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Abstract: This study involves A356 alloy molded through ultrasonically vibrated cooling slope. The slope alongside
ultrasonic power enables indispensable shear for engendering slurry from which the semisolid cast/heat treated billets got
produced. An examination demonstrates ultrasonically vibrated cooling slope influencing the liquid fraction/
microstructure/physical characteristics of stated billets. The investigation encompasses five diverse ultrasonic powers (0,
75, 150, 200, 250 W). The ultrasonic power of 150 W delivers finest/rounded microstructure with enhanced physical
characteristics. Microstructural modifications reason physical transformations because of grain refinement and grain-
boundary/Hall-Petch strengthening. A smaller grain size reasons a higher strength/shape factor and an increased
homogeneity reasons a higher ductility. Microstructural characteristics get improved by reheating. It is owing to
coalescence throughout temperature homogenization. The physical characteristics is improved by reheating because of a
reduced porosity and enhanced dissolution besides augmented homogeneity. A direct comparison remains impossible
owing to unavailability of researches on ultrasonically vibrated cooling slope.
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1 Introduction

Because of the strictly protective guidelines
globally, mainly in transport segments, the focus
further on manufacturing environmental materials
with higher strength, less weight, more potential and
greater safety is growing. On account of such
necessities, the lightweighting is not an option but is
the mandate. Besides, the use of biotechnology,
natural fuels and battery operated automobiles
creates an additional burden of weight. Certainly,
the prospect has evolved since more than five
decades for development of lighter materials with

higher strength [1]. Since then aluminum alloys
have been utilized widely for producing vehicle
components [2]. The current study pertains to the
technology of ultrasonic semisolid metal (USSM)
processing [3−6].

The use of ultrasonic in material processing
generates thixotropic microstructures of cast parts.
Actually, there are three kinds of vibrations like
mechanical, electromagnetic and ultrasonic [3].
Mechanical vibration involves unwarranted reaction
between impeller and liquid metal because of direct
contact between the impeller and liquid.
Additionally, the use of high powered transducers
makes ultrasonic technology superior than others [4,
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5]. Effects of ultrasonic vibration of mould on
microstructural properties were also illustrated in
Ref. [6]. The investigations on the semisolid cast
microstructures of AZ91 and A356 alloys through
ultrasonic vibrations of mould were also
demonstrated in Refs. [7, 8]. Microstructures of
AZ31 and AZ61 alloys were produced through
semisolid rolling and mechanically vibrating
cooling slope [9, 10].

In addition, investigations on the use of cooling
slopes were also reported in Refs. [11 − 14]. The
influences of ultrasonic usage on solidification
structure and mechanical behaviors of 6016 Al alloy
were described in Ref. [15]. The effect of ultrasonic
on microstructure and mechanical characteristics of
slab casting was explained in Ref. [16]. Besides,
ultrasonic green technology providing sustainability
in melt processing was summarized in Ref. [17].
Equally, the microstructure growth in Al-Si alloy for
ultrasonic casting processes was introduced in
Ref. [18]. The influence of ultrasonic on mechanical
properties of Al-Ni alloys was introduced in
Ref. [19]. Additionally, the role of acoustic
throughout sand mould casting of Al-Si alloy was
elucidated in Ref. [20]. Furthermore, the influence
of ultrasonic on segregation of secondary phase in
Al-Cu alloy slab casting was revealed in Ref. [21].
The influence of cooling slope casting alongside
heat treatment on microstructural/mechanical
characteristics of A319-xMg2Si composites was also
investigated [22]. Dry sliding, structural and
chemical behaviors of cast alloys/composites were
also reported in Refs. [23−25].

Most of the related ultrasonic research reported
is confined to mould vibrations throughout
solidification (without use of cooling slope).
Furthermore, few investigations on mechanically
vibrated cooling slopes were also reported. With this
perspective, the present research demonstrates
experimental investigations on influences of
ultrasonically vibrated cooling slope. Besides,
physical characteristics of obtained products are
evaluated with various material testing machines.

