Tribology Letters (2024) 72:55
https://doi.org/10.1007/511249-024-01851-7

ORIGINAL PAPER q

Check for
updates

Single-Bubble Cavitation-Induced Pitting on Technical Alloys

Jonas Kiihimann'® . Sebastian A. Kaiser'

Received: 10 October 2023 / Accepted: 13 March 2024 / Published online: 24 April 2024
© The Author(s) 2024

Abstract

Repeated single cavitation bubble experiments were performed primarily on 316L stainless steel, and some on nickel-alu-
minum-bronze (NAB) and pure aluminum. The bubble dynamics were recorded with two high-speed cameras and correlated
with surface images, also acquired in situ. These experiments were performed for a range of stand-off distances y (the ratio
of the distance of the solid surface from the bubble to the bubble’s maximum radius) from 0.3 to 2.15. For all stand-off dis-
tances, single pits were the only surface change detected at the beginning of damage formation. Later phases of the collapse
are not axisymmetric but show regions of “stronger” collapse, and the pits occur on the material underneath those regions.
For y < 0.4, the damage is attributed to the second collapse. For y > 0.4, the first bubble collapse is most likely responsible
for pitting. Shock-wave emission was detected from the collapse regions that were linked to the damage. On 316L, the pit-
ting rate was found to be linearly dependent on the bubble radius, indicating a non-zero lower limit for the bubble radius
below which pits do not occur. In terms of stand-off distance, the pitting rate (defined here as average pits per bubble) was

non-monotonic, with maxima for bubbles initiated closest to the sample (y=0.3) and at y=1.4.

Keywords Cavitation damage - In situ microscopy - Laser-induced cavitation - Wear of technical alloys

1 Introduction

Cavitation bubbles near a solid boundary collapse towards
the solid. Even technical alloys can be damaged by these
collapses. Cavitation is typically found in nozzles, pumps,
turbomachinery, or ship propellers [1-3]. There, it can cause
erosion [4, 5], noise [6], and reduced efficiency [7]. Besides
the problems caused by cavitation, it can also be useful, for
example, in surface cleaning [8], material synthesis [9], or
medical applications [10, 11]. Whether it is to control cavi-
tation or to use it, it is of great interest to understand how
cavitation affects a nearby solid surface.

In technical applications, cavitation bubbles usually
occur in large numbers simultaneously, making fundamen-
tal studies of the phenomenon difficult. However, a focused
laser pulse can be used to induce single bubbles, allowing
controlled experiments to be performed more easily [12].
Detailed studies of the collapse dynamics of free bubbles,
e.g., [13], as well as bubbles close to solid surfaces were
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performed this way [14—19]. Several studies also investi-
gated the effects of the such collapses on a deformable sur-
face [20-23]. In particular, the bubble collapse dynamics
and thereby the surface damage depend on the dimensionless
stand-off distance y—the ratio of the distance of the bubble
center from the surface to the maximum bubble radius [20].
During collapse, shock waves are emitted from the bubble
[24] and a liquid jet can hit the surface with up to 1000 m/s
[25, 26] (though usually much slower), depending on the
stand-off distance.

Early work on surface damage by laser-induced single
bubbles was published by Tomita and Shima (1986). They
discussed the possible role of the shock wave in damage
development [27]. In their pioneering 1998 work, Philipp
and Lauterborn (hereafter abbreviated with P&L 1998)
performed a comprehensive study of bubble dynamics,
but more importantly, possible damage mechanisms and
resulting damage patterns [20]. In particular, the liquid jet
as well as the shock waves occurring at different stages of
collapse were correlated with surface damage [20]. How-
ever, the influence of the various phenomena during the
collapse on the resulting damage is still not clear. A recent
study by Dular et al. using aluminum foil laminated on
glass—substrates found the mechanism (e.g., shock waves,
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jet) to depend on the stand-off distance [21]. Although
P&L 1998 investigated technical alloys to some extent, the
focus of their work, like that of most that followed, was
on the study of relatively soft materials such as aluminum
[21-23]. However, such “model” materials are unsuitable
for most engineering applications where cavitation occurs.
The extent to which the studies on aluminum can be trans-
ferred to technical alloys is not clear.

Cavitation resistance testing of technical alloys is typi-
cally performed according to ASTM G32 using ultrasonic
cavitation [28, 29]. In these tests, e.g., [30] and more
application-oriented tests [31], multi-bubble phenomena
occur [32, 33], making it impossible to directly correlate
individual bubbles with the damage caused. However,
there are some indications that the damage mechanisms
in ultrasonic cavitation do correspond to those triggered
by many successive individual bubbles [34].

Little work has been done on single bubble damage to
technical alloys. A recent study by Reuter et al. showed
that at very small stand-off distances (y=0.05 to 0.2), even
technical alloys can be severely damaged by self-focusing
of the shock waves [35]. Gonzales-Parra et al. performed
experiments with many consecutive single cavitation bub-
bles on brass, the focus being the prevention of damage by
laser-machined periodic surface structures [36].

In our previous work, we investigated the damage pro-
cess on 316L stainless steel, nickel-aluminum-bronze
(NAB) and aluminum [37-39], the latter to make a bet-
ter connection to the literature. Most of the experiments
were performed with 2 mm to 3 mm bubble diameter and
stand-off distances around 1.4 [37]. It was found that pits
occurred stochastically on the technical alloys in the same
locations relative to the bubble as on aluminum but were
smaller and less frequent. However, it was also found that
on technical alloys the visible damage process can start
from the very first bubble, as it does for aluminum [38].
The surface changes after each bubble were correlated
with the corresponding bubble dynamics to better under-
stand the pit formation. In particular, we saw that in the
second collapse of a bubble, there can be parts of the then
toroidal bubble that have elevated dynamics, i.e., a locally
“stronger” collapse. The occurrence of these stronger col-
lapse areas (SCA) was spatially correlated with the surface
pitting in that pits only occurred in close proximity to the
SCAs [37]. A recent study by Kida et al. [40] measured the
pressure near the sample surface for y=1.5 with an optical
pressure sensor and recorded the bubble dynamics from
two perspectives. Consistent with our work, they found
asymmetric regions across the toroidal second collapse in
the bubble dynamics and the highest pressures away from
the center. An important conclusion from our experiments
is that material damage from single bubbles can be caused
by the summation of many individual pits. How fast the
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initial damage progresses can then be indicated by the pit-
ting rate [38].

