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a b s t r a c t

The purpose of this work was the development of a reliable technique to evaluate the intensity of acoustic
cavitation during degassing of aluminium melts and to use it to select the optimum processing time for
an envisaged degassing efficiency.

A high sensitivity piezoelectric disk type device was used as a sensing feedback in water and liquid
AlSi9Cu3 alloy. The signal acquisition and processing was carried out on a dedicated LabVIEW® based
application which allowed real-time monitoring of the piezoelectric sensor’s data and ultrasonic param-
eters. Standard Fast Fourier Transform was applied to obtain the dominant frequencies, as well as the sub
and ultra-harmonics. It was found that the amplitude of the FFT sub-harmonic (f/2) was the best indicator
egassing
asting
luminium alloys
iezoelectric devices

to evaluate the process degassing efficiency, and it could be used to select the optimal processing time,
independently of other variables.

The developed methodology was applied to several AlSi9Cu3 melts, and validated by measuring the
final alloy densities and the volume fraction of porosities, revealing that it is an efficient, fast and cost
effective technique to evaluate the degassing treatment of aluminium alloys. Experimental curves of
AlSi9Cu3 alloy degassing efficiency as a function of f/2 amplitude are presented for different degassing

times.

. Introduction

The quality of a casting depends directly on the quality of the
olten metal used to produce it. Thus, reliable melt treatment tech-

iques, and fast and effective characterization methods to evaluate
he quality of molten alloys are crucial aspects for foundrymen.

In what concerns to aluminium alloys, melt treatment includes
leaning, microstructure refinement/modification and degassing.
echniques to evaluate treatment efficiency and to characterize
elt quality often require laboratory analysis of multiple sam-

les taken from the molten alloy. This procedure is detrimental
or process efficiency, since samples production and characteri-
ation are time consuming, and melt conditions can change over
he time. On-line monitoring of the melt quality can be a faster
rocedure, but applications known so far are limited to lab scale
hemical composition monitoring using laser induced breakdown

pectroscopy (Kai et al., 2002) or chemical sensors based on gal-
anic cells (Vangrunderbeek et al., 1999; Fray, 1996), inclusion
etection by electromagnetic (Makarov et al., 1999; Roderick et al.,
001) or ultrasound techniques (Ono et al., 2002, 2004) and mea-

∗ Corresponding author. Tel.: +351 253510220/59; fax: +351 253516007.
E-mail address: kim@dem.uminho.pt (J. Barbosa).

924-0136/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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surement of hydrogen concentration in molten aluminium alloys
either by using highly unstable galvanic cells (Schwandt et al., 2003;
Zheng and Zhen, 1993) or very slow carrier gas techniques like
AlScan or Telegas (Fergus, 2005).

One of the main problems concerning to aluminium foundry
practice is porosity, which is highly detrimental to the mechani-
cal and fatigue performance of a casting. Although it can be due to
factors associated to volume shrinkage compensation during solid-
ification, porosity in Al alloys is generally caused by precipitation
of hydrogen during cooling, since a large drop in solubility occurs
at solidification point (Gruzleski and Closset, 1990).

During the last years, ultrasound has found application in many
metallurgical related areas, like machining (Singh and Khamba,
2006), welding (Matsuoka and Imai, 2009), 3D direct manufactur-
ing (Kong et al., 2004) and foundry (Puga et al., 2009a,b). Among
those applications, ultrasonic (US) degassing, an extremely effi-
cient and environmentally friend degassing technique, has been
under development during the last years by several researchers
(Meidani and Hasan, 2004; Xu et al., 2008; Puga et al., 2009a,b)

and it is now ready for industrial widespread application. It is
based on the supply of acoustic energy to the molten metal in
order to induce cavitation. According to Eskin (1998), when a liq-
uid metal is submitted to high intensity ultrasonic vibrations, the
alternating pressure above the cavitation threshold creates numer-

dx.doi.org/10.1016/j.jmatprotec.2011.01.003
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
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us cavities in the liquid metal associated to noise development,
hich intensifies mass transfer processes and accelerates the dif-