2 Experimental

Figure 1 demonstrates the experimental
preparation of the ultrasonic system. It involves
tundish and cooling slope. The cooling slope

vibrates under diverse ultrasonic powers with an
ultrasonic vibrator attached to the underneath of
cooling slope. The molten alloy is dispensed inside
mould cavity when passing the ultrasonically
vibrated cooling slope. The ultrasonic power
provides accelerated forced convection of the melt

Figure 1 Details of experimental preparation:
(a) Snapshot of experimental setup; (b) Schematic of
experimental setup; (c) Schematic of ultrasonic system
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with high powered transducers. In turn, it reasons
enhanced homogeneity due to improved dendrite
fragmentation and superior grain refinement.
Besides, the most critical mechanism of ultrasonic
power is the relationship between ultrasonic power
and liquid phase rat. Therefore, experiments are
conducted under ultrasonic powers of 0, 75, 150,
200 and 250 W with ultrasonic vibrator from
underneath of the cooling slope.

2.1 Alloy melt production
A356 alloy nuggets are used in this study.

A356 alloy melt is prepared in a SiC crucible, which
was kept in an electric resistance furnace. The stated
melt is treated with Al-Sr and Ti-B plaques for grain
modification and refinement, respectively. The
details about melt preparation and treatment have
already been reported in Refs. [12, 13].

2.2 Alloy slurry preparation
1.5 kg of the liquid metal (at 625 °C) is slowly

discharged inside mould cavity through
ultrasonically vibrated cooling slope with length (L)
of 250 mm and gradient (θ) of 60º. Using K-type
thermocouple, the temperature of A356 alloy slurry
is recorded at the slope exit. Here, the response time
and measurement uncertainty of thermocouple are
0.8 s and ±0.002T (T is in °C), respectively.

2.3 Billet production
Billets with size of 200 mm and radius of

20 mm are produced through solidification using the
mentioned mould. To improve microstructures,
several billets are heated using heating system, little
beyond solidifying temperature. Additionally, the
current induction reheating keeps semisolid cast
billets at 580 ° C to produce the preferred heat
treated billets.

2.4 Metallographic test sample production
Small pieces are carved from the obtained

billets to get fragments with thickness of 10 mm.
Diverse classes of emery sheets are utilized
for finishing/refining disk-shaped specimens.
Subsequently, finishing/refining for specimens of
SiC powder and diamond paste is also completed.
Consequently, finished/refined samples are etched
with Keller’s reagent [12, 13] at atmospheric
conditions for metallographic analysis.

2.5 Microstructural characteristics
The microstructural characteristics like primary

α-phase fraction, grain size, shape factor and particle
density are evaluated for all cracked micrograph
images of samples/specimens. Here, shape factor
refers to globularity of particle represented by
4πS/C, where S is the area and C is the perimeter. Its
value varies between 0 (for dendrite) and 1 (for
ideal circle). The details about microstructure
morphology and characterization are not described
here.

2.6 Physical characteristics
Tensile samples with gauge length of 20 mm

and diameter of 4 mm are obtained from the
produced billets. Tests about the stated samples are
accomplished at ambient conditions using
INSTRON 5567 with a strain rate of 0.001 s−1.
Furthermore, hardness test sections with diameter of
60 mm and thickness of 15 mm are produced from
the billets. Hardness across concerned hardness test
sections is measured with Zeiss UHL VMHT 0.001
Vickers hardness tester through diamond indenter
with load of 1.96 N and dwell time of 20 s. For each
case, around 5 samples and measurements are taken.
Tensile and hardness tests are performed to examine
strength, elongation and other physical
characteristics of the A356 alloy billets.

