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Ultrasonic degassing of liquid metals has been studied over the last years, but it has been limited to
laboratorial scale experiments of low volumes of melt. In this work, the combined effect of acoustic cavi-
tation with metal agitation induced by the mechanical vibration of the ultrasonic radiator itself was studied,
using a specially designed low frequency mechanical vibrator coupled to the ultrasonic degassing unit.
Liquid motion in water was characterized by high speed digital Photron—FastCam APX RS video camera
and Laser Doppler Anemometry to select the most favorable US and mechanical vibrator frequencies to
induce suitable water stirring. Selected parameters were used to degas 10 L of AlSi9Cu3(Fe) alloy. A
suitable piezoelectric sensor was used to measure sound pressure at different distances from the sonotrode
to identify the zone of higher acoustic activity. Results have shown that melt stirring significantly improves
US degassing efficiency (since it is possible to achieve almost the aluminum alloy theoretical density after
3 min processing time) which contributed to increase the tensile properties of the alloy.

Keywords aluminum alloy, casting, cavitation, mechanical prop-
erties, ultrasonic

1. Introduction

The application of ultrasonic vibrations for casting of
aluminum, magnesium, and steel alloys is known to be a non-
complex technology which can improve the final quality of
castings. Ultrasound has been used with different purposes in
metal casting: (1) Degassing of aluminum and magnesium alloys
leading to high density and virtually gas porosity free casting (Ref
1, 2); (2) promoting nucleation, thus leading to highly refined
microstructures (Ref 3, 4); (3) improving castings mechanical
properties either by promoting heterogeneous nucleation and
development of equiaxed globular structures (Ref 5) or dendrite
fragmentation (Ref 5, 6); and (4) promoting homogeneous
dispersion in aluminum metal matrix composites (Ref 7).

The physical mechanism of degassing aluminum alloys
through ultrasonic vibration devices is a research area which
has been receiving relevant attention over the last few decades
(Ref 1, 8, 9). Many ultrasonic devices capable of automatic
generation of waves and integration of different bodies have
been developed. The various approaches to promote reduction
of hydrogen dissolved in the liquid tend to differ in the
principle used to generate wave (e.g., magneto or piezoelectric
system), in the frequency selection method (e.g., constant or
adjustable), and in the shape of the propagated wave (e.g.,
radial or planar).

In order to describe the movement of a wave in a liquid
medium, it is necessary to establish a relation between
disturbance, time, and distance to the source of oscillation.
Thus, an elastic wave propagation in a fluid represents an
alternating flow and obeys the hydrodynamic laws, which can
be written as Eq 1 (Ref 10)

f ðq; pa; TÞ ¼ 0; ðEq 1Þ

where q and pa are the density and acoustic pressure, respec-
tively, and T the medium temperature.

Physically, elastic oscillations can occur both in the range of
audio, ultrasonic, or hypersonic frequencies. However, phe-
nomena such as acoustic cavitation and flows in the ultrasonic
range are considered the most important for melt treatment in
the scope of metallurgy (Ref 6, 11).

For an effective degassing the acoustic energy supplied to
the melt must have sufficient intensity (I) to promote enough
pressure to induce the cavitation phenomenon (Ref 12) that can
be explained as follows: when a liquid metal is submitted to
high intensity ultrasonic vibrations, the alternating pressure
above the cavitation threshold creates numerous cavities in the
liquid metal (Ref 10, 13) which intensifies mass transfer
processes and accelerates the diffusion of hydrogen from the
melt to the developed bubbles. As acoustic cavitation pro-
gresses in time, adjacent bubbles touch and coalesce, growing
to a size sufficient to allow them to rise up through the liquid,
against gravity, until they reach the surface (Ref 10, 13).
However, some bubbles which are not filled with gas tend to
collapse during the compression cycle, before reaching the
liquid surface, which causes the acoustic streaming phenom-
enon as well as new nucleation sites (Ref 10). When submitting
a liquid media to ultrasound, direct hydrodynamic flows in
melts. These flows are usually called acoustic streams that
occur both in the bulk of the liquid and near the walls, particles,
and other inclusions or objects within oscillating ultrasonic
fields. The origin of those streams relates to the ultrasonic
momentum acquired by the liquid media when it absorbs the
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wave, Therefore, the velocity of acoustic streams increases with
the ultrasonic intensity and the sound absorption (Ref 8).

