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Abstract: A laser surface melting (LSM) technology was applied to enhancing the corrosion resistance of a Mg—Zn—Y
alloy containing large and discontinuous long-period stacking-ordered (LPSO) phases. The microstructural evolution
and solidification behavior of this alloy during LSM were studied. It was demonstrated that the significantly reduced
corrosion rate of the alloy after LSM, can be attributed to the disappearance of the original micron-sized LPSO phase
and a decrease in the grain size from 300 to 15 um. The refined grains were composed of three adjacent zones, namely
the f eutectic phase zone, the W phase zone, and the lamellar structures zone, which formed sequentially during the
rapid cooling process. The dendritic lamellae grew along the basal plane of the magnesium matrix and were separated
by supersaturated a-Mg phases. Ultimately, the disappearance of large primary batteries and grain refinement improved
the corrosion resistance of the Mg—Zn—Y alloy.
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1 Introduction

Magnesium (Mg) and its alloys have garnered
significant attention because of the increasing
demand for lightweight structural materials
in the global aerospace and land transportation
industries [1-3]. However, Mg alloys tend to
exhibit a poor corrosion resistance, a low ductility,
and a low strength compared to other structural
metals, which limits their application [4,5]. The
mechanical properties of Mg alloys are typically
improved by utilizing the fine-grain reinforcement
or the reinforcing effect of the secondary

phase [6—11]. However, these methods have not
significant effect on the corrosion resistance of Mg
alloys [12—14].

The corrosion resistance characteristics of Mg
alloys are often associated with the activity of the
Mg, the distribution of the surface microstructure,
and the protective capacity of the surface layer [15].
Mg alloys can be rendered more corrosion resistant
by altering the distribution state of the micro-
galvanic cells that form on the alloy surface during
corrosion [16,17], by enriching the surface of the
alloy with beneficial solute elements such as Al
and Zn [18,19], or by inducing the formation of
coatings on the surface [20—22]. For example, upon
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the addition of rare earth elements, the distribution
of the metallographic organization of the Mg alloy
can be altered. This resulted in finer and more
uniformly distributed primary cell characteristics,
thereby reducing the redox effect of the galvanic
coupling [23]. In addition, the gradient-layered
structure formed by high-temperature treatment on
the surface of the WE43 Mg alloy was found to
play a significant role in improving its corrosion
resistance [24]. It has also been reported that
plasma electrolytic oxidation produced an Al-rich,
low-porosity, corrosion-resistant dense layer with
an average thickness of 50 pm on the surface of the
AZ91 Mg alloy in an alkaline phosphate—aluminate
electrolyte [25]. However, these conventional
methods are complex and time-consuming.

As a possible alternative to conventional
methods, laser surface melting (LSM) has attracted
extensive attention because of its various
advantages, including fast and flexible processing,
facile automation, excellent reproducibility, and no
requirement for surface pretreatment [26,27]. In
addition, LSM is an efficient approach for altering
the surface microstructures and enhancing the
corrosion resistance properties of metallic materials
via two key mechanisms. In the first mechanism, a
passivation film was formed on the alloy surface by
LSM, such as in the case of the AZ31 alloy, whose
surface was enriched with Al after LSM. Since Al
element was more likely to form a passivation film,
the corrosion rate of the alloy was reduced [28]. In
the second mechanism, a melted layer was formed
on the surface of the alloy using LSM. After LSM,
the average grain size of the AZ91D alloy was
found to decrease from 200 to 2 pm, and the
original discontinuously distributed large f-Mgi7Al
phase became extremely small and distributed
continuously in a network structure along grain
boundaries. The grain refinement and the presence
of small f-Mgi7Ali» phases led to a homogeneous
distribution of the surface potential, and separated
Mg from the corrosive medium to enhance the
corrosion resistance of the alloy [29]. It has also
been reported that the corrosion resistances of
AM60B and WEA43 alloys were enhanced after
LSM, following a mechanism similar to that of the
AZ91D alloy, which involved enriching alloy
elements in the a-Mg matrix, refining grains, and
redistributing secondary phases within the modified
layer [30,31].

Owing to their favorable mechanical properties
at both room temperature and high temperatures,
Mg alloys containing the long-period stacking
ordered (LPSO) phase have been a focal point of
research over the past few decades. It has been
reported that the LPSO blocks presented in the
as-cast alloy transform into lamellar or rod-shaped
morphologies after various heat treatments [32].
These structures exhibit various deformation
mechanisms and significantly improve the
mechanical properties of the Mg alloys [33,34].
However, the corrosion resistance properties of
Mg alloys are negatively affected by the LPSO
phase [35]. Since the electrode potential of the
LPSO phase is higher than that of the a-Mg
phase [36], it will act as a cathode to accelerate the
corrosion process of the Mg alloys, with the
corrosion rate increasing with an increasing volume
fraction of the LPSO phase [37]. Although the
corrosion resistances of Mg alloys have been
enhanced by altering the morphology of the LPSO
phase [38,39], Mg alloys containing discontinuous
or large LPSO phases still encounter significant
corrosion issues.

The purpose of this work was therefore to
refine the LPSO phase on the surface of the
Mg—Zn-Y alloy by LSM, reduce the size of large
primary batteries composed of large LPSO phases
and Mg grains, and refine the grains to enhance
the corrosion resistance. Electrochemical and
immersion tests conducted to analyze
the surface electrochemical characteristics and
corrosion properties of the Mg—Zn—Y alloy after
LSM. By investigating the microstructural
transition during LSM, including the changes in the
grain size, grain shape, and phase transformation,
the influences of fast cooling on the microstructure
and phase were analyzed. Furthermore, the
mechanism responsible for the enhanced corrosion
resistance was investigated.

