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Abstract: The influence of transition metals (Ni and Zn) on the formation, morphology, and thermal
stability of long-period stacking ordered (LPSO) phases in Mg97Er2Ni1 and Mg97Er2Zn1 alloys was
investigated. In the as-cast state, both alloys consist of α-Mg and LPSO phases. Heat treatment at
540 ◦C for 20 h dissolves block-like and lamellar LPSO phases into the α-Mg matrix in the Mg97Er2Zn1

alloy, with lamellar LPSO phases reprecipitating during subsequent cooling from 540 ◦C to 400 ◦C.
Comparative analysis shows that Ni significantly enhances the thermal stability of the LPSO phase
compared to Zn. Ni favors the formation of block-shaped LPSO phases, while Zn facilitates lamellar
LPSO precipitation within the α-Mg matrix. The LPSO phase in the Mg97Er2Ni1 alloy exhibits
an exceptionally high melting temperature of 605 ◦C, the highest reported for an LPSO phase.
Additionally, heat treatment at 500 ◦C for 100 h preserves the area fraction of the LPSO phase in
the Mg97Er2Ni1 alloy, and at 540 ◦C for 100 h, the LPSO grains grow without phase dissolution or
structural transformation of their 18R-type configuration. These findings provide valuable insights
into the role of alloying transition metal elements in controlling the stability and morphology of LPSO
phases, offering pathways for tailoring the morphology of the LPSO phase in the Mg-based alloys.

Keywords: magnesium; Mg-Er-Ni; Mg-Er-Zn; long period stacking order phase (LPSO)

1. Introduction

Magnesium (Mg) alloys are widely valued for their lightweight nature and excel-
lent specific strength, making them ideal for applications in aerospace, automotive, and
biomedical fields [1–5]. Among Mg-based alloy systems, Mg-RE (rare earth metal) alloys
are renowned for their high strength and excellent corrosion resistance [3,4]. The addition
of transition metals (TMs, such as Zn, Ni, or Cu) [6–15] or aluminum (Al) [16–18] to Mg-RE
alloys can result in the formation of a secondary phase with a long-period stacking ordered
(LPSO) structure. The LPSO phase imparts Mg-RE-TM or Mg-RE-Al alloys with unique
mechanical properties [19–23] and corrosion behaviors [15,24–30]. As secondary phases, the
LPSO phases influence the mechanical and corrosion properties of Mg-RE-TM or Mg-RE-Al
alloys through their structure, morphology, amount, and distribution.

The morphology of the LPSO phase, typically manifesting as block-like or lamellar
shapes, is a critical factor influencing the mechanical and corrosion properties of Mg-based
alloys. Mechanically, block-like LPSO phases distributed along grain boundaries pro-
mote isometric crystal grains, enhancing ductility, as observed in Mg-Gd-Er-Zn-Zr alloys,
while lamellar LPSO phases within grain interiors form strip-shaped grains, improving
strength [19]. In Mg94Y3Ni3 (at%) alloys, block-shaped LPSO phases aligned along the ex-
trusion direction support the alloys to achieve a tensile yield strength of up to 502 MPa [20].
Similarly, in Mg-Y-Zn alloys, the blocky LPSO phase strengthens the alloy through strong
basal fiber texture and deformation kink bands [21]. In contrast, the lamellar LPSO phase
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enhances ultimate tensile strength and elongation via kink deformation while simulta-
neously improving damping capacity and mechanical properties in Mg-Gd-Y-Zn-Zr-Nd
alloys [22]. Regarding corrosion behavior, the continuous distribution of blocky LPSO
phases with moderate volume fractions minimizes corrosion rates in Mg-Zn-Y alloys [25],
and lamellar LPSO phases promote uniform corrosion, reducing rates in Mg-Gd-Zn-Zr
alloys [26]. However, lamellar LPSO phases can increase corrosion rates in Mg-Gd-Ni
alloys by raising the cathodic phase fraction [27]. Morphological changes in blocky phases,
such as transitioning from a continuous network to disordered rods in Mg-7.2Y-2.8Ni
alloys, raise degradation rates by 27% [28]. Similarly, in Mg-Er-Gd-Ni alloys, continuous
blocky networks act as corrosion barriers, while streamlined LPSO phases weaken this
effect [29]. In MgGd3Ni3 (at%) alloys, transforming continuous blocky LPSO phases into
discontinuous rod-like and lamellar forms increases corrosion rates by 58.1%, driven by
changes in corrosion pathways and increased galvanic corrosion sites [30]. These findings
highlight the key role of LPSO morphology in optimizing the mechanical and corrosion
performance of Mg-based alloys.

