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Abstract
The purpose of this work was the development @&lialsle technique to evaluate the intensity of
acoustic cavitation during degassing of aluminiuraltenand to use it to select the optimum

processing time for an envisaged degassing effigien

A high sensitivity piezoelectric disk type devicasvused as a sensing feedback in water and
liquid AISI9Cu3 alloy. The signal acquisition andopessing was carried out on a dedicated
LabVIEW® based application which allowed real-time monitgrisf the piezoelectric sensor’s
data and ultrasonic parameters. Standard Fastdfotiransform was applied to obtain the
dominant frequencies, as well as the sub and blrezonics. It was found that the amplitude of
the FFT sub-harmonic (f/2) was the best indicatoetaluate the process degassing efficiency,

and it could be used to select the optimal proogstsine, independently of other variables.

The developed methodology was applied to severai9&lu3 melts, and validated by measuring
the final alloy densities and the volume fractidrporosities, revealing that it is an efficientstfa
and cost effective technique to evaluate the degasteatment of aluminium alloys.
Experimental curves of AlISi9Cu3 alloy degassingcedficy as a function of f/2 amplitude are

presented for different degassing times.
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1. Introduction

The quality of a casting depends directly on thalitpof the molten metal used to produce it.
Thus, reliable melt treatment techniques, and &t effective characterization methods to

evaluate the quality of molten alloys are crucsgdects for foundrymen.

In what concerns to aluminium alloys, melt treatémcludes cleaning, microstructure
refinement/modification and degassing. Techniquesevaluate treatment efficiency and to
characterize melt quality often require laboratanalysis of multiple samples taken from the
molten alloy. This procedure is detrimental forgass efficiency, since samples production and
characterization are time consuming, and melt ¢mm can change over the time. On-line
monitoring of the melt quality can be a faster pahare, but applications known so far are
limited to lab scale chemical composition monitgrirusing laser induced breakdown
spectroscopyKay et al., 2002pr chemical sensors based on galvanic ¢eltsi\grunderbeek et
al., 1999 and Fray, 1996inclusion detection by electromagnetidakarov et al., 1999 and
Roderick et al., 2001pr ultrasound techniqug®no et al., 2002 and Ono et al., 20@hd
measurement of hydrogen concentration in moltemiwm alloys either by using highly
unstable galvanic cell§Schwandt et al., 2003 and Zheng, 19%8)very slow carrier gas

techniques like AlScan or Telegésergus, 2005)

One of the main problems concerning to aluminiuomfiry practice is porosity, which is highly
detrimental to the mechanical and fatigue perforeanf a casting. Although it can be due to
factors associated to volume shrinkage compensdtiang solidification, porosity in Al alloys

is generally caused by precipitation of hydrogenrdyucooling, since a large drop in solubility

occurs at solidification poir{tGuzleski and Closset, 1990).



During the last years, ultrasound have found appba in many metallurgical related areas, like
machining (Singh and Khamba, 2006welding (Matsuoka and Imai, 2009)3D direct
manufacturingKong et al., 2004and foundry(Puga et al., 2009/ Among those applications,
ultrasonic degassing (US), an extremely efficiemd aenvironmentally friend degassing
technique, has been under development during shedars by several research@reidani and
Hasan, 2004; Xu et al., 2008; Puga et al., 2@ it is now ready for industrial widespread
application. It is based on the supply of acoustiergy to the molten metal in order to induce
cavitation. According toEskin (1998),when a liquid metal is submitted to high intensity
ultrasonic vibrations, the alternating pressurevabihe cavitation threshold creates numerous
cavities in the liquid metal associated to noisgettgoment, which intensifies mass transfer
processes and accelerates the diffusion of hydrérgem the melt to the developed bubbles. As
acoustic cavitation progresses with time, adjabeibles touch and coalesce, growing to a size
sufficient to allow them to rise up through theuld, against gravity, until reaching surface, as
suggested bivleidani and Hasan (2004) and Eskin (199Ne@vertheless, many of those bubbles
grow and collapse before reaching the liquid sefaceating new nucleation sites and adding to
the acoustic signal not only a main frequency, dsb several harmonics, sub-harmonics and
incoherent noise, as demonstrateddsyin (1998) Although the high efficiency and hydrogen
removal rate of US degassing, measurement of hgdrogpncentration or alloy density
evaluation is time consuming, and can take sewvemautes using traditional measurement
technigues. Moreover, the accurate control of U&rpaters to achieve good results is difficult,
since the process efficiency depends on many fecsoich as melt temperature, US frequency,
electric energy converted into acoustic energycgseing time and acoustic wave attenuation,
and technicians’ experience. For such reasongldéhelopment of a reliable method/technique to

evaluate degassing results is of high interestif@raluminum foundry industry.