usion of hydrogen from the melt to the developed bubbles. As
coustic cavitation progresses with time, adjacent bubbles touch
nd coalesce, growing to a size sufficient to allow them to rise
p through the liquid, against gravity, until reaching surface, as
uggested by Meidani and Hasan (2004) and Eskin (1998). Never-
heless, many of those bubbles grow and collapse before reaching
he liquid surface, creating new nucleation sites and adding to the
coustic signal not only a main frequency, but also several har-
onics, sub-harmonics and incoherent noise, as demonstrated by

skin (1998). Although the high efficiency and hydrogen removal
ate of US degassing, measurement of hydrogen concentration or
lloy density evaluation is time consuming, and can take several
inutes using traditional measurement techniques. Moreover, the

ccurate control of US parameters to achieve good results is dif-
cult, since the process efficiency depends on many factors, such
s melt temperature, US frequency, electric energy converted into
coustic energy, processing time and acoustic wave attenuation,
nd technicians’ experience. For such reasons, the development of
reliable method/technique to evaluate degassing results is of high

nterest for the aluminium foundry industry.
Although the large amount of processing variables, high

egassing rate is only possible if a well-developed cavitation regime
s developed inside the aluminium melt, as suggested by Puga et al.
2009), Eskin (1998) and Abramov (1998). This is therefore the key
ssue of the process that can make ultrasonic degassing an easy to
perate, simple and efficient technique.

In this work, a cavitation monitoring technique based on the
ibration measurement was used to evaluate the required process-
ng time for an envisaged degassing efficiency or final alloy density.
or that purpose, a piezoelectric device was used to measure the
ibration generated by acoustic cavitation, and tested in water and
iquid AlSi9Cu3 alloy. Piezoelectric materials have been used for a
ong time in numerous applications, whether as sensors, or as actu-
tors. As a sensor, a piezo device has several advantages over other
oncurrent solutions, it has a very fast response time (in the order
f microseconds) and a large bandwidth, it is relatively cheap and it
oes not need power to work. In fact, piezoelectric materials have
he ability to develop an electric charge proportional to a direct
pplied mechanical stress, and therefore are likely to be used as
ibration sensors.

. Degassing system

.1. Acoustic sensor

In this application it was used the piezo KPSG-100 (Kingstate)
s an acoustic sensor. This piezo disk is made of a ceramic layer
f about 23.5 mm diameter and 1 mm thickness, deposited over a
hin disk made of brass. Piezo ceramics of this type are advanta-
eous over quartz or polymers since they present high sensitivity
roducing a larger amplitude signal for the same vibration. A piezo
isk is a low cost, yet high performance solution to measure vibra-
ions in the kHz range, as it is the case. The piezo disk was coupled
o the top of a molybdenum rod with 2 mm diameter and 1000 mm
ength, which was inserted in the liquid were acoustic vibrations

ere going to be measured.
This piezo is a disk poled in directions 31 (Fig. 1(a)) and 33

Fig. 1(b)), meaning that it can generate electrical charges from
hese two mechanical stress directions.
For the case (a), the generated voltage can be estimated by Eq.
1):

31 = g31 × F1

2 × � × r
(1)
Fig. 1. Piezo disk axis and stress directions.

where g31 is the electric field generated by the applied stress in the
direction 1, F1 is the applied force (in the direction 1) and r is the
radius.

For the case (b), the equation comes (2):

V33 = g33 × F3 × t

� × r2
(2)

where g33 is the electric field generated by the applied stress in the
direction 3, F3 is the applied force (in the direction 3) and t is the
thickness.

A piezoelectric material presents complex impedance and its
behavior changes with the frequency. The material is usually
modeled through a Butterworth Van-Dyke configuration, which
includes three parameters: capacitance, inductance and resistance.
These values were measured using a LCR meter (Escort, ELC-131D)
at a frequency of 1 kHz having obtained, respectively C = 51.98 nF,
L = 483 mH, and R = 78.47 k�.

