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Ultrasonic atomization is one of the promising technologies for producing metal powders for additive
manufacturing, where precise control of particle size and morphology is essential. In this study, we coupled an
ultrasonic transducer with a carbon fiber plate and atomized liquid droplets and films under different vibration
amplitudes. Water, glycerol, and pure aluminum melt were used to study the atomization mechanism and the
resulting droplet/powder characteristics, respectively. High-speed optical and ultrafast synchrotron X-ray im-
aging were used to study in situ the ultrasonic atomization dynamics, including pulsation and clustering of
cavities inside the liquid layer/films, development of capillary waves, and formation of liquid droplets. For the
first time, we observed and captured the occurrence of cavitation during the atomization of resting drops, films
and impact droplets. The inertial cavitation events interfered with the capillary waves across the interphase
boundary, puncturing and breaking the boundary to produce atomized mist. The in situ observation revealed the
intricate dynamics of ultrasonic atomization and underscored the pivotal role of cavitation events throughout the
entire atomization process. We also conducted experiments on ultrasonic atomization of liquid aluminum,
producing particles of perfectly spherical shape. The particle size tended to decrease with reduced vibration
amplitude Our work has demonstrated the important processing strategies on how to tailor the particle size while
ensuring consistent particle shape and morphology, which is the key processing capability for producing high
quality powders for additive manufacturing applications.

1. Introduction powders play a crucial role in precision AM, and their property and

quality profoundly impact the process performance as well as integrity

The transformative potential of additive manufacturing (AM) tech-
nologies is immense, offering advancements in reduced-waste, complex
net-shaped product development across diverse sectors such as aero-
space, automotive, medicine, and construction. However, achieving
superior material properties in AM products depends on the selection of
the material feedstock, e.g. wire, tape, or metal powders [1]. Metal
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and soundness of the final product [2-4]. Traditional methods, for
example, spraying and gas/water atomization are commonly employed
for metal powder production in AM processes [5]. However, these
methods often suffer from reliability and productivity issues due to in-
consistencies in powder properties, resulting in uneven energy absorp-
tion and rheological behavior during AM. Consequently, defects such as
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closed porosity, keyholes and inconsistent material properties (such as
grain texture, uneven composition, or phase distribution within the
material) arise, directly influencing the mechanical and functional
characteristics of the printed components. Particle size distribution,
shape, and surface properties are critical factors in controlling the
overall quality of AM components [4]. Hence, it becomes imperative to
obtain metal powders that are fine, uniform, spherical, and equally sized
for AM and powder metallurgy applications. This requires exploring
alternative approaches to produce such powders.

One potential candidate to overcome the aforementioned processing
barriers is the ultrasound-assisted melt atomization process [6-9]. This
innovative process utilizes ultrasonic vibration to propel tiny droplets
from a liquid layer [10,11] and demonstrates outstanding potential in
producing high quality powders for AM. Different to the gas-atomization
methodologies which is reliant on forceful gas purging through orifices,
ultrasonic atomization instead is driven by acoustic waves, triggering
the fragmentation of molten metal into fine droplets that promptly so-
lidify upon expulsion from the vibrant surface.

Ultrasound has been employed to produce a diverse range of micro-/
nano-sized powders, encompassing lightweight materials, i.e., Al-based
[7] and Mg-based alloys [12], and high melting point alloys such as
stainless steel [13] and Ti-based alloys [14]. The ultrasonic atomization
of low melting point alloys such as lead, tin, and zinc has shown
promising results in high yield, uniform, and spherical particles, offering
a degree of control over the final particle size distribution by varying the
operating frequency [6,9].

The AM of Al-based alloys has garnered substantial attention due to
their exceptional specific strength, lightness, stiffness, and machin-
ability. However, the continuous ultrasonic atomization of Al melts
needs sufficient ultrasonic vibration amplitude owing to its low density
and rapid oxidation of Al droplets when exposed to air and moisture.
Innovative strategies have been proposed, including ultrasonic-assisted
atomization of a molten salt-Al system [7], achieving the formation of
metal microspheres with a minimum diameter close to 15 pm.

Despite significant efforts made in studying the intricate mechanisms
of ultrasonic atomization, the atomization mechanism or hypothesis are
still under intensive debating [10,11,15-20] with three main theories.
The first theory delves into the emergence of capillary (Faraday) wave
ripples/patterns that form at the interface between the free liquid sur-
face/film and the surrounding air, triggered by the vibrating transducer
[21]. Faraday ripples, also known as Faraday waves, are standing wave
patterns that occur on the surface of a fluid subjected to vertical vibra-
tions. These ripples (structured pattern) emerge due to the interplay
between gravity, surface tension, and the periodic oscillations induced
by the vibrating surface. Atomization occurs when these capillary
(Faraday) wave patterns reach a critical amplitude, leading to instable
wave patterns that are further fragmented into an array of jets, thus
creating droplets [10,11,18,19,22-25]. The second theory considers
cavitation as the catalyst for atomization, whereby the implosions of
bubbles within the liquid rupture the liquid-air interface, producing the
droplets [15,18,26,27]. Under ultrasonic influence, cavitation occurs
when localized pressure in a liquid drop below its vapor pressure,
resulting in the formation and collapse of air/gas cavities. This phe-
nomenon is contingent upon surpassing a critical ultrasound amplitude,
known as the Blake threshold. The presence of a surface is also essential
for facilitating heterogeneous nucleation of air/gas cavities, contrib-
uting to enhanced cavitation activity. This theory, however, relies upon
the atomizer and the frequency employed (usually with frequencies and
transducer power rating greater than 100 kHz and 100 W, respectively).
The third theory, known as the conjunction theory or the
cavitation-wave theory, states that the periodic hydraulic shock waves
(SWs) arising from the collapse of bubbles lead to the formation of finite
amplitude capillary waves, which, in turn, break apart, yielding aerosol
droplets [28,29]. Although the presence of cavitation during ultrasonic
atomization process has been indirectly verified through sonolumi-
nescence [30], particle image velocimetry [31], dosimetry
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measurements using salicylic acid [32] and iodine irradiation [33],
direct visualization of cavitation during the ultrasonic atomization
process remains elusive in the current body of literature. To the best of
our knowledge, the only visual evidence of cavitation-induced atomi-
zation was observed in the liquid flow within microchannels coupled
with a transducer, rather than atomization on the direct attachment of a
horn/plate system [34].

In our work, we tackle this longstanding debate on the mechanisms
governing the ultrasonic atomization process. Using high-speed optical
and ultrafast X-ray imaging, we provide, for the first time, the direct
evidence that ultrasonic atomization emerges from the synergistic
interplay of capillary waves and acoustic cavitation, with the latter
serving as the driving and dominating force—a paradigm commonly
known as the conjunction theory. One of the promising ways to realize
the ultrasonic atomization of Al melts is by employing a vibrating plate
sonotrode [35,36], which has a larger surface area and is practically
applicable as opposed to the more commonly used ultrasonic horn [37].
However, resolving the intricate mechanism of this dynamic process
through real-time in situ imaging of molten aluminum poses significant
challenges, both in terms of feasibility and safety due to high tempera-
tures and reactivity. Here, we used water as a transparent analog as it
exhibits properties closely resembling those of liquid aluminum [38].
Glycerol as a liquid medium was also utilized for certain imaging con-
ditions to better resolve the atomization features that were not possible
in case of water. Through the utilization of high-speed optical and X-ray
imaging, we investigated the atomization mechanism and dynamics of a
single water droplet at rest on the vibrating plate, a liquid film, and
droplets impacting onto the vibrating plate and ultrasonic horn oper-
ating within the frequency range of 20-60 kHz. Direct observation of
internal structures and phenomena associated with droplet decomposi-
tion provided a clear insight into the process of ultrasonic atomization.
This study was then supported by the atomization of liquid aluminum
that offered implication and first-time insights of this technology in
producing uniform and high-quality aluminum powders.

