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ABSTRACT

In a study conducted over 10 years ago (Petkovsek and Dular, 2013) [1] we noticed that the thin metal sheet
sustains less cavitation damage when it is attached to an acrylic glass (PMMA) than in the case when we attached
it to quartz glass (SiO3). The reason for this was not explored at the time.

In the present paper we present a systematic study of single cavitation bubble erosion of a thin aluminum foil,
which was attached to either PMMA or SiO3 plate. We show that the damage sustained on the foil attached to
PMMA plate is significantly smaller regardless of the bubble collapse distance from the boundary. The result is
surprising since one would expect the weak foil to be severely damaged regardless of the material it is attached
to.

By femtosecond illumination and high-speed image acquisition we were able to capture the formation and
progression of the shock waves, which are emitted at cavitation bubble collapse and observed that they are
reflected on SiOz boundary but that they traverse the PMMA bulk material. We offer an explanation that to
achieve less damage the bulk material needs to have acoustic impedance similar to the one of the liquid medium

in which cavitation occurs.

Further on, we constructed a simple composite material where PMMA was attached to the SiO; and showed
that we can partially mitigate the damage. This was further confirmed by ultrasonic cavitation erosion tests.

The results also imply that the cavitation damage originates solely from the shock wave, which is emitted at
cavitation bubble collapse — consequently putting the idea of microjet impact mechanism under question. Finally,
the study offers a new exciting approach to mitigate cavitation erosion by fine tuning the acoustic impedance of

the coatings.

1. Introduction

In brief, cavitation is the occurrence of vapor bubbles inside a liquid.
It is known that in static conditions a liquid changes phase to vapor if its
pressure is lowered below the so-called vapor pressure. In liquid flows,
this phase change is generally due to local high velocities which induce
low pressures. The liquid medium is then ruptured at one or several
points and “voids” appear, whose shape depends strongly on the struc-
ture of the flow. The phenomenon is usually considered to be undesired
since it can cause changes in flow dynamics, drop of efficiency or head of
hydraulic machines, noise and also severe erosion of submerged sur-
faces. Cavitation and consequently cavitation erosion is one of the most

ubiquitous problems at operation of turbines, pumps, ship propellers
and valves.

Cavitation erosion studies can be generally divided into three ap-
proaches which differ in the method that cavitation is generated. Usu-
ally, the effects of either hydrodynamic or acoustic (ultrasonic)
cavitation on material is studied. Less common are the studies of single,
laser generated, cavitation bubble collapse and the consequent damage
(firstly observed as plastic deformation) appearance. Each of the
methods has its advantages and issues. Most commonly and the easiest
to use is acoustic cavitation, which yields results the fastest and has
received standardization concerning its ability to erode material (ASTM
G-32 standard [2]). However, the results from the standardized tests are
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many times hard to apply to the “real” conditions, e.g. relating to
cavitation in fast flows such as on ship propellers or pumps and in
particular in the cases where protective coating is used. Hydrodynamic
cavitation erosion tests are harder to perform and usually require large
setups [3] but the results obtained by them relate best to the real
application [4]. Also, here a standardized test, somewhat more
demanding in terms of execution exists [5]. Finally, erosion studies from
single cavitation bubbles reveal more physical insight into the process
but cannot be easily used for direct material characterization [6-8].

Another way to distinguish cavitation aggressiveness studies is the
means of evaluation. The straightforward approach is to measure the
damage - either long term mass loss measurements [9,10] or merely
determining the deformation of the surface (pit count) which can be
performed after a much shorter period of exposure to cavitation [3,
11-13]. An alternative approach is to measure the pressure loads from
the collapsing bubbles. Here miniature piezoceramic transducers are
usually used. The experimental measurements of such impact loads
using conventional pressure sensors are rarely reliable due to the micron
size and the very small duration of the loading. A combination of the
beforementioned approaches was introduced by Ref. [14] where
numerous pits corresponding to localized plastically deformed regions
were first identified, and each pit was then numerically reproduced by
finite element simulations of the material response to a representative
Gaussian pressure field supposed to mimic a single bubble collapse. This
gave the size and pressure distribution of the bubble impacts.