To acquire the output signal of a piezo sensor it is common to
use a so-called charge amplifier. This electronic circuit includes a
high input impedance (low bias current) amplifier in parallel with a
small capacitance. However, since the data acquisition board used
in this work presented already high impedance (10 G�), and the
signal to read had high frequency, it was directly connected to the
board.

2.2. Ultrasonic generator

Most of the traditional ultrasonic applications are based on
fixed-frequency, well-tuned ultrasonic sources, where a large num-
ber of designs and matching parameters must be respected (Xu
et al., 2008; Eskin, 1998). Extensive field tests have demonstrated
(Eskin, 1998; Prokic, 2004) that in order to achieve high efficiency,
the ultrasonic systems must be well tuned to the load. Since most
ultrasound units work inherently in non-stationary conditions, in
theory they have to continuously adapt themselves to the load
to maximize the efficiency, which is difficult to achieve with the
fixed-frequency units.

On this work, a novel MMM (Multi-frequency Multimode
Modulated technology) ultrasonic technique developed by MP
Interconsulting (Prokic, 2001) was used. MMM technology is

characterized by synchronously exciting many vibration modes
through the coupled harmonics and sub-harmonics in solids
and liquid containers. This technology produces high intensity
multimode vibration that are uniform and repeatable, which
avoid the creation of stationary and standing waves, so that the
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ig. 2. Schematic of experimental apparatus for measuring the cavitation level in
S degassing: 1, ultrasonic power supply unit; 2, US converter; 3, waveguide; 4,
coustic radiator; 5, Mo rod; 6, piezo disk; 7, liquid media.

hole vibrating system is fully agitated, improving the degassing
rocess.

.3. Experimental set-up

The experimental set-up (Fig. 2) used to measure the signal of
coustic cavitation during the ultrasonic degassing of aluminium
lloys consisted of a high power ultrasonic converter (1200 W),
30 mm diameter and 150 mm long acoustic waveguide made of
i6Al4V, a 60 mm diameter Ti-based acoustic radiator, a sweeping-
requency, adaptively modulated waveform generated by an MMM
ltrasonic power supply unit, and the acoustic sensor presented in
ection 2.1.

The ultrasonic power supply unit is fully controlled by dedi-
ated Windows compatible software developed by MPI. Optimal
ltrasonic parameters: sweeping and fswm (frequency shift with
odulation) for the selected resonance frequency and electric

ower are adjusted in order to produce the highest acoustic ampli-
ude and the wide frequency spectrum in the melt, which is

onitored with a specifically implemented feedback loop.
The waveform generated by the ultrasonic power supply unit (1)

s converted in repetitive multi-frequency mechanical vibrations
y the ultrasonic converter (2), which are driven to the acoustic
adiator (4) through the waveguide (3). The acoustic load (radiator
nd liquid) starts producing its own vibration, oscillating in one or
ore of its natural resonance frequencies.
The vibrations and shock waves developed by cavitation in the

iquid media are transmitted to the molybdenum rod (5) inserted
n the liquid (7), and then converted into an electrical signal pro-
ortional to the mechanical stress by the coupled piezo disk (6).

The piezoelectric signal was acquired by an analogue chan-
el of a PCI-6251 board from National Instruments at a rate of
00,000 samples/s. For each power level tested, the spectrum was
alculated 10 times, and the average values evaluated to minimize
andom errors.

A suitable LabVIEW® based application was developed for data
cquisition, analysis and signal processing. Data processing con-
ists in the spectral analysis of the piezoelectric signal, using the

®
abVIEW routines for Fast Fourier Transform (FFT).
The program does the data processing of files logged in disk,

omposed by the voltage values read from the piezo sensor. The
ata is processed by using the routine FFT.VI, from the LabVIEW®

ibrary. This routine computes the Fast Fourier Transform (FFT) of
g Technology 211 (2011) 1026–1033

the input sequence, giving the Real FFT vector as output. From the
sampling rate, two vectors are computed: one that contains the
time for each sample and another that contains the frequency. In the
interface, the user can define the update time, as well as the sam-
pling rate and number of samples to acquire. As output, the inter-
face presents the processed data and three graphs: time/amplitude,
frequency/amplitude, and dominant frequencies/amplitude.