2. Experimental methodology
2.1. High-speed optical imaging setup

A schematic representation of the experimental setup is shown in
Fig. 1. The ultrasonic transducer employed in this study was a
UIP500hdT from Hielscher Ultrasonics GmbH, operating at a frequency
of 20 kHz. The transducer offered variable displacement amplitudes,
ranging from 11.4 pm (20% input power) to 57 pm (100% input power).
To facilitate the experimental configuration, a carbon-fiber (CF) plate
supplied by Amazemet Ltd., with dimensions: a length (L) of 200 mm, a
width (W) of 40 mm, and a thickness (T) of 1 mm, was connected to the
waveguiding system of the transducer, in a cantilever setting at the
antinode point of the maximum amplitude. The selection of the CF plate
as the atomization platform is driven by its exceptional fatigue resis-
tance at elevated temperatures, attributed to its fibrous structure. When
compared to refractory metals, the CF plate exhibits prolonged dura-
bility in processes involving liquid metals under ultrasonic agitation.
Furthermore, its inherent wettable nature with liquid aluminum, espe-
cially under ultrasonic agitation, positions the CF plate as an ideal choice
for an atomization platform. Detailed explanation pertaining to its
operation and construction can be found elsewhere [39]. Table Al
shows the vibration amplitude of horn and plate sonotrode for different
input powers and transducer used in this study.

High-speed imaging was conducted using a FASTCAM SA-Z 2100 K
(Photron, Japan) camera with the image acquisition rate of 10-50 kHz,
which was determined to strike a balance between object tracking and
image resolution. Illumination was provided by a combination of a
multi-LED flash lamp (GS Vitec) and a high-power light source (Karl
Storz Power LED 175) positioned in front of the experimental setup. The
camera was equipped with a Navitar 0.5x lens attachment with a 12x
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Fig. 1. A schematic, showing the experimental setup for high-speed optical imaging of the ultrasonic atomization process.

zoom combination and a 2.0x adapter, providing a working distance of
165 mm and a maximum depth of field of 6 mm. To optimize image
quality, LED lights were directed towards the focal area parallel to the
CF plate. A white paper backdrop was used to enhance light reflection
from the background, resulting in improved illumination without
overexposure.

A contactless custom-made vibrometer (BSUIR) was employed to
record the dry CF plate amplitude along its surface. To mitigate any
damping effects caused by plate vibrations along its length, particularly
away from the sonotrode due to the cantilever effect, the atomization
recording area was situated closer to the plate connection with the
sonotrode. The plate amplitude was measured along both its length and
width in increments of 1 — 2 mm (see Fig. Al in Appendix), using a
translation stage. The measurements revealed a slight decrease in
amplitude along the length, while the distance between node and anti-
node locations remained constant. In contrast, the amplitude varied
across the width of the plate. The distance between consecutive anti-
nodes was ca. 12 mm along the length and about 20 mm across the
width. The amplitude measurement along the length (Fig. Ala) was
conducted across the centreline axis of the plate (see Fig. Alb). At the
ultrasonic frequency of 20 kHz, the null-to-peak amplitude of the CF
plate ranged from 6 pm to 16 pm at antinodes and from 2 pm to 8 pm at
nodes along the flexural length. For simplicity in describing the atomi-
zation mechanism, a 20% input power corresponding to an amplitude of
14 + 1 pm was selected unless explained otherwise. This amplitude was
determined to be sufficient for initiating the atomization process. For
some cases, glycerol as a liquid was also employed in the experiments.
The reason for selecting glycerol as the liquid medium was due to its
higher viscosity and larger surface tension, which contributed to
decelerating the atomization process. This choice further facilitated
detailed observations and analysis of the atomization dynamics due to
slower temporal changes compared to water under the same image
acquisition conditions. However, atomization of glycerol cannot occur
due to very low excitation amplitudes of the vibrating plate transducer.
Therefore, instead of using a vibrating plate as for water, a horn trans-
ducer with a diameter of 7 mm (UP 200 S Heilschler GmbH) operating at
a driving frequency of 24 kHz and having peak-to-peak amplitudes
ranging from 35 pm (20% input power) to 175 pm (100% input power)
was employed. This choice was deliberate as the horn transducer offered
a much higher ultrasonic amplitude, which was roughly three times the
amplitude of the plate for the same input power (20%), effectively
surpassing the atomization threshold. The buret was used to provide
precise control (1-2 ml per second) over the supply of liquid droplets or

flow onto a vibrating plate, ensuring accurate and controlled delivery.
To ensure the repeatability of the explained process mechanisms, all
experiments were repeated 3-5 times.

2.2. Synchrotron X-ray imaging setup and parameters

The ultrafast synchrotron X-ray imaging of ultrasonic atomization
was conducted at the Sector 32-ID-B of the Advanced Photon Source
(APS), Argonne National Laboratory. This sector is equipped with an
undulator X-ray source designed to deliver 100 ps pulses separated by
153 ns upon synchronizing the pulse from the storage ring with an ul-
trafast shutter and the beamline camera. The image sequence was
recorded using a Shimazdu HyperVision (HPV-X2) camera, coupled with
a 10x optical magnification and a fast scintillator crystal (LYSO:Ce)
under a 24-bunch mode configuration. To capture a field of view of 1.2
x 0.75 mm for studying the interaction dynamics between the solid-
liquid-air interface and the droplet flow during atomization, the imag-
ing process was performed at an acquisition rate of 50 kHz, offering a
spatial resolution of 3 pm/pixel. The exposure time for each frame was
set at 3000 ns, resulting in a temporal resolution of 20 ps. A white X-ray
beam with an average energy of ~24.5 keV was employed in this study.
The sample-to-detector (scintillator) distance was set to ~290 mm to
optimize the imaging acquisition.

For the liquid atomization, an ultrasonic processor (UP100H) oper-
ating at 30 kHz was employed. The setup consisted of a piezoelectric
transducer coupled to a titanium sonotrode with a tip diameter of 7 mm.
The transducer was positioned in an upright orientation, with the tip
pointing upwards. To ensure precise control over the liquid flow rate
and enable continuous delivery of small liquid droplets, a programmable
syringe pump (SyringeONE NE-1000) was used in the experiments as
shown in Fig. 2c. The liquid droplet was dispensed through a 0.32 mm
diameter needle onto the tip of the sonotrode. To contain any splashing
of the liquid, the sonotrode was enclosed within a plastic tube with di-
mensions of 66 mm in diameter and 300 mm in height. Within the tube,
open slots covered with Kapton tape allowed the X-ray beam to pass
through and align with the sonotrode tip. The experimental setup, as
described above, is depicted in Fig. 2.

2.3. Liquid aluminum atomization setup
The atomization of pure aluminum melt was carried out using a

schematic shown in Fig. 3. Induction heating and a graphite crucible
were used to melt the pure Al. The melt was delivered via nozzle of
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Fig. 2. A schematic, showing the experimental setup for ultrafast synchrotron X-ray imaging of the ultrasonic atomization process at the 32-ID-B of the Advanced
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Fig. 3. A schematic, showing ultrasonic atomization setup used for melting and atomizing pure Al melt.

0.5 mm orifice (sealing rod was used to block the melt before pouring).
Each process was performed with 250 g of feedstock in the form of
granules. The furnace and atomization chamber were purged and filled
with argon gas to create an overpressure of 100 mbar and restrict
evaporation and oxidation. This created an inert gas atmosphere with an
oxygen content below 100 ppm. The material was then melted at a
temperature of 800°C, using up to 10 kW of power from the induction
furnace. Once the preset temperature was confirmed by a thermocouple
placed in the crucible wall, the material was held for an approximate
duration of 2min to ensure temperature uniformity. The molten
aluminum was then poured through the nozzle, propelled by a differ-
ential pressure of 200 mbar onto the plate sonotrode in the atomization
chamber. The sonotrode material was a CF plate and the operating
frequency was set at 60 kHz. The atomization started instantly (to the
naked eye) and all material was atomized without any interruption. The
flow of molten aluminum was regulated by maintaining the appropriate
differential pressure and resorting to a turbo pressure of 1.5 bar

whenever signs of nozzle clogging became apparent. The yield from
each process consistently exceeded 80%. A scanning electron micro-
scopy (Hitachi SU8000 SEM) was then used to observe the morphology
of the powder. The particle size distribution (PSD) of the powders was
characterized by using a KAMIKA mini3D laser diffraction analyser.
Both volume and number-based PSD were measured, with the output
values of Dyg, Dsg, and Dgg, where 10, 50 and 90% of particles were
smaller than the indicated size, respectively. The amplitude of the CF
plate vibrations was measured using a full-field laser vibrometer PSV-
500 (Polytec GmbH) for various input powers.