The most common approach to improve the resistance of materials to
cavitation erosion is to increase the hardness of the material surface by
various methods (heat or thermo-chemical treatment, machining, clad-
ding, laser processing, coating deposition ...) [15]. Usually the aim is
straightforward — to increase the hardness of the surface [16]. Using
softer coatings is less common. Here it is hypothesized that the surface
firstly influences the cavitation behavior what consequently results in
better protection of the bulk material [17,18]. Lately also composite [19,
20] and even memory shape materials [21,22] are being investigated for
protection of machine parts against cavitation erosion.

The motivation for the present work comes from a study performed
more than 10 years ago [1], where we, for the first time, simultaneously
observed the dynamics of hydrodynamic cavitation and the damage
(plastic deformation) occurrence on a thin metal sheet, which was
attached to a venturi section beneath the vapor pocket. For the specific
purpose of the measurements the Venturi needed to be transparent.
Initially we used acrylic glass (PMMA) to manufacture it, but the dam-
age was not detected. Eventually, we realized that the thin metal sheet
(cavitation erosion sensor) needed to be attached to a Venturi section
made of quartz glass (SiOy) if the damage was to be detected after each
cavitation event (for example cloud collapse). In Fig. 1 we show the
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damage that was, during that study [1], collected on a thin aluminum
foil attached to the wetted part of the SiO; glass and PMMA venturi and
exposed to hydrodynamic cavitation fort a period of 0.2 s.

Obviously one can see the difference in the damage on the PMMA
and SiO, base when comparing the raw images of the foil (top and
middle images in Fig. 1). While the aluminum foil, which was attached
to the PMMA glass, remained almost undamaged, the one attached to a
SiO glass is locally severely deformed and even penetrated. The dif-
ference is even more obvious from the bottom two images, which show
the difference between the raw images — no difference is detected for
PMMA base, while plenty of pits can be seen (red) for SiO, case. The
reason for this was not explored at the time these experiments were
conducted, simply because the aim of the works different.

The same was found in our studies on single bubble cavitation
erosion [7]. At that time a single cavitation bubble collapse and the
damage occurrence was researched. Again, we concluded that the metal
foil needs to be attached to a SiO; glass plate if the damage is to occur.

Actually, already in 1971 Hammitt reports on the unusual response
of plexiglas to cavitation erosion [23]. Also, acrylic glass was used to
attenuate and to prevent reflection of the pressure wave in the design of
cavitation impact load sensor after it was detected by piezoceramics
[24].

The effect of the substrate material may seem obvious — it is well
known that a softer substrate will better diffuse the elastic waves than a
hard one [25], but in fac this is not the case. In those studies a very soft
foil was attached to a substrate by an adhesive tape. The equivalent of
the surface hardness is in the order of HV = 0.4 [1]. Hence one would
expect it to get severely damaged regardless of the substrate beneath it.
This was never the case — neither in hydrodynamic cavitation [1,26], nor
in single bubble cavitation [7].

This study firstly repeats our previous investigations, where the ef-
fect of the substrate material was simply ignored as the aim was
different, and then studies the interaction of the bubble with the mate-
rial in a more detailed manner. The present study investigates the in-
fluence of the substrate material on the extent of cavitation erosion. We
performed single bubble erosion experiments and visualizations of the
bubbles together with the shock waves emitted. Then we discuss the
reasons behind the results and question the importance of the microjet
impact mechanism on the damage formation. Finally, by introducing
“composite” (PMMA-SiO5) bulk material we also offer a possibility that
such an approach could be used for mitigation of cavitation erosion in
turbomachinery, which we support by experiments on ultrasonic
cavitation.

Fig. 1. Damage sustained after a short exposure (t =
0.2s) to hydrodynamic cavitation. A thin aluminum
foil attached to the Venturi section is used as an
erosion sensor. Left — the Venturi section is made of
glass, right — the Venturi section is made of PMMA.
Top images show the surface of the foil prior to
experiment, middle show the foil after 0.2s exposure
to cavitation and bottom show the difference between
the two (in red). (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)

Before-After
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2. Experimental set-up
2.1. Bubble generation

To study the phenomenon in detail, single bubble experiments were
performed. These were prepared in a way that they enabled evaluation
of the damage after a single bubble collapse, while they were also
recorded with a high-speed camera. By using proper illumination, we
could also detect the shock waves, which proved to be essential for the
interpretation of the results. Fig. 2 shows the front and side view of the
experimental setup.

