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Abstract: The Mg-Al-Zn-Ca system has demonstrated excellent flame resistance and mechanical

properties in the as-cast condition. However, the potential of these alloys to be heat-treated, e.g.,

by aging, as well as the influence of the initial microstructure on the precipitation kinetics, is yet

to be comprehensively explored. Ultrasound treatment was applied during the solidification of an

AZ91D-1.5%Ca alloy to promote microstructure refinement. Samples from treated and non-treated

ingots were subjected to solution treatment at 415 ◦C for 480 min, followed by aging at 175 ◦C for

up to 4920 min. The results showed that the ultrasound-treated material could reach the peak-age

condition in a shorter period than the non-treated one, suggesting accelerated precipitation kinetics

and, thus, enhanced aging response. However, the tensile properties showed a decrease in the

peak age compared to the as-cast condition, probably due to the formation of precipitates at the

grain boundaries that promote the formation of microcracks and intergranular early fracture. This

research shows that tailoring the material’s as-cast microstructure may positively affect its aging

response, shortening the heat treatment duration, thereby making the process less expensive and

more sustainable.

Keywords: magnesium alloys; ultrasound treatment; solution; aging; Mg17Al12

1. Introduction

The trade-off between magnesium alloys’ strength and ductility is still a challenge
that has been addressed by several authors in the last few years [1,2]. Significant attention
has been paid to wrought magnesium alloys, resulting in substantial advances [3–5], while
casting ones have been neglected concerning their processing and optimization [6].

A considerable fraction of intermetallic phases form during the solidification process of
the alloys, which can play a role in the material’s behavior. The intermetallics’ morphology
and distribution can thus strongly influence the material’s mechanical and corrosion prop-
erties, possibly optimizing its performance by tailoring it. As the predominant intermetallic
phase in AZ91D magnesium alloy, β-Mg17Al12 precipitates may enhance the material’s
strength, but at the expense of its ductility. The precipitation of this phase from the su-
persaturated matrix may assume two different and competitive modes: discontinuous
and continuous precipitation. Discontinuous precipitates exhibit an elliptical or lamellar
shape composed of β-Mg17Al12 and aluminum-enriched α-Mg and form mainly at the
grain boundaries, growing inward [7]. Continuous precipitates, on the other hand, are
characterized by a lozenge-shaped plate phase known as the Widmanstätten phase, which
nucleates and grows inside the α-Mg grains with a primary habit plane parallel to the
[0001] basal plane of the matrix [8]. The contribution of each precipitate type to the mate-
rial’s mechanical properties is not yet fully understood, and the literature offers conflicting
views. Some authors [9,10] claimed that continuous precipitates could endow the material
with a superior age-hardening response, given that discontinuous precipitate morphology
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could lead to early fracture. From a different perspective, discontinuous precipitates were
suggested to play the leading role in aging hardening due to the continuous precipitates
presenting thin plates parallel to the basal plane, easing the dislocation gliding [7,11].

Solution treatment followed by artificial aging has proven to be able to tailor the
morphology of the β-Mg17Al12 precipitates by controlling both the temperature and du-
ration of the heat treatment [12–14]. However, it has been noted that magnesium alloys
aged at temperatures below 200 ◦C require long aging periods to attain their peak-aged
condition [15], making the process energy-intensive and expensive. On the other hand,
ultrasound treatment has been intensively explored for microstructural modification, and
it has been demonstrated that it can promote peak-aging conditions in a shorter period in
aluminum alloys [16]. Moreover, ultrasonic excitation may grant a refined microstructure
with a smaller grain size [17] as well as the formation of vacancies [18], features deeply
related to the formation of discontinuous and continuous precipitates, respectively [9]. The
potential of ultrasonic vibration to assist in several manufacturing techniques is known,
namely in additive and hybrid manufacturing areas. It has been shown that ultrasonic
vibration promotes higher powder utilization efficiency, lower surface roughness and mi-
crostructural improvement [19], the reason why it can be a path to boost the application of
additive and hybrid manufacturing in high-quality standards industries [20].

Although some research has already been published on the aging kinetics of different
magnesium alloys, there is still a lack of information regarding the Mg-Al-Zn-Ca system.
These alloys have demonstrated excellent results of ignition resistance allied to excellent
strength-to-weight ratio, granting an increasing interest in them recently [21,22]. However,
adding calcium is known to lead to the formation of thermally stable Al-Ca intermetallics,
changing the fraction of the β-Mg17Al12 phase formed during solidification and heat
treatment [23].

This work details the effect of the as-cast microstructure of an AZ91D-1.5%Ca (wt.%) on
its age-hardening response. In this sense, ultrasound treatment was applied to the material
during its solidification, refining its microstructure. The heat-treated samples’ hardness
evolution was investigated for non- and ultrasound-treated (US-treated) conditions, and
the precipitates formed were comprehensively characterized. In addition, the tensile
mechanical properties of the material in the as-cast, solution-treated and peak-aging states
were determined at room temperature.

