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Abstract: Mg—39Pb—11.5A1-1B—0.4Sc alloy was prepared by melting method, and the corrosion behaviors and
mechanisms in 3.5 wt.% NaX (X = F, Cl, Br, and I) solutions were analyzed using X-ray diffraction (XRD), scanning
electron microscopy (SEM), polarization curve test, and electrochemical impedance spectroscopy (EIS). The results
show that the phases of Mg—39Pb—11.5A1-1B alloy are a-Mg, Mg,Pb, Mgi7Ali» and AlB,. The addition of Sc can
refine the microstructure significantly. The corrosion resistance of Mg—39Pb—11.5A1-1B—0.4Sc alloy in NaX solutions
is in the order of NaCl < NaBr < Nal < NaF. During the corrosion process in NaX (X=Cl, Br, and I) solutions, Mg is
first dissolved, then Mg,Pb is dissolved, and finally Mg;7Al; is fallen off from matrix. The corrosion products of Mg

and Mg,Pb are Mg(OH), and MgO, respectively.

Key words: Mg—39Pb—11.5A1-1B—0.4Sc alloy; halogen solutions; polarization curve; electrochemical impedance

spectroscopy (EIS); microstructure; corrosion performance

1 Introduction

Magnesium (Mg) alloys have been widely
used in automotive, aerospace and medical fields
due to their low density, high strength, and good
biocompatibility [1-3]. Lead (Pb) is of great
interest due to its low cost, high density, and
excellent ray linear attenuation coefficient [4,5].
Boron (B) has neutron shielding properties as well
as good suppression and trapping of radiation [6].
Therefore, in order to solve the problems of
interface incompatibility and poor mechanical
properties caused by the large difference in density
between Pb and B, a ray and neutron shielding
alloy containing Mg, Pb, and B with excellent
mechanical properties was developed by controlling
the intermetallic phase [7,8]. This alloy has a
Brinell hardness of HBS 160, a tensile strength of

105 MPa [9,10], and shielding rates are ~90%
for neutrons, ~90% for X-rays, ~35% for y-rays
(in ®Co sources) and ~50% for y-rays (in '*’Cs
sources) [11—-13]. Thus, this series of shielding
alloys containing Mg, Pb, and B have great
potential for application as radiation shielding
materials. However, a key limitation on their use is
their sensitivity to corrosion, which hinders their
viability in highly corrosive seawater environments.
Therefore, the improvement of their corrosion
resistance should be fully considered.

As is known, for Mg alloys, Sc can
significantly refine grains, increase the number of
grain boundaries, form high density precipitates,
and improve the corrosion resistance, mechanical
properties, and thermal stability [14—16]. It has
been reported that Sc facilitates the deposition and
removal of impurities in Mg alloys [17,18].
Therefore, in this work, 0.4 wt.% Sc was added for
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improving the corrosion resistance of a representative
Mg—39Pb—11.5A1-1B alloy.

In general, shielding materials need to work
for long periods in complex corrosive conditions
with neutral salt solutions [19,20]. Moreover, the
corrosive environment for shielding materials is
mainly cooling water containing the elements
halides (F, Cl, Br, and I) [21,22]. Unfortunately, the
corrosion caused by CI” and F~ can significantly
damage the passivation film on the material’s
surface [23], and CI" and F ions in the cooling
water cannot be completely eliminated. Besides, F~
ions can induce stress corrosion of shielding
materials, and a small amount of F~ ions can
increase the initial corrosion rate and hydrogen
uptake of shielding materials, and increase the
tendency towards hydrogen embrittlement [24].
When the cooling water contains Cl™ ions, the
sensitivity of materials to pitting corrosion, stress
corrosion, and crevice corrosion increases [25,26].
During the normal operation of the reactor, neither
F~ ions nor CI" ions should exceed 0.15 mg/kg.
Therefore, the content of F~, CI™ and other impurity
ions in the reactor cooling water must be strictly
controlled. Otherwise, the shielding material will
be corroded and damaged, the structural bearing
strength will be reduced, and a serious nuclear
disaster will be caused.

The corrosion behaviors in solution containing
halogens are therefore important prior to the
application of nuclear shielding materials. In this
work, the effect of Sc on Mg—39Pb—11.5Al—
1B—0.4Sc alloy in 3.5 wt.% NaX (X=F, Cl, Br
and ) solutions were investigated using X-ray
diffractometer (XRD), scanning electron micro-
scopy (SEM), polarization curve tests and electro-
chemical impedance spectroscopy (EIS), with the
aim of further discussing its corrosion mechanisms
in these four different sodium halide solutions in
order to ensure safety and reliability for use in
cooling water.

