
 
 

 

 
 

Effects of intermetallic phases on electrochemical properties of powder metallurgy Mg-6%Al-
5%Pb anode alloy used for seawater activated battery

Huang, Jiefeng; Liu, Hui; Fang, Hongjie; Zhang, Jiaxi; Zhang, Qian; He, Xuehua; Song,
Juemin; Li, Zheng; Yan, Yang; Yu, Kun

Published in:
Materials Research Express

Published: 01/06/2022

Document Version:
Final Published version, also known as Publisher’s PDF, Publisher’s Final version or Version of Record

License:
CC BY

Publication record in CityU Scholars:
Go to record

Published version (DOI):
10.1088/2053-1591/ac703c

Publication details:
Huang, J., Liu, H., Fang, H., Zhang, J., Zhang, Q., He, X., Song, J., Li, Z., Yan, Y., & Yu, K. (2022). Effects of
intermetallic phases on electrochemical properties of powder metallurgy Mg-6%Al-5%Pb anode alloy used for
seawater activated battery. Materials Research Express, 9(6), [066504]. https://doi.org/10.1088/2053-
1591/ac703c

Citing this paper
Please note that where the full-text provided on CityU Scholars is the Post-print version (also known as Accepted Author
Manuscript, Peer-reviewed or Author Final version), it may differ from the Final Published version. When citing, ensure that
you check and use the publisher's definitive version for pagination and other details.

General rights
Copyright for the publications made accessible via the CityU Scholars portal is retained by the author(s) and/or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal
requirements associated with these rights. Users may not further distribute the material or use it for any profit-making activity
or commercial gain.
Publisher permission
Permission for previously published items are in accordance with publisher's copyright policies sourced from the SHERPA
RoMEO database. Links to full text versions (either Published or Post-print) are only available if corresponding publishers
allow open access.

Take down policy
Contact lbscholars@cityu.edu.hk if you believe that this document breaches copyright and provide us with details. We will
remove access to the work immediately and investigate your claim.

Download date: 24/05/2023

https://scholars.cityu.edu.hk/en/publications/effects-of-intermetallic-phases-on-electrochemical-properties-of-powder-metallurgy-mg6al5pb-anode-alloy-used-for-seawater-activated-battery(c67b8bef-9061-4817-9699-86a312ef0233).html
https://doi.org/10.1088/2053-1591/ac703c
https://scholars.cityu.edu.hk/en/persons/yang-yan(04e8c37d-682f-4996-88e7-dd5fa6c9f934).html
https://scholars.cityu.edu.hk/en/publications/effects-of-intermetallic-phases-on-electrochemical-properties-of-powder-metallurgy-mg6al5pb-anode-alloy-used-for-seawater-activated-battery(c67b8bef-9061-4817-9699-86a312ef0233).html
https://scholars.cityu.edu.hk/en/publications/effects-of-intermetallic-phases-on-electrochemical-properties-of-powder-metallurgy-mg6al5pb-anode-alloy-used-for-seawater-activated-battery(c67b8bef-9061-4817-9699-86a312ef0233).html
https://scholars.cityu.edu.hk/en/publications/effects-of-intermetallic-phases-on-electrochemical-properties-of-powder-metallurgy-mg6al5pb-anode-alloy-used-for-seawater-activated-battery(c67b8bef-9061-4817-9699-86a312ef0233).html
https://scholars.cityu.edu.hk/en/journals/materials-research-express(376cc61b-d711-4441-9c74-ed457dd5c349)/publications.html
https://doi.org/10.1088/2053-1591/ac703c
https://doi.org/10.1088/2053-1591/ac703c


Materials Research Express

PAPER • OPEN ACCESS

Effects of intermetallic phases on electrochemical
properties of powder metallurgy Mg-6%Al-5%Pb
anode alloy used for seawater activated battery
To cite this article: Jiefeng Huang et al 2022 Mater. Res. Express 9 066504

 

View the article online for updates and enhancements.

You may also like
Growth of ordered molecular layers of
PTCDA on Pb/Si(111) surfaces: a
scanning tunneling microscopy study
N Nicoara, J Méndez and J M Gómez-
Rodríguez

-

Review of 2D superconductivity: the
ultimate case of epitaxial monolayers
Christophe Brun, Tristan Cren and Dimitri
Roditchev

-

Superconducting proximity effect in a
Rashba-type surface state of Pb/Ge(111)
H Huang, H Toyama, L V Bondarenko et
al.