Tests were performed as shown in the experimental setup sketched in
Fig. 2. A single bubble (pos. 5) is generated in water in a glass cuvette
(pos. 1) via optic cavitation with a pulsed laser (pos. 2) (Litron nano S,
dimensions of cuvette approximately 50 x 50 x 80 mm, focusing
objective (pos. 4): Mitutoyo 50 x , numerical aperture NA = 0.42,
nominal working distance: 20.5 mm, in-house modified with a water-
tight sealing). The laser light pulse is beamed by a mirror (pos. 3) to
the focusing objective (pos. 4), which is integrated into the cuvette
bottom.

Images of the bubble were captured with a Shimadzu Hyper Vision
HPV-X2 high speed video camera (pos. 8) at a framerate of typically
1,000,000 fps. The image resolution was 400 x 250 pixels (8 pm/pixel
resolution).

A mode-locked fiber-based femtosecond laser (pos. 9) (EXPLA Fem-
toLux 3, 515 nm wavelength) was used for backlight illumination.
Approximately 300 fs long laser pulses were synchronized with the
image acquisition such that a single laser pulse illuminated each frame.
This technique allowed us to avoid all motion blurring and enabled the
imaging of the shock waves.

The bubble reaches a maximum radius of about 1 mm. To avoid laser
beam absorption at the solid boundary, as this would produce spurious
bubbles or direct material ablation, the laser is focused parallel to the
boundary. The distance of the laser focal point from the wall was always
large enough to prevent clipping of the laser beam, which could affect
bubble generation.

The focal point of the laser remained unchanged throughout the
experimental campaign. The position of bubble collapse in respect to the
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the pits.

2.2. Damage detection

The idea of the experiment was to observe the bubble collapse and
the consequent damage on a thin aluminum foil which was attached to
different bulk materials. Here we followed an approach from our pre-
vious studies [1,7,26] and used 1-mm-thick plates of SiO2 or PMMA (25
x 75 mm) for the bulk (substrate). The thickness of the substrate did not
influence the outcome of the results. At this dimension (1 mm) we could
prevent any movement of the substrate and still visualize the shock wave
on the back side of the glass (see Fig. 6).

A straightforward approach, which we tested already in 2013, would
be to directly deposit a thin aluminum layer to the substrate. The issue is
that then the surface is not comparably plastically deformable - the Al
deposit is so thin that it cannot plastically deform without the influence
of the material underneath it. The only type of damage that can occur in
such an experiment is cracking and pealing of the Al layer. This is an
issue since it cannot be compared between the experiments. Based this
experience we used thin Al foil attached to adhesive tape, which is thick
enough to allow deformation without interaction with the material it is
attached to, making the results of experiments much more repeatable
and independent of the structure beneath it.

The “damage sensor” (pos. 6 in Fig. 2 and in more detail in Fig. 3)
was a 9-pm-thick aluminum foil which was attached to the glass plate by
an optically clear two-sided adhesive tape with a thickness of 50 pm.
This enabled optical measurement of the damage from both front and
back side the foil was thin enough so that the cavitation damage, which
occurs on the side exposed to cavitation bubble, was also visible on the
other side. It must be noted here that holder for the plates was designed
in a way to prevent its movement — this is especially critical in the case of
PMMA plate, which exhibits a much more elastic behavior than SiO2
plate.

Our reasoning is that we consider the aluminum foil attached to the
adhesive tape as one material. Its properties were measured in our
previous studies [1,7,26] — the equivalent (not according to standard) of

erosion sensor (pos. 6) was adjusted in all 3 dimensions by precision Damage P Al foil (9 pum)
positioning system (pos. 7). o
Water quality is an issue in cavitating flow, but less so, when dealing 4 C : -
~ sive tape (5(
with single bubble dynamics (when it is not extremely altered [27,28]). ~ ~Adhesive fape (30 pm)
In the present study de-ionized water was used. ~Si0, or PMMA Substrate (1mm)
Each investigated condition (nondimensional distance) was repeated
at least 5 times to gain a representative sample. After each lased Fie. 3. The “construction” of the specimen
breakdown the sample was moved for 5 mm to avoid superposition of 8. 2 P ’
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Fig. 2. Experimental set-up for single bubble collapse, shock wave and damage evaluation.
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Fig. 4. Damage after bubble collapse at different nondimensional distances for
different bulk materials (left). Typical appearance of a pit at y ~ 0.3 for
both materials.
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Fig. 5. Cavitation bubble collapse at different nondimensional distances for
different bulk materials.