3 Results and discussion

Experiments are conducted under five different
ultrasonic powers (0, 75, 150, 200 and 250 W) to
examin the influence of ultrasonically vibrated
cooling slope on liquid fraction and billet
characteristics. The higher ultrasonic power
accelerates slurry flow over the cooling slope and
hence, a small dwelling time for slurry over cooling
slope is involved. Thus, slurry temperature at outlet
of ultrasonically vibrated cooling slope increases
with the ultrasonic power. Ultimately, liquid fraction
increases with ultrasonic power. In other words, the
increased ultrasonic power enhances melt flow and
reduces residence/solidification time of plate over
cooling slope. Hence, semisolid slurry temperature
at slope exit increases with ultrasonic power. And
solid fraction declines with the increase of
ultrasonic power. Presently, the slurry temperatures
at slope exit are 606, 608, 610, 612 and 614 °C for
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ultrasonic powers of 0, 75, 150, 200 and 250 W,
respectively. Corresponding liquid fractions (which
are determined by Scheil equation) are 75%, 79%,
83%, 87% and 91%, respectively. Figure 2
demonstrates the relationship between liquid
fraction of slurry (accumulated in mould through
ultrasonically vibrated cooling slope) and ultrasonic
power.

3.1 Microstructure of cast billets
Five different semisolid cast billets are

produced under five different ultrasonic powers.
Specimens are prepared for quantitative or
metallographic investigation. Figure 3 shows the
microstructures of cast billets shaped under various
ultrasonic powers.

Figure 4 demonstrates variations in
microstructural characteristics of A356 alloy
semisolid cast billets with ultrasonic power as
observed after quantitative or metallographic
investigation of micrographs. It can be witnessed
that the grain size declines with rise in ultrasonic
power up to 150 W. However, the grain density,
primary α -phase fraction and shape factor rise with
same up to stated limit. However, with further rise
in ultrasonic power grain size rises, but grain
density, primary α-phase fraction and shape factor
decline. Eventually, the grain size, grain density,
primary α-phase fraction and shape factor of the
optimum globular microstructure materialized under
150 W ultrasonic power are 25 μm, 400, 0.92 and
0.88, respectively.

Instead, the ultrasonic vibration is also
responsible for forced convections in melt. The
forced convection can cause dendrite fragmentation

and grain refinement, and thus increase the grain
refinement until the ultrasonic power reaches
150 W. The forced convection can also cause
coarsening owing to diffusion. And, coarsening
(which decreases grain refinement) occurs when the
ultrasonic power exceeds 150 W. Coarsening
originates from coalescence/agglomeration with
Ostwald ripening.

3.2 Microstructure of reheated billets
For enhancing surface texture, cast billets are

heated until beyond solidifying temperature because
eutectic phase melts during induction reheating,
which increases flowability of the material.
Furthermore, there is certain amount of melting
at surface of α -phase during induction reheating,

Figure 3 Microstructures of cast billets under different
ultrasonic powers: (a) 0 W; (b) 150 W; (c) 250 W

Figure 2 Liquid fraction vs ultrasonic power
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which transforms α -phase into globular structure.
That is why specimens are got from reheated billets.

Figure 5 demonstrates typical microstructures
of billets under different ultrasonic powers.
Rounded microstructures are observed from all
reheated billets. It is because temperature
homogenization in billets throughout induction is
repeated for around 10 min. However, the natures of
variations with cooling slope by ultrasonic power
remain the same. But, primary α-phase particles are
comparatively larger.

Figure 6 demonstrates variations in
microstructural characteristics of A356 alloy heat
treated and semisolid cast billets under different
ultrasonic powers. It is found that the natures of
variations in microstructural characteristics with
cooling slope by ultrasonic power are similar for
both classes of billets. However, microstructural
characteristics of heat treated billet is witnessed to
be more or less even throughout domain.
Additionally, the microstructural characteristics are

improved when reheating. It is owing to coalescence
throughout temperature homogenization. Liquid
entrapping has also been observed.

