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Featured Application: The presented work considers the ultrasonic atomization as a novel ap-
proach for metal and metal alloy powder manufacturing.

Abstract: The article presents the results of the development works and research on the atomization
process carried out using two prototype high-power ultrasonic systems. Ultrasonic systems have
been designed to develop a new metal powder production process; these materials are increasingly
used in modern manufacturing processes such as additive technologies or spraying and surfacing
processes. The preliminary studies presented in the article were conducted for water to assess the
effectiveness of both systems and to verify the theoretical and structural assumptions. In ultrasonic
atomization, the ultrasonic wave causes the phenomenon of cavitation, which leads to the overcoming
of the surface tension forces of the liquid and its disintegration into fine droplets. The important
parameters that affect the properties of the produced droplets include, among others, the frequency
of the sonotrode vibrations and the amplitude of the vibrations of the working plate. As part of the
research, the paper presents the process of selecting the sonotrode geometry for two different values
of the transducer’s natural frequencies (20 kHz and 70 kHz). In the design process, the finite element
method was used to perform a harmonic analysis and develop the geometry of the sonotrode and the
working plate. The design assumptions and the design process were presented. The modeled and
then ultrasonic waveguides were verified experimentally by measuring the deflection distribution on
the working plate surface using a high-precision laser displacement sensor. Then, the work ultimately
resulted in conducting atomization tests of water. The obtained aerosols and the mechanism of their
formation were studied using a high-speed camera. Finally, using Matlab R2020a software and image
analysis scripts, it was possible to analyze the droplet size distribution generated by both systems. It
was observed that 50% of the produced droplets were in the range of 35-55 um for a 20 kHz system,
while for a 70 kHz system it was 10-25 um, which is a very satisfying distribution in terms of metal
powder atomization.

Keywords: ultrasound; atomization; ultrasonic atomization; metal powder; sonotrode

1. Introduction

Ultrasonic (UT) atomization is a phenomenon involving the disintegration of droplets
or a stream of liquid and the formation of an aerosol under the influence of ultrasonic
waves, including high-power ones. Ultrasonic atomization, like other atomization methods,
uses the energy supplied by an external medium to disintegrate a liquid as a result of
bringing it out of a stable state [1]. In this characteristic atomization method, energy is
carried by ultrasonic waves, which cause an increase in pressure in the droplets of liquid
located on the surface of the sonotrode [2]. When the critical value is exceeded, the liquid
breaks down into very fine droplets. Ultrasonic atomization has found its application
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in medicine as a method of administering inhaled drugs (inhalation support) and the
production of medicines and chemistry—for the separation of fractions with different
properties and mechanics—for example for the production of protective coatings [2—4]. It
should be emphasized that the phenomenon of ultrasonic atomization of liquids is well
understood. However, its practical application is limited to typical liquids such as aqueous
solutions, alcohols or fats.

Recently, ultrasonic atomizers have also been considered as a novel approach for metal
and metal alloy powder production. The idea assumes that the ultrasonic vibrations are
used to disintegrate the molten metal and create fine metal or metal alloy droplets, which
later, after the solidification, form fine and spherical powder particles. Such materials are
usually produced by other atomization processes, with gas, water and plasma atomization
considered as state-of-art technologies. Ultrasonic atomization cannot replace typical indus-
trial, large-volume atomization processes, but can be an interesting alternative in the case
of the development, laboratory-scale or on-demand production, especially of rare or high-
quality powder materials. Ultrasonically induced atomization process has a few significant
advantages, mainly stable and predictable dependences between the operating parameters
and vibration characteristics, atomization rate or droplet diameter [5,6]. Furthermore, UT
atomization is known to produce very narrow droplet size distribution, so this may allow
producing powders tailored for specific manufacturing processes and limit the material
losses. In terms of metal powder production, it is also important that the process can be op-
erated in a small chamber, consuming much less energy, gas or other media when compared
to other atomization methods. It was demonstrated in the literature that the ultrasonic
atomization was already laboratory-tested for the production of various advanced metal
alloys or even composite materials, including: aluminum matrix composites (AMCs) [7];
Zr-based metallic glass [8]; refractory Mo-Si-Ti alloys [9]; stainless steel [10,11]; lightweight
and low-melting-point alloys, like Al-Cu- [12], Al-Si- [13] or Bi-based alloys [14].

