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Abstract: Mg−Al−Pb alloy is a good candidate for the anode material of magnesium seawater battery. For improving the low current 

utilization efficiency of Mg−Al−Pb alloy, the influence of Ce on the microstructures and electrochemical corrosion properties in a 

3.5% NaCl solution was investigated using scanning electron microscope and electrochemical measurements. The results indicate 

that Ce refines the grain structure of Mg−Al−Pb alloy. The formation of strip Al11Ce3 second phase promotes the uniform distribution 

of Mg17Al12 phase in Mg−Al−Pb−Ce alloy. The addition of cerium accelerates the discharge activity of Mg−Al−Pb alloy. Due to a 

large number of cathodic Al11Ce3 and Mg17Al12 phases, Ce promotes the micro-galvanic corrosion and leads to larger corrosion 

current density and hydrogen evolution rate in Mg−Al−Pb−Ce alloy than those in Mg−Al−Pb alloy. However, Mg−Al−Pb alloy 

expresses smaller utilization efficiency than Mg−Al−Pb−Ce alloy because of grain detachment. 
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1 Introduction 
 

Seawater batteries provide higher practicability and 

lower cost than lithium or alkaline batteries for 

submarine applications [1,2]. Magnesium alloys are 

widely used as anode materials in seawater batteries 

because of many advantages, such as rapid activation, 

low specific mass, negative standard electrode potential 

and high current capacity [3,4]. Since the 1960s, 

magnesium seawater batteries have been developed for a 

lot of military and commercial applications, such as 

torpedo, electromotive and unmanned underwater 

vehicle power source [5−7]. 

As common alloying elements, rare earth elements 

can effectively influence the alloying, degassing, 

cleaning and purification processes in magnesium alloys. 

Mg−RE phases have high melting point leading to 

improved mechanical properties in high-temperature of 

magnesium alloys [8,9]. The low electrode potentials of 

Mg−RE compounds provide weak corrosion reaction 

with magnesium matrix as well as improved corrosion 

resistance [10−12]. LV et al [12] found that the 

electrochemical activity and peak power density of 

Mg−H2O2 semi-fuel cells were improved by addition of 

Ce and Y to magnesium anode materials. LIU et al [13] 

also reported that rare earth element Ce or La can react 

with impurities such as Fe and Cu, resulting in a cleaning 

of magnesium alloys. The microstructure of AM60 

magnesium alloy had been optimized by Ce or La 

addition which facilitates the formation of new phase (γ) 

enriched with Al and RE [14]. The new phase (γ), which 

has more noble potential, results in a improved corrosion 

resistance of AM60 magnesium alloy [15]. Ce addition in 

AM50 magnesium alloy promotes the formation of 

Al11Ce3 phase and reduces the amount of β-phase 

(Mg17Al12) [16]. The embedding of remaining impurities 

in Al11Ce3 phase and the improved stability of passive 

films accelerate the corrosion resistance of AMRE alloy. 

The influence of lanthanum on the electrochemical 

behavior of AZ31 magnesium alloy was studied [17]. 

Better corrosion resistance and electrochemical activity 

were obtained in AZ31 magnesium alloy in a 1.0 mol/L 

MgSO4 solution due to the 0.04 mmol/L La(CH3COO)3  
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addition agent. Hence, alloying with rare earth elements 

is an effective way to boost the performance of 

magnesium anode materials in seawater battery. 

Mg−Al−Pb alloy is a good candidate for the anode 

material of magnesium seawater battery due to the 

activation elements aluminium and lead, which 

synergistically enhances the discharge activity of pure 

magnesium [18,19]. However, the low current utilization 

efficiency restricts the application of Mg−Al−Pb anode 

materials in seawater battery. Considering the improved 

battery properties of magnesium anode with Ce  

addition [12], it would be interesting to obtain a thorough 

understanding of the electrochemical corrosion behavior 

of Mg−Al−Pb−Ce alloy. In fact, the influence of rare 

earth elements on the corrosion behavior and 

electrochemical activity of Mg−Al−Pb anode materials 

has received little attention. The aim of this work is to 

find a better magnesium anode for seawater battery and 

gain some insight into the influence of Ce on the 

corrosion behaviour and electrochemical activity of 

Mg−Al−Pb alloy. 