With induction reheating, the grain size rises
from 65, 25, 60 to 90, 50, 80 μm under ultrasonic
power of 0, 150, 250 W, respectively (Figure 6(a)).
Correspondingly, the grain density declines from
200, 400, 225 to 145, 250, 160 under ultrasonic
power of 0, 150, 250 W, respectively. Additionally,
primary α-phase fraction rises from 0.70, 0.92, 0.62
to 0.80, 0.95, 0.82 under ultrasonic power of 0, 150,
250 W, respectively (Figure 6(b)). In the meantime,
shape factor rises from 0.7, 0.88, 0.62 to 0.8, 0.92,
0.72 under ultrasonic power of 0, 150, 250 W,
respectively.

Figure 4 Microstructural characteristics of cast billets
under different ultrasonic powers: (a) Grain size/grain
density; (b) Primary α-phase fraction/shape factor

Figure 5 Microstructures of reheated billets under
different ultrasonic powers: (a) 0 W; (b) 150 W;
(c) 250 W
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It is observed that heat treatment absolutely
influences ultimate microstructure and its
microstructural characteristics. Instead, a straight
comparison with outcomes of other reseachers is
impossible because of unavailability of the stated
type of researches (vis-a-vis ultrasonically vibrated
cooling slope) in literature. The current examination
provides enhanced microstructural characteristics as
it encompasses their superior combination.

3.3 Physical characteristics of cast billets
Figure 7 demonstrates variations in physical

characteristics (like tensile strength, elongation,
yield strength and hardness) of A356 alloy
semisolid cast billets under different ultrasonic
powers. The stated physical characteristics rise with
ultrasonic power until 150 W. However, with a

further rise in ultrasonic power, the physical
characteristics decline. The optimal physical
characteristics are observed under ultrasonic power
of 150 W and tensile strength, elongation, yield
strength and hardness are 326 MPa, 17%, 254 MPa
and HV 121, respectively.

There may be two reasons for variations in the
stated physical characteristics: 1) grain refinement
along with homogeneity and 2) porosity. At large,
the porosity makes strength, hardness decline
besides ductility, which is the most important.
However, the porosity has little influence (as
compared with grain refinement) on physical
characteristics of semisolid cast billets molded
through ultrasonically vibrated cooling slope.
Influence of grain refinement on physical
characteristics may be fully realized from Hall-
Petch effect. Indeed, smaller grain size reasons
higher strength, while higher shape factor along
with homogeneity reasons higher ductility.

Figure 6 Variations in microstructural characteristics of
cast and reheated billets with ultrasonic power: (a) Grain
size/grain density; (b) Primary α-phase fraction/shape
factor

Figure 7 Physical characteristics of cast billets under
different ultrasonic powers: (a) Tensile strength/
elongation; (b) Yield strength/hardness
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3.4 Physical characteristics of heat treated billets
Figure 8 illustrates variations in physical

characteristics of A356 alloy heat treated and
semisolid cast billets under different ultrasonic
powers. It is observed that variations in physical
characteristics with cooling slope ultrasonic power
remain quite identical for both classes of billets.
However, physical characteristic of heat treated
billet is observed to be more or less even throughout
domain. The physical characteristics (like strength,
hardness besides ductility) are enhanced with
induction reheating. That is, reheated billets have
better strength, hardness besides ductility compared
with semisolid cast billets. It might be owing to less
or quite negligible porosity and enhanced
compositional elements dissolution in matrix
besides improved chemical homogeneity. It is owing
to particle coalescence throughout temperature

homogenization.
With induction reheating, the tensile

performance rises from 251, 326, 271 to 270, 365,
293 MPa under ultrasonic power of 0, 150, 250 W,
respectively (Figure 8(a)). Correspondingly, the
elongation rises from 8%, 17%, 9% to 11%, 23%,
13% at ultrasonic power of 0, 150, 250 W,
respectively. Additionally, the yield performance
rises from 194, 254, 210 to 210, 289, 219 MPa
under ultrasonic power of 0, 150, 250 W,
respectively (Figure 8(b)). In the meatime, the
hardness rises from HV 82, HV 121, HV 88 to
HV 98, HV 156, HV 106 under ultrasonic power of
0, 150, 250 W, respectively.

