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a  b  s  t  r  a  c  t

A  flat  plate  sonotrode  was  used  for ultrasonic  melt  processing  (degassing)  of aluminum  melts.  Calculations
showed  that  this  sonotrode  should  have  several  antinodes  with  maximum  amplitude,  spaced  at  16.5  mm.
The  direct  measurements  of  the  amplitude  in  air and  indirect  measurements  of foil cavitation  erosion  in
water  validated  these  calculations.  Unique  acoustic  measurements  of  cavitation  activity  in  water  and  a
liquid  aluminum  alloy  were  performed  using  a  cavitometer  and  confirmed  that the  cavitation  conditions
eywords:
ltrasound
avitation
egassing

were  met  with  this  scheme.  The  melt  degassing  efficiency  using  the  plate sonotrode  was  significantly
higher  (70–80%)  than  with  a conventional  cylindrical  sonotrode  (45–50%)  in  batch  operation.  The  new
scheme  was  also suitable  for  ultrasonic  melt  processing  in the  melt  flow  giving  about  50%  degassing
efficiency,  which  opens  the way  to  upscaling  this  technology  to treat  larger  volumes  of  melt.

ublis
luminum
onotrode, Acoustic pressure
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. Introduction

One of the objectives of good casting technology is to
void porosity in a casting. This is achieved through melt
egassing. In liquid aluminum, the amount of hydrogen can reach
.3–0.5 cm3/100 g, while the industrial standard requires the con-
entration of hydrogen before casting close to 0.1 cm3/100 g (Waite,
998). Currently the most adopted technology of degassing is so-
alled argon rotary degassing where a porous graphite rotor is
ubmerged into the melt and Ar is purged through the rotor to
he bottom of the bulk melt. The rotating graphite shaft shears and
isperses Ar bubbles that float to the surface, collecting hydrogen
issolved in the melt. Although well established, this technology
as some drawbacks such as high dross formation, not recycled
xpensive Ar, and potential damage of the graphite rotor with sub-
equent melt contamination.

Ultrasonic degassing is among the first potential applications
f acoustic cavitation in liquids. It has been tried on the industrial
cale for aluminum melt degassing in foundries and cast houses

ack in the 1960–1980s and proved to be a clean and robust tech-
ology, though requiring some specialty equipment and set-up as
eported by Eskin (1965) and recently reviewed by Eskin and Eskin
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el.: +44 1895 265317.
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(2014). In recent years the interest to this technology has increased
due to its environment friendliness and potential versatility. It has
been shown that the amount of hydrogen can be decreased to the
levels lower than in the case of Ar degassing with much less dross
formation (Eskin et al., 2015).

The mechanism of ultrasonic degassing is rather well under-
stood and a recent overview can be found elsewhere (Eskin and
Eskin, 2014). Here we would like to point out the main features.
Eskin (1995) reports that ultrasonic cavitation is required to initiate
gas bubble formation in the aluminum melt. Although there are no
free gas bubbles in the melt (unlike water), Eskin and Eskin (2014)
note that there are numerous interfaces such as oxide particles with
absorbed atomic hydrogen layer or even molecular hydrogen in
inclusion’s surface defects that act as cavitation nuclei, significantly
decreasing the cavitation threshold, i.e., the pressure required to
initiate cavitation in the liquid medium. Kapustina (1970) summa-
rized the mechanisms of ultrasonic degassing by rectified diffusion
into a pulsating bubble and Eskin (1995) extended the theory to liq-
uid aluminum. As a bubble oscillates in the alternating sound field,
it acts as a pump extracting more and more hydrogen from the melt
with each expansion. The bubbles therefore grow and subsequently
float to the surface, releasing the hydrogen to the atmosphere. As
mentioned by Eskin and Eskin (2014), melt flows created by the
ultrasound source (acoustic streaming and secondary flows) facil-

itate bubbles distribution and, hence, degassing.

