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ABSTRACT OF THE DISSERTATION

Effects of Micro and Nano Surface Roughness on
Cavitation Damage of Metallic Surfaces

by

Juan Carlos Gonzalez-Parra

Doctor of Philosophy, Graduate Program in Mechanical Engineering
University of California, Riverside, September 2022
Dr. Guillermo Aguilar and Dr. Natanael Cuando-Espitia, Co-Chairpersons

Surface parameters modification via laser irradiation has been a technique used to
process materials since de discovery of the laser itself. One of these techniques is nano
texturization of a surface by the means of focusing laser irradiation onto it and creating
Laser-Induced Periodic Surface Structures (LIPSS). Despite the fact LIPSS have been
around since the early dates of laser processing, their physical mechanism is still discussed.
These LIPSS’ formation theories have been proposed since the 1980s with the Surface
Plasmon Polariton model and Sipe’s theory, and, more recently, the Sipe-Drude model. In

recent years, the research has been shifting to their applications.

On this work, we suggest a modification of the surface via laser processing for
reducing cavitation erosion damage. This proposal is divided in 2 main sections. First, a
surface was nanotextured by scribing LIPSS on it. As it is described in the following

sections, this processing avoids remnant microbubbles generated after the collapse of a

vii



cavitation bubble to attach to the surface, impeding those microbubbles to be activated near
the surface and act as a nucleation point when another cavitation bubble is formed.
Secondly, by adding a microstructure, a hierarchical structure was generated. This
hierarchical structure allowed not only minimizing attached remnant microbubbles, but

also the modification of the cavitation bubble’s rebound dynamics.

By exclusively generating LIPSS on the surface of the material, we achieved a
reduction of erosion by a factor of 3 when compared to an untreated surface. On the other
hand, by evaluating it on a hierarchical structure we obtained an improvement of up to a
factor of 22. This demonstrates the feasibility of using laser processing of materials as an

easy, unexpensive and scalable approach of reducing cavitation erosion.
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Chapter 1 Introduction

Irradiating a material by using a laser is a fast, easy, economical, and scalable way
of modifying its surface properties. In 1962 and 1963 the first results of surface
modification using lasers were published, being the micro soldering during retinal surgery
their first application[1-3]. In 1965 Birnbaum reported the formation of regular pattern of
cracks on irradiated germanium semiconductors by ruby lasers. He attributed these features
to be the effect of diffraction effects that occur in the proximity of the focal spot of a lens[4].
These cracks, in more recent literature have been referred as Laser-Induced Periodic

Surface Structures (LIPSS).

LIPSS are noted as a surface relief made of periodic lines, which can be related to
some properties of the incoming electromagnetic radiation, such as polarization and
wavelength. The generation of LIPSS can be comprehended as a phenomenon present in a
broad range of materials, such as metals, semiconductors and even dielectrics[5]. LIPSS
generated via ultrashort laser pulses can be classified, first, by their periodicity compared
to the irradiation wavelength. Low spatial frequency LIPSS (LSFL) have periods larger
than half of the irradiation wavelength and high spatial frequency LIPSS (HSFL) have
periods greater than half of the irradiation wavelength. For LSFL, a subdivision is made
depending on the direction with respect to the beam polarization. LSFL-I are perpendicular
to the polarization (commonly present on metals) and LSFL-II are parallel to the

polarization of light (commonly present on dielectrics and semiconductors). On the other



hand, HSFL are subdivided by the depth to period aspect ratio (A = AL), being HSFL—
LIPSS

I an A >1 and HSFL-II an A < 1[6].

Left panels of Fig. 1.1 and Fig. 1.2 show SEM micrographs of the different
structures found under various peak fluences and effective number of pulses on stainless
steel and titanium, respectively. On the right panels of the figures, we can see a map where
various kinds of structures are generated on the materials depending on the effective
number of pulses on the x axis and the peak fluence on the left axis. Notice that the LIPSS
scribed region, denoted as purple cross marks, is the largest area of parameters for both
materials. What this means is that LIPSS can be formed by using a broad range of

irradiation parameters and they are rather straightforward to manufacture.

There are several theories that try to explain LIPSS formation. The standard Surface
Plasmon Polariton (SPP) model of LIPSS is the simplest one. This theory states that SPPs
are generated on the surface of the material while being irradiated and certain conditions
are met; these being for a metal the real part of the permittivity must be smaller than -1 and
for dielectrics and semiconductors, ultrashort pulsed lasers can excite the materials turning
them into a short-term metallic state. This SPP interferes with the incoming irradiation, and
the absorption coefficient of the material is modulated via the interference pattern created
by the 2 beforementioned electromagnetic waves. For this model, the wavelength of the
LIPSS (Avirss) is considered to be the same as the SPP’s wavelength (Aspp) via its

dispersion relation. The Aspp can be calculated as follows, being em the dielectric



permittivity of the material, &4 the dielectric permittivity of the dielectric and A the incoming

radiation wavelength[7].