 

2 Experimental 
 
2.1 Preparation of materials 

Mg−Al−Pb and Mg−Al−Pb−Ce alloys, with 

chemical compositions shown in Table 1, were prepared 

by melting the ingots of pure magnesium (99.99%), pure 

aluminum (99.99%), pure lead (99.99%), and Mg− 

29%Ce master alloy in a resistance furnace at 1023 K 

under an argon atmosphere. The molten metals protected 

by sulfur powder and argon were poured into a 

water-cooled steel mould with dimensions of d125 mm × 

420 mm and cooled down to room temperature. The 

chemical composition of the specimens to be used was 

determined by inductively coupled plasma atomic 

emission spectrometry (ICP-AES), and the data indicated 

that the relative deviation for the content of each element 

was less than ±5% while the content of each impurity 

was lower than 0.1%. The cast alloys were selected as 

the research subjects for evaluating their electrochemical 

corrosion performance. 

 

Table 1 Chemical compositions of Mg−Al−Pb and Mg−Al− 

Pb−Ce alloys (mass fraction, %) 

Sample Al Pb Ce Mg 

Mg−Al−Pb alloy 6.0 5.0 0 Bal. 

Mg−Al−Pb−Ce alloy 6.0 5.0 0.6 Bal. 

 

2.2 Microstructure characterization 

Microstructures of the specimens were analyzed 

using a scanning electron microscope (SEM: FEI- 

Quanta200), equipped with an electron probe microscope 

analysis (EPMA: JXA−8230) after the samples had been 

ground with SiC abrasive paper and polished with 

diamond grinding paste. A solution of 1 mL nitric acid,  

1 mL acetic acid, 1 g oxalic acid and 50−80 mL distilled 

water was used as the etchant to reveal the grain 

boundaries. The phase structures of Mg−Al−Pb and 

Mg−Al−Pb−Ce alloys were identified with an X-ray 

diffraction meter with Cu Kα radiation. The scan range of 

2θ was from 10° to 80° with a scan speed of 4 (°)/min. 

The XRD pattern for each alloy was analyzed with Jade 

6 software. 
 

2.3 Electrochemical measurements 

Electrochemical measurements of Mg−Al−Pb and 

Mg−Al−Pb−Ce alloys were carried out using a CHI660D 

electrochemistry workstation and a CHI680 current 

amplifier in a static 3.5% NaCl solution at 298 K 

constantly. The specimens were polished with emery 

paper and buffed to a mirror finish with diamond 

grinding paste. 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 auxiliary electrode 

and a saturated calomel electrode (SCE) with a standard 

electrode potential of 0.2412 V (vs SHE) was used as 

reference electrode, and testing samples were used as 

working electrode. 

The polarization curves were measured from the 

cathodic side at a scanning rate of 0.05 mV/s. Hydrogen 

evolution rates were measured by immersing the samples 

in a 3.5% NaCl solution at 298 K, using a flow-meter 

(ADM 3000, Agilent Technologies) to collect hydrogen 

evolution products of the reaction. The potential−time 

curves in the course of galvanostatic discharge for 600 s 

were obtained by imposing anodic current density of  

180 mA/cm
2
 on the testing samples. A solution of    

200 g/L CrO3 and 10 g/L AgNO3 was used to remove the 

corrosion products after the samples had been tested, and 

then the corroded surfaces of the samples were observed 

with the Quanta−200 SEM using secondary electron 

image. 

The utilization efficiency of each sample during the 

discharge process was given by the following    

relation [20,21]: 
 

%100
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m

m
                               (1) 

 
where η is the utilization efficiency (%), mt is the 

theoretical mass loss (g) corresponding to the impressed 

current, and ma is the actual mass loss (g) within the 

discharge period. The theoretical mass loss was 

calculated using Eq. (2) [14]: 
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where I is the impressed current (A); t is the discharge 

time (s); F is the Faraday constant; Xi, ni, and Mi are the 

mass fraction, ionic valence, and molar mass (g/mol) of 

an alloying element, respectively. In Eq. (2), the 

numerator is the discharge passing through the testing 

sample, and the denominator is the theoretical electric 

quantity delivered by one gram of testing sample. A 

solution of 200 g/L CrO3 and 10 g/L AgNO3 was also 

used to remove the discharge products after the testing 

samples had been discharged for a certain period. The 

actual mass loss was then obtained by subtracting the 

final mass of each sample from its initial mass. The 

discharge time at 180 mA/cm
2 

was 1 h to achieve 

obvious mass loss to minimize the error [18]. 