We hypothesize that ultrasound treatment can accelerate the precipitation kinetics,
helping to reduce the heat treatment duration and temperature and thus contributing to a
more economical and environmentally sustainable manufacturing chain.

2. Materials and Methods

A SiAlON crucible was used to melt an AZ91D-1.5%Ca alloy (Table 1) in a resistance
furnace under an Ar protective atmosphere.

Table 1. Chemical composition of AZ91D-1.5% Ca alloy (wt.%).

Alloy Mg Al Zn Mn Ca

AZ91D-1.5%Ca Bal. 9.7 0.5 0.2 1.5

A previous stage at 450 ◦C was carried out to prevent melt contamination and eliminate
humidity and moisture from the crucible and tools used. The melt was heated to 620 ± 5 ◦C
and held for 20 min to form a CaO protective layer, after which the temperature was
increased to 660 ± 5 ◦C and held for 10 min for homogenization. The melt was then
poured into a pre-heated to 350 ± 5 ◦C metallic mold coupled to an ultrasound device that
transmitted acoustic energy to the medium until it reached 525 ± 5 ◦C. Experiments were
also conducted without the use of ultrasonic vibration as a comparison. The samples were
subjected to a 480 min heat treatment at 415 ◦C followed by quenching in water at room
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temperature to avoid additional phase transition induced by residual heat. Artificial aging
was then carried out at 175 ◦C for 240 to 4920 min.

The microstructural characterization and hardness testing samples were ground with
gradually finer SiC papers and polished with a 1 µm polycrystalline diamond solution,
followed by oxide polishing with 0.02 µm colloidal silica. A 4% solution of HNO3 in ethanol
was used to etch the samples before optical microscope examination (LEICA DM2500 M).
A deep etching technique based on the selective dissolution of the matrix was applied to
study the intermetallic shape. The morphology and composition of the phases present in
the microstructure were detailed further through scanning electron microscopy with energy
dispersive spectroscopy (SEM-EDS Phenom XL2, Thermo Fisher Scientific, Massachusetts,
USA). Hardness measurements were conducted in an Officine Galileo Mod using a D200
tester under a load of 50 gf. A minimum of five indentations were averaged for each
reported hardness measurement. Casted samples were machined into cylindrical tensile
specimens (type D, according to ISO 6892-1) with an 8.00 ± 0.08 mm diameter and a
50.00 ± 0.50 mm proof length. Universal testing equipment (INSTRON 8874) was used
to perform tensile testing with a 1 mm/s displacement rate until the specimens’ fracture
occurred and a load drop was observed. Three samples were tested for non- and US-treated
alloy in the as-cast, solutionized, and peak-aging conditions.

3. Results and Discussion

Figure 1a,b present the optical micrographs of the non- and US-treated samples in the
as-cast condition.

 

β

ff

ff
β

 

Figure 1. Microstructures of the (a,c) non- and (b,d) US-treated samples in the as-cast condition.

Regardless of the processing procedure, the microstructure of the as-cast samples is
composed of α-Mg, β-Mg17Al12, Al2Ca, and Al-Mn rich phases, as observed in our previous
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work [23]. However, significantly different morphologic characteristics could be observed,
which may be attributable to the application of ultrasonic vibrations to the solidifying melt.
It is suggested that ultrasound treatment has stimulated the refinement of the intermetallic
phases, as previously described [24–26]. Indeed, compared to the non-treated sample
(Figure 1a), β-Mg17Al12 appeared smaller and more rounded in the US-treated sample
(Figure 1b), while Al2Ca was fragmented, exhibiting a script-like disconnected morphology
and a more uniform distribution.

Color differences between the dendrite interior and exterior indicate aluminum seg-
regation during the solidification of the alloy. Hence, the Al-rich outer regions showed
a lower etching rate compared to the interior areas, which has also been referred to by
Esgandari et al. [27].

Deeply etched microstructures (Figure 1c,d) enabled a more detailed examination of
the intermetallic morphology, revealing that both non- and US-treated samples exhibited a
lamellar Al2Ca phase with distinct morphological features. While the Al2Ca intermetallic
displayed a rosette-like structure in the non-treated sample, the US-treated sample had a
platelet morphology that developed epitaxially from the α-Mg phase.

The microstructure of the solution-treated samples is presented in Figure 2. After
solution treatment for 480 min at 415 ◦C, β-Mg17Al12 was nearly fully dissolved in the
US-treated sample, whereas several particles could still be observed in the non-treated one.
Thus, it is hypothesized that the dissolution process progressed differently depending on
the processing conditions. The discrepancies observed in the materials’ response to the
solution treatment may have been promoted by their different as-cast microstructures. The
non-treated sample exhibited β-Mg17Al12 coarse bulk particles, which led to its reduced
dissolution due to a slower dissolving rate, conversely to the fine intermetallic found in the
US-treated sample.

β

ff

ff
β

 

 

Figure 2. Microstructure of (a) non- and (b) US-treated samples after solution treatment at 415 ◦C for

480 min.