the surface hardness is in the order of HV = 0.4 [1]. Hence one would
expect it to get severely damaged regardless of the substrate beneath it.
An essential reasoning for the present study is that the foils “will-
ingness” to deform should be the same regardless of the substrate it is
attached to. This was achieved by finding a sweet spot of foil and ad-
hesive tape thickness.
The used approach makes the results of the present experiments
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Fig. 6. Nondimensionalized bubble radius evolution for nondimensional dis-
tances and different bulk materials (corresponding to sequences in Fig. 5).

much more repeatable and independent of the structure beneath the foil
and tape. As already mentioned, an alternative approach using direct
aluminum deposition to the substrate proved inadequate as the dura-
bility varied for different substrate materials, cracking and pealing of the
aluminum layer appeared and also the surface hardness varied for
different substrates, making comparison overall impossible.

2.2.1. Damage evaluation

The present experiment setup could enable simultaneous recording
of images of the cavitation bubble and the cavitation damage, as it was
done in our previous study [1,7,26]. This was, however, not pursued.
The damaged area was considered a parameter. The damage was eval-
uated by using a pit detection method, a simple yet reliable tool for
estimation of cavitation aggressiveness [13]. From the comparison of
the images of fresh and damaged surface, obtained with a microscope
and a camera, we can recognize the changes - pits.

We evaluated the images prior and post exposure to cavitation
bubble collapse - the intensity of every pixel of the image before the
collapse was subtracted from the intensity of the same pixel after the
collapse, what eliminated most of the surface and illumination
imperfections.

Images of the aluminum foil were treated as matrices A with i x j
elements A(i,j)€{0,1, ... 255} with 8-bit values which can range from
0 (black) to 255 (white). As mentioned, the damage was evaluated in
image pairs: image matrix before the collapse (at time t-1) was sub-
tracted from image matrix after the collapse (at time t): B(i,j,t) = |A(,j,t-
1) - A(i,j,t)|. Absolute value of the difference was used. This way a new
matrix B was obtained. When the matrix element B(i,j,t) did not change
its value was B(i,j,t) = 0. When the change occurred, the value was B(i,j,
t) > 0. Since small changes could be present due to insignificant changes
in illumination, vibration etc., damage was only considered when a
certain change threshold was exceeded (more than 5% of decrease or
increase in brightness). The number of the pits, their size and overall
damaged area could then be determined. More details on the method-
ology can be found in Ref. [1].

In the present study we focused on the damage that forms directly
beneath the bubble - resulting from the microjet impact. The damage
that occurred during the secondary evaporation and collapse (splashing)
was not considered as it is much harder to detect and evaluate properly.
Also, we have shown in Ref. [7] that in the presence of any deviation
from the ideal conditions the damage after the secondary collapse does
not appear. A typical case would be the presence of shear flow, to which
a single cavitation bubble is subjected in any engineering application.
Our reasoning was therefore to focus our observation on the damage
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which forms at the microjet impact.
3. Results

First the results of the damage evaluation are shown. Comparison of
cavitation bubble dynamics for different bulk materials follows. Finally,
the results are discussed in terms of shock wave observation.

3.1. Damage

Fig. 4 shows the dependency of the average pit size in respect to the
bulk material and in respect to the nondimensional distance of the
bubble from the wall v, defined as y = ﬁ (h being the distance of the
bubble center from the wall and Ry, the maximal radius of the bubble)
Also typical pits for the case of SiO; and PMMA for the smallest distance
-y ~ 0.3 are presented.

We see that, regardless of the bulk material, the size of the pit in-
creases rapidly as the bubble is created closer to the wall. Comparing
this trend with the results from our past study with a similar setup [7] we
can conclude that with the present damage evaluation approach (pit--
count) we are only able to detect the deformation which originates from
the microjet impact. Nonetheless this is a good enough indicator for
comparison of the bulk material influence on the erosion process.
Obviously, the properties of the bulk material to which the aluminum
foil (erosion sensor) is attached to play a major factor in the erosion
process. As already mentioned, the design of the plate holder prevented
movement or bending of the plate during the experiment. Regardless of
the nondimensional distance vy, the foil attached to PMMA plate sus-
tained approximately 70% less damage compared to the foil attached to
Si02. The result is surprising since one would expect the weak foil to be
severely damaged regardless of the bulk material.

