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ARTICLE INFO ABSTRACT

Keywords: We quantitatively study cavitation damage non-invasively, in-place and time-resolved at microsecond resolution.
CaVitat_iOH A single, laser-induced bubble is generated in an aqueous NaCl solution close to the surface of an aluminum
Corrf’smn sample. High-speed chronoamperometry is used to record the corrosion current flowing between the sample and
Erosion an identical aluminum electrode immersed in the same solution. This configuration makes it possible to measure
Chronoamperometry

the cavitation damage in the nanometer thin passive layer of the aluminum surface via the corrosion current
from the repassivation. Synchronously with the corrosion current, the bubble dynamics is recorded via high-
speed imaging. Correlation between the two measurements allows contributing cavitation damage to the
respective stages of the bubble dynamics. The largest cavitation-induced currents were observed for the smallest
initial bubble-to-surface stand-off distances. As the bubble re-expands and collapses again in several stages,
further current peaks were detected implying a sequence of smaller damage. At intermediate stand-offs the
bubble was not damaging and at large stand-off distances, the bubble was only damaging during the second

Bubble Dynamics

collapse which again occurs at the solid surface.

1. Introduction

Cavitation refers to the formation and collapse of bubbles in a liquid
due to pressure changes. When the bubble collapse occurs near a solid
boundary, the solid surface experiences significant stresses resulting in
material damage. The surface can be plastically deformed, and the
material can even detach from hard steel surfaces. This is known as
cavitation erosion. Numerous technical systems with hydrodynamic and
acoustic cavitation experience cavitation erosion. A standard test pro-
cedure to estimate the cavitation erosion resistance of materials is given
by ASTM G32 [1] according to which an ultrasonic horn induces cavi-
tation in a small millimeter-sized gap of water between the horn surfaces
and the material to be tested. The weight loss by cavitation erosion after
a certain period of sonication is measured by ex-situ weighing before
and after exposure to cavitation. The mass loss rate depends on the
sonication time, as the sample surface structure is altered during the
erosion process. Here the cavitation appears in large bubble clouds in a
small gap, therefore, the study of damage details using high-speed im-
aging is hardly feasible.

Instead, the mechanisms of cavitation erosion were studied

employing single bubble collapses at flat solid samples employing either
spark induced or optic cavitation. The ground laying works by Shutler
[2], Shima [3], Philipp and Lauterborn [4] and Isselin et al. [5] showed
that the bubble dynamics and the resulting damage crucially depend on
the bubble to wall stand-off. The bubble to wall stand-off is commonly
expressed in non-dimensional form as y = d/Rpqy, Where y is the stand-
off parameter, d is the distance of the bubble center to the solid surface
and Ryqy is the maximum bubble radius. In these studies, the cavitation
damage was mainly studied ex-situ using surface profilometry of the
eroded samples. They triggered many further studies aiming to elucidate
the cavitation erosion mechanism on hard materials [2-5]. Recently, it
was found that an additional energy-focusing mechanism is required for
erosive cavitation. For smallest bubble to wall stand-offs, the bubble
collapse is amplified by a shockwave self-focusing mechanism that
drives an erosive collapse of part of the gas phase and produces erosion
away from the axis of symmetry. This has been shown to be the only
significant mechanism behind cavitation erosion which is able to
generate visible damage already after a single bubble impact on hard
metal surfaces, without fatigue at play [6]. In the later work the damage
detection could be done in-situ but required specialized imaging
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Fig. 1. Experimental setup: (a) front view and (b) side view. Figure c shows the s
maximum expansion Rpmayx, and the stand-off distance are defined in Figure d.
equipment and the damage quantification relied on ex-situ
measurements.

