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Abstract: The influence of ultrasonic treatment on the microstructure and tensile properties of as-cast Mg-12Gd-0.5Zr alloys was
examined. The results indicate that ultrasonic treatment markedly refines the a-Mg grain structure, with the finest grains observed at

an input power of 1500 W. This grain refinement is attributed to the combined effects of cavitation and acoustic streaming, which

promote heterogeneous nucleation. Furthermore, the treatment reduces the size and number of the secondary Mg,Gd phase while

enhancing its spatial uniformity. A considerable dissolution of Gd atoms into the a-Mg matrix is also observed, likely due to the

suppression of Gd segregation by acoustic streaming. Correspondingly, ultrasonic treatment yields notable improvements in ultimate

tensile strength, yield strength, and elongation at room temperature. These improvements are primarily attributed to the refined

microstructure and the increased solid solubility of Gd within the matrix.
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1 Introduction

Magnesium (Mg) alloys have attracted significant interest
in recent years due to their low density, high specific strength,
and excellent machinability, making them promising materials
for applications in the automotive, aerospace, and electronics

sectors!' ™

. Among various alloying additions, rare-earth
elements such as gadolinium (Gd) have been shown to
markedly improve the mechanical properties and thermal
stability of Mg alloys” ”. In particular, Mg-Gd alloys exhibit
enhanced strength and creep resistance, which are highly
advantageous for demanding structural applications™ '".
However, the casting of Mg-Gd alloys frequently produces
coarse-grained structures and a non-uniform distribution of
secondary phases, which adversely affect their mechanical

[11-13

performance’' . Therefore, effective grain refinement and

control of phase distribution are essential for improving alloy

[14]

performance Conventional grain-refinement techniques,

such as alloying and thermal treatments, are often incapable to
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achieve the desired microstructural features!> %,

Ultrasonic treatment has emerged as an effective non-
contact approach for microstructural control in metallic
systems, primarily by leveraging acoustic cavitation and
streaming to accelerate nucleation and mitigate elemental

segregation’’ ",

During  treatment, cavitation-induced
shockwaves fragment dendritic structures, while acoustic
streaming  facilitates solute = homogenization, thereby
collectively contributing to the refinement of as-cast
microstructures”™. Recent investigations have confirmed that
the application of ultrasonic treatment to Cu-, Al-, Ti-, and
Mg-based alloys significantly refines microstructures and
improves compositional uniformity, thereby representing a
nearly ideal
synergy™' >,
ultrasonic treatment on the microstructure and mechanical
properties of Mg-8Gd alloy, reporting a finer grain structure
and substantially higher strength in ultrasonically treated

samples compared with untreated counterparts. Additionally,

strategy  for
241

achieving strength-ductility
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ultrasonic treatment improved the uniformity of melt
temperature and Gd distribution, thereby reducing variation in
mechanical properties along the melt height. Yang et al®
demonstrated that ultrasonic treatment applied to Mg-Ni-Y
alloy melt leads to significant refinement and uniform
dispersion of secondary phases, particularly in long-period
stacking ordered structures. Although the effectiveness of
ultrasonic treatment in enhancing grain structure and
mechanical behavior has been established across various alloy
systems, its impact on Mg-Gd alloys remains underexplored,
particularly regarding its ability to regulate the thermally
stable Mg.Gd phases and optimize Gd solute distribution, both
of which are essential to aging response and -elevated-
temperature performance.

Mg-Gd series magnesium alloys, recognized for their
lightweight nature, heat resistance, and exceptional
mechanical properties at both room and elevated temperatures,
have consistently been a focus of research worldwide. This
study investigated the Mg-12Gd-0.5Zr alloy to elucidate the
dual mechanism by which ultrasonic power influences its
microstructural evolution. The optimal ultrasonic treatment
parameters were determined through microstructural
characterization and mechanical test, with particular emphasis
on the effect of ultrasonication on secondary phases. This
approach provides important insight for the development of
via advanced processing

high-performance Mg alloys

methods.