Although the large amount of processing varialdiggh) degassing rate is only possible if a well-
developed cavitation regime is developed insideatbeinium melt, as suggested Byga et al.
(2009), Eskin (1998) and Abramov (1998his is therefore the key issue of the proceasdhn

make ultrasonic degassing an easy to operate, esiamal efficient technique.

In this work, a cavitation monitoring technique éa®n the vibration measurement was used to
evaluate the required processing time for an egeidadegassing efficiency or final alloy
density. For that purpose, a piezoelectric devies used to measure the vibration generated by
acoustic cavitation, and tested in water and liquMi@i9Cu3 alloy. Piezoelectric materials have
been used for a long time in numerous applicatiarsether as sensors, or as actuators. As a
sensor, a piezo device has several advantagesotharconcurrent solutions, it has a very fast
response time (in the order of microseconds) alailge bandwidth, it is relatively cheap and it
does not need power to work. In fact, piezoeleatn&terials have the ability to develop an
electric charge proportional to a direct appliecchaical stress, and therefore are likely to be

used as vibration sensors.

2. Degassing System

2.1 Acoustic sensor

In this application it was used the piezo KPSG-{Kigstate) as an acoustic sensor. This piezo
disk is made of a ceramic layer of about 23.5 mamditer and 1 mm thickness, deposited over a
thin disk made of brass. Piezo ceramics of thie tge advantageous over quartz or polymers
since they present high sensitivity producing gdaramplitude signal for the same vibration. A
piezo disk is a low cost, yet high performance sofuto measure vibrations in the kHz range, as
it is the case. The piezo disk was coupled to dipeaf a Molybdenum rod with 2 mm diameter
and 1000 mm length, which was inserted in the diguére acoustic vibrations were going to be

measured.



This piezo is a disk poled in directions 31 (Figae and 33 (Figure 1b), meaning that it can

generate electrical charges from these two mechbsitiess directions.
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Figurel - Piezo disk axis and stress directions

For the case a), the generated voltage can beatstirby equation (1):

V1= gax Ty (1)

2 X Tt Xr

Where,gs; is the electric field generated by the appliedsstrin the directiof, F; is the applied

force (in the directiorl) andr is the radius.

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

g33X F3Xxt
V3= _33ﬁ sz (2)

Where,gs3 is the electric field generated by the appliedsstrin the directioB, F; is the applied

force (in the directio) andt is the thickness.

A piezoelectric material presents complex impedaaod its behavior changes with the
frequency. The material is usually modeled throagButterworth Van-Dyke configuration,
which includes three parameters: capacitance, tadae and resistance. These values were
measured using a LCR meter (Escort, ELC-131D) &equency of 1 kHz having obtained

respectively C=51.98 nF, L=483 mH, R=78.41.k



To acquire the output signal of a piezo sens@® ¢ammon to use a so called charge amplifier.
This electronic circuit includes a high input impede (low bias current) amplifier in parallel
with a small capacitance. However, since the dedgiaition board used in this work presented
already high impedance (10¢X} and the signal to read had high frequency, i$ \@aectly

connected to the board.

2.2 Ultrasonic generator

Most of the traditional ultrasonic applications abased on fixed-frequency, well-tuned
ultrasonic sources, where a large number of desigdsmatching parameters must be respected
(Xu et al., 2008 and Eskin, 199&xtensive field tests have demonstratedkin, 1998 and
Prokic, 2004that in order to achieve high efficiency, the wbraic systems must be well tuned
to the load. Since most ultrasound units work ieh8y in non-stationary conditions, in theory
they have to continuously adapt themselves to dhe ko maximize the efficiency, which is

difficult to achieve with the fixed-frequency units

On this work, a novel MMM (Multi-frequency Multim@dModulated technology) ultrasonic
techniqgue developed by MP Interconsultiffgyokic, 2001)was used. MMM technology is
characterized by synchronously exciting many vibramodes through the coupled harmonics
and sub-harmonics in solids and liquid containditsis technology produces high intensity
multimode vibration that are uniform and repeatablieich avoid the creation of stationary and
standing waves, so that the whole vibrating syserully agitated, improving the degassing

process.

