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Abstract: The Mg-6%Al1-3%Zn and Mg-6%Al-3%Zn-(1%, 1.5%, 2%)In alloys were prepared by melting
and casting. Their microstructures were investigated via metallographic and energy-dispersive X-ray
spectroscopy (EDS) analysis. Moreover, hydrogen evolution and electrochemical tests were carried
out in 3.5 wt% NaCl solution aiming at identifying their corrosion mechanisms and discharge
behaviors. The results suggested that indium exerts an improvement on both the corrosion rate and
the discharge activity of Mg-Al-Zn alloy via the effects of grain refining, 3-Mg;7Al;, precipitation,
dissolving-reprecipitation, and self-peeling. The Mg-6%Al-3%Zn-1.5%In alloy with the highest
corrosion rate at free corrosion potential did not perform desirable discharge activity indicating that
the barrier effect caused by the 3-Mg17Al;> phase would have been enhanced under the conditions of
anodic polarization. The Mg-6%Al-3%Zn-1.0%In alloy with a relative low corrosion rate and a high
discharge activity is a promising anode material for both cathodic protection and chemical power
source applications.
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1. Introduction

Magnesium and its alloys are promising candidates for use in aerospace, vehicle, and electric
products due to their high ratio of strength to weight, low density, and good castability [1-3].
Considerable investigations have been conducted to clarify the corrosion mechanism and to achieve
desirable corrosion resistance by designing and developing alloys of high corrosion resistance,
inhibitors, and coatings [4-12]. In addition, the desirable electrochemical properties of magnesium,
including highly negative standard potential (—2.34 V vs. Standard Hydrogen Electrode (SHE)), high
theoretical specific charge capacity (2.2 A-h/g), high theoretical energy density (3.8 A-h/cm?) [13] make
it an ideal anode material for cathodic protection and power sources [14-17]. Some other particular
features, such as low toxicity and the allowance for urban waste disposal in comparison to lithium,
make magnesium an attractive candidate as a high-energy storage electrode in the battery field [18].

However, there are several inherent defects of magnesium as anode material. On the one hand,
the magnesium surface is often covered with discharge product in the electrolyte, which hinders
the further discharge process via the accumulation effect [19]. On the other hand, the high Faradic
capacity of magnesium could not be thoroughly utilized for discharge due to the self-discharge
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activity accompanied by detachment of «-Mg grains during the discharge process [20]. The impurities
and precipitates with relative positive potentials acting as cathodes also promote the dissolution
of adjacent x-Mg grains, which result in a decrease of current efficiency [21]. Some approaches for
promoting the discharge activity have been developed including plastic deformation, heat treatment,
and alloying [22,23]. Alloying via adding other elements (such as Al, Zn, Mn, In, Ga, Hg, Ce, Y, efc.)
into the Mg substrate is a promising way to promote self-peeling and minimize self-discharge [24-28].

AZ63 alloy is one of the most popular magnesium alloys in structural and power source
applications due to its desirable mechanical and electrochemical characteristics [29,30]. As anode
material, AZ63 alloy is mainly used in cathodic protection and long-term, low-power chemical power
sources [22]. Indium is a popular alloying element for activation of anode materials. As reported,
the 1-3 wt% constituent of indium in aluminum matrix activates the alloy significantly in natural
seawater [31]. Wang [32] and Jin [2] suggested that the indium in AP65 magnesium alloy promotes
electrochemical properties through decreasing the area ratio of cathode to anode. However, few
works have been conducted on the influence of indium on the electrochemical behavior of AZ series
magnesium alloys. In this work, the corrosion and discharge behavior of AZ63 alloys with different
indium concentrations (0%, 1%, 1.5%, and 2%) were investigated to clarify the mechanism of indium
on activation of AZ magnesium alloys and to find a proper anodic material with negative discharge
potential, short incubation time, low self-discharge, and high current efficiency in different conditions.

