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Abstract: The long-period stacking ordered (LPSO) structure, functioning as a strengthening phase
in magnesium alloys, plays a pivotal role in compensating for inherent performance limitations. In
this study, an as-cast Mg-Gd-Ni-Y alloy, including the LPSO phase, was initially obtained through an
ingot metallurgy process. Subsequently, the alloy underwent distinct thermal treatments: annealing
at 500 ◦C for 10 h, and extrusion using an extrusion ratio of 10 at a speed of 5 mm/s. Comparative
analysis of the microstructure and corrosion characteristics was performed across these three alloy
states. Comprising primarily of α-Mg, LPSO phase, and eutectic structures (ES), the alloy exhibited
distinctive microstructural features. Immersion experiments conducted in a 3.5% NaCl solution
revealed that the as-cast alloy displayed the highest dissolution rate at various temperatures, from
room temperature, to 50 ◦C, and 70 ◦C. Following annealing, a reduction in the second phase
content within the alloy significantly contributed to the observed decrease in its dissolution rate.
Extrusion processes resulted in a denser network structure within the microarchitecture, to some
extent impeding the spread of corrosion to some extent. By emloying scanning Kelvin probe force
microscopy (SKPFM) and micro-electrochemical testing, it was discerned that predominantly the
electrochemical system involving α-Mg and the second phases predominantly dictated the heightened
dissolution rate of the alloy. This study presents valuable insights into understanding the dissolution
mechanisms and potential strategies for controlling the dissolution performance of magnesium alloys
containing the LPSO phase.

Keywords: magnesium alloy; LPSO phase; corrosion properties; corrosion mechanism

1. Introduction

As the lightest engineering structural material, magnesium alloy has the benefits of low
density, high specific strength, and good performance in vibration and noise reduction [1–3].
With advancements in associated technologies, magnesium alloys have found extensive
applications in aerospace, automotive manufacturing, biomedicine, and various other
industries [4–6]. However, the mechanical characteristics of magnesium alloys, such as
strength, ductility and high-temperature creep, have imposed limitations on their broader
potential applications [7,8].

In 1994, Luo made a significant discovery by identifying the existence of the long-
period stacking order (LPSO) structure while investigating the impact of rare earth elements
on the strength of Mg-Zn-Zr alloys [9]. The fundamental structure of the LPSO phase
comprises Mg-RE (rare earth element)-X (transition elements such as Zn, Cu, Ni), wherein
varying compositions and subsequent heat treatment processes yield diverse morphologies.
The arrangement of internal atoms allocates the LPSO phase into structures denoted as 6H,
10H, 14H, 18R, and 24R, with ‘H’ representing a hexagonal lattice and ‘R’ representing a
rhombic lattice [10,11]. Notably, the structure of the LPSO phase with the same composition
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can be altered by heat treatment. For instance, the 18R structure of the LPSO phase will
change to a 14H structure after annealing at 773 K [12–15]. Further investigations have
underscored that the LPSO phase can enhance the mechanical properties of magnesium
alloys at room and high temperatures through mechanisms such as fine grain strengthening
and dispersion strengthening [16–18]. This unique attribute significantly enhances the
overall utility and performance of magnesium alloys.

As an impurity element in Mg alloys, trace addition of Ni would accelerate the
degradation of anti-corrosion performance. Mg2Ni stands out as the primary form of nickel
found in magnesium alloys. Studies have demonstrated that as the Ni content increases,
there is a corresponding rise in corrosion rates alongside improvements in compressive
strength and micro-hardness. This phenomenon is primarily attributed to the augmented
presence of secondary phases [19]. Consequently, magnesium alloys incorporating Ni-
containing LPSO exhibit accelerated dissolution rates coupled with robust mechanical
characteristics, rendering them well-suited for the fabrication of innovative types of fracture-
resistant tools.