2 Experimental

The nominal Mg—39Pb—11.5A1-1B-0.4Sc
alloy (Mg (48.1+0.01) wt.%, Pb (39£0.01) wt.%,
Al (11.5+0.01) wt.%, B (1£0.01) wt.%, and Sc
(0.4+0.01) wt.%) was prepared from pure Mg
((99.99£0.01) wt.%), pure Pb ((99.99+0.01) wt.%),
pure Sc ((99.99+0.01) wt.%) and Al-B master alloy

(B (8+0.01) wt.%, and Al (92+0.01) wt.%) using
an intermediate frequency furnace under the
protection by molten salt of (45+0.01) wt.% MgCl,,
(40+0.01) wt.% KCI1, (10+0.01) wt.% NaCl, and
(5£0.01) wt.% MgO. Cylindrical specimens in a
size of d15 mm x 8§ mm (+0.1 mm) were cut from
the alloy bars, and then processed into a size of
10 mm x 10 mm % 10 mm (£0.1 mm). The samples
were embedded in non-conductive epoxy resin
molds, ground with the 1200 mesh silicon paper,
polished with 2.5 um diamond paste, and etched in
a solution of (340.01)vol.% nitric acid and
(97£0.01) vol.% absolute ethanol. X-ray diffracto-
meter (XRD, BRUKER D8 ADVANCE Germany)
and scanning electron microscope (SEM,
PhilipsXL370) equipped with energy dispersive
spectroscopy (EDS) were used to analyze the phase
composition and microstructure of Mg—39Pb—
11.5A1-1B—0.4Sc alloy.

The electrochemical test was carried out on
the CS310H electrochemical workstation in
(3.5+£0.01) wt.% NaX (X=F, Cl, Br and I) solutions
at room temperature ((23+2) °C). A conventional
three-electrode system was used, in which the
reference electrode was a saturated calomel
electrode (SCE), the auxiliary electrode was a
platinum electrode, and the working electrode was
the sample with surface area of 1 cm?. The dynamic
scanning polarization curve was tested with the
scanning rate of 1 mV/s from —0.9 to —1.8 V vs
open circuit potential (OCP). By taking into
account the peak-to-peak value in the open circuit,
10 points per decade were selected for EIS
measurement. EIS was measured using the
alternating current (AC) at OCP with amplitude of
+10 mV and a frequency range from 1072 to 10° Hz.
Although 1 mV/s is adopted in this stage of the
experimentations, it is remarked that this selection
has no provided substantial distortions on the
polarization curves obtained. In this sense, it is
worth noted that potential scan rate has an
important role in order to minimize the effects of
distortion in Tafel slopes and corrosion current
density analyses, as previously reported [27—30].
ZView?2 software was used to fit the impedance
spectra, and the equivalent circuit diagram was
obtained. In addition, XRD results before and
after corrosion, OCP curves, potentiodynamic
polarization curves and EIS measurements were all
verified by three repeated tests.
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3 Results and discussion

3.1 Microstructure and phases

Before the investigation of effect of Sc on
Mg—39Pb—11.5A1-1B—0.4Sc alloy, the initial micro-
structure, XRD pattern and EDS results of Mg—
39Pb—11.5A1-1B alloy without Sc are analyzed,
and the result are shown in Fig. 1. From Fig. 1(a),
in the original microstructure of the alloy without
Sc, there are four types of microstructures, i.e., the
thick white dendritic area marked as A, the thick
dark gray area marked as B, the thin light gray area
marked as C, and the black blocky area marked as
D. From the XRD patterns in Fig. 1(b), it can be
seen that the alloy is mainly composed of five
phases, and the XRD peak intensity of Mg,Pb is the
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strongest, thereby indicating that Mg,Pb is the main
phase. Meanwhile, the XRD peak of a-Mg is also
more obvious. Thus, Mg—39Pb—11.5A1-1B alloy is
mainly composed of Mg,Pb (JCPDS 01-0465) and
a-Mg phases (JCPDS 35-0821), as well as a small
amount of Mgi7Al;; (JCPDS 01-1128), Pb (JCPDS
23-0345) and AIB, (JCPDS 39-1483). As reported
in literature using first-principles calculation [31],
the formation enthalpies of Mg,Pb, Mg and
Mg;Al;; in the alloy is in a sequence of Mg >
Mg,Pb > Mgi7Ali», indicating that Mg;7Al;» has the
best stability and the lowest corrosion tendency;
while Mg has the worst stability and the highest
corrosion tendency, so Mg is the easiest and the first
phase in the alloy to undergo corrosion reaction. As
the corrosion progresses, the amount of Mg phases
decreases, and Mg,Pb phase becomes the anode of
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Fig. 1 SEM image (a), XRD pattern (b) and EDS results (c—f) of Mg—39Pb—11.5A1-1B alloy
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the corrosion galvanic cell, and the insoluble
corrosion product Mg(OH), accumulates on the
surface of the alloy to form a porous film. Then, as
the porous membrane falls off, the new alloy
surface is also exposed. Thus, the existence of
Mg,Pb and Mg phases in Mg—39Pb—11.5A1-1B
alloy is an important factor affecting its corrosion
resistance.

