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Abstract 

Light metals are gaining increased attention due to ecological sustainability concerns and strict emission regulations. Magnesium (Mg) 
is one such metal that has the potential to replace high density components, which can reduce emissions through lightweighting. However, 
the mechanical properties of Mg alloys must be improved for them to become viable candidates for structural applications. To this end, the 
current study examines the effect of sonication vibrational amplitude on the microstructure and mechanical properties of AZ91E Mg alloy. 
The molten alloys were subjected to ultrasonic treatment at a frequency of 20 kHz, 180 s of processing time and vibrational amplitudes 
ranging from 1.25 to 15 μm. The resultant castings were characterized using optical microscopy, scanning electron microscopy and tensile 
testing. It was found that sonication with amplitudes up to 7.5 μm was able to effectively refine the secondary phases of the alloy. Similar 
trends were observed for grain size and yield strength. The refinement in microstructure was likely caused by the finer grain size and 
cavitation induced undercooling of the liquid metal. In addition, it was also noted that even the lowest level of amplitude (1.25 μm) was able 
to increase the density, improve the ultimate tensile strength and ductility of the castings. The tensile strength and ductility were thought to 
have been enhanced by ultrasonic degassing and refinement in microstructure, while the yield strength was improved through the Hall-Petch 
effect. The results from this study provided a basis for optimizing the sonication process and promoting its use in industry. As a result, Mg 
alloys improved through ultrasonic processing have the potential to replace higher density components, with consequent energy efficiency 
and environmental and ecological benefits. 
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Magnesium (Mg) alloys are excellent candidates for re-
lacing higher density metals such as iron (Fe) and aluminum
Al). Magnesium is abundant and possesses a high strength-
o-weight ratio, making it a critical material where weight
eduction is a priority [ 1 , 2 ]. Lightweighting of electric vehi-
les, internal combustion vehicles and electronics is critical
or emission reduction and ecological sustainability. Because
f these factors, Mg has been gaining increasing attention
hroughout the past decades. The percentage of components
ade from Mg alloys is increasing year after year. However
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n order to further increase the use of Mg alloys in industry,
here is a need to enhance its mechanical properties. 

Presently, most Mg alloys have poor tensile strength and
uctility relative to Al alloys. Due to the low strength of Mg
elative to other structural metals, its usage is limited to non-
tructural components. Several methods have been proposed
o improve the properties of cast Mg alloys. Some examples
re The Elfinal Process [3] , Carbon inoculation [4] melt su-
erheating [5] or sintering [6] . Additionally, grain refinement
s also known to be a highly effective means for enhancing
he strength of cast alloys [ 7 , 8 ]. The grain refinement pro-
ess refers to the formation of fine grains which can improve
trength and ductility through hindering dislocation motion at
rain boundaries. Currently, zirconium (Zr) addition has been
dentified as an effective means for the grain refinement of
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Table 1 
Average chemical composition of AZ91E ingots. 

Al Mn Zn Si Fe Be Mg 

8.61 0.21 0.55 0.044 0.0026 0.0017 Balance 
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l-free Mg alloys [9] . However, Zr addition is not effective
or the more popular Al-bearing Mg alloys such as AZ91.
his is in part due to reactions between Zr and Al available

n the metal, which eliminates the grain refining potential of
r [2] . 

The current methods for improving the properties of Mg
lloys are inadequate. Zirconium addition fails to refine both
g-Al and Al-free alloys and it is not cost effective. The

lfinal process is only effective for Mg-Al alloys that contain
anganese (Mn) and reduces alloy corrosion resistance due to
e addition. Superheating is expensive, time consuming and

ncreases the rate of oxidation as well as dissolved gasses.
arbon addition is mostly carried out through the addition of
 2 Cl 6 , but it leads to the emission of harmful gasses [10] .
s a result, an alternative method for the refinement of Mg

s required. Ideally, an effective refining technique should be
uitable for both Al-free and Al-bearing Mg alloys. 