Although FFT analysis is a classical method of data processing,
its implementation in a LabVIEW® routine made it possible the
automatic calculation of the harmonics, sub and ultra-harmonics
amplitude, which are visualized almost in real time and used to
evaluate the cavitation intensity in molten metal, thus anticipating
the required degassing time. This is the main novelty of the use of
FFT in this research.

2.4. Experimental procedure

To evaluate the cavitation signal, tests were carried out in water
and in molten AlSi9Cu3 alloy. Water is considered a suitable media
to simulate US degassing mechanism in liquid aluminium alloys
(Eskin, 1998), and it was used for the first series of tests, in order
to visually identify the development of cavitation bubbles. A glass
recipient with 180 mm diameter and 200 mm height, filled with
3 l of water at 18 ± 1 ◦C was used to simulate the melting crucible.
Energy power up to 700 W with 50 W increments at a frequency of
19,800 ± 100 Hz was used to promote cavitation, and the acoustic
sensor signal was recorded.

After characterizing the cavitation signal in water, melting
stocks of AlSi9Cu3 alloy weighing 4 kg were melted in a resistance
furnace equipped with a 170 mm diameter and 180 mm height SiC
crucible. Melt temperatures of 700 and 780 ◦C within an accuracy
of ±10 ◦C were used to perform cavitation tests, using the same
ultrasonic parameters that were used for water. Samples for char-
acterization were taken immediately before starting the degassing
operation and after 1, 3 and 5 min ultrasonic processing for each
processing parameters combination. The Reduced Pressure Test
(RPT) and the apparent density measurement method were used
to evaluate samples density. The volume fraction of porosities was
evaluated by digital imaging techniques, using Image-Pro Plus soft-
ware.

The initial densities of molten alloys (corresponding to those
samples taken immediately before starting the degassing oper-
ation) were in the range between 2.4 and 2.45 kg dm−3. The
degassing efficiency � was calculated according to the following
expression:

� = Df − Di

D − Di
× 100 (3)

where D is the theoretical alloy density (2.74 kg dm−3) and Di and
Df are the initial and final alloy densities, respectively.

3. Results and discussion

Fig. 3 shows an example of a typical sound pressure waveform
as received by the piezoelectric.

Fig. 4(a)–(c) shows the FFT spectral levels of harmonics, sub and
ultra-harmonics of acquired sound pressure waveforms, for 250,
360 and 600 W electric power, respectively. According to Abramov
(1998) the intensity of the FFT sub-harmonic (f/2) is the most reli-
able parameter to evaluate the development of cavitation in liquid
metals. Moreover, when the intensity of the FFT sub-harmonic

increases and the ultra-harmonics signal stabilizes, a regime of
well developed cavitation is achieved (Abramov, 1998). According
to Fig. 4(a), it is clear that for 250 W, 3/2f and 2f ultra-harmonics
(corresponding to approximately 30 and 40 kHz, respectively) are
still not stabilized, suggesting that the cavitation threshold has not
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Fig. 3. An example of a typical sound pressure waveform.

Fig. 4. FFT spectral levels of harmonics, sub and ultra-harmonics of sound pre
g Technology 211 (2011) 1026–1033 1029

been reached. However, for 360 and 600 W (Fig. 4(b and c)) not only
the ultra-harmonics are stabilized, but also the f/2 sub-harmonics
(corresponding to approximately 10 kHz) are fully developed and
increase with electric power, suggesting that a developed cavita-
tion regime has been reached.

In Fig. 5, the sub-harmonic intensity is plotted against the elec-
tric power, and 3 regions can be clearly distinguished: Zone 1,
corresponding to insipient cavitation; Zone 2 corresponding to the
cavitation threshold; Zone 3 corresponding to a well developed
cavitation regime. The transition from Zone 1 to Zone 3 was char-
acterized by a sharp increase in the acoustic signal, indicating the
cavitation threshold, which agrees with suggestions of Eskin (1998)
and Abramov (1998).