Besides the optical techniques, electrochemical methods can detect
and quantify cavitation damage in-situ. Polarization method and elec-
trochemical impedance spectrometry (EIS) are the two most common
electrochemical methods in the corrosion studies. These two methods
have been widely used to quantify the effect of cavitation erosion on
corrosion and vice versa [7-12]. However, insensitivity to high-speed
short-time changes on the surface, makes these two methods not suit-
able for the study of cavitation damage under single bubble collapse
which occurs in microsecond time-scales. Cavitation erosion increases
the corrosion rate of materials mainly by enhancing the mass transfer

Aluminum wire
(0.8 mm in diameter)

(c) Sample surface

Solid surface

urface of aluminum sample embedded in the epoxy resin. The bubble radius at

rate of oxygen and erosive removal of corrosion products from the
surface [10]. Therefore, the anodic reaction (M—M"" + ne, where M is
metal and n is the number of electrons) on the metal surface is accel-
erated which means a larger number of electrons traveling from the
surface at a specified time, i.e., a higher corrosion current. Measuring
the corrosion rate of metals under cavitation erosion can reveal the
cavitation damage on the surface, e.g., the removal of the passive layer.
Some other electrochemical methods have been developed based on
monitoring the time-dependent corrosion current and corrosion poten-
tial. Using these time domain methods, it is possible to record the time-
dependent corrosion current with or without an applied potential. These
techniques have been used to detect and quantify the damage induced
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by the impingement of solid particles on the surface of samples during
slurry erosion [13-15]. There are also a few works on high-speed
recording of electrochemical current under single bubble cavitation
synchronously with high-speed imaging to measure the wall shear rates
[16] and the effect on rigid surfaces by ultrasonic cavitation [17-28].
These implementations were, however, invasive as an external potential
was applied to the metal surface to increase the small corrosion current.
The external perturbation can also change the corrosion rate and the
passivation behavior of the metal, and the mechanical properties such as
the cavitation erosion resistance may alter.

Here, we use high-speed chronoamperometry to record the time-
dependent current between two identical metal samples (one of them
under single bubble collapse) without any external excitation voltage.
This technique allows a non-invasive in-situ study of cavitation under
single bubble collapse that is correlated with the synchronous high-
speed imaging of the bubble dynamics.

2. Experimental procedure and methods

Here we measure the time-resolved corrosion current during the
dynamics of a laser-induced single bubble collapsing close to an
aluminum surface. The corrosion current is then correlated to synchro-
nized high-speed imaging of the bubble shape dynamics. Via the
corrosion current, damage on the aluminium surface can be monitored
in high temporal resolution and in-situ. The corrosion of aluminium is
mainly controlled by the passive layer behaviour. On the aluminium
sample surface, naturally an oxide layer with a thickness of a few
nanometers is present [29-31]. If the passive layer gets sufficiently
damaged, a bare surface of aluminium gets exposed to the corrosive
medium. Then, the surface is quickly oxidized by the following anodic
reaction Al-AI"® 43¢~ resulting in the time-dependent current. In the
course of this process, again an oxide layer forms, i.e., the sample
repassivates resulting in a decrease in the current to zero within tens to
hundreds of microseconds.

As sample surface the circular cross sections of 99.98% pure
aluminum wires are used. Wires with a diameter of 0.8 mm were elec-
trically insulated using heat shrink rubber tubes. The shielded wires
were then embedded in transparent epoxy resin to provide a sufficiently
large and plane boundary at which the bubble collapses (see Fig. 1c).
They were ground with 200, 800 and 1200 grit abrasive papers and
subsequently polished using 9 and 3 pm diamond suspensions and
0.02 pm alumina suspension. This resulted in an average surface
roughness (R,) of 1.5 + 0.5 nm measured by confocal white light mi-
croscopy (uSurf, Nanofokus AG, Germany). Close to the sample surfaces,
single bubbles were generated in 3.5% NaCl solution which corresponds
to a typical seawater salt concentration using the setup shown in Fig. 1
via optical breakdown from a focused nanosecond-long laser pulse
(Litron Nd:YAG nano S, wavelength of 532 nm). The pulse was focused
into a glass cuvette with PVC Dbottom (dimensions
50 mm x 50 mm x 50 mm) using a long working distance microscope
objective (Mitutoyo, 50x, NA = 0.42), more details on the bubble gen-
eration are presented in Ref [32]. This resulted in single bubbles with a
maximum radiusR,,,x = 0.5 mm at precisely controllable locations. As
part of the metallic body of the microscope objective was in contact with
the liquid, it was carefully coated with an insulating silicon to avoid any
interference with the electrochemical measurements.