-

This content was downloaded from IP address 144.214.124.183 on 27/07/2022 at 03:21

https://doi.org/10.1088/2053-1591/ac703c
/article/10.1088/0957-4484/27/36/365706
/article/10.1088/0957-4484/27/36/365706
/article/10.1088/0957-4484/27/36/365706
/article/10.1088/0953-2048/30/1/013003
/article/10.1088/0953-2048/30/1/013003
/article/10.1088/1361-6668/ab8ffe
/article/10.1088/1361-6668/ab8ffe
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsujjMjws7IV74kHDnzzkQdyJu_6Bm_VPKr5tJTwkOgr97m-ZPIx_wDlacr2J_r4yZIyd0xni1IPyTNIf_MF1arg80dnxfUdE58BsbOkuCIUlqKwB08Pinz39aMeT0H98KgGdbAD1r4pa-4xtVGQBZMLxpZuTwg2l-lUlJ6opcTa1qcM5lPMlOG8MpvyKay4PQbXKAHklF_nz3oWQAiNij0Ucfpsbnq5Q5Er12iwzHWD5v-v9n42sLK-E4wpqj2QKiVLtRuz-sCQWW0aot8dRNYl-VVtnfMAbP1QQ_o-GDjDiQ&sig=Cg0ArKJSzJoGyVfHgVdr&fbs_aeid=[gw_fbsaeid]&adurl=https://www.electrochem.org/individual-membership%3Futm_source%3DIOP%26utm_medium%3D1640x440%26utm_campaign%3D2022Membership%23community


Mater. Res. Express 9 (2022) 066504 https://doi.org/10.1088/2053-1591/ac703c

PAPER

Effects of intermetallic phases on electrochemical properties of
powder metallurgy Mg-6%Al-5%Pb anode alloy used for seawater
activated battery

JiefengHuang1,3, Hui Liu1,2,3, Hongjie Fang1,2, Jiaxi Zhang1,3, QianZhang1,2, XuehuaHe1,3, Juemin Song3,
Zheng Li3, YangYan1,4,∗ andKunYu1,2,3,∗

1 School ofMaterials Science and Engineering, Central SouthUniversity, Changsha 410083, People’s Republic of China
2 Department ofMaterials Science and Engineering, YantaiNanshanUniversity, Yantai 265713, People’s Republic of China
3 HunanHydroDynamicNewMaterials Co. Ltd, Xiang tan 411101, People’s Republic of China
4 Department ofMechanical Engineering, CityUniversity ofHongKong,HongKong, People’s Republic of China
∗ Authors towhomany correspondence should be addressed.

E-mail: yukun2010@csu.edu.cn and yanyang1017@126.com

Keywords:Mg-Al-Pb alloys, anode, powdermetallurgy, corrosion, battery

Abstract
The changes in intermetallic phases ofMg-6%Al-5%Pb (Mg-Al-Pb) alloy prepared by powder
metallurgy and their effects on electrochemical properties were studied. Experimental results showed
that coarseMg17Al12 phases (with size ranges from20μmto 70μm) andfineMg2Pb phases (with the
size of 100 nm scale) formed in themixedAl, Pb andMgpowder during the hot press sintering
procedure. FineMg2Pb phases exhibit strong diffusional ability to diffuse intoMg17Al12 phases.
Extruding further promotes the diffusion ofMg2Pb phases intoMg17Al12 phases. Solution treatment
produced amixedmicrostructure which isMg17Al12 phase containingMg2Pb phases inside andmade
otherMg2Pb phases homogeneously distributed inMgmatrix.Mg17Al12 phases and the gathered
Mg2Pb phases will accumulate theMg(OH)2 corrosion products, which impedes the subsequent
discharge behavior.Homogeneously distributedMg2Pb phases will fall off during discharge, which
makes the discharge curvemore stable. Themixedmicrostructure has positive effect on corrosion
resistance and discharge potential. Therefore, solution-treated alloy shows the highest negative
potential and the smoothest curve during the galvanostatic discharge test. Comparedwith the
commercial AZ61 sheet, solution-treated alloy exhibitmuch higher anode properties inMg/PbCl2
battery test. Thus, the solution-treated alloy could serve as an excellent anode in seawater-activated
batteries.

1. Introduction

Seawater activated batteries are the potential power source to be used in underwater equipment such as
sonobuoys, underwater defense devices, air-sea rescue equipment andmeteorological radiosondes [1]. Seawater
activated battery contains two significant parts, i.e., activemetals as anode andmetal chlorides as cathode [2].
When the batteryworks, the seawater will be poured into the battery system as the electrolyte and themetal
anodewill be activated to deliver electrons for power production [3]. During the discharge process,metal anode
continuously dissolves into the electrolyte in the formofmetallic cations, e.g.,Mg2+ cations and those electrons
are sent through an external circuit to power underwater device [4]. Anode property is an important factor to
seawater activated battery.Magnesium alloys have been considered as promising anodematerials for seawater
activated battery due to their wide voltage range, high energy density, negative discharge potential and light
weight [5–9].