Figures 1(c—f) show the EDS results of the
labeled points of Mg—39Pb—11.5A1-1B alloy.
The EDS analysis shows that there are Mg, Al,
and Pb elements at Points A, B and C, and B
and Al elements at Point D. From Fig. 1(c), the
composition of Point A contains mainly two
elements of Mg and Pb. The molar fractions of Mg
and Pb are 66.85% and 26.37%, respectively, and
the ratio of Mg/Pb is larger than 2:1. Therefore, the
microstructure at Point A should be Mg + MgPb
eutectic. From Fig. 1(d), the molar fraction of Mg is

2033

as high as 88.87%, so the microstructure at Point B
is the Mg-rich phase. From Fig. 1(e), at Point C, the
molar fractions of Mg and Al are 71.68% and
24.01%, respectively, and the ratio of Mg to Al is
~2.99:1. As is known, the molar ratio of Mg/Al is
~1.42:1 in Mgi7Ali,. Thus, the microstructure at
Point C should be Mg + Mg7Al;2 eutectic. In
Fig. 1(f), the Al content at Point D is much greater
than that at Points A, B, and C. There are mainly Al
and B elements, and the molar fractions of Al and B
elements are 20.89% and 79.11%, respectively.
Consequently, the microstructure at Point D is
mainly AIB.. Besides, from the results of XRD and
EDS, it can be seen that B element exists in the
form of AlB,, while Pb element mainly exists in the
form of Mg,Pb. By adding the third elements of Mg
and Al, Pb and B are evenly distributed in the alloy.

After adding Sc, the effect of Sc on the
microstructure of Mg—39Pb—11.5A1-1B alloy is

®) . Mg
. 2 —Pb
n '_Mgzpb
v —Mg,Al},
«—AIB,
|
A
- \.J [ ]
My la L. ! ‘ . . IA
LA.)L byl Lo a0 sk rKl b A
10 20 30 40 50 60 70 80 90
20/(°)
(d)
Point A Point B
Mg
Mg Element at.% Element  at.%
Mg  56.19 Mg  83.43
Pb 40.25 Pb 9.05
Al 3.34 Al 6.11
B 0.16
Al Pb
Pb
B Al
0 2 4 6 8 0 2 4 6 8
Energy/eV Energy/eV
© Mg ®
. Al .
Point C Point D
Element at.% Element at.%
Mg 65.91 Al 77.15
Al Al 20.89 B 22.85
Pb 12.01
B 1.09
B
- | L4
0 2 4 6 8 0 2 4 6 8
Energy/eV Energy/eV

Fig. 2 SEM image (a), XRD pattern (b) and EDS results (c—f) of Mg—39Pb—11.5A1-1B—0.4Sc alloy
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also analyzed. Figure 2 shows the initial micro-
structure, XRD patterns and EDS results of
Mg—39Pb—11.5A1-1B—0.4Sc alloy. From Fig. 2(b),
it can be found that, compared to Mg—39Pb—
11.5A1-1B alloy, the intensity and position of the
XRD peaks of phase in Mg—39Pb—11.5Al-
1B—0.4Sc alloy do not change after the addition of
Sc and no new XRD peaks can be found, indicating
that no Sc-containing phase is formed. This may be
due to the fact that the amount of Sc added to
Mg—39Pb—11.5A1-1B alloy is very small (only
0.4 wt.%) and fails to form a new phase containing
Sc, or the amount of new phase containing Sc
formed is too small to be detected by the X-ray

diffractometer. Compared to Fig. 1(a), the coarse
white dendritic region with the composition of
Mg + Mg,Pb in Fig. 2(a) becomes much finer, and
the dispersion and homogeneity of the a-Mg matrix
are higher.

