-6%Al-5%Pb (mass fraction) alloys were prepared by induction melting with the protection 
of argon atmosphere. Their electrochemical activations in different electrolyte solutions were investigated by galvanostatic test. The 
microstructures of these alloys and their corroded surfaces were studied by scanning electron microscopy, X-ray diffractometry and 
emission spectrum analysis. The results show that the activation of magnesium is not prominent when only aluminum or lead exists 
in the magnesium matrix, but the coexistence of the two elements can increase the activation. The activation mechanism of 
Mg-Al-Pb alloy is dissolving−reprecipitating and there is a synergistic effect between aluminium and lead: the precipitated lead 
oxides on the surface of the alloy can facilitate the precipitation of Al(OH)3, which can peel the Mg(OH)2 film in the form of 
2Mg(OH)2·Al(OH)3 and activate the magnesium matrix. 
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1 Introduction 
 

Magnesium alloys have been developed as anode 
materials used in seawater battery system. These alloys 
have rapid activation, high cell voltage, wide voltage 
range, high power density capability, relatively light 
mass in unactivated state and long unactivated storage 
life[1−4], which make them used widely in sonobuoys, 
beacons, emergency equipment, balloon batteries, life 
jackets and cathodic protection[5−8]. 

Electrochemical activation is a very important 
performance for magnesium anode materials used in 
seawater battery. High activation always leads to 
negative stable potential, short incubation period for 
activation process and high power density capability. 
AP65 is one of these magnesium anode materials used in 
seawater battery with the nominal compositions of 6% Al 
and 5% Pb (mass fraction). It is reported that aluminium, 
among other activator elements, added to magnesium 
matrix improves surface activation and affects the 
corrosion resistance in NaCl solution[9−12]. It has also 
been demonstrated that magnesium activation and 
corrosion resistance will be increased with lead in the 
magnesium matrix even though lead is not environment 

friendly[13]. UDHAYAN and BHATT[14] studied the 
electrochemical behavior of AP65 in various 
concentrations of magnesium perchlorate solutions and 
found that its electrode/electrolyte interfacial process is 
determined by an activation-controlled reaction. But so 
far the activation mechanism of AP65 in NaCl aqueous 
solution is not clearly understood. The aim of this work 
is to study the activation mechanism in the activation 
process of magnesium with the coexistence of aluminium 
and lead. The electrochemical behavior of the 
magnesium alloys was investigated in the presence of 
Al3+ and Pb2+ ions in NaCl aqueous solutions and also 
with metallic Al and Pb in the magnesium matrix. 
 
2 Experimental 
 

Mg-6%Al, Mg-5%Pb and Mg-6%Al-5%Pb (mass 
fraction) alloys were prepared from ingots of pure 
magnesium (99.99%), pure aluminium (99.99%) and 
pure lead (99.99%) by induction melting at 750 °C with 
the protection of argon atmosphere. The molten metals 
were poured into stainless steel molds and cooled down 
to room temperature in argon atmosphere. All these 
magnesium alloy ingots were homogenized at 400 °C for 
24 h and water quenched.  
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The specimens used for electrochemical 
measurements were encapsulated in epoxy resin with an 
exposed surface of 10 mm×10 mm. The surface was 
mechanically ground with 400 grit SiC paper. The 
auxiliary electrode was Pt sheet with the size of 20 
mm×20 mm. Potentials were measured against a 
saturated hydrogen electrode (SHE). Galvanostatic tests 
were performed with a Potentiostat-Galvanostat (IM6ex) 
at a current density of 180 mA/cm2 for 1 000 s. The 
electrolyte solutions were 3.5% NaCl solution, 3.5% 
NaCl+0.5 mol/L AlCl3 solution and 3.5% NaCl+PbCl2 
saturated solution as Al3+ and Pb2+ ions could be obtained 
from the ionization of AlCl3 and PbCl2 in water, 
respectively, which did not bring other negative ions but 
only Cl− ions. The volume of the electrolyte solution was 
80 mL. The test temperatures were 25 °C and 80 °C. As 
the PbCl2 was insoluble in water at room temperature, 
the temperature of 80 °C was chosen in order to obtain 
the  PbCl2 saturated aqueous solution. At least, three 
specimens were used for each galvanostatic test. 