Ma et al. [20] prepared Mg-Gd-Ni alloys containing the LPSO phase with various
morphologies. They investigated the impact of microstructure changes at various extrusion
temperatures on the mechanical and degradation properties of the alloys. Their investi-
gation revealed the pivotal role of the LPSO phase as the primary strengthening agent
in the alloy. Notably, both bulk-shaped and lamellar configurations of the LPSO phase
demonstrated effective contributions to enhancing the material’s strength. The escalated
degradation rate observed in the material was attributed to the collective impact of the
bulk shaped LPSO phase, lamellar LPSO phase, and the presence of the eutectic phase. Dai
et al. [21] investigated the influence of diverse forms and structures of the LPSO phase on its
relative corrosion performance. Their findings indicated that with an increase in the LPSO
phase content within the material, an early establishment of a corrosion barrier occurred
during the dissolution process, consequently reducing the corrosion rate. However, after
annealing the network structure comprising the LPSO phase underwent a certain degree of
decomposition. Concurrently, the bulk reticular LPSO phase, characterized by specific 18R
structures, transformed into a lamellar 14H structure, thereby creating additional paths
for corrosion propagation. The synergistic effect of these phenomena ultimately led to an
escalation in the corrosion rate. This mechanism has also been validated in various other
studies [22]. The delaminated bulk shaped LPSO phase tends to lose its inhibitory effect
on corrosion propagation. As the content of the LPSO phase increases, there is a corre-
sponding rise in the proportion of cathode within the electrochemical system, consequently
accelerating the overall corrosion process.

Although there have been several studies on the effect of the LPSO phase on the
cor-rosion behavior of magnesium alloys, little research has focused on the comparison
of different processes (casting, hot working and machining) on the microstructure and
cor-rosion behavior of magnesium alloy, thus clarifying the influence of the LPSO phase
on the dissolution mechanism of Mg alloy. This study aims to elucidate the influence of
the LPSO phase on the dissolution mechanism of Mg alloy. In this paper, Mg-Gd-Ni alloys
containing the LPSO phase were synthesized. An in situ corrosion test, in conjunction with
a micro-electrochemical method, was conducted to investigate the entire corrosion pro-cess,
enabling a detailed discussion of the corrosion mechanism.

2. Materials and Methods

Mg-5Gd-6Ni-1Y (wt.%) alloy was prepared by the casting method using pure Mg, Ni,
Mg-Gd and Mg-Y master alloys as raw materials. These materials were melted at 750 ◦C
under the protection of a CO2 and SF6 atmosphere. After melting is completed, the mixture
was stirred to ensure uniformity and subsequently held at 720 ◦C for 20 min. Upon reaching
a homogeneous liquid state, the melt was cast into a pre-heated (200 ◦C) steel mold with an
inner diameter of 100 mm upon cooling to 700 ◦C. An inductively coupled plasma atomic
emission spectrometer (ICP-AES, Shimadzu ICPE-9810, Shimadzu, Colombia, MD, USA)
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was used to determine the precise chemical compositions shown in Table 1. The as-cast
alloy material was named 561. Subsequently, two distinct alloys were derived from the ‘561’
as-cast alloy. The first underwent annealing at 500 ◦C for 10 h, forming the as-annealed
alloy (A561). Meanwhile, the second underwent extrusion processing at a ratio of 10 and a
speed of 5 mm/s, leading to the creation of the as-extruded alloy (E561).

Table 1. Chemical compositions of the alloys determined by ICP.

Nominal Composition Actual Composition(wt.%)

Mg-5Gd-6Ni-1Y (wt.%)
Mg Gd Ni Y

Balance 5.32 6.85 0.78

Microstructural characterization was conducted using a Metallographic microscope
(OLYMPUS, BX53M, Olympus IMS, Tokyo, Japan), Scanning Electron Microscope (SEM,
ZEISS MERLIN COMPACT, UFZ, Leipzig, Germany) equipped with Energy Dispersive
Spectroscopy (EDS, Oxford instruments, Abingdon, UK), and Transmission Electron Mi-
croscopy (TEM, FEI Talos F200X, Thermo Fisher Scientific, Waltham, MA, USA). Specimens
intended for TEM analysis were initially sliced to a thickness of 0.5 mm and subsequently
ground down to 200 µm. These slices were then punched to 3 mm in diameter and thinned
further using ion polishing techniques (Gatan 691, Gatan, Pleasanton, CA, USA). In order
to ascertain the phase compositions of the alloy, XRD equipment (Rigaku SmartLab, Rigaku
Corporation, Tokyo, Japan) was used at 45 kV and 200 mA. The scanning step was 2◦/min
in the range (e.g., 2θ angle) from 20◦ to 80◦.

