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Abstract
Cavitation erosion is typically studied with ultrasonic sonotrodes. Only a few attempts have been made to study cavitation 
erosion of technical alloys on the level of repeated single bubbles. Such single cavitation bubbles can be induced by a focused 
laser pulse with high spatio-temporal repeatability. In this work, the surface damage caused by series of laser-induced single 
bubbles in water is observed with a light microscope in-situ between two successive bubbles. Polished samples from pure 
aluminum, an austenitic steel (316L, X2CrNiMo18-15-3), and a nickel aluminum bronze (CuAl10Ni5Fe5) were subjected 
to series of bubbles that typically had a maximum diameter of d = 2.5 mm and a non-dimensional stand-off distance γ = 1.4. 
Via in-situ microscopy, the appearance of individual pits can be assigned to a specific, single bubble collapse event without 
removing the sample. Consistent with literature, for the chosen parameters the damaged region after many bubbles is circular, 
with individual pits that are deeper for aluminum than for the bronze and the steel. Additionally, our findings suggest that 
even high-strength materials can be damaged by the impact of just one single bubble, while not every single bubble causes 
a pit on the soft aluminum. From series of images after each bubble, the rate of pit accumulation was determined to be 2.6 
pits/bubble for aluminum and around 0.3–0.5 pits/bubble for the two technical alloys.

Keywords In-situ microscopy · Cavitation erosion · Single-bubble cavitation · Wear testing

1 Introduction

Cavitation—the formation and collapse of gas bubbles in 
liquids—can, in the long term, damage the surfaces even 
of high-strength solid materials [1]. Beyond the unwanted 
effects, cavitation can also be useful, e.g., in the medical 
context [2, 3], particle synthesis [4], and surface cleaning 
[5, 6]. Either way, it is important to understand the mecha-
nisms behind cavitation erosion. The cavitation resistance of 
materials is typically determined with ultrasonic sonotrodes 
according to ASTM G32 [7]. However, due to the multitude 
and stochasticity of these acoustically generated bubbles, the 
damage can generally not be assigned to individual bubble 
events. Alternatively, it is possible to generate single bub-
bles in a spatio-temporally precise and reproducible way via 

focused laser pulses [8]. The focused light causes a break-
through plasma from which a bubble of water vapor and 
other gases is formed [9, 10]. In addition to many studies on 
the fluid dynamics of the collapsing bubble [11–15], there 
is also work on the effect of such individual bubbles on a 
nearby deformable solid surface [16–19].

Various mechanisms have been identified as responsi-
ble for the damage of solid materials by cavitation. Their 
contribution to the resulting damage generally depends on 
the non-dimensional stand-off distance γ (the ratio of the 
distance d from the bubble center to surface and the maxi-
mum bubble radius r) [18, 19]. Early work by Tomita and 
Shima identified several damage mechanisms in relatively 
soft materials [19]. Some are due to the liquid jet [18, 19] 
and the emission of shock waves during the bubble collapse 
[18–20]. Shear stress from wave propagation within the solid 
can also damage the surface [21]. Dular et. al exposed a 
laminated aluminum foil to single bubbles and observed the 
remaining plastic deformation in-situ [22]. They concluded 
that for bubbles very close to the surface the micro jet is 
the more pronounced mechanism whereas for bubble with 
γ > 0.5 the collapsing rebound of the bubble close to the 
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surface is more important [22]. However, with few excep-
tions, the solids used in these studies were soft materials, 
so that the deformation by a single bubble could be cor-
related with its dynamics. In a pioneering study, Phillip and 
Lauterborn [18] examined the damage from many single 
bubbles on technical alloys. It was found that the spatial 
damage patterns correspond to those on softer materials. 
But the individual pits were smaller, which was attributed to 
the higher yield strength of the materials. Our own previous 
work aimed to link the damage evolution on technical alloys 
caused by single bubbles to that in acoustic cavitation [23].