2. Materials and Methods

2.1. Materials

The alloys used in this work were prepared by adding Mg, Al, Zn, Mg-30 wt% Mn, and In ingots
into a graphite crucible in a resistance furnace at 760 °C. The melt covered with sulfur powder was
stirred for about 5 min, held for 10 min to guarantee homogenization, and then cast into a steel model
preheated to 200 °C with a dimension of ® 300 mm x 50 mm. The actual chemical compositions of the
alloys were analyzed by inductively coupled plasma mass spectrometry (ICP-MS, Agilent, California,
CA, USA) and the corresponding contents are listed in Table 1. For simplicity, the indium containing
alloys are denoted as AZI in this work, which is convenient to compare with the AZ63 alloy in the
discussion. For example, AZ63 + 2 wt% In alloy can be abbreviated as AZI2.0.

Table 1. Actual chemical composition of the AZ63 and AZI alloys analyzed by inductively coupled
plasma mass spectrometry (ICP-MS) (wt%).

Alloys Al Zn Mn In Mg

AZ63 5683 2.681 0.301 - balance
AZI1.0 (AZ63 +1.0%In) 5492 2784 0.313 0.926 balance
AZI15 (AZ63 +15%In) 5749 2901 0296 1.443 balance
AZI2.0 (AZ63 +2.0%In) 5699 2824 0322 1896 balance

2.2. Microstructure Characterization

For metallographic observation, the cast alloys were cut into cube-like coupons (10 x 10 x 10 mm),
ground from 400 grit to 3000 grit successively, polished by diamond grinding paste, cleaned with
ethanol, wiped with 2.5 wt% nital alcohol solution and blow-dried with cool air.

The surface morphology of the alloys and corroded samples were examined using a JSF-6700F
scanning electron microscope (SEM) (JSM, Tokyo, Japan) equipped with energy dispersive X-ray
spectroscopy (EDS) (Oxford instrument, Oxford, UK). The phases of substrate and corrosion products
of the alloys were analyzed by X-ray diffraction (XRD; D/Max 2550, Rigaku, Tokyo, Japan) using Cu
Ko radiation.



Metals 2016, 6, 65 3 of 14

2.3. Hydrogen Collection

This is a common method to evaluate the corrosion rate via the volume of hydrogen evolved
due to hydrogen evolution being the dominant reaction of the cathode [16,33,34]. The samples
(50 x 10 x 3 mm) located within an upturned filter funnel, which channels the evolving hydrogen into
an upturned burette, were ground to 1200 grit and sealed by electrical tape leaving 5 cm? exposed in
2000 mL 3.5 wt% NaCl over 24 h.

2.4. Electrochemical Measurements

Samples for electrochemical tests were encapsulated in epoxy resin leaving an exposed surface
of 10 x 10 mm, ground successively to 1200 grit with SiC paper, degreased by alcohol, washed with
distilled water, and cooled by cold air. The prepared samples were stored in a desiccator prior to the
electrochemical tests to ensure a uniform surface condition.

The electrochemical tests were conducted by an electrochemical workstation (GAMRY Reference
3000, Pennsylvania, PA, USA) in a three-electrode configuration (a platinum foil as counter electrode,
a saturated calomel electrode as reference electrode, and a working electrode) containing 450 mL
3.5 wt% NaCl. The potentiodynamic polarization was carried out towards the noble value at a scan
rate of 0.333 mV /s after a steady state of corrosion potential had been established. The electrochemical
impedance spectroscopy (EIS) tests at free corrosion potential were conducted after 1 h monitoring of
open circuit potentials (OCP) in solution. The AC amplitude of the perturbing signal was 5 mV with
a frequency range from 100 kHz to 10 mHz.

Three samples in the as-cast state were adopted for hydrogen evolution and electrochemical tests
at 25 + 1 °C in this work. All the potential values mentioned were versus a saturated calomel electrode
(SCE). Measurements mentioned above were performed at least three times to ensure reproducibility.

3. Results and Discussion

3.1. Microstructure

Figure 1 shows the XRD patterns of AZ63 and AZI alloys. The patterns indicate that AZ63 and
AZI alloys mainly consist of x-Mg and 3-Mg7Al;, phases. There is no zinc-containing peak detectable
owing to its high solid solubility in Mg substrate. Indium related peaks not being detected is probably
due to its low concentration in the substrate, which is consistent with the result reported in Wang's
work [2,32].