Ultrasonic treatment (UST) has recently emerged as an ef-
ective means for the refinement of metals and alloys [11–15] .
he process entails the application of high-intensity ultrasonic
ibration to the liquid metal using a sonotrode. Sonication re-
uires low-cost equipment and processing times are relatively
hort. Furthermore, it can be applied to both Al-free and Mg-
l alloys. However, the sonication process is poorly under-

tood. Significant research and development are required in
rder to elevate the technology to a level for industrial appli-
ation, especially for processing molten Mg alloys. 

While several studies in the field of ultrasonic processing
f light metals are available, few have been completed with
ndustrial application in mind [16] . For example, a number of
tudies examine the effects of sonication during solidification
17–20] . This is not effective for castings with complicated
hapes since the sound waves cannot reach all areas of a com-
lex mold. Other studies use lengthy refining times, which is
nacceptable from an efficiency perspective, since it leads to
ime lost during the casting process [21–23] . In addition, sev-
ral studies sonicate at high power levels, several times higher
han the reported threshold for cavitation to occur [24–26] .
his leads to a higher level of energy consumption as well
s more expensive equipment. Hence, further research is re-
uired to optimize sonication processing parameters, such as
ltrasonic power, to improve its useability in industrial set-
ings. 

The purpose of this research is to examine the effects of
ibrational amplitude on the microstructure and mechanical
roperties of AZ91E Mg alloy, which was not extensively
nvestigated in prior studies. Consequently, its effect on the
roperties and microstructure of Mg are not well understood.
n this study the experimental procedure consisted of system-
tic increases in amplitude both above and below the thresh-
ld for cavitation to occur. This was done to clearly under-
tand the impact of sonication amplitude on the resultant
ensile properties and secondary phases of the alloy. The
esults from this study are critical for ultrasonic treatment
rocess optimization in an industrial setting, especially since
aintaining high levels of amplitude is more energy intensive.
herefore, Mg alloys improved through optimized sonication
rocesses can lead to their increased use in the automotive,
erospace and electronics industries. 

. Materials and methods 

Ingots of AZ91E alloy with chemical composition detailed
n Table 1 were used in this study. An electric resistance
urnace was used for melting of the ingots. Prior to melting,
he ingots were placed in a low-carbon steel crucible and
reheated to 200 °C for 30 min. Subsequently, the ingots
ere heated to 740 °C for melting with an atmosphere of
.7 L/min of CO 2 and 0.5 vol.% SF 6 to prevent oxidation.
n ASTM standard B108–6 tensile mold was used [27] . The
old was preheated to 350 °C prior to pouring to ensure

dequate filling and a controlled solidification rate. The liquid
etal was poured at 720 °C to match industrial practices. Two

dentical round tensile test coupons were produced from the
ame casting mold. 

Ultrasonic treatment was performed using a Sonic Systems
K ultrasonic vibration device (model L500). The frequency
f vibration was fixed at 20 ± 1 kHz. The amplitude of vi-
ration was varied from 1.25 to 15 μm and applied to the
iquid metal using a titanium alloy sonotrode. Sonication was
arried out at a melt temperature of 740 °C for 180 s, with
he sonotrode immersed 10 mm below the melt surface. Af-
er treatment, the surface of the liquid metal was skimmed of
ross and poured. Two trials with a total of four samples per
ondition were evaluated to ensure repeatability of the results.

Tensile testing was done using a United Universal Test-
ng Machine (Model STM-50 kN) at a nominal pull rate of
2.5 mm/min. The %Elongation was measured with an ex-
ensometer attached to the gage section. Testing was done at
mbient temperature. After testing was completed, sections
or metallography were extracted 10 mm away from the frac-
ure surface. Specimens were ground using SiC paper and
olished using 9, 3 and 1 μm diamond compound with an
thanol-based dispersing agent. 