WEre

2 Experimental

2.1 Material preparation

The Mgy;Zn;Y> (at.%) alloy was prepared by
melting high purity Mg, Zn, and a Mg—30wt.%Y
master alloy in an ordinary resistance furnace.
The dimensions of the as-cast ingot were
about d50 mm x 200 mm. Subsequently, 10 mm x
10 mm x 10 mm cuboids were cut from the cast
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alloy and successively ground using 1000* and
2000 SiC sandpapers, polished with 1 pm-grit
diamond polishing paste, and then subjected to laser
treatment, as outlined schematically in Fig. 1.

e
g
NS

(¢}

Y At SELLLCC )
0 l dArgon i
aser-melted surface
Steel e tC uraee Steel
ﬁXture Substrate ﬁxture

Fig. 1 Schematic diagram of LSM experiment

More specifically, for the LSM experiment, a
YLR—-1000—SM fiber laser (IPG, Germany) was
employed with argon serving as the shielding gas.
The sample surface was scanned by the laser with
a focus diameter of 28 um and a 1 mm defocus.
To ensure the homogeneity of the surface
microstructure, the overlap rates of the laser in both
the transverse (Rx) and longitudinal (Ry) directions
were set to 10%. Ry and Ry were calculated using
Egs. (1) and (2), which are based on the laser focus
diameter (d), the laser frequency (f), the laser
movement speed in the transverse X-direction (vy),
and the row spacing in the longitudinal Y-direction
(Ly), as follows:

RX:[(d—V;j/d]xloo%zlo% (1)

g 4L

x100% ~ 10% )

The samples were categorized into four groups,
namely the as-cast sample (as-cast), the 150 W
laser-treated sample (S150), the 160 W laser-treated
sample (S160), and the 170 W laser-treated sample
(S170). The laser processing parameters employed
in the current LSM experiments are listed in
Table 1.

2.2 Electrochemical testing
Electrochemical testing was conducted using a

Table 1 Parameters used in LSM experiments

Princeton multichannel electrochemical workstation
(PARSTAT MC, USA) equipped with a Versa-
Studio software in a 3.5 wt.% NaCl solution at
20-30 °C. A classical three-electrode system was
employed, with a platinum electrode as the auxiliary
electrode and a saturated calomel electrode as the
reference electrode. The samples were embedded in
acrylic adhesives, and the laser-treated surface of
1 cm? was used as the working electrode.

Electrochemical impedance spectroscopy (EIS)
measurements were performed potentiostatically
in a 3.5 wt.% NaCl solution at the open circuit
potential (OCP). The frequency range was set from
100 kHz to 0.1 Hz, and a sinusoidal waveform with
an amplitude of 10 mV was applied, collecting 10
points per decade at a scan rate of 5 mV/s. The EIS
spectra were fitted using the ZView2 software. The
potentiodynamic polarization tests were performed
over a potential range of £300 mV relative to the
OCP at a scan rate of 1 mV/s.

2.3 Immersion testing

The as-cast and laser-treated samples were
encapsulated with acrylic adhesives for cold setting,
exposing only the test area (1 cm?), and then
immersed in a 3.5 wt.% NaCl solution (400 mL)
for 4, 8, 12, 16, 20, and 24 h, respectively. After
immersion for a specific duration, the corrosion
products were removed from the sample using a
boiling solution of 200 g/L CrO; + 10 g/ AgNO:s.
The samples were then washed by anhydrous
alcohol and dried in a drying oven at 90 °C for
10 min. The corrosion rates of the samples were
determined by comparing the masses of the samples
before and after immersion.

2.4 Microstructural characterization

The morphologies and elemental distributions
of the surfaces and cross-sections of the samples
before and after LSM were analyzed using optical
microscopy (OM) and scanning electron
microscopy (SEM, S4800) equipped with an
energy-dispersive X-ray (EDX) analyzer. The cross-
sectional samples were prepared by embedding the
samples in acrylic adhesives, leaving a side parallel

Frequency, Duty ratio, Scanning speed,  Vertical spacing,  Argon flow rate,
Power, P/'W ~ .
fHz D/% vy/(mm-s ™) Ly/mm O/(L'min™")
150~170 1000 20 25 0.025 7
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to the X direction uncoated. The sides were then
ground with SiC sandpaper, polished using
1 pm-grit diamond polishing paste, and corroded
using specific corrosive solution prior to
performing the OM observation. The phases in the
melted layer after LSM were examined by X-ray
diffractometry (XRD).

Electron back-scattered diffraction (EBSD)
test was used to measure the grain size of the
laser-treated region. Ion-beam polishing was
performed after sanding the side of the laser-treated
sample with sandpaper. The polishing area was
approximately 200 um x 50 um, including the entire
melted layer and part of the matrix area. After
ion-beam polishing, the polished area was observed
using EBSD.