Heat treatment is an important strategy to tailor the formation and morphology of the
LSPO phases [19,22,31–36]. Ding [34] demonstrated that in the Mg96.32Gd2.5Zn1Zr0.18 alloy,
a heat treatment at 500 ◦C transformed (Mg,Zn)3Gd into blocky LPSO phases. Wang [19]
reported a similar transformation of the (Mg,Zn)3(Gd,Er) phase at grain boundaries
into blocky LPSO phases in as-cast Mg-Gd-Er-Zn-Zr alloys after heat treatment between
400 ◦C and 515 ◦C. Li [35] demonstrated that in the Mg-10Gd-3Y-1.2Zn-0.4Zr (wt%) alloy,
heat treatment at 525 ◦C gradually dissolved blocky LPSO phases. Dang [22] showed that in
the Mg-10Gd-2Y-1Zn-0.5Zr-0.2Nd (wt%) alloy, no LPSO phase formed after heat treatment
at 540 ◦C for 4 h, but lamellar LPSO phases emerged during subsequent heat treatment at
450 ◦C for 10 h. Wu [36] observed that in a Mg-10Gd-1Zn-0.5Zr (wt%) alloy, solution
treatment at 460 ◦C for 12 h eliminated the lamellar LPSO phase, forming blocky LPSO
phases at grain boundaries. Further heat treatment at 500 ◦C for 12 h dissolved the blocky
phases, and subsequent solution treatment at 420 ◦C for 1 h resulted in uniform lamellar
LPSO phases within the α-Mg matrix. These findings also imply that thermal stability
of the LPSO phase at elevated temperatures is crucial in determining the morphology of
the LPSO phase during the heat treatment. Yin [10] obtained a highly stable blocky LPSO
phase, which can hardly dissolve into the α-Mg matrix at 500 ◦C, by introducing Ni element
into the Mg-Gd alloy, suggesting that the thermal stability of the LPSO phase strongly
depends on Ni element. Liu [8] reported that a replacement of Ni for Zn in the Mg94Y4Zn2
(at%) alloy resulted in an increase in the melting temperature of the LPSO phase from
547.5 ◦C to 571.1 ◦C, showing thermal stability enhancement for the LPSO phase. However,
the underlying mechanism of how Ni or Zn affects the formation and thermal stability of
the LPSO phase remains unclear.

Recently, Mg-Er-Ni alloys have garnered significant interest due to their high strength
and rapid corrosion rate, making them promising candidates for fracture tools in the oil
industry [37–40]. The mechanical properties and corrosion behaviors of Mg-Er-Ni alloys
are strongly influenced by the morphology of the LPSO phase. Therefore, Mg-Er-Ni alloy
was chosen as the material of study to compare with Mg-Er-Zn alloy, aiming to better
understand how Ni and Zn influence the morphology of the LPSO phase during heat
treatment, offering new insights into tailoring LPSO phase morphology.

2. Experimental Procedure

The Mg97Er2Ni1 and Mg97Er2Zn1 (at%) alloys were fabricated using pure magnesium
(Mg), erbium (Er), nickel (Ni), and zinc (Zn), each with a purity exceeding 99.9 wt%. Ac-
cording to the weight ratio of the alloy composition, pure metal materials of Mg, Er, Ni, or
Zn were prepared. After removing surface oxides from the pure metal materials, the metals
were placed into a graphite crucible. Using high-frequency induction heating, the metals
were melted and thoroughly mixed. The temperature was maintained at approximately
750 ◦C for 30 min, followed by natural cooling to room temperature in the graphite cru-
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cible to obtain the as-cast alloy ingot. The samples, with dimensions of approximately
10 mm × 10 mm × 8 mm, were cut from the as-cast alloy ingot for heat treatment. The heat
treatments were conducted in an argon-protected furnace.