However, quite a gap remains between microscopically 
uncontrolled damage of technical alloys by acoustic cavita-
tion and exactly reproducible loading of soft materials by 
single bubbles. To address this, we developed an optical 
arrangement that enables observing the surface of the sam-
ple during a running experiment. Near a sample immersed 
in water, series of single bubbles are created by focused laser 
pulses, and their effects are observed with an in-situ micro-
scope. This method not only provides insight into the course 
of cavitation damage of technical materials but also can be 
used to evaluate the cavitation erosion resistance from the 
rate of single-bubble damage accumulation.

2  Methods and Materials

The formation of cavitation damage was investigated on a 
stainless steel (316L, X2CrNiMo18-15-3, 1.4441), a nickel 
aluminum bronze (NAB, CuAl10Ni5Fe5), and pure alu-
minum (Al 99,999%), the latter to make the connection with 
the more numerous experiments on softer materials. A more 
detailed description of the material properties can be found 
in [17, 23], and micrographs are shown in the Appendix. The 
samples were cylindrical with a diameter of 12 mm and a 
thickness of 8 mm and their surface was polished. The cavi-
tation bubbles were created approximately above the center 
of the flat face of the cylindrical sample.

Figure 1 shows the optical arrangement. The experi-
ment consists of three orthogonal optical trains at different 
wavelengths, one for pulsed-laser generation of a bubble, 
one for imaging the bubble dynamics, and a microscope 
viewing the sample surface in-situ. To generate bubbles, 
a 1064 nm nanosecond-pulsed Nd:YAG laser was focused 
into a cuvette filled with deionized water. First, the beam 
was expanded and passed an adjustable aperture. Two 
axicons then shaped the round transverse laser beam pro-
file into a ring. This way the plasma breakdown is more 
likely to occur near to the beam waist [24–26]. Finally, 
the beam was focused into the water with an auxiliary 
lens and an aspheric lens, the former compensating for the 
refractive index of water that the latter was not designed 
for. The bubble dynamics were recorded orthogonal to the 

direction of laser incidence. To that end, a Phantom VEO 
710 high-speed camera imaged the shadow of the bubble 
backlit with an LED with a center wavelength of 505 nm. 
At 90 000 frames per second (fps), 320 × 180 pixels were 
read with an exposure time of 10 µs. Series of 100 frames 
(about 1 ms) captured the relevant part of each bubble’s 
dynamics.

Fig. 1  Schematic views of the experiment. a top view of single-bub-
ble generation and detection, b side view of the in-situ microscope, c 
trigger sequence
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The microscope is shown in Fig. 1b. The sample surface, 
submersed about 20 mm below the water surface, was illu-
minated with an LED centered at 632 nm. A Mitutoyo Plan 
Apo 10 × microscope objective lens and a Raynox DRC-250 
tube lens provided a long working distance at a magnifica-
tion of about six. To reduce aberrations caused by the water 
[20], a 6 mm aperture located just above the objective lens 
limited the numerical aperture of the objective to 0.14. This 
also increased the depth of field, advantageous for observ-
ing deep damage. The laser was triggered at a repetition rate 
of 1 Hz for experiments targeting the early damage forma-
tion and with 15 Hz for experiments with many successive 
cavitation bubbles. Schott KG3 filters protected the sensor 
of the microscope camera and that of the high-speed camera 
from elastically scattered laser light. In the microscope, a 
round region with a diameter of about 2300 camera pix-
els was illuminated, corresponding to about 2.5 mm on the 
sample surface. The images where taken 5 ms before each 
laser pulse (i.e., bubble), as shown in the trigger scheme in 
Fig. 1c. Alternatively, with the delay set to zero, the micro-
scope recorded the plasma breakdown in the liquid, which 
was used for optimization of the beam formatting optics.