The microstructure and phase distribution of
the melted layer were further investigated using
spherical aberration-corrected transmission electron
microscopy (AC-TEM, JEOL ARM 200) and field-
emission transmission electron microscopy (FE-
TEM, FEI Talos F200X) with four energy-spectrum
detectors. The TEM sample was prepared by cutting
a 0.8 mm-thick piece from the surface of the
laser-treated alloy. This sample was then ground
from the opposite side of the melted layer using
2000* SiC sandpaper to give a thickness of <30 pum.
The pre-thinned samples were subsequently
punched to produce thin slices of d3 mm, and these
slices were further thinned and perforated by the
application of ion beams from the opposite side of
the laser-treated surface. To avoid the influence
of temperature during ionic thinning, the above
experiments were conducted using a precise ion
polishing system (PIPS 695) equipped with a
liquid-nitrogen cooling stage.

\ 2 .
\ W R N . " 2

Fig. 2 OM (a, c, e, g) and SEM (b, d, f, h) images of various samples: (a, b) As-cast; (c, d) S150; (e, f) S160; (g, h) S170

3 Results

3.1 Microstructure and surface composition
3.1.1 Surface and -cross-section microstructure
characteristics before and after LSM

The OM and SEM images of various samples
are shown in Fig. 2. It can be seen from Figs. 2(a)
and (b) that discontinuous LPSO phases were
distributed at the boundaries of the a-Mg matrix in
the as-cast alloy. After LSM, the LPSO phases
could not be distinguished in the images, and as the
laser power was increased, the surfaces became
clean, and the shape of the laser spot became clearer,
as indicated in Figs. 2(c—h).

The surface elemental distributions analyzed
by EDS mapping of the as-cast alloy and the
laser-treated (S160) sample are shown in Figs. 3(a)
and (b), respectively. The S160 sample was selected
because the subsequent corrosion tests showed that
it exhibited an excellent corrosion resistance. Mg,
Zn, and Y were found to be more uniformly
distributed in the S160 sample than in the untreated
alloy, indicating that the LPSO phase may have
disappeared during LSM. More specifically, Zn was
almost uniformly distributed in the S160 sample,
while Y was no longer concentrated within the
distribution range of the original LPSO phase.

The cross-sectional morphology of each group
of samples was analyzed using OM, as shown in
Fig. 4. In the as-cast alloy, the discontinuous LPSO
phase is clearly distributed throughout the alloy,
while the acrylic adhesive is present beneath the
alloy (Fig. 4(a)). In the laser-treated alloys, melted
layers can be observed in all samples, as shown in
Figs. 4(b—g). Since the laser energy is distributed in
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Fig. 4 OM images of cross-sections of as-cast and laser-treated samples: (a) As-cast; (b, €) S150; (c, f) S160; (d, g) S170;
(b—d) Melted layer of a-Mg phases; (e—g) Melted layer of LPSO phases

a Gaussian manner, the heat generated at the center
of the laser spot is higher than that in the
surrounding area [40], which leads to a bowl-
shaped cross-sectional morphology of the melted
zone. In the S150 sample, the a-Mg melted layer is
thin, and the laser spot traces in the melted layer are
not obvious, as can be seen from Fig. 4(b). Upon
increasing the laser power, the melted layer and the
laser spot trace in the melted layer become more
evident, as shown in Figs. 4(c—g). In addition, the
thicknesses of the melted layers in LPSO phases of
various samples are clearly greater than those in the
o-Mg phases (see Figs. 4(b, e), Figs. 4(c, f), and
Figs. 4(d, g). Considering a previous report that the
LPSO phase enhances the thermal conductivity of
the Mg alloy [41], the above observations could be
attributed to the fact that the LPSO phases absorb a
greater amount of laser heat than the a-Mg phases
during LSM.
3.1.2 Phase compositions

The XRD experiments were conducted to
distinguish the phases present on the sample

surfaces before and after LSM at different laser
powers, and the results are presented in Fig. 5. Prior
to LSM, the sample was composed of Mg matrix
and LPSO phase (26=34.0°-35.0° and 56.5°—58.0°,
respectively), while after LSM treatment, no
obvious peaks corresponding to the LPSO phase
were observed, as shown in Fig. 5(a). Detailed
observation of the XRD results confirmed that the
LPSO phase disappeared after laser treatment
under different laser powers, as shown in Figs. 5(b)
and (c).

3.2 Corrosion resistance enhancement by LSM
3.2.1 Electrochemical behavior

Figure 6 shows the Nyquist plots, phase-angle
Bode plots, and polarization curves of the as-cast
and laser-treated samples to verify their surface
corrosion properties. As shown in the Nyquist
plots in Fig. 6(a), the capacitance loop in the
high-frequency region of the EIS is associated
with the charge-transfer process on the surface of
the working electrode, which is influenced by the
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Fig. 5 XRD patterns of different samples before and after
LSM treatment: (a) 26=30.0°-60.0°; (b) 26=34.0°-35.0°;
(c) 26=56.5°-58.0°

electrical-double layer between the NaCl electrolyte
and the melted layer. The diameters of the high-
frequency capacitance loops of the laser-treated
samples are all greater than those of the as-cast
Mg—Zn—Y alloy, as shown in Fig. 6(a), indicating
that the LSM treatment slows down the metal
dissolution rate. The phase-angle Bode diagram
confirms the capacitive nature of the electrical-
double layer formed on the surface, as shown in
Fig. 6(b). The voltage across an ideal capacitor lags

120
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Fig. 6 Electrochemical properties of different samples:
(a) Nyquist plots; (b) Phase angle Bode plots; (c) Polarization
curves

the current flowing through it by 90°; thus, the
phase angle of an ideal capacitor is generally —90°
in the phase-angle Bode plot. Therefore, the larger
the phase angle is, the larger the capacitance is.
More negative phase angles in the middle-frequency
range (10'-10°Hz) imply a more capacitive nature
of the melted layer. Consequently, an increase in the
capacitance of the interface region of the sample
surface results in greater hindering effects on the
test current, whilst simultaneously providing
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stronger protection effects on the base metal. As
shown in Fig. 6(b), the samples treated at various
laser powers exhibit larger phase angles (about
—60°) than that of the as-cast sample (about —40°),
although no significant differences exist between
the phase angles of the samples prepared at
different laser powers.