Since most of our previous work was for y=1.4 but the
bubble dynamics are very different for different stand-off
distances [20], the question arises how generic the findings
summarized above are. Therefore, we investigated the corre-
lation of bubble dynamics with pit occurrence for the entire
range of stand-off distances that our experiment can usefully
produce, y=0.3 to 2.15. In the course of the investigation, a
few other aspects were seen to be relevant and are, thus, cov-
ered here, namely, local and global collapse asymmetry, a
visualization of shockwaves, and an initial investigation into
the scaling of the initial damage evolution with the absolute
bubble diameter. As before, the experiments were performed
mainly on 316L, but differences and similarities compared
to NAB and aluminum were also investigated.

2 Materials and Methods

The experiment has been described in detail in our previ-
ous work [37]. Here, a brief summary is given, and new
features are described. Figure 1 shows a simplified view of
the illumination and image detection. The cavitation bubbles
were generated by a focused 10-ns laser pulse (1064 nm)
above the center of the polished cylindrical samples. The
repetition rate of the laser pulses, and thus, the bubbles,
was varied between 15 and 0.5 Hz. For both the pit—bubble
correlation experiments and the pitting-rate experiments, a
low repetition rate was preferred because longer intervals
between bubbles mean less residual gas from the previous
collapse that complicates imaging the surface. For experi-
ments with many cavitation bubbles (more than 1000), the
maximum repetition rate was chosen to reduce the duration
of the experiment.

The bubble dynamics are recorded simultaneously with
two high-speed cameras. In addition, the surface of the sam-
ple was recorded before and after each bubble. The high-
speed cameras (Phantom Veo 710L, Phantom v1216, and/
or Photron SA-Z) were operated at repetition rates adapted
to the relevant part of the bubble dynamics (between 60 and
160 kHz). A camera with low frame rate but higher resolu-
tion allowed examining the surface in situ via reflected-light
microscopy. Two beam splitters are utilized in the optical
train of the light microscope. A 50:50 splitter directs the
illuminating LED light towards the sample, while a second
90:10 splitter projects the image onto two cameras. The
majority of the light (90%) is directed towards the high-
speed camera. The exposure time of the high-speed camera
for the side view was set to 5 pus. For most of the experi-
ments, the camera for the top view was operated at about
10 ps. For some experiments (e.g., Fig. 10a), it was 5 ps.
The high-resolution camera was exposed for 3000 us. The
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Fig. 1 Experimental setup a a)
from the top and b from the side

focusing optics

1064 nm

—_—

Nd:YAG

@\

|

high-speed camera

circular field of view varied between 3 and 1 mm in diam-
eter, depending on the radius and stand-off distance of the
bubble. For most experiments, the LED illumination was
continuous, but to visualize shock waves, the LED was
pulsed with 200 ns pulse duration.

The cylindrical specimens, 12 mm in diameter and 7 mm
in height, were first ground, and in the final preparation step,
the sample was lightly etched to visualize grains [37, 39].
Most of the experiments were performed on the stainless
steel 316L, but differences and similarities compared to a
nickel-aluminum-bronze (NAB) and pure aluminum were
also investigated. In typical ultrasonic cavitation erosion
testing, aluminum shows very little cavitation resistance,
316L much more, and the NAB is most resistant. More
detailed material specifications and material properties can
be found in [34, 38, 39].

3 Results and Discussion

For clarity, some definitions are provided first: during the
life of the bubble, several collapses and rebounds take place
[20, 41]. This work examines both the initial collapse of the
bubble, as well as the second collapse that occurs after the
bubble rebound. A collapse is defined here as the shrinking
of the spatial extent of the gas phase in the fluid towards a
local minimum. However, in the literature, this local mini-
mum itself is often called the “collapse.” In keeping with
this, if it is not explicitly stated which of the individual
spatio-temporal minima is meant (first, second), “collapse”
may also refer to the overall process. During this process,
the sample surface becomes subject of load due to different
phenomena like liquid jets or shockwaves. A pit is defined
here as a permanent depression (plastic deformation) in the
surface caused by a single event in the bubble collapse that
is short compared to the overall time of the bubble collapses
and rebounds. As will be seen, the radius of pits is always
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more than one order of magnitude smaller than the maxi-
mum bubble radius. More generally, (cavitation) damage
is defined as any permanent change in the surface. Such
a change does not necessarily mean erosion, which is the
removal of material, but may simply be due to plastic defor-
mation. Two kinds of mechanisms appear in our discussion:
on the one hand, the way the fluid dynamics lead to a pre-
sumed load on the material (jet, shock waves), on the other,
how that load leads to damage in the material.