Therefore, differences in the size and distribution of intermetallic particles may explain
their distinct dissolution kinetics. The non-treated sample presented larger intermetallic
particles and a higher aluminum concentration in their vicinity, leading to a slower dissolu-
tion rate promoted by the lower gradient. In addition, once the intermetallic volumetric
fraction is comparable across the processing conditions, the intermetallics’ interfacial area
of the non-treated sample is smaller and hinders the aluminum atoms’ diffusion to the
matrix, slowing down the dissolution process.

On the contrary, the US-treated sample was characterized by smaller and uniformly
dispersed β-Mg17Al12 particles, shortening the distance over which diffusion occurred and
thereby the time required for the dissolution to occur.
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The Al2Ca phase appeared not to suffer significant dissolution, possibly because of its
excellent thermal stability [28,29], which limited the aluminum atoms available to migrate
to the α-grains.

SEM micrographs of the non- and US-treated samples at the peak-age condition at
175 ◦C (1440 and 960 min, respectively) are shown in Figure 3, along with the EDS analysis
results of the identified precipitates.

ff

ff

β ff

ff

α

β
Figure 3. SEM micrographs of the discontinuous β-Mg17Al12 precipitates found in (a,b) non- and

(c,d) US-treated samples, after aging at 175 ◦C for 1440 and 960 min, respectively; (b,d) higher

magnification images of areas A and B, respectively, (e) EDS analysis of the particles identified as Z1

and Z2 in (b,d).

During the aging treatment, two types of precipitates—continuous and discontinuous—may
form and develop competitively as they nucleate and grow at different rates [30,31]. Al-
though their chemical composition is the same, their morphology differs, making their
strengthening effect distinct. Both non- and US-treated samples exhibited only discontin-
uous precipitates, which may be explained by the low aging temperature adopted [27].
Most precipitates were found along the grain boundaries—intergranular precipitates—and
presented an elliptical shape. The different processing conditions are suggested to result
in the modification of the precipitates, not primarily of their shape, but of their size and
number density. Indeed, the non-treated sample was characterized by a lower number of
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precipitates whose size was larger than that of the US-treated samples. In addition, it is
possible that the precipitates grew and coalesced to form massive bulk structures, as shown
in Figure 4.

ff
ff

ff

ff

β

β

β

Figure 4. SEM micrograph of β-Mg17Al12 bulk precipitates found at grain boundaries of non-treated

material after aging at 175 ◦C for 1440 min; (b) EDS analysis of the Z3 particle identified in (a).

The US-treated sample showed a higher number of smaller β-Mg17Al12 precipitates
distributed along the grain boundaries, which may result from the finer microstructure, i.e.,
the materials’ smaller grain size. The grain refinement of the alloy results in increased grain
boundaries, providing more nucleation sites for β-Mg17Al12 discontinuous precipitates and
thereby promoting faster-aging kinetics [9,32].

Figure 5 shows the hardness evolution under as-cast, solution-treated, and artificially
aged conditions for non- and US-treated samples.

ff
ff

ff

ff
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β

β

Figure 5. Average Vickers hardness of the non- and US-treated samples during artificial aging.

In the as-cast condition, the US-treated alloy exhibited higher hardness than the non-
treated one, possibly due to its finer microstructure. Indeed, the refinement of the α-Mg and
intermetallic phases substantially affects the material’s mechanical properties, namely its
hardness. Increasing grain boundaries led to an increase in the density of small precipitates,
thus improving the mechanical properties. In the non-treated samples, however, the
coarser morphology of the precipitates resulted in an increased interspacing between them.
Under these conditions, there is a reduced capacity to inhibit dislocation movement, so
the material’s hardness is lower [33]. Similar findings were reported by Lai et al. [15], who
studied the effect of aging conditions on the morphology of the β-Mg17Al12 precipitates
and concluded that numerous smaller precipitates provided higher peak hardness.
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Due to the precipitates’ dissolution after solution treatment, which promotes material
softening [34], the material’s hardness dropped dramatically, regardless of the processing
conditions. The US-treated alloy hardness remained higher than that of the non-treated one
in the solutionized condition due to the grain boundary strengthening effect granted by the
grain refinement. At this stage, no contribution of precipitation strengthening was consid-
ered since most precipitates were dissolved after solution treatment. On the other hand,
a more gradual decline in the hardness in the non-treated material may be attributable to
the presence of undissolved β-Mg17Al12 intermetallic, whose size has decreased throughout
the procedure, favoring its ability to prevent dislocation movement.

The hardness curves’ behavior of the non- and US-treated alloys indicates that the pro-
cessing conditions may profoundly influence the material’s aging response. Although the
typical hardness increase was noticeable in both non- and US-treated samples, the former
presented a longer incubation period, with the hardness value remaining almost constant
until aging for 240 min. In contrast, the short incubation period of the US-treated alloy
suggests accelerated aging kinetics of β-Mg17Al12 precipitates compared to the non-treated
sample. Similar results were reported by Wang et al. [32]. The authors investigated whether
the manufacturing process—high-pressure die casting or rheo-diecasting—influenced the
material’s aging response and determined that the latter showed faster dissolution during
the solution treatment and accelerated aging kinetics.