A three-electrode cell was connected to a potentiostat (Gamry
Reference 600) in chronoamperometric mode to measure the current
through the aluminium wire at open circuit potential (OCP). The main
working electrode (WE1) was the aluminium wire subjected to the
bubble collapse, the second sample of same material and dimensions
was used as the counter electrode (or WE2) and the reference electrode
was Ag/AgCl. The main electrode (WE1) was placed perpendicular to
the laser beam as sketched in Fig. 1b. This geometric configuration is
necessary to avoid spurious signals induced by the plasma, in particular
for small stand-off distances from the bubble to the sample [16]. The
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current between two working electrodes (WE1 and WE2) and the po-
tential of their couple versus the reference electrode were recorded for
2 ms via the dedicated output channels of the potentiostat (“I monitor”
and “E monitor”) using an oscilloscope at 100 MHz sampling rate
(Teledyne LeCroy HD4096). For optimized frequency response, all in-
ternal filters of the potentiostat were turned off [33]. The rise time of the
potentiostat is given as smaller than 250 ns by the manufacturer. To
estimate the rise time of the entire setup, i.e. including the electrodes,
we use the (spurious) chronoamperometric peak that is generated once
the laser hits the electrode by a photoeffect [16]. As the laser pulse
duration is only about 5 ns it is a good approximation to a Dirac’s delta
excitation. Here we take the rise time of the photoinduced current as rise
time of the entire system. We find a rise of the electrochemical mea-
surement of 400 ns. To lower the noise from the environment, the
potentiostat was grounded and the sampled data is smoothened using a
moving average window of 500 ns length.

The sample holder was attached to a translation stage (PI Physik
instrument) to adjust the distance between the surface of the sample and
the bubble center with sub-micrometer precision using an in-house
developed control software. A parametric study on the stand-off dis-
tance was performed where the plasma to boundary distance d was
varied between 0 and 1 mm. This distance is conveniently expressed
using the non-dimensionalized stand-off y = d/Rpqy, i-e., ¥ = 0 to 2.0.
From the high-speed imaging y is measured geometrically as sketched in
Fig. 1d by determining the maximum bubble radius in vertical direction
to and away from the solid, as discussed in detail in [33], and the dis-
tance d between plasma and solid. We estimate an uncertainty of 10 ym
for the measurement of d and Ry Working and counter electrodes
(WE1 and WE2 in Fig. 1a) were both attached to the translation stage to
maintain a constant distance and measurement geometry.

Two high-speed cameras were used to image the bubble dynamics
and stand-off distance. The main camera (Shimadzu HPV-X2) was
placed in parallel with the surface of sample (see Fig. 1a) to record the
bubble dynamics at frame rates of up to 5,000,000 frames per second
(fps). It was equipped with a macro lens (Canon MP-E 65 mm /2.8 1-5
times magnification) giving a resolution of 7 um per pixel. The illumi-
nation was provided by an LED (SugarCUBE™ Ultra LED Illuminator) in
transmitted light. Perpendicular, the second camera (Photron fastcam
mini) was operated at 120,000 fps imaging the sample surface (see
Fig. 1b). This camera was used to axially align the bubble with the main
working electrode (WE1). Illumination was realized via light reflected
from the surface of the sample from a second light source (SugarCUBE™
Ultra LED Illuminator). The high-speed imaging was synchronized to the
potentiostat with the help of the oscilloscope to record the electro-
chemical corrosion current and the exposure signals of the high-speed
cameras simultaneously. For further synchronization a short rise time
photo detector (Thorlabs DET-10A) was used with the oscilloscope to
detect the instance of bubble generation.

