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Abstract: The optical microscopy, X-ray diffraction, scanning electron microscopy equipped with energy dispersive
spectrometry, electrochemical tests and galvanostatic discharge tests were employed to characterize the microstructure,
corrosion resistance and discharge performance of the as-extruded and solution-aged Mg—6Zn—Mn—xNd (ZM61, x=0,
0.2, 0.6, 0.8, 1.0, wt.%) alloys. The results indicate that the micro-alloying with Nd can promote the grain refinement of
ZM61 alloys, and the as-extruded and solution-aged ZM61—-0.6Nd alloys have the best corrosion resistance and
discharge performance. However, the heat treatment deteriorates the comprehensive performance of as-extruded
alloys. Among all the investigated alloys, the corrosion current density of the as-extruded ZM61—0.6Nd alloy is
1.611x1073 A/cm?, and the discharge potentials are —1.517 and —1.336 V vs SCE at current density of 1 and 10 mA/cm?,
respectively, during long-time discharge up to 24 h with the anode efficiency of above 36%, which shows the best
comprehensive performance. The good discharge performance can be attributed to the improvement of corrosion

resistance and cracking effect of the discharge products.
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1 Introduction

At present, the energy used in the world
mainly comes from the fossil energy. However,
fossil energy will eventually face exhaustion and
the ensuing consequent environmental pollution
seriously restricts social development. Therefore, it
is urgent to develop green energy to replace the
fossil energy. Batteries as clean energy source are
good substitutes for fossil energy. The primary
batteries usually have much higher theoretical
energy density than the secondary batteries [1].
Therefore, the primary metal-air batteries have
received widespread attention from society in recent
years.

Among all the anode materials of primary
batteries, Mg exhibits an excellent performance due

to its beneficial recovery and good electrochemical
performance, such as a large capacity (6.8 kW -h/kg
[2—4]) and high theoretical voltage (3.1 V [5]).
However, the commercial application of Mg—air
batteries is very restricted by the following
problems: (1) During the discharge process,
Mg(OH), will be generated on the surface of the
metal electrode. The dense discharge products
will cover the fresh surface of the electrode [6,7];
(2) Mg alloys always show serious self-corrosion
behavior [8,9]. Therefore, there is no doubt that the
development of Mg alloys with a controllable
surface morphology of discharge products, and
weak self-corrosion ability is of great significance
for improving the performance of Mg—air batteries.

The micro-alloying treatment of Mg is an
available method to improve its discharge
performance. For example, Zn can effectively reduce
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the adverse effects of Fe, Ni, and other impurities
on the corrosion resistance of pure Mg [10], which
is beneficial to improving the corrosion resistance
of Mg alloys. Therefore, Mg—Z7n alloys can be a
potential anode for Mg—air batteries. Nevertheless,
there is only a little information about the impact of
alloying on the discharge performance of Mg—Zn
alloys. For example, the influence of different
contents of Zn [2] and different Zn/Y ratios [11] on
the discharge performance of Mg, and the effect of
Y and Zr [12] on the discharge performance of
Mg—6Zn alloy, have been investigated. However,
all of these alloys show a relatively low discharge
voltage. It is critical to improve the discharge
voltage of Mg—Zn alloy system.

For Mg—Zn alloy system, the 7T-phase formed
by the addition of Nd exhibits a larger negative
potential than the Mg matrix, which can be
corroded preferentially during the electrochemical
reaction [13]. In addition, Mn element can improve
the corrosion resistance of Mg—Zn alloy by
reducing the impurity content [14—16]. Moreover,
the heat treatment of Mg alloys is also a way to
increase the corrosion resistance of alloys [17].
These may improve the discharge performance of
the alloys. Therefore, the effects of different Nd
contents and heat treatment on the corrosion
resistance and discharge performance of Mg—6Zn—
IMn—xNd (ZM61—-xNd, x=0, 0.2, 0.6, 0.8, 1.0,
wt.%) alloys as the anode for Mg—air batteries were
investigated in this work, which was focused on the
differences between the two types of alloys in the
as-extruded and solution-aged state. The present
work could provide novel insights for the
development of high-performance Mg—air batteries
anodes.