2.3 Experimental set-up

The experimental set-up (Figure 2) used to meahgreaignal of acoustic cavitation during the

ultrasonic degassing of aluminium alloys consistéa@ high power ultrasonic converter (1200



W), a 30 mm diameter and 150 mm long acoustic waidegmade of Ti6AI4V, a 60mm
diameter Ti-based acoustic radiator, a sweepingsacy, adaptively modulated waveform
generated by an MMM ultrasonic power supply uniid ahe acoustic sensor presented on

section 2.1.

The ultrasonic power supply unit is fully contralley dedicated Windows compatible software
developed by MPI. Optimal ultrasonic parameterseegving and fswm (frequency shift with
modulation) for the selected resonance frequency eédectric power are adjusted in order to
produce the highest acoustic amplitude and the ¥elpency spectrum in the melt, which is

monitored with a specifically implemented feedb&mp.
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Figure 2 - Schematic of experimental apparatusnieasuring the cavitation level in US
degassing: 1-Ultrasonic power supply unit, 2- USivaster, 3- Waveguide, 4- Acoustic
radiator, 5 - Mo rod, 6 - Piezo disk, 7 - Liquid dne



The waveform generated by the ultrasonic power lyuppt (1) is converted in repetitive multi-
frequency mechanical vibrations by the ultrasowieverter (2), which are driven to the acoustic
radiator (4) through the waveguide (3). The acousiad (radiator and liquid) starts producing

its own vibration, oscillating in one or more of tatural resonance frequencies.

The vibrations and shock waves developed by cawitah the liquid media are transmitted to
the Molybdenum rod (5) inserted in the liquid (Zihd then converted into an electrical signal

proportional to the mechanical stress by the calipiezo disk (6).

The piezoelectric signal was acquired by an anaogoannel of a PCI-6251 board from
National Instruments at a rate of 200,000samplesfse For each power level tested, the

spectrum was calculated 10 times, and the avera@ges/evaluated to minimize random errors.

A suitable LabVIEW based application was develofmeddata acquisition, analysis and signal
processing. Data processing consists in the spactadysis of the piezoelectric signal, using the

LabVIEW routines for Fast Fourier Transform (FFT).

The program does the data processing of files lbggelisk, composed by the voltage values
read from the piezo sensor. The data is procesgedsing the routine FFT.VI, from the

LabVIEW library. This routine computes the Fast Feu Transform (FFT) of the input

sequence, giving the Real FFT vector as outputmFtibe sampling rate, two vectors are
computed: one that contains the time for each saapd another that contains the frequency. In
the interface, the user can define the update tameyell as the sampling rate and number of
samples to acquire. As output, the interface pitedbie processed data and three graphs: Time /

Amplitude, Frequency / Amplitude, and Dominant krexgcies / Amplitude.

Although FFT analysis is a classical method of datacessing, its implementation in a

LabVIEW routine made it possible the automatic gitton of the harmonics, sub and ultra-



harmonics amplitude, which are visualized almoseal time and used to evaluate the cavitation
intensity in molten metal, thus anticipating thguied 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 edraut in water and in molten AlSi9Cu3 alloy.
Water is considered a suitable media to simulatedegassing mechanism in liquid aluminium
alloys (Eskin, 1998) and it was used for the first series of testgyroter to visually identify the

development of cavitation bubbles. A glass recipwith 180 mm diameter and 200 mm height,
filled with 3 liters of water at 18+1°C was usedsitmulate the melting crucible. Energy power
up to 700 W with 50 W increments at a frequencyl®f800+100 Hz was used to promote

cavitation, and the acoustic sensor signal wasdech

After characterizing the cavitation signal in waterelting stocks of AISI9Cu3 alloy weighing

4 kg were melted in a resistance furnace equippddavl70 mm diameter and 180 mm height
SiC crucible. Melt temperatures of 700 and 780 9@iw an accuracy of £10°C were used to
perform cavitation tests, using the same ultrasparameters that were used for water. Samples
for characterization were taken immediately be&iegting the degassing operation and after 1, 3
and 5 minutes ultrasonic processing for each peiwggarameters combination. The Reduced
Pressure Test (RPT) and the apparent density nesasat method were used to evaluate
samples density. The volume fraction of porosities evaluated by digital imaging techniques,

using Image-Pro Plus software.