3. Results and discussion
3.1. Effect of stand-off distance on cavitation damage

The bubble dynamics in general is sensitively stand-off dependent.
Therefore, we first carry out a parametric study of the damage as a
function of the stand-off y. To estimate the damage by one single bubble,
we integrate the corrosion current over time for the entire bubble dy-
namics and get the total corrosion charge Q = [I(t)dt. Then, via the
Faraday equation, the weight of the newly formed passive layer on the
sample can be obtained:

_oM
T nF

Aw

where Aw is the weight change in grams, Q is the charge in C, M is the
molar mass in g/mole (26.98 for Al), n is the number of electrons
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Fig. 2. The obtained charge and the calculated weight of eroded passive layer due to single bubble collapse near the surface of aluminum as a function of y.
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Fig. 3. High speed imaging (1 Mfps) of bubble generation and collapses at
y = 0.10. The arrow in the first frame shows the direction of laser beam used for
bubble seeding. Times are indicated in each frame in microseconds with respect
to the bubble generation.

transferring in anodic reaction (n = 3 for Al here) and F is the Faraday
constant (95458C/mole). Here we assume that the material removal
mainly occurs in the passive film through a skimming mechanism, i.e.,
layer-like progression induced by the shear stresses. Some weight-

lossless plastic deformation in the form of indentation is also expected
[6] though this limited plastic deformation could not result in formation
of cracks or material removal in the form of detached particles on the
surface of ductile aluminium. As the surface will be quickly repassivated
after the bubble collapse, the weight loss of the sample due to the
removal of passive layer is roughly equal to the weight of elementary
aluminium which reacts with oxygen, i.e., Aw in the Faraday equation.
Fig. 2 shows the produced charge and the calculated weight of eroded
passive layer as a function of the stand-off. At each stand-off at least
three measurements were evaluated, and the error bars show the stan-
dard deviation of the mean. The calculated weight losses are in the order
of few picograms (pg). Clearly, the bubble dynamics are significantly
damaging only for y <~ 0.25. This has been previously reported and is a
result of shockwave self-focusing during the collapse [6]. The highest
damage is found here for y = 0.1. There, the weight of the re-formed
passive layer is about 2.5 pg. To put this into relation, we assume
erosion in the shape of a cylindrical hole and calculate the equivalent
cylinder radius. We estimate the passive layer thickness as d = 5nm [34],
and calculate par’d = Aw = 2.5pg, where r is the equivalent radius, and
p = 3950kg/m® the mass density of aluminum oxide. Then we obtain
erosion in a hole of radius r = 6.3 ym. No damage is detected for
y > 0.25, only around y ~ 1.3 —1.4, some minor damage is also detect-
able, which is in agreement with the trend reported by Philipp and
Lauterborn [35].

450

400 A
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Bubble radius, pm
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Fig. 4. Bubble radius evolution and corresponding corrosion current as a function of time at y = 0.10. The time t = 0 corresponds to the bubble generation.
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Fig. 5. Time-dependent corrosion current obtained at OCP during the entire bubble dynamics including the bubble generation, collapse, and subsequent rebounds at
various y of 0, 0.10 and 0.20. The time of plasma generation, t = 0, is also included in the figure.

3.2. Correlation of high-speed imaging with chronoamperometry

3.2.1. Damaging stand-off regime

In the previous section it was shown that the largest damage occurs
for y—0. A representative bubble dynamics from this regime is shown in
Fig. 3 for the stand-off y = 0.10. The frame times indicated in each frame
are given respective to the first frame after bubble generation: t = 0. In
the first frame, the plasma is generated, and then the bubble expands.
Around t = 70 ps, the bubble has reached its maximum radius of about
0.5 mm in a hemispherical shape. In this stage the pressure inside the
bubble is about the water vapour pressure and consequently the bubble
starts to collapse. At t = 110 ps, bubble shape has changed, and a kink is
formed due to the radial flow toward the axis of symmetry which results
in the ejection of a supersonic needle-jet towards the solid [11]. At
t = 128 ps the bubble has collapsed; and it subsequently rebounds on the
surface now with a maximum diameter of about 400 pm (t = 155 ps).
The bubble then starts to collapse another time, and a second collapse is
seen at the frame taken at 183 ps. This process is repeated another time
and the third collapse occurs at t = 230 ps. All dynamics take part at the
solid boundary.