A conventional scheme to introduce ultrasonic vibrations into
the melt is through a concentrated source, i.e., horn or sonotrode.
In this case the sonotrode is submerged into the melt from the top,

nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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reates a cavitation zone underneath and the acoustic streaming is
irected downwards, pushing the oscillating cavitation bubbles to
he bulk of the melt. The sonotrode should have certain length, mul-
iple of the half-wavelength of longitudinal vibrations of the given
requency in the given sonotrode material. This scheme has been
sed in most of research and pilot-scale trials, both in the batch
perations and in the melt flow (see review in Eskin and Eskin,
014). As the ultrasonic degassing requires some time to process

 certain melt volume, which includes the sonication time proper
nd some resting time allowing the bubbles to float, increasing the
olume in the batch operation or decreasing the processing time
n the melt-flow operation needs multiple sonotrodes. The practi-
al experience showed examples of as much as eight sonotrodes
sed for degassing a commercial-size melt charge (Eskin, 1965).
pparently, this technological scheme has its limitations, especially

f one takes into account that each sonotrode requires a separate
ransducer to excite it.

Another possible scheme for ultrasonic processing of liquids has
een suggested by Shoh (1976) for low-temperature liquids and by
skin (2002) for liquid metals but not intended for degassing. A flat
xtended plate submerged into the melt and transmitting flexural
ather than longitudinal waves gives some obvious advantages. For
xample, a larger vibrating surface increases the area where the
avitation conditions can be met  and cavitation bubble are formed.
herefore, the acoustic wave and cavitation can be transmitted to a
arger melt volume. There is also a possibility to position the plate
n the lower part of the melt volume with bubble naturally directed
pwards, and the possibility to perform ultrasonic processing in the
elt flow without obvious limitations of the degassed volume.
This paper describes the evaluation of this scheme in terms of

avitation conditions generated and the feasibility study on the
pplication of a flat plate sonotrode to the ultrasonic degassing of
iquid aluminum alloys.

. Experimental

The experimental setup consisted of a 5-kW ultrasonic gen-
rator, a water-cooled 5-kW magnetostrictive transducer, a steel
alf-wavelength conical concentrator 65 to 40 mm in diameter, a
teel half-wavelength extension and a titanium plate sonotrode
0 mm wide, 2 mm thick, and 320 mm in total length (the effec-
ive length working in the melt depended on the shape of the plate,
.e., its bending). The working frequency was 17.15 kHz. The plate

as attached to the bottom of the extension by a steel stud and nut.
skin (1965) reports that titanium is not an ideal metallic material
or a sonotrode as it eventually dissolves in liquid Al. However, its
coustic characteristics are suitable for ultrasonic applications and
he dissolution rate in liquid metal is relatively small for short-
erm experiments, which is frequently used in lab-scale research.
n our case the experiments in liquid aluminum did not exceed

 min  and the amount of dissolved Ti was measured as 0.05 wt%. As
he main purpose of the work was degassing and not grain refine-

ent, this small amount of dissolved Ti did not affect the acoustic
erformance of the sonotrode and the degassing results.

Four types of experiments were performed: (i) in air with the
im to measure the amplitude and wavelength of flexural vibra-
ions in a plate sonotrode, (ii) in water with the aim to measure
he acoustic parameters and visualize the cavitation, (iii) in a
losed compartment with a liquid A356-type aluminum alloy for
egassing and acoustic measurements, and (iv) in an open launder
ith the flowing melt of the same alloy for degassing.
The vibration amplitude was measured in air using a contact-
ess vibrometer based on a capacitance principle (Eskin and Eskin,
014). The measuring tip of the vibrometer was placed within 1 mm
istance from the vibrating surface. The null-to-peak amplitude
sing Technology 222 (2015) 148–154 149

was measured in several points along the longitudinal centerline
of the plate. Experiments in water were performed in a trans-
parent launder similar in geometry to the launder used for liquid
aluminum or in a glass vessel with the dimensions close to those
of the degassing chamber (see Fig. 1). Acoustic measurements in
water and in the liquid aluminum alloy were taken by a cali-
brated high-temperature cavitometer (Tzanakis et al., 2015a), and
included the frequency spectrum and acoustic pressure. The fre-
quency spectrum was acquired by an external digital oscilloscope
(picoscope) attached to the cavitometer. The picoscope allowed
real-time signal monitoring of the cavitometer probe’s data and
ultrasonic parameters. A Blackman window was applied to the
raw voltage signal, which was  then transformed to the frequency
domain with a Fast Fourier Transform. Unless otherwise specified,
30 signal averages of the acquired signal were typically taken using
a resolution bandwidth of 95 Hz. The time for this signal acquisition
was approximately 30 × 1.3 (time gate) = 39 ms.  Each experiment
was repeated to ensure reproducibility of results. The cavitometer
probe was made of tungsten and was  suitable for temperatures up
to 750 ◦C. During measurements the tip of the cavitometer probe
was within 15 mm from the surface of the vibrating plate. The ambi-
ent and internal noise level with an idle sonotrode has been taken
by the cavitometer and then subtracted from the spectra obtained
with the working sonotrode.