3. Results and discussion

The first part of this study focuses on the atomization process of a
single semi-spherical water drop statically resting on a carbon fiber
plate, followed by observations of a stabilized liquid film and finally free
fall liquid drop impact. Some examples of atomization of glycerol are
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given for a more representative explanation of the atomization process
that may not be clearly distinguished with water using optical visuali-
zation technique.

In the second part, the results obtained from the synchrotron X-ray
imaging experiment are presented and discussed. The real-time
collected image data provided direct evidence with new insights for
the role of dynamic cavitation in the complex process of ultrasonic at-
omization that complemented the observations from the optical imaging
experiments. All imaging work was conducted under ambient temper-
ature conditions, and the atomization was performed at selected input
powers that were well above the cavitation threshold amplitude.

After elucidating the governing mechanisms of ultrasonic atomiza-
tion in the first two parts, the final part of our study illustrates the
practical application of this technique in the production of feedstock
powder. The PSD and SEM imaging of atomized aluminum powders
obtained for different ultrasonic amplitudes revealed the benefits of
using this technology in producing high-quality and uniform feedstock
particles for use in AM applications.

3.1. High-speed optical imaging results

3.1.1. Resting drop

Fig. 4a presents the image sequence of the atomization process from
the beginning (t = 0) to the end (t = 300 ms). It shows that the formation
of atomized droplets (mist) primarily started around t = 200 ms with the
liquid drop initially spreading along the plate surface and subsequently
undergoing atomization. Although the start of atomization can be
roughly determined from these images, it is difficult to reveal the micro-
features that triggered the atomization process due to the limited spatial
resolution. Zooming in on the static droplet with a contact angle of 45
degrees (Fig. 4b), numerous pre-existing cavities (air bubbles in water
are common) can be clearly observed at t = 0. As the plate transducer
was switched on, the individual cavities began to pulsate and cluster

'
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(b1)t=0 CF Plate
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together, forming micro-clouds (encircled in yellow in Fig. 4b2). These
ultrasonically excited clouds underwent shape changes, continuous
splitting and coalescence, chaotic pulsation with inertial (transient)
oscillating behavior possibly leading to the ejection of liquid jets and
SWs. However, the emission of liquid jets and SWs could not be visually
resolved in this study. At t = 30.75 ms, the formation of capillary waves
in the form of Faraday ripples with a wavelength of ca. 178 ym occurred
on the surface of the liquid drop corresponding to a frequency of
~9.3 kHz. It is interesting to see that from a 20 kHz source, capillary
waves (ripples on droplet surface) are formed with almost half the
excitation frequency. This wavelength can be influenced by the bubbly
cloud size, which can vary depending on the operating conditions of the
atomization process. After the development of capillary waves on the
surface, the cavitation activity became obscured and visually unidenti-
fiable after t = 30.75 ms.

From t = 30.75-223.65 ms, the liquid drop exhibited different pat-
terns of capillary waves, with wavelengths increasing to almost 289 pm
(~4.5kHz) at t = 127.75 ms and 333 pm (~3.5 kHz) at t = 133.25 ms,
respectively. Beyond t = 127.75 ms, the droplet surface started to lose its
stability, resulting in shape fluctuations of its dome. At t = 176.30 ms,
the stability of the capillary waves started to alter, with an increase in
the liquid/air interface contact angle close to 35°, ultimately rupturing
followed the formation of liquid droplets (at t = 223.65 ms) from spe-
cific locations (indicated by red arrows in Fig. 4b7). The instability of the
surface profile further increased with more disturbed regions across the
interface at t = 241.95 ms. Subsequently, the surface of the large drop
started to rupture in numerous locations across the interface, resulting in
the rapid evolution of small droplets at t = 256.25 ms and t = 270.25 ms.
Finally, at t = 294 ms, the entire liquid drop was atomized, as indicated
by the flat region over the plate, see details Supplementary Video 1. The
stages of capillary wave generation were theorized in ref. [36] and our in
situ observations have confirmed them.

Identification of the droplet size and their propulsion speeds based

,V

230 ms 280 ms 300 ms

Fig. 4. High-speed image sequence showing (a) full and (b) time stages of atomization of a single resting water drop on a plate sonotrode captured at an acquisition

rate of 20 kHz. See Supplementary Video 1.
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on different liquid thickness becomes crucial for the characterization of
the generated feedstock during ultrasonic atomization of molten metals
such as liquid aluminum and optimization of the overall process. With
the help of image processing of real-time high-speed images taken from
Supplementary Video 1, we measured the size (diameter) and velocity of
the ejected droplets from the atomized cloud for different thicknesses of
dome shape. Image processing was performed using in-house developed
MATLAB code. The code involved sequential frame processing, encom-
passing background subtraction, droplet detection through dark pixel
counting by inputting necessary parameters such as frame rate, pixel
size and intensity threshold. Droplet size was determined by analysing
the major axis length of the detected droplets. Velocity calculations
involved centroid position comparisons between frames, converting
mean distances to m/s. The code yielded statistics on diameters and
velocities, providing insights through histograms (Fig. 5).

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2024.104033.

Fig. 5 presents the size and velocity distribution of atomized drop-
lets, which were obtained from liquid water domes with thicknesses of
1.5 mm (Fig. 5a and d), 1 mm (Fig. 5b and e), and 0.5 mm (Fig. 5c and f).
The thickness of the dome corresponds to the height of its central
portion. With 1.5 mm of dome thickness, the droplet diameter ranged
from as low as 37 pm to around 1500 pm with more than 60% of them
being below 600 pm. The velocity range was calculated to be 4 — 22 m/s
with an average velocity of 11 &+ 3 m/s. As the dome thickness dropped

1.5mm
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to 1 mm, the number of ejected droplets increased with more than 70%
of droplets having size lower than 500 pm in diameter and 50% lower
than 250pm. This reduction in droplet size is influenced by complex
factors such as cavitation, capillary waves, surface area-to-volume ratio,
and liquid jet formation. Previous studies have highlighted that larger
initial liquid thickness lead to larger droplet formation [40-42]. Thinner
liquid films may intensify cavitation, promote capillary wave fragmen-
tation, and increase surface area for nucleation, resulting in finer
droplets. Additionally, thinner films may facilitate efficient higher-order
harmonic excitation, contributing to smaller droplet formation. The
velocity increased by ~36% with average close to 16 m/s and ranged
between 11 and 20 m/s. With further decrease of dome thickness to
0.5 mm, the droplet population increased but maximum droplet size
reached up to 4000 pm. The large droplet population within the atom-
ized cloud may cause individual droplets to collide with each other in
the trajectory following ejection. The average velocity, however,
remained unchanged. The high velocities observed in the ejected
droplets (around 20 m/s) were attributed to the presence of liquid jets,
which are formed by the implosion of cavitation bubbles within the
liquid dome. These liquid jets themselves travel at velocities close to
100 m/s or more [43,44]. This observation indirectly supports the
argument that the atomization process involves the generation of SWs,
which are associated with the rapid and intense collapse of bubbles and
the subsequent formation of high-velocity liquid jets. It is important to
note here that the underlying mechanisms, particularly cavitation and
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Fig. 5. Histogram showing the distribution of size (a, b and c) and velocity (d, e and f) of ultrasonically atomized droplets obtained for different dome thickness.
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capillary wave propagation, dictate the velocity of liquid microjets
released upon bubble collapse, that might also influence the ejection
velocity of droplets. Cavitation events occurring within the liquid film
and near the vibrating surface release a significant amount of energy
locally, leading to the ejection of droplets with substantially higher
velocities compared to those induced by capillary wave propagation
[18]. The interphase surface area also plays a crucial role, as a larger
surface area results in increased droplet velocity [10]. Several other
studies have highlighted the dependence of droplet velocity on factors
such as ultrasonic amplitude and liquid properties [45-47]. Higher
amplitude, associated with increased input power, leads to more
vigorous cavitation activity and, consequently, higher droplet velocities.
Zhang et al. [47] found that the overall velocity of atomized droplets
increases sharply with amplitude, which is attributed to the sudden
breakup of the liquid surface and subsequent ejection of droplets after
absorbing sufficient mechanical energy. However, over time, velocity
decreases due to increased air resistance and gravity effects.