To correlate the bubble dynamics with the chronoamperometric
response of the sample, Fig. 4 shows the evolution of the bubble radius
R(t) and the respective current between the two identical electrodes at
open circuit potential (OCP). The time series covers the entire bubble
dynamics including the bubble generation, collapse, and subsequent
rebounds (blue). The maximum peak current of 380 pA at t ~ 128us
follows directly the instance of the first collapse, i.e., when the bubble
radius approaches zero for the first time in Fig. 3. Subsequent collapses
are related to smaller amplitudes with somewhat wider peaks. For
example, the peak that coincides with the second collapse around
t =183 ps, has an amplitude of about 200 pA. The lower amplitude of the
second peak suggests the lower surface damage by the second collapse
compared with the first one. The smaller amplitudes are a result of
damping which can also be seen in the decreasing amplitudes of the
maximum radius in time. We suspect that the peaks get wider for sub-
sequent collapses as the bubble tends to fragment during the first
collapse and loses some of its cylindrical symmetry. This can result in an
“asynchronous collapse” where parts of the bubble are already
collapsing while others are still expanding [6].

After each peak, the corrosion current decreases as the sample
repassivates, i.e., the oxide layer on the aluminium surface forms. As this
process is a mass transfer limited process that takes some time, the

current does not reach zero when the following collapses induce the next
peak. From all measurements in our setup, we measure the repassivia-
tion time, i.e. the time until the corrosion current approaches 5% of the
peak value, as 195 + 30 ps. The exact repassivation time may of course
depend on the peak amplitude and also the damage geometry on the
sample. For example, a deep pit may repassivate at other rate than a
planar damage. There are also some other parameters that may affect
the repassivation kinetics during the bubble collapse: an increase in the
surface temperature, sonochemical decomposition of water into reactive
species, and an increase in the mass transfer [36]. In the case of laser
induced single bubble collapse, not a significant increase in the tem-
perature of the metallic surface has been observed [37], so this effect can
be ignored here. It is true that formation of free radicals inside the
plasma can alter the kinetics of chemical reactions inside the solution
[38], there are several reasons implying the low priority of these effects
during the repassivation after a single bubble collapse. First, it was
shown that the bubble does not get in contact with the solid during most
of the dynamics. Instead, there is a liquid film between the bubble and
the solid [41]. Second, ions are only formed for some tens of nanosec-
onds within the bubble. During this time, as there is no convection to-
wards the solid, a molecular flow would be necessary to bring a
significant amount of ions toward the surface that is not relevant here.
Among all phenomena which can affect the repassivation kinetic during
the bubble collapse, the increase in mass transfer to the surface by
disruption of the interfacial boundary layers can be more significant
[36]. This means that oxygen can reach the surface more easily resulting
in a higher oxidation rate as compared with a stagnant solution. The
increase in the mass transport was also reported to be the main effect of
ultrasound on the electrodeposition of metal ions under diffusion control
[39]. The values obtained for the repassivation time are consistent with
measurements in similar systems. It was reported that the repassivation
of an aluminium electrode (kept at a potential of O V vs a stainless steel
electrode in purified water consisted of 0.1 mol/dm? NayS0y4) lasts for
100 ps after impingement of a single erodent particle [40,41] and 79 us
under collapse of bubbles generated by ultrasonic source [42]. For UNS
S$31603 stainless steel, current transients occurred over a short period of
time between 18 and 38 ms in a 3.5% NaCl solution [43]. Generally, the
repassivation time of various alloys depending on the nature of oxide
film, potential of electrode and environment (chemical composition,
velocity, and temperature of corrosive medium).