This work presents the first stage of the ultrasonic atomization technology develop-
ment, dedicated to metal powder production. The designing and experimental verification
of two high-power ultrasonic set-ups, operating at 20 kHz and 70 kHz, are shown here.
The UT atomization capabilities of both set-ups were measured by a precise displacement
sensor and then observed with a high-speed camera when the disks were loaded with
water. The distribution of atomized water droplets, depending on the operating frequency,
was also analyzed. The ultrasonic waveguides were designed to have atomizing disks with
the diameters of 140 mm, so they can effectively work later with different melting set-ups
and the atomization may be done effectively over a large surface. Up to the knowledge of
authors, such UT systems were not tested yet in the context of metal powder production.

2. Ultrasonic Atomization Phenomena

The physical mechanism of the phenomenon that causes the atomization effect is
broadly studied by many scientific centers and described through various mathematical
models [15]. According to one of the hypotheses presented by Lierke [16], the phenomenon
of atomization of liquid metals occurs as a result of the formation of surface waves in the
liquid metal layer. A large amplitude of vibration overcomes the surface tension forces and
detaches the droplets (Figure 1).

In many publications, e.g., [11,17-19], ultrasonic atomization of various liquids is
described as an effect of cavitation phenomenon. High-power vibrations cause creation
of the so-called cavitation bubbles. They break the surface tension of the liquid, allowing
its atomization when it comes in contact with the surface of the sonotrode’s working
(vibrating) element [11,17-19]. Depending on the process parameters, with the operating
frequency as one of the most important one (see Figure 1), but also the kind of a liquid,
it is possible to obtain droplets of various sizes and shapes. In the case of metal powder
materials, the aim is to obtain powders with a spheroidal geometry and a narrow particle
size distribution. This is the most influenced by two parameters of the ultrasonic system,
i.e., the frequency and amplitude of the working tool vibrations. In addition, in this case,
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the physical properties of the liquid metal, such as viscosity, surface tension, temperature
and others, are important [18].

) R 070k

Figure 1. Diagram of the phenomenon of atomization of liquids: (a) a droplet on the surface of the
plate, (b) formation of the capillary waves depending e.g., on the operating frequency, and (c) the
appearance of liquid droplets in the atomization process (where the higher frequency should cause
the release of finer droplets).

According to the literature [17], the amplitude of vibrations should exceed a certain
threshold value to initiate the atomization process. This level can be calculated using

Equation (1) [17]
_ 2P
Am - p no_f 7 (1)

where: A;,—threshold value of the amplitude [um], y—dynamic viscosity [Pa*s], p—liquid
density [kg/m?], c—surface tension [N/m] and f—vibrations frequency [Hz].

On the ultrasonic system side, the vibration amplitude of the ultrasonic transducer
can be adjusted by converting the excitation voltage value [17,19,20]. In addition, according
to the assumptions of the surface wave model, increasing the frequency of the transducer’s
vibrations results in the formation of smaller droplets. This phenomenon is described by

Equation (2) [11,17]
8o
d=0343 —, 2)
\/ of?

where: d—droplets diameter [pm], c—surface tension [N/m], p—metal density [kg/ m?]
and f—vibrations frequency [Hz].

It can be found in the literature that the increase in the temperature of a liquid metal
causes a decrease in particle size due to e.g., reduction of its surface tension [19]. In addition,
the atomization process of liquid metals can be carried out in a protective atmosphere of
argon, nitrogen or in the vacuum, which leads to the formation of spheroidal particles. The
small presence of oxygen during the process usually leads to deviations of the particle
geometry from the nodular shape [18,19].

Taking into account the above equations and literature data on material properties, it
is possible to analytically determine the amplitude threshold values and droplet diameters
for the two selected media, i.e., liquid metal and water. The material data, as well as the
calculated values, are presented in Table 1 [21].
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Table 1. Material properties [21] and calculated values of amplitude threshold and droplet diameter.