The experiments with the liquid aluminum alloy had the main
aim of evaluating the degassing efficiency that was taken as the
decrease of hydrogen concentration related to the starting hydro-
gen concentration. Cut ingots from a commercial A356 alloy (7% Si,
0.3% Mg)  were melted in a tilting furnace in a clay-graphite crucible.
The melt was  maintained in the furnace at 740–750 ◦C or 800 ◦C. The
samples were taken in the furnace before pouring and during the
experiment at the end of the launder for the processing in the flow
or at the end of degassing from the degassing chamber in the batch
operation. Different amounts of aluminum melt were treated as
indicated in the corresponding parts of the text. The hydrogen con-
centration was  measured using a standard reduced pressure test
(Davies, 1993). In this test the two liquid samples are taken simul-
taneously from the melt and are solidified, one in air and the other
under reduced pressure. In the latter case, the dissolved hydro-
gen is forced to precipitate from the solidifying metal and form
porosity. The densities of the two samples are then determined
by the Archimedes method and the ratio of the density difference
to the density of the sample solidified in air is taken as so-called
density index. It can be subsequently recalculated to the hydrogen
concentration using a previously established correlation relation-
ship in which the direct measurements of hydrogen by an Alspec-H
analyzer have been used (Eskin et al., 2015). As the hydrogen sol-
ubility in liquid aluminum depends on the environment humidity,
the measurements have been taken using a weather station. A prin-
cipal scheme of the experiment in a launder is shown in Fig. 1. The
degassing chamber measured 150 × 100 mm in cross-section and
220 mm in length. In the beginning of the experiment the outlet
from the degassing chamber was closed with a plug, as soon as the
chamber was  filled with the required amount of melt, the sonica-
tion started and the plug was  taken out, while the melt continued to
pour into the chamber. The size of the outlet assured about 2 min
of residence time of the melt during ultrasonic degassing. In the
case of ultrasonic processing in the melt flow, the melt flow rate
was calculated by dividing the weight of the liquid metal by the
time required for this melt to pass through the degassing chamber.
The flow rate was controlled by the outlet orifice of the degassing
chamber. The launder had the width and height at 100 mm and the

length 890 mm.  The launder had some baffles to slow down the
melt flow and allow the bubbles sufficient time to float to the sur-
face, the residence time varied between 1 and 4 min. All parts of the
melt transfer system were made of a refractory ceramic board and
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ig. 1. (a) A scheme of ultrasonic degassing experiment: (1) ultrasonic transducer; (
6)  baffles; and (7) points of acoustic measurements and (b) actual setup for ultraso

re-heated before the melt transfer. In some experiments an elec-
rically heated cover was installed on top of the launder. The melt
emperature was controlled at the pouring point and at the laun-
er outlet by a K-thermocouple, and was typically between 750 and
00 ◦C, respectively.

Experiments were also performed in batch operation when the
imilar amount of melt was processed in the compartment similar
n size to the degassing chamber.

For comparison some acoustic (for water) and gas measurement
for liquid Al) were taken upon ultrasonic processing with a con-
entional cylindrical sonotrode placed in the degassing chamber
for liquid aluminum) or in a similar in dimensions glass compart-

ent (for water) and submerged 10 mm from the top the melt.
he parameters of the ultrasonic processing were kept similar to
he experiment with the plate sonotrode. In this case, the tip of
he cavitometer probe was placed about 20 mm from the tip of the
onotrode.