After the incubation stage, the non- and US-treated samples’ hardness increased,
although at a higher rate for the latter. The US-treated alloy reached its peak-aged condition
at 960 min, following which its hardness value decreased sharply, whereas the non-treated
alloy hardness increased throughout the time range considered. The larger grain size is
suggested to significantly reduce the nucleation rate, delaying the material’s aging response
and resulting in the non-treated sample not achieving the peak-aging condition within
the time interval considered [33]. Even so, and for comparison’s sake, aging treatment for
1440 min was hereafter referred to as the peak-aging condition of the non-treated sample,
corresponding to the highest hardness value observed within the heat treatment period
considered. After 4920 min of aging, the non-treated samples exhibited a value comparable
to that of the as-cast condition (74 HV vs. 73 HV) and still showed a tendency toward
increasing hardness, which indicates that peak-aging has not been reached yet and could
be higher. However, the US-treated sample showed the highest hardness in the as-cast
condition (82 HV), with peak-aged hardness 5.7% lower (77 HV). According to Zhang
et al. [35] and Dumpala et al. [36], the coarsening of grains during the solution treatment
may be responsible for this behavior.

Nonetheless, the ultrasound treatment of magnesium alloy has demonstrated the
potential to refine the microstructure, which has proven effective in shortening the time
needed for reaching the peak-aged state. In addition, the difference between the non- and
US-treated samples aged for 240 min is superior to that observed in the solution-treated
condition. This behavior supports the hypothesis that ultrasonic processing plays a role
in precipitation behavior by anticipating it. In this sense, the increased hardness value
obtained for the US-treated sample may have resulted from accelerated precipitation and
grain boundary strengthening combined, consistent with Kim et al.’s findings [37]. Even
so, no increase in hardness was seen after the aging treatment compared to the as-cast
condition for either processing method. These results align with those of Suzuki et al. [30]
and Bamberger et al. [31] for Mg-Al-Ca and Mg-Ca-Zn alloys, respectively, demonstrating
the poor age-hardening response of these alloys.

Furthermore, due to the formation of the Al2Ca phase during the alloy solidification,
there is a low fraction of β-Mg17Al12 phase in the as-cast state and reduced aluminum
content on the α-Mg phase, limiting the solute availability after solution heat treatment. In
this sense, given the direct relationship between the transformation rate during the aging
treatment and the solute atoms amount available in the supersaturated matrix, lower peak
hardness values are obtained by calcium-containing magnesium alloys compared with
those without this element [27].
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Several studies show the ability of ultrasound treatment to enhance the mechanical
properties of magnesium alloys, namely AZ91D [17]. However, whether as-cast microstruc-
ture affects the tensile behavior of heat-treated materials is still unknown.

The results of the tensile tests performed on the non- and US-treated AZ91D-1.5%Ca
(wt.%) in the as-cast, solutionized (T4), and peak-aged conditions are presented in Table 2.

Table 2. Mechanical properties of the non- and US-treated material in the as-cast, solution-treated

and peak-aged conditions.

Test Condition Yield Strength (MPa)
Tensile Strength

(MPa)
Elongation at Break

(%)

Non-treated

As-cast 89 ± 5 110 ± 7 1.75 ± 0.34

T4 137 ± 7 146 ± 8 2.04 ± 0.93

T6–Peak-age condition
(1440 min)

100 ± 4 115 ± 4 1.73 ± 0.71

US-treated

As-cast 125 ± 8 164 ± 6 3.02 ± 0.25

T4 158 ± 6 204 ± 8 4.31 ± 1.34

T6–Peak-age condition
(960 min)

142 ± 6 169 ± 8 2.69 ± 0.89

The results demonstrate that ultrasound treatment significantly increased mechanical
performance under all the tested conditions. In the as-cast state, the tensile strength of
the US-treated material was about 50% higher than that of the non-treated one, stressing
the grain refinement’s role in the material’s mechanical resistance. In addition, the yield
strength was higher than in non-treated samples, but the difference was less pronounced.
The increased elongation at fracture constitutes the most impressive result, enhancing by
about 72.5% when ultrasound treatment is applied. The microstructure characteristics may
thus be considered a critical factor for the static mechanical properties of the alloy. The
conjunction of smaller grain size and refined and more uniform distributed intermetallic
phases grant remarkably improved mechanical properties. Conversely, the continuous
network of brittle β-Mg17Al12 phase detected in the non-treated sample leads to poorer
mechanical properties [24]. According to Du et al. [38], such modifications decrease the
stress concentration points, improving ductility by preventing early fracture.