X-ray diffraction (XRD; D8 Advance, Bruker AXS, Karlsruhe, Germany) was per-
formed using monochromatic Cu Kα radiation for phase identification at a scanning speed
of 10◦/min. Scanning electron microscopy (SEM; FEI Quanta 200, Hillsboro, OR, USA),
equipped with energy-dispersive spectroscopy (EDS; Oxford IE250X-Max50, Abingdon,
Oxfordshire, UK), was used to analyze the microstructure and phase compositions. Trans-
mission electron microscopy (TEM; FEI Tecnai G2 F20, Eindhoven, The Netherlands) was
employed to identify the structure of the LPSO phase. Differential thermal analysis (DTA;
Diamond TG/DTA, PerkinElmer, Shelton, CT, USA) was conducted at a heating rate of
10 ◦C/min to assess the thermal behavior of the alloys.

SEM samples were polished using SiC grinding paper and then etched for less than
10 s in a 4% nitric acid in ethanol solution before observation. Energy-dispersive spec-
troscopy (EDS) analysis was conducted using an acceleration voltage of 20 kV and a
working distance of about 10 mm. TEM samples were prepared by wire-cutting the ingot
into thin slices (~1 mm thick), mechanically grinding them to a thickness of ~100 µm, and
then punching out 3 mm diameter disks from the pre-ground slices, which were then
thinned using an ion beam for final preparation. The area fraction of the LPSO phase was
evaluated by counting the number of pixels in the SEM images.

3. Results and Discussion
3.1. Dual-Phase Microstructure in As-Cast Alloys

Both as-cast Mg97Er2Ni1 and Mg97Er2Zn1 alloys exhibit the dual-phase microstructure,
as confirmed by X-ray diffraction (XRD) and electron microscopy (EM) characterization.
Figure 1 shows the XRD patterns of as-cast Mg97Er2Ni1 and Mg97Er2Zn1 alloys, with the
peak presence corresponding to both α-Mg and LPSO phase. The corresponding SEM
images and EDS results are shown in Figure 2, presenting dendrite-like α-Mg matrix (dark
area) and interconnected networks of block-like LPSO phase (light area). The measured
area fractions of block-like LPSO phases in the network were ~39% for the Mg97Er2Ni1
alloy and ~18% for the Mg97Er2Zn1 alloy.
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Figure 2. SEM images of the as-cast alloys: (a,c) Mg97Er2Ni1 and (b,d) Mg97Er2Zn1, along with
(e) the corresponding EDS results.

Alongside interconnected networks of block-like LPSO phases, fine lamellar struc-
tures were observed within the α-Mg grains of the Mg97Er2Zn1 alloy. These fine lamellar
structures appear as needle-like features in light gray in Figure 2d, further supported by
the corresponding EDX spectra shown in Figure 2e. The characteristics of lamellar LPSO
phases embedded within the α-Mg grains suggest that the lamellar LPSO phase precipitates
within the α-Mg grains during solidification. On the other hand, these lamellar structures
were absent in the Mg97Er2Ni1 alloy, as indicated by the morphology of Area A in Figure 2c
and corresponding EDS results in Figure 2e, showing that no Ni element was detected in
the α-Mg matrix.

It is known that the formation of LPSO structure requests the co-segregation of rare-
earth (RE) elements and transition metals (TM, such as Ni or Zn) [6–15]. According to
the Mg-Ni binary phase diagram, the maximum solid solubility of Ni in Mg is nearly
zero across the temperature range from room temperature to 506 ◦C. In contrast, the Mg-
Zn binary phase diagram shows a maximum solid solubility of Zn in Mg of 2.4 at% at
325 ◦C. As a result, during solidification, Ni atoms can be hardly incorporated into the α-Mg
solid. This is consistent with the abovementioned fact that no Ni element was detected
in the α-Mg matrix of the Mg97Er2Ni1 alloy. However, Zn atoms could diffuse into α-Mg
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and enable the formation of the LPSO phase within the α-Mg grains. This is evident by
the morphology of the lamellar LPSO phase within the α-Mg grains of the Mg97Er2Zn1
alloy shown in Figure 2d and the EDS result of the α-Mg grain (Mg-1.66 at%Er-0.19 at%Zn)
in Figure 2e. This highlights a critical influence of the solubility of transitional metal
elements in α-Mg on tailoring LPSO morphology, that is, Ni promotes block-like LPSO
phase formation, while Zn enables both block-like and lamellae-like LPSO phases.