Within the erosive regime, still substantial differences in the time
evolution of the corrosion current can be observed. Fig. 5 compares the
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data from three stand-offs, all within the erosive regime. For example,
the (first) collapse peak is larger, the smaller the stand-off. Please take
note that for the three measurements the instance of collapse differs
because the bubble lifetime, i.e. the time from generation to collapse, is
proportional to Ry, and also a function that is sensitively dependent on
y in this near-wall regime [44,45]. A further difference concerns the
value of the plasma generation peak which is largest again for y =0, i.e.
when the plasma hits the electrode directly. We would like to mention
that not only direct plasma contact produces a current. While at y = 0.20
the high-speed imaging clearly confirms that the plasma is not in direct
contact with the electrode still a spike is produced at t = 0. These signals
were attributed to a photo effect on the surface of metals [16] and we
will not further evaluate the plasma peaks here. The most interesting
observation concerning the bubble dynamics is the difference in the
impact of subsequent collapses. While at y = 0.10 the second and third
collapses are still producing a substantial corrosion current, this is not
the case for the slightly larger y = 0.20. In the range 0.15 < y < 0.25 we
do not find any damage other than from the first collapse. The reasons
are revealed in the high-speed imaging in Fig. 6. Before the second
collapse, the bubble is pancake-like shaped and then lifts off from the
solid boundary. It is ejected into the bulk where the subsequent collapses
take part. This corresponding flow fields of this dynamics have been
measured and analyzed in [16]. In contrast for y < 0.15 the subsequent
collapses take part directly at the solid.

We close the analysis of the damaging stand-off regime inspecting
the electrochemical current peaks at y = 0.10 in more details in Fig. 7.
The instance of minimum gas phase volume is read from the high-speed
imaging and marked by the star symbol, and the horizontal error bars
correspond to the interframe time. The first collapse, see Fig. 7a, shows
that the peak starts to rise with the instance of minimum bubble volume
and has a short rise time of less than 2 ps. We consider this an upper
limit, as the rise time is likely limited by the electrical circuitry here. For
the second and third collapse the rise time is significantly larger, 15 and
14 ps, respectively, as shown in Fig. 7b and c. High-speed imaging of the
bubble in top view of the solid has shown that the gas phase does not
reach minimum volume all at once. Instead, when parts of the ring
bubble are already in the rebound stage, others are still collapsing.
Whereas, this process is particularly fast in the heavily erosive small
stand-off case where it takes only about 75 ns, it can take several mi-
croseconds during the second collapse because the sphericity of the
rebounded bubble is significantly lower and the bubble tends to frag-
ment [6]. Further, it should be considered that after the first collapse the
sensor, i.e. the electrode, has changed. After the damage from the first
collapse, a passive layer may not have healed completely as this process
takes about ~200 us (see above), such that the weaker but high wall-
shear flows generated during the second collapse damage the pre-
damaged surface. Indeed, the thin nascent oxide layer formed on the
soft pure aluminium substrate shows a lower resistance against the
cavitation-induced stresses as compared to the original passive layer
with a higher thickness. Alternatively, the flows from second collapse
could increase the repassivation rate by increasing the mass transfer rate
which is also detected as an increase in the corrosion current.

3.2.2. Non-damaging stand-off regime

Fig. 8 shows a representative dynamics in the non-erosive regime for
y = 0.50. The respective corrosion current is presented in Fig. 9. The first
collapse at t = 112 ps (Fig. 8) is not related with a significant increase in
corrosion current in Fig. 9 and thus not damaging. This stand-off is
characterized by the regular jet that largely affects the bubble dynamics
and shapes the bubble toroidally, see the axial indentation of the upper
bubble interface at t = 101 ps. Jet velocities are around 100 m/s and the
radius of the jet is about 125 pm, which corresponds to 25% of Rpqy, i.€.
the jet is rather thick. This comparably slow and wide jet is known to
reduce the collapse strength and prevent shockwave self-focusing and
therefore to mitigate cavitation damage [6]. A further detail can be
observed in the corrosion current in Fig. 9. The noise is significantly
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at y = 0.50.

reduced as the bubble is expanded over the electrode, see the time span
between t = 25 ps to 100 ps. We attribute this to small limited liquid
volume between the bubble and the electrode which may induce a
depletion of charge carriers in the near-wall region at the electrode and
may increase the electrical resistance of the electrochemical arrange-
ment. It is known from dynamic measurements that the liquid layer
between bubble and solid is below 15 um thickness already after about
10 pus but approaches an almost constant value until the jet impacts on
the wall [46]. This is further discussed in the Appendix.