3.2. Bubble dynamics

Fig. 5 shows sequences of bubble collapse at different nondimen-
sional distances from the solid surface; for different bulk materials (SiO5
and PMMA glass).

The time evolutions vary slightly due to the influence of the nearby
boundary and due to the slight size variations. The first image shown
was taken 1 ps after the optical breakdown. The second one at the mid
time of bubble growth. The third one at the moment the bubble reached
the maximal size. The fourth one at the mid time of the bubble collapse.
The fifth one at the moment of bubble collapse. And the final one during
the rebound, 20 ps after the collapse.

By observing the bubble dynamics at the furthest distance from the
boundary we can see that it follows the theoretical evolution relatively
precisely — the theoretical Raileigh collapse time t.,) can be estimated as
[29]:

P (l)

teo =0.918R

v

where R is the maximal bubble radius, p; is the liquid density, p is the
ambient pressure and py is the vapor pressure. Eq (1) gives 101 ps
compared to the measured 100 ps for the most spherical 1.11 mm radius
bubble y = 3.25.

The control over the maximum bubble size was adequately achieved
- staying in the order of Ry,ax = 1.15 mm. The nondimensional distance,
from fully attached bubble at y = 0.60 to a bubble relatively far away
from the wall at y = 3.25, are shown in Fig. 5. The experiments are
grouped according to the material of the substrate beneath the bubble.

In the first images of the sequence one can clearly see the shockwave
which resulted from the lased plasma discharge. In the case of the bubble
in a close vicinity of the wall and SiO5 (y = 0.67) also a reflection of the
shock wave can be seen. This is not the case for the corresponding case
with PMMA substrate. This peculiarity is further examined later on. The
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bubble collapses relatively spherically as long as v is significantly larger
that unity. In these cases, also a clear formation of the shockwave can be
seen. There is no implication that it is not emitted even in the case of y <
1, but it occurs on the surface itself and it therefore cannot be visualized.

In all cases the rebound is severely influenced by the presence of the
solid surface - the bubble develops in the direction towards the wall. For
y < 1 also a clear case of “splashing” [30] can be seen.

As expected [31], the collapse time is longer for bubbles that implode
closer to the boundary - in the case of y < 1 the collapse time is about
30% too long, while it fits the theoretical much better when vy is larger.

Comparing the bubble topology dynamics between the two bulk
materials we see that it does not change significantly when the material
underneath it is changed. There are no topological changes and the small
differences in the growth and collapse times (at a constant nondimen-
sional distance) can be attributed solely to variations in the maximum
size of the bubble. We can conclude from these observations that the
bubble collapse rate as such cannot be the reason for the significant
change in sustained damage of the foil attached to the SiO3 and PMMA
glass.

The repeatability and the influence of the substrate was further
tested against the bubble apparent radius (the area of the bubble occu-
pied in the image was measured. Then the equivalent bubble (sphere)
radius was determined) evolution in time. The values in Fig. 6 are
nondimensionalized against the apparent maximal bubble radius Ryax
and the lifetime of the bubble tyypple.

The apparent maximal bubble radius Ry,,x - the radius of a spherical
bubble with a volume equivalent to the actual bubble volume. Obvi-
ously, we can observe that almost no difference for the value of y and
more importantly the substrate material can be seen when both the
bubble radius and the time are nondimensionalized. Hence one can
conclude that the outcome of the damage experiments are the result of
the substrate material properties and not the influence of the substrate
material on the bubble collapse itself.

A closer inspection of the images just before and right after the
collapse revealed an important difference in the shock wave dynamics.
The exposure time is 300 fs. The way this was achieved is that we opened
the shutter of the camera for the full time of single frame (1 ps in the case
of 1Mfps acquisition) and synchronized the 300 fs bursts of the illumi-
nation laser with the frequency of camera acquisition. The shock is
virtually frozen during this time. As we use shadowgraphy, the intensity
in the image is formed by the second spatial derivative of the pressure.
The shock wave width in the image is about 5 pixels, that would relate to
width of 40 pm (image resolution is 8um/pixel, which is also the main
source of uncertainty of this measurement) or a duration of 25ns
assuming a velocity of 1500 m/s. Similar durations have been measured
lately by Lokar et al. [32]. Unfortunately, the shockwaves are hardly
visible in still images, but very clear in the movies — we invite the reader
to find them among the supplementary files. Fig. 7 shows the two cases
for y = 1.80.