. Surface Dynamic A d A d
Density . : .
Medium 0 Tension Viscosity (Frequency (Frequency (Frequency (Frequency
[ke/m?] o i 20 kHz) 20 kHz) 70 kHz) 70 kHz)
& [N/m] [mPa*s] [um] [um] [um] [um]
Water 1000 0.07 1.0016 1.223 55.70 0.805 24.16
Liquid metal 7220 1.872 5.443 0.595 86.15 0.392 37.37
3. Materials and Methods
3.1. Ultrasonic Atomization Set-Up Idea
The target atomization system consists of: melting system and ultrasonic system
closed in a working chamber but also control system, ultrasonic generator, cooling systems,
diagnostics, etc. However, the design phase began with two key components, i.e., the melt-
ing system and the ultrasonic atomization system. The idea of combining both components
was presented schematically in Figure 2.
Melting Induction, tundish or arc
system melting possible -> you can
adapt for specific metals
Arc melting->
melting of two wires at
once, may be dissimilar
Arc melting -> Highly spherical,
preliminary atomization by defect- free
= and fine
metal powders
Ultrasonic  Control over powder particle
atomization size distribution
system

Stable atomization process,
controllable

Low energy consumption and

= c
e =
33
5“‘
= S
o-l
=ﬁ

miniaturization

Figure 2. The idea of an ultrasonic atomization set-up for metal powders production.

The most important part and the ‘hearth’ of the ultrasonic atomization system was the
ultrasonic waveguide. Two UT systems working with different frequencies were assumed
here, 20 kHz and 70 kHz, due to the significant impact of this parameter on the size of the
resulting droplet of atomized metal [15], which was also discussed in the previous chapter.
In addition, it should be noted that with an increase in frequency, it is more difficult to
achieve a high amplitude of vibrations and an even distribution of amplitude on the surface
of the working plate. For this reason, 70 kHz was adopted as the maximum frequency. The
design process took into account the mechanical characteristics of the sonotrode materials,
considering its shape-dimensional relationships and possible temperature changes during
the process (temperature increase induced by the molten metal). As a power transducer,
the use of a Langevin type transducer is assumed to obtain the required amplitude of
vibrations on the surface of the sonotrode’s working plate.

The second parameter was the size of the vibrating plate, which is supposed to have
direct contact with the stream of the molten metal. The Twin-Wire Arc Spraying (TWAS)
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process was considered here as a method of melting the wire feedstock materials by an
electric arc. The melting process has mainly been studied in terms of controlling the
geometry and direction of the liquid material stream, based on the preselection of TWAS
process parameters, i.e., working gas pressure [bar], wire feed speed [m/min], intensity
[A] and arc voltage [V], and others. The melting process was also investigated and verified
in terms of in-light temperature and in-flight velocity of the melted material as a function
of the stand-off distance between the torch head and the potential working plate surface.

The molten stream of particles should hit the surface of the working plate coupled to
the ultrasonic power transducer. To determine the diameter of the plate, the distance at
which the working plate should be mounted relative to the melting system is extremely
important. It is affected primarily by the angle of convergence of the stream, the velocity of
the particles in the stream, and the temperature of the particles over different distances,
and has been validated to be between 100 mm and 300 mm (Figure 3). It was assumed
that the diameter of the working plate should cover as much of the melted material stream
as possible to improve the process efficiency. The working plate should at the same time
maintain a high amplitude and uniform distribution of vibrations, so the homogeneous
powders may be produced. Finally, the range of the considered diameters of the vibrating
plate was 60 to 190 mm.

Figure 3. The view of the geometry of the arc melted metal stream: (a) lower (3 bars) and (b) higher
(5 bars) working gas pressure.

3.2. Ultrasonic Waveguide Design Assumptions

The process of designing an ultrasonic tool (sonotrode) dedicated to the atomization
of metals was carried out using the harmonic analysis with the finite element method
(FEM). As the main design assumption, it was assumed that the basic self-vibration mode
would be longitudinal vibrations of the sonotrode propagating as a transverse wave along
the radius of the plate. The nominal frequency of the designed sonotrodes is 20 kHz and
70 kHz. The concepts of the two tool designs are presented below (Figure 4).
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Figure 4. The concepts of the oscillating systems for atomization: (a) 20 kHz system, (b) 70 kHz
system, all dimensions are given in mm.