Amongmagnesium seawater activated anodes,Mg-6%Al-5%Pb (Mg-Al-Pb) alloy have gained an increasing
attention [10]. The addition of Al can improve the surface activity and the corrosion resistance ofmagnesium
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alloys [11–14]. Pb provides a high hydrogen evolution overpotential to inhibit the self-corrosion hydrogen
evolution reaction and improves the current efficiency of the anode. Al togetherwith Pb inMg-Al-Pb alloy have
a synergistic effect on the discharge process [10]. However, the density of Pb (11.3 g cm−3) is so high that it will be
microsegregated frommeltingmagnesium (1.7 g cm−3). This will cause a component segregation of alloy
element Pb in ingots. Such amicrosegregation is usually eliminated by heating at high temperature for a long
time [10], which could increase the production cost ofmagnesium anode. As for the influence of intermetallic
phases on electrochemical properties ofmagnesium anode, previous researchmainly focused on the phases in
single form [15]. It is hard to produce amicrostructuremixed containing several different phases bymelting and
castingwhichmay further increase the electrochemical properties [16, 17].

Powdermetallurgy is a technology that usesmetal powders as the rawmaterials tomanufacturemetal
materials, composites and various types of products through forming and sintering [14]. It can directly prepare
alloys with uniform compositionwithout losing of rawmaterials [18], which could save costs and has a profit to
uniform corrosion ofmagnesium alloys. And powdermetallurgy has the potential to produce a new
microstructuremixedwith a variety of second phases, whichmay further increase the electrochemical
properties. At present, there are almost no researches focus onmagnesium alloy anodes by powdermetallurgy. It
is of great significance to explore themicrostructure and electrochemical properties ofmagnesium alloys
prepared by powdermetallurgy. In this work,Mg-Al-Pb alloy samples were prepared by hot press sintering.
Then, the samples were extruded, solution-treated, rolled and annealed in order to obtainmicrostructures
mixedwith a variety of second phases. The changes in themicrostructures and discharge performance of
Mg-Al-Pb alloys in different states and the relationship between them are studied and analyzed to express the
electrochemical properties and discharge behavior.

2.Materials andmethods

2.1. Rawmaterials and preparation
Figure 1 shows the experimental preparation flowchart.Mg powders, Al powders and Pb powders weremixed
uniformly in a three-dimensionalmixer for 5 h. Themixed powderwas then placed in a preparedmold
(Φ60mm× 45mm)with argon protection. Firstly, in the hot pressing sintering procedure, themixed powder
was held at 380 °C for 30 min under a pressure of 300MPa. Secondly, the sinteredMg-Al-Pb alloywas heated
to 250 °C for 30 min and then extruded into sheets 5mm in thickness and 50mm inwidth. The extruded

Figure 1.The experimental preparation flowchart.

Table 1.Average particle size and purity of raw
material powder.

Powder Average particle sizeμm−1 Purity

Mg 70 99. 9%

Al 25 99. 9%

Pb 50 99. 9%
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Mg-Al-Pb sheets were solution-treated at 350 °C for 24 h. Subsequently, the solution-treatedMg-Al-Pb alloys
were hot-rolled to sheets with a thickness of 2mm.During each hot-rolling pass, theMg-Al-Pb alloywas held at
380 °C for 30 min tomaintain the deformability. Finally, the as-rolledMg-Al-Pb alloy sheets were annealed at
300 °C for 1 h. The chemical composition of the sinteredMg-Al-Pb alloy are shown in table 2.

2.2. Characterization ofmicrostructures
Themicrostructure ofMg-Al-Pb alloys was observed by opticalmicroscopy (OM,DM4M) and scanning
electronmicroscopy (SEM,Quanta-200)with energy-dispersive x-ray spectroscopy (EDS). The crystalline
phaseswere identified by x-ray diffraction (XRD,DMax 2550).