In order to gain a better understanding and visualization of cavita-
tion dynamics during the atomization process, another experiment was
conducted using glycerol as the liquid medium, effectively slowing
down the cavitation evolution.

Fig. 6 presents the frame-by-frame sequence of the atomization
process of a glycerol drop on the horn surface (refer to Supplementary
Video 2). At t = 0, a bubble with a diameter of ca. 300 pm could be seen
within the glycerol drop resting on the sonotrode tip. Once the

Pre-existing bubble

~

B =
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ultrasound was activated, the bubble began to oscillate and the cavities
started forming within the droplet (see red arrows in Fig. 6b). At t =
2.3 ms, the small cavitation bubble underwent splitting and coalescing,
while the developed cavities vigorously pulsated, eventually forming
microbubble clusters. Subsequently, the cavitating clusters became
increasingly aggressive (from t = 3.725-5 ms), causing distortion of the
liquid-air interface in several locations across the periphery (indicated
by dashed curved lines). This interface distortion can be considered as
the incipient growth of capillary waves, although the capillary waves
could not fully establish after the initiation of cavitation, possibly due to
the high viscosity of the medium (~1.4 Pa-s compared to 0.001 Pa.s of
water at room temperature) unlike observed in the case of water (Fig. 4).
The oscillating frequency of the microbubble clusters formed at t =
2.95 ms started to decrease from the excitation frequency to about 8 kHz
until t = 5 ms. This decrease in frequency (subharmonics) has been
previously reported to be an indication of hydraulic SWs, thus resulting
in non-collapsing deflations [48]. It is important to note here that the
development of the capillary wave profile is determined by the inter-
facial area, and it is affected by the change in the liquid type and its
properties, primarily viscosity and surface tension. As the viscosity of
the liquid increases, as seen in the case of glycerol, the specific area
where the liquid contacts the air (the contact area) decreases. This
reduction occurs because the hydraulic SWs lose energy through viscous
friction as they are absorbed by the liquid-air interface. Conversely, the
decrease in surface tension leads to an increase in the interfacial area
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Fig. 6. Series of high-speed images showing full atomization sequence of glycerol droplet resting on an ultrasonic horn captured at an acquisition rate of 40 kHz. See

Supplementary Video 2.
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since the surface energy is proportional to the interfacial tension [49].
Just after t = 5 ms, the distorted interface began to destabilize, leading
to the formation of elongated lobes (dotted regions in Fig. 6h). In less
than a millisecond, numerous lobes formed across the interphase
boundary, elongated and became narrower. Some of these elongated
lobes contained small cavitation bubbles that possibly detached from
within the droplet and pierced through the interface, becoming arrested
(indicated by blue arrows) at t = 6.375 ms. At t = 7 ms, lobes of different
sizes and shapes continued to evolve, with some rupturing from the
edges of the horn surface, resulting in the formation of stretched liga-
ment sheets ejecting from the liquid-air interface at velocities in the
range of 2 — 12 m/s. Finally, at t = 9.875 ms, all the lobes ruptured,
forming smaller round droplets (indicated by dotted circles in red)
ejected at much lower speeds of 1.25 + 0.1 m/s compared to stretched
ligaments. As the atomization progressed and the remaining liquid film
thickness decreased, the droplet size became smaller (until t =
11.275 ms). At t = 12.325 ms, as the atomization further advanced, the
capillary wave patterns can be observed forming on the horn surface.
Shortly after at around ¢t = 12.725 ms, the capillary waves became dis-
torted and ruptured, generating finer droplets. The atomization process
completed when the liquid film dropped below the threshold thickness
required for atomization (t ~ 16.8 ms). It was not possible to determine
the exact threshold thickness in this case. However, the threshold
thickness for atomization in case of water at 20 kHz has been found to be
almost 50 pm [50]. Thus, for a viscous liquid, this thickness is likely to
be higher.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2024.104033.

The observations of the atomization of a resting drop clearly
demonstrated the occurrence of cavitation events within the liquid

Fixed end
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droplet. The cavitation bubbles grew and collapse, generating high-
speed liquid jets and possibly SWs that disrupted the liquid-air inter-
face and caused the droplet to break up into smaller droplets. The size
and velocity of the droplets produced was found to depend on the
thickness of the droplet. In the case of glycerol, the high viscosity of the
liquid prevented the formation of capillary waves. Instead, the increased
inertial cavitation activity within the droplet caused the formation of
elongated lobes that developed into stretched ligaments and eventually
ruptured, producing mist/droplets.

3.1.2. Stabilized liquid film

After studying the atomization dynamics of a single resting drop, we
now turn our attention to a stable liquid film (water) on a vibrating
plate.

Fig. 7 (and Supplementary Video 3) shows an image sequence of the
atomization of a thin liquid film on a vibrating plate at 60% input power.
At t = 0, the image shows the presence of a stable film of thickness
approx. 1 mm. When the ultrasound was turned on, the formation of the
first antinode occurred at the far end of the plate, away from the fixed
end (encircled in red in Fig. 7b). Subsequently, the development of
multiple nodes and antinodes across the length and width of the plate
was observed (from t = 13.4-35.31 ms). Note that the distance between
the two antinodes formed on the plate was roughly similar to the dis-
tance observed from amplitude measurements along the length using a
vibrometer (see Fig. Ala), any minute variation could be a result of
loading the plate with the liquid. Along with the antinodes on the plate
(indicated with red arrows in Fig. 7c), the surface capillary waves (or
Faraday ripples) [51] also appeared. The formed capillary waves of
wavelength ranged from 140 to 400 pm while propagating at speeds of
1.3 + 0.2 m/s. At t = 50.85 ms, the first indication of atomized droplets

Antinode

Unstable antinode

Droplet ejection“from-antinode

Fig. 7. High-speed images showing initial atomization sequence of a liquid film on a plate captured at an acquisition rate of 35 kHz. See Supplementary Videos 3

and 4.
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could be seen as ejections from an unstable antinodal spot with oscil-
lating microbubble clusters (see magnified region on the plate and refer
to Supplementary Video 3 for clarity). With the increase in acoustic
cycles, several other small spots of cavitation clusters (marked by red
circles) also formed across the liquid film (from t = 50.85-131.62 ms)
and began to eject droplets. It is interesting to note that as soon as the
liquid film covered and wetted the side edge near to the fixed end of the
plate (see dashed red box), ejection of droplets began (Fig. 7i). Subse-
quently, the atomization proceeded at each antinodal locations across
the plate edge (from fixed end to free end) as shown in Fig. 7(j-1).
Supplementary Video 4 shows the initial stages of film atomization
captured at acquisition rate of 40 kHz for the 20% input power.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2024.104033.

In Fig. 7 and Supplementary Videos 3 and 4, the droplet formation
mechanism was not as clearly observed as in the case of the single
droplet due to insufficient illumination. Thus, the imaging was con-
ducted from a different viewing angle to ascertain the process mecha-
nism (refer to Fig. A2). It was found that the formation and vigorous
oscillations of cavities and microscopic air bubbles underneath the
liquid layer occur in the center of the antinode of vibration [40], facil-
itating the formation of capillary waves. The description related to
image sequence (Fig. A2) and associated videos can be found in the
Appendix.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2024.104033.