The polarization curves of various sample
groups in a 3.5 wt.% NaCl solution are shown
in Fig. 6(c), wherein it can be seen that the
laser-treated samples exhibit lower current densities
than the as-cast alloy, which is consistent with
the EIS results. These results unambiguously
demonstrate that the laser-treated alloy exhibits
superior corrosion resistance properties than the
untreated alloy.

The EIS data were further analyzed using
equivalent circuit modelling. Figure 7 depicts the
equivalent electrical circuit in a 3.5 wt.% NaCl
solution for each sample. In this circuit, R,
represents the resistance of the corrosion solution,
and R, represents the charge transfer resistance
between the corroding solution and the working
electrode. A constant-phase element (CPE;), which
can be considered as the capacitance of the
electrical-double layer, was used instead of a
capacitor to accurately simulate the capacitive
response of the system [42]. A parallel combination
of R, and CPE; was followed by a series connection
with R;. After fitting using ZView2 software, the
fitting error of each circuit element was determined
(<10% in most cases), and the obtained fitting
results are presented in Table 2. It can be seen that
the R, values of the laser-treated samples were
significantly increased compared to that of the
as-cast alloy; more specifically, the R, values of the
160 W laser-treated samples and the as-cast alloy
190.00 and 60.78 Q-cm?  respectively.
Considering that a larger R, value between the
solution and the working electrode represents
slower dissolution of the working electrode, the
obtained results indicate that the laser-treated
melted layer exhibited a good protective effect
against corrosion. In addition, the corrosion
resistances of the samples treated at different laser

WwWere

powers were relatively comparable. However, since
the S160 specimen exhibited the largest R, value
among all the laser-treated samples, it was selected
for the subsequent study of the corrosion behavior

during immersion test, and for evaluation of its
phase transformation during the solidification process.

R, R,
v\ —
CPE,
>—
Fig. 7 Equivalent electrical circuit used for modeling EIS

data

Table 2 Fitting parameters of EIS spectra

2 CPE//
(Q—l .Cm—Z . SP)

Sample Ri/(Q-cm?) Ry/(Q-cm

As-cast 7.26 60.78 1.10x10™*  0.79
S150 8.06 173.60 4.41x107°  0.89
S160 8.13 190.00 4.81x107°  0.88
S170 8.78 181.30 1.93x107°  0.92

P is the dimensionless exponent of the CPE; A higher P (close to 1)
indicates a more ideal capacitive behavior for that branch

3.2.2 Corrosion behavior

Immersion test was used to compare the
corrosion degrees of the as-cast sample and the
S160 sample, and OM images of the corrosion
surfaces of the two samples are shown in Figs. 8
and 9, respectively. In the as-cast sample, at an
immersion time of 4 h, pitting corrosion was
evident on the surface in the form of shallow
corrosion craters (marked by the red circle in
Fig. 8(a)), and the sample exhibited a surface
corrosion depth of 38.5um (Fig. 8(d)). Upon
increasing the immersion time to 8h, pitting
corrosion was found to extend over the entire
surface, and the depth of surface corrosion
increased to 93.7 um (Figs. 8(b) and (e)). Moreover,
with an experimental time of 12 h, the degree of
surface corrosion became severer, reaching a depth
of 100.3 um (Figs. 8(c¢) and (f)). Furthermore, Fig. 9
shows the corrosion morphologies of the S160
sample during the immersion. In this case, at an
immersion time of 4 h, uniform surface corrosion
was evident, with no obvious corrosion products
being observed, and surface corrosion depth of
14.3 um being recorded (Figs. 9(a) and (d)). Upon
increasing the immersion time to 8h, obvious
pitting corrosion was observed (marked by the
yellow circle in Fig. 9(b)), and the depth of surface
corrosion increased slightly to 15.5 um (Fig. 9(e)).
After 12h immersion, pitting became severer
(Fig. 9(c)), and corrosion voids appeared in the
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Fig. 8 OM images of as-cast sample immersed for different time: (a—c) Surface images for 4, 8, and 12 h immersion,

respectively; (d—f) Cross-sectional images for 4, 8, and 12 h immersion, respectively

Fig. 9 OM images of S160 sample immersed for different time: (a—c) Surface images for 4, 8, and 12 h immersion,

respectively; (d—f) Cross-sectional images for 4, 8, and 12 h immersion, respectively

matrix below the melted layer, giving a surface
corrosion depth of 86.4 um (Fig. 9(f)).