 

3 Results and discussion 
 

3.1 Microstructure analysis 

Figure 1 shows the back scattering (BS) images of 

Mg−Al−Pb and Mg−Al−Pb−Ce alloys, whose X-ray 

diffraction patterns (XRD) are shown in Fig. 2. The 

electron probe microscope analysis of the second phases 

in Figs. 1(c) and (d) are described in Table 2. From  

Figs. 1(a, c), it can be seen that the second phases 

distribute discontinuously along the grain boundary in 

Mg−Al−Pb alloy. With the XRD results in Fig. 2(a) and 

EPMA results in Table 2, it can be deduced that the 

intergranular block second phase in Fig. 1(c) is Mg17Al12 

compounds. Comparing with Mg−Al−Pb alloy, Mg−Al− 

Pb−Ce alloy expresses a refined microstructure with two 

second phases, as seen in Figs. 1(b) and (d). According to 

XRD results in Fig. 2(b) and EPMA results in Table 2, 

the second phases in Mg−Al−Pb−Ce alloy are dispersive 

strip Al11Ce3 compounds and block Mg17Al12  

compounds, respectively. Moreover, the sizes of disperse 

Mg17Al12 phases decrease, leading to homogeneous 

distribution of Mg17Al12 phases in Mg−Al−Pb−Ce alloy. 

From EPMA data in Table 2, it can be also inferred 

that lead is solid-solution element in Mg−Al−Pb and 

Mg−Al−Pb−Ce alloys. The bright areas (point C) 

surrounding intergranular Mg17Al12 phase in Fig. 1(c) are 

aluminum and lead enriched areas. Ce does not 

solid-solute in Mg matrix but mainly exists in Al11Ce3 

and Mg17Al12 compounds. 

 

3.2 Polarization curves 

Figure 3 shows the polarization curves of 

Mg−Al−Pb and Mg−Al−Pb−Ce alloys in a 3.5% NaCl 

solution. These curves were used to evaluate the 

corrosion current densities by extrapolating the cathodic 

branches back to the corrosion potentials [5]. The 

potential range used for Tafel extrapolating is about 

 

 

Fig. 1 Back scattering (BS) images of magnesium alloys: (a, c) Mg−Al−Pb alloy; (b, d) Mg−Al−Pb−Ce alloy 
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Fig. 2 XRD patterns of magnesium alloys: (a) Mg−Al−Pb alloy; 

(b) Mg−Al−Pb−Ce alloy 

 

Table 2 Electron probe microscope analysis results of 

Mg−Al−Pb and Mg−Al−Pb−Ce alloys (mole fraction, %) 

Sample Point 
Mole fraction/% 

Phase analysis 
Mg Al Pb Ce 

Mg− 

Al−Pb 

alloy 

A 97.57 2.26 0.15 − α-Mg 

B 68.92 30.45 0.59 0.05 β-Mg17Al12 

C 92.16 7.03 0.78 0.02 α-Mg 

Mg−Al− 

Pb−Ce 

alloy 

D 93.16 6.20 0.64 − α-Mg 

E 44.77 43.67 0.26 11.22 γ-Al11Ce3 

F 70.50 28.79 0.65 0.07 β-Mg17Al12 

        

120−250 mV more negative than the corrosion potential. 

The corrosion parameters derived from these polarization 

curves are listed in Table 3. For magnesium alloys, the 

evolution of hydrogen is the dominant feature and results 

in cathodic current at potentials more negative than the 

corrosion potential. While metal oxidation is the 

dominant feature and results in anodic current at 

potentials more positive than the corrosion potential. 

According to Fig. 3, it is obvious that the cathodic 

branches of Mg−Al−Pb and Mg−Al−Pb−Ce alloys show 

different trends. This certifies that Ce slightly changes 

the hydrogen evolution behaviour of Mg−Al−Pb alloy 

during cathodic polarization. According to Table 3, a 

larger corrosion current density (Jcorr) of (45.1±1.2) 

μA/cm
2
 is found in Mg−Al−Pb−Ce alloy. Therefore, 

Mg−Al−Pb−Ce alloy shows worse corrosion resistance 

than Mg−Al−Pb alloy. Meanwhile, the anodic Tafel slope 

(ba) of Mg−Al−Pb−Ce alloy is found to be less than that 

of Mg−Al−Pb alloy. It can be deduced that the cerium 

addition in Mg−Al−Pb alloy promotes the anodic 

dissolution activity. 

