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1 1. INTRODUCTION

A356 aluminum alloy is one of the widely used
casting aluminum alloys because of its good mechani�
cal properties such as ductility, hardness, fatigue
strength, pressure tightness, melt fluidity, and machin�
ability [1].

The microstructure gives useful information on the
quality of the cast. After every melt treatment the
microstructure can be investigated to assess the treat�
ment effect. Fine and equiaxed grains are believed to
be more appropriate in castings. The size and shape of
eutectic Silicon phase has a major role in the variation
in the mechanical properties of A356 alloy [2]. Fine
structures raise strength and ductility [3]. Grain refin�
ing is a common practice to ameliorate the mechani�
cal properties of casting parts. Fine equiaxed grains in
the castings improve feeding ability, uniformed distri�
bution of second phases and micro porosity, and uni�
formity of properties and machinability [4].

As mentioned above, some researchers investigated
the size of dendritic silicon phase and the others inves�
tigated the size of primary α phase in A356 aluminum
alloy treated by different methods.

1 The article is published in the original.

The first reported case of sinusoidal vibration of
steel molds was by Chernov (1968) who refined the
primary austenite. Other researchers report that by
implementation of mechanical vibration, the nucle�
ation rate increased and grain size and porosity size
decreased. Mechanical vibration leads to the average
grain size of the primary phase became finer and more
globular as the degree of vibration increased [5].

According to the results of Dheir et al. [6], with
increasing mechanical vibration amplitude, Silicon
morphology will be closer to fibrous forms in A356. Of
course if vibration amplitude reached a certain limit,
Silicon phases will be coarser. Controlling and optimi�
zation of the microstructure in the casting as well as
considering economic parameters will lead to increase
in the quality of final products.

Taghavi et al. [7] reported that by increasing vibra�
tion frequency from 10 to 50 Hz and the time of vibra�
tion to 15 minutes, the size of primary α phase of
A356 alloy can be reduced to 173 μm. They suggested
that the best condition can be achieved in 50 Hz and
15 minutes of mechanical vibration.

Jian et al. [8] held molten A356 alloy in the pasty
region (isotherm condition between solidus and liqui�
dus) under ultrasonic vibration and reduced the aver�
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age grain size but failed to produce a globular micro�
structure, A globular/non�dendritic microstructure
was obtained and grains were refined in the melt sub�
jected to a continuous acoustic vibration when the
melt was cooled from liquidus to solidus.

Jian et al. [9] also used ultrasonic power to modify
the microstructure of A356 alloy which poured in per�
manent copper mold and reduced the size of eutectic
silicon phase from 26 μm to 2 μm in length.

Zhang et al. [10] indicated that the long dendritic
silicon phases of A356 can be broken into pieces and a
considerable improvement in mechanical properties
can be achieved due to the ultrasonic treatments. They
used ultrasonic power system from the upper side of
the molten metal in the furnace. The fracture mecha�
nisms of the as�prepared A356 alloys were changed
from cleavage fracture to dimple fracture, especially,
when the value of the ultrasonic power was 1.2 kW.

Zhang et al. [11] showed that by generating an
endothermic transformation in the cooling media,
more favorable results can be achieved as compared to
that of, water cooling copper molds.

There are many techniques to refine grains in Alu�
minum alloys, which can be classified into three
groups namely; thermal, chemical and dynamic
methods.

Vibration activates oscillation in different points of
molten metal and generates extensive nucleation sites.
According to Clausius�Clapeyron’s equation, local�
ized pressure rise due to vibration can raise the melting
point instantaneously. This phenomenon makes a
great under cooling, and also breaks dendrite arms.
The broken arms act as good nuclei themselves since
their compositions are homogeneous and have a high
wettability with the melt. Another paper by Fan [12],
explained the grain refinement in melts under turbu�
lence, who investigated conditions for severe turbu�
lence in the melt. In other words, effective nucleation
rate is greater in the melts under turbulence.

Ultrasonic power can generate transient acoustic
cavitation in the melt and this phenomenon is respon�
sible for refining microstructures, degassing of liquid
metals, and dispersive effects for homogenizing. Yang
et al. [13] use ultrasonic power to disperse nanoparti�
cles in the molten metal. While ultrasonic is applying
in the melt, the behaviors of the diffusion and mass
transfer can be changed. Also the pressure fluctuates
and heat disturbance effect of ultrasonic treatment,
the growing dendrite arms are broken into fine parti�
cles. So the growth of dendrite can be restrained effec�
tively and metallic melt solidifies and forms fine equi�
axed microstructure [14].