The efficiency of ultrasonic treatment (UST) depends on
many factors, namely the ultrasonic parameters, such as
amplitude and frequency of vibration, the degassing conditions
(melt treatment temperature and time), the alloy composition,
and the material purity and volume, all of great importance in
the obtained results (Ref 1, 2, 14).

Besides, it is known that one of the main factors affecting the
efficiency of UST is the acoustic intensity, which can be
determined by Eq 2 for the simplest case of a plane traveling
wave (Ref 10), i.e., power flux (P) divided by area (S) or volume
(V) in which these component, area or volume, are dependent of
the approach used to propagate the waves in the medium

I ¼ P

S ðorÞV ; ðEq 2Þ

Acoustic intensity can be used to predict the extent to which
acoustic cavitation is developed in the medium. However,
acoustic intensity tends to decrease exponentially with the
propagation in the path x, due to energy loss in the medium in
accordance with the Eq 3 (Ref 10)

I ¼ I0e
�2ax; ðEq 3Þ

where a is the acoustic attenuation, which can be caused by
the phenomena of absorption associated to viscous loss (loss
in the medium) and the phenomena of dispersion related to
the heterogeneity of the medium (loss in the boundary),
which is more evident in small volumes (stationary medium).

Extensive field tests conducted by experts in this field have
demonstrated that in order to achieve high efficiency, the
ultrasonic systems must be well tuned to the load (Ref 10, 11,
15) and applied to a small volume of melt.

Industrially, the great interest in ultrasonic degassing of
aluminum alloys is particularly important in stationary and
medium or large melt volumes, where acoustic attenuation may
represent an important factor on the degassing efficiency, or in
melts with high hydrogen content (Ref 16). Under those
conditions, the cavitation effect may be limited to a small
volume of melt near the acoustic radiator. Thus, a possible way
to overtake such drawback/limitation is to induce a gentle
motion to the liquid media, usually called melt stirring, in order
to make it pass through the region where cavitation intensity is
higher and better developed, thus increasing the quantity of
melt submitted to cavitation. In this case, the mechanical melt
stirring needs to be smooth enough to avoid turbulence at the
melt surface to avoid new absorption of hydrogen.

The main goal of the present work was to study the effect of
acoustic cavitation combined with a low frequency mechanical
vibrator in themotionof the liquidmedium in thefield of ultrasonic
sonochemistry, using an ultrasonic degassing apparatus based on
the MMM (Multi-frequency Multimode Modulated ultrasonic
technology). For that purpose, a suitable US degassing design
coupled to a low frequency mechanical vibrator was developed,
tested, and evaluated in water and liquid AlSi9Cu3(Fe).

2. Materials and Experimental Procedures

This work is focused on two different stages, according to
the envisaged objective:

(1) Evaluation and characterization of the optimal processing
conditions in water medium (frequency of the mechanical
vibrator for a pre-established ultrasonic frequency of ultra-
sound) that lead to the maximum water stirring action.

(2) Characterization of the degassing efficiency and mechani-
cal properties in AlSi9Cu3(Fe) melts, using the best pro-
cessing conditions established for water medium.

2.1 Material

The composition of the commercially available AlSi9-
Cu3(Fe) alloy used in this work was evaluated by Optical
Emission Spectrometry and it consisted of Al-9.15Si-2.25Cu-
0.18Mg-0.66Fe-0.26Mn-0.47Zn-0.25Sn.

2.2 Experimental Procedures

To evaluate and characterize the optimal processing condi-
tions in stage 1, the study was divided in two main steps: (1)
study of the simple effect of the low frequency mechanical
vibrator on the movement of the acoustic radiator, using 15, 20,
30, and 35 Hz; (2) study of the flux movement induced by an
oscillatory motion in the surrounding fluid (water) using
simultaneously the low frequency mechanical vibrator and the
ultrasonic radiator. The ultrasonic system for liquid aluminum/
water processing used in this research consists of a high power
ultrasonic converter, an acoustic wave-guide, and an acoustic
radiator (or sonotrode) 600 mm long and 60 mm in diameter,
driven by wideband, frequency modulated ultrasonic signal
from MMM ultrasonic power supply unit, developed by MP
Interconsulting (Ref 15). In addition, a low frequency mechan-
ical vibrator was coupled to the acoustic radiator by a flexible

Fig. 1 MMM ultrasonic system—conceptual model: 1—transducer;
2—low frequency mechanical vibrator; 3—furnace; 4—acoustic radi-
ator; 5—thermocouple; 6—air cooling tube; 7—molten aluminum
alloy; and 8—protection box
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mechanical interface in order to create helical vibrations, as
shown in Fig. 1.