The chemical compositions of the specimens and 
the electrolyte solutions after galvanostatic tests were 
obtained by atomic absorption spectrometry analysis. 
The microstructures and the corroded surface of each 
specimen were examined by scanning electron 
microscopy (SEM). The phases of the corroded products 
were investigated by X-ray diffractometry (XRD) and 
emission spectrum analysis (ESA). 
 
3 Results and discussion 
 
3.1 Electrochemical activations of magnesium anodes 

Fig.1 shows the galvanostatic potential−time curves 
of Mg-6%Al, Mg-5%Pb and Mg-6%Al-5%Pb alloys in 
3.5% NaCl solution at 25 °C. The potential−time 
response obtained at 180 mA/cm2 demonstrates that a 
very active behavior is attained. According to Fig.1, the 
curve of Mg-5%Pb alloy polarizes severely and its mean 
potential is −1.154 V that is the most positive among 
three specimens, indicating that the electrochemical 
activation of Mg-5%Pb alloy is the worst and the 
depolarization of lead to magnesium is weak. The 
electrochemical activation of Mg-6%Al alloy is better 
than that of Mg-5%Pb alloy. The stable potential of 
Mg-6%Al alloy is −1.325 V and its depolarization is very 
good. This indicates that aluminium has better 
depolarization effect than lead. Mg-6%Al-5%Pb alloy 
has the best electrochemical activation as well as the 
most negative stable potential(−1.400 V). So, it can be 
concluded from Fig.1 that the magnesium activation 
produced by aluminium is stronger than that produced by 
lead but the effect of activation is not prominent when 
only aluminium or lead exists in the magnesium matrix. 
The coexistence of the two elements in the magnesium 

 

 
Fig.1 Galvanostatic curves of Mg-6%Al, Mg-5%Pb and 
Mg-6%Al-5%Pb alloys at current density of 180 mA/cm2 in 
3.5% NaCl solution at 25 °C 
 
matrix can increase this effect. 

Fig.2 shows the galvanostatic polarization curves of 
Mg-5%Pb alloys in 3.5% NaCl solution and 3.5% NaCl 
+0.5 mol/L AlCl3 solution at 25 °C. As Al3+ ions are 
added into the NaCl solution, the electrochemical 
activation and the depolarization effect of Mg-5%Pb 
alloy increase rapidly, leading to its stable potential of 
−1.404 V in 3.5% NaCl+0.5 mol/L AlCl3 solution. So, it 
can be concluded from Fig.2 that Mg-5%Pb alloy can be 
activated in NaCl solutions containing Al3+ ions which 
can also improve its depolarization effect. 
 

 
Fig.2 Galvanostatic curves of Mg-5%Pb alloys at current 
density of 180 mA/cm2 in 3.5% NaCl solution and 3.5% NaCl 
+0.5 mol/L AlCl3 solution at 25 °C 
 

Fig.3 shows the galvanostatic polarization curves of 
Mg-6%Al alloys in 3.5% NaCl solution and 3.5% NaCl 
+ PbCl2 saturated solution at 80 °C. As PbCl2 is insoluble 
in water at room temperature, the mixture of PbCl2 and 
water is heated up to 80 °C in order to obtain the clear 
solution above the PbCl2 sedimentation. This solution is 
used as the electrolyte and the test temperature is 80 °C. 
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Fig.3 Galvanostatic curves of Mg-6%Al alloys at current 
density of 180 mA/cm2 in 3.5% NaCl solution and 3.5% NaCl 
+ PbCl2 saturated solution at 80 °C 
 