In addition to this reflected-light in-situ microscopy, 
which may be limited in resolution and contrast and is not 
quantitative, selected samples were also examined with two 
other microscopic techniques ex-situ after the experiment. 
Differential interference contrast (DIC) in an Olympus BX 
41 microscope qualitatively visualized the surface texture, 
while a quantitative measurement of surface elevation 
was obtained with a NanoFocus µSurf confocal scanning 
microscope.

3  Results and Discussion

It is well-known that the dynamics of a bubble collaps-
ing near a surface are strongly influenced by the stand-off 
distance γ [27, 28]. Most of the current experiments were 
performed at γ = 1.3 to 1.4, a range for which a relatively 
complex damage pattern occurs, as will be seen below. An 
exemplary bubble collapse for γ = 1.4 is shown in Fig. 2. As 
in all images in this paper, the laser is incident from the left. 
The first frame at t =− 98 µs shows the plasma (whereas 
the central bright spot at later times is from the LED back-
illumination) and the start of the formation of the bubble. 
After 98 µs the bubble reaches its maximum diameter. It 
collapses towards the surface and is pierced by a downward 
liquid jet [28]. The rebound and the second collapse in Fig. 2 
at 272 µs and 380 µs, respectively, occur in a toroidal shape 
very close to the solid surface. Note that the reflection of the 
bubble shadow on the polished sample surface helps locate 
the sample surface with respect to the bubble. The small 
dark spots throughout the image are attributed to bubbles 

of dissolved gases that may not only stem from the air, but 
also possibly from the laser-induced breakdown plasma for 
the preceding bubbles.

The number of bubbles impacting on the surface is 
another important parameter. Previous works indicated that 
it may take tens of thousands of bubbles to induce substan-
tial damage in technical alloys [8, 23]. In order to obtain an 
overview of the damage evolution, such experiments were 
also carried out. However, the current work focusses on the 
beginning of the damage evolution, and therefore most sam-
ples were exposed to less than 1000 cavitation bubbles.

Figure 3 shows three different microscope images of the 
cavitation damage on a 316L sample impacted by a series 
of 30 000 bubbles with a maximum diameter of 2.5 mm at 
γ = 1.4. The image taken by the in-situ microscope is shown 
in Fig. 3a. The other two, ex-situ images of the same dam-
age, from confocal scanning microscopy (Fig. 3b) and a 
commercial light microscope with DIC (Fig. 3c), serve as 
a reference for the quality and informative value of the in-
situ microscope images. The circular shape of the damaged 
region seen here is consistent with other works [16, 18]. 
There are both less damaged regions where individual pits 
can still be discerned, and a more severely damaged region. 
Thus, the quality of the images can be assessed in both of 
these damage scenarios, which may also be representative of 
earlier and later stages of local damage evolution.

Comparing Fig. 3a, c, the effects of aberrations caused 
by the 20 mm of water above the sample are visible as a 
slight blur in the in-situ image. But as far as the overview 
figure allows, all major features that can be seen in ex-situ 
can also be found in-situ. A more detailed ex-situ analysis 
can then complement that with quantitative measurements. 
For example, the confocal image in Fig. 3b shows that the 
depth of the most damaged region is 4 µm and that of a typi-
cal single pit is about 0.25 µm, consistent with our previous 
work with the same material [23]. This then can be linked to 
the corresponding contrast in the in-situ image.

Series of measurements were performed with selected 
stand-off distances. The in-situ images in Fig. 4 give a first 
overview of the stages of the damage processes for alu-
minum, 316L, and NAB. The experiments on aluminum 
were performed to link to the literature results on soft mate-
rials. The samples were successively exposed to 30 000 
single cavitation bubbles for 316L and 50 000 for NAB. 
Images at 1 500, 3 000, and 14 400 bubbles are also shown 
in Fig. 4. Aluminum was exposed to a number of bubbles 
that induced similar cavitation damage as on the technical 
alloys, with images at 11, 24, 48, and 150 bubbles shown 
here. For all three materials, with an increasing number of 
bubbles an increase in the damage becomes visible. At all 
stages, most of the damage is in a ringed-shaped area, best 
seen in the last images, and this is again consistent with the 
literature [16, 18]. The ring consists of smaller individual 
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Fig. 2  Selected frames from an example recording of the dynamics of a 2.5 mm diameter bubble at γ = 1.4. Time zero is defined here as the time 
of maximum bubble diameter. The laser incident is from the left