Gao et al. [15] applied 0 W to 700 W ultrasonic
power on AZ91 alloy in sand mold and reduce grain
size from 202 to 146 micrometer. They obtained glob�
ular grains in AZ91 alloy subjected to the high density
ultrasonic vibration (probe type ultrasonic power sys�
tem), and this, increased UTS from 145 to 195 MPa.

Zhao�hui et al. [16] found that the best condition
for ultrasonic application (probe type ultrasonic power
system) is power of 600 W and 100 s in a type of Mg
alloy. They introduced ultrasonic power from the top
of the magnesium melt with a cylindrical probe made
of the tool steel. They claimed that the cavitation and
acoustic streaming caused by ultrasonic treatment play
a major role in refining the microstructure and
increasing mechanical properties of the alloy.

Lei et al. [17] found that the best condition for
ultrasonic application is power of 170 W in 90 s in a
type of Mg alloy during its solidification process. They
poured melt in a steel mold and introduced ultrasonic
power from the top of the magnesium melt with a
cylindrical probe made of the stainless steel.

Puga et al. [3] used MMM
2
 ultrasonic technology

to refine the grains of an aluminium alloy. They inves�
tigated the effect of treatment temperature and elec�
tric power. They reduced the primary alpha grain size
to 41 μm by using 600 W ultrasonic power at 615°C
melt temperature. Their ultrasonic system was probe
type and used it in constant temperatures.

All previous researches have used probe type ultra�
sonic power, but we have used a transducer was
installed under the bath. A little water for transducer
chilling (5 mm depth) and the steel mold placed in the
bath. This system will apply ultrasonic waves to the
melt directly.

Feng et al. [18] used a crucible that directly
attached to the Ultrasonic Transducer to refine the
morphology of hypereutectic Al—23%Si alloy. They
observed that the hydrogen bubbles in the alloy melt
were removed, the primary Si phase was refined and
the eutectic lamellar spacing increased. It is thought
that the vibration was transmitted to the melt mechan�
ically by means of crucible walls, and there were no
ultrasonic power in the melt.

Based on the past literature, it appears that more
work on other aspects of the vibration of molten metals
is needed to be carried out.

In this research the effect of bath type ultrasonic
treatment, mechanical vibration and mold materials
on the microstructure of A356 aluminium alloy has
been investigated. For this objective a novel setup of a
bath type sonicator was used during solidification pro�
cess. Also X�ray map is used to clarify that except den�
dritic silicon phase and primary α phase, is there any�
thing to change by ultrasonic power or not.

2. MATERIALS AND METHODS

In this study a gas fired furnace was used for melt�
ing A356 aluminium alloy to the nominal composition
as illustrated in Table 1. The pouring temperature was
set on 700°C into a 2 kg graphite crucible under the
conditions given in Table 2.

2 Multi�frequency, Multimode, Modulated.
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Different mold conditions are summarized below:
Mold 1: A metallic stainless steel mold having

0.5 mm wall thickness was cooled in air.
Mold 2: A metallic stainless steel mold having

0.5 mm wall thickness was placed in an ultrasonic bath
which was maintained to complete solidification of the
melt (Fig. 1). Actually the used system was not probe
type and the whole metallic mold was placed in the
bath of sonicator.

Mold 3: A silica sand (AFS 90) mold with sodium
silicate binder.

Mold 4: A metallic stainless steel mold having
0.5 mm wall thickness was vibrated mechanically in air
(amplitude: 0.6 mm and frequency 50 Hz).

After casting and solidification, samples (with 6 cm
height and 3 cm diameter) were extracted from the
molds and cut.

Samples were polished and etched by 10% HF
etchant solution and were studied by scanning elec�
tron and optical microscopes.

The morphology of phases and microstructural
characteristics of all samples were examined by Scan�
ning Electron Microscope (SEM) (SERON TECH.
AIS 2100) using secondary electron detector. X�Ray
map was performed using EDX (equipped to the
SEM) to distinguish the alloying element distribution.