The initial densities of molten alloys (corresporglio those samples taken immediately before
starting the degassing operation) were in the réegeeen 2.4 and 2.45 kg.dmiThe degassing

efficiency 7 was calculated according to the following expreassio
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n= - X100 A3)

WhereD is the theoretical alloy density (2.74 kg:dmandDi and Df are the initial and final

alloy densities, respectively.

3. Resultsand Discussion
Figure 3 shows an example of a typical sound pressuaveform as received by the

piezoelectric.
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Figure 3 — An example of a typical sound pressuaeefiorm

Figures 4 a), b) and c) show the FFT spectral $eeélharmonics, sub and ultra-harmonics of
acquired sound pressure waveforms, for 250, 360 60 W electric power, respectively.
According toAbramov (1998)the intensity of the FFT sub-harmonic (f/2) is thest reliable
parameter to evaluate the development of cavitaiiohiquid metals. Moreover, when the
intensity of the FFT sub-harmonic increases anduttra-harmonics signal stabilizes, a regime
of well developed cavitation is achiev@ghranov, 1998)According to Figure 4a), it is clear that
for 250 W, 3/2 f and 2f ultra-harmonics (correspiogdto approximately 30 and 40 kHz,
respectively) are still not stabilized, suggestitgt the cavitation threshold has not been
reached. However, for 360 and 600 W (Figures 4b 4g)dnot only the ultra-harmonics are

stabilized, but also the /2 sub-harmonics (comesing to approximately 10 kHz) are fully
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developed and increase with electric power, suggeshat a developed cavitation regime has

been reached.

1,04
a) b)
0,8
0.8 -]
0,6 - £ 06+
% B = —— 360 Watts (T=700.-10°C)
£ 250 Watts (T=700.-10°C) T
& =)
g 17}
@ 04 0,4 - f
0,2 - 02 V \
W VJJU L(”' ” a‘ N]\M I
1 i i Ul it
o0 0 10 20 30 40 50 00 I " 1 " ! ) ! | i !
0 10 20 30 40 50
Frequency [kHz] Froquernicy [kHz]
14
1,2 C)

t 600 Watts (T=700--10°C)|

N
044 ‘ }

{ | |
wJ W J‘J
02 I A Wil J“‘M"\r\".’wmd\l\]rh \“\"»l-/www,rfv!\}"’\,w'uvm.‘fm

Signal [mV]

0,0 T T T T T T T T T T T
0 10 20 30 40 50
Frequency [kHz]

Figure 4 — FFT spectral levels of harmonics, sull altra-harmonics of sound
pressure waveform, for a) 250 W, b) 360 W and €)) \BOelectric power

In Figure 5, the sub-harmonic intensity is plotéeginst the electric power, and 3 regions can be
clearly distinguished: Zone 1, corresponding tapiesit cavitation; Zone 2 corresponding to the
cavitation threshold; Zone 3 corresponding to d deVeloped cavitation regime. The transition
from Zone 1 to Zone 3 was characterized by a stmamgase in the acoustic signal, indicating

the cavitation threshold, which agrees with suggestofEskin (1998) and Abramov(1998)

Figure 5a) corresponds to cavitation experimenivater at room temperature, and shows the
variation of the sub-harmonic (f/2) amplitude afuaction of electric power. Each point is the
average of 10 readings for each value of electriggr. Between 270 and 300 W electric power,

a sudden increase in the sub-harmonic amplitudedetescted, and a change in the curve slope
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was clearly identified. This means that the camtathreshold was reached and for higher values
a well-developed cavitation regime was establiskddch was visually confirmed by a sudden
increase in the amount of cavitation bubbles anel development of acoustic streams,
confirming previous suggestions Bfabec and Mornstein (200€épncerning to tests performed
with water. This behavior also confirmed the firghnof Abramov (1998)concerning to the

relation between the sub-harmonic (f/2) amplitude eavitation intensity.
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Figure 5b) corresponds to cavitation experiment&lBi9Cu3, and shows the variation of the
sub-harmonic (f/2) amplitude as a function of electpower, for 700 and 780°C melt
temperature. The curves presented the same devetbprh that observed for experiments in