For grain size analysis, samples were solution heat treated
t 413 °C for 24 hr, according to ASTM B661–12 [28] . To
eveal the grain boundaries, the samples were etched using a
5% water and 5% citric acid solution, for 15 s with minor
gitation. A Nikon Eclipse metallurgical microscope (Model
A200) was used to capture images for measuring grain size.

or each sample, 20 images were captured at 100X, and mea-
urement was performed using Clemex Vision PE image anal-
sis software with due consideration to ASTM E112–13 [29] .
he microstructural analysis was carried out using a JEOL
canning electron microscope (SEM) (Model 6380LV), and
he phases were identified using EDX. 
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Fig. 1. Scanning electron micrographs of AZ91E sonicated with a vibrational amplitude of a) 0 μm (base alloy), b) 1.25 μm, c) 3.75 μm, d) 7.5 μm, e) 
11.25 μm, and f) 15 μm. 
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. Results 

.1. Microstructural analysis 

Fig. 1 a displays a backscattered electron micrograph of the
ase alloy. The microstructure consisted of the α-Mg matrix,
-Mg 17 Al 12 eutectic phase and Mn-Al intermetallics. In the
ase condition, massive β-Mg 17 Al 12 were observed, which
recipitated in coarse networks. The β-phase is the last phase
o form, so it typically precipitates from grain boundaries
30] . The phase consists of three morphologies, lamellar, par-
ially divorced and fully divorced. With the application of
ST at 1.25 μm, a noticeable change in the microstructure
as not observed ( Fig. 1 b). However, as observed in Fig. 1 c,

ncreasing the amplitude to 3.75 μm led to minor refinement
n the β-phase. The previously massive networks appeared to
e smaller in size and shorter in length. Further increasing the
ltrasonic amplitude of vibration to 7.5 μm, led to a marked
efinement in the β-phase ( Fig. 1 d). The massive eutectic mor-
hology was completely absent, and the microstructure was
ominated by short and fine networks. Moreover, the lamel-
ar eutectics were more pronounced due to the absence of the
arge β-phase. Increasing the amplitude of vibration to 11.25
nd 15 μm did not appear to further enhance the eutectic
hase ( Fig. 1 e and f). 

In contrast to the β-phase, the Mn-Al intermetallics are
he first phase to form during solidification [30] . The inter-

etallics have been reported to act as nucleation sites for
-Mg [31] . These phases usually present themselves in ei-

her needles or clusters of round particles, as observed in
ig. 1 a for the base condition. With the application of UST
t 1.25 μm, no change was observed in the shape and dis-
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Fig. 2. Optical micrographs of AZ91E sonicated with a vibrational amplitude of a) 0 μm (base alloy), b) 1.25 μm, c) 3.75 μm, d) 7.5 μm, e) 11.25 μm, 
and f) 15 μm. 
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Fig. 3. Average grain diameter of the AZ91E base alloy and the sonicated 
alloys, with error bars representing one standard deviation about the sample 
mean. 
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ribution of the Mn-Al phase ( Fig. 1 b). However, as seen
n Fig. 1 c, at a vibrational amplitude of 3.75 μm, both the
eedle-like morphology and the clustering were not seen in
he microstructure. Further increasing the amplitude to 7.5 μm
ed to comparable results but with the phase appearing visu-
lly smaller ( Fig. 1 d). No further changes were observed by
ncreasing the amplitude beyond 7.5 μm ( Fig. 1 e and f). 

.2. Grain size analysis and density 

Fig. 2 a displays an optical micrograph of the base alloy
aptured after solution heat treatment according to ASTM
661–12 [28] and etching with citric acid. The microstruc-

ure of the base alloy primarily consisted of coarse grains
ith irregular grain boundaries. With the application of UST

or 3 min at an amplitude of 1.25 μm, a clear change in
he microstructure was seen ( Fig. 2 b). The grain boundaries
ecame more regular, and the overall structure appeared to
ransition to a more equiaxed state. Moreover, a combination
f smaller and larger grains was observed. A similar grain
hape and size distribution was seen for the samples that un-
erwent UST at 3.75 μm vibrational amplitude, which can
e seen in Fig. 2 c. However, upon increasing the amplitude
f vibration to 7.5 μm, the grain size was significantly finer
ompared to the base alloy, and the grain size distribution
as more homogeneous ( Fig. 2 d). Further increasing the vi-
rational amplitude to 11.25 and 15 μm ( Fig. 2 e and f) only
erves to produce a more homogenous grain size distribution
ith no significant changes to the grain size. Effectively no