Figure 3 shows the SEM image of micro-
structure of Mg—39Pb—11.5A1-1B—0.4Sc alloy and
the EDS images of the corresponding elements. As

expected, Mg, Pb, B, and Sc elements are uniformly
distributed in the alloy. As for Al element, the
microstructure on the top right in Fig. 3(a) is Mg +
Mg,Pb eutectic, and the compositions of Mg, Pb,
and Al herein are 56.19 at.%, 40.25at.%, and
3.34 at.%, respectively.

L | '« A~ -

Fig. 3 SEM image (a) and EDS mappings (b—f) for Mg—39Pb—11.5A1-1B—0.4Sc alloy
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3.2 Electrochemical measurements

Figure 4(a) depicts the OCP curves of Mg—
39Pb—11.5A1-1B-0.4Sc alloy in 3.5 wt.% NaX
(X=F, Cl, Br, and I) solution. The OCP is the
potential difference between the working electrode
and the reference electrode when there is no load,
and it can be used to describe the surface state of
the sample electrode [32—34]. The OCP curves
generally have three phases: a slow-rising phase, a
fast-rising phase, and a stable phase. From Fig. 4(a),
the OCP of Mg—39Pb—11.5A1-1B—0.4Sc alloy in
the 3.5 wt.% NaF solution is about —1.0 V. There
are substantial discrepancies in the details of the
OCP of the other three solutions. According to the
OCP theory, the more positive the OCP is, the less
the corrosion tendency is, which can roughly
indicate that the alloy has less corrosion tendency in
NaF solution. The measurements of OCP curves
of Mg—39Pb—11.5A1-1B—0.4Sc alloy in 3.5 wt.%
NaX (X=F, Cl, Br, and I) solution were conducted,
and the results are shown in Fig. S1 in Supporting
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Materials. The change trend of OCP curves in
Fig. S1 is similar to that of OCP curves in Fig. 4(a),
indicating that the results of OCP can be duplicated.

The OCP of Mg—39Pb—11.5A1-1B-0.4Sc
alloy in 3.5 wt.% NaF solution is preliminarily
divided into three stages. (1) Stage AB: The
potential in the first 100 s starts to drop from
—1.19 V. This is the dissolution stage of surface
corrosion inhibitor formed by the oxidation of
Mg—39Pb—11.5A1-1B-0.4Sc alloy. When the
processed sample is put into the NaF solution,
the oxide film on the surface of the alloy is
immediately dissolved, making the alloy matrix
exposed and quickly showing the intrinsic electrode
potential for the alloy matrix. However, the intrinsic
electrode potential of the alloy matrix is much
lower than the electrode potential when there is a
surface corrosion inhibitor. Therefore, the potential
shifts sharply in the negative direction and is
reduced to —1.62V. (2) Stage BC: With the
dissolution of Mg—39Pb—11.5A1-1B—0.4Sc sample,
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Fig. 4 Electrochemical test results of Mg—39Pb—11.5A1-1B—0.4Sc alloy in 3.5wt% NaX (X=F, Cl, Br, and I) solution:
(a) OCP curves; (b) Polarization curves; (c) Nyquist diagram (The points are experimental values, and the solid lines are
the fitting results); (d) Bode diagram (The solid points are the experimental values of the Bode diagram, the pentagram
points are the experimental values of the Bode-phase diagram, and the solid lines are the fitting results)
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the total concentration of metal ions on the surface
of the sample rises, so the OCP curve rises rapidly
from —1.62 to —1.05 V in the next 400 s. The anode
process is suppressed in this process, and the
potential moves in the positive direction. (3) After
Point C: The dissolution of the sample surface
reaches a dynamic equilibrium,
fluctuations occur, and finally a stable electric
potential is reached, about —1.0 V. In addition, the
AB segment cannot be detected in the test of the
other three halogen element aqueous solutions. This
is because the electrochemical test is started after
the sample is pretreated. During this period, the
interval is very short, and the oxide formed in a
short time is very thin, or the occurrence of AB
segment cannot be detected because this stage
proceeds so fast. The initial process of the AB
segment is very short and does not affect the
charging capacitance of the electric double layer.

Figure 4(b) shows the potential polarization
curve after Mg—39Pb—11.5A1-1B—0.4Sc alloy is
immersed in 3.5 wt.% NaX (X=F, Cl, Br, and I)
solutions for 40 min. With continuous scanning
from the cathode to the anode, the magnesium of
the anode branch loses electrons and is dissolved by
the anode, and the cathode branch undergoes a
hydrogen evolution reaction. From Fig. 4(b), one
can see that the four p—lgJ curves show a linear
relationship in Tafel zone. During the potentio-
dynamic polarization process, the polarization
curve in NaF solution has an obvious passivation
platform, indicating that a dense passivation film is
formed on the corroded surface. Except in NaF
solution, the polarization curves in the other three
corrosion solutions exhibit similar corrosion
behavior, which can be the consequence of almost
the same electrochemical reaction. This shows that,
compared to NaF solution, Mg—39Pb—11.5A1-1B—
0.4Sc alloy is more susceptible to the corrosion in
the other three solutions.