3.1 Pitting Damage Patterns

Figure 2 shows the regions in which successive bubble col-
lapses caused damage in form of pits at stand-off distances
from 0.25 to 1.90. The in situ images were selected so that
the damaged region and individual pits are clearly visible.
For y=0.25 (Fig. 2a), the pits form a ring with two regions
along the laser beam propagation axis where the damage
is significantly increased. The damage in these regions is
composed of multiple pits. For y=0.9, two regions away
from the laser axis contain the majority of the pits. For a
stand-off distance of 1.0, pits occur in a much smaller region
that is elliptical with the long axis perpendicular to the laser
direction. For y=1.2, a circular damage pattern can be seen
with more damage along the laser axis, although the damage
is more pronounced towards the laser incidence. A similar
damage pattern is observed for y=1.36, except that the circle
is significantly larger. At y=1.55, the pits occur in a ring
similar to y=1.36, but an additional circle of pits formed
around the center of this ring. At a stand-off distance of 1.78,
only one circle of pits is seen directly below the center of the
bubble. Finally, Fig. 2a shows damage at the upper end of
the stand-off distances that cause pits. Here, at y=1.9, pit-
ting occurred only in a relatively limited area, again directly
below the bubble center.

The number of bubbles that must collapse on the surface
to produce significant damage patterns varied widely, i.e.,
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r=1.4 mm

r=1.15 mm

Fig.2 In situ images of pits at various stand-off distances for a bub-
ble radius of about 1.2 mm. The stand-off distance, number of bub-
bles, and the exact radius are given in each image. The laser is inci-
dent from the bottom left corner (red arrow). a Overview images
showing the entire damaged area. The images are shown at different

from 100 (y=0.25) to 200,000 (y=0.9). The damage pat-
terns in Fig. 2 are consistent with recordings of equivalent
experiments on aluminum by P&L 1998 [20] and Isselin
et al. [22]. This is also true for the asymmetries typical of
laser-induced single bubbles [42—44]. These asymmetries in
the likelihood of a pit occurring in a particular spot are prob-
ably caused by the asymmetry of the plasma. However, the
ring-shaped patterns (e.g., at y = 1.36) show that this asym-
metry seen in damage patterns is not universal and pits can
occur everywhere along the ring.

Figure 2b shows sub-regions of the damage shown in
Fig. 2a with all images on the same spatial scale. This type
of presentation facilitates a comparison of the lateral dimen-
sions of pits. For all y> 0.3, the pits are quite similar in
size. This is true for both pits at a fixed distance as well as
for pits across different stand-off distances. This may imply
that the surface loading by the fluid dynamics is not so dif-
ferent across these cases, which in turn points towards the
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magnifications. Each scale bar corresponds to 500 pm. b Sub-regions
of the images in a at higher magnification. Here, each image has the
same magnification, represented by the 250 pm bar (Color figure
online)

mechanism in the flow being similar. For y=0.25, however,
the pits look distinctly different. The special nature of very
small stand-off distances with y < 0.3 has recently been high-
lighted by Reuter et al. [35] who identified a self-focusing
mechanism of the shockwaves that leads to strong deforma-
tion of the material. This might be the cause of the more
pronounced damage region on the laser axis in Fig. 2b. This
region is also composed of multiple pits that occurred in a
small area. Note that the images shown in Fig. 2 for y=0.25
are at a lower number of bubbles than the other images.

Up to bubble counts of several 10,000 (depending on y),
pitting is the only damage observed on 316L. As shown in
a previous study, before material is lost in cavitation ero-
sion, plastic deformation leads to material elevation and a
rise of the grain boundaries [39]. Therefore, if these phe-
nomena have not yet occurred, there cannot be material
loss, as shown in Fig. 2 where none of the sample shows
significant change of the material structure at the grain
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boundaries. How the accumulation of pits finally leads to
erosion depends on the material [39], and the pitting rate
was also found to be material-dependent [38]. For 316L
and aluminum after many pits plastic flow occurs. Grain
boundaries stop this flow and this is where the first material
removal (erosion) was observed [39]. For NAB, plastic flow
on a large scale was hindered by the disperse intermetallic
particles. Nevertheless, the first material removal occurred
at grain boundaries [39]. In the current work, pits were
found for every material and stand-off distance investigated
up to an upper boundary discussed in the section “Pitting
rate”. Thus, any damage due to multiple bubbles at a given
stand-off distance for which pits occur has the potential to
eventually lead to material loss due to the plastic flow as
summarized above [39].

3.2 Correlation of Damage and Bubble Dynamics

The surface changes are now correlated with the correspond-
ing bubble collapse. The method for that was presented in
detail in our previous work [37] and is summarized in Fig. 3.
For this evaluation images from the beginning of a bubble
series when only a few pits have formed, were used (unlike
the examples in Fig. 2 where pits overlap, making counting
impossible). First, a pit was searched for in the high-reso-
lution images before and after the bubble collapse. If a pit
was found, its location was identified in the high-speed data,
and these were examined in more detail. Figure 3a, b shows
the surface before and after the collapse. The pit is marked
with a red circle. Figure 3c, d shows selected images from
the second collapse of the bubble. The position of the pit is
marked with a red x in these high-speed images. Here, the
pit is located where an SCA was found in the collapse. Our
previous work examined how the phenomena in the second
collapse of bubbles with y=1.35+0.05 are related to the
pitting [37]. The same procedure is now applied to stand-off
distances from 0.3 to 1.9. The findings are first discussed
for y> 1, where only the second collapse occurs close to the

a) b)
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O

Fig.3 316L surface a before and b after the bubble collapse.
(Color figure online)

220050

sample surface, and y < 1, where both the first and second
collapse occur in direct vicinity of the sample surface.

33 y>1

Figure 4 shows the side view of selected bubble dynamics
from y=1.1 to 1.8 of bubbles at »=1.4 mm. The dynamics
of the bubble collapse processes were described in detail
in other work [20] and are used here just as a reference for
the reader. As can be seen in Fig. 4a—e, at none of these
stand-off distances does the first collapse occurs close to the
sample surface. Therefore, the second collapse is considered
relevant for pitting.

