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Abstract

The application of ultrasound to casting processes is a subject of gezastinthe resulting degassing,
sonocrystalization, wetting, fragmentation, de-agglomeration and dispersion yieldpaovéd cast
material with fine grain structure. However, due to the lack of understandingrtain fundamentals
involved in the process, the transfer and scale-up of this promising technolaggustry has been
hindered by difficulties in treating large volumes of liquid metal. Expenital results of ultrasonic
processing of liquid aluminium with a 5-kW magnetostrictive transducer andrar2@iobium sonotrode
producing 17-kHz ultrasonic waves are reported in this study. A high-temperature cavitsenstarthat
is placed at different locations in the liquid melt, measured cavitationtaa@ivwarious acoustic power
levels and in different temperature ranges. The highest cavitation intentiiy liquid bulk is achieved
below the surface of the sonotrode, at the lowest temperature, and when the pppier was 3.5 kW.
Understanding these ultrasonication mechanisms in liquid metals will result iroa bmegikthrough for
the optimization of ultrasound applications in metal industries.
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1. Introduction

Ultrasonic treatment of liquid metals &spowerful, environment friendly and cost effective process.
Ultrasonic melt treatment (UST) has been practiced since the 1950s; it hatidearthat the application
of ultrasoundo liquid alloys can significantly affect the solidification process [1tBirasonic vibrations
imposed upon the liquid and solidifying metal result in the following phenan) degassing leading to
reduced porosity [3, 4]; ii) refinement of primary phase particles and d&ib§ iii) enhanced nucleation
due to activation of substrates through wetting [3] and grain multiplicatiertaldendrite fragmentation
[3, 6], iv) reduction of segregation and agglomeration due to large acoustic pressures exartethelur
collapse of cavitation bubbles [3], v) metallizing of solid/liquid intesgathrough the sonocapillary effect
[2, 3, 7], and V) dispersing and distributing solid or immiscible phases through convection andi@coust
micro-streaming [2, 3]. As a result of these effects, the downstream properties of métgi@at their
products are significantly improved [3]. Cast components with refined and urgf@im structure have
many advantages including significant improvement of product quality, prodégsabd mechanical
properties. However, further research is essential to reveal the conditi@ensnofe controllable and
efficient ultrasonic processing in different alloying systems and in larger melt valumes

The UST is primarily based on cavitation and bubble dynamics. Cavitation isrthatibn, growth,
oscillation, collapse, and implosion of bubbles in liquids [8]. In the vicofitollapsing bubbles, extreme
temperatures (>10000 K) [9], pressures (>400 MPa) [9, 10], and cooling ratésK#)J11] occur.To
enable the cavitation, a sufficient ambohacoustic energy should be introduced in the melt to set up a
pressure variation that initiates bubbles formation. Typically a peak togmejlitude ofabout 10 um at

20 kHz corresponding to acoustic pressures of greater than 0.5 MPadgsufir cavitation inception

in liquid Al [3, 12]. As surface tension and vapour pressiitbe melting point of Al are 0.871 N/m and
0.000012 Pa respectively [13], vapour bubbles are unlikely to be formed in the bulkilidadi]. Thus,

the majority of thecavitation bubbles in the liquid Al are considered to be pre-existing nucleis@id.
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inclusions with absorbed hydrogen) which develop into highly energetic cavitatiolebuhle to cyclic
alternating acoustic pressures of compression and tension.

Despite decades of research, the melt and solidification processing with ultrboations is still not
completely understood and properly described as most studies have been phenomerattogyicabn
gquantitative; such a quantitative study is as@quirement for the development of suitable numerical
models. Specifically, in the earlier studies [1-3] cavitation onset was datgfrasing cavitation noise
monitoring devices. When the cavitation starts, emissions from the collapsing bubbtestlaeldanain
regular frequency component of the acoustic signal generating sub- and ultra-harasonvedl as
broadband noise [2, 3, L5The beginning of the distortion of the main frequency signal can be &aken
the onset of cavitation. More recently, Komarov et al. [12] took a step fuatitetried to measure the
cavitation threshold as well as the evolution of cavitation intensity liquid Al melt using similar
equipment to this study. In line was the study of Ishiwata et al. [16] wineyeattempted to evaluate the
acoustic streaming velocity recalculated from the dynamic pressure exertethérdim of the sonotrode
The pressure was measured using a mechanical scale device and was not reported. iH bwtvetudies
the different factors affecting cavitation intensity in a liquid melte not taken into account, the cavitation
intensity was reported in relative units and the pressure was not given wahialh makes them less
practically useful, for example, in the validation of numerical acoustic moktetee current study, the
main parameters of ultrasonic processing, such as acoustic, pogleremperature and the distance from
the radiator, have been investigated using a high temperature cavitometeataxlior the National
Physical Laboratory (NPL), UK [17], which enables us to report the measured RM& Mean Square)
acoustic pressures in the Al melt for first time. The interpretation oethdts is based on the effect of the
process parameteon the measured cavitation intensity in the bulk lig@idr aim in this work is to apply
a new technique for characterising the distribution of the cavitation intémsitgnelt bulk, thus revealing
the optimum cavitation conditions. An in-depth understanding of how cavitation integusity
consequently the mechanism of solidification in Al are affected by such paramdtaportant for the
optimization and up-scaling of ultrasound applications in metal industry.