According to Fig.3, the electrochemical activation of 
Mg-6%Al alloy in 3.5% NaCl + PbCl2 saturated solution 
is stronger than that in 3.5% NaCl solution as the mean 
potential of Mg-6%Al alloy in 3.5% NaCl + PbCl2 
saturated solution is −1.334 V while that in 3.5% NaCl 
solution at 80 °C is −1.325 V. But the polarization curve 
of Mg-6%Al alloy in 3.5% NaCl + PbCl2 saturated 
solution is not smooth and vibrates acutely. Even at the 
end of the test its potential exceeds that in 3.5% NaCl 
solution. The reason might be that the activation and 
depolarization effect of Pb2+ ions in the NaCl solutions 

are not distinct or worse than that of Al3+ ions for 
Mg-5%Pb alloy. 
 
3.2 Elemental distribution of magnesium anode 

Fig.4 shows the SEM image of Mg-6%Al-5%Pb 
alloy and its corresponding elemental distributions of 
magnesium and the alloying elements. The micrographs 
of Mg-6%Al and Mg-5%Pb alloys are similar to that of 
Mg-6%Al-5%Pb alloy. According to Fig.4, 
Mg-6%Al-5%Pb alloy is solid solution under the 
experimental condition and the elements of aluminium 
and lead distribute homogeneously in the magnesium 
matrix. 
 
3.3 Chemical compositions of magnesium anodes and 

electrolyte solutions after galvanostatic tests 
Table 1 lists the chemical compositions of 

Mg-6%Al, Mg-5%Pb and Mg-6%Al-5%Pb alloys.  
Table 2 lists the chemical compositions of electrolyte 
solutions after galvanostatic tests. All these chemical 
compositions were determined by atomic absorption 
spectrometry. In order to investigate the activation 
mechanism of the magnesium alloys, only Mg, Al and Pb 
were considered while other elements were ignored. 
According to Table 2, the contents of Mg2+ ions in 
solutions 1−3 are almost the same while that in solution 
4 is much higher than those in solutions 1−3. Solution 1 
is the solution after galvanostatic test of Mg-6%Al alloy 
in 3.5% NaCl solution; solution 2 is the solution after 

 

 
Fig.4 SEM image (a) and corresponding elemental distributions of magnesium(b), aluminium (c) and lead(d) of Mg-6%Al-5%Pb alloy 
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galvanostatic test of Mg-5%Pb alloy in 3.5% NaCl 
solution; solution 3 is the solution after galvanostatic test 
of Mg-6%Al-5%Pb alloy in 3.5% NaCl solution; 
solution 4 is the solution after galvanostatic test of 
Mg-5%Pb alloy in 3.5% NaCl+0.5 mol/L AlCl3 solution. 
The content of Al3+ ions in solution 3 is only 0.4 mg/L 
which is lower than that of solution 1, indicating that 
Al3+ ions can precipitate easily on the surface of 
magnesium alloy with the existence of lead. The contents 
of Pb2+ ions in solution 3 and solution 4 are higher than 
those in solution 2. The reason might be that with the 
existence of aluminium in the magnesium matrix and the 
electrolyte solutions, the main corroded products, 
Mg(OH)2, can peel off easily from the surface of alloys, 
leading to the desquamation of precipitated lead. 
According to Table 2, the contents of Pb2+ ions in these 
solutions are still low and cannot be very harmful to the 
environment. 
 
Table 1 Chemical compositions of Mg-6%Al, Mg-5%Pb and 
Mg-6%Al-5%Pb alloys (mass fraction, %) 

Alloy Mg Al Pb 
Mg-6%Al 93.3 6.14 − 
Mg-5%Pb 94.1 − 5.32 

Mg-6%Al-5%Pb 88.0 6.31 5.38 

Table 2 Chemical compositions of electrolyte solutions after 
galvanostatic tests (mg/L) 

Solution Mg2+ Al3+ Pb2+ 
1 172.9 8.4 − 
2 177.0 − 5.9 
3 176.4 0.4 17.2 
4 338.9 13 623 14.7 