hange was observed by increasing the amplitude from 11.25
o 15 μm. 
The change in average grain size with varying UST vibra-
ional amplitude can be seen in Fig. 3 . The grain size of the
ase alloy was 214 ± 27 μm. With the application of UST at
.25 μm amplitude, the grain size decreased to 145 ± 30 μm.
urther increasing the vibrational amplitude to 3.75 decreased

he grain size to 116 ± 30 μm. It must be noted that the error
n average grain size was relatively high for the base alloy
nd the alloys processed at 1.25 μm and 3.75 μm amplitudes.
his was due to the microstructure containing a combination
f fine and coarse grains which was apparent in Fig. 2 a, b
nd c. The grain size of the alloy processed with a UST am-
litude of 7.5 μm was 73 ± 7 μm. The error in grain size
t this level was smaller, which was in line with the opti-
al microstructure observed in Fig. 2 d. The finest grain size,
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Fig. 4. Density of the AZ91E base alloy and the sonicated alloys, with error 
bars representing one standard deviation about the sample mean. 
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Table 2 
Summary of parameters used for calculation of ultrasonic intensity. 

ρ (g/cm 

3 ) [ 34 ] c (m/s) [34] f (kHz) A ( μm) 

1.59 1500 20 1.25 
3.75 
7.5 
11.25 
15 
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0 ± 3 μm, was observed for the samples that underwent
ST at 11.25 μm amplitude (72% decrease). Moreover, fur-

her increasing the amplitude to 15 μm did not lead to a finer
rain size. In effect, the grain sizes of the alloys processed
.5, 11.25 and 15 μm amplitudes were similar. 

Fig. 4 summarizes the density of the cast samples that
as measured using the Archimedes principle. Measurements
ere taken from the same samples that were used for mi-

rostructure analysis. The density of the base alloy was mea-
ured as 1.785 g/cm 

3 . This was significantly lower than the
eported density of AZ91E, 1.81 g/cm 

3 [30] . Such an out-
ome was expected since the casting procedure did not use
 flux agent or degassing technique such as bubbling with
nert gas. With the application of UST at 1.25 μm ampli-
ude, the density increased to 1.815 g/cm 

3 . However, fur-
her increasing the vibrational amplitude did not appear to
ncrease the density. Therefore, applying a range of vibra-
ional amplitude from 1.25 to 15 μm did not produce different
utcomes. 

.3. Mechanical properties 

The mechanical properties of the base and refined alloys
easured by tensile testing at ambient temperature are sum-
arized in Fig. 5 . The UTS of the base alloy was deter-
ined to be 138.7 ± 1.9 MPa ( Fig. 5 b). Upon applying ul-

rasonic treatment with a vibrational amplitude of 1.25 μm,
he UTS increased to 169.6 ± 4.3 MPa. This translated to
n increase in strength of approximately 22%. Further in-
reasing the amplitude of vibration to 3.75, 7.5, 11.25 or
5 μm did not improve the UTS. Fig. 5 c displays the duc-
ility of the samples expressed as%Elongation (%EL). The
uctility of the base alloy was 1.3 ± 0.1%. After UST at
.25 μm amplitude, the%El increased to 3.0 ± 0.3% (131%
ncrease). Similar to the UTS, the ductility of the samples did
ot improve by increasing the vibrational amplitude beyond
.25 μm. 

For the base condition, the yield strength was
8.1 ± 2.9 MPa. The YS improved with increasing vi-
rational amplitude up to 7.5 μm. The YS for the 1.25 μm
ibrational amplitude was 99.6 ± 0.1 MPa. Further increasing
he amplitude to 3.75, increased the YS to 105.1 ± 0.6%.
he highest YS was achieved at the 7.5 μm amplitude
hich was 110.0 ± 1.2 MPa. In effect, the YS improved
y approximately 12%. Increasing the amplitude to 11.25
r 15 did not further improve the YS. Upon examining
ig. 5 a, it is clear that the trend for YS differed from that of
TS and%EL. The tensile strength and ductility drastically

mproved with only 1.25 μm vibrational amplitude and
emained stable thereafter. In contrast, the yield strength of
he alloys showed steady signs of improvement up to 7.5 μm
ibrational amplitude and did not increase for 11.25 and
5 μm. 