3.2.3. Second collapse damaging stand-off regime

Fig. 2 has shown some minor charge and weight loss being produced
around y ~ 1.3 —1.4. The respective high-speed imaging for y=1.4 is
shown in Fig. 10 and the time-resolved corrosion current in Fig. 11.
These data prove three important findings: I) The first collapse, which
takes part at some distance from the solid (see t = 105 ps), is not related
with any increase in corrosion current. Even though the shock waves
emitted are rather strong at this stand-off due to the good sphericity of
the bubble, they are emitted apparently too far away from the boundary.

II) A regular jet with velocities in the order of 100 m/s pierces the bubble
interface at t = 103 ps seen via the indentation in the bubble interface
facing the bulk. This jet impacts between 106 us and 115 ps but does not
induce any corrosion current and is not expected to induce damage. III)
Instead, some minor damage is only produced during the second
collapse around t = 195us. This is in agreement with our previous work
that showed no damage from the first collapse for y > 0.25 but
demonstrated the erosive shockwave self-focusing during the second
collapse that can result in minor damage [6].

3.3. Summary and discussion

Fig. 12 gives an overview over the different damage regimes iden-
tified. It shows the peak amplitudes from first, second, third and fourth
collapses. The main erosive regime of the first collapse extends up to y ~
0.25 and decreases for increasing stand-off. When the rebounded bubble
collapses in the bulk and not at the solid, the second collapse is not able
to produce surface damage (0.15 < y < 0.25). The small damage pro-
duced for 1.1 <y < 1.4 is a result of only the second collapse.
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Fig. 11. Time-dependent corrosion current obtained at OCP during the entire bubble dynamics including the bubble generation, collapse, and subsequent rebounds

at y = 1.4. The time of plasma generation, t = 0, is also included in the figure.

Here, we measured the weight of newly passivated material as about
2.5 pg in the erosive near-wall regime (see Fig. 2). This is about 54 times
more than the values reported for a single current time transient on a
250 um diameter passivated Al electrode in acoustic cavitation by Birkin
et al. [47] who reported 46 fg. Considering the differences in the setup
the data may still compare well. First, they used a 0.25 mol/dm® NaySO4
solution and an electrode potential of + 200 mV versus saturated a
calomel electrode (SCE) which could result in different passive layer
thickness. Second, they used ultrasonic cavitation induced by a horn

resonating at 23.17 kHz but did not employ high-speed imaging, so that
the bubble sizes, sphericity and distances to the electrode were un-
known. Still from the driving frequency-one can expect a bubble volume
that is two orders of magnitude smaller than the bubble generated here.
Furthermore, we want to compare our data to the mass erosion rate per
single cavitation bubble in a similar setup. Reuter et al. [6] reported
volumetric erosion rates in a similar setup obtained by ex-situ confocal
profilometry of the eroded volume which translate to 7.76 ng per bub-
ble, using the specific mass density of aluminum as p = 2700kg/m® from
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Fig. 13. Comparison of chronoamperometric noise for different expansions of the bubble and before bubble generation (y = 0.10). As the bubble expands and covers
the electrode, the noise is significantly reduced. Here the raw data is presented without digital anti-noise filtering.