The Tafel linear extrapolation method [35,36]
is used to obtain the kinetic parameters, and the
calculated corrosion potential (¢corr) and corrosion
current density (Jeor) are listed in Table 1. The
intersection of the self-corrosion potential and
the anode Tafel line is used to determine the
self-corrosion current density. To eliminate or
compensate for the influence of solution resistance,
the IR compensation function of CS Studio5 is
used. @corr can reflect the corrosion tendency of the

no obvious

alloy. The more positive @cor corresponds to the
smaller corrosion tendency, which is consistent with
the results of the polarization curve. The corrosion
rate of the alloy can be calculated according to Jeorr.
The greater Jeor reflects the worse corrosion
resistance. From Table 1, the order of corrosion
resistance of Mg—39Pb—11.5A1-1B—-0.4Sc alloy in
the 3.5 wt.% NaX (X = F, Cl, Br, and I) solutions is
NaF > Nal > NaBr > NaCl.

Table 1 Polarization curve fitting parameters of Mg—
39Pb—11.5A1-1B—0.4Sc alloy in 3.5 wt.% NaX (X= F,
Cl, Br and I) solutions

Solution @cor/ V Jeor/(A-cm™?)
NaF —0.79674+0.03 (6.6646+0.02)x1077
NaCl —1.3909+0.007 (1.0064+0.02)x1073
NaBr  —1.3842+0.01 (4.604+0.02)x10"*
Nal —1.3458+0.02 (2.7449+0.02)x107*

The important role of the electrochemical
impedance spectroscopy (EIS) is to characterize the
electric double layer formed at the electrode/
electrolyte interface [37]. A sinusoidal signal X of
different frequencies and small amplitudes is
compared with the unique response signal Y
obtained from the system after interference. There
is a linear relationship between the two signals, that
is, Y=X-G(w), where the transfer function G(w) is
used to describe the relationship between the
sinusoidal signal and the response signal. G(w) is
also a function of the angular frequency w, which
is the impedance Z. The impedance Z can be
expressed as follows:

Zw)=Z(0)tjZ"(w) (1

In a coordinate diagram, the length from the
origin of the coordinates to a point on the function
is called the impedance modulus |Z|, and the angle
between that point and the origin and the x-axis is
called the phase angle ¢ of the impedance, which
can be obtained from the following equations:

|Z|: [Z!2 +Z"2 (2)
¢=arctan(-2"/Z") 3)

At the OCP state, the Nyquist diagram of
Mg—39Pb—11.5A1-1B-0.4Sc alloy in 3.5 wt.%
NaX (X=F, Cl, Br, and I) solutions is shown in
Fig. 4(c). Obviously, the Nyquist diagram of the
alloy in NaF solution is different from that in the
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other three solutions, indicating that the corrosion
mechanism of the alloy in NaF solution is different
from that in the other three solutions. In NaF
solution, only the effective capacitance of electric
double layer exists, and the corrosion resistance is
the best. The impedance spectra of the alloy in the
other three solutions show two capacitive reactance
arcs in the frequency range, that is, the effective
capacitance of electric double layer and the
effective capacitance of corrosion film. The
capacitance arc in high-frequency region is related
to charge transfer reaction [38], which indicates that
the surface of the alloy is always in an active
dissolution state in NaCl, NaBr, and Nal solutions.
In addition, the capacitive reactance arc radius can
reflect the magnitude of the charge transfer
resistance. The capacitor arc in the middle and low
frequency regions is related to the accumulation
of corrosion products on the alloy surface [39].
Among them, the arc-resistant radius of the alloy
in 3.5wt.% NaCl solution is the smallest, and
the arc-resistant radius of the alloy in 3.5 wt.%
Nal solution is the largest. The larger the anti-
capacitance arc radius is, the larger the impedance
and the better the corrosion resistance are.
Consequently, the corrosion resistance is in the
order of NaF > Nal > NaBr > NaCl.