The corrosion properties of the experimental materials were investigated by immer-
sion and electrochemical experiments. Immersion experiments involved subjecting sam-
ples sized 20 × 20 × 20 mm to a 3.5 wt.% NaCl solution, whose dissolution rates were
meticulously examined at various temperatures, including room temperature, 50 ◦C, and
70 ◦C. These experiments provided crucial insights into the material’s response to corro-
sive environments across different thermal conditions. Electrochemical experiments were
conducted in 3.5 wt.% NaCl solution at room temperature utilizing an electrochemical
workstation (GAMRY, Reference 600+, Warminster, PA, USA). A meticulously calibrated
standard three-electrode system was established, with a saturated calomel electrode (SCE)
as the reference electrode. Open circle potential test (OCP) was carried out for 1800 s.,
Potentiodynamic polarization was carried out at a scan rate of 1 mV·s−1, at a potential
range of −300 mV to +700 mV relative to the OCP. Icorr is calculated according to the
fol-lowing formula. These meticulous electrochemical analyses provided comprehensive
in-sights into the material’s corrosion behavior and electrochemical response under con-
trolled conditions, facilitating a nuanced understanding of its performance in corrosive
environments.

Icorr=
Corrosion current

Sample area
(1)

An in situ approach was employed to comprehensively study the entire corrosion
process of the experimental materials. In order to enhance the observation of the corrosion
process, a 0.001% NaCl solution was selected to deliberately decelerate the corrosion rate.
The entire sample was fully immersed in the solution to isolate the influence of the liquid
film on the corrosion process. The localized volta potential distribution of the sample was
scanned and analyzed by the atomic force microscope with a Kelvin probe (AFM-KPFM,
Bruker Dimension Icon), and the scan parameters were meticulously set to a scan height
and frequency of 80 nm and 0.4 Hz, respectively.

The corrosion mechanism of the sample was studied by micro-electrochemical char-
acterization with an electrochemical workstation (GAMRY, Reference 600+). After being
cleaned with ethanol and deionized water, the photoresist was applied to the surface of the
polished sample in a specific array using the photolithographic mask technique. The array
pattern consisted of holes with a diameter of 10 µm and a pitch of 500 µm, which acted as



Metals 2023, 13, 1989 4 of 14

a part of the micro-electrochemical cell [23,24]. Figure 1 depicts the surface of the treated
sample. Since the previous results showed that the experimental material has a high rate of
corrosion in NaCl solution, the micro-electrochemical test was adjusted to use a Na2SO4
solution with a concentration of 0.001 mol/L and a silver chloride electrode was utilized.
The potentiodynamic polarization was performed over a potential range of −250 mV to
+250 mV relative to the OCP at a scan rate of 1 mV·s−1.
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The automated test platform for high throughput microelectrochemical characteriza-
tion of metallic materials was developed by Lai [25], and its schematic diagram is shown in
Figure 2. First, control the setup by choosing an interesting area with a microscope and
an XYZ stage, then inject the desired volume of electrolyte by syringe pump before the
working electrode (WE) surface approaches contact with the capillary tip, followed by
setting the parameters to start electrochemical tests. Ag-AgCl and Pt electrodes were used
as the reference (RE) and counter electrodes (CE), respectively.
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3. Results and Discussion
3.1. Microstructure