4. Results and Discussion
4.1. Numerical Modelling

In the first design phase, both components (plate and sonotrode) were analyzed and
optimized separately to obtain the appropriate vibration mode at the assumed resonant
frequency of 20 kHz. This simplified the design process using a modal analysis. After
obtaining satisfactory results, in the next step, the tool elements were assembled and the the
entire sonotrode assembly was analyzed using a harmonic analysis. These studies allowed
us to determine the predicted distribution of vibration amplitude on the working surface of
the sonotrode and determine the area with the highest amplitude of vibrations. It was also
possible to determine the maximum stresses that occur in the material during operation.
The harmonic analysis was carried out under conditions of forced vibrations in the contact
area within the following components of the waveguide.

Four models were analyzed, differing in the size of the working plate. The diameters
of the plate were determined by the standing wavelength formed in the plate during
resonance (~20 kHz). They were selected so that the smallest plate has one nodal point
(with zero amplitude) and a diameter of 60 mm (Figure 5a). The larger plate, two-node
one had a diameter of 108 mm (Figure 5b), the three-node plate had a diameter of 140 mm
(Figure 5c) and the biggest, the four-node plate, had a diameter of 190 mm (Figure 5d). The
calculations consisted of a modal analysis, necessary to design the appropriate geometry of
the plate, and a harmonic analysis to determine the amplitudes of vibrations of the system.
For all cases, the same sonotrode forcing (sinusoidal pressure with an amplitude of 50 MPa,
which is the acceptable value for most types of materials) was used. In this way, it was
possible to compare the effectiveness of the studied types of sonotrodes.

The vibration amplitudes at selected points of the plates are listed below:

e  The maximum amplitudes of the single-node plate deflections in the deflection arrows,
analyzed perpendicularly to the plate surface (57.3 um, 44.5 pm)

e  Maximum deflection amplitudes of a two-node plate in deflection arrows, analyzed
perpendicularly to the plate surface (50.4 pm, 22.3 pm, 27.1 um)

e  Maximum deflection amplitudes of the three-node plate in the deflection, analyzed
perpendicularly to the plate surface (36.9 pm, 32.5 pm, 22.0 um, 27.7 um)
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e Maximum deflection amplitudes of the four-node plate in the deflection arrows,
analyzed perpendicularly to the plate surface (32.1 um, 26.3 pm, 19.2 pum, 14.7 um,
17.3 um)

ANSYS

2020 R1

ANSYS

2020 R1

ANSYS

2020 R1 2020 R1

0.060 (m)

Figure 5. Sonotrode deformation at 20 kHz resonant frequency: (a) single-node, (b) two-node,
(c) three-node and (d) four-node.

Due to the predicted diameter of the melted metal stream by the TWAS process (in
the range of 80-130 mm for the pre-defined stand-off distances of 100 to 300 mm), the
smallest plates, with diameters of 60 mm and 108 mm, seem to be insufficient. However,
they provide the highest level of amplitude (in the central part of the plate >50 um), which
could have a significant impact on atomization efficiency. The sonotrode with a 190 mm
working plate is sufficient for the assumed atomization conditions and the diameter of
the melt stream, but it has the lowest amplitudes of the plate’s deflections. Therefore, the
selected solution here is a plate with a diameter of 140 mm. It meets both geometrical
requirements, and provides a relatively high vibration amplitude of the plate surface.

Taking into account the above conclusions, the calculations for a sonotrode with a
natural frequency of 70 kHz were carried out for one diameter only, of 140 mm. This was
also intended choice, giving a possibility of comparing both systems in future, in terms of
properties of the obtained powders.