The MMM technology is characterized by synchronously
exciting many (mutually coupled) vibration modes and har-
monics of ultrasonic system, which will be sent to solid and
liquid media. This technology produces high intensity multi-
mode vibrations that are spatially uniform and repeatable, while
avoiding creation of stationary and standing waves. This way,
the whole vibrating system (including its liquid aluminum load)
is fully and uniformly agitated, improving homogenization,
degassing, and even grain refinement, while increasing density
and removing non-metallic inclusions. The ultrasonic power
supply unit is fully controlled by dedicated Windows compat-
ible (Lab View) software developed by MPI. Relevant ultra-
sonic parameters in this process are frequency sweeping
interval, sweeping frequency repetition rate, fswm (controllable
frequency shift with modulation) for the selected resonance
frequency interval and output electric power. Mentioned
parameters are adjusted in order to produce the highest acoustic
amplitude and a sufficiently wide frequency spectrum in a
liquid metal, automatically monitored with a specifically
implemented feedback loop. Although the ultrasonic apparatus
has the capability to work on a pulsatory regime, in what this
work is concerned it has worked continuously.

In step (1), a high speed digital Photron—FastCam APX RS
video camera capable of 10,000 fps at 1 M pixel was used,
according to Fig. 2(a). The video sequences were recorded at
1000 fps and subsequently image analysis TEMA Motion
software was used to determine the motion in function of time.
A mark was placed at the radiator surface and a scale was
visible in order to calibrate the frames. In this stage, ultrasound
was not being supplied to the melt.

In step (2), the two best frequencies of the mechanical vibrator
(15 and 35 Hz) selected in step (1) were used simultaneously with
19.8± 0.1 kHz US frequency and 60% of US electric power to
evaluate the flux profile induced in the surrounding fluid. For that
purpose, the radiator was placed in a circular vessel, 200 mm in
diameter and 240 mm in height, filledwithwater at 18± 1�Cup to
200 mm height, and deepen 110 mm in the water. In order to
reduce optical distortion, the circular vessel was placed inside a
square vessel also filled with water. This way the mismatch of
refractive indexes at the curved interface is reduced. The velocity
field was measured by a two-component DANTECLaser Doppler
Anemometry (LDA) with a spatial resolution of approximately
1 mm, according to Fig. 2(b). TheDoppler signalswere processed
in the frequency domain by Burst Spectrum Analyzers. 20-lm
polystyrene tracer particles were used as a diffracting medium for
the laser beams. For each position in the fluid, the average velocity
was statistically determined from 3000 samples. This way, the
velocity profile in the vicinity of the radiator was determined.
Table 1 presents the main parameters of the laser and the mesh
parameters of the measured volume.

Fig. 2 (a) Experimental apparatus to measure the displacement amplitude of the acoustic radiator; (b) experimental apparatus to characterize the
velocity profile due to the combined effect of mechanical and US vibration. 1—Sonotrode; 2—high speed digital Photron; and 3—DANTEC
Laser Doppler Anemometry

Table 1 Main parameters of the measurement volume

Parameters of measurement volume

Green beam Blue beam

Angle diffraction (2h) 19.382 19.502
Control mesh (mm)
x Radiusradiator�Radiusglass container
y y = 0 (Cte along of path y)
z z = 10; z = 50; z = 90
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In stage 2, after the evaluation and selection of the best
processing conditions in water, a 10 L molten bath of
AlSi9Cu3(Fe) alloy was produced in a resistance furnace
equipped with a 230 mm diameter and 290 mm height SiC
crucible. Melt temperatures of 660 and 700�C within an
accuracy of ±10�C were used to perform degassing tests, using
the parameters selected in stage 1. For the sake of comparison,
argon degassing (injection flow of 5 l/min) using the rotary
diffuser technique at 100 rpm from 0 to 5 min was also
performed at the same temperatures. Samples for mechanical
characterization were cylinders with 14 mm in diameter and
140 mm length, obtained by pouring the molten alloy into a
metallic die at 200�C melt temperature.