2 Experimental

2.1 Experimental materials

The pure Mg, pure Zn, Mg—4.1wt.%Mn
master alloy, and Mg—30wt.%Nd master alloy were
melted to prepare the as-cast ZM61—xNd (x=0, 0.2,
0.6, 0.8, 1.0, wt.%) alloys by using a ZG—00L
vacuum induction smelting furnace and inert
protective argon (Ar) gas. The chemical
composition of ZM61—xNd (x=0, 0.2, 0.6, 0.8, 1.0,
wt.%) alloys were examined by an X-ray
fluorescence spectrometer (Shimadzu, XRF—1800)
as given in Table 1. The as-cast alloy ingots were

homogenized at 330 °C for 16 h and 420 °C for 2 h.
Next, the homogenized alloy ingots were subjected
to hot extruding at 360 °C with an extrusion ratio
of 25:1. Then, the extruded ingots were solution
heat-treated at 420 °C for 2 h and cooled in water.
After that, the solution ingots were aged at 180 °C
for 16 h, followed by cooling in water. Finally, the
sample was cut into d12 mm x 5 mm sheet by wire
cutting for the corrosion and discharge tests.

Table 1 Chemical composition of experimental alloys
(wt.%)

Alloy Nd Mn Zn Mg
Mg—6Zn—Mn 0 090 6.13 Bal
Mg—6Zn—Mn—-02Nd 0.14 095 5.79 Bal
Mg—6Zn—Mn—0.6Nd  0.58 1.02 6.09 Bal
Mg-6Zn-Mn—0.8Nd  0.78 0.92 525 Bal
Mg—6Zn—Mn—-1.0Nd 1.05 098 5.87 Bal

2.2 Microstructure characterization

The phase composition and corrosion products
of samples were characterized by X-ray diffraction
(XRD, Shimadzu XRD-6100, Cu K,) within the 26
angle range from 10° to 80°. The microstructure
was also observed by scanning electron micro-
scope (SEM, JSM-6610) equipped with an energy
dispersive spectrometer. Before the observation, the
samples were ground with emery papers up to
20007, then polished with diamond to remove most
of the scratches, and finely etched with the picric
acid.

2.3 Electrochemical tests

The corrosion behavior was tested in 3.5 wt.%
NaCl solution. The saturated calomel electrode and
the graphite electrode were used as reference
electrodes and auxiliary electrodes, respectively.
The open-circuit potential, impedance and anodic
polarization curve were carried out by the electro-
chemical workstation (Corrtest, CS310, China).
Before the test, the samples were immersed in the
solution for about 20 min to ensure the alloy surface
at a stable state. The time of the open-circuit
potential test was 6500 s. The frequency of the EIS
test was from 10° Hz to 102 Hz. The potential range
of the moving point scanning was a relative open
circuit from —0.5 to 1.5 V. Each sample was tested
at least three times to ensure the repeatability of the
experimental results.
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2.4 Half-cell discharge tests

The half-cell discharge performance of Mg—air
batteries with ZM61—xNd alloys as the anode was
evaluated by using 3.5 wt.% NaCl solution as the
electrolyte, saturated calomel electrode as the
reference electrode, and graphite electrode as the
auxiliary electrode. The discharge potential at
1-10 mA/cm? was monitored by the electro-
chemical workstation (Corrtest, CS310, China). And
the anode utilization efficiency (7, %), specific energy
density (Dg, mW-h-g ™), power density (Dp, W-cm™2),
anode discharge voltage (Eanode, V) of the materials
could be calculated by Egs. (1)—(5) [8,18—22]:

n:(%jxlOO% D

where AW (g) is the mass loss of the sample during
the discharge process, and Wineo (g) is the theoretical
mass loss during the discharge process. The mass
loss AW (g) was measured by weighing the mass of
the sample before and after the reaction.

The theoretical mass loss could be calculated
by the following formula:

It
XN,
F 1 1
Z( m; j
where / (A) is the discharge current, ¢ (h) is the
discharge time, F (26.8 A-h/mol) is the Faraday
constant, x;, n;, and m; are the mass fraction, number

of exchanged electrons, and atomic mass of the ith
alloying element in the materials.
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where U (V) is the average potential during the
discharge process.