.4. Ultrasonic intensity 

The Intensity of the sonication process is of critical im-
ortance during irradiation. It can be described as the ultra-
onic energy that is transferred to the liquid metal through
he sonotrode (Horn) [32] . Sonication intensity (I) has been
efined by Eskin as [32] : 

 = 

1 

2 

ρc ( 2π f A ) 2 (1)

Where, ρ is the density of the liquid metal, c is the
peed of sound in the liquid metal, f is the frequency of
he sonication process and A is the vibrational amplitude.
uested et al. [33] reported the density of liquid AZ91 as
.66 g/cm 

3 . In our study, the frequency was 20 kHz and the
ibrational amplitude ranged from 1.25 to 15 μm. In an ear-
ier study, the speed of sound in the liquid metal was set
s 1500 m/s [34] . It must be noted that the speed of sound
n liquid AZ91E is not available in literature. As a result,
esearchers typically assume 1300 m/s as an approximation
or low melting point metals [35] . However, a logical as-
umption that has been utilized in past research is to assume
he speed to be near that of the speed of sound in water
t room temperature [34] . Such an assumption is acceptable
ince liquid Mg has a density and viscosity that is near that
f water. A summary of the parameters used is provide in
able 2 . 

Using Eq. (1) , the intensity of the sonication was plot-
ed against the change in vibrational amplitude. The result
s summarized in Fig. 6 . Researchers have reported that the
inimum intensity needed to produce fully developed cavita-

ion in Mg alloys is between 80 and 100 W/cm 

2 [ 32 , 36 ].
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Fig. 5. Tensile properties of the AZ91E base alloy and the sonicated alloys, a) %Elongation, b) Ultimate tensile strength and c) Yield strength, with error 
bars representing one standard deviation about the sample mean. 

Fig. 6. Ultrasonic intensity calculated using Eq. (1) . 
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his level of intensity corresponds to amplitudes between
.25 and 7.25 μm. Furthermore, using vibrational amplitudes
f 11.25 or 15 μm would lead to intensities that are 2.4
nd 4.2 times the minimum threshold for cavitation to occur,
espectively. 

. Discussion 

It was found that the base casting had a lower density com-
ared to that of theoretical AZ91E alloy. That is, the density
f the base casting was determined as 1.785 g/cm 

3 while that
f AZ91E is 1.81 g/cm 

3 [30] . It is likely that the lower density
f the base casting was caused by porosity due to dissolved
asses. Especially, since no degassing agent was used as part
f the experimental procedure. After the application of UST,
he density of the samples was near that of the reported value
or AZ91E. It must be noted that even sonicating with the
inimum available amplitude of the system, 1.25 μm, led to

n improvement in density. The improvement remained con-
istent with increasing vibrational amplitude up to 15 μm.
his result can be explained by the degassing ability of the
onication process. 
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Research has shown that the cavitation process is highly
ffective in removing dissolved hydrogen from liquid metal
 37 , 38 ]. The degassing process operates through the accumu-
ation of dissolved gas in pulsating bubbles through diffusion.
his occurs during the rarefaction stage of bubble oscillation

32] . Moreover, the cavitation bubbles then grow, coalesce
o form larger bubbles, float to the surface of the melt, and
scape to the atmosphere. It should be mentioned that the ef-
ectiveness of ultrasonic degassing increases with the number
f foreign particles or inclusions within the liquid metal [32] .
his is especially important for Mg alloys, since they have
 high affinity for oxygen, which leads to the melt contain-
ng a large number of oxides relative to Al [39] . With the
onsiderable number of foreign particles in the melt, they act
s substrates for the formation of cavitation bubbles, thereby
ffectively reducing the cavitation threshold [32] . This can
xplain the outcome that even a small vibrational amplitude,
ar lower than the reported minimum needed for fully de-
eloped cavitation, can effectively degas the AZ91E alloy
elt. 
Grain size reductions of up to 72% were achieved in this