3.2. Thermal Stability of Involved LPSO Phases

The thermal behaviors of as-cast Mg97Er2Ni1 and Mg97Er2Zn1 alloys were investigated
using differential thermal analysis (DTA), as shown in Figure 3. Both alloys exhibit two
endothermic peaks. According to our previous study [10], the first peak corresponds to
the melting of the LPSO phase, and the second one means the melting of the α-Mg phase.
It is noted that the melting temperature of the LPSO phase in the Mg97Er2Ni1 alloy is as
high as 605 ◦C, which is 57 ◦C higher than that of the LPSO phase in the Mg97Er2Zn1
alloy. This represents the highest melting temperature for an LPSO phase reported to date,
significantly exceeding 528 ◦C for the LPSO phase in a Mg-Gd-Zn alloy [34], 550 ◦C for the
LPSO phase in Mg-Y-Zn alloys [41], and 540 ◦C for the LPSO phase in Mg-Gd-Ni alloys [10].
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The second peak, corresponding to the melting of α-Mg, is almost identical for both
as-cast Mg97Er2Ni1 and as-cast Mg97Er2Zn1 alloys, suggesting that the RE and TM solutes
have negligible influence on the melting of α-Mg. As the thermal analysis was conducted
on the as-cast alloys, the phase transitions observed during heating can be considered
the reverse process of solidification. During solidification, Mg enriched with RE and TM
elements to its solubility limit initially precipitates as the dendritic α-Mg matrix from the
molten liquid. It should be noted that Ni, which has very limited solubility in α-Mg, tends
to stay exclusively in the remaining liquid, in contrast to Zn, which distributes between the
α-Mg and the remaining liquid. The remaining liquid solidifies to form the LPSO phase
between the α-Mg dendrites, resulting in a blocky LPSO network. In the meantime, within
the α-Mg grains of as-cast Mg97Er2Zn1 alloy, the lamellar LPSO phase precipitates as the
presence of both Er and Zn. The thermal stability of LPSO phases and the speculated phase
transitions were further examined by characterizing the microstructure and its evolution
over the heat treatment temperatures ranging from 500 ◦C to 540 ◦C.
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3.3. Microstructure Evolution During Heat Treatment

To investigate the microstructure evolution of Mg97Er2Ni1 and Mg97Er2Zn1 alloys
during heat treatment, the as-cast alloys were subjected to heat treatments at temperatures
near the phase transition ranges of typical LPSO phases. The two alloys were heat-treated
at 540 ◦C for 20 h and then cooled down to 400 ◦C in the furnace, followed by quenching in
the water.