 

 

Fig. 3 Polarization curves of Mg−Al−Pb and Mg−Al−Pb−Ce 

alloys in 3.5% NaCl solution at 298 K 

 

Table 3 Corrosion electrochemical parameters of Mg−Al−Pb 

and Mg−Al−Pb−Ce alloys from tests 

Sample 
Jcorr/ 

(μA·cm−2) 

φcorr (vs 

SCE)/V 

Ba/ 

(mV·dec−1) 

vH2
/ 

(mL·cm−2·h−1) 

Mg−Al−Pb 

alloy 
39.8±1.9 −1.567 38.25 1.02±0.01 

Mg−Al− 

Pb−Ce alloy 
45.1±1.2 −1.538 29.31 1.44±0.02 

Sample 

Average discharge 

potentials (vs SCE)/V 

Utilization 

efficiency η/% 

180 mA/cm2 for 600 s 180 mA/cm2 for 1 h 

Mg−Al−Pb 

alloy 
−1.648 67.7±0.2 

Mg−Al− 

Pb−Ce alloy 
−1.756 74.7±0.4 

 

3.3 Hydrogen evolution rate 

Figure 4 shows the hydrogen evolution curves of 

Mg−Al−Pb and Mg−Al−Pb−Ce alloys in a 3.5% NaCl 

solution. The self-corrosion of magnesium alloys leads to 

hydrogen evolution. Larger hydrogen evolution rate 

leads to worse corrosion resistance in magnesium alloys. 

Actually, magnesium anode materials used in seawater 

battery usually serve at a large current density, which 

promotes hydrogen evolution and decreases anodic 

current efficiency. Hence, the hydrogen evolution 
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behaviours of Mg−Al−Pb and Mg−Al−Pb−Ce anode 

materials were discussed to improve their corrosion 

resistance during discharge. From Fig. 4, it can be seen 

that the hydrogen evolution processes of the alloys are 

smooth. The mean hydrogen evolution rate (vH2
) is 

calculated and shown in Table 3. It can be seen that the 

mean hydrogen evolution rate increases from  

(1.02±0.01) to (1.44±0.02) mL/(cm
2
·h

−1
) with the 

addition of Ce to Mg−Al−Pb alloy. This is consistent 

with the corrosion current densities calculated from 

polarization curves tests. 

 

 

Fig. 4 Hydrogen generation curves of Mg−Al−Pb and 

Mg−Al−Pb−Ce alloys in 3.5% NaCl solution at 298 K 

 

However, the results are contrary to previous 

researches, which reported that rare earth elements Ce or 

La can improve corrosion resistance of AM50, AM60 

and AZ31 magnesium alloys [16,17]. In these alloys, the 

formation of γ-Al11Ce3 phase reduces the amount of 

cathodic β-phase (Mg17Al12) and improves stability of 

passive films, thus, accelerates the corrosion resistance 

of AMRE alloy. While in Mg−Al−Pb−Ce alloy as seen in 

Fig. 1, the formation of Al11Ce3 phase decreases the size 

of Mg17Al12 phase and inspires its disperse distribution. 

The dispersive small Mg17Al12 particles in magnesium 

matrix increase the effective surface area of the cathodic 

phases reversely. Thus, Al11Ce3 and Mg17Al12 phases 

accelerate the corrosion of magnesium matrix in 

Mg−Al−Pb−Ce alloy. The larger mean hydrogen 

evolution rate occurs in Mg−Al−Pb−Ce alloy. Figure 5 

shows the surface morphologies of Mg−Al−Pb and 

Mg−Al−Pb−Ce alloys after hydrogen evolution tests 

with removing the corrosion products. According to  

Fig. 5(a), Mg−Al−Pb alloy suffers localized corrosion, 

with some shallow pits in localized regions. Mg17Al12 

particles were found at the bottom of pits. The corrosion 

of magnesium matrix begins surrounding Mg17Al12 

second phase because of its cathodic properties. 

According to Fig. 5(b), Mg−Al−Pb−Ce alloy suffers 

severely self-corrosion with a lot of deep pits on the 

corroded surface. The pit hole is so large that granular 

Mg17Al12 second phases were detached from the surface. 

But strip Al11Ce3 second phases are crisscross in 

magnesium matrix and remain during hydrogen 

evolution corrosion. 

 

 

Fig. 5 Secondary electron (SE) images of Mg−Al−Pb and 

Mg−Al−Pb−Ce alloys in 3.5% NaCl solution at 298 K after 

removing corrosion products during hydrogen generation tests: 

(a) Mg−Al−Pb alloy; (b) Mg−Al−Pb−Ce alloy 

 

3.4 Potential-time curves 

Figure 6 shows the potential−time curves of 

Mg−Al−Pb and Mg−Al−Pb−Ce alloys at anodic current 

density of 180 mA/cm
2 

in 3.5% NaCl solution. The 

current density of 180 mA/cm
2
 was chosen to examine 

the discharge performance of magnesium alloy employed 

as anode for short-term high-power battery system [22]. 