The hardness of the samples was measured by
Brinel hardness test (indenter diameter 2.5 mm and
final applied load 100 kgf). Hardness test was carried
out 3 times for each sample and the average was
reported.

Tensile test on cylindrical samples (6 mm diameter
and 9 mm height) were performed using a Universal
Testing Machine (HOUNSFIELD: H30KS) accord�
ing to ASTM E8 at a crosshead speed of 1 mm min–1.
Ultimate tensile strength and yield strength were
determined based on engineering stress�strain curves.
This test was carried out three times to obtain the aver�
age values.

3. RESULTS AND DISCUSSION

The optical micrographs of samples are shown in
Fig. 2. The finest dendrite arm appeared in sample 2.
Optical micrographs revealed the Silicon and Fe�rich
intermetallic compounds. However, this was not
clearly distinguishable that which one is Fe�rich or sil�
icon. Thus the Fe�rich intermetallic phases in all sam�
ples investigated by EDS X�Ray map (Fig. 3).

The hardness values of the samples, solidified
under ultrasonic power were generally high as com�
pared with the other conditions.

Nevertheless mold 1 has metallic walls, and high
heat transfer rate was expected, but apparently in
mold 1 two factors reduced the rate of heat transfer
during solidification. The mold wall was so thin that
the mold temperature reached the melt temperature

rapidly, and the second factor was related to air gap
generation between mold wall and sample during
solidification (because of metal contraction during
solidification).

The second highest hardness was associated with
mechanically vibrated mold. Observations indicated
that mechanical vibration was not as effective as ultra�
sonic power. However, it made a better condition than
static molds. Mechanical vibration also can collapse
dendrite arms during solidification and disperse them
in the melt.

Dispersed broken dendrite arms act as nuclei’s in
the melt and produce finer grains and microstructure.
Vibration led to the breakage of dendrite arms and dis�
persed them in the melt.

The hardness test accuracy was ±2 HB and the
hardness for molds 1 to 4 were 55, 104, 57, 80 HB,
respectively (Table 4).

Results of metallographic studies and hardness
tests show that net shaped silicon phase in ultrasoni�
cally treated sample was the major reason for highest
hardness. On the other hand fine silicon phases as

Table 1. A356 nominal chemical analysis

Ele�
ment

Al
%

Si
%

Mg
%

Cu 
%

Fe
%

Mn 
%

Ti
%

Wt % Rem. 6.5–7.5 0.25–0.45 <0.2 <0.2 <0.1 <0.2

Table 2. Different molding conditions

Mold
number

Mold
materials

Treatment
or cooling media

Mold 1 Steel Air

Mold 2 Steel Ultrasonic power

Mold 3 Silica sand Sand

Mold 4 Steel Mechanical vibration

Transducer

Molten metal

Ultrasonic
bath

Water

Fig. 1. Mold and ultrasonic power system.



264

RUSSIAN JOURNAL OF NON�FERROUS METALS  Vol. 56  No. 3  2015

KHODAEI, PARVIN

200 µm 200 µm 200 µm 200 µm

Fig. 2. A356 aluminium alloy microstructures in different treatment conditions (sample 1 in the left and sample 4 in the right).

50 µm

Mg Si

Al Fe

50 µm

Mg Si

Al Fe

Air cooled sample (Results of the X�Ray map, Fig. 3)

Ultrasonically treated sample
(Results of the X�Ray map, Fig. 3)

Fig. 3. Results of the X�Ray map.

50 µm

Mg Si

Al Fe

50 µm

Mg Si

Al Fe

Sand casted sample (Results of the X�Ray map, Fig. 3)

Mechanically vibrated sample
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shown in map images dispersed in the matrix. This
particles act as barriers for dislocations motion
(Fig. 3). These barriers restrict the motion of disloca�
tions and increase the hardness of metal. The homo�
geneity of mechanically vibrated mold in sample 4
was greater than molds 1 and 3 but it was not as fine
as sample 2.

Alloying element distributions are shown in Fig. 3
which illustrates that ultrasonic vibration has had a
great influence on the distributions of alloying ele�
ments such as Iron.

Based on the optical micrographs, the phase type is
not distinguishable. X�ray mapping revealed Magne�
sium in red, Silicon in green, aluminium in blue and
Iron in magenta color.