To clarify the role of the cavitation in the generation of nodes/an-
tinodes and capillary waves, another atomization experiment was con-
ducted, using a thicker liquid (water) layer on the plate (refer to Fig. 8(a-
f) and Supplementary Video 7). Although this image and video sequence
did not show full atomization due to the limited recording duration,
Supplementary Video 8 provided a demonstration of the droplet for-
mation. In the first frame (t = 0), a stable liquid film with a maximum
thickness of 6 mm was observed, containing numerous microscopic air
bubbles as shown in Fig. 8a. When the ultrasound was turned on, these
cavities started to oscillate and coalesce to form microbubble clusters
(see Fig. 8b). With the development of cavitating bubbles, capillary
waves also formed close to the bottom edge of the vibrating plate surface
(Fig. 8c). Subsequently, the microbubble clusters further grouped
together underneath the liquid layer giving rise to the regions charac-
terized by antinodes (Fig. 8(d-). It is worth noting that the cavitation
activity became more intense over time in the areas of antinode vibra-
tion, causing the capillary waves across the liquid surface to become
distorted. Droplet ejection subsequently occurred predominantly from
the lateral edges of the plate, which also corresponds to the maximum
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amplitude as per Fig. Alb. These observations align with earlier in-
vestigations [52,53]. It has been previously reported that vibrating a
plate immersed in liquid generates capillary waves on the liquid surface,
including near the plate edges. The plate vibrations modulate these
waves, creating Faraday ripples. The oscillations alter the liquid layer
curvature (see Fig. 8(d-f)) and induce surface eddy flows (Fig. A2). The
combined effects of inertial cavitation activity within the antinode re-
gions and the capillary forces result in periodic detachment of liquid
particles, forming mist/droplets.

Fig. 9 and Supplementary Video 9 demonstrated another interesting
evidence that reconfirms the role of cavitation in liquid atomization as
was seen in the case of resting drop atomization. Fig. 9a shows the
portion of stable liquid (water) film at rest on the plate (t = 0). Once the
ultrasound was switched on, ripple started to form at t = 5.7 ms (marked
with dashed blue rectangle). Until t = 129.7 ms, the Faraday ripples
further expanded across the antinode region (see yellow dashed rect-
angle). Simultaneously microbubble clouds (seen as small dashed blue
circles) with diameter of the order of 300 pm also developed within the
water film and moved vigorously across the plate surface due to
generated acoustic streaming resembling the characteristics of a swirling
bubbly typhoon (refer to Supplementary Video 9). The moment they
reached the regions of pressure antinode, they get trapped and start to
eject droplets with velocities as high as 2 m/s (t = 135.8-191.1 ms). As a
result of secondary Bjerknes forces [54-56], defined as the attractive
acoustic radiation force between the microbubble clouds, these bubbly
typhoons coalesced (Fig. 9j) with each other and propagated predomi-
nantly along the lateral edge of the plate and closer to the liquid-air
interface. These cavitation (bubbly) swirls could not be observed in
case of static drop on horn as well as plate owing to small available
surface area for swift movement of microbubble swirls.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2024.104033.

The observations of a stabilized liquid film demonstrated that at-
omization process initiates near the lateral edge of the vibrating plate,
particularly at the antinode positions. Cavities and air bubbles under the
liquid layer was found to oscillate and cluster in antinode locations,
facilitating capillary wave formation. These capillary waves are associ-
ated with the presence of cavitation swirls within the liquid film. The
ejection of droplets occurred as soon as these cavitation swirls streamed
towards the antinodal locations.

3.1.3. Single drop impact

Fig. 10 presents a series of images illustrating the atomization pro-
cess of a single water drop impacting a vibrating plate, captured at an
acquisition rate of 50 kHz and 60% input power (see Supplementary

“(c)t=32.425ms
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e

Fig. 8. Sequence of high-speed images showing cavitation activity and induced capillary waves on the antinode regions of a thick film on plate captured at an

acquisition rate of 40 kHz. See Supplementary Videos 7 and 8.
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(d)t=135.8ms (e)t=147.3ms
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(f)t=155.3 ms (g)t=161ms (i)t=191.1ms (j)t=192.6 ms

Fig. 9. High-speed image sequence captured at an acquisition rate of 10 kHz showing the effect of swirling bubble typhoons initiating atomization from the lateral
edge of the plate. See Supplementary Video 9.

(e)t=11.66 ms

(i)t=23.18 ms Sl i ) t=212.56 ms

Fig. 10. High-speed image sequence of single water drop impact on vibrating plate captured at an acquisition rate of 50 kHz. See Supplementary Videos 10 and 11.

Video 10). In the first frame (t = 0), a spherical drop with a diameter arrows) initiated the droplet atomization (Fig. 10f). This is followed by

close to 9.5 mm was released from the buret tip positioned about 12 mm lateral spreading of the deformed drop, forming a toroidal structure with
away from the vibrating plate. After 8 ms, the drop reached its closest the central portion of the drop higher than its sides as shown in Fig. 10g.
point to the surface (with a velocity of around 0.8 m/s). Att =10.72 ms, As the thickness decreased of the spread layer and surface wettability
the first moment of collision was captured as the drop touched the plate increased, atomization intensified and continued until the drop
surface. At impact, a capillary wave with a wavelength almost reaching expanded and stretched to its minimum thickness, ceasing atomization.
280 pm, emerged from the bottom and propagated along the droplet Supplementary material related to this article can be found online at
surface at speed of ca. 2 m/s. This corresponds to 9 kHz, which was doi:10.1016/j.addma.2024.104033.

nearly half the driving frequency of the vibrating plate. The impact also The atomization occurred initially only on one side of the drop.
deformed the drop into a pyramidal shape. As soon as the deformed drop When the other side of the spreading layer reached the lateral edge of
wet the surface, the thinnest liquid layer in contact (indicated with red the plate at t = 19.62 ms (blue arrow), atomization immediately began,
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similar to what was observed during film atomization on the plate. At a
higher input power, such as 100% (see Supplementary Video 11), at-
omization started quicker upon drop impact, most likely due to a larger
momentum transfer from the plate to the drop surface. Under the higher
plate amplitude, unlike at the lower amplitude, no drop deformation
(shape changes) and development of capillary waves was observed upon
the drop impact possibly due to almost instant atomization. In both
cases, the atomization proceeded from the spread layer that wetted the
plate. However, at the higher amplitude, the wet surface zones were
more confined to smaller areas around the drop. Finally, the central
portion of the mother (primary) drop was the last portion to atomize.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2024.104033.

Although the macro-scale atomization process can be partially un-
derstood through the generation of capillary waves, it is challenging to
establish or confirm, based on the provided image sequences, whether
cavitation still dictates the breakup mechanism of primary drops during
impact. Therefore, to investigate this further, a glycerol drop was used as
a medium for studying the drop impact mechanism on a horn (due to
larger vibration amplitude) instead of a plate.

Fig. 11 illustrates a series of images showing the impact of a single
glycerol drop on the tip of an ultrasonic horn vibrating at 100% input
power. The complete atomization sequence can be observed in Supple-
mentary Video 12. Fig. 11a shows a glycerol drop with a diameter of ca.
4 mm under a free fall with a velocity of 1.5 m/s. At t = 2.77 ms, the
drop impacted the horn surface. Upon impact, a cylindrical column with
a mushroom-like shape developed due to the suction effect from the
vibrating horn (Fig. 11b, enclosed region in red). Immediately after, the
first ejection of atomized mist from the primary drop could be observed
(enclosed regions in red in Fig. 11c) also termed as “edge splash” else-
where [10]. After 1 ms, cavities formed on the bottom surface close to
the horn. From t = 3.02-3.08 ms (refer to Supplementary Video 12), the
cavitation bubble grew and underwent implosion upon 1-2 acoustic
cycles. The bubble oscillating period prior to collapse was found to be
from t = 3.17-3.31 ms and t = 3.31-3.45 ms. The bubble then attained
its maximum size at t = 3.37 ms before collapsing at 3.45 ms. This
corresponded to periodic implosions occurring every 1 /3" of the driving
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frequency as a result of non-collapsing deflations [57], thus confirming
the role of inertial cavitation in the atomization process. The collapse of
the cavity was followed simultaneously by the release of numerous
secondary droplets also termed as “surface splash”. As the same time, the
cavitating bubble also underwent splitting, forming cavitation bubble
clusters with a diameter of roughly 1.5 mm at t = 3.54 ms. With the
increased aggressiveness of cavitation activity, the primary drop started
to deform/compress, leading to surface distortions and spreading the
interphase boundary region (t = 5 ms). This was then followed by the
expansion of the drop over the horn tip with atomization subsequently
progressing in a similar fashion as observed earlier in Fig. 6(g-o).
Droplet formation subsequently occurred from the pinching-off of the
stretched ligament sheets ejecting at velocities up to 12 m/s (refer to
Supplementary Video 12) implying the effect of high-speed liquid jets
from energetic subharmonic cavitation collapses as also shown in Fig. 6.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2024.104033.