Figure 5 shows the dynamics around the second collapse
of the same bubbles as shown in Fig. 4, now in top view. All
bubbles shown here caused at least one pit. The position of
the pits is marked with a red x. A collapse ring with different
radii for different y can be seen for all stand-off distances.
The collapses at y=1.25 to 1.8 (Fig. 5c—e) also have a “spot”
of gas phase in the center of the ring. A more complete view
of the dynamics from the top view can be found in Fig. 14
in the “Appendix”.

In each of the examples shown in Fig. 5, a pit could be
assigned to an SCA in the second collapse. In fact, from y=1.1
to 1.8 this was the case for thousands of image series we visu-
ally examined. Pits usually occur in the center of the SCA. As in
the example in Fig. 5b, when two pits occurred, two SCAs are
seen. It is not true that each SCA necessarily leads to a pit, but
each pit can be attributed to an SCA. SCAs that did not cause
pitting can for example be seen in Fig. 5c, d on the torus oppo-
site of the pitted region (white arrows). In Fig. Se inward motion
blur indicates an SCA that is not on the torus ring but closer to
the center. The overall damage patterns in Fig. 2a indeed show
that for y=1.55-1.9 damage occurs more centrally.

SCAs can occur in any part of the second collapse. How-
ever, the as described in the previous section, the accu-
mulated damage is not axisymmetric. It appears that the
asymmetry that is inherent in the experiment caused an

d)

l

¢ and d Bubble (y=1.15, r=1 mm) around the second collapse on the surface
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Fig.4 Selected images from the side view of bubble collapses (r=1.4 mm) atay=1.1,by=1.25,cy=135,dy=1.6,andey=1.8

asymmetric lateral distribution of the probability of SCA
occurrence on the area of the second collapse. We observed
that an SCA occurred more often in certain areas, consistent
with the asymmetry in the accumulated damage.

34 y<1

For stand-off distances from 0.25 to 1 both the first and the
second collapses occur in the immediate vicinity of the sur-
face. Since from above, a pit becomes visible only after the
disappearance of the gas phase and thus, after the final col-
lapse of the bubble, pits could not be easily as attributed to
the second collapse as for y> 1. Thus, we need to examine
the bubble dynamics in more detail here.

@ Springer

Figure 6 shows the first and second collapses of bubbles
with y < 1. Each of these bubbles caused at least one pit
whose location is marked with a red x. The first collapse is
always toroidal with a high degree of symmetry, whereas
the second collapse is strongly asymmetric, with SCAs so
pronounced that only a faintly toroidal shape can be seen.
For y=0.25, the first-collapse toroid is elliptical and has
two SCAs, and the second collapse occurs entirely in two
distinct SCAs away from the laser axis. In all cases, the
pits are found where SCAs appeared. For y=0.66 to 0.95
(Fig. 6a—d), the pits are located in the center of the SCAs
in the second collapse—just as for the larger distances dis-
cussed in the previous section. For y=0.4, this is approxi-
mately so, but for y=0.25 (Fig. 6e, f), one of the two pits is
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Fig.5 Two selected images from the top view of the dynamics
around the second collapse of the bubbles shown in Fig. 4. Pits are
marked with a red x and SCA-like structures that did not cause pits
are marked with white arrows (Color figure online)

adjacent to the SCA. From all these observations, and con-
sidering that for y> 0.5, Reuter and Kaiser showed that dur-
ing the first collapse, there is always a water layer of at least
5 um thickness between bubble and solid [45], we conclude

that for our millimeter-sized bubbles, the second collapse is
responsible for pitting for y>0.4. For y=0.4 and 0.25, the
first collapse may already cause damage. As discussed in the
section pitting-induced damage patterns, this is consistent
with the recent work of Reuter et al. in which for y=0.3 and
less a very damaging shock wave self-focusing mechanism
occurred during the first collapse [35].

In other works, the liquid jet associated with the first col-
lapse was seen as at least partly responsible for the pitting,
especially at small stand-off distances [20, 21]. However,
these findings came from soft materials. On 316L, even at
small stand-off distances and high bubble counts (Fig. 2d
200,000 bubbles), no surface changes were observed that
could be attributed to the central jet, consistent with Reuter
et al. [30]. Such damage should be seen in the area that is
below the center of the first ring collapse in Fig. 6. The most
likely explanation is that the load on the surface caused by
the jet is not sufficient for pitting in technical alloys. Instead,
here, SCAs in the second or first collapse are responsible
for pitting.

Results for the other technical alloy tested here, NAB,
can be found in the “Appendix” in Figs. 15 and 16. The
findings are similar, which confirms that the fluid dynamics
of the bubble is decisive for damage in the form of pits on
the surface where SCAs occur in the second collapse. In the
sections “Pitting rate” and “Influence of the material,” we
will compare 316L and NAB in in terms of the pitting rate
and the accumulated damage of many pits.

3.5 SCA and Shock Wave

It is known that during the several rebounds of the bubble,
shock waves are emitted at the minimum presence of gas in
liquid, i.e., at each collapse [20, 24, 27, 44]. Based on the
results presented in the previous section, shock waves in the
second collapse are of particular interest. Our experiment
with its limited frame rate is not as suitable for visualizing
shock waves as the more purpose-built experiments with
ultra-high frame rates, e.g., [20, 35]. Nevertheless, by reduc-
ing the illumination duration of each frame to 200 ns, we did
indeed capture shock waves.