Figure 4 presents the SEM images and corresponding EDS results of the heat-treated
Mg97Er2Ni1 and Mg97Er2Zn1 alloys at 540 ◦C for 20 h. Compared to the as-cast alloy, the
heat-treated Mg97Er2Ni1 alloy is still composed of two phases of α-Mg and LPSO phase.
The area fraction of the block-like LPSO phase is about ~37%, almost the same as the as-cast
alloy; however, the morphology of the LPSO slightly changes, with the edges becoming
more rounded. No Ni element was detected within the α-Mg matrix, as evidenced by the
EDS result from Area A in Figure 4e. In contrast, the morphology of the LPSO phase has
significant changes in the heat-treated Mg97Er2Zn1 alloy, where the as-cast bulky LPSO
phase network was broken. Enlarged SEM image (Figure 4d) and EDS result (Figure 4e)
show that except for α-Mg and LPSO phases, there are Zn-rich particle phase formed, as
illustrated by the black arrows in Figure 4d. Interestingly, no Zn was detected in α-Mg
matrix, as evidenced by the composition of Mg-2.67 at%Er within Area E in α-Mg of the
heat-treated Mg97Er2Zn1 alloy. This suggests that during the heat treatment at 540 ◦C, Zn
atoms tend to segregate into the LPSO phase or Zn-rich particle phase instead of α-Mg.
Compared to the as-cast Mg97Er2Zn1 alloy, no lamellar structure was observed in the α-Mg,
as shown in Figure 4d, which should be attributed to the absence of Zn in the α-Mg matrix.
This indicates that the heat treatment at 540 ◦C could enable the lamellar the LPSO phase to
dissolve into the α-Mg matrix. In addition, the area fraction of the block-like LPSO phase
in the heat-treated Mg97Er2Zn1 alloy was measured to be ~9%, which is much less than
~18% for the as-cast Mg97Er2Zn1 alloy. This suggests that the block-like LPSO phase in the
Mg97Er2Zn1 alloy is unstable and could dissolve into α-Mg.

Figure 5 shows the SEM images and corresponding EDS results of the Mg97Er2Ni1 and
Mg97Er2Zn1 alloys cooled in the furnace to 400 ◦C after a heat treatment at 540 ◦C for 20 h.
No obvious change was observed in the Mg97Er2Ni1 alloy. However, in the Mg97Er2Zn1
alloy, within the α-Mg grains, lamellar structure was observed, which suggests that the
lamellar LPSO phase precipitates during the cooling from 540 ◦C to 400 ◦C. It is expected
that upon cooling from 540 ◦C, the Zn atoms in the LPSO phase will diffuse into the α-Mg,
enabling the formation of lamellar LPSO phase within α-Mg grains. As demonstrated
above, a proper heat treatment could regulate not only the morphology of the LPSO phase
but also its spatial distribution in the Mg97Er2Zn1 alloy.

3.4. High Thermal Stability of LPSO Phase in a Mg97Er2Ni1 Alloy

As indicated in the DTA analysis in Figure 2, the LPSO phase in the Mg97Er2Ni1
alloy exhibits high thermal stability, corresponding to its phase transition temperature. To
further confirm this, as-cast Mg97Er2Ni1 samples were heat-treated at 500 ◦C and 540 ◦C for
100 h each.

Figure 6 compares the microstructures of the as-cast Mg97Er2Ni1 alloy (denoted as
the ACNi alloy), the alloy after heat treatment at 500 ◦C for 100 h (denoted as the 500Ni
alloy), and the alloy after heat treatment at 540 ◦C for 100 h (denoted as the 540Ni alloy).
The microstructure of the 500Ni alloy exhibits slight differences compared to the ACNi
alloy, with both alloys showing nearly identical area fractions of the LPSO network (~39%).
However, a detailed inspection of the enlarged SEM images in Figure 6b,d reveals that the
edges of the LPSO phases in the 500Ni alloy are more rounded, suggesting that a degree of
homogenization has occurred during the heat treatment at 500 ◦C.
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In contrast, the microstructure of the 540Ni alloy shows significant changes compared
to the ACNi and 500Ni alloys. Specifically, the number of thin LPSO network branches
decreases markedly, and these thin branches are rarely observed in the 540Ni alloy. This
indicates that the thinner LPSO structures are less stable at 540 ◦C. These observations
suggest that the LPSO phase in the Mg97Er2Ni1 alloy is relatively stable at 500 ◦C but
undergoes noticeable change at 540 ◦C.
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(e) the corresponding EDS results.

The area fraction of the LPSO phase in the 540Ni alloy was measured to be ~36%,
slightly lower than the ~39% observed for the ACNi and 500Ni alloys. This slight reduction
in area fraction cannot be attributed to the dissolution of the LPSO phase into the α-Mg
matrix. Figure 6g presents the EDS analysis of the 500Ni and 540Ni alloys, which indicates
that no Ni was detected in the α-Mg matrix of either alloy, consistent with the results for
the ACNi alloy shown in Figure 2e. This confirms that no Ni was dissolved into the α-Mg,
and consequently, no LPSO phase dissolved into the matrix.
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for the heat-treated alloys are presented in (g).