2.3 Physical Modeling

Water is considered a suitable media to simulate the US
degassing mechanism in liquid aluminum alloys (Ref 10).
Moreover, as the dynamic viscosity of water at room temper-
ature is similar to the molten aluminum alloy, phenomena in
isothermal water modeling are considered to be dominated only
by inertial and gravitational forces, therefore dynamic similarity
is achieved when the ratio of the inertial to the buoyancy forces
in both systems is similar (Ref 18).

The methodology for physical modeling the liquid medium
motion caused by acoustic cavitation combined with low
frequency mechanical vibration results from the theory of
similarity on which criteria of geometric and dynamic features
were considered. In what concerns to geometric similarity the
following relation was assumed:

/
h

� �
model w

¼ /
h

� �
model Al

� 1; ðEq 4Þ

where / and h represent the diameter of the container and
height of the fluid, respectively. Apart from these characteris-
tics, the ultrasound device was the same in the different
stages of the present work. Thus, the apparatus used for
research was built in a scale of one-to-one (1:1) capable of
predicting the best processing conditions in water medium to
apply in molten aluminum alloy.

The Froude number (Fr) that relates the inertial and
gravitational forces, was considered as dynamic similarity
criteria to correlate the flux movement induced by an oscilla-
tory motion in the surrounding fluid between the model in
water and in molten aluminum alloy, as used by other authors
(Ref 18, 19). Thus, in a one-to-one model, both the reference
fluid length (L) and velocity (v) will be the same for free
surface. So, since the Froude number does not contain any fluid
properties it was considered that

Frmodel w ¼
vffiffiffiffiffiffi
gL
p ¼ Frmodel Al; ðEq 5Þ

is automatically satisfied in a one-to-one model.

2.4 Evaluation of Hydrogen Content in the Aluminum Melt

Melt samples for characterization were taken immediately
before starting the degassing operation and after 1, 3, and 5 min
of ultrasonic processing, for each processing parameters
combination. Hydrogen content evaluation was performed
using the traditional ‘‘Straube-Pfeiffer’’ method, also known
as reduced pressure test (RPT). The molten alloy was poured
into a thin-wall iron cup (�120 g) and allowed to solidify

under a reduced pressure of 70 mmHg. Its density (d) was
evaluated by the apparent density measurement technique,
using the following equations (Ref 17):

d ¼ Wa

Wa �Ww
; ðEq 6Þ

where Wa and Ww are the sample weights measured in air
and water, respectively. The volume of gas (Vg) was given by
Eq 7, where d0 is the alloy theoretical density and k is a con-
stant for standard temperature and pressure conditions correc-
tion, given by Eq 8

Vg ¼ k � 1

d
� 1

d0

� �
; ðEq 7Þ

k ¼ Test pressure

760

� �
� 273

273þ alloy freezing temperature

� �
:

ðEq 8Þ

2.5 Evaluation of Mechanical Properties

For tensile testing, the specimens were machined from the
as-cast samples according to EN10002-1:2004 with gage length
L0 of 50 mm and cross section diameter d0 of 10 mm. Tensile
tests were carried out at room temperature in an INSTRON-
Model 8874 testing machine using 0.5 mm/min strain rate to
obtain yield strength, ultimate tensile strength, and strain.

3. Results and Discussion

3.1 Experiments in Water Medium

In the first stage, in order to evaluate and characterize the
optimal processing conditions in water medium (frequency of
the mechanical vibrator for a pre-established ultrasonic fre-
quency of ultrasound), the individual effect of the low
frequency mechanical vibrator in the movement of the acoustic
radiator was studied (step 1). Figure 3 shows the variation in
the maximum amplitude of the acoustic radiator for 15, 20, 30,
and 35 Hz frequencies.

In order to simplify results presentation only 0.5 s of the
recorded spectra are presented. However, according to these
results it can be seen that the motion is repetitive in time. As
shown in Fig. 3(a) to 3(d), the amplitude of movement tends to
increase in both Ox and Oz direction. By comparing Fig. 3(b)
and 3(c), it is clear that there is an inversion of the amplitudes
in the Ox and Oz direction. After a series of trials for
frequencies between 20 and 30 Hz and different equipment
holding systems, it was concluded that the most important
factor in that amplitude inversion effect was the equipment
holding conditions, i.e., for the adopted conditions in this
frequency interval (20-30 Hz) the system presented natural
resonance frequency.