The results of the calculation of the vibration distribution of the plate are shown below
(Figure 6). As can be seen, a higher vibration frequency (70 kHz) results in more nodes
and arrows of the deflection of the plate. This increases the probability of a metal particle
hitting the vibrating area of the plate, which can positively affect the homogeneity of the
resulting powders and the efficiency of the process.
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Figure 6. Distribution of vibration amplitudes with vibrations forced at a frequency of 70 kHz.

The presented forms of vibrations of the designed system confirm that it is properly
tuned, and the distribution of vibrations on the surface of the plate is uniform around its
entire circumference. The plate vibrates properly, without visible parasitic modes, which
confirms that the elements of the oscillating system cooperate well with each other and
do not introduce significant energy losses. The vibration amplitudes at selected points of
the plate in the direction perpendicular to its surface are 18.1 um; 7.7 um; 6.0 um; 5.0 pm;
5.5 um; 3.5 um; and 5.5 pm.

4.2. Working Plate Deflection Measurements

In order to verify the model and confirm the amplitude distribution on the surface of
the sonotrode plate, measurements of the amplitude of vibrations on its surface were con-
ducted. Due to the fact that sonotrodes are solids with rotational symmetry, the amplitude
study was carried out at a series of points along the radius of the plate with a measuring
step of 0.5 mm.

The ultrasonic transducers (20 kHz and 70 kHz) were tested together with mounted
plates, each having a diameter of 140 mm. The ultrasonic waveguides were installed on a
measuring table (Figure 7, as an example of 70 kHz set-up). The Keyence LK-HO008 laser
displacement sensor was directed at the surface of the sonotrode. It was moved along the
plate by a precise micrometer screw.

Figure 7. The measurement stand for testing the amplitude of the sonotrode vibrations.
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Measurements were made cyclically by moving the optical sensor away from the axis
of the sonotrode. At each point, the measurement was made four times by changing the
generator amplitude setting. For the purpose of testing the 20 kHz system, amplitudes at
four levels of 10%, 20%, 30% and 40% of the range were used, while for the 70 kHz system,
60%, 70%, 80% and 90% settings were used, whereas 100% of the energization corresponds
to a maximum value of 1.8 kV supply voltage for a 20 kHz transducer and 300 V for
a 70 kHz transducer. The obtained results are presented on a graph of the amplitude
distribution depending on the distance from the center of the plate (Figure 8).

40
Disc radius [mm)]

=
@
o
S
=
S
£
<

Disc radius [mm]

Figure 8. Amplitude distribution depending on the distance from the axis of the plate: (a) for the
20 kHz system and (b) for the 70 kHz system.

The results of numerical calculations and those obtained experimentally show a good
correspondence. This mainly concerns the distribution of the amplitude of vibrations
along the radius of the plate, in particular the position of the maxima and minima of the
amplitude of the standing wave.
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The amplitude values of the FEM model compared to those measured on the real
object turned out to be lower. The differences result from the heterogeneity of material
properties and the necessary approximations of the finite element method. In addition,
the system was not powered by the maximum possible power (only 40% for the 20 kHz
system) due to the lack of liquid load for atomization. A further increase in power without
loading the system would risk damaging it. This does not change the fact that the study
clearly confirmed the proper nature of vibrations of both sonotrodes, which was the most
important goal of this experiment.

In addition, the results obtained from analytical calculations show that the amplitude
of vibrations required to produce the atomization process is relatively small compared to the
amplitude values obtained in the arrows (maxima) on the surface of the plate. Analyzing
the vibration amplitude distribution for both vibration systems (20 kHz and 70 kHz), it
can be seen that over 90% of the plate surface meets the theoretical amplitude condition,
ie.,, Am > 1.223 um for 20 kHz and Am > 0.805 um for 70 kHz for water (Table 1). For
liquid metals, the required amplitudes have a mixed value, respectively, Am > 0.595 um
for 20 kHz and Am > 0.392 pm for 70 kHz, which confirms the suitability of both systems
for atomization.