Fig. 3  Comparison of an in-situ microscope image on 316L after 30 
000 individual bubble impacts compared with the ex-situ imaging of 
the same damage. a in-situ image, b surface elevation from confocal 

scanning, c DIC image, assembled from about 60 frames acquired 
with a 20 × objective. All images are shown at the same magnifica-
tion, with the spatial scale given in (b)
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pits. For aluminum, after 11 bubbles already more than 25 
individual pits can be detected. This means that one bubble 
can cause more than two pits on aluminum. The damage 
evolution on the soft aluminum shows some differences to 
that on the harder two materials. Besides progressing much 
faster, the pits are bigger, and the area surrounding each pit 
appears more deformed.

Our findings are consistent with those of Philipp and 
Lauterborn [18] and Isslin et al. [16] in that they show an 
asymmetry in the otherwise ring-shaped damage patterns, 
with an area of more severe damage towards the direction 
of incoming laser light. This is most likely due to an asym-
metry in the plasma breakdown [18], which is not spherical, 
but rather elongated and conical [29], as Fig. 2 at t =− 98 µs 
indicates. Among all stand-off distances, γ = 1.4 creates the 
laterally most extended damage area, which may make the 
damage more prone to such asymmetries (see [18] for dam-
age patterns with other stand-off distances). In fact, experi-
ments with this γ-value can be used to detect plasma asym-
metries that otherwise are difficult to visualize.

Among the two technical alloys, in good agreement 
with our previous work, NAB shows greater resistance 
to cavitation exposure than 316L in that the optically 
detected damage appears less severe after the same num-
ber of cavitation bubbles [23]. Also, the change in surface 

damage appearance differs between 316L and NAB. The 
difference increases with the number of bubbles. For 316L, 
after 30 000 bubbles almost the full circumference of the 
ring-shaped damage displays pits. The damage concentra-
tion towards the incident beam appears very dark, indica-
tive of its great depth. On the opposite half of the ring, two 
regions with less pronounced damage accumulation are 
recognizable (at approximately 1 and 5 o’clock). On NAB 
all these features appear less pronounced, and regions 
adjacent to the most damaged region on the side of the 
incident beam display almost no damage in these images. 
Furthermore, the surface of the NAB sample in general 
appears less smooth, showing small-scale grey variations 
in brightness in the image. This is caused by the com-
plex microstructure in NAB, which contains both areas 
of high density of hard intermetallic phases, and others 
consisting mainly of softer Cu-rich solid-solution phase. A 
small difference in surface height between these different 
regions after polishing the sample surface causes the dif-
fuse grey shading of the surface. The hard phases improve 
NAB’s resistance to cavitation exposure by hindering 
plastic deformation and limiting pit dimensions. 316L on 
the other hand is a single-phase material, in which only 
grain boundaries and strain hardening limit pit formation 
by plastic deformation, which may act in NAB as well. 

Fig. 4  Damage evolution on aluminum (top), 316L (middle), and NAB (bottom) at γ = 1.4 and r = 2.6 mm bubble radius
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Therefore, damage appears less pronounced in NAB, con-
sistent with previous findings [23]. While the collapsing 
bubbles clearly change the surface topology, it is not clear 
if conversely these changes in the surface influence the 
bubble dynamics and thus potentially the further damage 
progression. Recent studies show that purposeful textur-
ing of the surface can lead to reduced cavitation erosion 
[30, 31]. It was suggested that a change in topology may 

affect the primary dynamics of the bubble [31] as well as 
secondary phenomena during the collapse [30].