 
3.4 Corroded products of magnesium anodes after 

galvanostatic test 
Fig.5(a) shows the XRD pattern of the corroded 

products of Mg-6%Al alloy after galvanostatic test in 
3.5% NaCl solution at 25 °C. The corroded products are 
Mg(OH)2 and 2Mg(OH)2·Al(OH)3, indicating that Al3+ 
ions precipitate on the surface of Mg-6%Al alloy in the 
form of Al(OH)3 and peel the Mg(OH)2 film in the form 
of 2Mg(OH)2·Al(OH)3. Fig.5(b) shows the Mg-6%Al 
alloy after galvanostatic test in 3.5% NaCl+PbCl2 
saturated solution at 80 °C. Metallic lead exists in the 
corroded products, indicating that Pb2+ ions precipitate 
on the surface of the alloy in the form of metallic lead 
when the concentration of Pb2+ ions in the solution is 
high. The metallic lead on the surface of the alloy cannot 
peel off easily. Besides, Mg(OH)2, PbO and many 
aluminium hydroxides also exist in the corroded products. 

 

 

Fig.5 XRD patterns of corroded products of Mg-6%Al alloy after galvanostatic test in 3.5% NaCl solution at 25 °C (a), Mg-6%Al 
alloy after galvanostatic test in 3.5% NaCl + PbCl2 saturated solution at 80 °C (b), Mg-5%Pb alloy after galvanostatic test in 3.5% 
NaCl solution at 25 °C (c) and Mg-6%Al-5%Pb alloy after galvanostatic test in 3.5% NaCl solution at 25 °C (d) 
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These corroded products cannot peel off easily, leading 
to the weak activation of magnesium anode. Fig.5(c) 
shows the XRD pattern of the corroded products of 
Mg-5%Pb alloy after galvanostatic test in 3.5% NaCl 
solution at 25 °C. The corroded products are mainly 
Mg(OH)2. Besides, there are also many sorts of lead 
oxides in the corroded products, indicating that Pb2+ ions 
precipitate on the surface of magnesium alloy in the form 
of lead oxides when the concentration of Pb2+ ions in the 
solution is low. These corroded products cannot peel off 
easily and the activation of magnesium anode is not 
prominent. Fig.5(d) shows the XRD pattern of the 
corroded products of Mg-6%Al-5%Pb alloy after 
galvanostatic test in 3.5% NaCl solution at 25°C. It can 
be seen that its corroded products are similar to those of 
Mg-6%Al alloy after galvanostatic test in 3.5% NaCl 
solution. The difference is that PbO2 exists in the 
corroded products of Mg-6%Al-5%Pb alloy. 

Fig.6 shows the corroded surface morphologies and 
corresponding EDS results of Mg-6%Al alloy after 
galvanostatic test in 3.5% NaCl solution. It can be seen 
from Figs.6(a) and (b) that the corroded products are thin 
and have many cracks, therefore, they cannot protect the 
surface of the alloy and the activation can be improved. 
According to the XRD pattern in Fig.5(a), the corroded 
products are mainly Mg(OH)2 and 2Mg(OH)2·Al(OH)3. 
According to the EDS results in Fig.6(c), the content of 
aluminium on the corroded surface of Mg-6%Al alloy is 
only 0.59% (mass fraction), indicating that Al3+ ions 

cannot precipitate on the surface of magnesium alloy 
easily without the existence of lead. So, the content of 
Al3+ ions in the electrolyte solution is high, which can be 
confirmed by the chemical compositions of solution 1 
listed in Table 2. The Al3+ ions precipitate in the form of 
Al(OH)3 and can peel the corroded products easily in the 
form of 2Mg(OH)2·Al(OH)3, that is the reason why the 
corroded products on the surface of magnesium alloy are 
thin and have many cracks and the activation of 
Mg-6%Al alloy in 3.5% NaCl solution is strong. 