water, but the signal amplitudes were lower dueadoustic wave attenuation. Temperature
13



increase shifted Zone 2 to the sense of lower rtggdower and increased the signal amplitude,
due to the decrease in both the alloy viscosity acmlstic wave attenuation. Minimum sub-
harmonic amplitudes corresponding to a well-devetbpavitation regime were 0.4+0.03 and
0.53+£0.03 mV for 700 and 780°C, respectively. Fféigure 5b) it is also clear that similar /2
amplitudes could be achieved for different elecphower values if different melt temperatures
were used, revealing that the cavitation intensigy,a function of different processing

parameters.

In Figure 6 the alloy density was plotted as a fiomcof processing time, for values of electric
power that fall within the zone of well-developeavitation (600 W), at the start of that zone
(360 W) and at start of the transition zone (250 6t 19.8 kHz frequency and 700 and 780°C

melt temperature.
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Figure 6 — AISI9Cu3 alloy density as a functionpobcessing

time, for different values of electric power andlimemperature
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It was clear that for those samples obtained at\®5€he degassing efficiency was very low, as
density didn’t reach a steady state plateau, e¥m 5 minutes processing and remained very
far from the theoretical AlSi9Cu3 alloy density274 kg.drt. This was due to the low density
of cavitation bubbles, which slew down the hydrogemoval rate. Electric powers of 360 and
600 W promoted high degassing level, due to thend&bion of higher number of cavitation
bubbles and the partial displacement of dropsfidi in the treated volume. As a consequence,
strong acoustic streams developed and improvedaagulation of separate bubbles of hydrogen
and its floating to the surface of the pool. Consaly a raise of the degassing and density
increase rates occurred, and the alloys densigheshthe maximum values of 2.71 and 2.68

kg.dm? after 1.5 and 4 minutes degassing for 600 andv@@dectric power, respectively.

Experimental results also revealed that the maximallay density and degassing rate increased
with the melt temperature, for the same electrievgro The alloy density increase was a
consequence of a reduction on the volume fractibrpavosity, which decreased with the
increase of both the electric power and melt teadpee ( Figures 7 and 8), thus with the
intensity of cavitation and the cavitation noise §aggested by Figure 5b). Figure 8 shows the
macrostructure of RPT samples cross sections gameling to points 1 to 4 (700°C curve),
identified in Figure 7. It is perceptible that oritye sample processed under a well-developed
cavitation regime (see Figure 5b) doesn’t revea pinesence of porosities. Moreover, the
volume fraction of porosities increases as the duogd of the sub-harmonic (f/2) decreases and
the cavitation regime gets close to zones 2 arithése results are a valuable indication that the
degassing efficiency and the castings porositylleae be related with the signal of the acoustic

sensor, by using the amplitude of the spectra FESUb-harmonic as a feedback variable.
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Figure 8 — Macroporosity of AISiI9Cu3 RPT samplgsbefore and after 3 minutes ultrasonic

processing at b) 250 W, c¢) 360 W and d) 600 W eteppwer and 700°C melt temperature
Density values of RPT samples were used to evalh&telegassing efficiency for each sub-
harmonic (f/2) amplitude, and different holding é&s This way, degassing efficiency was
directly related with that parameter, which was iwed in real time, and results are
graphically presented in Figure 9. Shadowed arpaesents the usual envisaged degassing

efficiency range for cast aluminium alloys.
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An exponential regression was carried out usingi®irab® software to obtain a best-fit curve
relating the f/2 amplitude and degassing efficienajues, for each processing time. The
obtained general function, with correlation coedits between 93 and 98%, is the following :

y=yo+AXet (4)
Which can be transformed into:

Efficiency

Signal= Signaly+ K; X e K (5)

Where,Signal is the f/2 amplitude§ignalyis the initial f/2 amplitude (in this case it casp®nds
to approximately 0.22 mV - see Figure B)andK: are constants anfficiency is the degassing

efficiency.

In Table 1 the values df;, K, and the correlation coefficient for each curve espnted in

Figure 9 are presented.