Figure 3 shows the XRD patterns of as-cast and heat-treated Mg-Gd-Ni-Y alloys.
Because the diffraction patterns of E561 did not change obviously after extrusion, only
the XRD patterns of the two alloys are given here. It can be seen that the alloy is mainly
composed of α-Mg, Mg2Ni and the LPSO phase.
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To confirm the structures of the LPSO phase, the 561 alloy was characterized by TEM,
as shown in Figure 4. The observed LPSO phase was identified as the 14H type. From
Figure 4a, a parallel distribution of fine, needle-like structures, which are distributed near
grain boundaries with different phase relationships, can be observed. These structures are
identified stacking faults (SFs) in magnesium alloys, representing crucial prerequisites for
the formation of LPSO phases.
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The optical microstructure of as-cast 561 (Figure 5a) shows that the alloy contains
two different types of second phases in addition to α-Mg. Phase 1, denoted by a brighter
color, is dispersed across the matrix surface by interconnected networks. Meanwhile,
Phase 2, appearing darker, exhibits dispersion as finer strips and particles, often superim-
posed on Phase 1. Additionally, isolated blocks of Phase 2 are observed within the matrix.
Notably, corrosion marks with pronounced directivity can be observed on the surface of
the specimen. Previous studies [15] have shown that the LPSO phases with a 14H structure
have a particular orientation, with precipitates within the same grain align-ing parallel.
However, owing to differing grain orientations, the corrosion-induced strip marks exhibit
varying distributions along different directions. It can be seen from Figure 5c,d that after
annealing at 500 ◦C for 10 h, the network structure decomposes, and the second phase
transforms into an island-like structure that exists in the matrix inde-pendently. Notably,
within A561, the count of distinct secondary phases increases from two to three. As for
E561, the microstructure still retains the as-cast network structure, but the massive second
phase is broken up into tiny dots, and the lamellar structure formed by these fragments has
a parallel orientation relationship among themselves.
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Figure 5. Optical Microstructure of 561 (a,b), A561 (c,d), and E561 (e,f).

The morphology and composition of the second phase are analyzed further by SEM in
Figures 6 and 7. Based on the statistical results by ImagePro, the content of the second phase
within the 561, A561, and E561 is determined to be 22.44%, 14.21% and 41.47%, respectively.
The EDS pattern in Figure 7 indicates that the network structure in the alloy is the LPSO
phase, which transforms into island structures distributed separately on the matrix after
annealing as the Ni content decreases. Compared with the LPSO phase, the Ni content
in the other second phase is higher, reaching around 16%. According to the XRD results
and related reports [26,27], these products are likely eutectic structures (ES) formed by the
Mg matrix, LPSO phase and Mg2Ni phase. Upon annealing, a notable transformation is
observed in Figure 6d, depicting the breakdown and transformation of the ES, along with
certain LPSO phases, into bulk Mg2Ni structures.
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3.2. Corrosion Properties

Figure 8 is a comparison chart of the dissolution rates at different temperatures of three
alloy materials in a 3.5% NaCl solution. It can be seen that the dissolution rate of the three
alloys increases greatly with the increase in temperature, mainly due to the strong galvanic
corrosion caused by Mg2Ni. The as-cast alloy 561 has the highest dissolution rate across all
tests, peaking at 241.21 mg·cm−2·h−1 at 70 ◦C. The dissolution rate of annealed alloy A561 is
only about a third of the as-cast alloy. Previous results showed that the second phase’s content
dropped by 8.2% after annealing, which is the main reason for the decrease in the dissolution
rate in the alloy A561. Furthermore, the extruded alloy E561 also exhibited a notable decrease
in dissolution rate compared to the as-cast 561 alloy, but remained higher than A561.
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Figure 9 depicts the corrosion surface morphologies of three alloys. In Figure 9a,
dis-cernibly, the corrosion exhibits greater severity at the periphery compared to the central
area surrounded by the network structure. This indicates a specific potential difference
between the matrix and the second phase, and the matrix with the lower potential serves
as the anode throughout the corrosion process. Consequently, the proximity to the second
phase accentuates the severity of the corrosion. Although the morphology after corrosion
varied, a similar phenomenon was also observed in E561 (Figure 9c). In addition, the
la-mellar structure of the LPSO phase with the 14H structure was observed in corroded
A561 (Figure 9b). These results suggest a correlation between the proximity to the second
phase, potential differences, and resulting corrosion severity.
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The polarization curve in a 3.5% NaCl solution at 25 ◦C is shown in Figure 10. It
can be seen that the three alloy materials did not exhibit passivation during the corrosion
process, which is a continuous corrosion process. This is mainly because the chloride ions
in the solution destroy the Mg(OH)2 film generated on the surface of the sample, thereby
allowing the corrosion to continue.
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As demonstrated in Table 2, the corrosion potential of the three alloys increases
sequentially. Alloy 561 exhibits the highest Ecorr, measured at −1.41 VSCE. However, Ecorr
mainly depicts the corrosion resistance, which can not evaluate the corrosion rate. It is the
Icorr that determines the corrosion rate. Although alloy A561 shows a lower Ecorr than alloy
E561, the latter exhibits a higher Icorr, correlating with a greater corrosion rate. Consistent
with the immersion test, the as-cast alloy 561, with the fastest dissolution rate, exhibited
the highest corrosion current density of 3811.94 µA·cm−2.