2.3. Electrochemical tests
The electrochemical performances of theMg-Al-Pb alloyweremeasured by aCHI660E electrochemical
workstation using a three-electrode system. Theworking electrodewasMg-Al-Pb alloy, with a platinumplate
serving as the counter electrode and a saturated calomel electrode as the reference electrode. For the
potentiodynamic polarization curves, the scanning voltage ranges from−2. 4V to−0. 8 V to ensure that
corrosion potentials of each state ofMg alloys are included, and the scanning rate is 1mV s−1. In hydrogen
evolution corrosion test, the anode samples with a diameter of 10mmand thickness of 2mm for immersion
tests were groundwith 1000 grit paper and cleanedwith absolute ethanol. Galvanostatic discharge curves were
obtained at current densities of 4. 5mA cm−2 and 45mA cm−2 for 1 200 s. Electrochemical impedance spectra
(EIS)weremeasured after 20 min immersion in electrolyte, and the perturbation amplitudewas 5mV.

Finally, the prototype batterywas assembled by using the solution-treated alloy as the anode and PbCl2
as the cathode. The battery for comparison used a commercial AZ61 sheet as the anode. The anode sheets were
75mm×60mm×2mm in size and the current density was 45mA cm−2 whichmean that theworking
current of the prototype batterywas 2 A. Thewhole discharge process was evaluated by a battery testing system
calledNeware Technology Limited (Battery charge and discharge detection equipmentmanufacturer). The
electrochemical tests were carried out using a 3.5wt%NaCl solution at (25±0.5) °C.Three parallel
experiments were conducted tominimize the error in each electrochemical test.

Figure 2.XRD results ofMg-Al-Pb alloys in different states.

Table 2.The analyzed chemical compositions of theMg-Al-Pb alloy(wt%).

Al Pb Cr Cu Ni Mg

Mg-Al-Pb 5. 9300 4. 8700 0. 0014 0. 0012 0. 0012 Bal
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Figure 3.Microstructure of the sinteredMg-Al-Pb alloy. (a) SEM image, EDS results of point A(b), point B (c), point C (d)and point
D(e), (f) and (g) showing the opticalmicrographs.
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3. Results and discussion

3.1. The changes in themicrostructures ofMg-Al-Pb alloys in different states
Figure 2 shows theXRD results for the studiedMg-Al-Pb alloys under different states. It is clear that second
phases (Mg17Al12 andMg2Pb) formed during the hot press sintering. The extrusion procedure did not cause the
dissolution or precipitation of the second phases. In the solution-treated alloy, the amount and strength of the
peaks of theMg17Al12 phases andMg2Pb phases significantly decrease. This indicates that solution treatment
promoted the dissolution ofMg17Al12 phases andMg2Pbphases. In the rolled state and annealed state, the
Mg17Al12 andMg2Pb phases did not precipitate from theMgmatrix.

To further confirm the specificmicrostructures, opticalmicrographs and SEM images ofMg-Al-Pb alloys in
different states were obtained. Figure 3 shows themicrostructures of the sinteredMg-Al-Pb alloy. As indicated
by SEM images and the EDS results, the pureMg17Al12 phases were found embedded inmatrix in the formof
single block (point A). The size ofMg2Pb phases wasmuch smaller, these intermetallic phases could gather
together (point B) or diffused intoMg17Al12 phases (point C).When toomanyMg2Pb phases diffuse into one
Mg17Al12 phase, amixture (pointD) ofMg17Al12 phases andMg2Pb phases was formed. Infigure 3(f), it was
observed that sintered alloy composed of intermetallic phases, irregular coarse grains and somemicropores
existing around grain boundaries. The volume shrinkage ofmicropores was generated by different diffusion
rates ofmetal elements during sintering [19]. The sizes ofMg17Al12 phaseswere about 20μmto 70μm. In
figure 3(g), the grain size ofMgmatrix (about 20μm)wasmuch smaller thanMg17Al12 phases. Gradient changes
ofMg2Pb phases could be found in figure 3(g), which indicates that Pb powder produced fineMg2Pb phases
(with the size of 100 nm scale)withMgpowder. These fineMg2Pbphases have strong diffusion ability to diffuse
intoMg17Al12 phases, which eventually resulted in the formation of themicrostructure corresponding to
pointD.

As showed in figure 4(a), theMg2Pb aggregation stretched into a line shape distributing along the extrusion
direction, and someMg17Al12 phases crushed into small pieces after extrusion. In addition, extrusion produced a
specialmicrostructure infigure 4(a). According to the line swept result, the contents of Al and Pb increased in
thismicrostructure, whichmeans that it was an aggregation ofMg17Al12 phases andMg2Pb phases. The
extrusion stretched theMg2Pb aggregation to contactMg17Al12 phases, which causedmoreMg17Al12 phases that