Figure 7 shows the second collapse from the side (Fig. 7a)
and from the top (Fig. 7b), as well as the sample surface
just before and after this collapse. In the side view of the
collapse, in addition to the collapse ring itself, two other
features can be observed. One is that the bubble torus is
detached from the surface [Fig. 7a white arrow. Figure 17
in the “Appendix” includes a second example in which this
detachment is clearer (but the shockwave is less clear). The
Supplementary Material includes the two corresponding
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«Fig.6 Selected frames at the first and the second collapses. The
ringed-shaped features on the upper left of a and bottom right on ¢
are waves on the free top surface of the water in the cuvette that do
not influence the bubble (Color figure online)

video sequences]. The vertical distance between the gas-
phase shadow and its reflection on the sample surface indi-
cates that the distance between gas phase and sample surface
is several tens of micrometers. In none of the about 300 bub-
bles recorded with the shorter, 200-ns illumination did the
damage occur in the region exhibiting this vertical detach-
ment. The detachment was also found by Reuter et al. for a
similar y [35]. The second feature is a shock wave with its
center at the torus of the second collapse on the side of the
laser incidence. There is some spatial uncertainty, but com-
bined the side and top view indicate that this shock wave was
apparently emitted by the very SCA that is associated with
the pit found after the bubble. Since the energy per unit area
of a spherically propagating shock wave decreases with the
square of the distance from the origin, only locations on the
sample surface close to the origin are affected. The emission
of shock waves from such an asymmetric region of the torus
was already found by P&L 1998 [20] but now can be associ-
ated with the formation of a single, specific pit.

3.6 Controlled Asymmetry

The damage of the sample surface is related to asymmetries
in the collapse that in turn stem from asymmetry in the
experiment, i.e., in the laser-induced plasma. Since we could
not eliminate these asymmetries, we instead introduced fur-
ther, controlled ones. To that end, bubbles were created near
the edge of the sample. The presence of the edge has a strong
influence on the bubble dynamics that are globally described
by the Kelvin impulse [17]. Figure 8 shows the dynamics
of such a bubble from the side. Even before the first col-
lapse (126 ps), the bubble shrinks faster on the side closer
to the edge, and it moves away from the edge of the sample.
From 308 to 364 us, we see that the collapse does not occur
simultaneously. Rather, the region closest to the edge col-
lapses first, and that farthest away last. Figure 9 shows this
process again from above. Both the top view and the side
view show that the second collapse of the bubble at 364 us
occurs in a limited area and is shifted towards the sample
center. In this area, an SCA can be observed. This is also the
area where this bubble caused damage, as marked in Fig. 9
at 364 ps. In repeated bubbles as in Figs. 8 and 9, no pit or
SCA occurred in any other location. Thus, it is reasonable
to conclude that SCAs are related to the fact that the bubble
does not collapse simultaneously everywhere. Although the

externally introduced asymmetry clearly had an effect on
where a pit forms, even this strong asymmetry did not cause
pits to occur more frequently than in comparable experi-
ments in the center of the sample—in both cases, the pitting
rate (discussed in more detail below) was about 0.085 pits/
bubble for the given material, stand-off distance, and bub-
ble radius.

Figure 10 shows three bubbles with different stand-off
distances shortly before and at the second collapse. These
bubbles were induced above the sample center. All bubbles
caused a pit that could be linked to an SCA. Figure 10a
shows only a part of the toroidal collapse from the case with
y=1.4. It can be seen that the ring section does not narrow
uniformly (— 13 ps, —6 ps, 0 ps). Instead, shrinkage is slow-
est in the region where the SCA occurs and the pit is formed.
In Fig. 10b, c, two bubble collapses are shown where this
phenomenon can be seen even earlier before the second
collapse (Fig. 10b: = —28 ps, Fig. 10c: t= —33 ps). The
non-simultaneous shrinking process of these bubbles and
the coincidence with SCAs indicates that even in bubbles
where a strong asymmetry is not intentionally introduced
(as in Fig. 9), SCAs and thus pits, are connected to the tem-
poral non-uniformity of the collapse of the bubble. These
findings are consistent with the “energy focusing” seen by
Reuter et al. [35] (there, “Appendix H”). In particular, their
subsonic energy focusing in the second collapse is consistent
with our findings concerning the likely effect of the second
collapse being non-simultaneous [35].

3.7 Pitting Rate

The pitting rate is a metric of how fast early cavitation dam-
age is developing [38, 46]. In our experiments, in the high-
resolution image after each bubble the new pits that stem
from that bubble can be identified and counted. Some bub-
bles do not leave any pits while others create several [38].
This method can be applied until pits start to overlap, which
was generally after 50 to 100 bubbles. The pitting rate is
then defined as the average number of pits per bubble over
this image series [38]. Here, we will discuss the pitting rate
on 316L for various stand-off distances and bubble sizes.
Figure 11a shows the pitting rate at a fixed stand-off dis-
tance of y=1.40+0.05. The maximum range in bubble size
usefully attainable with the experiment was from 0.75 to
1.5 mm radius. The error bar in radius represents the stand-
ard deviation of the maximum radius of each experiment.
This variation may stem from the uncertainty in the experi-
mental parameters. Also, since the occurrence of pits is par-
tially stochastic, for a finite number of bubbles the pitting
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a) : 438 ps

shock-wave center/pit

Fig.7 Second collapse of a bubble with y=1.4. a Side view, b top
view close to and after the collapse, and ¢ detail (corresponding to
the white rectangle in sub-figure b) of the surface before and after the
bubble. The resulting pit is marked with a red circle; the pit location

rate determined from two bubble series can differ for the
exact same experimental parameters.

Figure 11a shows that the pitting rate decreases with
decreasing radius. The data suggest a linear trend, and
the corresponding linear fit has a slope of 0.55 pits/(bub-
ble mm). The fit reaches zero pitting rate at a finite radius
of r=0.4 mm, suggesting that below that lower limit, the
maximum load exerted by the bubble collapse is no longer
sufficient for plastic deformation of the sample. Accordingly,
this limit should be material-dependent. In previous work
[37, 38], we performed quantitative surface elevation meas-
urements with a confocal scanning microscope. This showed
the pits on the NAB to be smaller than on 316L (about 10
vs. 25 pm, respectively), and we still easily see the former
in the in situ images, and they in fact appear smaller. This
indicates that we are not systematically underestimating the
pitting rate for the smaller of the bubbles in the investigated
range. However, we currently have no experimental evidence
for what happens with bubbles smaller than 0.75 mm radius.
The further regression of the pitting rate towards zero may
not be linear.