2 Experiment

The Mg-12Gd-0.5Zr alloy was synthesized using pure Mg
(99.9wt% ), Mg-30wt% Gd (99.9wt% ), and Mg-30wt% Zr
master alloys. Melting was conducted at 760 ° C under a
protective atmosphere of 0.1vol% SF, and 99.9vol% N,, and
the melt was held at this temperature to ensure complete
dissolution of the master alloys. The degassed metal was first
poured into a preheated metal mold (300 °C; dimensions: 380
mmx110 mmx165 mm), corresponding to the condition
without ultrasonic treatment (0 W). Subsequently, the melt
was ultrasonically treated at 720 °C for 90 s at power levels of
700, 1000, 1500, and 2000 W, and then cast into the same
mold. The ultrasonic system (YPR59B-ZB, Hangzhou
Success Ultrasound Equipment Co., Ltd, China) consisted of a
3 kW acoustic
transducer operating at 20 kHz, three horns, and a titanium

generator, an air-cooled piezoelectric
alloy (Ti-6Al-4V) acoustic radiator with a diameter of 30 mm.
To prevent Ti contamination, the radiator was coated with a
mold release layer composed of ZnO and sodium silicate. The
ultrasound parameters were approximately 30 pm in
amplitude and 20 kHz in frequency. To mitigate the chill
effect, the sonotrode was preheated to 700 °C before
immersion to a depth of 20 mm below the melt surface™".

For microstructural characterization, samples were polished
to a mirror-like finish with diamond abrasives and etched in a
0.5vol% aqueous HNO, solution for 30 s. The microstructural
evolution was investigated using a scanning electron
microscope (SEM), energy-dispersive X-ray spectroscope

(EDS), and an optical microscope (OM). The chemical
composition of intermetallic phases was determined by EDS,
while the a -Mg grain size and the area fraction of
intermetallic phases were quantitatively analyzed using Image-
Pro Plus 6.0 software.

Tensile test was conducted at room temperature on an
Instron 4206 testing machine at a crosshead speed of
1.5 mm/min. For each alloy and testing condition, three dog-
bone-shaped tensile specimens (gauge section: @6 mmx60
mm) were tested.

3 Results and Discussion

3.1 Thermodynamic calculation

Fig. 1 illustrates JMatPro thermodynamic simulations of the
microstructural evolution of the Mg-12Gd-0.5Zr alloy under
the Scheil-Gulliver solidification conditions. In Fig. la, the
temperature-dependent variation in the equilibrium phase
mass fraction is shown. The simulation suggests that Mg, Gd,
and Zr form a-Mg, o-Zr, and Mg,Gd phases during solidification.
Among these, the a-Mg and a-Zr phases precipitate during the
initial solidification stage, whereas the Mg,Gd phase forms
via a complex eutectic reaction as solidification proceeds.
Fig. 1b further confirms that a-Zr and «-Mg are the first to
precipitate, followed by the eutectic formation of Mg,Gd.
Fig. 1c shows the evolution of the liquid-phase chemical
composition as the temperature decreases. During the pre-
eutectic stage, the Mg content in the liquid remains high
(approximately 85%), promoting the primary precipitation of
o-Mg and a-Zr phases. As the eutectic reaction proceeds, Mg is
progressively depleted, leading to an increase in Gd
concentration in the liquid phase, which, in turn, promotes the
formation of the Mg,Gd phase.

3.2 Microstructure characterization

Fig. 2 presents OM images of the Mg-12Gd-0.5Zr alloy at
various ultrasonic power levels. In all as-cast conditions, the
alloys exhibit a white o -Mg matrix phase and intermetallic
compounds at the grain boundaries. These intermetallics form
interconnected morphologies, appearing as continuous or
discontinuous network-like structures. In the absence of
ultrasonic treatment, the a-Mg grains display coarse dendritic
morphologies. Upon the sequential application of ultrasonic
powers of 700, 1000, 1500, and 2000 W, the dendritic
structures are progressively broken up, and the grains become
increasingly rounded. This transformation indicates that
ultrasonic treatment promotes a transition from dendritic to
fully equiaxed grain growth. Fig. 2f summarizes the o -Mg
grain sizes under different ultrasonic powers. As shown, the
grain size initially decreases and subsequently increases with
increasing ultrasonic power, reaching a minimum of 31.4+
1.8 um at 1500 W. The corresponding measured grain sizes at
0, 700, 1000, 1500, and 2000 W are 51.6+2, 45.2+1.5, 40.6+1,
31.4+1.8, and 33.54£1.2 um, respectively. These results
confirm that ultrasonic treatment significantly refines the
microstructure of the Mg-12Gd-0.5Zr alloy.