The solutionized samples exhibited higher elongation, yield and tensile strength than
the as-cast condition, regardless of the processing route. For the non-treated sample, the
increase in the yield and tensile strength was higher than that of the elongation, while the
contrary was observed in the US-treated samples. The partial dissolution of the coarse
precipitates may underlie this behavior, given that they constitute preferential sites for
fracture initiation and act as a continuous easy crack path [39]. In addition, the dissolution
of these precipitates occurred to a greater extent in the US-treated sample, leading to the
matrix being dopped with aluminum atoms, easing the basal-plane deformation twinning
in the magnesium alloys and thereby enhancing the elongation.

In the aged condition, non- and US-treated materials showed a decrease in yield and
tensile strength, as well as elongation. Such a loss of the materials’ mechanical properties
may be promoted by forming precipitates which, contrary to what is observed for aluminum
alloys, may harm the mechanical resistance. In fact, under the considered aging conditions,
discontinuous precipitates formed at the grain boundaries, showing small interface bonding
strength and weakening the bonding force between grains [40]. Under these conditions,
the microcracks are suggested to form preferentially in the β-Mg17Al12/α-Mg, interfaces,
promoting early intergranular fracture due to their growth and propagation along the grain
boundaries [41]. In agreement with these findings, the higher yield and tensile strength and
elongation values observed in the US-treated material after solution treatment compared
to the peak-age properties appear to confirm that the precipitation of the β-Mg17Al12 has
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an overall deleterious effect on the mechanical behavior of the material. Moreover, the
elongation decline showed by the non-treated material after aging may be explained by
the presence of coarse intermetallic particles that did not fully dissolve and are likely to
crack at low strains. This detrimental effect did not significantly compromise the ductility
in the solution-treated condition due to the softer matrix, which worked to delay the
cracking [42] but played a critical role in decreasing the material’s mechanical strength after
aging treatment.

According to the obtained results, it can be concluded that AZ91D-1.5%Ca (wt.%) has
a limited aging potential under the considered conditions. In fact, no significant improve-
ment in the material’s mechanical properties could be achieved through the adopted heat
treatment scheme. Such a poor aging response may be explained mainly by two factors:
(i) the addition of calcium promotes the formation of the Al2Ca intermetallic phase during
the material solidification and suppresses the formation of the β-Mg17Al12 phase. Given
its high thermal stability, the Al2Ca phase did not dissolve during the solution treatment,
causing the aluminum content available to precipitate during subsequent aging treatment
to be extremely low; on the other hand, (ii) the discontinuous precipitates formed along
the grain boundaries consumed the available solute content, promoting the depletion of
continuous precipitation, which could further improve the mechanical performance of the
material [43].

Optimizing the solution treatment to dissolve the Al2Ca phase and applying ultra-
sound treatment during the casting process may constitute a route to enhance the aging
response of the AZ91D-1.5%Ca (wt.%) alloy. In fact, applying ultrasonic vibration during
the material solidification can promote an excess of vacancies, which act as nucleation
sites for continuous precipitates [18]. Such conditions, together with a higher available
aluminum content granted by the dissolution of the Al2Ca intermetallic, can enhance the
material’s response to the aging treatment by tailoring the morphology of the resultant
precipitate.

4. Conclusions

In this research, ultrasound treatment was used during the solidification of an AZ91D-
1.5%Ca to modify its microstructure, which was then investigated for its effect on aging
kinetics. The following conclusions could be drawn from the performed study:

• Applying ultrasound treatment during AZ91D-1.5%Ca (wt.%) alloy cooling has sig-
nificantly changed its microstructure, promoting the refinement of β-Mg17Al12 and
Al2Ca intermetallic phases.

• The refined microstructure of the US-treated sample yielded a higher hardness than
that of the non-treated one in the as-cast condition.

• US-treated samples showed accelerated aging kinetics since precipitation hardening
occurred for a shorter heat treatment duration compared to that of non-treated ones.

• The hardness curve of the non-treated material suggests that peak aging was not
achieved under the tested conditions, which indicates that aging for periods longer
than 4920 min may be required. Conversely, US-treated samples appeared to reach the
peak-aging state after 960 min.

• Ultrasound treatment enhanced the ultimate tensile strength and elongation in all the
considered conditions—as-cast, solutioned and aged—compared to the absence of
treatment. However, the tensile properties showed a decrease in the peak age, possibly
due to the formation of precipitates at the grain boundaries that promote the formation
of microcracks and intergranular early fracture.

Author Contributions: I.V.G.: Conceptualization, Investigation, Formal analysis, Writing—original

draft, Writing—review and editing. F.D.: Resources, Writing—review and editing. J.L.A.: Resources,

Funding acquisition, Writing—review and editing. H.P.: Conceptualization, Methodology, Resources,

Formal analysis, Writing—review and editing. All authors have read and agreed to the published

version of the manuscript.