In terms of the corrosion behaviors of LPSO-
containing Mg alloys, numerous experiments have
been conducted to clarify the relationship between
the LPSO phase and the degree of corrosion
resistance. As previously reported, corrosion tended
to arise preferentially at the interface between the
LPSO phase and a-Mg, and gradually deepened
along the edges of the LPSO phase [35,43,44].
Upon increasing the corrosion time, the a-Mg
phase inside the grains was completely corroded,

exposing the LPSO phase at the grain boundaries.
The corrosion reactions taking place in the a-Mg
matrix can be summarized as follows:

Mg—Mg*+2e 3)
2H,0+2e—H,1+20H" @)
Mg**+20H —Mg(OH),| (5)

According to Reactions (3)—(5), the corrosion
products are Mg(OH),. The corresponding mass
loss of the samples was recorded by removing the
corrosion products, and the steady-state corrosion
rate (CR, mm/a) was calculated using the mass loss
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method based on ASTM G31—72 standard, as
defined in Eq. (6) [45]:

_ 8.76x10"Ag
Atp

CR (6)
where Ag is the mass loss (g), 4 is the sample
surface area (cm?), p is the alloy density (g/cm?),
and ¢ is the immersion time (h). The density of the
alloy was taken as 2.06 g/cm’.

The corrosion rates recorded for the as-cast
and S160 samples in a 3.5 wt.% NaCl solution are
presented in Fig. 10, wherein it can be seen that
throughout the immersion process, the corrosion
rates of the as-cast samples exceeded those of the
melted samples. Notably, the surfaces of the as-cast
samples were unstable, leading to larger errors
during immersion testing. In contrast, the surfaces
of the melted samples were stable, resulting in
smaller errors. Although the corrosion rates of the
as-cast and laser-treated samples increased with
increasing immersion time, their trends were
different. More specifically, the corrosion rate of the
as-cast sample initially increased because the
sample surface became rough during the corrosion
process, leading to an increased contact area
between the corroding liquid and the sample surface.
Upon reaching a corrosion time of 20 h, the surface
roughness remained essentially unchanged, and the
corrosion rate reached a plateau. In contrast, the
corrosion rates of the laser-treated samples were
initially stable, prior to rapidly increasing after 12 h
of immersion. This initial stability was attributed
to the laser-melted layer exhibiting considerable
resistance to the external corrosive liquids in the
carly stages of corrosion. Subsequently, beyond
an immersion period of 12 h, the corrosive liquids
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Fig. 10 Corrosion rates of as-cast and S160 samples after
immersion in 3.5 wt.% NaCl solution for 4, 8, 12, 16, 20
and 24 h

penetrated into the melted layer, leading to a
marked increase in the corrosion rate.
3.3 Solidification structure and
transformation

To further analyze the melted layer, inverse
pole figure (IPF) and image quality (IQ) plots were
employed to evaluate the cross-sectional micro-
structure of the S160 specimen. During LSM, the
surface layer of the alloy melts and reaches a high
temperature. Since cold steel clamps surround the
alloy, the melted zone is subjected to a high cooling
rate, and there is insufficient time for the
heat-affected zone to form [46]. As shown in
Fig. 11, the S160 sample can be divided into two
regions (yellow dashed line), namely the melted
region (I) and the matrix region (II). In the IPF
(Fig. 11(a)), the maximum grain size is ~15 pm in
Region I and ~300 um in Region II, indicating that

phase

1010

2170

180°
15°

Fig. 11 Microstructure and elemental composition of cross-section of S160 sample: (a) IPF; (b) IQ plot of boundary

rotation angle; (c) IQ plot of twin boundary; (d) EDS mappings
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the grains are significantly refined after laser
treatment. Additionally, lenticular grains with a
thickness of ~1 um and ultrafine-grained regions
consisting of nanoscale grains (~200 nm) can be
observed in the melted region. As shown in the 1Q
plot of the boundary rotation angle in Fig. 11(b), the
Region I possesses a significantly greater number
of high-angle grain boundaries (HAGBs, rotation
angle >15°) than Region II, especially in the
ultrafine-grained regions, indicating that there are
more grains in the melted layer than in the matrix,
i.e., the grains are refined. In addition, Fig. 11(c)
presents an IQ plot that indicates the boundaries
of the {l012} twin. These boundaries coincide
perfectly with the grain boundaries of the lenticular
grains, confirming that they are indeed {1012}
twins. From the EDS mapping results presented in
Fig. 11(d), it can be seen that Mg, Zn, and Y are
more uniformly distributed on the cross-section of
Region I than in Region II. This observation is
consistent with the surface EDS mapping results
presented in Fig. 3. However, areas with lower Mg
contents and higher Zn and Y contents were also
present. Thus, based on the distribution of the

LPSO phase in the untreated sample, it is
speculated that the original LPSO phase exists in
these regions. Combined with the IPF shown in
Fig. 11(a), it is apparent that the regions with
reduced Mg contents and enriched Zn and Y
contents coincide perfectly with the ultrafine-
grained regions. Thus, during the melting and
solidification processes, the LPSO phase region
forms an ultrafine-grained region.