Figure 4.Microstructures of the extrudedMg-Al-Pb alloy. (a) Image showing the SEM image, (b) and (c) showing the optical
micrographs.
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werewrapped byMg2Pb phases appearing in the extrudedMg-Al-Pb alloy. During the extrusion, theseMg2Pb
phases diffused intoMg17Al12 phases thus resulting in the stress concentration during extrusion andmade those
Mg17Al12 phases crushed. Figure 4(b) showed that the extruded alloy exhibited significantlyfine and elongated
grains, whichwere caused by partial dynamic recrystallization during the hot extrusion [20]. According to
figure 4(c),Mg17Al12 phases, whichwere not affected byMg2Pbphases, did not crushed during extrusion. It also
can be found in figure 4(c) that the size of crushedMg17Al12 phasewas affected by the amount ofMg2Pb phases.
Excessive diffusion ofMg2Pb phases could result in the crushing ofMg17Al12 phase, tailoring fine parts with
similar size to thoseMg2Pb phases. The interdiffusion happened between the fineMg17Al12 phases andMg2Pb
phases during extrusion, which result the formation of the aggregation ofMg17Al12 phases andMg2Pbphases in
figures 4(a) and (c).

The volume fractions ofMg17Al12 phases andMg2Pb phases in sintered alloy (figure 3(f)) and extruded alloy
(figure 4(b))were determined by ImageJ software. The results show that the volume fraction ofMg17Al12 phases
in sintered alloy is about 2.4%,while the volume fraction ofMg2Pb phases is about 0.8%. In extruded alloy, the
volume fraction ofMg17Al12 phases in sintered alloy is about 8.3% and the volume fraction ofMg2Pb phases is
about 14.1%. This indicates that extruding procedure promoted the precipitation ofMg17Al12 phases and
Mg2Pb phases.

As depicted infigure 5(a), theMg17Al12 phases andMg2Pbphases formed amixedmicrostructure (with size
of 50μm) after solution treatment (figure 5(c)). Thismixedmicrostructure wasMg17Al12 phase containing
Mg2Pb phases inside.Moreover, somewhite spots were found to be distributed homogeneously in theMg
matrix. The EDS result of area E infigure 5(b) shows that these spots arefineMg2Pb phases. This indicates that
solution treatmentmadeMg2Pb phases homogeneously distributed in theMgmatrix. From figure 5(c) and
figure 5(d), the grain size ofMgmatrix increased after solution treatment. The single formofMg17Al12 phases
andmost ofMg2Pbphases dissolved into theMgmatrix after solution treatment.

Figure 6 shows the opticalmicrographs of the rolledMg-Al-Pb alloy and annealedMg-Al-Pb alloy. Twin
crystals were found in rolledMg-Al-Pb alloy (figure 6(a)). Under the combined action of heat treatment (380 °C)
and rolling, the grain size of rolledMg-Al-Pb alloy slightly increased and remaining intermetallic phases were
dissolved. Figure 6(b) showed that rolling procedure generatedmicrocracks along the rolling direction.

Figure 5.Microstructure of solution-treatedMg-Al-Pb alloy. (a) image showing the SEM image, (b) image showing EDS result of area
E, (c) and (d) showing the opticalmicrographs.
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Figure 6.Microstructures of rolledMg-Al-Pb alloy and annealedMg-Al-Pb alloy. (a) and (b) showing the opticalmicrographs of
rolledMg-Al-Pb alloy, (c) and (d) showing the opticalmicrographs of annealedMg-Al-Pb alloy.

Figure 7.Polarization curves (a) and hydrogen evolution (b) ofMg-Al-Pb alloys.

Table 3.Parameters ofMg-Al-Pb alloys obtained frompolarization
curves.

Ecorr/V(versus SCE) Jcorr/(μA cm−2)

Sintered alloy −1.552 773.3

Extruded alloy −1.561 300.3

Solution-treated alloy −1.496 75.9

Rolled alloy −1.521 84.0

Annealed alloy −1.514 674.7
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Figure 6(d) indicated that the amount of the crack reduced after annealing. Fromfigures 6(c) and (d), twin
crystals disappeared and grain size obviously increased by annealing treatment.