2. Methodology

A charge of 5.2 kg (approximately Pdf commercially pure aluminium (99.7%) was introduced atay-
graphite crucible with a diameter of 150 mm. The Al charge was then meltéeaiedi up to 780 °C with
an electrical resistance furnao&fter the melting process, the liquid level in the crucible wakl@tmm.
To investigate the optimum cavitation conditions for efficient USTamaters such as the acoustic pqwer
melt temperature and distance from the acoustic source were considered.

Sonotrode

& | Crucible

|

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

The ultrasonic equipment consisted of a 5-kW water-cooled magnetostrictive tran®&eltec, Russia)
with a niobium sonotrode of 20 mm in tip diameter. Ultrasonic energycaaisnuously introduced into
the molten Al over a range of temperatures and power settings that spanned fr@n@890 °C (as the
alloy cooled in the furnace during experiments) and from 2.0 to 4.5 kW, regbecExperiments were



performed at a driving frequency of 17 kHz and well above the solidification tataperof liquid Al
which is 660 °C. The melt temperature was continuously monitored by a Kigpmocouple. The
sonotrode was preheated and submerged to a depth of 20 mm within the melt. Thg oiteasitation
was directly measured with a high-temperature calibrated cavitometer. The cavitometerthisestuiy

is primarily designed for immersion into molten metals. It consiststongsten probe with a diameter of
4 mm and length of 500 mm, connected to a piezoelectric receiver mountedanitigtallic enclosure
(Belorussian State University of Informatics and Radioelectronics). A fodluant of the cavitometer can
be found in [17]. Each actual measurement session was limited to &gsddeating of the piezoelectric
receiver. To investigate the effect of distance relative to the sonotrode cavitegion intensity, the
measurements of acoustic emissions were taken at several points. The tip of treetariprobe was
placed at an angle under the sonotrode and vertically at a distance of half radius (1/2 R) (alboaff38 m
the sonotrode axis) and at full radius (R) (about 75 mm off the sonotrode axis) with theneget probe
submerged at 70 mm below the liquid free surface, as schematically shown in Fig. 1.

Signal acquisition and processing was carried out using a dedicated externabdilascope device
(Picoscope) that allowed re@ie signal monitoring of cavitometer sensor’s data and ultrasonic
parameters. The raw voltage signal is transformed to the frequency domaifrast Fourier Transform.
For each measuring point, 30 signals were acquired using a resolution bandwidth of 50&¢&130the
readings were averaged at each point. The time for this signal acquisiti@ppragimately 30 x 2 ms
(time gate) = 60 ms (a total of 1000 waves were analysed in each of the paitésest). There was no
controlled atmosphere, and each experiment was repeated several times to proiueibdity of results.

3. Experimental results and discussion

The effect of different experimental parameters on cavitation intensity isdeoadiin this section. The
cavitation intensity at a particular point is the sum of the energwsityy due to the ultrasound source, the
local cavitation energy from the intensity of the cavitation bubblesyautiple reflections from the vessel
walls and free surface. However, if the acoustic pressure field is measureitheointgnsity obtained at a
particular frequency is converted into pressures following the methodwoiddy]. At frequencies other
than the forcing frequency or resonant frequency of the vessel, and their harthimm®ssure is mainly
attributed to cavitation bubble activity.

Most of the earlier experimental studies demonstrate that the cavitationtinteriee melt is the single
most important parameter that determines the effects of ultrasonic processing [2, 3].