To further analyze the microstructure and
phases in the melted layer, TEM test was conducted,
as shown in Figs. 12—-15. More specifically,
Fig. 12(a) shows the bright-field (BF) TEM image
of the melted layer, wherein the presence of large
grains (~15 um) and nearby small grains (~2 pm) is
confirmed. The dominant feather of these grains is
lamellar structures bound by nanoscale phases, as
indicated by the arrows. The shapes of the large and
small grains formed in the melted layer are irregular,
as shown in Fig. 12(b). The insert gives the selected
area electron diffraction (SAED) image of the
framed area, revealing the [2110] zone axis
of the o-Mg phase. As shown in Fig. 12(c), a
wedge-shaped grain is present in the melted layer,

Fig. 12 TEM images of melted layer in S160 specimen: (a) BFTEM image of large and small grains; (b) BFTEM
image of irregular shape of grains; (¢) BFTEM image of wedge-shaped area; (d) DFTEM image of ultrafine grains;

(e) BFTEM image of subgrains; (f) BFTEM image of different morphologies within large grains in (a) (The insert in

each figure is SAED image of red circle)
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which has no twinning orientation relationship
with the Mg matrix, but has other orientation
relationships. More specifically, as illustrated by the
SAED image in the inset of Fig. 12(c), the
orientation relationship between the wedge-shaped
area and the Mg matrix is [2110] . /[1213]
In addition to the morphologies shown in
Figs. 12(a—c), ultrafine grains (~200 nm) were
observed in the melted zone, as indicated by the
dark-field (DF) TEM image in Fig. 12(d). These
ultrafine grains are polycrystals, as confirmed by
the SAED image, and they are consistent with the
ultrafine-grained areas observed in the EBSD image
(Fig. 11(a)). It is worth noting that {l012} twins
are not observed in the TEM sample, likely due to
the sample preparation method, which only allows
observation of the outermost layer of the sample
after laser treatment. Figure 12(e) shows a BFTEM
image of the subgrains ahead of the lamellar
structures. Because the crystallographic orientation

(‘(.»Tw"“

(0000)

| i)

3 i

wedge *

of these subgrains is consistent with the orientation
of lamellar structures and the nanophase at the
subgrain boundaries is the same to that bound
the lamellar structures, these subgrains are not
distinguished from the previously mentioned
lamellar structures in the subsequent analysis.
Figure 12(f) shows the magnified image of the three
typical phases appearing within the large grains in
Fig. 12(a), i.e., the network phase, the dispersed
phase, and the streamlined dispersed phase,
indicating by the markers “@”, “@”, and “©3)”,
respectively.

The nanoscale phases with different
morphologies precipitated during the solidification
process were analyzed in additional detail, as
shown in Figs. 13—15. More specifically, Fig. 13
shows the crystal structure and composition of the
network phase. As can be seen from the BFTEM
image and element distribution map of the network
phase (A) given in Fig. 13(a), this phase is enriched

/n Y

(202)  (022)

) (220)

1111,
©

(0112)  (0110)

(0002)  (0000)

[2110]

Supersaturated

Fig. 13 TEM images and elemental analysis results of network phase in melted layer of S160 sample: (a) BFTEM

image and element distribution map; (b) STEM image; (c, d) Atomic-scale views of dotted framed area in (b) showing

clear lattice of Mg matrix and network phase, respectively; (¢) FFT image of red-framed area in (d); (f) STEM image

showing supersaturated a-Mg and LPSO phases nearby some f phases; (g, h) Enlarged view of red frame areas in (f)

showing LPSO and a-Mg phases, respectively; (i) FFT image corresponding to (h)
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with Zn and Y elements (c.f., the a-Mg matrix, B).
Since its morphology resembles the f-(Mg,Zn);Gd
phase observed during laser additive manufacturing
of the Mg—Zn—Gd alloy [47,48], it is speculated
that this phase is the p-(Mg,Zn);Y phase.
Figure 13(b) shows a STEM image of the network
phase, while Figs. 13(c) and (d) show magnified
images of the area indicated by the dashed box in
Fig. 13(a). Because of different thicknesses of the
Mg matrix and the network phase, they cannot be
focused on simultaneously. Therefore, two images
were captured at the same position: Fig. 13(c)
shows the clear lattice of the Mg matrix, whereas
Fig. 13(d) shows the clear lattice of the network
phase. In addition, Fig. 13(e) shows a fast Fourier
transform (FFT) image of the area enclosed by the
red frame in Fig. 13(d). Combining Figs. 13(c—e), it
is evidently proven that the network phase is indeed
a f phase possessing a face centered cubic lattice
structure. The lattice constant of the f phase is
calculated to be 0.72 nm, and it is found that the S
phase has a good orientation relationship with the

+ (1100)

4 (0000) (1010

[0001 ]y
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Mg matrix, i.e., (01T)ﬁ//(0001)Mg and [111],/
[2110]y,. Additionally, it is noteworthy that
some irregularly shaped supersaturated a-Mg
phases and LPSO phases with a width of several
tens of nanometers are observed in certain areas
around the network fS phase using STEM, as
shown in Fig. 13(f). The atomic structures of the
LPSO phase and the supersaturated o-Mg phase
are presented in Figs. 13(g) and (h), respectively,
while Fig. 13(1)) displays the FFT image
corresponding to Fig. 13(h). However, the reasons
for the formation of these phases require further
investigation.