3.2. Potentiodynamic polarization test and hydrogen evolution corrosion test ofMg-Al-Pb alloys
Figure 7(a) gives the potentiodynamic polarization curves of theMg-Al-Pb alloys, and the corresponding
parameters are summarized in table 2. Polarization tests could reflect the corrosion behavior [21]. The corrosion
potential (Ecorr) and corrosion current (Jcorr) are common electrochemical parameters that reflect the behavior of
corrosion occurrence [22]. Table 3 shows that the sintered alloy exhibit the highest Jcorr (773.3μA cm−2) among
theMg-Al-Pb alloys. It is believed to be caused by the excessive intermetallic phases that acted as the cathode
during themicro-galvanic corrosion [23–26]. Comparedwith sintered alloy, extruded alloywithmore
intermetallic phases showedmore negative Ecorr.While the Jcorr (300.3μA cm−2) of extruded alloywas lower as
thefiner grain could createmore grain boundaries which acted as corrosion barriers thus enhancing corrosion
resistance [27, 28]. The Ecorr of solution-treated alloywasmore positive than those of sintered alloy and extruded
alloy, but the Jcorrwasmuch lower. It waswas attributed to the significant reduction of the intermetallic phases.
However, rolled alloy showedmore negative Ecorr (−1.521V) and higher Jcorr (84.0μA cm−2) than the solution-
treated alloy. This indicated that themixedmicrostructure in solution-treated alloy could enhance the corrosion
resistance. The Jcorr of annealed alloy increased sharply since the annealing treatment obviously increased the
grain sizewhich decreased the corrosion resistance of grain.

The hydrogen evolution corrosion test can reveal the anode efficiency of different anodes [29]. Infigure 7(b),
hydrogen evolution rate after 10 h of immersion in 3.5wt%NaCl solution increased in the order of solution-
treated alloy<rolled alloy<extruded alloy<annealed alloy<sintered alloy, which is consistent with the
order of Jcorr of potentiodynamic polarization test. This indicated that the anode efficiency of solution-treated
alloy is the highest.

3.3. Galvanostatic discharge test ofMg-Al-Pb alloys
Figure 8 shows the galvanostatic discharge curves of theMg-Al-Pb alloys at the current densities of 4.5mA cm−2

and 45mA cm−2. The average discharge potentials of different anodes are shown in table 4. The activation times
(time used for discharge potential to reach themost negative) of the sintered and the extrudedMg-Al-Pb alloys

Figure 8.Galvanostatic potential-time curves ofMg-Al-Pb alloys at (a) 4.5mA cm−2 and (b) 45mAcm−2 for 1200 s.

Table 4.Average discharge potentials of different anodes
obtained from the potential-time curves at current densities
of 4.5mA cm−2 and 45mA cm−2.

Average discharge potential

(Vversus SCE)

Magnesium anode 4. 5mA cm−2 45mA cm−2

Sintered alloy −1.653 −1.590

Extruded alloy −1.610 −1.583

Solution-treated alloy −1.684 −1.704

Rolled alloy −1.670 −1.661

Annealed alloy −1.684 −1.687
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are shorter than those of the solution-treated, rolled and annealedMg-Al-Pb alloys. This could be explained by
the improved discharge activity by joint effect of theMg17Al12 andMg2Pb phases, which is consistent with the
results of the potentiodynamic polarization test. However, the discharge potential suddenly shifted tomore

Figure 9.Corrosionmorphologies of different states after discharging at 45mAcm−2 for 10 s:(a) sintered alloy, (b) extruded alloy, (c)
and (d) solution-treated alloy, (e) rolled alloy, (f) annealed alloy, (g)EDS result of area F.
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positive direction atmuch higher rates, which caused the average discharge potentials of these twoMg-Al-Pb
alloys to bemore positive than those of the solution-treated, rolled and annealedMg-Al-Pb alloys. The average
discharge potential of extruded alloywasmore positive than that of sintered alloy (table 4), indicating that
extrusion decreased the discharge property.

At low current density (figure 8(a)), no obvious difference could be found in the curves of the solution
treated the as-rolled and the annealed alloys, sincemost of intermetallic phases in those alloys had dissolved. As
seen fromfigure 8(b), the discharge curve ofMg-Al-Pb alloy ismore stable after solution treatment. Previous
discussions indicate that solution-treated alloy containsmore second phases than rolled alloy and annealed
alloy. Thus, the activation time of the solution-treated alloy is relatively shorter than that of the rolled alloy and
annealed alloy at a current density of 45mA cm−2. According to table 4, the average discharge potential of
solution-treatedMg-Al-Pb alloys is themost negative at both low and high current densities, showing the
highest discharge properties. Thismeans that themixedmicrostructure in solution-treated alloy could further
increase the discharge potential.