3.1 Ultrasonic power

The effect of acoustic energy introduced into the liquid phase on cavitat@msiiytis shown in Fig..2
Six power settings at the ultrasonic generator were used during experimdmgamge of 2:04.5 kW,
corresponding to peak-peak amplitudes inside the melt from 20 to 52 um respectively. Three different
runs were performed at three temperature ranges: {7B00°C, ii) 736750°C, and iii) 716-730°C. In
each run, the highest temperature corresponds to 2.0 kW and the lowest at 4.5 kW. The thatdm i
every runasthe furnace is opened and the cavitometer starts measuring cavitation doBviéynperature
decreases. As the starting power setting was 2 kW, the melt temperature drogpedChyy the time the
measurement at 4.5 kW was taken.
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Figure 2: Cavitation intensity measured under the sonotrode vs transducer power for three 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. Sonotrode was submer ged 20 mm below the melt surface).

Fig. 2 demonstrates that an increase in power input does not result in aetin@alent increase in
cavitation activity. Interestingly, the maximum cavitation intensity value is obtained at 3.5 kW (39 pm
peakto-peak) for all the cases. The reasons for this is that shielding argfisgatif acoustic waves and
energy due to the number of bubbly clouds, especially in the region below the sonsijoidieantly
affects the propagation of the acoustic waves in the bulk liquid. Specifioallytfasound power below
3.5 kW, the cavitation intensity increases with the acoustic pdmwitally the cavitation intensity steadily
increases as the number of the cavitation bubbles and bubbly clusters belowatinedsotip is not
significant, thus the propagation of the incident sound waves stays mainly unaffatiedrgasing the
acoustic power further, more bubbly clouds are formed but powerful acoustimstseare able to push
the bubbly clusters downwards, refreshing the liquid supply to the sonotrodd typamng a way for the
formation of new cavitation bubbles while allowing existing bubbles to migrate de¢péhe bulk of the
liquid. Basically, there is a trade-off situation between the sound emissionseandigruption from the
cavitation bubbles, which up to the point of 3.5 kW alleviates the $matement of cavitation intensity
with the acoustic power from the source. For intense sound fields above 3.5 k@& arldrstable cloud
of bubbles is formed close to the sonication tip, consisting essentially of voidsh significantly
increases sound attenuation [18]. Thus, the shielding effect reveals itsellf power and, therefore,
intensity drops.

3.2 Distance from theradiator

The effect of measuring distance on cavitation intensity is shoviaig. 3. During propagation of the
ultrasound waves in the liquid melt, the intensity of the sound wave decreasdsewdtbtance from the
emitter surface. This attenuation is attributdblgeveral factors, such as reflection, refraction, or scattering
of the sound, the physical properties (density, viscosity etc.) of the liquid through which the wasge travel
as well as to the conversion of the kinetic energy of the wave into heat [B]18y addition, scattering

of sound in the bubbly cavitation zone contributes significantly to the atienwd the acoustic energy
[18].
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Figure 3: Cavitation intensity measured under the sonotrode and at distance R and 1/2 R from the sonotrode.
Input power was adjusted at 3.5 kW.

Three set of measurements were performed under the sonotrode (similar todfid.a&2)distance R and

1/2 R from the sonotrode axis. Under the same acoustic power (3.5 kW) and melt temperatatiencav
intensity significantly decreases with the increasing distance from ¢lustacsource. Specifically, for the

same power output at 3.5 kW and similar temperature i.e. 720 °C, cavitation intensity rapidly drops abou
three-foldasthe distance increases from 0 to 1/2R. On further increase of the distance, dasadsr
about 40%. However, when temperature was significantly higher i.e. >750 °C, the cavitatisityiliein

not vary much between 1/2R and R. This could be related to very little attenuation of the soundtwave tha
escaped the cavitation zone (and lost its power) and travels through the liquid metal. These results clearl
demonstrate the confinement of active cavitation processing zone in liquichisioonResults are also in

a good agreement with the work of Ishiwata et B8] where they showed that the dynamic pressure
expressed in terms of streaming velocity significantly attenuated with the distancééreombtrode.

3.3 Mt temperature

In Fig. 4, results from Fig. 2 are re-plotted against temperature drop. Thedéffemperature drop on

cavitation intensity is shown for a series of measurements performed Ihel@erotrode. Experiments
were conducted to determine the optimum temperature where cavitation intencitgsréhe highest

values. Quantitative analysis of the effect of melt temperature and acousticghomed that cavitation

intensity constantly increases with decreasing temperature, showing a lindawliieh can be expressed
with the following relationship Eq. 1:

| =-2.5T + 2390, (2)
where | is the ultrasonic intensity (mV) and T is the melt temperature I{°§)ould be noted that, at the

highest power setting, ultrasound is so powerful that a rehatinigh and similar level of cavitation activity
is maintained throughout the different temperature regimes.