. Results and discussion

.1. Wavelength assessment

We  started with the assessment of wave characteristics of a
hin plate. Although an analysis of the vibration of a thin plate
xed at one side is a complicated matter that we are not going
o tackle in this paper, Kitaigorodsky and Yakhimovich (1982) and
ater Hambric (2006) offer a rather simple analytical assessment of
he flexural wavelength. The flexural wave speed in a thin plate of
hickness h can be calculated as:

f =
(

Dω

�h

) 1
4

, (1)

here D is the flexural rigidity calculated as

 = Eh3

12(1 − �2)
, (2)

here ω = 2�f is the angular frequency, f is the driving frequency,
 is the plate material density, h is the plate thickness, E is Young’s
odulus of the plate material, and � is Poisson’s ratio.
The wavelength is then calculated as
 = Cf/f. (3)

Using the data of our vibratory system and Ti properties sum-
arized is Table 1, we arrive at a wavelength of 33 mm.
centrator with extension; (3) plate sonotrode; (4) degassing chamber; (5) launder;
gassing in the melt flow.

3.2. Acoustic measurements

The measurement of the vibrational amplitude showed the fol-
lowing. The vibrational frequency of the transducer was  17.15 kHz.
At this frequency and 3.5–4 kW power of the generator, the null-
to-peak amplitude at the tip of the steel extension (where the plate
was connected) was 11–12 �m as measured by the contactless
vibrometer. Along the Ti plate the amplitude varied according to
the wavelength of the flexural vibrations from 1 �m in the nodes
to 18–25 �m in the antinodes. The distance between the nodes and
antinodes was  about 6–8 mm,  which is in good agreement with the
quarter wavelength of the flexural wave.

It is known that the cavitation threshold in water and liquid Al
corresponds to the null-peak amplitudes of about 2.5 and 5 �m,
respectively, at 20 kHz (Komarov et al., 2012). Therefore the mea-
sured amplitudes (18–25 �m)  should be enough to achieve the
cavitation condition in the melt, which is an important condition
for ultrasonic degassing.

A rather simple but vivid test for cavitation activity can be done
by placing a thin foil in the cavitation region. Cavitating and implod-
ing bubbles will cause damage of the foil, testifying for the presence
of cavitation. A 10-�m thick aluminum foil was fixed on a steel
wire frame and placed 5 mm above the plate sonotrode submerged
in water. The ultrasonic processing then started and continued for
30 s. The results are shown in Fig. 2. The cavitation damage is clearly
seen. It is also obvious that this damage follows a periodic pat-
tern corresponding to the half wavelength of the flexural wave.
The measurement shows a spacing of 14–15 mm,  which is remark-
ably close to the analytically obtained value of 16.5 mm (see the
wavelength in Table 1). Note that the wavelength may change in
the presence of a load, e.g., water or liquid aluminum.

These values are also close to the experimentally measured half-
wavelengths in a Nb plate (12 mm at 18 kHz (Eskin, 2002)) and in a
stainless steel plate (15 mm at 20 kHz (Shoh, 1976)). The differences
are due to the acoustic properties of the material and the operation
frequency.

In the next stage, we  performed acoustic measurements for
cylindrical and plate sonotrode in water and the liquid aluminum
alloy.

Tests in water and liquid Al were performed using a Ti plate
sonotrode attached to the tip of the steel extension. The plate was

submerged inside the liquid melt at a distance of 50 mm  from its
free surface and equally from the bottom of the vessel similar in
dimensions to the degassing chamber. A high temperature cavit-
ometer device calibrated to measure acoustic pressures in liquid
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Table  1
Titanium plate characteristics and the results of acoustic calculations.
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2 116 0.32 4507 

nvironments up to 750 ◦C was deployed. The tip of the cavit-
meter was submerged within the liquid in a distance of about
5 mm from the surface of the Ti plate. The melt temperature dur-

ng the experiment with liquid Al was decreasing from 720 to
65 ◦C upon a series of measurements that were repeated at least
hree times for each point along the longitudinal axis of the plate
onotrode. In experiments with water the room temperature was
aintained. Similar measurements were performed with a cylin-

rical sonotrode submerged 10 mm  below the liquid surface. In
his case, the measurements were taken at about 20 mm  below the
onotrode.