Materials 2023, 16, 3152 10 of 11

Funding: This work was supported by Portuguese FCT under the project UIDB/04436/2020 and the

doctoral grant PD/BD/140094/2018.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jo, S.; Whitmore, L.; Woo, S.; Aramburu, A.U.; Letzig, D.; Yi, S. Excellent age hardenability with the controllable microstructure of

AXW100 magnesium sheet alloy. Sci. Rep. 2020, 10, 22413. [CrossRef] [PubMed]

2. Han, T.; Huang, G.; Li, H.; Wang, L.; Zhang, H.; Pan, F. Strength-ductility balance of AZ31 magnesium alloy via accumulated

extrusion bonding combined with two-stage artificial cooling. J. Magnes. Alloys 2021, 26, 2043. [CrossRef]

3. Shi, R.; Miao, J.; Avey, T.; Luo, A.A. A new magnesium sheet alloy with high tensile properties and room-temperature formability.

Sci. Rep. 2020, 10, 10044. [CrossRef] [PubMed]

4. Panigrahi, S.K.; Mishra, R.S.; Brennan, R.C.; Cho, K. Achieving extraordinary structural efficiency in a wrought magnesium rare

earth alloy. Mater. Res. Lett. 2020, 8, 151–157. [CrossRef]

5. Bu, D.; Li, T.; Han, X.; Du, Z.; Yuan, J.; Zhang, K.; Li, Y.; Peng, Y.; Pang, Z.; Zhao, C. Enhancing strength and ductility in back

extruded WE71 magnesium alloy cylindrical parts by introduction of multi-direction forging process. J. Rare Earths 2022, 5, 239.

[CrossRef]

6. Korgiopoulos, K.; Langelier, B.; Pekguleryuz, M. Mg17Al12 phase refinement and the improved mechanical performance of

Mg–6Al alloy with trace erbium addition. Mater. Sci. Eng. A 2021, 812, 141075. [CrossRef]

7. Zhang, K.; Li, H.; Liang, X.; Chen, Z.; Wang, L. Discontinuous and continuous precipitation characteristics and mechanical

properties of a AZ80A magnesium alloy at different aging temperatures. Mater. Charact. 2020, 161, 110146. [CrossRef]

8. Celotto, S. TEM study of continuous precipitation in Mg ±9 wt%Al ±1 wt%Zn alloy. Acta Mater. 2000, 48, 1775–1787. [CrossRef]

9. Abd El-Rehim, A.F.; Zahran, H.Y.; Al-Masoud, H.M.; Habashy, D.M. Microhardness and microstructure characteristics of AZ91

magnesium alloy under different cooling rate conditions. Mater. Res. Express 2019, 6, 86572. [CrossRef]

10. Cepeda-Jiménez, C.M.; Pérez-Prado, M.T. Microplasticity-based rationalization of the room temperature yield asymmetry in

conventional polycrystalline Mg alloys. Acta Mater. 2016, 108, 304–316. [CrossRef]

11. Lee, J.U.; Kim, S.-H.; Kim, Y.J.; Park, S.H. Effects of homogenization time on aging behavior and mechanical properties of AZ91

alloy. Mater. Sci. Eng. A 2018, 714, 49–58. [CrossRef]

12. Guo, Y.; Quan, G.; Celikin, M.; Ren, L.; Zhan, Y.; Fan, L.; Pan, H. Effect of heat treatment on the microstructure and mechanical

properties of AZ80M magnesium alloy fabricated by wire arc additive manufacturing. J. Magnes. Alloys 2021, 32, 1211. [CrossRef]

13. Fatmi, M.; Djemli, A.; Ouali, A.; Chihi, T.; Ghebouli, M.A.; Belhouchet, H. Heat treatment and kinetics of precipitation of

β-Mg17Al12 phase in AZ91 alloy. Results Phys. 2018, 10, 693–698. [CrossRef]

14. Kim, J.-Y.; Byeon, J.-W. Quantitative relation of discontinuous and continuous Mg17Al12 precipitates with corrosion rate of

AZ91D magnesium alloy. Mater. Charact. 2021, 174, 111015. [CrossRef]

15. Contreras-Piedras, E.; Esquivel-Gonzalez, R.; López-Hirata, V.M.; Saucedo-Muñoz, M.L.; Paniagua-Mercado, A.M.; Dorantes-

Rosales, H.J. Growth kinetics of cellular precipitation in a Mg–8.5Al–0.5Zn–0.2Mn (wt.%) alloy. Mater. Sci. Eng. A 2010, 527,

7775–7778. [CrossRef]

16. Puga, H.; Carneiro, V.H. Light-Alloy Melt Ultrasonication: Shorter T6 with Higher Precipitation Strengthening. Met. Mater. Int.

2021, 27, 3195–3204. [CrossRef]

17. Puga, H.; Carneiro, V.; Barbosa, J.; Vieira, V. Effect of Ultrasonic Treatment in the Static and Dynamic Mechanical Behavior of

AZ91D Mg Alloy. Metals 2015, 5, 2210–2221. [CrossRef]

18. Hu, Y.; Liu, H.; Fujii, H.; Araki, H.; Sugita, K.; Liu, K. Ultrasonic-induced excess vacancies in friction stir processing and

exploration of acoustoplastic effect. Scr. Mater. 2020, 185, 117–121. [CrossRef]

19. Cong, W.; Ning, F. A fundamental investigation on ultrasonic vibration-assisted laser engineered net shaping of stainless steel.