650

600 >:|<T><35kW*4kW ””””””””

ss0 g b
e S . T o

e e T

Cavitation Intensity (mV)

400 {1 Z 5 eT 1 2300 S A A B

e e e

300

700 710 720 730 740 750 760 7

Melt Temperature ("C)

Figure 4. Cavitation intensity as a function of the melt temperature for six different power settings.
M easur ements wer e taken below the sonotrode.

As temperature drops, it is easier for cavitation bubbles to form dine tdecreasing with temperature
solubility of hydrogen in liquid Al [3]. Consequently, more new nuclei arméal, generating numerous
cavitation bubbles and increasing cavitation intensity at the same input acoustic@a the other hand,
as melt temperature decreases, the melt becomes more viscous and dense; so the dbicasiiation
bubbles is more difficult, yet these bubbles produce more pressure when they collapdei@oyer, the
cavitation zone in the viscous and dense environment should be less extended in volume anel theref
provide less shielding. Hence, these competitive aspects would determimaltivayitation intensity in
the bulk liquid at lower temperatures. Results are also in a good agreentetiierstudies presented in
[3] where the effect of temperature on the cavitation threshold is showX-6% Mg melt. With the
temperature drop the cavitation threshold increases implying a moesaiygr cavitation regime and thus
higher cavitation intensity levels.

The measured intensities can be re-calculated to acoustic pressure using caldatiprocedure
described elsewhere [17]. The intensity of the measured acoustic signal atitlggfidrquency (17.5 kHz)
was converted to acoustic pressure. Two sets of measurements were permmtgdtf at 720 °C (similar
to Fig. 2) and closer to the liquidus, at 690 °C. Apart from the temperature, the input power was varied as
well. The plots in Fig. 5 show the change of the RMS acoustic pressure with the rappited power
for two temperatures 720 and at 690 °C. To the best of our knowledge, this is thienérsthere the
acoustic pressure measurements were conducted in liquid Al with varying power and temperature.

It can be clearly seen that at the lower temperature, the acoustic pressigréficantly higher with an
upward linear progression with the increasing input acoustic power. In contrasthigfithietemperature
the acoustic pressure changes relatively weakly, withii306.



70
60 %
z I
& g
=
< 50 i
g v
Z
g 40
=™
p } I
‘% 30 .} L }
)
<«
%} 20
10 A Tenpeaturea 720 °C
B Tenpeaature a 690 °C
0 T T T T
2 25 3 35 4 4.5
Acoustic Power (kW)

Figure5: Variation in RM S acoustic pressure of the driving frequency at two different melt temperaturesfor
various power settings.

The measured acoustic pressure consists of several components, i.e. the acoustic preshieredund
wave of the driving frequency and its reflections and from pressure surges upg@seahd pulsation of
cavitation bubble. The results presented in Fig. 5 take into account only the pressuread¢etetliving
frequency at 17 kHz. This acoustic field is greatly attenuated by the aawvitathe and, therefore, will be

a function of the size of this zone and the amount of cavitation events iniiatjoavindex [18]). The
measurements are performed under the sonotrode and correspond either to the lower part ctibie cavit
zone or the bulk volume immediately below the cavitation zone. With takisgnto account, the lower
measured pressure at 72D can be interpreted as a result of stronger acoustic shielding by the cavitation
zone containing more bubbles and also to a greater volume occupied by théooaxiiae due to the
lower viscosity and density of the melt. At 690, due to the lower hydrogen solubility the formation of
bubbles maybe facilitated (cavitation threshold is lower) but at the same tarimildsles are formed due

to the viscous environment, requiring more acoustic energy for further cawvitltvelopment. Also, the
cavitation zone can be smaller with correspondingly lesser shielding. The etbpsessures lower than
expected for cavitation conditions. However, in the absence of the shieldingvestoaate that actual
acoustic pressures generated at the tip of the sonotrode or in the bbkk midire that 10 times larger [18]
The calculated pressure values for liquid Al were reported to be in the rar@yd dfPa before the
cavitation onset [3], which corresponds well with the values measured in outr pmkiding a
multiplication factor of 10.