Thus, the observations of a single drop impact clearly demonstrated
the role of capillary waves and wet surface conditions in initiating and
intensifying atomization. This mechanism was observed along the pe-
riphery of the drop, leading to efficient atomization. Higher input power
accelerated atomization upon impact. The experiment using glycerol on
a vibrating horn reaffirmed the presence of inertial cavitation in
generating secondary droplets through energetic collapses.

While high-speed optical imaging revealed the process mechanism
for each given case of liquid atomization, providing clear evidence of
cavitation and the generation and breakup of capillary waves at a meso
scale, the dynamics of cavitation activity and its effect on the generation
of capillary waves, their wavelength and droplet size remain unclear. In
the following section, we present and discuss the results obtained from
ultrafast synchrotron X-ray imaging of single droplet impact atomization
experiments performed at the Advanced Photon Source in Chicago, USA.
These experiments allowed us to shed light on the atomization process
on a micro scale, further strengthening the aforementioned results and
discussion.

(c)t=2.91ms

(f)t=3.37ms

laximum size
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Fig. 11. High-speed images showing the atomization sequence of a glycerol drop impact on a horn captured at an acquisition rate of 35 kHz. See Supplementary

Video 12.
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3.2. Ultrafast synchrotron X-ray imaging results

Fig. 12a, together with the Supplementary Video 13, provides a
detailed temporal image sequence, unveiling the onset of the atomiza-
tion process. At an operating condition of 20% input power and a peak-
peak amplitude of 16 pm, the idle state of the sonotrode tip with a
statically resting drop is shown by the frame (al) at t = 0 ms. Subse-
quently, upon ultrasound triggering, heterogeneous nucleation of
microscopic bubbles occurred on the surface, ranging in size from 45 pm
to 70 pm. These bubbles underwent pulsation, characterized by repeti-
tive growth and collapse. As the process advanced, coalescence of the
bubbles took place, forming clusters of microbubbles with size
approaching 200 pm, which populated along the horn surface similar to
the phenomena seen in Fig. 6 (and Supplementary Video 2).

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2024.104033.

At t = 1.46 ms, capillary waves began to form and propagate across
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the liquid-air interface at velocities in the range of 1.2 — 1.8 m/s, as
shown in Fig. 12(a5). With further bubble growth, oscillations, and
implosions, the capillary waves became more pronounced throughout
the field of view, as depicted in Fig. 12(a6). However, as the capillary
waves interacted with regions near bubble implosions, distortion
became evident, as seen in Fig. 12(a5-a8). Consequently, capillary wave
instability manifested through the distortion of the interphase bound-
ary, observed in Fig. 12(a8) as droplets (ca. 42 + 10 pm in size) started
to pinch-off from the crests formed on the capillary waves along the
interphase boundary region at t = 2.08 ms (Fig. 12(a10)). The observed
crest distortions can be correlated with the stretching of the ligament
(liquid) sheets (refer to Figs. 6 and 11 and associated Supplementary
Videos 2 and 12, respectively) with velocities of 12 4+ 4 m/s. The droplet
pinch-off in water occurred much faster than in glycerol. Notably, not
every crest region of the unstable capillary waves pinched off to form a
droplet simultaneously, indicating the complexity and stochastic nature
of the process, depending mainly upon the intensity of the cavitation
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Fig. 12. (a) Ultrafast synchrotron X-ray images, showing the atomization sequence of a water droplet impacting the horn captured at an image acquisition speed of
50 kHz. See Supplementary Videos 13 and 14. (b) Estimated diameter and velocity of atomized droplets obtained from Supplementary Video 15.
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activity.

Continuing the observation from t = 2.08-2.48 ms, the liquid-air
interface across the entire droplet surface became highly unstable,
leading to the formation of multiple droplets, accompanied by ongoing
cavitation events. Within this sequence, fully formed capillary waves
were observed before the formation of secondary droplets (from t =
1.46-2.08 ms). The excitation frequency gave rise to surface waves with
a capillary wavelength (1) of 100 + 10 pm, reasonably close to the
theoretical wavelength of ~80 pm calculated using Kelvin’s equation:A

1/3
= (277.'6 / pfz) [58,59], where o represents the liquid’s surface tension,

p is the density, and f is the driving frequency of the ultrasound.
Moreover, the size of the initially ejected droplets was found to be nearly
half the wavelength of the propagating capillary waves with secondary
droplets primarily originating from crest regions across the unstable
waves [60]. It was challenging to derive the atomized droplet size and
velocity through image processing due to the complex interaction be-
tween cavitation bubble, pinch-off droplets and capillary waves as seen
in Supplementary Videos 13 and 14. Therefore we used Supplementary
Video 15 to estimate the velocity and diameter of some of the atomized
droplets as shown in Fig. 12b. It can be seen that the droplet size varied
in the range of 40 and 50 um, while velocity was found to be varying
from as low as 0.2-3 m/s. Interestingly, the stretched ligaments traveled
at velocities as high as 10 m/s (refer to Supplementary Videos 14 and
15) similar to observations made in case of glycerol, thus reinforcing the
role of liquid jets and SWs generated from transient bubble collapses,
thus triggering the atomization process. These velocities were also closer
to the range observed in case of resting drop atomization (Fig. 5).

From the measured propagation speed and wavelength of capillary
waves formed across the liquid-air interface, it can be confirmed that the
corresponding frequency is almost half of the driving frequency. Refer to
Table A2 in Appendix, which shows the frequencies of the unstable
surface waves measured both experimentally and theoretically using
Kelvin’s equation for all the atomization scenarios. It can be seen that
the measured frequencies are in close agreement with the theoretically
predicted frequency values. Although, the frequency of waves during the
stable phase of the capillary motion is same as the excitation frequency,
which also exist for very small vibration amplitudes. However, as the
waves become unstable, the frequency of motion becomes subharmonic
in nature based on the Faraday instability criterion [22,61-63]. It can be
seen from the table that the frequencies of these waves exhibit several
subharmonic modes, i.e. f/2, f/3, f/4, /5 and f/7, where f is the driving
frequency of the transducer. The appearance of these subharmonics as a
result of non-collapsing deflations of bubble cloud could be an indica-
tion of SWs interaction with the liquid-air interface [48]. Simulta-
neously, the oscillation/collapse rate of microbubble clusters also
shifted from close to fundamental to subharmonic frequencies (almost
1/3 of the driving frequency) prior to the formation of secondary
droplets. For example, the cavitation activity occurring between t =
1.14-1.24 ms, which corresponds to implosions occurring every 3
acoustic cycles (refer to Supplementary Video 13). The shift in bubble
growth/collapse frequency can also be visualized in Supplementary
Video 14. Previous studies have shown that subharmonic collapses are
powerful in nature and can generate high-intensity liquid jets and SWs
[48,57,64,65]. Presumably, these jets and the impending SWs upon
interacting with the stable wave-dominated interphase boundary, result
in capillary distortion, subsequently leading to the formation of crest
and trough regions that rupture, ultimately giving rise to atomized
droplets. However, further investigation is needed to confirm this
premise and will be the focus of our future work.