During the bubble collapse shock waves are emitted. Aty =1.80 and
Rmax = 1.1 mm the shock wave traveling with a velocity of about ¢ =
1480 m/s takes slightly more than 1 ps to traverse the distance from the
bubble center to the wall. Its position is marked by yellow arrows in the
second image of the series. Looking first at the case of SiO, glass (top
series), a microsecond later the shock wave spreads to the radius of 3
mm (yellow arrows). In the same image one can also notice the shock
wave reflection, which is marked by red arrows. The same continues
later on — in the last image of the series, the primary shockwave (yellow
arrows) spreads to 4.5 mm and the reflected one (red arrows) follows it
with the same velocity.

As for the case of PMMA (bottom series), the primary shockwave
behaves the same, but one cannot detect its reflection at the surface,
which means that more of the energy is transported into the PMMA
where it may be i) absorbed, ii) it simply passes it, or iii) the combination
of the two.
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Fig. 7. Shock wave progression after the bubble collapse at y = 1.80 for different bulk materials (top — SiO,, bottom — PMMA).

4. Discussion

The ability of an interface to reflect an acoustic wave is related to the
ratios of acoustic impedances of the two materials, i.e. that of water and
PMMA or SiOs. In fact, De & Hammitt [33,34] considered the impor-
tance of acoustic impedance when designing stems for detecting cavi-
tation noise with further application to erosion prediction. They
however did not make the transition to the idea to possibly use the
impedance change for mitigation of erosion.

To estimate the reflection and the transmission coefficients one
needs to consider the multilayer structure of the specimen. Here we
adopt the approach commonly used in the design of ultrasonic trans-
ducers [35]. The acoustic impedance Z of individual material is defined
as the product of the materials density p and the linear speed of the
sound ¢ [36]:

Z=pec (@3]

The characteristic impedances of the fluid, the layers of aluminum,
the adhesive tape and the substrate are noted by Zg, Za), Z¢ and Zg,
respectively. The thickness of the layers and the substrate material are
tal, t; and ts, respectively. For a layer n of thickness t, and acoustic
impedance Z, the transfer matrix is given by:

cos 8, jZ,sing,
T,=1 i 3
J—sin 0, cos 6, @
Zn

where 6, represents the phase shifting equal to 6, =2 rh by

the wavelength and t, the thickness of the n-th layer (n being Al, t or s for
aluminum foil, adhesive tape and substrate, respectively). Since the
thickness of the substrate is much bigger than the other layers, one can
define the equivalent resulting impedance Z.q seen as:

, with 1, being

TuZ,+Tn

g =s e 4
! TnZ 4+ Tn “

where Tj are the elements of the transfer matrix T resulting of the
multilayered structure, defined by:
Ty le]

()

T\ =TT, =
[M=TT: {Tﬂ T

For a structure as presented in Fig. 3, the above transfer matrix is
given by:

Z,
T1; =cos O, cos 6, — % sin 0, sin 0, (6)
't

Ty =(Z, cos O sin 6, + Zy; sin O cos 6;) (2]

[sin @y, cos @, cos @y sin 6,
T = 8
210 =] ( Zu + 2 ) 8
Z . .
T, =cos 6y cos 6, — —sin By, sin 6, 9
Za
The reflection (R) and transmission (T) coefficients are then:
Z -2,
_ 10
ZiAZeg (10)
and
T=1-R, 11

respectively. For the present experimental campaign, the material
properties are given in Table 1 below.

Considering the data in Table 1 and Egs. (2-11) we see that for the
case of Water-SiO; the reflected shock wave will have an amplitude of
79% of the incipient one. In contrast the amplitude of the wave reflected
from PMMA is only 66% of the initial one. This can be possibly used to
interpret the significantly smaller damage on the PMMA base — more
energy is either absorbed in the bulk material or more energy passes
through the bulk material, while the thin foil attached to it remains less
damaged. In the case of SiO; the energy is mainly absorbed by the thin
foil attached to the glass, hence greater damage.