E=UJ 4)
where J (A-cm™) is the applied current density.
Eanode=Eo— e ndit—iR (5)

where Eo (V) is the open circuit potential, #c (V) is
the charge transfer overpotential, #air (V) is the
diffusion overpotential caused by the discharge
product film, i (A) is the load current, and R () is
the electrolyte resistance between the reference
electrode and the polarized anode. And the surface
products were removed by the chromic acid
solution of 200 g/L with the silver nitrate solution
of 10 g/L.

3 Results

3.1 Microstructure characterization

Figure 1 shows the optical micrographs of the
as-extruded ZM61—xNd alloys. The microstructures
of the as-extruded alloys are mainly composed of
a-Mg matrix and the second phases (dark areas).
The as-extruded ZM61 alloy exhibits fine equiaxed
crystals and some deformed grains (Fig. 1(a)). The
grain size is mainly from 3 to 9 um, indicating that
the partial dynamic recrystallization has occurred.
With the addition of Nd (0.2 wt.%, see Fig. 1(b)),
the alloy presents a mixed structure of the equiaxed
grains and more deformed grains (approximately
5% of grains are larger than 18 um). When the
x>0.2 (Figs. 1(c, d, e)), the grain of ZM61-xNd
alloys is refined significantly and nearly 90% of the
grain size of as-extruded ZM61—-1.0Nd alloy is less
than 6 pm (Fig. 1(e)), implying that the dynamic
recrystallization rate of the alloys is increased,
which is similar to the effect of Nd on the
Mg—Zn—Zr alloy [13]. Figure 2 shows the micro-
structures of the solution-aged ZM61—xNd consist
of a-Mg matrix and the second phases (dark areas).
In the solution-aged ZM61—xNd alloys, most of the
grain sizes are between 3 and 9 um. And the
solution-aged ZM61—-0.2Nd alloy contains 4.4% of
the grain with size larger than 18 pum (Fig. 2(b)).
In addition, nearly 82% of the solution-aged
ZM61—-1.0Nd alloy grain size is less than 6 pm
(Fig. 2(e)). These show that the effect of the
addition of Nd element on the grain size of the
solution-aged ZM61—xNd alloys is consistent well
with that of the as-extruded ZM61—xNd alloys.

Figure 3 shows the XRD patterns of the
as-extruded and the solution-aged ZM61—xNd
alloys. It can be observed that the as-extruded
ZM61 alloy contains a-Mg phase and a small
amount of MgZn, phase (Fig.3(a)). With the
addition of Nd element, more 7-phases precipitate
and there is no other phase transformations in the
alloy. In addition, the diffraction peak of Mn in all
the as-extruded ZM61-xNd alloys indicates the
very limited solid solubility of Mn in Mg alloys.
For the solution-aged ZM61—xNd alloys (Fig. 3(b)),
a-Mg phase, MgZn; phase, T-phase and Mn phase
also exhibit. This indicates that the solution and
aging treatments have a slight effect on the phase
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Fig. 2 Optical microstructures of solution-aged ZM61—xNd alloys: (a) x=0; (b) x=0.2; (c) x=0.6; (d) x=0.8; (d) x=1.0
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composition of ZM61—xNd alloys. And the
existence of the T-phase also shows that the Nd
element has good thermal stability.

The EDS analysis results of the as-extruded
ZM61—xNd alloys (see Fig.4 and Table 2) show
that the second phase particles are mainly MgZn,
phases or a mixture of MgZn, phase with
Mgs2ZnsoNds that belongs to the 7> phase [13].
When the amount of Nd added is very small
(<0.2 wt.%), the second phase particles are MgZn,
phases (Fig. 4(a)). With the addition of Nd from

De-yu DING, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2014-2029

0.2 to 1.0 wt.% (Figs. 4(b—e)), the contents and
particle size of the 7-phase increase significantly.
For the as-solution-aged ZM61—xNd alloys (Fig. 5),
some small particles distribute on the surface of the
Mg matrix, where the enrichment of Zn occurs in
ZM61 alloy after the solution and aging treatment
(Fig. 5(a)), which correspond to the MgZn; phase in
the XRD pattern. With the addition of Nd (from
0.2 to 1.0 wt.%; Figs. 5(b—e)), the second phase
particles also grow significantly. Carefully
compared with the as-extruded alloys, the second