the volumetric erosion rates given in that work. This is three orders of
magnitude more than the values measured here. This is because here we
obtain the weight of the repassivation layer rather than the total erosion.
Furthermore, this provides a lower boundary of the weight of the newly
formed passive layer because cathodic reactions may occur already on
the undamaged material of the sample electrode, such that the charges
do not reach the electrometer of the potentiostat. We tried to diminish
this effect by using small area electrodes. Still, the striking differences in
2.5 pg /7.76 ng = 3 orders of magnitude give insight into the erosion
processes. The mechanical detachment rate is much larger than the
repassivation rate. This suggests that the ablation hits into the bulk
metallic material rather than ablating oxide layers in large areas and
material removal at the one instance of time rather than in an areal
pattern. In contrast, a removal of the passive layer in layer-like pro-
gression or step by step would result in the formation of orders of
magnitude more passive layer during the process.

The strength of the method presented concerns the ability to resolve
the small weight fraction on the order of 2.5 pg even at a (sub-)

microsecond resolution, for which hardly alternative methods that allow
the in-situ measurements in this wet environment. Furthermore, it al-
lows the time-resolved measurement of cavitation damage with a reso-
lution much better than the duration of the bubble dynamics. This way,
the damage can be attributed to a specific part of the bubble dynamics
and the effect of subsequent collapses can be quantified. Here, the
measurements were sensitive enough to record the corrosion current at
open circuit potential, i.e. non-invasively. The application of a certain
potential to the sample electrode would increase the signal but at the
cost of altering the passive layer formation.

4. Conclusions

We showed high-speed time-resolved measurements of the cavita-
tion damage by single laser induced bubble by monitoring the induced
corrosion current on an aluminum sample. The response time of the
measurement method was much faster than the bubble lifetime and thus
together with synchronous high-speed imaging of the bubble dynamics,



M. Abedini et al. Ultrasonics Sonochemistry 92 (2023) 106272

correlation between bubble dynamics and surface damage was possible. sensitive enough for a real-time detection of cavitation induced damage.
The first bubble collapse is by far the most erosive impact and it is

only erosive in a small range of stand-offs of y < 0.25, i.e. when the CRediT authorship contribution statement

bubble dynamics take part directly at the boundary as reported before
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take part at the surface. For example, some minor damage was found in fanie Hanke: Conceptualization, Writing — review & editing. Fabian

the range (1.1 <y < 1.4) from the second collapse. Within the erosive Reuter: Conceptualization, Writing — review & editing.

regime only for stand-offs y < 0.15 also the second collapse increases
erosion rates, while for y = 0.20and0.25 the bubble is ejected from the Declaration of Competing Interest
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Appendix

In Fig. 13 the raw electrode current, i.e. without any filtering, is shown before the bubble generation (¢t = 0) and during its first oscillation phase.
Now looking only at the noise, the curve can be divided into four regions. At region O the noise is largest, for 1 it is decreasing, for 2 it is lowest, and for
3 it is increasing again. We explain this with the bubble covering the electrode area. Between 0 us and ~ 25yus, the bubble only partly but increasingly
covers the electrode area, while between about 25 ps and about 110 ps, the bubble almost covers the entire electrode surface even though there
remains a thin liquid film between bubble and solid surface. For y > 0.5, Reuter and Kaiser [46] measured its thickness d and offered a phenome-
nological fit as d(y) = 29.2 pm y*5® + 4.74 ym. We extrapolate the fit to estimate the film thickness at the instance of jet impact for the shown case of
y =0.1 and find d = 4.7um. There are no signs of film rupturing during the bubble dynamics before the first collapse neither from the high-speed
imaging nor from the electrochemical corrosion current and we can expect the film to be on the order of 10 um during the entire dynamics when
the bubble covers the electrode area (t >~ 25us). The thickness of the diffusion layer of oxygen on the surface of aluminium is in the order of 100 ym
[48], i.e. significantly reduced by displacement of the bubble. In addition, the electrical resistance between the electrodes may be increased at small
gaps. These findings suggest that electrochemical microscopy [49], i.e., the monitoring of reaction rates as a function of the gap width above an
electrode may be even feasible in this high-speed arrangement and provide further insights into the bubble dynamics in dedicated experiment.
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