Isselin et al. found that the shockwave pressure emitted
by the first collapse increases linearly with the maximum
bubble radius [22]. Unfortunately, they did not investigate
the second collapse, which we have seen to be more relevant
for the sample damage. Nevertheless, the consistency of that
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is marked with a red x in the high-speed images in b. Note that the
sample shown here had previously been subjected to bubbles of vari-
ous stand-off distances, which is where we cannot see a simple and
regular pit pattern as in, e.g., Fig. 2 (Color figure online)

scaling with Fig. 11a lends some support to the idea that
the pits are directly caused by shock wave emission close
to the surface.

The influence of y on the pitting rate is shown in Fig. 11b.
The radius of the bubbles was r=1.3 +0.2 mm for 316L.
The variation in radius is included in the error, which from
Fig. 11ais estimated to be about 10%. At y=2.15, 500 bub-
bles did not generate a pit, i.e., the pitting rate is less than
0.004 pits/bubble, which we considered essentially zero for
current purposes. Towards small stand-off-distances, the
pitting rate increases and peaks at about y= 1.4, decreas-
ing again with decreasing stand-off distance to less than 0.1
pits/bubble at y=1. For 0.4 <y < 1, the pitting rate remains
below 0.7 pits/bubble. The steep increase for y=0.3 to over
0.6 pits/bubble again points to a different mechanism at work
for these small stand-off distances [35]. An obvious outlier
in the otherwise relatively smooth relation of pitting rate vs.
standoff distance is y =1.75, with 0.425 pits/bubble. This
might be explained by the sudden change in area onto which
the bubble collapses at y=1.75. As the stand-off distance is
increased from 1.55 to 1.75, the area on the sample that the
bubble collapses onto significantly changes, its shape being
a large ring for the former but a solid circle for the latter
(Fig. 2f, g). For y>1.75, we suggest that with increasing
y less and less energy is reaching the sample surface and
an SCA creating a load sufficient for plastic deformation
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Fig.8 Side view of a bubble dynamics of a collapse near the edge of the sample

becomes less likely. In addition to the data from 316L,
Fig. 11b shows the pitting rate on NAB. The general trend
corresponds to that on 316L, with the absolute pitting rate
being lower for most y. For y=0.5 and 0.76, the pitting rate
is slightly higher than on 316L. Most likely this is because
the bubble radius was about 10% larger in these two meas-
urements. The upper boundary for pit occurrence was not
significantly different on NAB.

P&L 1998 report two series of measurements on alu-
minum in the range 0.3 <y <2.15, examining the depth of
the pits [20, Fig. 20]. The data of this measurement series

is also plotted in Fig. 11b. Despite the different material,
that metric yields a graph that is similar to our pitting-rate
data on 316L and NAB. This similarity may imply that both
the depth of the pits and the probability of a pitting event
are proportional to the load on the surface. In contrast to
the pitting rate that is the average over multiple bubbles on
the same sample, the pit depth data, each stemming from
a single bubble, scatters more. The upper boundary of
detectable pit depth in P&L 1998 on aluminum was simi-
lar to the boundary for our pitting rate on 316L and NAB.
Recently, also in laser single-bubble experiments, Abedini
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Fig.9 Top view of the bubble dynamics of the collapse from Fig. 8. The pit is marked with a red x The edge of the sample is on the left (Color

figure online)

et al. estimated the damage to the oxidic surface layer on an
aluminum sample from time integration of the measured
transient electric current [47]. Consistent with the trends
here, they found that the greatest damage occurred at y=0.3
and 1.4.

3.8 Influence of the Material

Figure 12 shows the damage progression on 316L and NAB
at approximately y=1.1 up to 170,000 and 80,000 bubbles,
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respectively. The pits form mainly in two regions on the laser
axis. In both samples, a ring corresponding to the region
of the second collapse can be seen at this y (see Figs. 4, 5).
The larger radius in the NAB damage pattern is due to the
slightly larger maximum radius of the bubbles. On 316L,
material damage can be seen beyond the pits at the grain
boundaries (black arrows). This type of damage was also
found in experiments in our previous work for y=1.4. It is
a step in the transition from single pits to eventual material
loss [39]. Comparable damage does not occur in the bronze
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Fig. 10 Three bubble shortly before and at the second collapses a y=1.4, b y=1.1, and ¢ y=0.7. Pits are marked with a red x (Color figure
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due to the different microstructure [39]. In our experiments
here, we found that for all investigated stand-off distances,
the effect of pitting on the material was similar to the dam-
age process described in [39]. Therefore, even if for a
given combination of stand-off distance and bubble size,

the pitting rate is low, the evolution of damage into erosion
happens in a similar manner, just more slowly.

From Fig. 12, but also from comparison of the damage
patterns shown in Fig. 2 to damage on aluminum in the
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Fig. 12 In situ images of the damage progression on a 316L at y=1.15 and r=1.1 mm, and b NAB at y=1.09 and r=1.3 mm. The laser inci-

dence is from the right. The arrows mark features discussed in the text

literature (e.g., [20, 22]), the similarity of damage pattern
across ductile materials investigated here is evident.