Fig.7 shows the corroded surface morphologies and 
corresponding EDS results of Mg-5%Pb alloy after 
galvanostatic test in 3.5% NaCl solution. It can be seen 
from Figs.7(a) and (b) that the corroded products are 
very thick and compact, so they cannot peel off from the 
surface of the alloy easily, making the galvanostatic 
polarization curve of Mg-5%Pb alloy polarized severely. 
According to the XRD pattern in Fig.5(c), most of the 
corroded products are Mg(OH)2 and many sorts of lead 
oxides. According to the EDS results in Fig.7(c), the 
content of lead on the corroded surface of the Mg-5%Pb 
alloy is 9.35% (mass fraction), which exceeds that in the 
magnesium matrix. So, it can be concluded that a great 
deal of Pb2+ ions precipitate on the surface of the alloy in 
the form of lead oxides during the galvanostatic test, 
leading to the low content of Pb2+ ions in solution 2 (see 
Table 2). But the precipitated lead oxides cannot peel the 
corroded products easily, and this is the reason why the 
corroded products are very thick and compact and the 

 

 

 
 
 
 
 
Fig.6 SEM image and its corresponding EDS 
spectrum of corroded surface of Mg-6%Al 
alloy after galvanostatic test in 3.5% NaCl 
solution 
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activation of Mg-5%Pb alloy in 3.5% NaCl solution is 
weak. 

Fig.8 shows the corroded surface morphologies and 
corresponding EDS results of Mg-6%Al-5%Pb alloy 
after galvanostatic test in 3.5% NaCl solution. It can be 
seen from Figs.8(a) and (b) that the porous corroded 
products are thin and have wide circular cavity with 
many cracks, so they can peel off from the surface of the 
alloy easily and the activation can be improved. 
According to the XRD pattern in Fig.5(d), the corroded 
products are M(OH)2, 2Mg(OH)2·Al(OH)3 and PbO2. 
According to the EDS results in Fig.8(c), the content of 
aluminium on the corroded surface of Mg-6%Al-5%Pb 
alloy is 1.28% (mass fraction), which is higher than that 
of Mg-6%Al alloy, indicating that it is easy for the Al3+ 
ions to precipitate on the surface of magnesium alloy in 
the form of Al(OH)3 with the existence of lead oxides. It 
can also be seen from Fig.8(c) that the content of lead on 
the corroded surface is 5.40% (mass fraction), which is 
lower than that of Mg-5%Pb alloy. The reason might be 
that with the existence of the precipitated Al(OH)3, the 
Mg(OH)2 film can peel off easily in the form of 
2Mg(OH)2·Al(OH)3 from the surface of the alloys, 
leading to the desquamation of precipitated lead oxides. 
That is why the corroded products are very thin and have 
many cracks and the activation of Mg-6%Al-5%Pb alloy 
is stronger than that of Mg-6%Al alloy. 

Fig.9 shows the corroded surface morphologies and 

corresponding EDS results of Mg-5%Pb alloy after the 
galvanostatic test in 3.5% NaCl+0.5mol/L AlCl3 solution. 
It can be seen from Figs.9(a) and (b) that the corroded 
products are the thinnest among all specimens and have 
many cracks, therefore, they cannot protect the surface of 
the alloy, leading to the high activation of Mg-5%Pb 
alloy in 3.5% NaCl+0.5mol/L AlCl3 solution. According 
to the EDS results in Fig.9(c), the content of Al3+ ions 
precipitated on the surface of the alloy from the 
electrolyte is 6.85% (mass fraction), which is the highest 
among all the specimens. It can also be seen from Fig.9(c) 
that the content of lead on the corroded surface is only 
0.70% (mass fraction), which is much lower than that of 
Mg-6%Al-5%Pb alloy. So, it can be concluded that with 
lead in the magnesium matrix, Al3+ ions in the electrolyte 
solution can precipitate on the surface of the alloy easily 
and peel the corroded products, leading to the 
desquamation of Mg(OH)2 film and precipitated lead 
oxides as well as the strongest activation of magnesium 
alloy. 