Typical acoustic spectra are shown in Fig. 3. The driving fre-
uency measured by the cavitometer as 17.15 kHz was  in a good
greement with the indicator on the magnetostrictive transducer
ontroller. Note that the shape of the spectrum with the humps
n specific frequency domains, i.e., from 170 to 270 kHz in Fig. 3,
s attributable to the variation in the sensitivity response of the
avitometer sensor. Also the acquisition rate for measurement in
he liquid aluminum alloy was lower than for water (resolution
andwidth of 380 Hz).

Hodnett et al. (2004) gives some features of such spectra that are
ndicative of the cavitation behavior. There is a well-pronounced
eak at the driving or fundamental frequency (17.15 kHz) that is
roduced by the acoustic field generated by the sonotrode as well
s by the intensity from the superimposed linear bubble oscilla-
ions. There are also further peaks that are integer multiples of the
undamental frequency (harmonics), which result from non-linear
ubble oscillations. The non-linear oscillations of larger bubbles
ause their splitting and high-energetic oscillations of smaller bub-
les at higher frequencies, which according to Eisner et al. (2013)

s displayed by large and sharp peaks in the frequency spectrum.
he harmonics, i.e., the 2nd harmonic in Fig. 3a and b (shown by

rrow), in some cases can be higher than the fundamental fre-
uency as acoustic emissions from linear (non-inertial) behavior of
he cavitation bubbles are superimposed, increasing the strength
nd sharpness of the signal. At frequencies below the driving

ig. 2. Aluminum foils showing the regular cavitation damage from a plate sonotrode in 

nsert  shows the repeatability of the results.
f (kHz) D (kg m /s ) Cf (m/s) � (mm)

17.15 86.15 576 33

frequency, there are so-called subharmonics (fractions of the fun-
damental frequency) that are indicators of the inertial cavitation
activity of larger and longer-lived bubbles (shown by arrows in
Fig. 3). Multiple peaks between the harmonics are produced by
cavitation activity of bubbles. And, finally, the general level of the
noise (broadband signal) is generated by the shock waves of col-
lapsing bubbles as well as by the stable or transient activity of the
bubbles in a wide range of sizes, and therefore can be considered
as a characteristic of overall cavitation development and activity.
The borders of the various regions in the spectrum as well as the
sharpness of the peaks can be used for the assessment of the min-
imum and maximum bubble sizes and the characterization of the
cavitation regime (stable/transient).

Although the shapes of the spectra in Fig. 3a and b are similar,
the prominent peaks are much sharper in the case where the cylin-
drical sonotrode was  deployed (Fig. 3b). This means that there are
more cavitation events in the measured area in the case of the cylin-
drical sonotrode, but this also means that the cavitation intensity
may  be distributed over the larger area in the case of the plate.
Another difference between these two spectra is that the noise
level in the range above 140 kHz (this frequency range is associ-
ated with activity from cavitation bubbles) is higher in the case
of the cylindrical sonotrode (one should look at the upper edges
of the peaks and take into account that the scale is negative so
−50 dBu is larger than −60 dBu). This is due to the severity of cavi-
tation collapses and the number of cavitation events. The rise in the
broadband at frequencies above 140 kHz is an indication of inertia
(transient) cavitation while the rise in the peak levels is related
with stable (non-inertial) non-linear cavitation and the number
of cavitation events. Thus in Fig. 3a, the stable cavitation possibly
prevails compared to Fig. 3b where a more chaotic cavitation envi-
ronment is developed. This is well explained by Yasui et al. (2011)

who showed that the driving amplitude (static pressure) can be a
decisive parameter for the performance of bubbles in a sonicated
liquid. If the amplitude is at lower levels, bubbles are likely to pul-
sate for a longer periods of time without collapsing and eventually

water (a ruler shows the regularity of the damage with about 14–15 mm spacing).
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Fig. 3. Examples of typical acoustic spectra measured using a high temperature cavitometer in (a) in distilled water with a plate sonotrode; (b) in distilled water with a
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ylindrical sonotrode; and (c) in liquid aluminum A356 alloy using a plate sonotrode
ip  12.5 �m null-peak). Arrows in (b) show harmonics (nf0), sub- (f0/n) and ultra-ha

ove toward the free surface promoting degassing. In contrast,
hen the amplitude increases, collapse events become regular

eading the bubbles to chaotic implosions rather than to direct
egassing.