Some experiments were also carried out on aluminum,
which we previously had only done at y=1.4 [37, 38]. The
correlation of SCAs and pits on aluminum can be seen in
Fig. 13b. For this particular bubble, two SCAs and two pits
occurred. As on steel (Figs. 2a, 6b, c), the pits occur in two
opposite regions away from the laser axis. The images for
50 and 200 bubbles in Fig. 13a show a phenomenon also
observed in previous work on aluminum: at constant stand-
off distance, the pit size varies more than on the technical
alloys [37, 38]. Large scatter in pit metrics caused by single
bubbles on aluminum was also found by P&L 1998 [20] and
Sagar et al. [23]. This is probably caused by the variation in
the load exerted by the individual collapse events. Compared
to the technical alloys, on aluminum far, weaker parts of the
collapse are sufficient to cause plastic deformation, and thus,
there is a greater variation in the load that causes pitting.

In Fig. 13, the center of the bubble projected onto the
surface of the sample is marked with a black x in some of the
images. This is the point where the liquid jet of the bubble
hits the surface [20]. Both the surface quantitative elevation
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map from confocal microscopy and the qualitative in situ
microscope image show that plastic deformation of the sam-
ple surface did not occur in this area. Apparently, even on
a material as soft as pure aluminum, 200 bubble collapses
with a stand-off distance well below 1 were not sufficient to
lead to deformation by the jet.

4 Conclusions

In this study, we investigated the formation of early cavita-
tion damage on two technical alloys and on pure aluminum
for a wide range of stand-off distances and bubble diam-
eters. The experiments focused on 316L, a ductile tech-
nical alloy. Some experiments were also performed with
a nickel-aluminum-bronze (NAB)—a more cavitation-
resistant, multi-phase material—and with pure aluminum,
a soft metal. The damage caused by cavitation bubbles
was correlated with the bubble dynamics, including an
example of shockwaves emitted during the second col-
lapse. Pits occur on 316L for stand-off distances less than
y=2.15. Over a series of single bubbles, they accumulate



Tribology Letters (2024) 72:55

Page 150f22 55

a)

bubbles: 6

Fig. 13 Aluminum surface after 6, 7, and 50 and 200 bubbles imaged
in situ (a) and surface elevation from ex situ confocal microscopy
after 200 bubbles (c) at y=0.74 and r=1.4 mm. In addition, the sec-
ond collapse of the seventh bubble is shown (b). The red circles mark
the pits caused by the seventh bubble. The red x marks the pit loca-

in patterns that depend on the stand-off distance and are
influenced by asymmetries in the experiment. This is con-
sistent with the literature [20, 22, 23].

We showed that for stand-off distances larger than 0.4
in general “stronger” parts (SCAs) in the second collapse
spatially correlate with pits, while for smaller stand-off dis-
tances stronger parts of the first collapse correlate with pits.
In experiments focusing on the second collapse with y=1.4,
these SCAs were also found to be the regions where shock
waves are emitted. SCAs appear to be those parts of the
bubble that locally collapses last. This became most obvi-
ous in experiments where the bubble collapse was forced to
be asymmetric but is most likely more generally true. The
central jet associated with the first collapse was found irrel-
evant for damaging of any of the materials investigated here.

For 316L, the pitting rate was investigated for different
radii at fixed stand-off distance and for different stand-off
distances at fixed radius. The results show that the average
number of pits caused by a collapsing bubble is strongly
dependent on both parameters. The pitting rate increases
linearly with the bubble size in the studied interval from 0.75
to 1.5 mm radius. While our experiment cannot reproduc-
ibly create smaller bubbles, linear extrapolation implies a
limiting radius of 0.4 mm below which at y=1.4 316L is not

C) mm -8
0 02505075 1 125 15 175 2 225 25 275 r 75

w
w
um

mm
SLT ST STT T SLT ST STT T SL0S0ST0 0

tion in the images of the second collapse. The projection of the bub-
ble center on the surface is marked with a black x. All images refer
to the same spatial scale as c. The laser incidence is from the right
(Color figure online)

damaged by pitting. The dependence of pitting rate on stand-
off distance is more complex. Pits occurred at all stand-off
distances up to y=2.15, and there is a global maximum in
the pitting rate at the smallest stand-off distances investi-
gated here, y=0.25, and a local one at y=1.4. This shape of
this curve of pitting rate vs. stand-off distance was the same
for 316L and NAB, closely resembles that for other damage
metrics vs. y on aluminum [20], and is consistent with the
damage on the oxide layer of aluminum recently deduced
from transient electric current measurements [47].

In experiments with large numbers of bubbles, effect of
the summation of pits was found to be similar for 316L and
NAB, and the damage progressed in the same way for stand-
off distances other than the previously investigated y=1.4.
Although different materials experience different pitting
rates [38], the pits vary more in size in softer materials, and
the process leading to material loss due to pitting can be
different [37, 39], all indications are that the fluid dynamic
mechanisms responsible for pit creation are the same. There-
fore, if single cavitation bubbles cause pitting, a sufficient
number of bubbles will eventually cause material loss as
described in [39] for the tested materials.

A somewhat consistent picture of single-bubble damage
on flat metal surfaces emerges:
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The first optically detectable change of the solid surface
due to collapsing single cavitation bubbles is pits that are
much smaller than the bubble diameter [20, 22, 37, 38].
Already the very first bubble can cause pitting, even on
technical alloys [37, 38].

But not every bubble causes pits, even on soft aluminum
[37, 38].

The spatial patterns in which pits occur are the same
for technical alloys as for soft materials and are mainly
dependent on the stand-off distance [20, 38].

The central liquid jet that is associated with the first col-
lapse does not play a significant role in causing damage
[20, 35].

For stand-off distances greater than 0.4, pits are primarily
associated with “stronger” parts of the second collapse.
These are regions where the bubble locally collapses last,
consistent with “subsonic energy focusing” [35].

Shock waves are emitted from these regions into the
fluid. It seems reasonable that shock waves also are emit-
ted into the solid and are at least partly responsible for
the pits [20, 35].

For stand-off distances less than 0.4, pits are more closely
related to the stronger parts of the first—not the second
collapse [35, 47].