Following ultrasonic treatment, the a-Mg grain size in the
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Fig.1 Fraction of equilibrium phases in Mg-12Gd-0.5Zr alloy (a); variation of solid phase fraction with temperature during solidification (b); vari-

ation in liquid-phase chemical composition with temperature (c)

alloy is markedly refined, primarily due to cavitation and
acoustic streaming effects induced by ultrasound. During
sonication, numerous microscopic cavitation bubbles are
generated at the tip of the ultrasonic horn and propagate
throughout the melt®”. The nucleation and subsequent
expansion of these bubbles extract substantial heat from the
surrounding melt, resulting in localized undercooling™”. This
undercooling enhances nucleation, thereby increasing grain
density and reducing grain size. As cavitation bubbles
continue to grow and eventually collapse, they produce
transient high-pressure pulses™. According to the Clausius-
Clapeyron relation, the crystallization temperature of the alloy
increases with pressure™. Thus, the pressure surge from
bubble collapse elevates the melt’s crystallization temperature,
further enhancing undercooling and promoting the nucleation

of a-Mg grains. Concurrently, the propagation of ultrasonic
waves within the melt generates convective flow, forming a
intensifies
turbulence. This flow promotes a more uniform distribution of
solute elements and reduces temperature gradients across the
melt®. As a result, the composition and temperature fields at
the solid-liquid interface of a -Mg grains become more
homogeneous, mitigating directional disparities in solute and
thermal gradients. Consequently, grain growth rates become
more isotropic, facilitating the development of a spherical
growth morphology.

Fig.3 presents X-ray diffraction (XRD) patterns of the Mg-
12Gd-0.5Zr alloy subjected to varying ultrasonic powers. The
microstructure primarily comprises a-Mg and Mg.Gd phases.
According to the phase diagram calculations in Fig.1, the a-Zr

recirculating acoustic streaming pattern that
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Fig.2 OM images of Mg-12Gd-0.5Zr alloys (a—e) and average size of the a-Mg phase (f) at varying ultrasonic powers: (a) 0 W, (b) 700 W,

(¢) 1000 W, (d) 1500 W, and (e) 2000 W
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phase is expected to be present; however, it is not detected in
XRD patterns in Fig. 3. This absence is likely due to the
relatively low volume fraction of the a-Zr phase. Furthermore,
the intensity of the Mg,Gd diffraction peaks decreases
significantly after ultrasonic treatment, indicating a reduced
amount of this phase in the matrix. These results suggest that
ultrasonic treatment facilitates the dissolution of the secondary
phase into the a-Mg matrix.

Fig.4 presents low-magnification SEM morphologies of the
as-cast Mg-12Gd-0.5Zr alloy at various ultrasonic powers.
According to XRD patterns and phase-diagram analysis, the
secondary phase at the grain boundaries is identified as the
Mg,Gd phase. In Fig. 4a, the Mg.Gd phase in the untreated
alloy appears as a coarse, semi-continuous network along the
grain boundaries. As shown in Fig. 4b — 4c, this network
morphology remains largely unchanged at ultrasonic powers
of 700 and 1000 W, although the phase features become
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Fig.3 XRD patterns of the Mg-12Gd-0.5Zr alloys at varying

ultrasonic powers

significantly refined. When the ultrasonic power is increased
to 1500 and 2000 W, most of the Mg,Gd phase transitions to a
fine, fishbone-like morphology. This structural transformation
enhances interfacial bonding with the matrix, thereby
promoting dispersion strengthening. Fig. 4f shows the area
fraction of the Mg,Gd phase in the alloy at different ultrasonic
powers. The area fraction initially decreases and then
increases with increasing ultrasonic power, reaching its
minimum at 1500 W. Specifically, the area fractions of the
Mg.,Gd phase at 0, 700, 1000, 1500, and 2000 W are 5.93%,
5.86%, 5.75%, 4.29%, and 3.86%, respectively. These results
indicate that ultrasonic treatment inhibits the precipitation of
the Mg,Gd phase, consistent with the XRD findings.