Fig.10(a) shows the scanning electron micrograph 
of cross-section of Mg-6%Al-5%Pb alloy after 
galvanostatic test in 3.5% NaCl solution. It can be seen 
that the corroded products distribute on the surface of the 
alloy. Figs.10(b) and (c) show its corresponding 
elemental linear distribution from point A to point B. 
According to Fig.10(b) and the XRD pattern in Fig.5(d), 
most of the corroded products are Mg(OH)2. The 

 
 
 
 
 
Fig.7 SEM image and its corresponding EDS
spectrum of corroded surface of Mg-5%Pb
alloy after galvanostatic test in 3.5% NaCl
solution 
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Fig.8 SEM image and its corresponding EDS 
spectrum of corroded surface of 
Mg-6%Al-5%Pb alloy after galvanostatic 
test in 3.5% NaCl solution 

 
 
 
 
 
 
Fig.9 SEM image and its corresponding EDS
spectrum of corroded surface of Mg-5%Pb
alloy after galvanostatic test in 3.5% NaCl+
0.5 mol/L AlCl3 solution 
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contents of aluminium and lead in corroded products are 
lower than those of Mg(OH)2. The Mg(OH)2 surface film 
on the magnesium alloy is probably formed by a 
precipitation reaction when Mg2+ ion concentration on 
the corroded surface exceeds the solubility limit[15−16]. 
Fig.10(c) shows the distribution of aluminium and lead. 
Aluminium and lead enrichments are found at the 
metal/corrosion layer interface, possibly produced by 
preferential magnesium dissolution during the 
galvanostatic test[17]. The content of aluminium at the 
metal/corrosion layer interface is higher than that of lead, 
indicating that lead can dissolve into the solution more 
easily than aluminium. This is the reason why the 
contents of Pb2+ ions in the solution and the precipitated 
lead on the corroded surface are higher than those of 
aluminium. 

The activation reaction equations can be written as 
follows: 
 
Mg(Al,Pb)→Mg2++Al3++Pb2++7e               (1) 
2H2O+2e→H2+2OH−                         (2) 
Mg2++2OH−→Mg(OH)2                        (3) 
Pb2++yOH−→PbOx+ nH2O                     (4) 
Al3++3OH−→Al(OH)3                         (5) 
 

Pb2+ ions precipitate on the surface of the alloy in 
the form of many sorts of lead oxides when the 
concentration of Pb2+ ions in the solution is low. These 

lead oxides are shown as PbOx. With the help of PbOx, 
Al3+ ions can precipitate easily in the form of Al(OH)3 on 
the surface of the alloy, peel the Mg(OH)2 film in the 
form of 2Mg(OH)2·Al(OH)3 and activate the magnesium 
matrix. 
 
4 Conclusions 
 

1) The activation of magnesium is not prominent 
when only aluminium or lead exists in the magnesium 
matrix as Mg-6%Al alloy has the stable potential of 
−1.325 V and Mg-5%Pb alloy has the mean potential of 
−1.154 V in 3.5% NaCl solution. The coexistence of the 
two elements can increase this effects as Mg-        
6%Al-5%Pb alloy has the stable potential of −1.400 V in 
3.5% NaCl solution and Mg-5%Pb alloy has the stable 
potential of −1.404 V in 3.5% NaCl +0.5 mol/L AlCl3 
solution. 

2) The activation mechanism of Mg-Al-Pb alloy is 
dissolving−reprecipitating and there is a synergistic 
effect between aluminium and lead: aluminium is the 
dominating element controlling the activation process of 
magnesium. The activation produced by lead is not 
prominent, but the precipitated lead oxides on the surface 
of the alloy can facilitate the precipitation of Al(OH)3, 
which can peel the Mg(OH)2 film in the form of 
2Mg(OH)2·Al(OH)3 and activate the magnesium matrix. 

 
 
 
 
 
Fig.10 SEM image and its corresponding
elemental linear distribution of cross-section
of Mg-6%Al-5%Pb alloy after galvanostatic
test in 3.5% NaCl solution 
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