<

Intensity/(a.u.)

Llj{ L) Ju_@

10 20 30 40 50 60 70 80
20/¢)

Figure 1. X-ray diffraction (XRD) patterns for AZ63 (a), AZI1.0 (b), AZI1.5 (c) and AZI2.0 (d) alloys.
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Figure 2 illustrates the microstructure of AZ63 and AZI alloys, which exhibit similar morphologies
consisting of a-Mg surrounded with eutectic & and discontinuous 3-Mgj7Al;> phases along the grain
boundaries. It is apparent that the «-Mg is refined and the amount of precipitate increases with the
increase of indium content in the Mg substrate, which is probably due to the relative low solubility
of indium in the aluminum enriched phase. This is in good agreement with Becerra’s previous work
of adding indium into pure magnesium [35]. The increase of indium refines grains by promoting the
precipitation of the 3-MgjyAlj; phase in the x-Mg grains, resulting in a continuous distribution of
precipitates in a net structure form.

Figure 2. Optical morphologies of AZ63 (a), AZI1.0 (b), AZI1.5 (c) and AZI2.0 (d) alloys.

An SEM image of AZI1.0 alloy and the EDS results of different locations are presented in
Figure 3. The microstructure of AZI1.0 alloy consists of x-Mg, precipitates in «-Mg and on grain
boundaries. The black dot (location B) locates in «-Mg and the eutectic x-Mg phase (location D)
contain a higher content of indium and lower content of aluminum and zinc on comparing with
the results of 3-Mg;7Alj; (location C) and white dot (location A). The substrate (location E) has a
lower concentration of aluminum, zinc, and indium than the nominal composition of Al 6 wt%, Zn
3 wt% and In 1.0 wt% owing to the segregation effect. Therefore, it can be deduced that the indium
favors segregation from the Mg substrate and separate precipitation in «-Mg or in the eutectic o phase.
The poor solubility of indium in aluminum and zinc promotes the grain refinement via the segregation
process, which provides an interpretation of the phenomenon shown in Figure 2.

The EDS results of different locations of AZI1.0 alloy (wt.%)

Locations Mg Al Zn Mn In
‘White dot (A) 67.027  13.403 19017 0.071 0481
Black dot (B) 92.163 4612 1.576 0.092 1.556

B phase (C) 56.334 33229 10.171  0.061 0.205
Eutectic-a phase (D)  89.177 7.464 2203 0.084 1.073
Matrix (E) 95.547 2476 1142 0139 0697

Figure 3. A scanning electron microscopy (SEM) image of AZI1.0 alloy and the energy-dispersive X-ray
spectroscopy (EDS) results of different locations.
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3.2. Hydrogen Collection

Hydrogen collection is more convenient than weight-loss measurement in studying the corrosion
rate dependence on time due to hydrogen evolution rather than reduction of oxygen being the
dominant cathodic reaction [36]. The variation of hydrogen volume over a given period can be
employed in calculating the average corrosion rate in situ [37]. Figure 4 illustrates the hydrogen
evolution volume and rate with immersion time over a 24 h period. The corrosion rate of the AZ63
and AZI alloys can be ranked as AZ63 < AZI2.0 < AZI1.0 < AZI1.5. The indium addition promotes the
corrosion rate of the alloys; this being probably due to the increasing amount of precipitates both in
«-Mg and on the grain boundaries (see Figure 2), which act as the cathode in forming a micro-cell with
«-Mg during the corrosion. The presence of 3-Mg;7Alj» phase in Mg-Al alloys has two influences on
their corrosion behavior, a galvanic cathode for promoting the corrosion and a barrier for inhibiting
the corrosion [38]. The corrosion rate of AZI2.0 alloy is not consistent with the increasing tendency
of the corrosion rate mentioned above and could be attributed to the barrier effect aroused by the
continuous net structure of the 3-Mg;7Alj, phase on the grain boundaries as shown in Figure 2d, which
decreases the corrosion rate by the barrier effect. This result is also consistent with Liu’s work [39],
which suggested that the barrier effect would perform effectively once the 3 phase was distributed
continuously around the x-Mg substrate.
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Figure 4. Hydrogen evolution volume (a) and hydrogen evolution rate (b) as a function of immersion
time of Mg-Al-Zn and Mg-Al-Zn-In alloys in 3.5 wt% NaCl at 25 + 1 °C.