The above reasoning can also be qualitatively confirmed experi-
mentally by shock wave visualization. Fig. 8 shows the observation of
the initial shock wave which forms at optical breakdown. The time
instant is 1.5 ps after the breakdown (0.5 ps after the first image in the
series shown in Fig. 5). The above images show the visualization of the
shock wave on the near side of the bubble and the bottom images show
the visualization of the bubble on the far side of the bubble. The two
images (near, far side) originate from separate experiments as it was
impossible to record the shock wave on both sides of the SiO2 (or
PMMA) plate simultaneously.

Again, the yellow arrows point to the original shock wave and the red
ones to its reflection at the boundary. A clear reflection can be seen for
SiO,, while none can be seen for PMMA. Looking at the bottom two
images, to the far side of the plate we see that in the case of PMMA a
somewhat weakened shock wave, which traversed the material with a

Table 1
Material and acoustic properties of the materials used in the experiment.
p (kg/m>) ¢ (m/s) Z (kg/m?s-10°) t (m)
Water 1000 1480 1.48 )
Al 2700 6400 17.2 0.000009
Adhesive 1160 1900 2.08 0.000050
SiOy 2200 5570 12.3 0.001

PMMA 1180 2680 3.16 0.001
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Fig. 8. Shock wave appearance 1.5 ps after the optical breakdown (left — SiO5,
right- PMMA).

similar acoustic impedance as water, can be seen (blue arrows). None
can be seen behind the SiO; plate.

4.1. Questioning the microjet impact theory

Currently, the most widely accepted explanation for the occurrence
of cavitation erosion is that the potential energy contained in a macro
cavity is transformed into the radiation of acoustic pressure waves, and
further on into the erosive potential contained in single bubbles that
collapse in the vicinity of the material boundaries [37,38]. Two theories
describe the last stages of life of a micro-scale cavitation structure:

e The microjet [37]. For a bubble that forms near a rigid surface, due to
the vicinity of the rigid surface, its upper boundary collapses faster
than the one closer to the wall - a microjet forms. It can reach a
velocity of several hundred m/s and as it hits the surface, which is
high enough to deform the surface.

Shock wave [39]. In the case of a spherical bubble collapse the for-
mation of a shock wave seems obvious, but the shock wave is also
emitted at asymmetric bubble collapse, when the microjet hits the
bottom surface of the bubble as it was shown recently by Supponen
et al. [40]. The amplitude of both is comparable and again high
enough to cause material damage.

Going back to the microjet impact theory, Lush [41] suggested that it
the case when the surface offers no resistance (which is a good enough
approximation for the present experiment as the combination of the
aluminum foil and adhesive tape is very soft) the material deformation
velocity vger is the same as the jet velocity vjer. The deformation time tger
is related to the thickness (radius) of the jet rje; and the sonic velocity in
the liquid c;. The depth of deformation d;; would then be:

Fier
Apit = Vaeflaer = Vjet% %)
/

By using common values of vjet = 100 m/s, rje = 0.1 mm, we get dpi;
= 7 pm, which is in the same order of magnitude as reported in our
previous study [7].

The above stated reasoning is the same for both the substrates,
meaning that the extent of the damage should be comparable. However,
the present experiments show that the damage extent is related to the
impedance of the substrate material. This consequently implies that the
foil was not damaged by microjet impact and puts the theory of erosion
by microjet impact in question.

4.2. Path to erosion mitigation

Finally, we investigated the possibility of using a composite material
— bonding SiO; as the carrier and PMMA as the absorber of the energy
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(Al foil was attached to the PMMA plate via adhesive tape and this was
then bonded to SiO; plate).

The reasoning was that the shock wave from the bubble collapse will
be partially absorbed and will partially traverse the PMMA (as shown in
Fig. 8 right). It will reach, at a much smaller amplitude, the SiO5 plate
where it will reflect (as shown in Fig. 8 left) just to be again absorbed in
PMMA as it traverses it. On the bubble side of the plate, the shock wave
dynamics should appear very similar to the case of using only PMMA
plate.

Indeed, we found that a 1 mm thick PMMA “coating” prevents
excessive damage to the surface of the material (Fig. 9).