Supplementary material related to this article can be found online at
doi:10.1016/j.addma.2024.104033.

The X-ray images/videos unequivocally demonstrated that ultra-
sonic atomization involves a series of dynamic phenomena, including
(sequentially) cavitation nucleation, bubble pulsation, coalescence,
splitting, and the formation of capillary waves. The initial regime
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entailed the nucleation of multiple bubbles within the primary droplet,
facilitated by the growth and collapse cycle of the bubbles. This was
followed by their merging to form large microbubble clusters. Subse-
quently, capillary waves developed on the liquid-air interface. Upon the
collapse of cavitation bubbles, formation of stretched ligaments
occurred, which underwent pinch-off, resulting in the generation of one
or more secondary droplets.

3.3. Stages of atomization evolution

Utilizing a combination of advanced high-speed optical and ultrafast
X-ray imaging techniques, we have obtained unique insights into the
intricacies and dynamics of ultrasonic atomization. These imaging ob-
servations allowed us to reveal the internal structure and phenomena
associated with droplet formation, effectively resolving any ambiguities
present in the existing literature. As depicted in Figs. 4-12 along with
Fig. A2 in Appendix, our observations conclusively demonstrated that
ultrasonic atomization is governed by the interplay of the capillary and
cavitation wave theory, with dynamic cavitation events driving the
overall process.

To elucidate the sequential stages of atomization for resting drops or
films, we present a schematic in Fig. 13. Initially (Stage 1), the liquid
surface remains undisturbed, hosting pre-existing cavities within the
drop or film. With the introduction of ultrasonic waves (Stage 2),
localized regions of low pressure emerge, prompting the growth and
pulsation of small pre-existing gas/air bubbles. At this point, the liquid
surface maintains its smoothness, with only a smaller population of
bubbles. As cavitation activity intensifies (Stage 3), the number and size
of bubbles increase, resulting in the formation of clustered bubble
clouds. In Stage 4, these microbubble clusters undergo implosions,
continuously splitting and oscillating in shape, generating SWs and
liquid jets. The bubble clouds expand, occupying a significant portion of
the liquid volume. In Stage 5, capillary waves emerge on the liquid
surface, indicating the interaction between cavitating bubbles with the
liquid/air interphase boundary. As mentioned earlier, direct observation
of SWs and high-speed liquid jets interaction was not feasible in our
experiments, yet using the same experimental setup under similar con-
ditions, we have previously monitored the propagation of SWs after
every implosion of the bubble cloud in [66]. Thus, it is reasonable to
infer that high velocities of 10 — 12 m/s in highly viscous liquids such as
glycerol (refer to Fig. 11 and Supplementary Video 12) are a direct
consequence of the rapid movement of liquid jets emitted from clusters
of highly energetic inertial cavitation microbubbles. These liquid jets are
believed to be followed by the propagation of SWs [44]. Interestingly, in
the case of the plate setup, the formation of swirling cavitating bubbly
typhoons migrate with acoustic streaming was noticed ejecting tiny
droplets close to the edge of the plate further promoting atomization. As
the interaction intensifies, the capillary waves distort, giving rise to crest
and trough regions along the liquid-air interface (Stage 6). This distor-
tion initiates near the solid-liquid interface in the antinodal regions,
where cavitation events exhibit more aggressive behavior. Eventually,
the rupturing and pinching-off of crest regions occur, leading to the
formation of larger atomized droplets (Stage 7) followed by the forma-
tion of a cloud-like mist that disperses and spreads. Simultaneously, the
liquid volume expands along the surface (lateral spreading), wetting a
larger area. The atomization process persists until the liquid film
thickness falls below a critical threshold (Stage 8).

Droplet impact on a vibrating surface introduces complexity, leading
to phenomena involving capillary waves, surface splash, edge splash,
and sub-droplet rebound. While some aspects from non-vibrating sur-
faces apply, such as Weber number (We) influence, vibrating surfaces
add unique features, affecting liquid film spreading, capillary waves,
and droplet ejection. Renardy et al. [67] found that We < 1 results in
minimal deformation, while We > 1 causes spreading and potential
splashing. For We exceeding approximately 4, capillary waves form a
pyramid structure; drops with We > 1 exhibit pyramidal shapes,
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Fig. 13. Schematic representation showing the stages (left to right) of ultrasonic atomization of a liquid drop/film resting on vibrating plate.

followed by toroidal formation and lift-off from the substrate. The
interplay of mechanical vibrations, surface tension, and fluid properties
further influences droplet impact dynamics on a vibrating surface.
Fig. 14 provides a schematic representation of the sequential steps
governing droplet impact atomization. The principal dynamics of this
process remains governed by the cavitation-wave theory, as evident
from Figs. 10-12 and the accompanying Supplementary Videos. Upon
collision with the vibrating horn/plate, the droplet forms a contact
layer, followed by the ejection of liquid jets “edge splash” from this
layer. Pre-existing air or vapor cavities develop within the primary
droplet, oscillating, merging and splitting before collapsing violently.
Concurrently, capillary waves arise at the edge of the liquid film/drop,
propagated towards the center. Throughout this process, cavitation
events intensify with vigorous collapses, leading to the formation of
crest-and-trough regions along the liquid-air interphase boundary, as
shown in Fig. 12(a7) and schematically depicted in Fig. 13. These
cavitation-induced distortions ultimately result in the rupture and
pinching-off of crest (ligament) regions, generating fine droplets (Fig. 12

14

(al2)). The liquid droplet spreads across the vibrating horn/ plate,
wetting the surface and causing surface splashing. The final step in-
volves the splashing of the wetted layer across the vibrating plate, fol-
lowed by sub-droplet rebound [10], where capillary waves congregate
at the central portion of the droplet. This represents the last stage of
droplet atomization, as illustrated in the Supplementary Video 10. The
degree of splashing varies depending on the excitation amplitude,
ranging from pronounced to minimal. In certain cases, the entire droplet
volume can be ejected [11]. The transition from stable capillary waves
to distorted (unstable) waves, resulting in droplet atomization, is solely
dependent on the vibration amplitude rather than the droplet’s impact
velocity. However, both amplitude and impact velocity can influence
the intensity of the splash. Supplementary Videos 10 and 11 provide
visual demonstrations of the contrasting splashing behavior resulting
from changes in amplitude. It is important to note here that capillary
waves form at the liquid surface only after the cavitation activity has
been initiated as observed from synchrotron studies. As the cavitation
activity becomes aggressive, these waves develop crests and troughs
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Fig. 14. Schematic representation showing the evolution sequence of ultrasonic atomization of a liquid drop impact on vibrating horn/plate.

following the pinching-off of droplets from the stretched ligaments
sheets.

3.4. Ultrasonic atomization of pure aluminum

Following the fundamental studies of atomization in transparent
liquids at room temperature, next step is to apply similar technique to
understand the atomization in liquid aluminum [38]. This is of great
technological importance due to direct application in generating feed-
stock for additive manufacturing processes. As previously mentioned,
the choice of water in this study was dictated by its similar properties to
those of liquid aluminum. Manufacturing aluminum powders is a chal-
lenge that can be addressed by ultrasonic atomization as demonstrated
here. Fig. 15 shows the measured volumetric particle size distribution
(PSD) of produced aluminum powders at constant frequency of 60 kHz
and various input powers (amplitudes) of 60, 75 and 100%. Note, the
frequency used for these experiments were higher than the frequencies
used during transparent liquids atomization (20 — 30 kHz). In contrast to
the conventional Gaussian PSD observed in commercial feedstocks for
additive manufacturing [68], our study reveals a positively skewed
distribution. This departure from the traditional distribution may be
attributed to a higher concentration of finer particles, which has been
reported to enhance the powder packing density [69]. This modified
distribution could most likely be the result of slow pouring of the Al melt
(~50 cm3/min), which effectively maximizes the quantity of finer par-
ticles as larger stream of molten metal results in coarser particles. It is
also important to note here that the process itself does not produce
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Fig. 15. Particle size distribution of ultrasonically atomized Aluminum
(99.9%) with various amplitudes 100, 75 and 60%.
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powders below 10 pm, minimizing the deviations observed in finer
particles. Based on the experimental and numerical simulations, it has
been found that the atomized droplet size varies in range of 20 — 30 ym
when driving frequency increased from 20 to 60 kHz [50,70,71]. The
results of particle size analysis using laser diffraction are shown in
Table A3. The table clearly demonstrates that increasing the input power
(amplitude) significantly influences the PSD, as previously observed in
Fig. 5, where varying the thickness of the liquid dome resulted in
different droplet sizes. A lower input power led to more efficient at-
omization, breaking the liquid aluminum into smaller droplets that so-
lidify into finer particles. This observation aligns with the findings for
thinner film thickness, where Fig. 5 illustrated the production of a finer
population of droplets. Moreover, increased power can also lead to a
more aggressive cavitation activity within the liquid film, forming larger
bubbles and subsequently larger droplets.