Figure 4(d) shows the Bode diagram. The
phase angle of the alloy has the same trend as
the semicircle diameter of the capacitor [40,41].
Mg—39Pb—11.5A1-1B—0.4Sc alloy has the highest
solution.
Moreover, the maximum phase angle is in the order
of NaCl < NaBr < Nal < NaF solutions. The
maximum phase angle close to 90° indicates that a
complete and dense passivation film is formed on
the corroded surface. A smaller maximum phase
angle indicates that the corrosion product film is
more incomplete and porous. The phase angle of
the alloy in 3.5 wt.% NaF solution is as high as
106°, indicating that a complete and dense
passivation film is formed on the corroded surface.
The second maximum phase angle corresponds to
3.5 wt.% Nal solution with the maximum phase
angle of 40°. The corrosion resistance of the alloy
in 3.5 wt.% NaF solution is much greater than that
of the other three halogen-containing solutions,
which is in good agreement with the polarization
curve results. In summary, the corrosion resistance
of Mg—39Pb—11.5A1-1B—0.4Sc alloy in the four

corrosion resistance in 3.5 wt.% NaF

halogen-containing solutions follows the order of
NaF > Nal > NaBr > NacCl.

In order to further obtain the corrosion
mechanism, the impedance spectrum is analyzed
by Zview 2 software. Figure 5 shows the fitted
equivalent circuits of Mg—39Pb—11.5A1-1B—0.4Sc
alloy. In the equivalent circuit, Rs is solution
resistance, CPEgy is corrosion double layer, CPE; is
capacitance of electrode indicating the corrosion
layer, R is charge transfer resistance, and Ry is
corrosion product film resistance. Figure 5(a) shows
the equivalent circuit of the alloy in 3.5 wt.% NaF
solution, which is distinct from the other three
halogen-containing solutions (Fig. 5(b)). The
obvious difference in equivalent circuit in these
solutions once again fully confirms that the
corrosion mechanism of Mg—39Pb—11.5Al-
1B—0.4Sc alloy in NaF solution differs from that in
the other three solutions.

Fig. 5 Equivalent circuit diagram: (a) 3.5 wt.% NaF;
(b) 3.5 wt.% NaX (X=CI, Br, I)

The formation of the corrosion products is
accompanied by the formation of corrosion film,
which can hinder the diffusion of interface ions, and
the corrosion film capacitance is represented by
CPE:. At present, the commonly used phase angle
element (CPE) is used to fit impedance data in the
equivalent circuit. The effective capacitance Cq and
the dielectric capacitance Cr of the electric double
layer can be calculated by

n—1

Cy = le/n (I/R; + I/Rct)T 4)

1-n

Cr =Yy, "[RR/(R +R) ™ )

The specific parameters of above components
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and the circuit components in the equivalent circuit
are given in Table 2. As can be seen from Table 2,
the solution resistance (Rs) values of different
solutions are different, which is due to the various
interfacial contact resistances between the electrode
and the electrolyte in different solutions [42—46].
The charge transfer resistance (R.) reflects the
characteristics of the electric double layer formed
between the alloy and the corrosive medium. The
larger the R. value is, the slower the anode
dissolution in the system is, that is, the better the
corrosion resistance. In Table 2, compared to the
other three halogen-containing solutions, the R
value of Mg—39Pb—11.5A1-1B-0.4Sc alloy
immersed in 3.5 wt.% NaF solution shows a
significant increase, reaching 535.9 Q/cm? This
indicates that the immersion surface of Mg—39Pb—
11.5A1-1B—0.4Sc alloy in 3.5 wt.% NaF solution
has only a small amount of charge transfer and
almost does not dissolve. The accumulation
characteristics of corrosion products on the alloy
surface are measured by Ry and the corrosion
products only exist in 3.5 wt.% NaX (X=CI, Br,
and I) solutions. This is because, in 3.5 wt.% NaF
solution, the corrosive agent accumulates on the
surface and the sample is hardly corroded. It can be
seen from Table 2 that the Ry value measured in
NaCl solution is relatively large, indicating that
Mg—Pb—Al-B—0.4Sc alloy generates the most
corrosion products and has the worst corrosion
resistance in NaCl solution. During the corrosion
process, these loose and porous corrosion products
will be deposited on the corroded surface, making
the corroded surface rougher, and further increasing
the actual area due to the deposition of corrosion
products.

Therefore, the surface parameter (n:) is usually
used to describe the surface characteristics. The
larger value of n; indicates that the surface is highly
uniform. Moreover, #; is affected by uneven current
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distribution caused by surface roughness and
surface corrosion products. The fitting n; values in
Table 2 show that n; gradually increases from NaCl,
NaBr, and Nal to NaF solutions. The largest value
of n; is for Mg—Pb—Al-B—0.4Sc alloy (1.222)
immersed in 3.5 wt.% NaF solution, which also
confirms that the corroded surface in 3.5 wt.% NaF
solution is more compact than others. In this
solution, the alloy exhibits the highest corrosion
resistance. In the other three halogen-containing
solutions, the n; values are all less than 1. Besides,
the corroded surface of Mg—39Pb—11.5AI-1B—
0.4Sc alloy immersed in 3.5 wt.% NaCl solution is
the roughest and the most uneven. Thus, the
corrosion resistance of Mg—39Pb—11.5AI-1B—
0.4Sc alloy in these four solutions is in a sequence
of NaF > Nal > NaBr > NaCl.