According to Fig. 6, the discharge potentials of 

Mg−Al−Pb and Mg−Al−Pb−Ce alloys both shift toward 

negative direction in the beginning. The discharge 

potential of Mg−Al−Pb alloy shows obvious fluctuation 

at the first 100 s, indicating the complicated surface 

condition, such as oxide film. Meanwhile, the discharge 

potential of Mg−Al−Pb alloy expresses obvious 
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polarization, indicating the good stability of passive 

films formed by the corrosion products on the surface. 

After discharging for 400 s, the discharge potential of 

Mg−Al−Pb−Ce alloy gets into a steady state, which 

signifies the dynamic balance of formation and shedding 

for the discharge products [23]. The average discharge 

potentials of Mg−Al−Pb and Mg−Al−Pb−Ce alloys 

measured from potential−time curves are listed in Table 

3. Undoubtedly, magnesium alloy with a negative 

discharge potential normally exhibits strong discharge 

activity [24]. According to Table 3, Mg−Al−Pb−Ce alloy 

expresses more negative potential than Mg−Al−Pb alloy. 

Thus, Ce addition increases the discharge activity of 

Mg−Al−Pb alloy. 

 

 

Fig. 6 Potential−time curves of Mg−Al−Pb and Mg−Al−Pb−Ce 

alloys in 3.5% NaCl solution at 298 K and anodic current 

density of 180 mA/cm2  

 

The microstructure of magnesium alloy generally 

plays a vital role in affecting its discharge behaviour. 

According to Fig. 1, Ce refines the grains, facilitates the 

formation of Al11Ce3 phase and inspires the 

homogeneous distribution of Mg17Al12 phase in 

Mg−Al−Pb alloy. ZHAO et al [25] suggested that the 

fine grain and uniform grain boundary were valuable to 

lead to high activated current of AZ31 magnesium alloy. 

Previous work also indicated that the fine grains of AP65 

magnesium alloy produced by hot rolling or extrusion 

facilitated a negative shift of the discharge potential 

[5,18]. Moreover, the increasing amount of cathodic 

Al11Ce3 and Mg17Al12 second phases, greatly increases 

activity dissolution of magnesium matrix. Therefore, 

Mg−Al−Pb−Ce alloy provides more negative discharge 

potential and stronger discharge activity compared with 

Mg−Al−Pb alloy. The SE images displayed in Fig. 7 

present the corrosion morphologies of Mg−Al−Pb and 

Mg−Al−Pb−Ce alloys discharged at 180 mA/cm
2
 for 5 s 

after removing the discharge products. According to  

Figs. 7(a) and (b), it can be seen that round corrosion pits 

associated with active dissolution distribute on the 

surface of Mg−Al−Pb and Mg−Al−Pb−Ce alloys after 

tests. Some shallow corrosion pits with large size occur 

in Mg−Al−Pb alloy. They are discontinuous and their 

 

 

Fig. 7 Secondary electron (SE) images of Mg−Al−Pb and 

Mg−Al−Pb−Ce alloys in 3.5% NaCl solution at 298 K during 

galvanostatic discharge tests for 5 s after removing corrosion 

products: (a) Mg−Al−Pb alloy; (b) Mg−Al−Pb−Ce alloy;    

(c) Closed-up view of (b) 
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amount is far less than that in Mg−Al−Pb−Ce alloy. A lot 

of deep corrosion pits with small size occur in 

Mg−Al−Pb−Ce alloy. They are continuous and 

homogeneous in magnesium matrix. The difference 

between two kinds of corrosion pits morphologies 

indicates that general anode dissolution occurs in 

Mg−Al−Pb−Ce alloy, while Mg−Al−Pb alloy expresses 

localized attack in the beginning of discharge. The 

general corrosion morphology is normally related to a 

good discharge activity. Thus, Mg−Al−Pb−Ce alloy 

shows better discharge activity than Mg−Al−Pb alloy. 

 

3.5 Utilization efficiency 

The utilization efficiencies were tested in the course 

of galvanostatic discharge at an anodic current density of 

180 mA/cm
2 

for 1 h. The calculated utilization 

efficiencies of Mg−Al−Pb and Mg−Al−Pb−Ce alloys are 

summarized in Table 3. According to Table 3, the 

utilization efficiency of Mg−Al−Pb−Ce alloy at     

180 mA/cm
2 

reaches (74.7±0.4)%, which is higher than 

those of Mg−Al−Pb alloy (67.7±0.2)% and pure 

magnesium (62.2±0.5)%. Thus, Ce addition enhances the 

utilization efficiency of Mg−Al−Pb alloy in the course of 

discharge at a large current density. 