Fig. 5(a) corresponds to cavitation experiment in water at room
temperature, and shows the variation of the sub-harmonic (f/2)
amplitude as a function of electric power. Each point is the aver-
age of 10 readings for each value of electric power. Between 270
and 300 W electric power, a sudden increase in the sub-harmonic
amplitude was detected, and a change in the curve slope was clearly

identified. This means that the cavitation threshold was reached
and for higher values a well-developed cavitation regime was
established, which was visually confirmed by a sudden increase in
the amount of cavitation bubbles and the development of acoustic

ssure waveform, for (a) 250 W, (b) 360 W and (c) 600 W electric power.
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the macrostructure of RPT samples cross-sections corresponding
to points 1–4 (700 ◦C curve), identified in Fig. 7. It is perceptible
that only the sample processed under a well-developed cavitation
regime (see Fig. 5(b)) does not reveal the presence of porosities.
Moreover, the volume fraction of porosities increases as the ampli-
ig. 5. Amplitude of sub-harmonics as a function of electric power: (a) in water and
b) in molten AlSi9Cu3.

treams, confirming previous suggestions of Brabec and Mornstein
2007) concerning to tests performed with water. This behavior
lso confirmed the findings of Abramov (1998) concerning to the
elation between the sub-harmonic (f/2) amplitude and cavitation
ntensity.

Fig. 5(b) corresponds to cavitation experiments in AlSi9Cu3,
nd shows the variation of the sub-harmonic (f/2) amplitude as
function of electric power, for 700 and 780 ◦C melt tempera-

ure. The curves presented the same development of that observed
or experiments in water, but the signal amplitudes were lower
ue to acoustic wave attenuation. Temperature increase shifted
one 2 to the sense of lower electric power and increased the
ignal amplitude, due to the decrease in both the alloy viscosity
nd acoustic wave attenuation. Minimum sub-harmonic ampli-
udes corresponding to a well-developed cavitation regime were
.4 ± 0.03 and 0.53 ± 0.03 mV for 700 and 780 ◦C, respectively. From
ig. 5(b) it is also clear that similar f/2 amplitudes could be achieved
or different electric power values if different melt temperatures
ere used, revealing that the cavitation intensity, is a function of
ifferent processing parameters.

In Fig. 6 the alloy density was plotted as a function of processing
ime, for values of electric power that fall within the zone of well-
eveloped cavitation (600 W), at the start of that zone (360 W) and
t start of the transition zone (250 W), for 19.8 kHz frequency and
00 and 780 ◦C melt temperature.

It was clear that for those samples obtained at 250 W, the
egassing efficiency was very low, as density did not reach a steady
tate plateau, even after 5 min processing and remained very far

rom the theoretical AlSi9Cu3 alloy density of 2.74 kg dm−3. This
as due to the low density of cavitation bubbles, which slew
own the hydrogen removal rate. Electric powers of 360 and 600 W
romoted high degassing level, due to the formation of higher num-
Fig. 6. AlSi9Cu3 alloy density as a function of processing time, for different values
of electric power and melt temperature.

ber of cavitation bubbles and the partial displacement of drops
of liquid in the treated volume. As a consequence, strong acous-
tic streams developed and improved the coagulation of separate
bubbles of hydrogen and its floating to the surface of the pool.
Consequently a raise of the degassing and density increase rates
occurred, and the alloys density reached the maximum values of
2.71 and 2.68 kg dm−3 after 1.5 and 4 min degassing for 600 and
360 W electric power, respectively.

Experimental results also revealed that the maximum alloy den-
sity and degassing rate increased with the melt temperature, for
the same electric power. The alloy density increase was a conse-
quence of a reduction on the volume fraction of porosity, which
decreased with the increase of both the electric power and melt
temperature (Figs. 7 and 8), thus with the intensity of cavitation
and the cavitation noise (as suggested by Fig. 5(b)). Fig. 8 shows
Fig. 7. Volume fraction of porosity as a function of elecric power, for 700 and 780 ◦C
melt temperature.
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ig. 8. Macroporosity of AlSi9Cu3 RPT samples: (a) before and after 3 min ultras
emperature.

ude of the sub-harmonic (f/2) decreases and the cavitation regime
ets close to Zones 2 and 1. These results are a valuable indication
hat the degassing efficiency and the castings porosity level can be
elated with the signal of the acoustic sensor, by using the ampli-
ude of the spectra FFT f/2 sub-harmonic as a feedback variable.