For this reason experiments in step (2) were carried our
using 15 and 35 Hz frequencies of the mechanical vibrator in
combination with 19,800± 0.25 Hz ultrasonic frequency. The
flux profile created by the combined effects was investigated
under both Ox and Oz paths at three different heights from the
base of the water container (Z = 10 mm, Z = 50 mm, and
Z = 90 mm), according to the adopted coordinate system
shown in Fig. 2.
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Figure 4 shows the dimensionless velocity ratio (v/vmax) in
the Ox and Oz paths promoted by the combination of both
effects at different distances from the base of the water vessel. v
represents the velocity at the point and vmax the maximum
velocity registered in the liquid media. R is the radius of the
container and r represents the distance from the point where
measurement was taken to the center of the container. Results
suggest that as the distance to the base of the container
increases, the velocity ratio in the Oz path tends to increase for
both frequencies of the mechanical vibrator (15 Hz (m) and
35 Hz (d)). However, the increase is more evident for the
higher mechanical vibrator frequency of 35 Hz (d). Moreover,
for every considered distance from the vessel base, the particles
direction in Oz path suffers an inversion when evaluated from
the vessel wall to the sonotrode, as presented in Fig. 4. In fact,
for both frequencies the velocity ratio is negative close to the
acoustic radiator and positive near the container wall. Besides,
as the distance to the base of the container increases the
inversion direction point tends to move away from the acoustic
radiator and is more evident for the height of Z = 90 mm, as
represented in Fig. 4(c), which suggests that near the surface
there is a large volume in which the velocity ratio is in negative
direction (from the liquid to the surface). This is an important
fact for the degassing process of liquid melt.

Regarding the Ox path the particles direction change with
the frequency of the mechanical vibrator. Near the base of the

container and a frequency of 35 Hz (s) combined with
19,800± 0.25 Hz of ultrasound, the particles motion is always
in the Ox positive direction (from the wall to the acoustic
radiator), as we can see in Fig. 4(a). However, as the distance to
the base of the container increases to Z = 90 mm, the particles
motion tends to experiment an inversion. For 15 Hz (D)
combined with 19,800± 0.25 Hz of ultrasound for every
evaluated distance, the particles motion always present an
inversion point as we can see from Fig. 4(a) to 4(c).

Through the results evaluated in Oz and Ox paths promoted
by the combined effects (low and high vibration) in the
medium, recorded by the high speed digital camera video and
LDA equipment, the flow direction profile in the container can
be suggested as presented in Fig. 5. Thus, the results obtained
from this series of trials show that it is possible to have a soft
agitation of the liquid through their own acoustic radiator,
forcing the volume of liquid to pass in the zone of highest
intensity of cavitation, i.e., close to the acoustic radiator which
suggests that this technique can significantly increase the
efficiency of ultrasonic degassing. Also, and in accordance with
the results, the velocity of the flow is related with the free
space/volume in the container (space/volume between the
sonotrode and the container walls) and the length of sonotrode
dipped in the fluid, which was the same for both stages of the
present work and is according to similarity criteria presented in
section 2.3.

Fig. 3 Effect of low frequency mechanical vibration in the movement of the acoustic radiator: (a) f = 15 Hz; (b) f = 20 Hz; (c) f = 30 Hz; and
(d) f = 35 Hz
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3.2 Experiments in Liquid Aluminum

3.2.1 Effect of the New Degassing Approach on the H2

Content. In an ideal melt, the viscosity and thermal conduc-
tivity are the main attenuation factors by losses of oscillation
energy in the medium. However, in molten commercial
aluminum alloy, the effect of impurities should also be

considered. In fact, the contact of the acoustic wave with
impurities presents in liquid medium, typically oxides and non-
metallic inclusions (Ref 10, 20), may result in a decrease of the
acoustic intensity by the effect of ultrasound scattering,
according to Eq 3. Furthermore, not all the cavitation bubbles
reach the melt surface since part of them are transported
by acoustic streaming to the bulk melt and often collapse,
making the gases inside them to dissolve again in the molten
alloy (Ref 21). This mechanism tends to slow down the process
of ultrasonic degassing and to limit the maximum achieved
value of alloy density.

Thus, according to the experimental results obtained in
water, a similar motion profile may be imposed in the
AlSi9Cu3(Fe) alloy melt by the combined effect of low and
ultrasonic vibration, overcoming the limitations of the simple
application of ultrasound, since a much greater volume of
liquid metal is forced to pass near the acoustic radiator, where a
well-developed cavitation regime occurs.