Fig. 5 presents high-magnification SEM images of the as-
cast Mg-12Gd-0.5Zr alloy at varying ultrasonic power levels.
The transformation of the Mg,Gd phase from a network-like
to a fishbone-like morphology under ultrasonic irradiation is
more clearly observed, consistent with the findings in Fig.4.
To elucidate the correlation between the morphology of the
Mg.Gd phase and its composition, EDS analysis was
performed on 10 individual Mg,Gd phases obtained from
alloys subjected to different ultrasonic powers. The statistical
results for the variation in Gd content are shown in Fig. Se.
The data reveal that the fishbone-like Mg,Gd phase has a
lower Gd concentration than its network-shaped counterpart.
Additionally, the Gd content in the Mg,Gd phase initially
decreases and then increases with increasing ultrasonic power,
reaching a minimum at 1500 W. This trend suggests that
ultrasonic treatment promotes the dissolution of Gd into the
o-Mg matrix.

Following ultrasonic treatment, the secondary phase in the
alloy is significantly refined and exhibits a more uniform
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Fig.4 SEM images of Mg-12Gd-0.5Zr alloys (a—e) and area fraction of Mg Gd phase (f) at varying ultrasonic powers: (a) 0 W, (b) 700 W, (c) 1000 W,

(d) 1500 W, and (e) 2000 W
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Fig.5 Magnified SEM images of Mg-12Gd-0.5Zr alloys (a—e) and Gd content of the Mg,Gd phase (f) at varying ultrasonic powers: (a) 0 W,

(b) 700 W, (c) 1000 W, (d) 1500 W, and (e) 2000 W

distribution. In contrast, during direct solidification without
ultrasonic assistance, elemental segregation readily occurs. At
the advancing solid-liquid interface, regions enriched in
alloying elements promote the preferential nucleation and
growth of the Mg,Gd phase, resulting in the formation of
coarse Mg,Gd phases in these areas. Conversely, in regions
with lower concentrations of alloying elements, the growth of
the Mg Gd phase is inhibited, resulting in much smaller phase
sizes. As a result, substantial size variations in the Mg,Gd
phase are observed throughout the alloy. The acoustic
streaming effect induced by ultrasonic treatment effectively
alleviates solute segregation. During ultrasonic processing,
o -Mg grains are uniformly dispersed in the melt. As these
grains grow, solute elements continuously accumulate at the
progressing  solid-liquid streaming
facilitates the formation of more uniformly distributed a-Mg
grains, thereby reducing intergranular spacing and mitigating

interfaces. Acoustic

compositional differences in solute enrichment at grain
boundaries. Consequently, during subsequent cooling and
forming, the Mg,Gd phase forms under constrained solute
concentration and spatial conditions, thereby suppressing its
growth and yielding smaller Mg,Gd phases. Moreover,
ultrasonic treatment alters the chemical composition of the
Mg.Gd phase. Specifically, the Mg,Gd content in the phase is
reduced, indicating reduced participation of Gd atoms in the
formation of the Mg,Gd phase during solidification. This
transformation primarily occurs because the collapse of
cavitation bubbles promotes melt undercooling, thereby
enhancing the solid solubility of Gd in the matrix.
Additionally, the implosion of cavitation bubbles fragments
secondary phases within the melt, reducing solidification time
and further enhancing the dissolution of element Gd into the

matrix.
3.3 Mechanical properties

Fig. 6 presents the tensile engineering stress-engineering
strain curves and the variation in tensile properties of Mg-
12Gd-0.5Zr alloys subjected to different ultrasonic powers,
tested at 25 °C. Ultrasonic treatment at varying power levels
significantly improves the ultimate tensile strength (UTS),
yield strength (YS), and elongation of the as-cast Mg-12Gd-
0.5Zr alloy to different extents. As ultrasonic power increases,
both strength and elongation initially increase, and then
decline. For the untreated alloy, the UTS, YS, and elongation
at room temperature are 144.5 MPa, 86 MPa, and 1.56%,
respectively. At 1500 W, the alloy exhibits peak performance,
with UTS, YS, and elongation reaching 219.6 MPa, 148 MPa,
and 3.27%, respectively. Further increasing the ultrasonic
power to 2000 W results in a decline in both strength and
elongation. The enhancement in strength is primarily
attributed to microstructural refinement, including grain and
second-phase particle refinement. Moreover, ultrasonic
treatment reduces segregation of the secondary phase, as
evidenced by the SEM images in Fig.4, thereby contributing
to improved elongation.