To further understand the evolution of themicrostructure of the studiedMg-Al-Pb alloys during discharge
and explain the difference in the electrochemical properties ofMg-Al-Pb alloys, figure 9 characterizes the
corrosionmorphologies after discharging at 45mA cm−2 for 10 s.Many bubble-shape corrosion products can
be found infigures 9(a) and (b). The distribution of bubble corrosion products is very close to that of the
intermetallic phases. Thus, the bubble corrosion products were from themicrobattery. The process of chemical
reaction is shown as follows:

 ++ - ( )Anodic reaction Mg Mg 2e 12

+  +- - ( )Cathodic reaction 2H O 2e H 2OH 22 2

+  +( ) ( )Product formation Mg 2H O Mg OH H 32 2 2

As shown in the EDS result (figure 9(g)), the atomic ratio ofMg:O is 1:2. Combining equation (3), it is
obvious that the bubble products areMg(OH)2. This indicates that coarseMg17Al12 phases and the gathered
Mg2Pb phaseswill result in preferential corrosion of the surroundingMgmatrix and corrosion products will
accumulate on those phases. The accumulation ofMg(OH)2 impedes the subsequent discharge behavior and
rapidly shifts the discharge potential toward the positive direction. Grain refinement in extruded alloy slowed
down the accumulation of corrosion products. Therefore, the amount ofMg(OH)2 corrosion products in the
extruded alloy (figure 9(b)) is less than that in the sintered alloy (figure 9(a)). Fewer corrosion products also
mean fewer obstacles to the discharge behavior, whichmade the discharge potential of the extruded alloy shift to
the positive direction at a lower speed than that of the sintered alloy (figure 8).

Infigure 9(c), the amount ofMg(OH)2 further decreases, and some black dots can be found in the solution-
treated alloy. Figure 9(d) gives the enlarged images of the red box area infigure 9(c),the black dots (marked by
red arrows) in thisfigure can be identified as corrosion holes. These corrosion holes are from the
homogeneously distributedMg2Pb phases. The homogeneously distributedMg2Pb phases will fall off with the
dissolution ofMg to form the corrosion holes infigure 9(d). Asmentioned earlier, the gatheredMg2Pb phases

Figure 10.Electrochemical impedance spectra (EIS) inNyquist plots ofMg-Al-Pb alloys prepared by powdermetallurgy.
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will accelerate the discharge corrosion of surroundingMgmatrix and then accumulate corrosion products to
impede the discharge. The homogeneously distributedMg2Pb phases can also promote the discharge corrosion
of surroundingMgmatrix, while thesefineMg2Pb phases will fall off before the accumulation ofMg(OH)2.
With the dissolution ofMgmatrix andMg2Pb phases shedding, other fineMg2Pb phases and surroundingMg
matrix will contact the electrolyte and participate in discharge, which indicates that those homogeneously
distributedMg2Pb phases could continuously promote the corrosion ofMgmatrix thusmaking discharge curve
more stable. As shown in figure 9(e), the amount of bubbleMg(OH)2 increases in the rolled alloy. These newly
increased corrosion products aremainly from the dislocations that are introduced by the rolling procedure.
These dislocations act as nucleation sites to createMg(OH)2 corrosion products and reduce the active electrode
area [30]. Figure 9(f) proved that annealing could eliminate dislocations, which is consistent with the optical
micrographs.

In conclusion, the discharge curve of the solution-treated alloy is themost stable and the discharge potential
is themost negative among all states ofMg-Al-Pb alloys due to the joint effect of themixedmicrostructure and
homogeneously distributedMg2Pb phases. Thus, the solution-treated alloy exhibits the best comprehensive
discharge properties at the galvanostatic discharge of 1200 s.

3.4. Electrochemical impedance spectra (EIS) ofMg-Al-Pb alloys
The electrochemical impedance spectra of theMg-Al-Pb alloys are shown infigure 10. TheNyquist plots of all
Mg-Al-Pb alloyswere obtained after soaking in 3.5%NaCl electrolyte for 20 min to obtain a stable open circuit
potential. Figure 11 exhibits the equivalent circuit of theMg-Al-Pb alloys. L1 is related to hydrogen evolution
corrosion [31]. Rs is the solution resistance. Rt represents the charge transfer resistance of theMg-Al-Pb alloys,
andCPEdl is the double-layer capacitance of the alloy surface [31, 32]. RL and L2 are the parameters related to
localized corrosion [33]. Rf andCPEf represent the constant phase angle element and the resistance of corrosion
products, respectively [34].

The equivalent parameters of the studiedMg-Al-Pb alloys under different states are listed in table 5. The Rt of
Mg-Al-Pb alloys is arranged as follows: solution treated (21.1Ω cm2)>rolled (17.6Ω cm2)>annealed (15.1Ω
cm2)> sintered (14.7Ω cm2)>extruded (9.9Ω cm2). The Rt ofMg-Al-Pb alloys was arranged as the same as
their Ecorr (table 3). Homogeneously distributedMg2Pbphases improved the uniform corrosion of the solution-
treated alloy, whichmade the RL of the solution-treated alloy (158.5Ω cm2) the highest inMg-Al-Pb alloys. A
smaller Rfmeans a lower resistance of the corrosion product film, the annealed alloywithoutMg17Al12 phases
and dislocations has the lowest Rf (1.8Ω cm2).