(a) * —a-Mg (b) *— o-Mg
¢ —Mn +—Mn
. A —MgZn, 4 —MgZn,
o — T-phase o — T-phase
1 x x=1.0 *
* . Fg K *
% *x=1.0
x=0.8 o * - % K
A — x=0.8
l x=0.6 N VIR l ok
oA S ~ t 1 x=0.6
J IR . A A 36:0'2 . j x=0.2
A A A *
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VS O PP LR D BV S SR St
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Fig. 3 XRD patterns of ZM61—xNd alloys: (a) As-extruded; (b) Solution-aged

(d)

Fig. 4 EDS mappings of as-extruded ZM61—xNd alloys: (a) x=0; (b) x=0.2; (c¢) x=0.6; (d) x=0.8; (e) x=1.0
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Table 2 Elemental composition of Points A, B and C in
Fig. 4 (at.%)

Point Mg Zn Mn Nd
A 52 39.6 1.2 7.1
B 78.9 18.3 0.5 23
C 52.7 39.6 0.7 7.1

phase particles of the as-solution-aged alloys are
considerably coarser.

3.2 Electrochemical behaviors

The electrochemical impedance spectroscopy
(EIS) technology can be used to study the electrode
interface structure and kinetic behavior of the
alloys during the corrosion process [23]. The EIS
diagrams of the as-extruded and solution-aged
ZM61—xNd alloys are shown in Figs. 6(a—f). The
Nyquist plots of the as-extruded ZM61-xNd alloys
with only one capacitor circuit are similar to
those of the solution-aged ZM61—xNd alloys (see
Figs. 6(a, b)). The impedance arc is related to the
electron transfer and corrosion resistance: the
larger the radius of the impedance arc is, the

greater the charge transfer resistance is, and the
better the corrosion resistance of the materials is.
Simultaneously, the phase angle is close to —90°,
indicating that the alloys generate a stable corrosion
layer on the surface [24,25]. For the as-extruded
ZM61—xNd alloys, the radius of the impedance arc
decreases in the order of ZM61—0.6Nd > ZM61—
0.2Nd > ZM61 > ZM61-0.8Nd > ZM61—-1.0Nd.
The solution-aged ZM61—xNd alloys show the
same trend of the radius of the impedance arc. All
the radii of the impedance arc first increase and
then decrease with the addition of Nd. The
impedance modulus of alloys (Figs. 6(c, d)) reaches
the highest peak when 0.6 wt.% Nd is added. The
phase angles (about —62°) of as-extruded and
solution-aged ZM61—xNd alloys (x<0.8 wt.%) are
similar. However, the phase angles (about —57°) of
the ZM61—-1.0Nd alloy in both states are the highest
among the alloys (Figs. 6(e, f)). These indicate that
the two types of alloys with 0.6 wt.% Nd addition
exhibit the best corrosion resistance. By comparing
these alloys, the corrosion resistance of the
as-extruded ZM61—xNd alloys is much higher than
that of the solution-aged ZM61—xNd alloys.

Fig. 5 EDS mappings of solution-aged ZM61—xNd alloys: (a) x=0; (b) x=0.2; (c¢) x=0.6; (d) x=0.8; (e) x=1.0
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Fig. 6 EIS diagrams of ZM61—xNd alloys: (a, b) Nyquist diagram; (c, d) Bode diagram of impedance modulus with

frequency; (e, f) Bode diagram of phase angle with frequency; (g) Analog circuit

To further study the corrosion mechanism of
ZM61—-xNd alloys, the equivalent circuit is used to
simulate the impedance. The equivalent circuit and
its electrochemical parameters are shown in
Fig. 6(g) and Table 3, respectively. The R, is the

solution resistance, the CPE 1is the interface
capacitance, the R; is the interface reaction
resistance, and the Ry and L are used to describe
the inductance loop in the fourth quadrant. The R
value determines the corrosion resistance of the
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material to a certain extent: the larger R, means
the better corrosion resistance of the materials.
For the as-extruded ZM61—xNd alloys, the R; of
ZM61-0.6Nd alloy is 514.0 Q-cm? while that of
ZM61—-1.0Nd alloy is only 235.2 Q-cm?. For the
solution-aged ZM61—xNd alloys, the R; value of
ZM61-0.6Nd alloy is 339.2 Q:cm? and that of
ZM61—1.0Nd alloy is only 193.9 Q-cm? The R;
values of the alloys of the two types of alloys
show the same trend of first increasing and then
decreasing with the addition of Nd.