Figure 5 shows four microscope images from a 316L 
sample, taken after 0, 8, 9, and 100 bubble collapses, as 
well as a magnified region within each of these images. As 
discussed with Fig. 3, the dark, more or less diffuse spots 
that change position between images are shadows of small 
bubbles remaining after the preceding bubble collapse. 

Fig. 5  Damage formation on 316L at γ = 1.4 and 1.25 mm bubble radius. a full field of view, b magnified region corresponding to the white rec-
tangle in (a). The red circles mark features discussed in the text
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After the 8th bubble, the first pit appears, as marked in 
Fig. 5b. The next pit occurs already with the next (the 9th) 
bubble. This pit is then due to exactly the single preceding 
bubble. After 100 bubble collapses these two pits can still 
be identified. Note that the visual appearance of a given 
pit may change slightly between images. This is due to the 
fact that the water surface through which the images are 
taken is not perfectly still. The small pits that are the result 
of the bubble collapses later accumulate to form the larger 
ring structure as discussed above. As for the individual pits 
that now can be assigned to specific bubbles, we have not 
yet identified any feature in those particular bubble col-
lapses that produce the pit in that particular spot. Never-
theless, the small size of the pit indicates that this damage 
might not have been caused by the first bubble collapse 
(for example, by the jet [8, 22]) but a smaller-scale event in 
the second toroidal-shaped collapse, as already suggested 
by other works [8, 22, 32].

Indeed, Fig. 6. shows that the damage ring is located 
under the second, toroidal bubble collapse. Still, it remains 
unclear what exactly caused a pit in a given spot. It may have 
been a particular, local feature of the bubble. An asymmetry 
in the torus of the second collapse can clearly be seen in 
Fig. 6 a–c. Regions on the ring displaying damage accu-
mulation as described above (see Fig. 4) appear darker in 
the high-speed camera images, indicating the presence of 
more and possibly larger bubble structures. The shockwave 
emitted from the initial bubble might be a central part of the 
bubble dynamics as it has the potential to grow cavitation 
nuclei in the vicinity of the solid boundary [22, 32].

In Fig. 7 the damage progression is shown for γ = 1.7 on 
NAB. For this stand-off distance less damage was observed 
than for γ = 1.4, as can be seen by comparison with Fig. 4 
(NAB 14 400 bubbles). The first pit appeared after the 6th 
bubble, and two pits were caused by the 16th bubble col-
lapse. Thus, even on technical materials, it is possible for 
one bubble collapse to create more than one pit. For γ = 1.7 
the damage pattern after many bubbles is not a ring but a 
smaller, central area that is again formed by smaller pits. The 
damage shape is consistent with measurements with this γ 
by Philipp and Lauterborn on a soft sample [18]. The last 
image in Fig. 7 shows that the first three pits are not clearly 
recognizable anymore at a count of 17 500 bubbles, because 
they are covered by further pits.

We see that for both technical alloys the initial surface 
damage begins after only a few bubbles—in fact, so few, 
that it seems likely that for a given sample already the first 
bubble may cause a pit. The cause of the pits seems to have 
a stochastic component, as neither their time of appearance 
nor their exact locations currently seem to be predictable, 
apart from the general location that is dependent on the 
stand-off distance γ.