3.3. Open Circuit Potential

Open circuit potential (OCP) variation can provide some information about the initiation and
propogation of corrosion [40]. Relatively stable OCP values imply an electrochemical steady state on
the electrode surface. The OCP curves of AZ63 and AZI alloys are shown in Figure 5.
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Figure 5. The variation of open circuit potential (OCP) for AZ63 and AZI alloys in 3600 s in 3.5 wt%
NaCl at25+1°C.
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As shown in Figure 5, the OCP values can be ranked as AZI1.5 < AZI 2.0 <AZI1.0 < AZ63.
The indium addition into AZ63 alloy shifts the OCP towards the negative direction apparently,
indicating an enhanced driving force of corrosion via alloying. The incubation period, representing the
interval from the beginning of immersion to the OCP values obtaining steady values, characterizes
the activity of the alloy samples. The OCP values of AZI alloys get steady values over a short period
(less than 1000 s) as shown in Figure 5, implying a short activation characteristic aroused by indium
and a promoted active dissolution of the alloys. The OCP curve of AZ63 alloy exhibits fluctuation
characteristics throughout the test, which could be attributable to the dynamic unsteadiness between
the advance of the corrosion and the deposit of corrosion products, implying an unestablished steady
state due to its poor activity in comparison with AZI alloys.

The activating mechanism of indium serving as an alloying element for the sacrificial anode has
been widely investigated. The dissolving-reprecipitation mechanism is widely accepted in interpreting
the activation effect of indium during the corrosion process [41]. It can be expressed by Equations (1)
and (2):

M(In) - M™ 4+ In** + (n+3)e™ 1)

M +In®t — M™ 4+ In 4 (n—3)e™ )

The indium exists in solid solution and in segregation states in the substrate, whereas the indium
in the segregation state does not participate in the activation process. As shown in Equations (1) and
(2), the indium atom in the solid solution state converts to an ion accompanied by the loss of three
electrons. The dissolved indium ion precipitates back to the surface of the electrode and then reacts
with the magnesium atom. The dissolving-reprecipitation process would promote the dissolution of
magnesium due to this providing an extra reaction compared with the alloy without indium.

3.4. Potentiodynamic Polarization

The polarization curves presented in Figure 6a indicate similar polarization behavior among the
investigated alloys in 3.5 wt% NaCl at 25 + 1 °C. The anodic currents increase exponentially with
anodic polarization indicating high activity of the investigated alloys. Thus, the cathodic reaction
of hydrogen evolution dominates the electrochemical reaction at the larger slopes of the cathodic
polarization branches, compared with those of the anodic branches as shown in Figure 6a. The Tafel
extrapolation could be carried out as illustrated in Figure 6b, and is due to the absence of Tafel region
in the anodic branch of the polarization curve; the anodic reaction may be complicated due to the
effect of negative difference effect (NDE) [42]. The extrapolated parameters are listed in Table 2.
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Figure 6. Potentiodynamic polarization curves of AZ63 and AZI alloys after 1 h immersion in 3.5 wt%
NaCl at 25 £ 1 °C (a) and sketch map of polarization curve for Tafel extrapolation (b).
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Table 2. Corrosion parameters of AZ63 and AZI alloys derived from the polarization curves.