Density values of RPT samples were used to evaluate the
egassing efficiency for each sub-harmonic (f/2) amplitude, and
ifferent holding times. This way, degassing efficiency was directly

elated with that parameter, which was monitored in real time,
nd results are graphically presented in Fig. 9. Shadowed area
epresents the usual envisaged degassing efficiency range for cast
luminium alloys.

ig. 9. Degassing efficiency as a function of spectra FFT sub-harmonic amplitude for
he AlSi9Cu3 alloy, for different degassing times.
rocessing at (b) 250 W, (c) 360 W and (d) 600 W electric power and 700 ◦C melt

An exponential regression was carried out using OriginLab®

software to obtain a best-fit curve relating the f/2 amplitude and
degassing efficiency values, for each processing time. The obtained
general function, with correlation coeficients between 93% and 98%,
is the following:

y = y0 + A × e−x/t (4)

Which can be transformed into:

Signal = Signal0 + K1 × e−Efficiency/K2 (5)

where Signal is the f/2 amplitude, Signal0 is the initial f/2 amplitude
(in this case it corresponds to approximately 0.22 mV, see Fig. 9),
K1 and K2 are constants and Efficiency is the degassing efficiency.

In Table 1 the values of K1, K2 and the correlation coefficient for
each curve represented in Fig. 9 are presented.

In order to validate this model, RPT samples taken after 1, 3 and
5 min degassing, when f/2 amplitude was 0.45 mV, were sectioned
to evaluate porosity, and their macrostructures are presented in
Fig. 10(a)–(c).

It is clear that 1 min degassing (Fig. 10(a)) was not enough to
eliminate most porosities, since large pores are still visible all over
the sample. The sample taken after 3 min degassing (Fig. 10(b))
reveals some small cavities, representing a volume fraction much

lower than the sample taken after 1 min degassing. Sample taken
after 5 min degassing (Fig. 10(c)) does not reveal any porosity, sug-
gesting that the degassing efficiency was very close to 100%. If we
locate these samples in Fig. 9, we can see that only that sample taken
after 5 min degassing (Fig. 10(c)) falls within the shadowed area

Table 1
Constants and correlation coefficient (R2) of Eq. (5).

Parameters Time (min)

1 3 5

R2 (%) 93 95 98
K1 0.54 0.01 0.001
K2 −100 −21 −15
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ig. 10. (a) Macroporosity of a AlSi9Cu3 RPT sample degassed for 1 min at f/2 amp
mplitude of 0.45 mV. (c) Macroporosity of a AlSi9Cu3 RPT sample degassed for 5 m

hat represents an acceptable degassing efficiency. Moreover, the
ample taken after 3 min degassing is located at the border of the
hadowed area, meaning that an acceptable efficiency was almost
chieved, but some porosities could still appear, which is in agree-
ent with the sample porosity level shown in Fig. 10(b). Finally, the

ample taken after 1 min degassing is deeply located at an unef-
cient degassing location, corresponding to approximately 40%
egassing efficiency, confirming the result observed in Fig. 10(c).

Macroporosity evaluation is a good indicator of the level of
egassing of a RPT sample. However it gives no information con-
erning to microporosity. In Fig. 11, the microstructure of two
PT samples, corresponding to 1 and 3 min degassing with sub-
armonic (f/2) amplitude of 0.7 mV (corresponding to locations

f expected acceptable and not acceptable degassing efficiencies,
espectively – see Fig. 9), is presented. A high volume fraction of
orosities is present in that sample degassed for 1 min, but in the
ample degassed for 3 min microporosity is very low.

ig. 11. (a) Microstructure of a AlSi9Cu3 RPT sample degassed for 1 min at f/2 amplitud
mplitude of 0.7 mV.
of 0.45 mV. (b) Macroporosity of a AlSi9Cu3 RPT sample degassed for 3 min at f/2
/2 amplitude of 0.45 mV.