To obtain a quantitative measure of early damage pro-
gression, we counted the pits after each bubble within a 
series. Pit counting was done by visual inspection, and the 
size and shape of the pit was disregarded. Figure 8 shows 
the result for series of 100 successive bubbles for the 
three materials, with two samples for NAB. Between zero 
and six additional pits are found after a single collapse. 
The slope of this pit count graph, approximated here as a 

Fig. 6  Relation of a the damaged region as seen by the in-situ micro-
scope after 1000 bubbles and b–c the second collapse visualized with 
the high-speed camera. b, c are single shots of the second collapse 

in selected bubbles, while d shows the mean of 200 collapses. The 
arrows in both images correspond to 1.55 mm. The images are from 
the same sample as those in Fig. 5
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linear fit through the origin to each data series, is then the 
series-mean pitting rate. The parameters of these experi-
ments and the pitting rate are listed in Table 1. About 50 
pits could be counted on a single sample before it became 
hard to distinguish overlapping pits. Beginning pit over-
lap may also be the reason why the slope of all traces 
decreases towards higher pit counts. The pitting rates have 
the same order among the materials as the corresponding 
material hardness, as does the maximum number of pits 
after a single-bubble collapse. After one collapse, 0–2 pits 
occurred on NAB, 0–3 on 316L, and 0–6 on aluminum. It 
is also remarkable that on one hand, even a soft material 
like aluminum did not show damage after every collaps-
ing bubble. On the other hand, sample B8 from the hard 
NAB had a pit after the very first bubble. The two NAB 
samples differ slightly in their bubble parameters and in 
the pit count progression, but in this initial demonstration 
it is not clear if the difference is significant.

Fig. 7  Early damage formation after 6 and 16 bubbles, and accumu-
lated damage after 17 500 bubbles on NAB with γ = 1.7. The circles 
mark features discussed in the text. The white arrow in image 0 marks 

a feature that is an adhering particle of dirt that detached from the 
sample surface between the 6th and the 16th bubble

Fig. 8  Pit count per bubble and linear fit of the pit count. For NAB, 
two samples were considered, as indicated in the legend after the 
material designation
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4  Conclusions

In this work, in-situ microscopy was established as a method 
for studying single-bubble induced cavitation damage. The 
basic idea is to generate successive single bubbles with a 
focused laser, and then take an in-situ microscope image of 
the surface after each bubble. The technique was tested for 
three different materials—pure aluminum, a stainless steel, 
and a nickel aluminum bronze—and was validated against 
established ex-situ microscopy techniques. The images from 
the in-situ microscope showed good general agreement with 
the ex-situ analysis. The damage patterns observed on the 
samples for the stand-off distances considered here are con-
sistent with the much earlier work of Philipp and Lauterborn 
[18] as well as with more recent studies [18, 23]. For all 
three materials this pattern is formed out of an accumula-
tion of smaller pits, each of which may be caused by events 
in the second collapse of the cavitation bubble. However, 
as expected, the rate of the damage progression greatly dif-
fered between the soft aluminum and the two harder techni-
cal alloys. The in-situ imaging shows that the response of 
the material surrounding the pits was different for the steel 
and the bronze.

The first onset of visible cavitation damage was investi-
gated in more detail. With the in-situ surface microscopy it 
was possible to identify the appearance of individual pits 
and attribute them to a specific bubble. Somewhat surpris-
ingly we found that even on the hardest test material, the 
bronze, the very first bubble can cause damage, and some 
bubbles even create two pits. Conversely, on the soft alu-
minum not every bubble causes a visible pit, even though 
most yield more than one. This bubble-by-bubble damage 
progression was quantified as a pitting rate by counting 
the pits over series of bubbles until they started to over-
lap often, which was the case at about 50 bubbles. Pit 
counting was done by visual inspection here, but should 
be amendable to automation, and could then be used for 
a systematic and statistically sound investigation of the 
onset of single-bubble cavitation damage. For prevention 

of cavitation damage, it might be significant that there 
are bubble collapses that do not cause visible damage. 
From the current experiment, even though for each pit the 
corresponding bubble was recorded (in a side view) on a 
high-speed camera, we could not find an obvious connec-
tion between bubble dynamics and occurrence or exact 
location of a pit. If we could prevent whatever stochastic 
part of the bubble dynamics is responsible for the pits, that 
might prevent damage.
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