Figure 7 shows the polarization curves of
the as-extruded ZM61-xNd and solution-aged
ZM61—xNd alloys. In the polarization curve, the
cathode branch represents the hydrogen evolution
reaction, and the anode branch shows the anodic
polarization behavior. There is only a slight change
of the cathode branch for the tested alloys,
indicating that the addition of Nd has no significant
effect on the hydrogen evolution reaction of the

2021

as-extruded and solution-aged ZM61—xNd alloys.
For the anode branch, the curves have the inflection
point that may be related to the destruction of the
reactive layer on the surface of the sample caused
by high current density.

The self-corrosion current density (Jeor)
reflects the corrosion resistance roughly [26], which
can be determined by using Tafel extrapolation
and summarized in Table 3. For the two types of
ZM61—xNd alloys, the Jeor shows the same trend
with the addition of Nd and decreases in the
order of ZM61—1.0Nd > ZM61-0.8Nd > ZM61 >
ZM61—-0.2Nd > ZM61-0.6Nd. With the addition
of Nd, the J.or first decreases and then increases.
The as-extruded and solution-aged alloys with
0.6 wt.% Nd have the lowest J.on, which are
1.611x1073 A/em? (as-extruded ZM61-0.6Nd) and
2.201x1075 A/em?  (solution-aged ZM61—-0.6Nd).
The ZM61—0.6Nd alloys show the best corrosion
resistance and this agrees well with the EIS results.

Table 3 Electrochemical parameters of fitted equivalent circuits and corrosion current density of ZM61—xNd alloys

Material RJ/(Q-cm?) R/(Q-cm?) RU/(Q-cm?) L/H Jeon/(107°A-cm™?)
Extruded ZM61 9.9 355.2 214.7 1332.6 1.976
Extruded 0.2Nd 11.6 455.9 138.9 732.3 1.832
Extruded 0.6Nd 13.5 514.0 294.7 4100 1.611
Extruded 0.8Nd 12.0 301.2 146.9 1063.5 2.206
Extruded 1.0Nd 10.6 235.2 79.7 462.1 3.013

Solution-aged ZM61 8.6 310.8 90.1 239.3 2.333
Solution-aged 0.2Nd 11.1 318.5 194.1 698.0 2.216
Solution-aged 0.6Nd 11.2 339.2 136.4 578.2 2.201
Solution-aged 0.8Nd 9.3 288.1 136.0 235.8 2.851
Solution-aged 1.0Nd 13.2 193.9 108.8 400.2 3.650
0 0
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_1 L _] L
2t =1
T 3t T -3t
g 8
Z 2
S -5t —x=0 S, -5t — x=0
20 —x=0.2 o0 — x=0.2
-6 — x=0.6 -6 r — x=0.6
—x=0.8 — x=0.8
-Tr —x=1.0 =T —x=1.0
_8 L —8 L
-2.5 -2.0 -1.5 -1.0 -0.5 0 -2.5 -2.0 -1.5 -1.0 -0.5 0

Potential (vs SCE)/V

Potential (vs SCE)/V

Fig. 7 Polarization behavior of ZM61—xNd alloys in 3.5 wt.% NaCl solution: (a) As-extruded; (b) Solution-aged
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3.3 Discharge behavior

The galvanostatic discharge test is usually used
to characterize the discharge performance of the
materials. The discharge results of the alloys in
3.5 wt.% NaCl solution are shown in Fig. 8.

Figures 8(a—d) display the discharge curves of
the as-extruded and solution-aged ZM61-xNd
alloys at current density of 1 and 10 mA/cm?. Under

De-yu DING, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2014-2029

the current density of 1 mA/cm?, the as-extruded
and the solution-aged ZM61—xNd alloys exhibit the
lowest potential when x=0.6, which are —1.555 and
—1.550 V vs SCE, respectively. Under the current
density of 10 mA/cm?, the discharge potential of
the as-extruded and the solution-aged ZM61—xNd
alloys decrease first and then increase with the
addition of Nd. Both of them get the highest value
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Fig. 8 Discharge potential-time curves of ZM61—xNd alloys discharged in 3.5 wt.% NaCl solution for 1000 s at
current density of 1 and 10 mA/cm? (a—d), and discharge potential—time curves of as-extruded ZM61—0.6Nd alloy for