Table 1 — Constants and correlation coefficier) (Requation (5)

Parameters Time (minutes)
1 3 5
R (%) 93 95 98
Ky 0.54 0.01 0.001
K> - 100 -21 -15

17
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Figure 9 — Degassing efficiency as a function oécsa FFT sub-
harmonic amplitude for the AISi9Cu3 alloy, for difent degassing times

In order to validate this model, RPT samples tadféer 1, 3 and 5 minutes degassing, when /2
amplitude was 0.45 mV, were sectioned to evaluate®gity, and their macrostructures are

presented in Figures 10 a) to 10 c).

Figure 10 a) Macroporosity of a AISI9Cu3 RPT sanpl
degassed for 1 minute at f/2 amplitude of 0.45 mV

18



Figure 10 b) Macroporosity of a AISI9Cu3 RPT sampl

degassed for 3 minutes at f/2 amplitude of 0.45 mV

e S

Figure 10 c) Macroporosity of a AISiI9Cu3 RPT sample
degassed for 5 minutes at f/2 amplitude of 0.45 mV

It is clear that 1 minute degassing (Figure 10a3$ wat enough to eliminate most porosities,
since large pores are still visible all over thempke. The sample taken after 3 minutes degassing
(Figure 10b) reveals some small cavities, reprasgra volume fraction much lower than the
sample taken after 1 minute degassing. Sample taken 5 minutes degassing (Figure 10c)
doesn’t reveal any porosity, suggesting that thgadsing efficiency was very close to 100%. If
we locate these samples in Figure 9, we can seeottha that sample taken after 5 minutes
degassing (Figure 10c) falls within the shadowezhahat represents an acceptable degassing
efficiency. Moreover, the sample taken after 3 nesudegassing is located at the border of the
shadowed area, meaning that an acceptable efficiwas almost achieved, but some porosities
could still appear, which is in agreement with Haenple porosity level shown in Figure 10b).
Finally, the sample taken after 1 minute degassrdgeply located at an unefficient degassing
location, corresponding to approximately 40% deigasfficiency, confirming the result

observed in Figure 10 c).
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Macroporosity evaluation is a good indicator of tleeel of degassing of a RPT sample.
However it gives no information concerning to mmooosity. In Figure 11, the microstructure of
two RPT samples, corresponding to 1 and 3 minu@gasking with sub-harmonic (f/2)
amplitude of 0.7 mV (corresponding to locationsexfpected acceptable and not acceptable
degassing efficiencies, respectively — see Figyres9presented. A high volume fraction of
porosities is present in that sample degassed fminlite, but in the sample degassed for 3

minutes microporosity is very low.

Figure 11 a) Microstructure of a AISi9Cu3 RPT saengiégassed for 1 minute at f/2
amplitude of 0.7 m'

Figure 11 b) Microstructure of a AlISiI9Cu3 RPT saengegassed for 3 minutes at
20
f/2 amplitude of 0.7 m’



These results, namelly the level of porosity oldin those tests performed to validate the
model, suggest that the developed method is reliabtl can be used to estimate the degassing
level of a molten Al alloy, exclusively based iretlsavitation intensity and degassing time.
Moreover, the degassing time can be establisheedbasclusively in the cavitation intensity,
namelly the f/2 amplitude of the FFT spectra of gressure waveform. Curves presented in
Figure 9 are characteristic of a specific procagsimt, and a specific aluminium alloy. They can
be used to preview the required processing tintedoh an envisaged degassing efficiency, for a
certain level of cavitation, without taking intoreaderation any other processing variable. This
kind of chart can be produced for every Al allopgassed by a foundry plant, and be used as a

tool to perform ultrasonic degassing.

By using the developed technique it is possibleawtrol the efficiency of the degassing process
without carrying out RPT samples characterizatiests, which is currently the mostly used
procedure to evaluate the amount of dissolved mad alloys. RPT samples evaluation is time
consuming, since it often requires the charactBomaof consecutive samples to adjust the
envisaged alloy density. Other techniques, likerbgdn concentration measurement, can take
10 to 20 minutegFergus, 2005pr being highly unreliable due to the poor stapibf solid
electrolyte based sensdfschwandt et al., 2003 and Zheng, 19%%9reover, the new technique
avoids the use of tools to collect molten sampddsch is often a potential cause of hydrogen re-
introduction in the liquid metal in industrial ptae. These aspects are the main novelties of the

developed methodology when compared to currentsimidii practices.
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4. Conclusions

