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Abstract

Experimental results of ultrasonic processing of liquid aluminium with a 5 kW magnetostrictive
transducer and a 20 mm titanium sonotrode excited at 17 kHz are reported in this study. A unique
high-temperature cavitometer sensor, placed at different locations in the liquid melt, measured
cavitation activity at various acoustic power levels and different temperature ranges. The highest
cavitation intensity in the liquid bulk is achieved below the surface of the sonotrode, at the lowest
temperature and when the applied power was 3.5 kW. This two-fold mechanism is related to a)
acoustic shielding and b) the tendency of liquid aluminium to release hydrogen when the temperature
drops, thus promoting multiple cavitation events. Understanding these mechanisms in liquid metals
will result in a major breakthrough for the optimization of ultrasound applications to liquid metal
processing.
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1. Introduction

In recent years, there has been an increased interest in fundamental and applied investigations on
metal solidification with the use of ultrasound. Ultrasonic vibrations are transmitted to a liquid metal
and generate large instantaneous pressures and temperature fluctuations in the melt, creating local
conditions that influence the solidification process. The introduction of a sufficient amount of acoustic
energy into the melt sets up cavitation. Cavitation is the formation, growth, oscillation, collapse, and
implosion of high energetic gas or vapour bubbles in liquids [1] due to local pressure fluctuations of
the acoustic field. The negative pressures within the melt are large enough to initiate bubble
formation. Bubbles then grow during the rarefaction phase and they collapse in the compression phase
of the wave. In the vicinity of collapsing bubbles, extreme temperatures (>10000 K) [2], pressures
(>400 MPa) [3], and cooling rates (>1011 K/s) [4] occur. To establish a condition where cavitation
occurs, a peak to peak amplitude of about 10 um at 20 kHz, corresponding to acoustic pressures of
greater than 0.5 MPa at frequencies of 20 kHz, is required [5-6].

Ultrasonic treatment of liquid metallic alloys is closely related to cavitation and bubble dynamics and
has been proven effective and promising in degassing and structure refining of metallic alloys [5].
However temperature requirements, opaqueness, and lack of advanced equipment for measuring
cavitation activity impose strict limitations on the investigation of cavitation bubble dynamics within
liquid metals, which is one of the reasons why the industrial application of ultrasonic vibrations in
liquid-metal processing is impeded. Thus, despite the well-known and growing technological
importance of high power ultrasound, to date no standardised measurement methods applicable to
measuring the cavitation activity exist while very few phenomenological rather than quantitative
studies have been conducted with the view of characterizing cavitation activity in liquid metals [5-7].

In a recent study, a cavitometer device (ICA-3HT) similar to that used in the current study was
deployed by Komarov et al. [6] to characterise cavitation intensities in a molten aluminium (Al) alloy.
In this paper, we take a step further and apart from measuring cavitation activity as in [6], we also
investigate the main parameters affecting ultrasonic processing of liquid Al, such as melt temperature,
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ultrasonic intensity, and the distance from the acoustic source. An in-depth understanding of these
mechanisms in liquid metals will result in a major breakthrough for the optimization of ultrasound
applications in liquid metal processing.

2. Methodology

The ultrasonic equipment consisted of a 5 kW magnetostrictive transducer (Reltec, Russia) with a Ti
sonotrode of 20 mm in diameter. Experiments were performed at a driving frequency of 17 kHz for
various temperatures and power inputs. Specifically, six power settings were used during experiments
in the range of 2.0-4.5 kW corresponding to peak-to-peak amplitudes from 20 to 52 um respectively.
Two different runs were performed in two temperature ranges i) 765 to 740 °C, ii) 735 to 710 °C with
the highest temperature within each range corresponding to 2.5 kW and the lowest at 4.5 kW.
Cavitometer was placed either at an angle under the sonotrode or straight down near the wall of the
crucible (about 75 mm off the sonotrode axis), with the cavitometer’s probe submerged at 70 mm
below the liquid free surface as schematically shown in Figure 1.

Approximately 5.3 kg of Al were melted in a 150-mm diameter clay-graphite crucible coated with
boron nitride. The aluminium charge was heated up to 780 °C with an electric furnace. The sonotrode
was preheated and submerged to a depth of 20 mm below the melt surface. The liquid level in the
vessel was at 110 mm. The melt temperature was continuously monitored by a K-type thermocouple.
There was no controlled atmosphere, and each experiment was repeated several times to ensure
reproducibility of results.

The intensity of cavitation was directly measured with a high-temperature calibrated cavitometer. The
cavitometer used in this study is designed for immersion into molten metals. It consists of a tungsten
probe with a diameter of 4 mm and length of 500 mm, connected to a piezoelectric receiver mounted
within a metallic enclosure (Belorussian State University of Informatics and Radioelectronics). A full
account of the cavitometer can be found in [8].