24 h (e)
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when 0.6 wt.% Nd is added, which are —1.439 and
—1.443 V vs SCE, respectively. By comprehensive
consideration of the corrosion resistance of tested
alloys, the as-extruded ZM61—-0.6Nd alloy is
chosen as the anode for 24 h galvanostatic
discharge test (Fig. 8(e)). The discharge
performances of the as-extruded ZM61-0.6Nd
alloy are shown in Fig. 9. It can be seen that the
discharge potentials and anodic utilization
efficiency of the ZM61—0.6Nd alloy as the Mg—air
battery anode at 1, 2, 5, 10 mA/cm? are —1.517 V vs
SCE, 35.6%; —1.496 V vs SCE, 32.4%; —1.439 V vs
SCE, 31.8%; —1.336 V vs SCE, 35.7%, respectively.
The high anodic efficiency for the as-extruded
ZM61-0.6Nd alloy is closely related to the low
self-corrosion effect of ZM61—Nd alloy. It can be
seen from the impedance value that although the
as-extruded ZM61-0.6Nd alloy has the highest
R:(514.0 Q-cm?) among the tested alloys, it has a
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Fig. 9 Discharge potential (a) and utilization efficiency
(b) of Mg alloys at different current densities in 3.5 wt.%
NaCl solution [2,27-32]

lower self-corrosion effect during discharge. During
half-cell tests, the highest specific energy density
is 1187.24 mW-h/g at 1mA/cm? the highest
power density is 13.36 mW/cm? at 10 mA/cm®. In
addition, the as-extruded ZM61-0.6Nd alloy shows
the fluctuations of the discharge potential at
10 mA/cm?, which may be due to the formation
and the self-peeling of discharge products. The
generation rate of the discharge product is larger
than the spalling rate during the discharge process
at a high current density, and a large-scale spalling
of products occurs at the same time. These would
change the active area of the anode dramatically
during the discharge process, resulting in
fluctuations of discharge potential. In addition, the
cathode is also important to increase the properties
of Mg anode. Previous researches show that a
cathode with high specific surface area and high
electrocatalytic performance is beneficial to
improving the performance of Mg anode [33,34].

3.4 Surface morphologies after discharge

Figures 10 and 11 show surface morphologies
after discharge without any treatment. The surface
morphologies of the as-extruded and the
solution-aged ZM61 (Figs. 10(a, d)), ZM61—0.6Nd
(Figs. 10(b, e)), ZM61—1.0Nd (Figs. 10(c, f)) alloys
after being discharged for 1000 s at the current
density of 10mA/cm? show many cracks
distributed on the surface of the discharge product
layer. These cracks can become effective channels,
which are beneficial for the electrolyte to contact
fresh surfaces and ion diffusion. Moreover, the
cross-sectional morphologies of the as-extruded
ZM61—-0.6Nd at different current densities after
24h discharge are shown in Fig. 11. After
discharging at the current density of 1mA/cm?
(Fig. 11(a)), 2mA/cm? (Fig. 11(b)), 5 mA/cm?
(Fig. 11(c)) and 10 mA/cm? (Fig. 11(d)) for 24 h,
the thickness ranges of reaction products which
closely attach to the anode surface are 5—80,
12—117, 25—145 and 30—190 pum, respectively. The
thickness of the product layers increases with the
ascension of the current density, which can be
attributed to the release rate of the discharge
product being lower than the generation rate of the
product under much higher current density.
However, the discharge potential of the ZM61—
0.6Nd alloy decreases, which is attributed to
the thicker discharge layer. In addition, the product
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Fig. 10 SEM images of alloy surface after discharge for 1000 s at current density of 10 mA/cm?: (a) As-extruded ZM61;
(b) As-extruded ZM61—0.6Nd; (c) As-extruded ZM61—1.0Nd; (d) Solution-aged ZM61; (e) Solution-aged ZM61—
0.6Nd; (f) Solution-aged ZM61—1.0Nd

Fig. 11 SEM images of as-extruded ZM61—-0.6Nd with different current densities after 24 h of discharge: (a) 1 mA/cm?;
(b) 2 mA/cm?; (c) 5 mA/cm?; (d) 10 mA/cm?

layers are separated from the anode substrate with a the discharge reaction. The XRD patterns of the
lot of cracks, resulting in the electrolyte closely discharge products of the ZM61—0.6Nd alloy after
contacted with the anode substrate and conducive to discharging for 24h (Fig. 12) show that the



De-yu DING, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2014-2029 2025

discharge products are mainly composed of
Mg(OH), and Zn(OH), without pure Mg, implying
that the ZM61-0.6Nd alloy completely participates
in the reaction during the discharge. This behavior
is different from the Mg—0.2Ca—0.4In [35] and
Mg—Al-Zn—In [36] alloys in the discharge layer
where the unreacted metal Mg appears.