Another aspect to consider is the uniformity of the PSD. At 100%
input power, the span between D;y and Dy is 67.6 um, while at 60%
input power, it reduces to 21.8 um. This indicates that lower input
power results in a narrower PSD, with less variation between the
smallest and largest particles. The difference in particle size for 75% and
100% amplitude is significant, while between 60% and 75%, it is min-
imal or within the limit of measurement error, which may indicate that a
certain threshold level has been reached for a selected group of particles
below which any further reduction of amplitude has no effect on the
quality and size of the powder produced. The data in the Table A3 can be
valuable for process optimization. Depending on the application re-
quirements, the input power level can be adjusted to control the particle
size and distribution. It also highlights the trade-off between particle
size and its uniformity, allowing for better process control and optimi-
zation based on the specific needs of different applications. For example,
in applications where a narrow particle size distribution is crucial, a
lower input power and lower liquid film thickness might be preferred to
achieve a more uniform product. Conversely, if a higher count of smaller
particles is desired, a higher input power level would be more appro-
priate. However, this may require an additional step of sieving to
retrieve only the smaller particles.

Fig. 16(a-c) displays scanning electron microscope (SEM) images of
powders generated at various amplitudes. While there are notable dif-
ferences in particle size across the images, the powders exhibit strikingly
similar characteristics. Specifically, they demonstrated exceptional
sphericity and an absence of elongated or clustered particles. It is
important to note here the atomized powder did not contain any trapped
gas pores as shown in Fig. 16d. This attribute is particularly beneficial
for AM process, where smooth and consistent material flow is crucial for
producing 3D printed components with high bulk density. Additionally,
the absence of satellites in the produced powders ensures a more
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Fig. 16. SEM images of ultrasonically atomized Aluminum (99.9%) with various amplitudes (a) 100%, (b) 75%, (c) 60% and (d) showing typical cross-section of the

produced particles free of trapped pores.

homogeneous feedstock, contributing to the reliability and repeatability
of the 3D printing process. Furthermore, the narrow PSD is particularly
advantageous for certain AM techniques, such as laser powder bed
fusion (LPBF) technology [72,73]. In LPBF, a tight control over particle
size distribution is crucial for achieving high-resolution prints with
excellent mechanical properties. Thus, apart from frequency [9,74] the
vibrating amplitude as well as the film thickness and wetting has been
identified as another crucial parameter that influences the PSD of the
produced droplets/powders during ultrasonic atomization.

4. Conclusions

In situ studies of ultrasonic atomization of water droplets on a
vibrating plate and a horn surface have been conducted using high-
speed optical and ultrafast synchrotron X-ray imaging. Additional ex-
periments with glycerol were also performed to study more specific
aspects of the process. The feasibility of ultrasonic atomization of liquid
aluminum using this technology was also demonstrated in addition to
the fundamental studies. The in situ observation revealed the critical role
of cavitation in contributing to the atomization process in different
scenarios:

1. Capillary waves were formed as a direct result of cavitation and
cavitation played a disruptive role in the fragmentation of Faraday
ripples and facilitated droplet formation through the pinching-off of
ligament edges.

2. Cavitation also produces bubbly typhoon swirl streaming flow,
which is the crucial intermediate step in the overall atomization
process.

3. Cavitation-induced shock waves are the driving force for capillary
formation and the propagation of SWs triggered the disruptions of
the liquid dome. The periodicity of shock waves (indicated by the
subharmonics) were found to align with the wavelengths of the
distorted capillary waves.

4. Processing relationships between the liquid film thickness, wetting
and vibration amplitude and the resulting liquid droplets (particles)
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size, morphology and distribution of the ultrasonically atomized
molten aluminum were also further elucidated in this study.

Overall, this study has provided a holistic understanding of ultra-
sonic atomization, revealing the multifaceted role of cavitation in the
intricate processes that govern the formation of atomized droplets and
particles.
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Fig. Al. Null-to-peak amplitude of the vibrating plate measured along the (a) length and (b) width, using the vibrometer.

Fig A2(a-f) and Supplementary Video 5 present the atomization sequence from the top view of the liquid film on the plate captured at acquisition
rate of 10 kHz. After turning on the ultrasound, the Faraday ripples started to appear and cover the right edge of the plate. The capillary waves spread
further across the plate, with ripples becoming dominant at antinodes (encircled regions in red in Fig. A2c). At t = 88.9 ms, the first instance of droplet
ejection from the edge of the plate could be observed (indicated by red circles). Atomization primarily occurred from the antinodes formed near the
fixed end of the plate until t = 225.6 ms. Supplementary Video 6 shows a similar atomization sequence performed at 100% input power, where droplet
ejection can be more clearly observed from the disruption of capillary waves formed on the antinodes. It can be deduced from Fig. 7 and A2 that the
atomization process initiated over the wetted layer in the vibrating regions closer to the point of plate fixation to the sonotrode, predominantly at the
lateral edges of the plate in the presence of antinodes.
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(b)t=21.5ms (c)t=45.8 ms

(d)t=88.9 ms

ot

Fig. A2. High-speed images showing atomization sequence from the top view of the film on plate captured at an acquisition rate of 10 kHz. Red dotted circles in (b)
and (c) shows the evolution of Faraday ripples starting from the lateral edge of the CF plate. Arrows and small red circles in (d) shows the fully developed antinodes
on the plate and first indications of droplet ejections, respectively. See Supplementary Videos 5 and 6.

Table A1
Vibration amplitude of the transducers for different input powers of ultrasound used for liquid
atomization.

Input Power 20% 60% 100%

Transducer . .

Ultrasonic amplitude (um) peak-to-peak

UIP500hdT 11.4 34.2 57

UP200S 35 105 175

UP100H 16 48 80

Table A2
Frequency of distorted capillary waves in water estimated experimentally and theoretically for different atomization scenarios.

Atomization type (driving Wavelength of distorted wave Propagation velocity Measured frequency Theoretical frequency using Kelvin’s Eq.
frequency) (pm) (m/s) (kHz) (kHz)
Static drop on plate (20 + 1 kHz) 333+5 1.5+0.3 4.5+ 0.9 3.6 £0.1
Stable film on plate (20 + 1 kHz) 400 + 10 1.3+0.3 3.3+0.7 2.8 +0.1
Impact drop on plate (20 + 1 kHz) 280 +9 2.0+ 0.2 7.1 +0.8 4.7 +£0.2
Impact drop on horn (30 + 1 kHz) 100 + 10 1.5+0.3 15+ 3.0 22+0.3
Table A3
Particle size distribution of produced aluminum powders using ultrasonic atomization.
Input power /Amplitude Volumetric [um] Count [um]
Dvio Dvso Dvgo Do Dso Dgo
100% / 9.9 pm 21.3 41.7 82.8 15.2 24.5 42.7
75% / 9 pm 18.0 32.4 64.4 12,4 22.1 34.9
60% / 8.55 pm 18.2 31.8 59.1 12.8 22.4 34.6
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