A reliable technique to control ultrasonic degagsihAl melts was developed. It was found that

the treatment time to reach a certain degassingefty can be predicted based exclusively on

the amplitude of the spectra FFT sub-harmonic, inbthfrom the sound pressure waveform

spectrum acquired in real-time by the piezoeledis&. In addition, it can also be referred that:

The efficiency of ultrasonic degassing can be eataldi by controlling the degassing time

for a known amplitude of the spectra FFT sub-haim@®);

The amplitude of the spectra FFT sub-harmonic d&)ends on several factors, namely

the electric power and the melt temperature;

The degassing efficiency is an exponential funcobmthe amplitude of the spectra FFT

sub-harmonic (f/2);

During the ultrasonic degassing of Al alloys, 3 esnof cavitation can be clearly
identified. The transition from insipient cavitatido a fully developed cavitation regime

is characterized by a sharp increase in the andglitd the FFT sub-harmonic (f/2).

In addition, for the specific processing conditiarsed in this work, the following conclusions

can also be taken concerning the degassing eftigien

The start value of zone 3 corresponding to a weletbped cavitation regime is 0.4mV
for 360 W at 700°C and 0.53mV for 300 W at 780°Qr. kigher power levels, the sub-
harmonic (f/2) amplitude increases, reaching 0168 @78 mV respectively for 700 and

780 °C, at 600 W,

For 600 W and 780 °C, the AISi9Cu3 alloy densitpclees a maximum value of

2.71 kg/dni after 1.5 minutes degassing. For 700 °C that vaé@ezeases to 2.68 kg/dm
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after 2 minutes degassing. The volume fractionaybgity associated to both samples is

0.24 and 0.68 %, respectively;

» For sub-harmonic (f/2) amplitudes less than 0.33 m¥ not possible to obtain porosity
free samples. The minimum degassing time is 5,d3Jaminute which corresponds to

0.40, 0.55 and 0.77 mV sub-harmonic (f/2) amplitudspectively.

The developed method is original and innovative, @n be used to estimate the degassing level

of an Al alloy, exclusively based in the cavitatiotensity and degassing time.
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Figure captions

Figurel - Piezo disk axis and stress directions
Figure 2 - Schematic of experimental apparatus ni@asuring the cavitation level in US

degassing: 1- Ultrasonic power supply unit, 2- W8werter, 3- Waveguide, 4- Acoustic radiator,
5 - Mo rod, 6 - Piezo disk, 7 - Liquid media

Figure 3 — An example of a typical sound pressuaeeform

Figure 4 — FFT spectral levels of harmonics, sukd aftra-harmonics of sound pressure
waveform, for a) 250 W, b) 360 W and c) 600 W elegqtower

Figure 5 — Amplitude of sub-harmonics as a functdrelectric power: a) in water and b) in
molten AISi9Cu3

Figure 6 —AISi9Cu3 alloy density as a function adgessing time, for different values of electric

power and melt temperature

Figure 7 -Volume fraction of porosity as a functiohelecric power, for 700 and 780°C melt

temperature

Figure 8 — Macroporosity of AISI9Cu3 RPT samplesbafore and after 3 minutes ultrasonic
processing at b) 250 W, c¢) 360 W and d) 600 W atepbwer and 700°C melt temperature

Figure 9 — Degassing efficiency as a function afcs@a FFT sub-harmonic amplitude for the

AlISi9Cu3 alloy, for different degassing times

Figure 10 a) - Macroporosity of a AISI9Cu3 RPT géedegassed for 1 minute at f/2 amplitude
of 0.45 mV
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Figure 10 b) - Macroporosity of a AISI9Cu3 RPT gdendegassed for 3 minutes at f/2
amplitude of 0.45 mV

Figure 10 c) - Macroporosity of a AISiI9Cu3 RPT gdendegassed for 5 minutes at f/2
amplitude of 0.45 mV

Figure 11 a) — Microstructure of a AlSi9Cu3 RPT péardegassed for 1 minute at f/2 amplitude
of 0.7 mV

Figure 11 b) - Microstructure of a AlSiI9Cu3 RPT sdendegassed for 3 minute at f/2 amplitude
of 0.7 mV
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Table captions

Table 1 —Constants and correlation coefficierf) (R equation (5)

29