Alloys  Ecorr (0s. SCE)V  icon/(uUA-cm™2)  b/(mV-dec™!)  by/(mV-dec™1)

AZ63 —1.587 18.7 —134.3 57.8
AZI1.0 —1.658 45.0 —148.1 23.2
AZI15 —1.642 52.7 —163.4 16.1
AZI2.0 —1.621 47.2 —153.8 22.0

It is obvious that indium affects the cathodic process (hydrogen evolution) slightly but favors
anodic dissolution (oxidation of magnesium), seen by analyzing the slope values of b. and b, in
Table 2 [32]. The free corrosion potential shifts 40-80 mV negatively on comparing AZ63 with AZI
alloys, implying an increasing corrosion tendency, which is consistent with the OCP results mentioned
above. The extrapolated corrosion current densities of the alloys, which can be ranked as AZI
1.5 > AZI2.0 > AZI1.0 > AZ63, are shown in Table 2. The corrosion rate of AZI alloys increases with
increasing indium (less than 1.5 wt%) in the substrate, this result is also consistent with the hydrogen
evolution test.

3.5. Electrochemical Impedance Spectroscopy (EIS)

The EIS spectra of AZ63 and AZI alloys obtained at open circuit potentials after 3600 s immersion
are shown in Figure 7. The Nyquist diagrams of the investigated alloys are comprised of one
capacitive loop at high frequency and two inductive loops at intermediate and low frequencies.
The capacitive loop is related to the property of the electric double layer at the electrode/electrolyte
interface [43]. Two inductive loops in the fourth quadrant are due to the chemical reaction of Mg*
with H,O on the breaking area of the corrosion products film and the desorption of corrosion products

respectively [44,45].
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Figure 7. Nyquist plots and fitting curves of (a) AZ63 and AZI alloys and (b) details of vague section
in (a) after 1 h immersion in 3.5 wt% NaCl at 25 + 1 °C.

Since the EIS plots reveal the physical and chemical dynamic processes via the analysis of
spectra, a circuit model can be founded to simulate the practical variations on the electrode surface.
The electronic components connected in series or in parallel in circuit should correspond to the specific
dynamic processes. The dissolving surface model for describing the dynamic processes within the
porous corrosion products and the equivalent circuit for fitting the EIS data are shown in Figure 8.

In Figure 8a, each of the physical/chemical reactions are endowed with equivalent components
in series or in parallel connection. The fitting curves, using the equivalent circuit in Figure 8b,
are presented in Figure 7. In Figure 8b, Ry is the solution resistance, Ry and Qq; are the charge
transfer resistance and the constant phase element (CPE) of the electric double layer, Qy; is used
to substitute the capacitor of the electric double layer on consideration of the deviation effect [46].
As illustrated in Figure 8a, the chemical reaction of Mg* can be equivalent to Rpmg+ and Lyyg, in series
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connection [44,45], and then the desorption of corrosion products can be equivalent to Ry, and L in
series connection [1,47]. The parallel connection of the components shown in Figure 8b is due to these
physical/chemical processes taking place on the surface simultaneously.

(II) Desorption of corrosion product

: ~ Corrosion product

Double layer

1 ® =
R_‘ Qtrr

Solution resistance
—|—

Honeycomb pore

Corrosion product I ey B -
_ e RI.M§+ LMg...
Chemical reaction on surface R
Mg'+:|zo—»Mg2'+mr+§u, l_. L
——AM—

Figure 8. The dissolving surface model for describing the physical/chemical characteristics on the
surface of alloys (a) and equivalent circuit (b).

The polarization resistance (Rp), relating to the activity of the investigated sample [48], is inversely
proportional to the corrosion rate [44,49]. According to the equivalent circuit, the expression of R, can

be written as:
RtRLRLy ¢

R, =
P RiRp + RLRy,, + ReRpy, .

®)

Table 3 lists the calculated electrochemical parameters of AZ63 and AZI alloys obtained by fitting
the Nyquist plots. Both the polarization resistance Ry and charge transfer resistance Rt can be ranked
as Rpt (AZ63) > Rpt (AZI1.0) > Rp ¢ (AZI2.0) > Rp ¢ (AZI1.5), indicating an active effect of indium in
AZ63 alloy, which is consistent with previous findings. In general, the activity of the investigated
alloys increases with increasing indium in the Mg substrate (less than 1.5 wt%).

Table 3. Electrochemical parameters of AZ63 and AZ63I alloys obtained by fitting the electrochemical
impedance spectra.