Int. J. Mach. Tools Manuf. 2017, 121, 61–69. [CrossRef]

20. Khorasani, M.; Gibson, I.; Ghasemi, A.H.; Hadavi, E.; Rolfe, B. Laser subtractive and laser powder bed fusion of metals: Review

of process and production features. Rapid Prototyp. J. 2023. ahead-of-print. [CrossRef]

21. Ni, J.; Jin, L.; Zeng, J.; Li, J.; Wang, F.; Wang, F.; Dong, S.; Dong, J. Development of high-strength magnesium alloys with excellent

ignition-proof performance based on the oxidation and ignition mechanisms: A review. J. Magnes. Alloys 2023, 11, 1–14. [CrossRef]

22. Xiao, R.; Liu, W.-C.; Wu, G.-H.; Zhang, L.; Liu, B.-L.; Ding, W.-J. Effect of Ca content and rheo-squeeze casting parameters on

microstructure and mechanical properties of AZ91−1Ce−xCa alloys. Trans. Nonferrous Met. Soc. China 2021, 31, 1572–1586.

[CrossRef]

23. Gomes, I.V.; D’Errico, F.; Alves, J.L.; Puga, H. Ultrasound-assisted casting of AZ91D-1.5%Ca—Shifting T4 paradigm for down-

stream processing. Mater. Lett. 2023, 330, 133305. [CrossRef]

https://doi.org/10.1038/s41598-020-79390-z
https://www.ncbi.nlm.nih.gov/pubmed/33376246
https://doi.org/10.1016/j.jma.2021.06.025
https://doi.org/10.1038/s41598-020-67161-9
https://www.ncbi.nlm.nih.gov/pubmed/32572096
https://doi.org/10.1080/21663831.2020.1719227
https://doi.org/10.1016/j.jre.2022.03.001
https://doi.org/10.1016/j.msea.2021.141075
https://doi.org/10.1016/j.matchar.2020.110146
https://doi.org/10.1016/S1359-6454(00)00004-5
https://doi.org/10.1088/2053-1591/ab1ad6
https://doi.org/10.1016/j.actamat.2016.02.023
https://doi.org/10.1016/j.msea.2017.12.061
https://doi.org/10.1016/j.jma.2021.04.006
https://doi.org/10.1016/j.rinp.2018.07.009
https://doi.org/10.1016/j.matchar.2021.111015
https://doi.org/10.1016/j.msea.2010.08.052
https://doi.org/10.1007/s12540-020-00798-3
https://doi.org/10.3390/met5042210
https://doi.org/10.1016/j.scriptamat.2020.05.017
https://doi.org/10.1016/j.ijmachtools.2017.04.008
https://doi.org/10.1108/RPJ-03-2021-0055
https://doi.org/10.1016/j.jma.2022.12.007
https://doi.org/10.1016/S1003-6326(21)65599-1
https://doi.org/10.1016/j.matlet.2022.133305


Materials 2023, 16, 3152 11 of 11

24. Khosro Aghayani, M.; Niroumand, B. Effects of ultrasonic treatment on microstructure and tensile strength of AZ91 magnesium

alloy. J. Alloys Compd. 2011, 509, 114–122. [CrossRef]

25. Zhang, X.; Kotadia, H.R.; Depner, J.; Qian, M.; Das, A. Effect of Ultrasonication on the Solidification Microstructure in Al and

Mg-Alloys. In Light Metals; Chesonis, C., Ed.; Springer: Berlin/Heidelberg, Germany; New York, NY, USA, 2019; pp. 1589–1595,

ISBN 978-3-030-05863-0.

26. Emadi, P.; Ravindran, C. The Influence of High Temperature Ultrasonic Processing Time on the Microstructure and Mechanical

Properties AZ91E Magnesium Alloy. J. Mater. Eng Perform 2021, 30, 1188–1199. [CrossRef]

27. Amir Esgandari, B.; Mehrjoo, H.; Nami, B.; Miresmaeili, S.M. The effect of Ca and RE elements on the precipitation kinetics of

Mg17Al12 phase during artificial aging of magnesium alloy AZ91. Mater. Sci. Eng. A 2011, 528, 5018–5024. [CrossRef]

28. Jun, J.-H. Damping behaviors of as-cast and solution-treated AZ91–Ca magnesium alloys. J. Alloys Compd. 2014, 610, 169–172.

[CrossRef]

29. Huang, X.; Chino, Y.; Ueda, H.; Inoue, M.; Kido, F.; Matsumoto, T. Improvement of mechanical properties of extruded AZX912

magnesium alloy using high-temperature solution treatment. J. Mater. Res. 2019, 34, 3725–3734. [CrossRef]

30. Suzuki, A.; Saddock, N.D.; TerBush, J.R.; Powell, B.R.; Jones, J.W.; Pollock, T.M. Precipitation Strengthening of a Mg-Al-Ca–Based

AXJ530 Die-cast Alloy. Met. Mat. Trans. A 2008, 39, 696–702. [CrossRef]

31. Bamberger, M.; Levi, G.; Vander Sande, J.B. Precipitation hardening in Mg-Ca-Zn alloys. Metall. Mater. Trans. A 2006, 37A,

481–487. [CrossRef]

32. Wang, Y.; Liu, G.; Fan, Z. Microstructural evolution of rheo-diecast AZ91D magnesium alloy during heat treatment. Acta Mater.