These results, namely the level of porosity obtained in those
tests performed to validate the model, suggest that the developed
method is reliable and can be used to estimate the degassing level
of a molten Al alloy, exclusively based in the cavitation intensity
and degassing time. Moreover, the degassing time can be estab-
lished based exclusively in the cavitation intensity, namelly the f/2
amplitude of the FFT spectra of the pressure waveform. Curves pre-
sented in Fig. 9 are characteristic of a specific processing unit, and a
specific aluminium alloy. They can be used to preview the required
processing time to reach an envisaged degassing efficiency, for a
certain level of cavitation, without taking into consideration any
other processing variable. This kind of chart can be produced for
every Al alloy processed by a foundry plant, and be used as a tool

to perform ultrasonic degassing.

By using the developed technique it is possible to control the
efficiency of the degassing process without carrying out RPT sam-
ples characterization tests, which is currently the mostly used

e of 0.7 mV. (b) Microstructure of a AlSi9Cu3 RPT sample degassed for 3 min at f/2
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monitoring of magnesium in aluminum. In: Light Metals , TMS, Warrendale,
H. Puga et al. / Journal of Materials Pro

rocedure to evaluate the amount of dissolved gas in Al alloys.
PT samples evaluation is time consuming, since it often requires
he characterization of consecutive samples to adjust the envis-
ged alloy density. Other techniques, like hydrogen concentration
easurement, can take 10–20 min (Fergus, 2005) or being highly

nreliable due to the poor stability of solid electrolyte based sensors
Schwandt et al., 2003; Zheng and Zhen, 1993). Moreover, the new
echnique avoids the use of tools to collect molten samples, which
s often a potential cause of hydrogen re-introduction in the liquid

etal in industrial practice. These aspects are the main novelties of
he developed methodology when compared to current industrial
ractices.

. Conclusions

A reliable technique to control ultrasonic degassing of Al melts
as developed. It was found that the treatment time to reach a

ertain degassing efficiency can be predicted based exclusively on
he amplitude of the spectra FFT sub-harmonic, obtained from the
ound pressure waveform spectrum acquired in real-time by the
iezoelectric disk. In addition, it can also be referred that:

The efficiency of ultrasonic degassing can be evaluated by con-
trolling the degassing time for a known amplitude of the spectra
FFT sub-harmonic (f/2).
The amplitude of the spectra FFT sub-harmonic (f/2) depends on
several factors, namely the electric power and the melt temper-
ature.
The degassing efficiency is an exponential function of the ampli-
tude of the spectra FFT sub-harmonic (f/2).
During the ultrasonic degassing of Al alloys, 3 zones of cavitation
can be clearly identified. The transition from insipient cavitation
to a fully developed cavitation regime is characterized by a sharp
increase in the amplitude of the FFT sub-harmonic (f/2).

In addition, for the specific processing conditions used in this
ork, the following conclusions can also be taken concerning the
egassing efficiency:

The start value of zone 3 corresponding to a well-developed cavi-
tation regime is 0.4 mV for 360 W at 700 ◦C and 0.53 mV for 300 W
at 780 ◦C. For higher power levels, the sub-harmonic (f/2) ampli-
tude increases, reaching 0.68 and 0.78 mV, respectively for 700
and 780 ◦C, at 600 W.
For 600 W and 780 ◦C, the AlSi9Cu3 alloy density reaches a max-
imum value of 2.71 kg dm−3 after 1.5 min degassing. For 700 ◦C
that value decreases to 2.68 kg dm−3 after 2 min degassing. The
volume fraction of porosity associated to both samples is 0.24%
and 0.68%, respectively.
For sub-harmonic (f/2) amplitudes less than 0.33 mV, it is not pos-
sible to obtain porosity free samples. The minimum degassing
time is 5, 3 and 1 min which corresponds to 0.40, 0.55 and 0.77 mV

sub-harmonic (f/2) amplitude, respectively.

The developed method is original and innovative, and can be
sed to estimate the degassing level of an Al alloy, exclusively based

n the cavitation intensity and degassing time.
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