The pitting rate—an indicator of early damage progres-
sion—decreases with decreasing bubble radius.
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e Linear extrapolation indicates that a non-zero minimum
bubble diameter is required to cause any pits.

e The pitting rate varies non-monotonically with y, peaking
at y=1.4 and for y<0.4. This trend is consistent across
materials and with other damage metrics [20].

¢ Over many single bubbles the accumulation of pits trig-
gers material-specific damage mechanisms that finally
lead to erosion [39].

Appendix
Bubble Dynamics in Top View

Figure 14 shows additional images of the bubble collapses in
Figs. 4 and 5 in top view. The visual appearance is consistent
with other works [20]. The depth of field is very shallow, and
therefore, only the surface and the bubble dynamics very
close to it are in focus. The bright-dark rings in the upper-
right corner of Fig. 14 (y=1.35) and the lower-right corner
of upper-right corner Fig. 14 (y=1.6) are caused by ripples
in the water/air interface. They are far away from the bubble
and do not affect it.

Fig. 14 Additional images of the collapse process of the bubbles shown in Figs. 4 and 5
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Fig. 15 Selected side-view images of bubble collapses on NAB at different stand-off distances

Bubble Dynamics, SCAs, and Pit Locations on NAB

Figure 15 shows images of bubble collapses at different
stand-off distances. Each of the bubbles shown here caused
at least one pit. The dynamics are consistent with other work
[19, 20, 27]. A discussion of the dynamics can be found in
[20].

Figure 16 shows the second collapse of the bubbles
shown in Fig. 17. Pit locations are marked with a red x.

Again, the pit location could be linked to SCAs at all stand-
off distances.

Bubble Detachment
Figure 17 shows two bubbles at the second collapse. The

first bubble is the same shown in Fig. 7 and the second is
a bubble from the same bubble sequence that did not cause

@ Springer



55 Page 18 of 22

Tribology Letters (2024) 72:55

Y

Fig. 16 Top view of the second collapse of the bubbles shown in fig-
ure. The red x marks the location of the pit found after that bubble
(Color figure online)
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a pit. The edges of the gas phase are marked in color to
aid distinguishing the bubble shape from its reflection on
the surface. While the bubble in Fig. 17a is only partially
detached from the solid surface, detachment appears almost
over the complete torus of the bubble in Fig. 17b.

Repetition-Rate Dependence of the Pitting Rate

Figure 18a shows the pit count at four different bubble rep-
etition rates. After 50 bubbles, there are 25 or 26 pits at all
repetition rates. Figure 18b shows the pitting rate calculated
from Fig. 18a. The errors bars represent the uncertainty of
the linear fit. All four measurements are quite close. At the
highest repetition rate of 5 Hz, the rate slightly decreases.
However, the average bubble radius was also slightly lower
for this measurement. This may be due to the fact that more
dissolved gas bubbles refract part of the laser beam which
can result in smaller bubbles. We conclude that within the
range relevant for our experiment, the repetition rate has no
significant effect on the pitting rate.

These measurements allow further conclusions regarding
the influence of the experimental conditions on pit forma-
tion. Figure 18c, d show example images of the sample in
water a few microseconds before the plasma breakdown at
a repetition rate of 1 Hz and at 3 Hz. In the latter case, more
dissolved gas bubbles are seen in the bulk liquid and also
directly on the surface (white arrows) than in the former
case. However, the pitting rate is the same. Thus, more dis-
solved gas bubbles, which is the main effect of higher fre-
quencies, do not seem to have a significant effect on pitting.

Two aspects can be inferred from the dissolved gas bub-
bles in the fluid and the lack of change in pitting rate over the
repetition-rate variation. First, these bubbles did not move in
the high-speed sequences, indicating that there is no signifi-
cant flow left in the fluid from the previous bubble. Second,
pitting in connection with bubbles on the surface excited by
a shock wave—as described in our previous work [37]—is
not a dominant mechanism in our experiment.

Aluminum Example

Figure 19 shows the damage to an aluminum sample and
the first and second collapse of a bubble at y=0.5. The first
bubble caused a pit (red circle). After 50 bubbles, more pits
can be observed in this region (A), but there are also surface
changes that do not look like the previously described pits
(B). This change looks more like a large-scale displacement
of material that builds up over the whole area at once. The
images of the first collapse (Fig. 19 110 ps, 120 ps) and the
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Fig. 17 Second collapse of two

bubbles with short illumination. a)
a The same bubble as in Fig. 7.

b A bubble that did not cause a

pit. The edge of the gas phase

is marked in blue for the bubble

and red for the reflection (Color

figure online)

reflection
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second collapse (Fig. 19 250 ps, 260 ps) show that the first
collapse is not responsible for the pit. In the second collapse,
however, there is a SCA that can be associated with the pit.
In addition, it can be seen that the damaged region (B) lies
on the first collapse (red semicircle). In contrast to the tech-
nical materials, there is a surface change here that is not in
the form of pits and is caused by a wide area of the collapse.

Finally, Fig. 19 also shows a confocal microscope image
of the damage after 100 individual bubbles. The material
displacement can be seen very well. The center of the bubble
collapse is marked with a black X. This is where the liquid
jet hits the sample surface. It can be seen that despite the
small stand-off distance, no surface change occurred in this
area. This shows the limitations of aluminum as a model
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Fig. 19 Aluminum surface after 0, 1, and 50 bubbles in situ recorded
and a confocal recording after 100 bubbles at y=0.5 and r=1.3.
Additionally, the first and second collapse of the first bubble are

material in the sense that damage occurs here that cannot be
transferred to technical alloys. Damage occurs that can be
associated with the initial collapse and cannot be attributed
to SCAs and pits. Corresponding damage due to many bub-
bles at these stand-off distances was not observed on either
the 316L or the NAB.
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