We  can conclude that the cavitation development is quite
rominent in both cases (plate and cylindrical sonotrodes). How-
ver, in the case of the plate sonotrode the cavitation events are
pread over a larger area and cavitation may  be sustained in a more
table way (more bubbles oscillate than collapse).

In the case of the liquid aluminum alloy in Fig. 3c, the acoustic
pectrum shows the same main features and the spectra obtained
n water. There are subharmonics and prominent ultraharmon-
cs indicative of cavitation development. The noise level is higher
han in water (−40 dBu, which is 100 times larger than −60 dBu
n the case of the plate in water, as the dBu scale is logarithmic),

hich may  mean more cavitation activity and acoustic pressure.
his is because of the higher values of physical parameters of the
luminum melt compared to water, i.e., density, viscosity, surface
ension, which may  result in more cavitation activity and acoustic
ressure.

The intensity of acoustic signal can be recalculated to root
ean square (RMS) acoustic pressure as shown in Fig. 4. The
easurements were taken at equal distances along the plate longi-

udinal axis, but not in the exact locations of nodes or antinodes as
hose may  shift under loading with liquid aluminum as compared
ith those determined experimentally in air or water. The mea-

ured acoustic pressure represents a volume and time averaged
alue and does not vary much with the position of the measure-
ent.

The measured pressure values are in a good agreement with

he acoustic pressures at about 3 cm from the tip of a cylindri-
al sonotrode working in a crucible filled with molten aluminum
nd excited by the same magnetostrictive device (Tzanakis et al.,
rator power 3.5 kW,  17.15 kHz, amplitude at the cylindrical concentrator/sonotrode
ics (nf0/p), where n and p are integers.

2015b). The reason for relatively low values of acoustic pressure is
due to the attenuation of the acoustic signals received by the cavit-
ometer as the sound travels from the active cavitation zone to the
tip of the cavitometer.

Assuming that inside the crucible where only the cylindrical
sonotrode was operating at full power the cavitation phenomena
were developed (as can be justified by the noise produced and the
spectrum analysis, and other phenomena such as degassing (Eskin
et al., 2015)); the acoustic emissions at similar to the “crucible” lev-
els should imply that cavitation activity is also taking place in the
degassing chamber with the plate sonorode.

Fig. 4 also shows a definite effect of melt temperature on the
ultrasound emission intensity with larger acoustic pressure mea-
sured at lower temperatures. Specifically, acoustic pressures are
about two  times higher on average while increasing up to five
times toward the end of the plate. An explanation can be found in
the fact that when molten Al approaches its liquidus temperature,
hydrogen that is dissolved in the melt is released so more bub-
bles are initiated giving more cavitation collapsing events. It is the
same mechanism as in water (albeit with the temperature increase)
when a higher temperature makes the formation of air bubbles
easier due to higher levels of vapor pressure. This is particularly
pronounced at the end of the plate where due to the geometri-
cal features of the equipment the amplitude is higher forcing the
bubbles to collapse more frequently.

After confirming that the cavitation conditions are met  by the
suggested scheme of ultrasonication, the experiments for melt
degassing were performed.
3.3. Ultrasonic degassing of aluminum melt

The ultrasonic degassing was  first tried in a batch operation
where a compartment similar in size to the degassing chamber



D.G. Eskin et al. / Journal of Materials Processing Technology 222 (2015) 148–154 153

Fig. 4. Characterization of the RMS  acoustic pressure field inside the degassing chamber with a liquid A356 alloy generated by the Ti plate sonotrode at various positions
of  the cavitometer along the plate surface (from the bend toward the edge (see Fig. 1): (a) data for 720–700 ◦C and (b) data for 690–670 ◦C. The average point is for 30
measurements with their standard deviation values illustrated by the extended bars.

Table 2
Results of ultrasonic degassing in batch operation using different methods of ultrasonication.

Degassing method Ambient
humidity (%)

Density index before
degassing (%)

Density index after
degassing (%)

H2 (cm3/100 g) before
degassing

H2 (cm3/100 g) after
degassing

Degassing
efficiency (%)

Natural 67 15.7 16.3 0.22 0.23 −4.5
Natural 81 20.2 20.0 0.36 0.35 2.8
Cylindrical sonotrode 67 20.3 14.7 0.36 0.195 45.8
Cylindrical sonotrode 67 14.9 7.3 0.2 0.1 50
Plate  sonotrodea 64 24.5 7.4 0.53 0.09 83
Plate  sonotrode 67 22.45 9.24 0.44 0.11 75
Plate  sonotrode 81 19.0 7.25 0.31 0.09 70.9
Plate  sonotrodea 81 27.3 13.7 0.66 0.17 74.2

a Melt temperature in the furnace was 800 ◦C.