Alloy Rs/(Q2-cm?) Ri/(Q)-cm?) Y;/(Q~1.em—2.sM) ng; Rp1/(Q-cm?)  L/(Q cm?-s)
AZ63 7.0 1811 9.1 x10°° 9.1 x 1071 2980 4412
AZ63 + 1% In 45 261.1 1.0 x 107> 9.3 x 1071 902 26.3
AZ63 +1.5% In 39 113.5 14 x 107> 9.1 x 1071 121 980.6
AZ63 + 2% In 3.8 173 13 x 107° 9.2 x 1071 360.8 4351
Alloy Rip/(Q-cm?)  L/(Q-cm?-s) Tcls Tr1/s Trols R,/(Q2-cm?)
AZ63 948 4912 1.3 x 1072 1.5 x 101 5.2 514.8
AZ63 + 1% In 653.8 1570 22 %1073 29 x 102 24 154.6
AZ63 +1.5% In 127.2 5.1 13 x 1073 8.1 4x102 40.1
AZ63 +2% In 376.7 18 1.5 x 1073 12.1 48 x 1072 89.2

3.6. Galvanostatic Discharge

The galvanostatic discharge behaviors of the AZ63 and AZI alloys were investigated by impressing
three anodic current densities at 10, 100 and 200 mA-cm~2, respectively. The different discharge
times, 20 h, 2 h, and 1 h, corresponding to the current densities are designed for comparison of the
current efficiencies at the equivalent discharge capacity. The increasing current densities ranging
from 10-200 mA-cm~2 aim at studying the discharge behavior of magnesium anodes for different
applications [25]. The current efficiency given in literature [50] is shown in Equation (4):

M; o
n= Mo x 100% 4)

a
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where M is the theoretical weight loss corresponding to the discharge capacity and Mj is the actual
weight loss. The potential-time curves of AZ63 and AZI alloys are presented in Figure 9a—c.
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Figure 9. Potential-time curves of AZ63 and AZI alloys at different anodic current densities in 3.5 wt%
NaCl at 25 + 1 °C, 10 mA-cm—2 20 h (a), 100 mA-cm 2 2 h (b) and 200 mA-cm~2 1 h (c).

The potentials of both AZ63 and AZI alloys shift negatively at the outset of the discharge process,
then increase to steady values over different periods. The increase of potential over a certain period
of discharge is due to the discharge products deposition on the electrode surface, which hinders
the discharge process. The consequent steady potential values indicate an established dynamic
equilibrium between the formation and desorption of discharge products [50]. The fluctuation of
potentials becomes apparent with the increase of the discharge current by comparing Figure 9a—c
within the steady discharge period. This is probably due to the initiation of localized corrosion and the

desorption of a-Mg grains [32]. Figure 10 shows the product removed morphologies of AZI1.0 alloy
under different discharge conditions.

Figure 10. Corroded morphologies of AZI1.0 alloys at different discharge current densities after
removing the products: 10 mA-cm~2, 20 h (a), 100 mA-cm~2, 2 h (b) and 200 mA-cm~2, 1 h (c).
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As shown in Figure 10a, the morphology of the sample over 20 h discharge at 10 mA-cm—2
current density is more uniform than that of the other two samples (see Figure 10b,c). The angular
caverns in Figure 10b,c indicate that the corrosion tends to develop vertically accompanied by a-Mg
detachment [32]. The fallen «-Mg without discharge would cause the fluctuation of potentials and
decrease the current efficiency. In contrast, the corroded pores in Figure 10a are quite small and shallow,
indicating a uniform anodic dissolution process rather than localized detachment [51]. The average
discharge potentials and current efficiencies of the investigated alloys are listed in Tables 4 and 5.

Table 4. Average discharge potentials of AZ63 and AZI alloys under different conditions.

Average Potentials (vs. SCE)/V

All

%% 10mA-em2,20h 100mA-cm~2,2h  200mA-cm~21h
AZ63 —1.538 + 0.007 —1.553 + 0.013 ~1.597 + 0.007
AZIL0 ~1.679 + 0.010 —1.704 + 0.007 —1.705 + 0.003
AZIL5 ~1.602 + 0.019 ~1.634 + 0.010 ~1.629 + 0.003
AZI2.0 ~1.639 + 0.015 ~1.660 + 0.012 —1.655 + 0.012

Table 5. Current efficiencies of AZ63 and AZI alloys under different conditions.