As seen in Fig. 3, sample 2 has the most homoge�
nous distributions of alloying elements, especially
Iron. In this sample, homogenous distributions of Fe�
rich intermetallic compounds inhibit the formation of
coarse Fe�rich intermetallic compounds such as β.

According to Fig. 3, magnesium was dispersed
homogenously in all samples. In contrast, the distribu�
tions of Iron and silicon were not homogenous and
they did not solve in the matrix. Fe and Si rich regions
had less aluminium.

Figure 4 and Table 3 show the results of spot analy�
sis by EDS. It can be found that the analyzed phases
were not completely on the surface of specimen or
their depth were smaller than 3 μm (the depth of elec�
tron beam diffusion in sample). Results of X�Ray maps
clearly confirm the existence of silicon; However EDS
analyses suggest the existence of other elements such
as aluminum. This phenomenon may stem from the
following origins:

(1) A thin layer of aluminium coating on silicon
particles.

(2) The thickness of silicon is too low that the elec�
tron beam could pass through it detecting aluminium
matrix.

According to results of spot analyze No. 1 in sam�
ple 1, there was some Silicon in Fe�rich phases. Of
course in X�Ray maps, Fe and Si have no overlaps.

Results of sample 2 in Fig. 3 indicate that ultra�
sonic power break dendrite arms and some phases.
Thus finer Si phases and Fe�rich intermetallic com�
pounds formed in the matrix.

Fe�rich intermetallic compounds in other samples
(except sample 2) are coarser than sample 2. And even
mechanical vibration could not break Si phases com�
pletely. The micrographs of sample 4 in Figs. 2 and 3
indicate that mechanical vibration reduced the size of
primary a phase and improve the mechanical proper�
ties. In Fig. 3, the left down image of each sample is
related to SEM photographs (with SE detector) in
×500.

According to these Figures the size of α phase (that
there is between dendrite arms) for samples 1 to 4 are
200, 15, 130 and 110 μm respectively. The size of pri�
mary α phase can reach to one tenth by ultrasonic
power. Ultrasonic power during solidification can
reduces the primary α and secondary phase’s size
effectively.

Mechanical properties of each condition are pre�
sented in Table 4. Ultimate tensile strength and yield

Table 3. Results of spot analysis by EDS

Wt % in point 2 Wt % in point 1 Element

19.01 54.90 Al

80.55 15.55 Si

0.065 29.13 Fe

0.36 0.41 Mg

100.00 100.00 Total

Table 4. Mechanical properties of samples

Mold number Casting condition Tensile
strength�UTS (MPa)

Yield
strength (MPa)

Hardness
(HB)

Mold 1 Air 185 95 45

Mold 2 Ultrasonic power 303 210 104

Mold 3 Sand 199 105 57

Mold 4 Mechanical vibration 245 170 80

50 µm

1

2

Fig. 4. The position of EDS spot analysis in sample 1.
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strength are reported based on average value of three
times testing. It is evident that ultrasonically treated
samples have higher mechanical properties, and it is in
good agreement with the results of hardness test.

The hardness of ultrasonically treated sample is
56% higher than air cooled sample. The hardness of
silica sand casted sample is 21% higher than air cooled
sample and mechanically vibrated sample hardness is
43% higher than air cooled sample.

Based on a work by Jian et al. [8] on Al�Si alloy, it
was concluded that the bath type ultrasonic power has
more advantages in producing finer grains and higher
mechanical properties than as compared to that of
probe type.

4. CONCLUSIONS

Melt of the A356 aluminum alloy was treated in
different ways in the present study, and their mechan�
ical properties were investigated. The following con�
clusions can be drawn:

The Fe�rich intermetallic compounds tend to pre�
cipitate in the form of large particles in customary sand
casting. Ultrasonic power can produce the finest inter�
metallic phases in the matrix.

Bath type ultrasonic power is superior in breaking
secondary phases as compared to mechanical vibra�
tion and even probe type sonicators.

Thin wall metallic molds cooled in the air, have not
high enough heat transfer rate to reduce the grain size
effectively.

By using ultrasonic power on solidifying A356 sam�
ples, except dendritic silicon phase and primary
α phase, Fe�rich intermetallic phases will be fine.
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