2006, 54, 689–699. [CrossRef]

33. Xu, W.; Yu, J.; Jia, L.; Gao, C.; Miao, Z.; Wu, G.; Li, G.; Zhang, Z. Grain refinement impact on the mechanical properties and wear

behavior of Mg-9Gd-3Y-2Zn-0.5Zr alloy after decreasing temperature reciprocating upsetting-extrusion. J. Magnes. Alloys 2021,

7, 672. [CrossRef]

34. Lee, G.M.; Lee, J.U.; Park, S.H. Effects of post-heat treatment on microstructure, tensile properties, and bending properties of

extruded AZ80 alloy. J. Mater. Res. Technol. 2021, 12, 1039–1050. [CrossRef]

35. Zhang, Z.; Wang, L.; Zhang, R.; Yin, D.; Zhao, Z.; Bai, P.; Liu, B.; Wang, F. Effect of solution annealing on microstructures and

corrosion behavior of wire and arc additive manufactured AZ91 magnesium alloy in sodium chloride solution. J. Mater. Res.

Technol. 2022, 18, 416–427. [CrossRef]

36. Swetha Chowdary, V.; Dumpala, R.; Anand Kumar, S.; Kondaiah, V.V.; Ratna Sunil, B. Influence of heat treatment on the

machinability and corrosion behavior of AZ91 Mg alloy. J. Magnes. Alloys 2018, 6, 52–58. [CrossRef]

37. Kim, S.-H.; Lee, J.U.; Kim, Y.J.; Bae, J.H.; You, B.S.; Park, S.H. Accelerated precipitation behavior of cast Mg-Al-Zn alloy by grain

refinement. J. Mater. Sci. Technol. 2018, 34, 265–276. [CrossRef]

38. Du, X.; Zhang, E. Microstructure and mechanical behaviour of semi-solid die-casting AZ91D magnesium alloy. Mater. Lett. 2007,

61, 2333–2337. [CrossRef]

39. Li, F.; Peh, W.Y.; Nagarajan, V.; Ho, M.K.; Danno, A.; Chua, B.W.; Tan, M.J. Development of non-flammable high strength AZ91 +

Ca alloys via liquid forging and extrusion. Mater. Des. 2016, 99, 37–43. [CrossRef]

40. Di, T.; Jiang, Y.; Guan, R.; Chen, M.; Jiang, J.; Gao, F.; Lu, X.; Zhao, Z. The Evolution of Microstructure, Mechanical Properties and

Fracture Behavior with Increasing Lanthanum Content in AZ91 Alloy. Metals 2020, 10, 1256. [CrossRef]

41. Teschke, M.; Koch, A.; Walther, F. Comparison of High-Temperature Compression and Compression-Comp ressionFatigue

Behavior of Magnesium Alloys DieMag422 and AE42. Materials 2020, 13, 497. [CrossRef]

42. Cáceres, C.H.; Davidson, C.J.; Griffiths, J.R.; Newton, C.L. Effects of solidification rate and ageing on the microstructure and

mechanical properties of AZ91 alloy. Mater. Sci. Eng. A 2002, 325, 344–355. [CrossRef]

43. Lai, W.-J.; Li, Y.-Y.; Hsu, Y.-F.; Trong, S.; Wang, W.-H. Aging behaviour and precipitate morphologies in Mg–7.7Al–0.5Zn–0.3Mn

(wt.%) alloy. J. Alloys Compd. 2009, 476, 118–124. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jallcom.2010.08.139
https://doi.org/10.1007/s11665-020-05419-z
https://doi.org/10.1016/j.msea.2011.03.022
https://doi.org/10.1016/j.jallcom.2014.04.214
https://doi.org/10.1557/jmr.2019.281
https://doi.org/10.1007/s11661-007-9455-4
https://doi.org/10.1007/s11661-006-0019-9
https://doi.org/10.1016/j.actamat.2005.09.033
https://doi.org/10.1016/j.jma.2021.03.021
https://doi.org/10.1016/j.jmrt.2021.03.046
https://doi.org/10.1016/j.jmrt.2022.02.092
https://doi.org/10.1016/j.jma.2017.12.001
https://doi.org/10.1016/j.jmst.2017.11.019
https://doi.org/10.1016/j.matlet.2006.09.007
https://doi.org/10.1016/j.matdes.2016.03.014
https://doi.org/10.3390/met10091256
https://doi.org/10.3390/ma13030497
https://doi.org/10.1016/S0921-5093(01)01467-8
https://doi.org/10.1016/j.jallcom.2008.08.043

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