Current Efficiency (%)

All

Y% 10mA-em~2,20h 100 mA-cm~2,2h 200 mA-cm~2,1h
AZ63 59.1 62.9 59.4
AZI10 66.1 71.8 71.2
AZIL5 715 70.0 68.6
AZI2.0 65.4 73.2 74.4

As reported in [25], the more negative discharge potential an anode has, the stronger the discharge
activity and the higher the power density of the material. The AZI alloys, especially for AZI1.0 alloy,
process more negative potentials than that of the AZ63 alloy as in Table 4, implying that the indium
does not only promote the activation discussed in Sections 3.2-5 at free corrosion potential, but also
increases the discharge activity of the AZ63 alloy. This result is consistent with Feng’s work [52].
The discharge potential curves of AZI1.0 alloy demonstrate the most negative values at different
anodic current densities among the investigated alloys, implying desirable characteristics as anode
material for different applications. In addition, the potential standard deviations of AZI1.0 alloy are
relative smaller than others, suggesting a good discharging stability. In this work, the current efficiency
improves almost 10 percent by indium alloying at different discharge currents, which is probably due
to the refined grains as shown in Figure 2. It is also supported by Zhao’s work [53], suggesting that the
fine grain promotes the discharge activity of magnesium alloy. Additionally, the enhanced discharge
activity by indium alloying may alleviate the self-discharge of magnesium alloy.

The XRD patterns for discharge products of AZI1.0 alloys under different discharge conditions are
presented in Figure 11. The discharge products mainly consist of magnesium hydroxide and sodium
chloride. No peaks representing zinc and indium compounds are detected, probably due to the low
concentration in the Mg substrate. Some peaks of Mg;7Alj; can be detected in the corrosion products,
probably due to the detachment of the 3-Mgj7Al;; phase on the grain boundaries. The peak intensity
of the NaCl phase increases with the discharge current density, indicating an enhanced chloride ion
absorption effect caused by indium, which is consistent with Bessone’s work [54], suggesting that
the indium promotes the absorption of chloride ion in accelerating anode dissolution. This capability
makes AZI alloys more suitable for serving as anode material at large discharge current density.
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Figure 11. XRD patterns for the discharge products of AZI1.0 alloy, 10 mA-cm~2, 20 h (a), 100 mA-cm ™2,
2 h (b) and 200 mA-cm~2, 1 h (c).

4. Conclusions

The corrosion and discharge behavior of Mg-Al-Zn and Mg-Al-Zn-In alloys were investigated
in 3.5 wt% NaCl solution. The indium addition promotes both the corrosion rate and the discharge
activity of AZ63 alloys; tentative conclusions are given as follows.

(1) The indium (less than 1.5 wt%) alloying into AZ63 alloy refines grains via precipitation of
the 3-Mg;7Alj; phase, which acts as a micro-cathode in promoting self-discharge. AZI2.0 alloy with
low corrosion rate is due to the barrier effect caused by surplus 3-Mgi7Alj; phase in spite of its
further refined grains. The dissolving-reprecipitation action of indium also improves the activity of
the investigated alloys.

(2) The discharge behavior, including discharge potential, incubation period, and current efficiency
of the AZI alloys are enhanced on comparing with that of the AZ63 alloy, due to the indium addition,
which refines the grains of the substrate and promotes product self-peeling by enhancing combination
with chloride ions.

(3) Indium addition improves both the corrosion rate and discharge activity of the AZ63 alloys.
Nevertheless, the AZI1.5 alloy with the highest corrosion rate does not perform desirable discharge
activity on comparing with that of AZI1.0 alloy. It is probably due to the enhanced barrier effect caused
by -Mgi7Al;; phase in a condition of anodic polarization.

(4) AZI1.0 alloy is a promising candidate for the anode material of chemical power sources due to
its low corrosion rate and high discharge activity.
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