€m+€d

Aspp = A-Re (1)

Eméa

However, the most accepted theory is called the Sipe’s theory[8]. It predicts the
wave vectors K that the LIPSS could be generated as a function of laser irradiation and
surface parameters, such as polarization, wavelength, incident angle, and surface
roughness, dielectric permittivity, respectively. The equation that governs the

inhomogeneous absorption coefficient of the material is the following:

A@) ~n(&) - b (2)

The first term, also called the efficacy factor, quantifies the efficacy at which the
roughness leads to an inhomogeneous absorption at k while the second term is the Fourier
Transform of the surface roughness. Since the surface presented as homogenous, b (k) is a
slowly varying function, however n (k) might show pronounced peaks at specific ¥ values.
Once LIPSS are being formed, b (k) will slowly show peaks at the same « that will further

increase the absorption at that ¥, this is, a feedback process is contemplated in this theory.

The Finite-Difference Time-Domain (FDTD) method has been applied to study the
inhomogeneous absorbed energy of laser radiation. The results are called FDTD- n maps
and show a great agreement with the analytical solutions provided by the Sipe theory. They

can also predict the formation of HSFL, one of the main limitations of Sipe’s theory.



Furthermore, it also predicts the appearance of structures larger than the wavelength of the

incoming polarization, or so-called grooves[9].

Although the research on LIPSS has been around since almost the invention of the
laser, researchers around the world have been shifting their attention to seek new
applications in which LIPSS can offer a better alternative than the regular solution to

particular problems.

Cavitation wear happens when bubbles form and collapse cyclically in close
proximity to a surface submerged in a fluid[10]. Its main mechanism is the surface fatigue,
and it occurs in many hydraulic components such as pipes, turbines, propellers, valves, etc.
Cavitation is the process in which the internal pressure of a liquid changes rapidly and leads
to a vapor cavity in a liquid[11]. When the process of expansion and implosion occur, these
cavities may create sonoluminescence, shockwaves, and a highspeed liquid jet

formation[12], and the former 2 effects are responsible for damage to solid boundaries.

It has been reported that the rate of erosion due to cavitation on brass, a material
widely used in hydraulic components, counting both effects (shockwaves and high speed
jets) can be up to 120 um in a lapse of ~ 2000 minutes[13].It means that, if the rate of
erosion is supposed to be constant, a metal sheet of 5 mm in thickness can get completely
eroded in about 833 hours, or about 35 days. This example could suggest that there is a

constant substitution of hydraulic components, mainly pumps’ gears and ships’ propellers.

That is why this work aims to study the feasibility of the modification of the surface

on metals and assessing their effects on cavitation erosion damage. On the first part, a



metallic sample was nano textured by using an infrared femtosecond pulsed laser. The
objective of this nano texturing was to modify the adhesion of the remnant bubbles to the
surface after the collapse of the cavitation bubble, preventing those bubbles to function as
nucleation sites and activate them after subsequent cavitation bubbles, leading to less
damage on the sample. Four different numbers of cavitation events were generated, from
50,000 to 200,000, via a nanosecond pulsed laser. The damage was observed by the means
of optical microscopy and the eroded volume was computed via atomic force microscopy
(AFM). On the second part, a nanotextured surface was subsequently micro textured
creating a hierarchical structure. The objective of this treatment was to modify not only the
adhesion of the remnant microbubbles, but to modify the dynamics of the cavitation
bubbles and their subsequent rebounds. The samples were subjected to up to 800,000

cavitation events and the eroded volume was computed by confocal microscopy.



1.1 Figures
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Figure 1.1 SEM micrographs of structures found under different irradiation conditions on stainless steel. a)
Spikes, N = 500, ¢ = 1.8 J/cm2, b) Grooves, N = 500, ¢ = 0.5 J/cm2, c) LIPSS, N = 20, ¢ = 0.4 J/cm2, d)
Roughness, N=2, 9 = 0.15 J/cm?2



Structures on Titanium

X
"
X
X
X
C
X
X

X

X X X X

*
o
X
X

X

°
o
*
X
X

X

x

x

X

-

.a

&..

* % * *

> > >

>

> > > >

>

Ablation
Spikes
Grooves
Grooves/LIPSS
LIPSS
Rougness

e X0

L] L X

—
o e o X
E o o «x
S 1004 @ e X
8 e o °

[ o=
g e o X
; e e X

©
& Od ° x
10°'{ & e °

10!

10?