Figure 11.Equivalent circuit ofMg-Al-Pb alloys fabricated by powdermetallurgy.

Table 5.Equivalent parameters of the studiedMg-Al-Pb alloys under different states.

Magnesium anode Sintered Extruded Solution-treated Rolled Annealed

L1(×10−6H cm2) 1.36 1.04 1.32 1.19 1.17

Rs(Ω cm2) 0.412 0.670 0.551 0.545 0.505

CPEdl(×10−5Ω−1 cm−2 s) 3.25 13.91 0.96 0.78 0.68

n1 0.94 0.94 0.96 0.93 0.97

Rt(Ω cm2) 14.7 9.9 21.1 17.6 15.1

RL(Ω cm2) 57.2 4.2 158.5 48.3 61.0

L2(Hcm2) 0.34 5.44 1.07 0.25 0.44

CPEf(Ω
−1 cm−2 s) 0.018 0.0045 0.012 0.012 0.012

n2 0.80 0.74 0.95 0.98 0.92

Rf(Ω cm2) 4.6 7.2 2.5 3.2 1.8

x2 2.74×10−3 2.91×10−3 1.37×10−3 1.44×10−3 1.75×10−3
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3.5.Mg/PbCl2 battery test
The above electrochemical tests show that solution-treated alloy has the best comprehensive discharge
properties amongMg-Al-Pb alloy that were prepared by powdermetallurgy. To further comprehend the
discharge behavior of solution-treatedMg-Al-Pb alloy comparedwith other commercialmagnesium anode
materials,Mg/PbCl2 battery tests were performed at the current density of 45mA cm−2 (2A of discharge
current). Figure 12 shows theVoltage-Time curves of theMg/PbCl2 battery using the solution-treated alloy and
a commercial AZ61 sheet as anodes.

The battery based on the solution-treated alloy anode shows higher voltage and its curve is as stable as that of
the battery based on commercial AZ61 anode. This indicates that solution-treated alloy showsmuch better
anode properties than the commercial AZ61 sheet. Thus, the solution-treatedMg-Al-Pb alloy has the potential
to serve as an excellent anode in seawater-activated batteries.

4. Conclusions

In this work,Mg-Al-Pb alloys were prepared by the powdermetallurgymethod. The electrochemical properties
of the studied alloys vary under different thermal-mechanical treatments. The evolution of themicrostructure
and electrochemical performance of theMg-Al-Pb alloys under different states are studied and themain results
are summarized as follows:

CoarseMg17Al12 phases (with size ranges from20μmto 70μm) andfineMg2Pbphases (with the size of 100
nm) formed in themixedAl, Pb andMgpowder during the hot press sintering procedure.Mg2Pb phases have a
strong diffusibility to diffuse intoMg17Al12 phases. Extruding procedure promotes the precipitation ofMg17Al12
phases andMg2Pb phases and the diffusion ofMg2Pb phases intoMg17Al12 phases. Solution treatment reduces
the amount of intermetallic phase and produced amixedmicrostructure which isMg17Al12 phase containing
Mg2Pb phases inside. And the remainingMg2Pb phases were homogeneously distributed in theMgmatrix. The
rolling procedure dissolved the remaining internetallic phases and generated somemicro cracks. Annealing
treatment sharply increased the grain size.

Mg17Al12 phases andMg2Pb phases promote localized corrosion of theMgmatrix to giveMg-Al-Pb alloys
higher discharge activity.However,Mg17Al12 phases and gatheredMg2Pb phases also result in the accumulation
ofMg(OH)2 corrosion products, which impede the subsequent discharge behavior. The homogeneously
distributedMg2Pb phases will fall off with dissolution of theMgmatrix, whichwill not impede the discharge
behavior andmade the discharge curvemore stable. Themixedmcrostructure couldmake the discharge
potentialmore negative and increase the corrosion resistance. Under the combined action of themixed
microstructure and homogeneously distributedMg2Pb phases, solution-treated alloy exhibit the best
comprehensive discharge properties. TheMg/PbCl2 battery test indicates that solution-treated alloy shows
much higher anode properties than the commercial AZ61 sheet. Thismeans that the solution-treated alloy could
serve as an excellent anode in seawater-activated batteries.

Figure 12.Voltage-Time curves ofMg/PbCl2 battery at the current density of 45mAcm−2.
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