During discharge process, hydrogen evolution 

corrosion and grain detachment severely decrease the 

utilization efficiency of magnesium alloys. Although in 

the immersion tests as described in Table 3, the hydrogen 

evolution rate of Mg−Al−Pb alloy is smaller than that of 

Mg−Al−Pb−Ce alloy. During discharge process at a 

certain current density, the hydrogen evolution reaction 

of magnesium alloys can be accelerated. Moreover, the 

detachment of metallic particles during discharge process 

severely decreases the utilization efficiency of 

magnesium alloys. The SE images displayed in Fig. 8 

present the morphologies of Mg−Al−Pb and 

Mg−Al−Pb−Ce alloys discharged at 180 mA/cm
2
 for 1 h 

after removing the discharge products. The surface 

morphology in Fig. 8(a) presents as polyporous 

honeycomb, indicating that Mg−Al−Pb alloy suffers 

severe corrosion with grain detachment from the alloy 

surface. The grain detachment increases the total mass 

loss and greatly decreases the utilization efficiency of 

Mg−Al−Pb alloy. According to Fig. 8(b), the corroded 

surface in Mg−Al−Pb−Ce alloy is smooth with some 

shallow corrosion holes, indicating that Mg−Al−Pb−Ce 

alloy dissolves uniformly during the discharge process. 

The existence of Mg17Al12 and Al11Ce3 phases in 

Mg−Al−Pb−Ce alloy certifies that these second phases 

do not detach from magnesium matrix easily in the 

discharge process. The result is consistent with the 

surface morphology of Mg−Al−Pb−Ce alloy after 

hydrogen evolution tests, as seen in Fig. 5(b). In that 

image, strip Al11Ce3 second phase is crisscross in 

magnesium matrix and remains during hydrogen 

evolution corrosion. Thus, Mg−Al−Pb−Ce alloy exhibits 

higher utilization efficiency in contrast with Mg−Al−Pb 

alloy. 

 

 

Fig. 8 SE images of surface morphologies of magnesium 

anodes discharged at current density of 180 mA/cm2 for 1 h 

after removing discharge products: (a) Mg−Al−Pb alloy;     

(b) Mg−Al−Pb−Ce alloy 

 

4 Conclusions 

 

1) The addition of Ce to Mg−Al−Pb alloy refines 

the grain structure and promotes the formation of Al11Ce3 

phase, which leads to the decreasing size and uniform 

distribution of Mg17Al12 phase. 

2) The corrosion current density and hydrogen 

evolution rate of Mg−Al−Pb−Ce alloy are larger than 

Mg−Al−Pb alloy and the discharge activity of 

Mg−Al−Pb−Ce alloy at 180 mA/cm
2 

is improved 

because of the refined grain and the increasing amount of 

cathodic second phases. 

3) Larger utilization efficiency was found in 

Mg−Al−Pb−Ce alloy, while Mg−Al−Pb alloy has smaller 
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utilization efficiency due to the grain detachment during 

the discharge process. Hence, Mg−Al−Pb−Ce alloy is a 

promising candidate for the anode material of seawater 

battery. 
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摘  要：Mg−Al−Pb 合金是一种应用于海水激活电池的镁阳极材料。为提高 Mg−Al−Pb 合金的电流效率，通过扫

描电子显微镜和电化学测试方法研究 Ce 对 Mg−Al−Pb 合金显微组织和腐蚀电化学性能的影响。结果表明，Ce 元

素促进了条状第二相 Al11Ce3 的析出，使 Mg17Al12 相在 Mg−Al−Pb−Ce 合金中分布更均匀，并细化了合金的显微

组织。Ce 的添加提高了 Mg−Al−Pb 合金的放电活性，大量的第二相 Al11Ce3 和 Mg17Al12 使合金的微电偶腐蚀增强，

从而导致 Mg−Al−Pb−Ce 合金具有较大的腐蚀电流密度和析氢速率。放电过程中 Mg−Al−Pb 合金存在晶粒脱落，

相比之下，Mg−Al−Pb−Ce 合金具有更大的电流效率。 

关键词：镁合金；海水电池；析氢速率；放电活性；电流效率 
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