Figure 14 shows the TEM images recorded for
the dispersed phase. More specifically, Fig. 14(a)
presents the BFTEM image and point scan results
for the dispersed phase (C), demonstrating that it is
enriched with Zn and Y compared to the Mg matrix.
The enlarged view of the dispersed phase is shown
in Fig. 14(b). Figures 14(c) and (d) show high-
resolution TEM and STEM images of dispersed
phase along the [0001] zone axis of the Mg matrix,

(0002)

é (0110)
(0000)

[21710]y

Fig. 14 TEM images of dispersed phase (W phase) in melted layer of S160 sample: (a) BFTEM image and point scan

results of W phase; (b) Enlarged view of red-framed area in (a); (c) High-resolution image of red-framed area in (b),

wherein, insert is FFT image corresponding to (c); (d) Atomic-scale STEM image of W phase along [0001] zone axis of

Mg matrix; (e, f) FFT images corresponding to yellow- and red-framed areas in (d), respectively; (g) Atomic-scale

STEM image of W phase along [2110] zone axis of Mg matrix; (h, i) FET images corresponding to yellow- and red-

framed areas in (g), respectively
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respectively. Furthermore, Figs. 14(¢) and (f) show
the corresponding FFT images of the yellow-
and red-framed areas in Fig. 14(d), respectively.
Figure 14(g) shows an atomic-scale STEM image
of the dispersed phase along the [2110] zone axis
of the Mg matrix, while Figs. 14(h) and (i) show the
FFT images corresponding to the yellow- and
red-framed areas in Fig. 14(g), respectively. It is
revealed that the dispersed phase is the W phase
(Mg3Y2Zn3), with a lattice constant of 0.69 nm. The
orientation relationship between the W phase and
the Mg matrix is defined as (110),,//(0001)
and [111],//[2110],.

Figure 15 shows the TEM images of the
streamlined dispersed phase, wherein Fig. 15(a)
presents the BFTEM image and point scan results
for this phase. It is confirmed that the streamlined
dispersed phase (D) is enriched with Zn and Y
elements. In addition, Figs. 15(b) and (c) show the
high-resolution images of the phase along the

Mg

[1011] zone axis of the Mg matrix and its
corresponding FFT image, respectively, while
Fig. 15(d) shows an atomic-scale STEM image of
the phase along the [2110] zone axis of the Mg
matrix. Figures 15(¢) and (f) show FFT images
corresponding to the yellow- and red-framed areas
in Fig. 15(d), respectively, while Fig. 15(g) shows
an elemental distribution maps of the streamlined
dispersed phase corresponding to the area presented
in Fig. 15(a). From these figures, it is determined
that the streamlined dispersed phase is the super-
saturated a-Mg phase, which possesses completely
coherent interfaces with the Mg matrix. The
orientation relationship between the supersaturated
a-Mg phase and the Mg matrix is defined
as (0001)supersaturatea//(0001 )vig and [2 T T01g,ersruratea/
[2110]y,, - Additionally, a number of stacking faults
(SF) enriched with solute elements are detected
around the supersaturated a-Mg phases, as shown
by the arrows in Fig. 15(d).

[1017] Mg

0170) ! (0172)
2 ol T T
i

+
0000) . (0002)
% 4

IZITOhm

Fig. 15 TEM images of streamlined dispersed phase (supersaturated a-Mg phase); (a) BFTEM image and point scan

results; (b) High-resolution image of red-framed area in (a); (¢) FFT image corresponding to (b); (d) Atomic-scale

STEM image along [2 TTO] zone axis of Mg matrix; (e, f) FFT images corresponding to yellow- and red-framed areas

in (d), respectively; (g) Elemental distribution maps corresponding to red-framed area in (a)
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4 Discussion

4.1 Formation of irregular grains and
intracrystalline secondary phases

During LSM, the alloy absorbs laser energy
and undergoes melting. After the melted layer
solidifies, the Mg grains are refined into grains with
irregular shapes, while the LPSO phase transforms
into ultrafine a-Mg grains. This can be attributed
to the fact that the extremely rapid cooling rate
and inhomogeneity of the solutes can result in the
instability of the cooling process. In addition, the
multidirectional heat flow, the curved surface of the
isotherms, and the non-planar nature of the solid—
liquid interface lead to instability at this interface.
Since the shape of the solid-liquid interface
controls microstructural development [49], the
shape of the grains generated in the melted layer is
irregular. Furthermore, the shape of the twins is also
affected, some of which do not exhibit a standard
lens shape; the twin boundaries are always uneven.
Considering that rapid cooling conditions can
induce local thermal stress, this may account for the
observed structures in which small grains surround
large grains. Figure 11(d) shows that the melted
region rich in solute elements is the area where the
original LPSO phase is located. Owing to the
extremely fast cooling rate and the effects of the
Zn and Y solutes in local areas, various grain
refinement mechanisms may occur, such as the
promotion of nucleation and the inhibition of grain

growth. These mechanisms work together to
significantly reduce the grain size, ultimately
leading to the formation of ultrafine grains.

Cooling under unstable conditions produces
precipitates with various morphologies and lamellar
structures in the grains. Figures 16(a) and (b)
illustrate the microstructures of the alloy before
LSM and the molten pool after LSM, respectively.
According to the Mg—Zn—Y ternary phase diagram,
during the solidification process, the crystallization
temperature of the f-(Mg,Zn);Y eutectic phase is
higher than that of the W phase [50]. Therefore, the
f eutectic phase will precipitate first from the liquid,
as presented in Fig. 16(c). At a slower cooling
rate, the f eutectic phase has sufficient time to grow
and generate a wide network morphology [48].
However, under rapid cooling, the formation time
of the S eutectic phase is limited, a network
morphology exhibits a small range, and a reduced
volume is formed, as shown in Fig. 16(d). Upon
decreasing the temperature to the crystallization
temperature of the W phase, the W phase begins
to precipitate, as can be seen from Fig. 16(d).
Similarly to the g phase, in the case of a slow
cooling, the W phase has sufficient time to form
a large and extensive reticular morphology [51].
Under high cooling rate, the growth of the W
phase is inhibited, resulting in the formation of
small unexpanded W phase particles, as shown in
Fig. 16(e). Subsequently, lamellae grew from the W
phase zone are formed on the basal plane of the Mg
matrix, as demonstrated by the SAED pattern and
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-
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Crystal W (ﬂ;hase)
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Crystal nucleus (a-Mg)