Table 2. Corrosion properties of the alloys.

Alloy Ecorr (VSCE) Icorr (µA·cm−2)

561 −1.43 3811.94
A561
E561

−1.41
−1.38

2496.99
2993.43

3.3. Corrosion Mechanism

Compared with as-cast and annealed alloys, the microstructure of extruded E561 is
more homogeneous, so it was chosen for the study of the corrosion mechanism.

Figure 11 shows the microstructure of the investigated area. From Figure 11b, it
can be seen that pitting corrosion begins to appear on the surface of the sample after
60 s of exposure. The pronounced corrosion affecting certain α-Mg regions is particularly
notice-able, evident as extensive blackened areas denoting severe corrosion. After 120 s, the
cor-rosion intensifies, presenting varied corrosion susceptibilities among the constituent
phases. In Figure 11c, it can be seen that the α-Mg region expands into adjacent areas. For
the massive LPSO phase and lamellar ES, only minor instances of pitting corrosion occur in
some areas.
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A comprehensive observation of the entire corrosion process reveals varying degrees
of susceptibility to corrosion among different components. Specifically, α-Mg exhibits
heightened sensitivity, with pitting corrosion rapidly developing and connecting into
patches, forming a large area of corrosion and continuously expanding outward. It is
inferred that there is a potential difference between α-Mg and other second phases, which
results in galvanic corrosion. The potential difference between the LPSO and ES phases
is smaller, so the corrosion rate is slower. During the experiment, the serious corrosion of
α-Mg is the main reason for the high dissolution rate of the material.

In addition, the network structure, comprising the LPSO and ES phases in the extruded
alloy, exhibits a relatively dense configuration. This network acts as a barrier, moderately
impeding the spread of the corrosion process. This barrier effect notably contributes to the
significant decrease in material dissolution rate observed after extrusion treatment [21].

In order to further examine the role of the LPSO phase and ES on the corrosion mech-
anism of magnesium alloy, the volta potential distributions of the alloy are shown in Fig-ure
12. This visualization aids in determining the cathodic or anodic behavior of the alloy
during the corrosion process. Figure 12a shows the microstructure of the scanning area.
In the surface potential map of Figure 12b, darker regions represent lower potentials. It
can be seen that the α-Mg region with the darkest color has the lowest potential among the
three constituent phases. Therefore, in the electrochemical system where corrosion oc-curs,
α-Mg with the lowest potential acts as an anode to accelerated dissolution. From the
potential distribution on the profile line in Figure 12b, the maximum potential difference
between the three phases reached 766 mV. Such a large potential difference will cause
serious galvanic corrosion in the dissolution process. This result highlights the significant
potential differences and their direct correlation with the observed galvanic corrosion,
supporting our earlier hypotheses.
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Following the determination of potential levels of the ES and LPSO phase, differ-
ent electrochemical systems during the corrosion process were individually investigated
through micro-electrochemical characterization.