Figure 6 and 7 show the hydrogen content evolution for
different processing times, at 660 and 700�C, respectively, with
and without combination of effects and different degassing
techniques. Regardless temperature, results show that this new
degassing approach of molten aluminum, combining low
frequency mechanical vibrator and US vibration, is clearly
more efficient on the hydrogen removal rate than any other
concurrent technique based in purging gas or just ultrasound
(2). Moreover, the improvement in the degassing efficiency
achieved by the combined effect when compared with the
simple US degassing technique is more evident for tempera-
tures below of 700�C (Fig. 6 and 7), which makes it possible to
perform melt degassing at lower temperatures than usual. This
is an extremely important issue for the casting practice since
high degassing and/or pouring temperatures are directly related

Fig. 4 Velocity ratio of the particles promoted by combination of
effects at different points in the Ox and Oz directions: (a)
Z = 10 mm; (b) Z = 50 mm; and (c) Z = 90 mm

Fig. 5 Flow pattern induced by the MMM ultrasonic system
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to high levels of hydrogen absorption, thus low degassing rates
and final alloy density.

The theoretical density of this alloy is 2.74 kg/dm3,
according to the supplier. For the combination of
19,800± 0.25 Hz with 35 Hz at 660�C (Fig. 6), the minimum
amount of hydrogen in the medium after 5 min was 0.07 mL/
100 g Al which corresponds to a density of 2.68 kg/dm3. On
the other hand, for 700�C the minimum hydrogen content
achieved was 0.04 mL/100 g Al which corresponds to a density
higher than 2.7 kg/dm3 (Fig. 7). When compared with the
single effect of ultrasound or argon technique, this new
approach increased the degassing rate for both 15 and 35 Hz
frequency of the mechanical vibrator. Besides, from Fig. 6 and
7, it is clear that although the curves present similar develop-
ments (exponential decay), the steady-state plateau that is
reached is lower for the combined technique, which suggests
that an effective stirring movement induced by this approach in
the bulk liquid promoted its movement into the center of the
crucible. For both degassing temperatures, both the simple US
degassing technique and the combination of US and mechanical

vibration lead to a much higher degassing rate and much lower
final hydrogen content in the melt.

The present results can be confirmed by the study conducted
in water, in which the combined effect creates a liquid motion
profile favorable to the passage of a large volume of metal in
the area of greater acoustic activity (close to the US radiator), as
well as by the sound pressure measurements presented in
Fig. 8, obtained by an acoustic sensor developed in previous
work (Ref 22).

A short sample of acoustic cavitation recording was saved
for two different distances from the acoustic radiator, during the
combined effect degassing process. This process was repeated
ten times for each distance to reduce random errors. According
to the results shown in Fig. 8, it is clear that the sub-harmonic
(d) significantly decreases when the distance to the acoustic
radiator increases. Besides the intensity of the FFT sub-
harmonic (d) increase in areas close to the acoustic radiator,
the intensity of the FFT ultra-harmonics (m) seems to stabilize
which is a consequence of a well-developed cavitation regime
as suggested by (Ref 11, 23). According to Fig. 8 and the
behavior of the sub-harmonic and ultra-harmonics, it is
suggested that at distances from the acoustic radiator below
40 mm there is a well-developed cavitation regime, which
starts to decrease for higher distances, although it is still clear,
but with lower intensity, at 70 mm from the radiator. At 85 mm
from the radiator, cavitation seems to be at its limit, or being
even insipient, because the intensity of the sub-harmonic is
quite low and the ultra-harmonics have already difficulty to
stabilize on a clearly established value, thus acoustic streaming
can perhaps be the most relevant acoustic phenomena in that
region.

3.3 Effect of the New Degassing Approach
in the Mechanical Properties

It is well known that mechanical properties of Al-Si alloys
depend on several factors, with particular emphasis to micro-
structure morphology (Ref 24) and size and distribution of
porosities (Ref 25-27). Porosity can be attributed to the
inadequate feeding associated to volumetric shrinkage of liquid
during solidification and/or to the decrease of hydrogen
solubility in Al during cooling. Thus, reducing the content of
hydrogen dissolved in the liquid metal (degassing operation)
will have a significant impact in the alloys porosity, thus in their
mechanical properties.