In Fig. 9, essentially the diagram shown in Fig. 4, with an additional
plot for the composite material, is shown. Again, for all three cases, one
can see the strong dependance of the pit size on the bubble distance from
the wall. In agreement with the previous finding, adding a sheet of
PMMA on top of the SIO; plate significantly decreases the damage to the
foil — approximately by 50% over the y—range tested. This offers an
exciting opportunity to mitigate cavitation erosion, using PMMA or
other materials with acoustic impedance similar to waters for coatings of
structures which usually suffer from cavitation damage (turbines,
pumps, etc.). Still a scale up study should be performed. A step towards
it is given in Fig. 8.

We performed a simple test of cavitation erosion by an ultrasonic
horn. The procedure followed the ASTM G32 standard with a stationary
specimen [2]. The specimens were prepared in the same way as for the
single bubble tests. Since the aluminum foil is prone to be very quickly
damaged by bubbles it was exposed to cavitation for only 1 s. The images
of the damaged foil are shown in Fig. 10.

Here we present only the first trial test of cavitation erosion miti-
gation by a thin PMMA coating, hence the damage on the foil was only
visually inspected (Fig. 10). One can obviously observe a significant
decrease of the damage when the bulk material consisted of PMMA
(right image). Despite the somewhat larger sustained damage, even
more promising for the application, is the result of the damage on the
composite bulk (middle image). Obviously, a coating by PMMA, in-
fluences the shock wave reflection also in the case of bubble cluster
collapse.

Shima et al. [42] have utilized composite materials to deflect the
bubble dynamics through elastic (rubber like) surface. Here, the rather
stiff PMMA for cavitation mitigation does not affect the gross bubble
dynamics and is therefore clearly different from their approach or that of
Gonzalez et al. [43]. The PMMA substrate affects shock wave propaga-
tion not only during the expansion stage but also during the bubble
collapses. The experiments here hint towards the possibility that the
acoustic properties of the interface affect the final (here not resolved)
stage of bubble collapse. We can only speculate, but it may very well be

120 4

100 1 ——Si0,
—a— Composite
801 —— PMMA
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R (um)

40 A
204

Fig. 9. Possible method for mitigation of erosion — use of composite material.
Damage after bubble collapse at different nondimensional distances for
different bulk materials (left). Typical appearance of a pit at y ~ 0.3 for the 2
bulk materials and the SiO,-PMMA composite.
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Fig. 10. Damage sustained by the foil attached to different bulk materials exposed to ultrasonic cavitation (ASTM G32 standard) for a period of 1 s.

that surface waves are essential for the final compression of the bubbles
when generating erosion.

This offers a unique opportunity to investigate and develop coatings
with appropriate acoustic impedance that would mitigate cavitation
damage in turbomachinery. Of course, a much more detailed study
needs to be performed to confirm this statement and surely many
technical challenges (for example adhesion of the coating) will arise on
the way.

5. Conclusions

While we have not fully resolved the mechanism that leads to cavi-
tation damage, we have shown that the damage is strongly affected by
acoustic impedance of the surface material. As smaller impedance, i.e.
closer to impedance of the liquid medium (water), reduces the observed
pit size and count (in the case of acoustic cavitation, Fig. 8). This may be
an important step towards a new approach to cavitation erosion miti-
gation. Instead of focusing to elasticity of the coatings, which was
thoroughly explored in the past, one could resolve on fine tuning the
coatings acoustic impedance to prevent excessive damage to the bulk
material.

In a recent work Reuter et al. [8] have shown that single laser
induced bubbles cause damage at close distances and during the toroidal
bubble collapse. There shock wave focusing rather than the microjet was
the contributing factor for erosion. We may speculate that the particular
acoustic property of the surface is decisive on the resulting damage.

Another, possibly more important observation of the present study is
that the damage magnitude is related solely to the impedance of the
substrate material, and this makes no sense if it is the water hammer
pressure initiated by the microjet impact that causes the damage.
Looking back to the work of Fortes-Patella et al., in 1998 [39] we see
that she proposed the erosion to be the result of shock wave impact. This
was questioned as it was believed that the magnitude of the shock wave
emitted at jetting bubble collapse would be too small to cause damage.
But in her study Supponen et al. [40,44] showed that it has almost the
same magnitude as the one emitted from spherical collapse. The present
results therefore imply that the microjet impact theory is in fact wrong.
This could have major implication on the future development of cavi-
tation erosion prediction models.

Further much more advanced studies with higher temporal and
spatial resolution (on both bubble and material side) combined with
measurement of longitudinal and transversal waves in the solid could
help to connect the present measurements with the recent findings.
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