tudy. This was a result of UST at 11.25 μm amplitude. How-
ver, it must be said that the range of amplitudes from 7.5 to
5 μm produced comparable results. This is significant since
he amplitude threshold for fully developed cavitation is ap-
roximately 7 μm. As a result, once the cavitation is fully
eveloped, increasing the amplitude of vibration any further
ill not lead to further improvements in grain size. 
The main mechanism of grain refinement in this case was

ikely the wetting of fine oxides in the melt [ 40 , 41 ]. The
xides in turn can act as heterogenous nucleation sites for
he nucleation of Mg grains. This occurs through the cavita-
ion phenomenon where the pulsating bubbles of gas undergo
tages of expansion and compression until their eventual col-
apse [32] . The collapse of gas bubbles can produce high
ntensity shock waves throughout the melt. The shockwaves
ave been reported to aid the liquid metal in reaching all
reas of inclusions such as cracks and crevices that were pre-
iously filled with gas [32] . It is likely that once cavitation is
ully developed at approximately 7 μm, a sufficient number
f oxides are activated in the melt. It is known that only a
raction of nucleation sites or agents can contribute to the so-
idification process [42] . As a result, although increasing the
onication intensity may in fact wet more inclusions, since
nly a fraction take part in solidification, the newly activated
ubstrates do not lead to a finer grain size. 

The secondary phases in this study were also considerably
ffected by the sonication process. The results showed that
part from the 1.25 μm amplitude, all the sonicated alloys
isplayed signs of eutectic β-Mg 17 Al 12 refinement. In partic-
lar, with increasing sonication amplitude up to 7.5 μm, the
-phase became shorter in length and smaller in size. Such
n outcome has been reported for grain refined castings of
g [43] . This is due to the β-phase predominantly precipi-

ating on grain boundaries. Moreover, since the grain size of
he castings decreased with increasing amplitude, the β-phase
ecame more refined. However, since the grain size did not
hange between 7.5 and 15 μm, it would follow that the β-
hase would not be refined further. 

In addition to the β-Mg 17 Al 12 phase, the Mn-Al based in-
ermetallics were refined as well. In the base condition, the
ntermetallics were observed to be in either needle-like mor-
hologies or clusters of round particles. However, as the son-
cation amplitude increased, both the shape and the distri-
ution of the Mn-Al intermetallics were improved. Namely,
he needle-like morphology was transformed to a more round
hape. As well, the particle clustering was eliminated, and
he phase became more evenly distributed throughout the Mg

atrix. Such a transformation of the Mn-Al phase has been
eported in the literature and is likely a result of the ultrasonic
nduced melt pressure changes [ 17 , 44 ]. 

During the sonication process, if the intensity is sufficient
o prompt cavitation, localized pressure changes can occur
n the liquid metal. If the pressure change is high enough,
ertain areas in the melt can become undercooled, thereby
riggering the formation of precipitates. This is especially im-
ortant for the Mn-Al intermetallic, since it is the first phase
o form during solidification. Alternatively, similar to the β-
hase, the refinement of the Mn-Al phase was not observed
fter sonication with 1.25 μm amplitude and only became ap-
arent between 3.75 μm and 15 μm. This was to be expected
ince cavitation was likely not fully developed at lower am-
litudes. As a result, the pressure changes would not have
een sufficient to prompt nucleation. 

Both the tensile strength and the ductility of the castings
howed improvements with the application of UST. It was
bserved that the improvements were similar for all UST am-
litudes from 1.25 to 15 μm. This was likely a result of the
hange in porosity of the castings. Porosity is known to have
 detrimental effect on both UTS and ductility [ 45 , 46 ]. More-
ver, the trend observed for the change in density was almost
dentical to the changes in UST and ductility. This result sug-
ested that the three parameters are likely linked. 

In contrast, the same trend as UTS and ductility was not
bserved for YS. This is likely due to the change in grain
ize of the alloys with UST. According to the classical Hall-
etch relation, the YS of metals and alloys typically improve
ith decreasing grain size. In this study, the grain size of the

lloys decreased with increasing vibrational amplitude up to
.5 μm and was stable thereafter. Similarly, the YS of the
asting followed the same trend. 