3.3 Corrosion morphology
3.3.1 Corrosion surface

Figure 6 shows the morphologies of corroded
surface of Mg—39Pb—11.5A1-1B—-0.4Sc alloy in
3.5wt% NaX (X = F, Cl, Br, and I) solutions.
From Fig. 6, the alloy is slightly corroded in
3.5wt% NaF solution, the grain boundary
morphology is clear, and the surface corrosion
products are less. In NaCl, NaBr, and Nal solutions,
the degree of corrosion is serious, and surface
corrosion products can be clearly observed. The
corrosion potential for each phase in the alloy is
different, and the degree of corrosion is also
different. Since a-Mg phase has the lowest
corrosion potential, it is easy to form a corrosion
galvanic cell with Mg,Pb. Therefore, a-Mg should
be corroded first, which also confirms the corrosion
degree of the phase in the microstructure of Fig. 6.

In addition, energy spectroscopy (EDS) is
carried out on Points A, B and C of the corrosion
products in Fig. 6, and the EDS results are listed
in Table 3. The EDS results for Point A show that

Table 2 Fitting parameters of AC impedance of Mg—39Pb—11.5A1-1B—0.4Sc alloy

Solution (Qisr/nz) (Q{e;/nz) Yo/ — (Qiffnz) Yoo/ = ( ISM/ 2 q/ 2
(nQ-s"cm?) nl (uQ-s"cm?) " HEemr) - (uF-em)

NaF 4316 5359 0.96777 1.222 23.032 0.66083 91.97
NaCl 2.744 6.393 5.2799x10°  0.78645 9.118 68.552 0.97709 1517.6  57.3228
NaBr 3.867 26.8 2.7913x10°  0.80074 13.48 71.537 0.942917 918.7 48.9201
Nal 4.111 27.1 1.0431x10° 0.8933 29.06 38.396 0.94111 564.7 24.9029
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Fig. 6 Corroded surface morphologies of Mg—39Pb—11.5A1-1B—0.4Sc alloy in 3.5 wt.% NaX (X=F, Cl, Br and I)
solutions: (a) NaF; (b) NaCl; (c) NaBr; (d) Nal (A: a-Mg + MgO, B: Mgi7Ali», C: Mg,Pb + a lot of MgO)

some Mg is corroded. The EDS results for Point B
shows that the atomic ratio of Mg to Al is larger
than 17:12, which indicates that Mg;7Al,, is hardly
corroded. The microstructure corresponding to
Point C is Mg,Pb, and after corrosion, the fraction
of O atoms at Point C increases, and only a small
amount of Pb atoms are found, indicating that the
corrosion product of Mg:Pb is MgO. Thus, Mg is
dissolved first to undergo displacement reaction
with NaX (X = Cl, Br, and I), and the corrosion
products are concentrated near Mg,Pb.
3.3.2 Corrosion products

The corrosion products are also analyzed
through the XRD analysis to determine their
composition on the surface of Mg—39Pb—11.5Al—
1B—0.4Sc alloy, and the XRD results are shown in
Fig. 7. Besides the main initial phases of the alloy,
the corrosion products are mainly composed of
Mg(OH), and MgX, (X=F, Cl, Br, and I).
Compared to the XRD patterns of the alloy in NaCl,
NaBr, and Nal solutions, the XRD pattern in NaF
solution shows that the XRD peaks of Mg,Pb are
still the strongest, while those of Pb are obviously
the weakest. This is because Mg,Pb phase is difficult

Table 3 EDS results of Points A, B and C of Mg—39Pb—
11.5A1-1B—0.4Sc alloy in 3.5 wt.% NaX (X=F, Cl, Br
and I) solutions (at.%)