Sonotrode

Crucible

Figure 1: A photograph and a principle diagram of the experimental test rig.

Signal acquisition and processing was carried out using a dedicated external digital oscilloscope
device (Picoscope) that allowed real-time signal monitoring of the cavitometer sensor’s data and
ultrasonic parameters. The raw voltage signal was transformed to the frequency values via a Fast
Fourier Transform. A total of 1000 waves were analysed in each of the points of interest.

3. Experimental results

In this section, we determine which parameter plays the most important role during sonication of
liquid aluminium. The effect of acoustic energy on the cavitation intensity is shown in Figure 2.



Figure 2 demonstrates that an increase in power input does not result in an equivalent increase in
cavitation activity. It can be clearly seen that maximum intensity value is obtained at 3.5 kW (39 pm
peak-to-peak) for all the cases. The reason for this may be shielding and scattering of acoustic waves
and energy due to the formation of bubbly clouds, especially in the region below the sonotrode. On
the one hand, after a certain input of acoustic power, bubbly structures become developed under the
sonotrode with most of the acoustic energy dissipating within, causing so-called shielding: thus
intensity is dropped. This is a well-known effect [9]. On the other hand, at a higher transducer power,
i.e. 3.5 kW, powerful acoustic streamers push the bubbly clusters further downwards, opening a way
for the formation of new cavitation bubbles and allowing existing bubbles to migrate deeper into the
bulk of the liquid. Hence, thete is a trade-off between acoustic power, number of bubbles,
displacement of bubbles from the streamers, and cavitation intensity. These results are in a good
agreement with recent X-ray imaging observations where numerous cavitation bubbles were seen to
sustain for long periods of time in the bulk liquid before they disappear [10].
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Figure 2: Cavitation intensity measured under the sonotrode vs transducer power for two temperature
ranges (17-kHz magnetostrictive transducer, Ti sonotrode with a 20 mm diameter tip, able to produce tip
displacement amplitudes up to 52 microns p-p. The sonotrode was submerged 20 mm below the melt
surface).
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Figure 3: Cavitation intensity measured near the crucible wall, 150 mm from the sonotrode. The
sonotrode was submerged 20 mm below the melt surface the transducer power was 3.5 kW.



In Figure 3, the effect of temperature on the cavitation intensity is shown for the measurements
performed at a distance from the acoustic source (sonotrode), i.e. close to the crucible wall. For the
same power level (3.5 kW) and similar temperature regimes to those shown in Figure 2, cavitation
intensity is significantly lower. Thus, it can be deduced that cavitation intensity decreases with the
increasing distance from the acoustic source. Specifically, for the same power output at 3.5 kW and
similar temperature, e.g. 750 °C, cavitation intensity drops by about 85%. Cavitation intensity shows
a very good second order polynomial correlation with temperature T, which can be expressed as
follows.

I = —0.02T2 + 28T — 9806 1)

To estimate the impact of the tested parameters on the cavitation intensity, their contribution was
compared by normalising the measured cavitation intensities at extreme values of the variable
parameters, i.e. i) at 2 and 3.5 kW power input (20 and 52 um p-p acoustic amplitude), ii) at 750 and
700 °C and iii) at under sonotrode and close to the wall. This was calculated using the following
expression (Eq. 2):

Ii=Igy

line = =7=-100 [%)] )

where iy is the percentage of change of the cavitation intensity between the highest I; and the lowest
I values of the variable parameters.
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Figure 4: Percentage of influence of the distance from the sonotrode, acoustic amplitude (power input)
and the melt temperature on the cavitation intensity in liquid Al.

Figure 4 shows the percentage of influence the distance from the source, the acoustic amplitude and
the melt temperature has on the intensity of cavitation within a liquid Al melt. The higher the
percentage, the greatest is the impact on the cavitation regime.

Cavitation intensity is mainly influenced by the distance from the source (74%) rather than the melt
temperature or the input power to the melt, both having similar influence percentages of 14% and
12%, respectively.



4. Conclusions

The measurements of cavitation intensity during ultrasonic melt processing allowed us to establish an
essential relationship between the effective distance, the input power, the melt temperature and the
cavitation development. Quantitative analysis of the effect of ultrasonic amplitude showed that there
is an optimum setting (at 3.5 kW) where bubbly structures and acoustic amplitude find a physical
balance and cavitation intensity acquires maximum values. A more intense cavitation regime is
achieved at a lower temperature. Distance plays a predominant role in propagation of cavitation in
liquid Al alloy.
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