According to the Mg-Ni binary phase diagram, the eutectic temperature is 506 ◦C, and
the solid solubility of Ni in Mg remains nearly zero from room temperature up to 506 ◦C.
As a result, Ni atoms have very limited mobility and cannot easily diffuse into the α-Mg
below 506 ◦C, which explains why the LPSO phase remains highly stable at 500 ◦C and
why the thin LPSO branches persist even after 100 h of heat treatment.

Above 506 ◦C, however, Ni becomes more active and capable of diffusion. During
heat treatment at 540 ◦C, this increased diffusion likely facilitates the growth of the LPSO
phase. Thin LPSO branches may diffuse into adjacent LPSO structures, promoting their
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thickening and coalescence. This phenomenon is supported by the observation in Figure 6e,
where the LPSO network branches in the 540Ni alloy appear wider than those in the ACNi
and 500Ni alloys. Therefore, the slight reduction in the area fraction of the LPSO phase
in the 540Ni alloy compared to the ACNi alloy can be attributed to short-range diffusion
within the LPSO structure, leading to its growth and redistribution. This also suggested a
new way to tailor the morphology of the LPSO phase by controlling the diffusion of TM
solutes at varying temperatures.

The LPSO structures in the ACNi and 540Ni alloys were analyzed using TEM. Figure 7
presents high-resolution TEM images and the corresponding SAED patterns along the
[1120]Mg direction of the LPSO phases. In both TEM images, the atomic arrangement
exhibits a periodic interval of approximately 1.57 nm, corresponding to six close-packed
atomic layers. These layers form one of three six-layer building blocks (ABABCA) that
make up the unit cell of the 18R structure [7]. The SAED patterns for both alloys reveal
five extra diffraction spots positioned between the direct beam and the (0002)Mg reflection,
characteristic of the 18R structure [7]. These observations confirm that the LPSO phase in
both the ACNi and 540Ni alloys maintains an 18R configuration. The consistency in the
structure between the two alloys indicates that heat treatment at 540 ◦C does not alter the
type of LPSO phase in the Mg97Er2Ni1 alloy.
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Figure 7. High-resolution TEM image and corresponding SAED pattern of the LPSO phase in the
Mg97Er2Ni1 alloys: (a,b) as-cast; (c,d) heat-treated alloys at 540 ◦C for 100 h. The electron beam is
parallel to [1120] of the α-Mg.

4. Conclusions

(1) In the as-cast state, both Mg97Er2Ni1 and Mg97Er2Zn1 alloys are composed of α-Mg
and LPSO phases. Heat treatment at 540 ◦C for 20 h leads to the dissolution of both
block-like and lamellar LPSO phases into the α-Mg matrix in the Mg97Er2Zn1 alloy.
During subsequent cooling from 540 ◦C to 400 ◦C, lamellar LPSO phases precipitate
within the α-Mg grains.

(2) The LPSO phase in the Mg97Er2Ni1 alloy exhibits an exceptionally high melting
temperature of 605 ◦C, indicating superior thermal stability. After heat treatment at
500 ◦C for 100 h, the area fraction of the LPSO phase remains unchanged, underscoring
its stability at 500 ◦C. At 540 ◦C, heat treatment promotes the growth of LPSO grains
rather than dissolving the LPSO phase or altering its 18R-type structure. This indicates
that elevated-temperature heat treatments can effectively modify the morphology of
the LPSO phase without reducing its area fraction.
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(3) Comparative heat treatment results demonstrate that Ni is more effective than Zn
in enhancing the thermal stability of the LPSO phase. Ni promotes the formation of
block-shaped LPSO phases, while Zn facilitates the precipitation of lamella-shaped
LPSO phases within the α-Mg matrix, suggesting a way to tailor the morphology of
the LPSO phase by adjusting the Ni or Zn elements.

These findings provide insights into the influence of alloying transition metal elements
on the thermal stability and morphology of LPSO phases, offering potential pathways for
tailoring the morphology of the LPSO phase in Mg-based alloys.
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