It is witnessed that heat treatment certainly
influences physical characteristics (like tensile
strength, elongation, yield strength and hardness).
Instead, a comparing directly using reported
investigators’ outcomes is impossible because of
unavailability of stated type of investigations (i. e.,
ultrasonically vibrated cooling slope) in the text. It
is also witnessed that the current examination
delivers absolutely superior physical characteristics
because it includes their optimal combination.

4 Conclusions

This study involved influence of ultrasonic
power on solidification, microstructure and physical
characteristics of A356 alloy molded through
cooling slope (which is the first work of its kind).
The grain size of semisolid cast/heat treated billets
declined with an upsurge in cooling slope ultrasonic
power up to 150 W. The grain density, primary
α-phase fraction and shape factor have the same
trend with grain size. However, with a further
increasement in cooling slope ultrasonic power, the
grain size augmented and grain density, primary α -
phase fraction and shape factor declined. The
ultimate and rounded microstructures (with the
moderate microstructural characteristics) are
observed under the ultrasonic power of 150 W
applied on the cooling slope. Slight less ultrasonic
power hindered dendrite fragmentation and grain
refinement because of poor shearing with
augmented grain size besides declined grain
density, primary α-phase fraction and shape factor.
Conversely, the slight more ultrasonic power
triggered coarsening because of coalescence and

Figure 8 Physical characteristics of cast and reheated
billets under different ultrasonic powers: (a) Tensile
strength/elongation; (b) Yield strength/hardness
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Ostwald ripening instigating the same. Furthermore,
the physical characteristics (like strength, hardness
and elongation) augmented with ultrasonic power
up to 150 W thereafter declined with upsurge in
ultrasonic power. Thus, the enhanced physical
characteristics observed at ultrasonic power of
150 W applied on cooling slope. Stated variations in
physical characteristics are witnessed primarily
because of grain refinement associated with grain
boundary strengthening or Hall-Petch strengthening.
Thus, this indicated smaller grain size reasoning
higher strength and higher shape factor along with
homogeneity reasoning higher ductility.
Additionally, the microstructural characteristics are
improved by reheating. It is owing to coalescence
throughout temperature homogenization. Liquid
entrapping is also witnessed for some observations.
Physical characteristics is also increased by
induction reheating because of the reduced porosity,
enhanced dissolution within matrix besides
augmented chemical homogeneity. Natures of
variations in microstructure and physical
characteristics with ultrasonic power remain quite
identical for both classes of billets. Instead, direct
comparisons with outcomes of other investigators
are impossible because of unavailability of stated
type of researches (relation to ultrasonically
vibrated cooling slope) in the literature. However,
the present examination provides superior
microstructural and physical characteristics as it
encompasses their optimal combination.
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超声功率对冷却斜槽模压A356合金液相分数、微观组织及物理特性的影响

摘要摘要：：本文采用超声振动冷却斜槽对A356合金进行成型。超声振动冷却斜槽能剪切产生半固态铸造/

热处理坯料的浆料，研究了5种不同的超声功率(0、75、150、200、250 W)下坯料的液相分数、显微

组织、物理特性。当超声功率为150 W时，合金的微观组织更精细、圆整，物理特性更强。由于晶粒

细化和晶界/Hall-Petch强化导致微观结构改变，从而导致物理性能改变。晶粒尺寸越小，强度/形状因

子越高；晶粒均匀性越高，塑性越好。由于温度均匀化的合并作用，再加热改善了合金的微观组织；

随着孔隙度的降低和溶解的增强以及均匀性的增强，在再加热过程中材料的物理性能得到改善。

关键词关键词：：超声波功率；微观结构；物理性能；半固体铸造；A356合金；冷却斜槽
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