Table 3
Results of ultrasonic degassing using the plate sonotrode in the melt flow.

Amount of melt degassed (kg) Ambient
humidity (%)

Density index before
degassing (%)

Density index after
degassing

H2 before degassing
(cm3/100 g)

H2 after degassing
(cm3/100 g)

Degassing
efficiency (%)

18 (no sonication) 60 17.2 17.8 0.26 0.28 −7.7
18  61 17.3 12.1 0.26 0.15 42.3
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18  86 22 15.7
25  65 22.9 15.5

as used. In this case the comparison was made between the
ylindrical sonotrode submerged from the top of the melt (conven-
ional scheme of degassing) and the plate sonotrode located in the
ower third of the melt volume. The treated melt weight was  5.7 kg,

elt temperature 750 ◦C (if not mentioned otherwise), sonication
ime 2 min  and resting time 4 min. The results are shown in Table 2
n comparison with “natural” degassing, when the same amount of

elt was staying in the same vessel for the same amount of time
6 min), with the submerged but idle plate sonotrode. This experi-

ent was performed to avoid confusion with some statements that
atural degassing can be as efficient as forced degassing (Campbell,
993). Note that in our experiments natural degassing does not pro-
uced any significant decrease in the hydrogen concentration, and
an actually result in some hydrogen pick-up from the atmosphere.

These results confirmed our initial idea that the larger surface
rea of the plate sonotrode that emits cavitation bubbles in sev-
ral locations and directs them upwards in the melt, increases
he efficiency of ultrasonic degassing. In the performed experi-

ents the efficiency of degassing with the plate sonotrode was
bout 25% greater than with the cylindrical sonotrode (about 50%
mprovement). One can also see that the increased ambient humid-

ty and melt temperature, although change the hydrogen solubility,
o not affect significantly the efficiency of ultrasonic degassing. A
light improvement of degassing efficiency (but not the final hydro-
en concentration) for the melt superheated to 800 ◦C is related
0.42 0.22 47.6
0.46 0.21 54.3

to a higher starting concentration of hydrogen, due to the higher
hydrogen solubility at the higher temperature. It is known that the
efficiency of the ultrasonic degassing is the higher, the greater the
initial hydrogen concentration is (Eskin and Eskin, 2014).

Next, the plate sonotrode was used for ultrasonic degassing in
the melt flow according to the scheme shown in Fig. 1a. The melt
flow rate was 3.3 kg/min, which allowed the melt to have about
2 min  of residence time in the degassing chamber. The amount of
the melt in the degassing chamber was similar to the batch opera-
tion, whereas the total amount of degassed metal was  either 18 or
25 kg. The results are given in Table 3.

The degassing performance of the plate sonotrode is quite good,
allowing for about 50% of degassing efficiency, which is quite
acceptable by industrial standards.

Further research is needed on the optimization of the melt flow
and geometry of the plate sonotrode (thickness, shape, length),
which will allow upscaling of this laboratory trials to the pilot scale.

4. Conclusions
(1) A new scheme of ultrasonic melt processing with a plate
sonotrode was studied using acoustic measurements in water
and a liquid aluminum alloy, and during aluminum melt
degassing experiments.
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2) The experimental results on flexural wave propagation in the
plate agree well with analytical assessment. The measured
null-to-peak amplitudes 18–25 �m at a frequency of 17.15 kHz
should be sufficient for developed cavitation in a liquid phase,
which is confirmed by the cavitation damage of an aluminum
foil in water.

3) Acoustic measurements of frequency spectra and acoustic
pressures show that the suggested scheme allows for the cav-
itation of the liquid phase (water or Al melt) under conditions
favoring stable cavitation.

4) The feasibility of using the suggested scheme for continuous
ultrasonic melt degassing in the flow is clearly demonstrated
with the achieved degassing efficiency of 50% (75% for batch
operation).
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