The mixed structure comprising the LPSO phase and ES is shown in Figure 13a, while
Figure 13b shows the area mainly composed of the α-Mg. A comparison between the pre-
experimental and post-experimental conditions of the test sites reveals extensive corrosion
in these regions. According to Tafel curve extrapolation in Figure 14, the corrosion potentials
of the aforementioned areas were −0.481 VAg/AgCl and −1.394 VAg/AgCl, respectively, with
the corrosion current densities measuring 2.07 × 10−8 mA·cm−2 and 5.41 × 10−8 mA·cm−2

respectively. Even with a limited presence of the LPSO phase and ES, the electrochemical
system comprising these phases along with α-Mg showed a corrosion current density
approximately 2.7 times higher than its original value. These results indicate that the
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regions with three mixed phases exhibit a lower potential and a higher corrosion current
density during the corrosion process, which means that these regions had a faster corrosion
rate and significantly contributed to the total corrosion rate.
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This micro-electrochemical analysis underscores the distinct electrochemical behavior
observed in regions with different alloy phases during the corrosion process, emphasizing
the substantial impact of mixed-phase regions on corrosion kinetics and the resultant
overall corrosion rate.
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3.4. General Discussion

Based on the experimental findings above, the phase composition of the alloy re-
mained unchanged after annealing. However, a notable reduction in the dissolution rate,
compared to the as-cast alloy, was observed. Previous studies indicated an increased
dis-solution rate after annealing [21,28]. They suggested that the increase in corrosion rate
after annealing is partly due to the decomposition of the network structure formed by the
LPSO phase, which cannot continue to serve as a barrier to hinder the spread of corrosion.
Furthermore, certain LPSO phases with the 18R structure transformed into lamellar 14H
structures after annealing, providing additional corrosion propagation pathways. How-
ever, our investigation presented a contrary outcome.

In our research, the as-cast alloy has already exhibited a 14H LPSO phase character-
ized by a lamellar structure. Therefore, the increase in the corrosion rate cannot be at-
tributed to the increasing corrosion propagation pathways. According to Figures 9 and 11,
a severe corrosion attack was observed in the α-Mg phase area, indicating that the network
structure in our research did indeed serve as a barrier, but cannot effectively prevent
the spread of corrosion. Compared to the extruded alloy, the network structure in the
as-cast alloy is more porous. This increases the contact area between different phases, thus
promoting the galvanic corrosion process. Analysis through SKPFM (Figure 12) revealed
that the potential difference between the second phases and the substrate reaches over
700 mV, indicating a strong galvanic corrosion tendency among this network structure.
The micro-electrochemical system comprised of three phases exhibited a lower corrosion
potential and higher corrosion current density, as shown in Figure 14, indicating that
the dominance of the galvanic corrosion effect significantly influences the corrosion rate.
After annealing, the content of the second phases in the alloy decreased by around 36%,
significantly weakening the galvanic corrosion effect and reducing the corrosion rate.

4. Conclusions

The Mg-5Gd-6Ni-1Y alloy mainly comprises α-Mg, a LPSO phase, and ES (Eutec-
tic structure formed by α-Mg, LPSO phase, and Mg2Ni). These secondary phases are
intricately interwoven within the substrate, forming a network structure. Upon anneal-
ing, this network structure underwent decomposition, transforming into an island-like
configuration.

At room temperature in 3.5 wt.% NaCl, the as-cast alloy exhibited an exceptionally
high dissolution rate, measured at 55.85 ± 13 mg/h−1·cm−2. With the Subsequent rise in
temperature, the dissolution rate exhibited a further increase. However, after annealing, the
reduction in the content of the second phase correlated with a decline in the dissolution rate.
Furthermore, after extrusion, the network structure of the second phase became denser, to
some extent impeding the diffusion of the corrosion.

Regarding electrochemical behavior, the potential level among the three constituent
phases reveals ES > LPSO phase > α-Mg, where α-Mg is prone to accelerated dissolution
due to the galvanic effect. Notably, the electrochemical system comprising α-Mg, ES, and
an LPSO phase demonstrated a higher corrosion current density, serving as the primary
contributing factor to the comparatively larger dissolution rate exhibited by the Mg-5Gd-
6Ni-1Y alloy.
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