Cooling + Local molten pool
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Fig. 16 LSM schematics of melted layer on surface of Mg—Zn—Y alloy: (a) Before LSM; (b) Temperature gradient

in molten pool; (c) B-phase precipitation; (d) W-phase precipitation; (e) Lamellar structure generation; (f) Final

microstructure after LSM (The arrow directions in (c¢) and (d) indicate solidification directions)
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TEM image presented in Fig. 12. It is reported that
slower growth rates in the off-basal plane compared
to the basal plane generate parallel dendritic
grains along the basal plane [52]. In addition, it is
observed that the supersaturated a-Mg phases create
boundaries between the lamellae. Therefore, while
the dendrites grow from the W-phase zone and
lamellae are formed, the limited growth between
these lamellae generates an interdendritic liquid
enriched in the solute elements, mainly Zn and Y.
When the temperature is decreased further, the
Zn/Y -enriched liquid solidifies and the boundaries
are formed. In this case, the supersaturated a-Mg
phase does not form within the lamellae, due to
different growth rates in the on- and off-basal plane
directions, the low solute content of the alloy, and
the rapid solidification taking place during the LSM
process.
4.2 Mechanisms responsible for enhanced

corrosion resistance

The corrosion mechanisms of the alloy before
and after LSM are shown in Figs. 17(a) and (b),
respectively. It can be seen from Fig. 17(a) that
during the corrosion process, the LPSO phase acted
as the cathode and the Mg matrix served as the
anode. As previously reported, micro-galvanic
acceleration generally depended on the area ratio of
the cathode to the anode, wherein a larger ratio
produced severer micro-galvanic corrosion [53,54].
However, the alloy exhibited its highest corrosion
resistance when the volume fraction of the LPSO
phase is ~50%. If the volume fraction of the LPSO
phase is greater or less than 50%, the corrosion
resistance of the alloy decreases [55]. Based on
measurements performed using ImageJ software,
the area fraction of the LPSO phase in the as-cast
alloy was determined to be ~25%. Because of the
low area ratio of the LPSO phase, severe localized
corrosion of the o-Mg anodic phase occurred.
Following LSM, the discontinuous LPSO blocks
present on the surface of the Mg—Zn—Y alloy
disappeared. In addition, the interface that
originally existed on the surface between the large
LPSO phase and the o-Mg matrix disappeared,
greatly reducing the degree of corrosion (Fig. 17(b)).
However, small phases still precipitated in the
laser-melted layer. Although such precipitates
tended to be less reactive than the a-Mg matrix and
acted as cathodes to accelerate the corrosion of Mg

matrix [47], it was found that LSM treatment led to
a significantly lower corrosion rate than that of the
as-cast alloy.

(a)

Galvanic corrosion A

Galvanic effect

o-Mg

Fig. 17 Schematic diagrams of corrosion mechanisms of
different samples: (a) As-cast; (b) S160

The grain size is also known to affect the
corrosion resistance properties of Mg alloys. In the
current system, the corrosion mechanism of the
as-cast alloy containing large grains was dominated
by micro-galvanic coupling between the a-Mg
and LPSO phases, and it was found that grain
refinement reduced the corrosion rate of the Mg
alloy. This can be attributed to two main
mechanisms. Firstly, grain refinement accelerated
the formation of the surface magnesium hydroxide
layer to reduce the corrosion rate [56], and secondly,
a large fraction of the grain boundaries relieved the
stress between the corrosion layer and the matrix,
thereby reducing the tendency of the protective
layer to crack [57]. Therefore, the laser-melted
layer promoted the dissolution of the LPSO phase
and smaller-sized grains, and precipitated phases
are generated, which reduced the corrosion micro-
current and enhanced the corrosion resistance [58].
However, when the protective magnesium
hydroxide film ruptured, the corrosive solution
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continued to corrode the metal along the film
rupture point. This can result in intergranular
corrosion, causing local areas to corrode downwards
along the grain boundaries and penetrate into the
melted layer, as shown in Fig. 9(f). Nevertheless,
the melted layer was found to exhibit relatively
uniform corrosion, in addition to a lower corrosion
rate than the untreated alloy.

5 Conclusions

(1) The corrosion resistance of the Mg—Zn—Y
alloy was significantly improved after LSM
treatment at 150—170 W, with the optimal results
being obtained at 160 W. Following LSM treatment,
a 15—-30 um layer was detected on the alloy surface,
containing a uniform distribution of Mg, Zn, and Y.

(2) Rapid solidification during the LSM
process was found to generate a significant
reduction in the grain size, along with an uneven
grain size distribution (2—15 pum) in the melted
layer. Rapid solidification also induced the
production of ultrafine grains from the original
LPSO phase and 1 pm-thick twins.

(3) It was deduced that the refined irregularly
shaped grains mainly consisted of three adjacent
zones, namely, the f eutectic phase zone, the W
phase zone, and the lamellar structure zone.
Importantly, the disappearance of large primary
batteries and additional grain refinement led to an
enhanced corrosion resistance for this alloy.
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