Comprehensive experimental investigations demonstrate
that the enhancement of the mechanical properties of as-cast
Mg-12Gd-0.5Zr alloy by ultrasonic treatment results from
three synergistic mechanisms. Firstly, ultrasonic treatment
induces substantial microstructural refinement; coarse
dendritic structures are transformed to rounded equiaxed
grains via acoustic streaming and cavitation. Refined grains
increase strength and ductility via the Hall-Petch relationship.
Secondly, ultrasonic vibration modifies the morphology of the

secondary phase, converting the initially coarse, semi-
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Fig.6 Tensile engineering stress-engineering strain curves (a) and changes in tensile properties (b) of Mg-12Gd-0.5Zr alloys

continuous network-like Mg,Gd phase into a finely dispersed,
fishbone-like structure with improved uniformity. These fine
Mg.Gd phases effectively impede dislocation motion through
the Orowan strengthening mechanism. More importantly, the
localized high-temperature and high-pressure conditions
generated by cavitation significantly promote the dissolution
of Gd atoms into the matrix. The resulting supersaturated solid
solution induces severe lattice distortion, thereby facilitating
solid solution strengthening. The combined effects of grain
boundary strengthening, secondary-phase strengthening, and
solid-solution strengthening constitute the primary mechanism
underlying the improved mechanical performance. In
addition, the refined secondary phases help suppress crack
initiation by alleviating stress concentrations, further
enhancing the alloy’s plastic deformation capability.

The influence of ultrasonic treatment on the alloy’s tensile
behavior is further elucidated by examining its fracture
morphology. As shown in Fig.7, the tensile fracture surfaces
comprise cleavage planes, cleavage steps, dimples, and river

patterns. Arrow 1 indicates dimples, arrow 2 denotes cleavage

planes, and circles highlight cleavage steps. In the absence of
ultrasonic treatment, numerous cleavage planes and steps are
observed, while dimples are sparse, indicating a typical brittle
fracture. With increasing ultrasonic power to 700 and 1000 W,
the presence of cleavage planes is significantly reduced, and
dimple density increases. When the power is further raised to
1500 and 2000 W, cleavage planes become negligible, and
densely distributed dimples dominate the fracture surfaces.
This transformation is attributed to grain refinement and the
concurrent refinement of Mg,Gd phases under ultrasonic
treatment. In the untreated alloy, cracks readily initiate at the
interface between large, brittle Mg,Gd phases and propagate
rapidly through the interconnected network, resulting in a
energy
absorption. After ultrasonic refinement, the well-dispersed,

predominantly cleavage fracture with minimal

fine MgsGd particles are less effective as crack initiation sites.
Consequently, plastic deformation of the a -Mg matrix
becomes the dominant process. The refined grains and
dissolved Gd enhance the matrix’s strength, requiring higher
This leads to

stress to activate dislocation movement.

Fig.7 Tensile fracture morphologies of the as-cast Mg-12Gd-0.5Zr alloys at varying ultrasonic powers: (a) 0 W, (b) 700 W, (c) 1000 W,

(d) 1500 W, and (e) 2000 W
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significant energy dissipation through plastic deformation, as
evidenced by numerous dimples on the fracture surface. The
fine Mg,Gd particles may also act as obstacles to dislocation
glide, contributing to Orowan strengthening and further
enhancing the energy required for fracture. Therefore, the
refinement of Mg,Gd phases improves elongation, with the
alloy exhibiting a peak elongation of 3.27% after treatment at
1500 W.

4 Conclusions

1) Ultrasonic treatment can markedly refine the a-Mg grain
size in the Mg-12Gd-0.5Zr alloy. With increasing ultrasonic
power from 0 W to 2000 W, the a-Mg grain size initially
decreases and then increases, reaching a minimum of 31.4 um
at 1500 W. This refinement is primarily attributed to cavitation
and acoustic streaming effect induced by the ultrasonic field,
which promotes heterogeneous nucleation.

2) The size of the secondary phase (Mg,Gd) is substantially
reduced, and its spatial distribution becomes more uniform
after ultrasonic treatment. Moreover, the amount of secondary
phases decreases, accompanied by a significant increase in
dissolution of Gd atoms into the matrix. These effects arise
from acoustic streaming, which suppresses the segregation of
Gd at the solid-liquid interface.

3) The ultrasonic treatment leads to notable improvements
in UTS, YS, and elongation at room temperature. These
enhancements are primarily attributed to microstructural

refinement and increased Gd solid solution in the matrix.
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