4.3. Observation of Ultrasonic Atomization of Water by High-Speed Camera

Verification of the operation of both ultrasonic systems was also made by the trials
oriented at the atomization of distilled water on the surface of the sonotrode. The selection
of water for the initial trials was done for two reasons: (i) ease and safety with its application;
but also due to (ii) its lower acoustic impedance when compared to liquid metals. For
this reason, if the atomization phenomenon can be effectively induced for water, the more
probable that it will occur for liquid metals or metal alloys. The atomization processes
were observed with the Phantom v12 high-speed camera. The frequency of registration
of the atomization process of the droplet on the sonotrode plate was always higher than
the frequency of vibrations of the plate: 22,000 fps for 20 kHz system and 72,000 fps for
70 kHz one. The images were recorded using a PC, connected via Ethernet interface and
dedicated software (Phantom Camera Control 3.7). The test site of the atomization area
was illuminated by a special reflector with a power of 5 kW. A dedicated image analysis
tool allowed determining the time of individual stages of atomization and the particle
size distribution of liquids after atomization for various process parameters. During the
research, two vibration systems (20 kHz and 70 kHz) were used. For each, the power of the
system was changed, and it was checked how the atomization proceeded at selected points
on the plate. These points were selected on the basis of vibration amplitude measurements,
and it was decided to investigate the phenomenon of droplet atomization both for arrows
(amplitude maxima) and for nodes (amplitude minima). Below, the results of atomization
tests recorded with a high-speed camera (Figure 9) are presented. The water droplet was
placed in the center of the plate, and after 22 us of its exposition to ultrasonic waves the
phenomenon of cavitation occurs. After another 22 s, fine droplets start to be released,
while in 66 ps from when the UT system is switched on, the droplet completely explodes,
which is accompanied by the phenomenon of the so-called ultrasonic fountain.

Figure 10 shows the individual frames obtained for the 70 kHz system. It can be
clearly seen that the time from the moment of switching on the system to the moment of
cavitation is twice as long. This is due to the characteristics of the 70 kHz system itself,
which cannot be fine-tuned prior it is switched on. So, the delay is caused by tuning the
system when turned on. However, from the moment of observing cavitation in a droplet
of water (Figure 10b) to the time of triggering the phenomenon of the ultrasonic fountain
(Figure 10d) about 44 pus have passed.
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Figure 9. Atomization of a liquid droplet on the plate of a vibrating system with a resonant frequency
of 20 kHz.

Figure 10. Atomization of a liquid droplet on a plate of the system with a resonant frequency of
70 kHz.
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Selected photos of the process of atomization of water droplets on a macro scale are
presented in Figure 11a,b and on the micro scale in Figure 11c,d. Macro photos show a
fountain of liquid as a whole, and micro photos allow observing only selected fragments of
a column of atomized droplets, but with a much higher resolution. They were recorded
from a shorter distance, thanks to which it is possible to analyze the morphology of the
droplets and make a histogram of the distribution of their size.

Figure 11. Droplet distribution for 20 kHz (a,c) and 70 kHz (b,d).

The analysis of images obtained from the high-speed camera was carried out in several
key stages. In the first one, the single frames were selected for which the atomization process
was stable, i.e., in the subsequent moments of registration, the particle size was comparable
(Figure 12).

Then, it was necessary to extract the area of atomized particles from the image so
that the external objects would not interfere with the post-analysis process. The areas
representing the surface of the sonotrode and the liquid covering it, which has not yet been
completely atomized, were removed (Figure 12d).

The next step was to adjust the background (Figure 13). For this purpose, a median
filter was used to remove random peaks and a low-pass (averaging) filter was used to
extract the background. This is achieved by using a filter mask the size of which (in pixels)
exceeds the size of the largest droplet, which leads to the removal of droplets from the
image and averaging the background. The background thus extracted was subtracted from
the original image and the image was ready for the threshold process. The threshold value
was chosen so that the image after binarization only took into account droplets without
the background.
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Figure 12. Selection of images for the analysis (a) 0 us, (b) 80 us, (c) 120 ps, (d) extracted fragment.
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Figure 13. Image background extraction and alignment.