*—Mg(OH),
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. . 10 mA/cm?
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1 s L xx
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Fig. 12 XRD patterns of discharge products of
as-extruded ZM61-0.6Nd alloy with different current
densities

4 Discussion

4.1 Influence of Nd content on corrosion

performance of ZM61 alloys

The addition of Nd promotes the precipitation
of the T-phase in the as-extruded and solution-aged
ZM61 alloy. Therefore, the second phases of the
as-extruded and solution-aged ZM61—xNd (x > 0.2)
alloys are mainly composed of MgZn, and T-phase.
It should be noticed that the electrode potentials of
the MgZn; phase, Mg matrix and T-phase are about
—1.01 V vs SCE [37], —1.64 V vs SCE [38], and
—2.04V vs SCE [13], respectively. Therefore,
during the corrosion process, the MgZn, phase acts
as the cathode to accelerate the corrosion of the Mg
matrix, while the 7-phase acts as the anode to
protect the Mg matrix. With the addition of Nd, the
corrosion resistance of the as-extruded and
solution-aged ZM61—xNd alloys firstly increases
and then decreases. This may be related to the
combined effect of the alloy grains and the second
phase. Firstly, for the ZM61 alloy with a small
amount of Nd (0.2 wt.%), the grain size of the alloy
increases, but the precipitated 7-phase becomes the
corrosion anode, which reduces the corrosion rate

of the Mg matrix. Secondly, with the addition of Nd
from 0.2 to 0.6 wt.%, the grain refinement is
significantly manifested and finer 7-phases are
precipitated in the alloys, improving the corrosion
resistance of the alloys [39]. When w(Nd)>0.6 wt.%,
the relatively poor corrosion resistance of the
as-extruded and solution-aged
attributed to the coarse

alloy may be
second phase [40].
Therefore, the extruded and solution-aged alloys
exhibit the best corrosion resistance when 0.6 wt.%
Nd is added. However, the solution-aged ZM61—
xNd alloys have a lower corrosion resistance than
the as-extruded ZM61—xNd alloys because of the
precipitation of coarse 7-phase after solution-aging
treatment.

4.2 Influence of Nd content on discharge

behavior of ZM61 alloys

The discharge performance of the as-extruded
and solution-aged ZM61 alloys firstly increases and
then decreases with the addition of Nd, which is
attributed to the combined effect of fine grains and
self-corrosion. ZHANG et al [41] proposed that if
the electrode process of Mg alloys was only
activated and controlled without passivation, the
grain boundary would accelerate the anodic
dissolution rate of Mg alloys. With the addition of
Nd, the as-extruded and solution-aged ZM61-xNd
alloys contain more grain boundaries. The grain
boundaries play as preferential sites for the initial
attack under applied anodic current and promote the
discharge activities of Mg alloys. When w(Nd) >
0.6 wt.%, the discharge performance of the
as-extruded and the solution-aged ZM61 alloys
begins to decline, which may be related to a
galvanic interaction between a-Mg and coarse
T-phase. Therefore, an appropriate amount of
Nd can improve the discharge performance of
as-extruded and solution-aged ZM61 alloys.
However, the solution aging treatment promotes
the precipitation of the coarse 7-phase, which
deteriorates the discharge performance of the
as-extruded ZM61—xNd alloys.

