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a  b  s  t  r  a  c  t

Currently,  fundamental  experimental  studies  in  liquid  metals  are  limited  as there  are  very  few  available
experimental  tools  for directly  measuring  acoustic  cavitation  in such  extreme  environments.  In this
work,  a calibrated  high  temperature  cavitometer  was  used  for  measuring  acoustic  emissions  and  acoustic
pressure  in  sonicated  liquid  aluminium  and  in water.  The  extent  of the cavitation  zone  was  quantified  in
liquid  aluminium  and  water.  The  differences  between  cavitation  behaviour  of  water  and  liquid  aluminium
were  explained  in terms  of  acoustic  shielding,  attenuation,  and  bubble  dynamics.
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onic treatment of liquid metals is closely related to cav-
d bubble dynamics and it has been proven as effective
ising in degassing and refining the grain structure of

melts as shown by Eskin and Eskin (2014). Cavitation
he formation, growth, oscillation, collapse, and implosion
s in liquids (Leighton, 1994). In the vicinity of collapsing
extreme temperatures (>10000 K) (Flannigan and Suslick,
essures (>400 MPa) (Flannigan and Suslick, 2005; Tzanakis
4) and cooling rates (>1011 K/s) (Gedanken, 2004) occur.

, temperature requirements, opacity of metals, and the
vanced equipment for measuring cavitation activity have
strict limitations on the study of cavitation bubble dynam-

 liquid metals. Only post-mortem analysis is generally
orrelate the final structure with ultrasonic parameters, as

 Atamanenko et al. (2010) and Eskin and Eskin (2014).
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tion of the physical processes and consequently a deeper
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aging, acoustic emissions, i.e. cavitation noise, could be a

erful approach to record and analyse the dynamic pro-
vitation. The cavitation noise spectra carry a multitude
ation in their respective ultra-harmonic and broadband
nts that help to distinguish different regimes of acoustic

 and consequently measure acoustic pressures at partic-
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ew studies have been conducted on characterizing cav-
ctivity in liquid metals using various means, including
ters as reviewed by Eskin and Eskin (2014) and exem-

 Komarov et al. (2013). In the latter paper, a cavitometer
 for characterising the cavitation intensity in a molten Al
wever, the results were given in relative terms of electri-
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re. No analysis of the acoustic spectra was attempted.
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mperature transparent (water) and high-temperature
olten Al) liquids, with the benefit of getting physically-

data as well as characterising the extent of cavitation in
quids.

imental setup

 current study, characterisation of the cavitation intensity
orresponding acoustic pressure fields in liquid Al and in
s conducted using the experimental setup that is schemat-
wn in Fig 1. Ultrasonic excitation was achieved with a
erator and a 5-kW water-cooled magnetostrictive trans-
ltec/Russia). A conical Nb sonotrode with a 20 mm tip

 was  driven by the transducer, which oscillates at a nom-
amental frequency of 17 kHz. The input power from the

 was varied in the range of 2.5–4 kW in both cases. To
the liquid, the Nb sonotrode tip was vertically immersed
h of approximately 20 mm into the liquid volume. The

 water liquid was contained in a cylindrical, glass-walled
th diameter of 150 mm.  The liquid level in the vessel was

 (approximately 2000 cm3). To prevent water heating by
nergy, each experiment lasted for a few seconds. Water

ure was maintained at 22 ± 2 ◦C. In the case of liquid Al,
of 5.2 kg (approximately 2000 cm3) of commercially pure

as melted in a clay–graphite crucible coated inside with
ride (BN), with the size and geometry being similar to
e glass vessel. The melt temperature was stabilised to

◦C and was continuously monitored by a K-type thermo-
here was no controlled atmosphere.
es of the observed spectra were captured with an

 calibrated cavitometer ICA-3HT (BSUIR/Belorussia)
 with a 4-mm diameter tungsten probe, with a spatial
n of 50 ± 10 mm and a bandwidth of up to 10 MHz. The
ter was specifically designed to measure cavitation activ-
h temperature melts and in high power ultrasonic fields,
lten metals. This cavitometer can equally well measure

 activity in low temperature liquids. A full account of
meter design and performance can be found in Tzanakis

15a). To investigate the effect of distance relative to the
e on cavitation intensity, the measurements of acoustic
s were taken at several points as shown in Fig. 1 (indicated
s), i.e. (i) below the sonotrode, (ii) at half radius distance
bout 38 mm off the sonotrode axis) and (iii) at full radius
(R) (about 75 mm off the sonotrode axis) with the cavito-
be submerged at 70 ± 5 mm below the liquid free surface,
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 device allowed real-time signal monitoring of the cav-
sensor’s data and ultrasonic parameters. The raw voltage
transformed to the frequency domain via a Fast Fourier

. A number of 30 signal averages of the acquired signal
n using a resolution bandwidth of 500 Hz. The time for this
uisition was approximately 30 × 2 ms (time gate) = 60 ms.