The results of mechanical characterization are presented in
Fig. 9. It is clear that regardless the degassing technique, those
alloys degassed at higher temperature (700�C) show higher
tensile strength (UTS) and elongation to failure. This is mainly
due to the most effective degassing operation and low porosity
of the alloys degassed at higher temperature, as a consequence
of the principle—the higher the melt temperature, the lower is
the viscosity of the melt. In those alloys degassed by US or by
the new technique, at lower temperatures, mainly below 700�C,
the melt high viscosity hampers the pulsation of the cavitation
bubbles, their coagulation and floating, as reported in previous
research works (Ref 1, 2). Moreover, the diffusion coefficient of
hydrogen in liquid metals decreases with decreasing tempera-
ture thus decreasing the diffusion rate of hydrogen from the
solution to the bubbles. In those alloys degassed by argon
purging only the last effect is present.

The ultrasonic degassing technique is more effective that gas
purging for both melt temperatures, since it leads to higher

Fig. 6 Variation of hydrogen with degassing time at 660�C, for dif-
ferent degassing techniques

Fig. 7 Variation of hydrogen with degassing time at 700�C, for dif-
ferent degassing techniques
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mechanical properties (Fig. 9). In those samples degassed by
gas purging, UTS and elongation to failure were 150 MPa and
1%, respectively, for 660�C melt temperature and 187 MPa and
1.13%, respectively, for 700�C melt temperature. These
properties are significantly increased when degassing is per-
formed by ultrasound—225 MPa and 1.61%, respectively, for
700�C melt temperature—and increase even more if ultrasonic
degassing is combined with low frequency vibration of the
molten alloy, using the new set-up. The highest values of UTS
and elongation to failure were obtained for a combination of US
degassing in the conditions presented in section 2.2 with 30 Hz
mechanical vibration—262 MPa and 1.93%, respectively—for
700�C melt temperature.

According to these results, the new approach for aluminum
degassing is a significant improvement over ultrasonic pro-
cessing. UTS is 40 and 16.5% higher than in samples degassed
by argon purging and by US, respectively, while elongation to
failure is 71 and 20% higher, respectively.

In this experimental work, grain refinement and silicon
modification has not been carried out, suggesting that the
difference in mechanical properties between US degassed
samples and those degassed using the new technique is mainly
due to a difference in porosity. The best efficiency of the new

Fig. 8 FFT spectral levels of harmonics (s), sub (d), and ultra-
harmonics (m) of acquired sound pressure waveform at different dis-
tances from the acoustic radiator, during the combined effect degas-
sing process: (a) R = 40 mm—distances from the acoustic radiator;
(b) R = 70 mm—distances from the acoustic radiator. (c)
R = 85 mm—distances from the acoustic radiator

Fig. 9 Results of mechanical characterization of alloys degassed at
(a) lower temperature (660�C) and (b) higher temperature (700�C)
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process can be attributed to the higher quantity of molten alloy
that passes in the neighborhood of the acoustic radiator (the
zone of higher acoustic activity) due to the melt stirring action
promoted by the low mechanical vibrator, as described in
section 3.1. Thus, as a result of melt stirring, cavitation bubbles
developed in a higher volume of metal, improving degassing.
Moreover, according to the findings in the experiments carried
out in water, the molten alloy is forced to pass in the high
acoustic activity repeatedly, meaning that the same liquid metal
is submitted to high cavitation more than once, also improving
the degassing efficiency.

4. Conclusions

The undertaken research proves to be an important contri-
bution to understand how ultrasonic cavitation can be used to
degas large volumes of aluminum melts. Thus, the following
conclusions can be drawn:

1. When performing US degassing of liquid aluminum it is
possible to induce melt stirring in the molten pool by
coupling a mechanical vibrator to the sonotrode, using a
suitable interface;

2. Melt stirring improves US degassing of aluminum alloys
increasing the alloy density and the degassing rate;

3. The frequency of the mechanical vibrator is an important
factor in the velocity and motion profile of the liquid
media, and for the used set-up the best values were
obtained for 35 Hz.

4. With the combined technique, it is possible to achieve al-
loy densities close to 2.7 kg/dm3 after 5 min processing,
while with simple US degassing only 2.66 kg/dm3 has
been achieved for the same processing conditions
(700�C, 5 min).

5. The developed degassing technique increases the alloy
tensile strength and strain when compared with traditional
ultrasonic and argon purging techniques.
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