4.3 Influence of discharge products on discharge
performance
The discharge performance of anode material
is closely related to the formation rate and the
precipitation rate of the discharge product [42].
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When the precipitation rate is lower than the
formation rate, the discharge products will cover the
active part of the anode and reduce the effective
area of the anode surface, which will eventually
decline the discharge performance of anode. The
coarse second phase of the as-extruded and the
solution-aged ZM61—xNd alloys (x>0.6) will
accelerate the self-corrosion process, thereby
accelerating the accumulation of discharge products
on the anode surface. This worsens the discharge
performance of the as-extruded and the solution-
aged ZM61—xNd alloys. In addition, when the same
volume of Mg and Zn convert into Mg(OH), and
Zn(OH),, the volume ratio of Mg: Mg(OH), is
1:1.78, and that of Zn:Zn(OH); is 1:3.56. Therefore,
the production of Mg(OH), and Zn(OH), from the
Mg and Zn will cause volume expansion. For the
as-extruded and the solution-aged ZM61—xNd
alloys, the precipitation phases are mainly 7-phase
and MgZn, phase. When the as-extruded and the
solution-aged ZM61-xNd alloys are used as the
anode of the Mg—air batteries, the 7-phase and
MgZn, phase have disparate effects for the
generation of cracks in the discharge product layer.
Firstly, the 7T-phase reacts preferentially because of
the lower electrode potential than pure Mg during
the discharge process. Meanwhile, the volume
expansion of 7-phase is much higher than that of
the Mg matrix, which will destroy the discharge
product layer by the swelling stress. Moreover, the
pining effect of the MgZn, phase causes the
appearance of cracks in the product layer because
the electrode potential of MgZn, phase is much
higher the Mg matrix (see Fig. 11). The schematic
illustration of the cracks in the discharge product
layer is shown in Fig. 13. This is conducive to the
electrolyte contacting the anode and exposing a
more active surface from the anode, which
improves the discharge performance of the
materials.

5 Conclusions

(1) Micro-alloying Nd can effectively promote
the grain refinement and the precipitation of the 7>
phase in the as-extruded ZM61 alloy. The solution
treatment at 420 °C for 2h and cooled in water,
then aged at 180 °C for 16 h and cooled in water
can promote the growth of the 75 phase.

T-phase MgZn,
\. 7/
7

Before discharge

l

Corroded area

After discharge

Fig. 13 Schematic illustration of cracks in discharge
product layer

(2) The combined effect of the 7> phase and
fine grains improves the corrosion resistance of
ZM61—xNd alloy. However, when x > 0.6, ZM61—
xNd alloy forms coarse 7> phase, which destroys
the corrosion resistance of the alloy.

(3) The as-extruded ZM61—0.6Nd alloy has
the best discharge performance among all the alloys
tested, and the discharge potentials are —1.517 and
—1.336 V vs SCE at current densities of 1 and
10 mA/cm? for 24 h, respectively, and utilization
efficiency is about 36%. The analysis shows that
the finer grains and the more negative electrode
potential of the 7> phase promote the discharge
reaction of the alloy. In addition, the stress from the
different volume expansion rates of Mg(OH), and
Zn(OH), promotes the cracking of the discharge
product layer during the discharge process. At the
same time, the MgZn, with the correct electrode
potential also causes the cracking of the product
layer. Therefore, the discharge product layer of the
ZM61—xNd alloys is easier to separate from the
substrate and the anode fully contacts the
electrolyte, resulting in the improvement of the
discharge performance.
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Mg-Zn—-Mn—-Nd & &{EA—IREE S AR AY
B IRANAER T

T, HFAL, EAEF, R K, I T, KLF, HEH
PERE RS MRS REIR AT o Hr St HER 400715

7 . FASHEME. X FHEITHG WaRERE O a2 IR R T A R RO B A A [
AR 2 Mg—6Zn—Mn—xNd (ZM61, x=0, 0.2, 0.6, 0.8, 1.0, Fim 0¥, %) & SMoas . i bk /e i s ik A
ITRAE. SREH, Nd WG SRR ZM61 &4 Mhigifh, HERSKEER A ZM61-0.6Nd &S EHTH
B4 B BN S DO R e e R B s AR, A HE RS S SN AR, K, FES
ZM61-0.6Nd A& & HJE RN 1.611x107° A/em?, TEHEILEEEAN 1 110 mA/em? U 24 h 15 B 73]
N-1.517 V F1-1.336 V (vs SCE), HHWFIHEL 36%, EEMALETEERIEMEAER. SN, B
JEAS ZM61-0.6Nd & 4 [ 3 (17550 L 1 B T 1 DR 855 - et 8 e e 8 D B2 T S P =420 ) T 2R 4880
XHEIR: Mg—6Zn—Mn &4 Nd Wi, S s i, A oatka
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