The refinement of secondary phases would also have a pos-
tive influence on the tensile properties of the sonicated alloys.
s mentioned previously, the β-Mg 17 Al 12 eutectic phase pre-
ominantly precipitates on grain boundaries in the form of
ontinuous networks. The phase is deleterious to mechani-
al properties due to its brittle nature [30] . Therefore, re-
nement of the β-phase would likely bring about noticeable

mprovements in mechanical properties. In addition, refine-
ent of the Mn-Al phase likely contributed to improving me-

hanical properties as well. As observed in a previous study,
pheroidization of these brittle phases and their homogenous
istribution can reduce stress concentrations in the microstruc-
ure and prevent premature failure of the castings [13]. 
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It is clear ultrasonic treatment is an effective method to
mprove the microstructure and mechanical properties of per-
anent mold cast AZ91E alloy. Even a minor vibrational am-

litude was shown to improve the UTS, YS, ductility, and
ensity of the castings. However, higher amplitudes up to
.5 μm were required to produce optimal grain size and YS.
t was also observed that once the cavitation was theoreti-
ally determined to be fully developed at 7.5 μm, increasing
he vibrational amplitude had little to no effect on the resul-
ant mechanical properties and microstructural features. Ul-
rasonic treatment is significant in its capacity to refine cast
lloys, since it can do so without altering the chemistry of
he alloy. This is critical since in many applications chemical
ompositions cannot be altered. 

This study presents an important analysis pertaining to the
ffects of vibrational amplitude on the effectiveness of UST,
hich can provide a step towards improving the sonication
rocess and promoting its industrial application. It must be
oted that future work is required to fully optimize UST.
n particular, the effects of varying sonication time at differ-
nt vibrational amplitudes as well as the role of sonotrode
epth must be investigated. As a result, cast Mg alloys re-
ned with UST have the potential to replace high density Al
nd Fe based alloys, leading to lightweighting and improved
fficiency. 

. Conclusion 

This study examined the effects of UST on the microstruc-
ure and mechanical properties of AZ91E Mg alloy. Perma-
ent mold cast samples were prepared using a fixed soni-
ation frequency and sonotrode depth with vibrational ampli-
udes varying from 2.5 to 15 μm. The castings were evaluated
ased on grain size, secondary phase characteristics and ten-
ile properties. Small vibrational amplitudes resulted in sig-
ificant changes to grain size and secondary phases. Similar
rends were seen for the strength properties and the density.
he results of this study enabled a comprehensive understand-

ng of the relationships between microstructural features, me-
hanical properties, and UST vibrational amplitude. 

The following conclusions can be drawn from this study: 

1 Ultrasonic treatment led to the refinement of the alloy
grain size. Specifically, the grain size decreased steadily up
to 7.5 μm vibrational amplitude but, only slight changes
were observed by increasing the amplitude to 11.25 and
15 μm. It was suggested that the grain size was enhanced
through heterogenous nucleation from newly wetted fine
oxides present in the liquid metal. 

2 A similar trend was observed for secondary phases. Grad-
ual improvements were observed up to 7.5 μm vibrational
amplitude with no change thereafter. The refinement in β-
Mg 17 Al 12 phase was thought to be a result of the change
in grain size. Alternatively, the change in Mn-Al inter-
metallics were suggested to have been caused by cavitation
induced undercooling of the liquid metal. 
3 The YS of the samples also increased up to 7.5 μm am-
plitude and remained stable thereafter. The increase in YS
was thought to be a result of finer grain size through Hall-
Petch strengthening. 

4 The density of the sonicated castings showed a sudden im-
provement with application of UST at 1.25 μm amplitude.
Increasing the amplitude up to 15 μm did not change the
density further. The change in density was suggested to
have occurred through ultrasonic degassing of the melt. 

5 The UTS and ductility also improved with the applica-
tion of 1.25 μm vibrational amplitude with no changes
thereafter. This was thought to be a result of the change
in density due to sonication, which followed an identical
trend. 
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