After image binarization, the “regionprops” function of the Matlab image pressing
package was used. This function returns the results of measurements of objects in a black
and white binary image. It allows determining the x and y coordinates of the detected
regions and their equivalent diameter. This function finds unique objects in a binary
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image using 8-connected ‘neighboring’ regions of pixels (oriented horizontally, vertically or
diagonally) for 2-D images. So, the pixels are considered as a part of the same object if their
edges or corners are connected. The exemplary results for 70 kHz ultrasonic atomization
set-up are shown in Figure 14.

Figure 14. Droplets detection: (a) gray scale image, (b) image after binarization, (c) image with
recognized regions (marked with the red circles) and (d) verification of the image processing.

In the next step, the droplet size distribution results were obtained and compared. A
histogram showing the comparison of results obtained for 20 kHz and 70 kHz transducers
is presented in Figure 15.
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Figure 15. Comparison of droplet size distribution for 20 kHz and 70 kHz.
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It can be clearly seen that for a 20 kHz transducer, particles of 35 pm dominate, and at
least 50% of the produced particles are in the range of 35-55 um. It should be noted that
this result corresponds to the average droplet size calculated analytically (2), i.e., 55 um.
In the case of a 70 kHz transducer, a clear decrease in particle size can be seen. The
size of 10 um dominates, and at least 50% of the particles are in the range of 10-25 um.
The analytically calculated size is 24 um for 70 kHz transducer frequency. Moreover,
the results obtained experimentally for both 20 kHz and 70 kHz systems correspond
well to the results that can be found in the literature, as calculated in a range of 20 to
100 kHz by Sarkovic and Babovic [22], numerically analyzed in a range of 50 to 200 kHz by
Sugondo et al. [23] or experimentally tested for 35 kHz ultrasonic system by Panao [24]. In
turn, the analytically calculated values for liquid metal are 86 um for 20 kHz and 37 pum for
70 kHz, respectively. The obtained results allow concluding that for liquid metals, the size
of the obtained particles will be about 30-40% higher than for water, for both considered
oscillating systems; that would be a very positive desired outcome. The current interest
in metal powders and metal alloys, due to the characteristics of modern manufacturing
technologies, mainly concerns materials in the range of 10-100 pm [25,26].

5. Conclusions

The article presents an analysis of the operation of two ultrasonic systems with differ-
ent operating frequencies (20 kHz and 70 kHz). All stages of the design of these systems
(FEM calculations, harmonic analysis and obtained forms of vibrations) are presented in
this work. After the manufacturing of both ultrasonic systems, the results of sonotrode
deflection measurements are presented. This allowed us to verify and confirm the correct-
ness of the designing process and construction. By comparing the expected amplitude
distribution in the numerical model to the experimental results, it can be concluded that
the assumptions to the model, as well as the calculation process, was correct.

The functional tests of both devices were carried out for different operating parameters
(amplitude of voltage powering the sonotrode). The atomization process of the distilled
water was recorded with a high-speed camera, which allowed us to confirm that the
frequency of the transducer significantly affects the size of the atomized droplets. However,
both systems proved to be highly effective in terms of atomization. In addition, it can be
noted that:

e FEM simulation results and experimental measurements show a very similar distri-
bution of vibration amplitude, especially when comparing the range of maxima and
minima of the standing wave for both working plates.

e  The calculated minimum vibration amplitude thresholds required to initiate the atom-
ization process were reached for both developed ultrasonic atomization systems for
more than 90% of the surface, in both set-ups (20 kHz and 70 kHz).

e  The size of the atomized water droplets during the tests indicates that the 20 kHz
system generates droplets in the range of 10-25 um and the 70 kHz system in the
range of 35-55 pm.

e  The obtained results of the morphological analysis are in agreement with the results of
the analytical calculations. The lower droplet diameters were obtained for individual
systems experimentally when compared to those calculated analytically. However, the
mutual trend is maintained, i.e., for a system with a higher frequency, the droplets
have on average an over 50% smaller diameter.

The obtained results confirm the effectiveness of the developed atomization system
for water, and according to the calculations, the systems should allow production of metal
powder particles with a desired size distribution. In further research, the developed
ultrasonic atomization systems will be loaded with a stream of molten metal droplets to
see if the atomization can be still effectively performed.
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