These relationships between temperature, power and distance are very imporiaaidtyy as a more
controllable process of the ultrasonic treatment of alloy melts can be esdhtigladjusting the melt
temperature and the amplitude of vibrations (input power). Advantages, in mbstaHdes, are related
with the generation of the maximum cavitation intensity utilizing the inguergy efficiently.
Consequently, apart from the structural improvements on the final products thrasrcan potentially
have an impact in environmental savings with further economic benefits.

3.4 Contribution of the experimental parameters

Having discussed the conditions affecting the cavitation intensityA imelt under ultrasonic vibrations
a comparison of the tested parameters was conducted to estimate their impact vitatiendatensity.
This was achieved by comparing the measured cavitation intensities ateexikras of the variable
parameters. Correlations among the initial with the final values ofdtgation intensity as measured



during the change of acoustic power, distance from the source and melt tempeogtwrergr obtained
Specifically, according to Figs. 2 through 4 the minimum and maximum camitatensity was achieved

ati) 2 and 3.5 kW power input, ii) at distance R from the sonotrode axis and below the sonotrode, and iii)
during temperature drop between 750 and 720 °C (for a comparable input power of 3rédpagtively

The percentage influence of each of the studied parameters to the cavitation in@nsi#jculated using

the following expression Eq: 2

Ii

72100 [%] 2

lint =

where |y is the mean percentage of increment (percentage change) of the cavitatisityirttetween
different stages band b corresponding to different parameters.

Table 1 shows the percentage of influence the vibration amplitude staea# from the source, and the
melt temperature & on the measured cavitation intensity in liquid Al; the higher the pergenthe
greater the impact on the cavitation intensity.

Table 1: Percentage of influence of the distance from the sonotrode, vibration amplitude (power input) and
of the melt temperature on the cavitation intensity levelsin liquid Al.

Variable Experimental Conditions Per centage of influence (%)
Acoustic Power from 2 to 3.5 Temperature: 750 °C 12%
(kW) Distance: Below the sonotrode
Effective Distance from the Power: 3.5 kW 74%
source to distance R (mm) Temperature: 750 °C
Melt Temperature from 750 to Power: 3.5 kW 14%
720 PC) Distance: Below the sonotrode

Specifically, when distance was considered, two different measurements were perfoetodthe
sonotrode where the maximum intensity was monitored and at the edge of thiednezr the side wall)
where the cavitation intensity is the lowest. Temperature was kept aC7&@d°power input was at 3.5

kW where the maximum cavitation intensity was monitored. Equally, when the effect of amplitude (input
power) was examined, two different measurements were taken at 3.5 kW where the meaintation
intensity was measured and at 2.0 kW with the lowest cavitation intensitg. |@eshperature was kept
again at 750 °C with measurements taken only below the sonotrode where the highegircésiels

were monitored. Finally, when the effect of temperature was examined, two diffargrdrature regimes
were considered at 750 and at 720wvhile power input was at 3.5 kW with the measurements taken below
the sonotrode.

We can conclude that the cavitation intensity is mainly influenced by trenciisfrom 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 and acoustic pressure were performead aduigpinium using

a calibrated high-temperature cavitometer. Several practically impgutanessing parameters were
varied and their significance for the ultrasonic melt promising was qigghfibr the first time. Key
findings of the study are:

i) Quantitative analysis of the effect of ultrasonic amplitude showed that thereojginum
power setting (at 3.5 k¥¥9 um p-p) where bubbly structures and vibration amplitude reach
physical balance and cavitation intensity acquires maximum values.

i) Cavitation intensity measurements have shown that shielding of the acoustic wave is more
pronounced at higher acoustic powers implying that a large amount of the suppliedi€nergy



consumed within the cavitation zone and not propagated into the bulk; henceciba®ffof
cavitation treatment of the melt alloy depends weakly on the increasing acoustic power.
When temperature drgplarger acoustic pressure fields in the cavitation zone and a more
intense cavitation regime are generated, which is beneficial for efficient pstngnt.

Distance plays a predominant role in the attenuation of acoustic intensity in liquidiakimi
alloy, thus the melt treatment is more efficient closer to the power source.

Acoustic pressure measurements with regards to the melt temperature wemeambimdiguid
aluminium for the first time. At temperatures closer to the liquidus temperaacoustic
pressure linearly increases with the power increment implying the lesser @ffecbustic
shielding.

The findings of this study along with the used technique are needed for evediisétial implementation
and scale up of ultrasonic processing technologies. A better control of thei@apoeissure fields and
cavitation development holds the key for the optimization of solidification processes.
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