 1000 wave patterns were analysed in each of the mea-
t points as shown in Fig. 1.

ts and discussion

cal cavitation phenomena in the vessel were explained
 the spectral characteristics of acoustic emissions. Acous-
res at the driving frequency of 17 kHz and at an acoustic

y of 1 MHz  (associated with acoustic pressures exerted
 activity of the cavitation bubbles) were calculated using
odology described in Tzanakis et al. (2015a). Results were
rpreted based on averaging the values taken in equiva-
surement points in Fig. 1, except for the position under
rode. By bridging these two  liquid environments, a more
ensive picture of the phenomena governing the cavitation

ithin liquid Al can be constructed, thus advancing the
nowledge in liquid metal processing.
l acoustic spectra for water and liquid aluminium, as
from the inside of the cavitation zone by the cavitome-
own in Fig 2. The fundamental frequency component at

0) is apparent producing broadband signals well into the
uency domain associated with the activity from cavita-
les with further contributions from harmonics, sub- and

monic frequencies (numerous irregularly spaced peaks
osed on cavitation noise background). A full discretization

ectrum at lower frequencies is described in the previous
Eskin et al. (2015) and Tzanakis et al. (2015b). Addition-
retization of frequency peaks in the region of 1 MHz  is
y the insets in Fig. 2. A background noise is shown for
. The background “noise” measurement was performed
transducer switched off and the cavitometer submerged
ested liquid. These data show that the level of noise (note
axis is logarithmic) is very small and does not affect the

easurements.
neral shape of the spectrum in liquid aluminium is com-
o that of the water, further reinforcing the accepted
t water and aluminium share similar fluid and dynamic
r as previously demonstrated by Eskin et al. (2015) for
c processing and by Xu et al. (1998) for casting process-
e case of ultrasonic cavitation, the main difference is that
band spectrum generated by the collapsing bubbles of a

ge of sizes with their shock emissions and liquid jets is
tly higher in the case of liquid aluminium (about 10 dBu
e) as compared with water. In some particular high fre-

, it can be as high as 20 dBu (see dashed arrow in Fig. 2b).
lies that transient cavitation associated with the level of
band cavitation noise is more prominent in liquid alu-

and thus higher activity from the cavitation bubbles is
. Additionally, single (dashed arrow) or populated (solid
iscrete peaks (see Fig. 2) at higher frequencies, i.e. in the

200–250 kHz and 300–600 kHz, suggest non-linear stable
nt cavitation activity from numerous cavitation bubbles.

s us to the conclusion that, in the studied melt, the activity
s with resonance sizes of 5–15 �m according to Minnaert
n prevail in the cavitation regime, increasing the inten-

e corresponding peaks in these frequency ranges. This is
ent with an in situ study of cavitation in Al melts, show-
he majority of cavitation bubbles are indeed fall in that
r size range (Xu et al., 2015).
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Fig. 2. Typical examples of acoustic spectra generated by magnetostrictive ultrasonic transducer at 17 kHz driving frequency (f0) and measured with the cavitometer tip
positioned about 3–4 cm below the sonotrode’s tip in (a) water and (b) liquid Al. Inset shows the spectrum in the range of 1 MHz.

Fig. 3. Variation in RMS  acoustic pressures and maximum RMS  acoustic pressures (representing the average of the maximum RMS  acoustic pressure measured for each
position) of the driving frequency (17 kHz) in (a–b) water and (c–d) liquid Al. The average of three different positions as indicated in Fig. 1 was taken.
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Fig. 4. Variation in RMS  acoustic pressures at 1 MHz  (associated with bubble

 3, acoustic pressures in the range of the driving frequency
h of the studied liquids are shown for the three different

 across the vessel. Fig. 3 demonstrates that an increase in
put does not result in an equivalent increase in cavitation
his is more obvious in the case of water where results
ow that the highest acoustic pressure in water (Fig. 3a

as obtained near to the wall (R) when the lowest power
.5 kW)  was used. At higher input powers, the large bubbly
t is formed inside the cavitation shields and scatters the
ergy released from the cavitation bubbles, as shown by

g (1968). As a result, the propagation of acoustic waves
iquid bulk is obstructed. In contrast, at lower power set-
bles migrate more easily towards the side walls due to

Bjerknes forces. With fewer bubbles and bubbly clouds,
gation of waves into the liquid bulk is less disturbed. The

ormed or transported to the vessel wall collapse more eas-
quently, the overall cavitation activity in the bulk liquid
ed further.
aximum RMS  acoustic pressures representing the aver-
aximum RMS  acoustic pressure at the three equivalent
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espectively. In the case of liquid aluminium, the highest
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f the power settings (Fig. 3c and d). Significantly (20–30%)
essure values in water compared with liquid aluminium
erved. At each measuring point, the maximum pressure
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 the presence of a more fluctuating pressure field, result-
ore chaotic cavitation activity within the water bulk. On

ary, in liquid aluminium, the maximum RMS  pressure is
–25% higher implying that a more stable and controlled

 environment without significant pressure fluctuations is
. Controlling cavitation intensity is one of the key factors
timization of melt processing and solidification.
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on may  be due to the absorption of acoustic energy by the
nvironment and accumulation of long-lived aluminium
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