Solution  Point Mg (0] Al Pb

A 80.1 6.18 13.72

NaF B 65.34 2096 137

C 57.11 2.63 4026

A 78.1 11.64 548 4.16

NaCl B 48.54 46.2 5.26
C 61.12 3039  4.89 3.6

A 7583 1638  6.74 3.14

NaBr B 50.23 452 4.57

C 67.5 325

A 6537 28.11 3.57 2.95

Nal B 55.92 42.07  2.01
C 62.5 27.68  5.62 3.9

to be corroded in NaF solution. In the other three
solutions, the XRD peaks of MgX, (MgCl,: JCPDS
25-1156, MgBr: JCPDS 15-0836, Mgl,: JCPDS
34-0597) and Mg(OH). (JCPDS 44-1482) are
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observed, and the XRD peaks of Mg are relatively
low, meaning that Mg is dissolved and reacts with
X" and OH" ions to form Mg(OH), and MgXo. It is
worth noting that Mg is not observed in NaCl
solution, indicating that Mg is completely dissolved.
Moreover, the XRD peaks of Mgi;Ali> do not
change significantly in these four solutions.
Figure S2 in Supporting Materials shows the XRD
patterns of corrosion products of Mg—39Pb—
11.5A1-1B—0.4Sc alloy after corrosion experiments.
It can be seen that the corrosion products are the
same as those in Fig. 7, thereby indicating that the
results are duplicate and reliable.

According to the ionic radius size, the mobility
of CI', Br™ and I ions is significantly smaller than
that of F~ ion [47]. The effect of X~ ions on Mg—

v—Mg = — Mg,Pb
To—Pb v —Mg;Al,

+ —Mg(OH), *—MgCl,

* — MgBr,

e — Mgl
& NaF solution
-

m . Vo, NaBr solution

* L) o ‘v m =} m O
o Nal solution

o U ue YRy m o s g

10 20 30 40 50 60 70 80
20/(°)

Fig. 7 XRD patterns of corrosion products of Mg—
39Pb—11.5A1-1B—0.4Sc alloy

x-

OH,0+2¢—20H+H,}
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39Pb—11.5A1-1B—0.4Sc alloy can be preliminarily
divided into two aspects. The first is that X~ (X=Cl,
Br, and I) ions can be adsorbed on MgO surface and
cause Mg(OH), to become more soluble MgX, [48].
The second is that, in the three NaX (X=Cl, Br, and
I) solutions, the X" ions can penetrate into the oxide
film, and Mg,Pb starts to be dissolved in the
presence of the corrosive medium. In NaF solution,
however, Mg,Pb phase is difficult to be corroded
due to the fact that the oxide film is difficult to
break in this corrosive medium.

From the OCP curve, polarization curve, EIS
value, corrosion surface morphology and corrosion
products, the corrosion mechanism of Mg—39Pb—
11.5A1-1B—0.4Sc alloy can be discussed. Figure 8
shows the schematic diagram of the corrosion
mechanism of Mg—39Pb—11.5A1-1B—0.4Sc alloy
immersed in NaX solutions. When the corrosion
starts, Mg phase first undergoes an anodic reaction:
Mg — Mg*" + 2e, while Mg?" ions in the solution
are transferred: Mg?" + 20H™ — Mg(OH),, Mg?* +
2X" — MgX,. The cathodic reaction of dissolved
oxygen corresponding to the reduction reaction
occurs: 2H,O + 2¢ — 20H  + H:?. Secondly,
considering the grain size, microstructure and
protective properties of the corrosion product film,
it is also likely that the corrosion rate of
Mg—39Pb—11.5A1-1B—-0.4Sc alloy is influenced by
the corrosion resistance that increases with
increasing Sc concentration. However, this is only
an ideal prediction and further research is required.

OH o

- Mg—Mg e = AL
Mg,Pb+ MgO ‘
Mg,;Aly,

Fig. 8 Schematic diagram of corrosion mechanism of Mg—39Pb—11.5A1-1B—0.4Sc alloy
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4 Conclusions

(1) Mg—39Pb—11.5A1-1B—0.4Sc alloy consists
of a-Mg, Mg,Pb, Mgi7Al 1, and AlB,, and compared
to Mg—39Pb—11.5A1-1B alloy, it has the smaller
grain size and more uniform composition
distribution.

(2) The order of corrosion resistance of Mg—
39Pb—11.5A1-1B—0.4Sc alloy is NaCl < NaBr <
Nal < NaF.

(3) When the corrosion starts, the Mg phase
first undergoes an anodic reaction: Mg — Mg +
2e, while the cathodic reaction of dissolved oxygen
corresponding to the reduction reaction occurs:
2H,O +2e — 20H + H>1.

(4) In NaX (X = Cl, Br, and I) solutions, Mg is
first dissolved during the corrosion process, then
Mg,Pb is dissolved, and finally Mgi;Al;; is fallen
off from matrix. After Mg and Mg,Pb are corroded,
the corrosion products concentrated near Mg,Pb are
Mg(OH), and MgO.
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