Number of Pulses

Figure 1.2 SEM micrographs of structures found under different irradiation conditions
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Chapter 2 Mitigation of cavitation erosion using laser-induced periodic surface

structures
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2.1 Abstract

By nanotexturing a metallic surface using Laser-Induced Periodical Surface
Structures (LIPSS), the effect of laser induced cavitation erosion was investigated against
an untreated surface. The LIPSS-scribed surface reduced eroded volume by a factor of

more than 3, in a scenario of 200,000 cavitation events. The cavitation bubbles were


mailto:camachol@cicese.mx
mailto:natanael.cuando@ugto.mx

generated at a predetermined normalized distance above each surface, and 4 different
number of cavitation events were tested (50,000 to 200,000). The eroded area was observed
using an optical microscope and the eroded volume was quantified by the means of Atomic
Force Microscopy (AFM). According to supplemental experiments, the significant
difference in eroded volume between both surfaces may be attributed to the lower quantity
of remnant bubbles attached to the LIPSS-modified surface between cavitation events.
Hence, nanotexturing may be a viable solution for protecting against erosion due to its

simplicity of manufacturing and scalability.

Keywords: cavitation erosion, laser-induced periodic surface structures, laser-

induced cavitation, microstructures

2.2 Introduction

For more than a century, cavitation phenomena have attracted the attention of
engineers and researchers. Among the rich physics involved in cavitation, we may mention
rapid phase change, shockwave formation, extreme temperature, and pressure profiles and,
when formed near a rigid boundary, a high-speed liquid jet [14-16]. Many applications
such as ultrasonic emulsification [17-20], nanoparticle stabilization [21-26], ultrasonic
assisted crystallization [27-29], heat exchangers [30-33] and microbial disruption [34,35]
have exploited the unique features of cavitation phenomena. While cavitation has been
utilized in various applications, undesired thermal and mechanical cavitation effects have
limited its further adoption across disciplines. For example, cavitation-erosion of brass

(caused by shockwaves and high-speed jets) can reach up to 120 um depths in a period of



approximately 30 hours [36]. Thus, both cavitation-based applications and hydraulic

systems may benefit from erosion mitigation approaches.

Cavitation erosion has been attributed to multiple mechanisms including transient
shockwaves, impinging liquid jets, and subsequent rebound collapses of remnant surface
bubbles. Many studies have investigated the effects of each process by post-damage
analysis of surface damages on metals caused by series of single subsequent cavitation
events. The shift to series of single bubbles from typical ASTM G32 acoustic tests has
given insight to specific damage mechanisms by removing complex effects of bubble
coalescing, bubble breakups, and variable effective stand-off distances (y, ratio of distance
from the center of the bubble to the surface by the radius of the bubble) that come with
oscillations of large bubble clusters. In 1986 Tomita and Shima found that cavitation
damage in indium was a result of primarily impact pressure of water jets but also from the
collapse of remnant small bubbles [37]. Later in 1998, Philipp and Lauterborn performed
cavitation erosion tests on aluminum. They reported that jet impact contributes to surface
damage at stand-off distances below 0.7, appearing as smooth indentations. Damage
patterns observed at y>1 were not attributed to jet impingement because the calculated
water hammer pressure and its short duration were not sufficiently larger than the
specimen’s yield strength. Within their parameter space of 0.3<y<2.2 they found regions
of several pits which was explained by the collapse of multiple small bubbles that form at

the edge of the bubble’s toroidal collapse [38].

10



More recently, H. J. Sagar et al. reproduced Philipp and Lauterborn’s results in
aluminum with more repetitions and found increased scatter of pit depths and volume.
Additionally, they reported cases of dual separated pits which they attribute to influence of
the sample’s edge on the jet direction, leading to a secondary collapse offset from the first
collapse site. They found the most severe damage by volume to be at y=1 but did not
perform experiments below y=0.9 [39,40]. In 2019, Dular et al. were able to determine the
individual transient contributions of the impinging jet and ring collapse mechanisms on the
damage volume formed on aluminum foil by a single cavitation bubble. They found that at
close bubble implosions (y< 0.2) the microjet dominates the damage mechanism, while
further collapses (y>0.5), give way to the rebound mechanism at the second and third

collapses[41].

The forementioned works utilized malleable specimens for their low yield strength,
but such findings could not be easily related to other materials as cavitation dynamics (and
thus damage) depend strongly on material properties [42,43]. S. Hanke and S. A. Kaiser
studied the cavitation damage mechanisms on steel and NiAl-bronze alloys using series of
single laser induced bubbles and acoustic tests. Small pits were observed in areas
containing softer microstructure phases, but no significant material removal was observed

with confocal microscopy after 50,000 single bubbles at a stand-off of y=1 [44].

On the other hand, coatings based on metallic, intermetallic, metal-ceramic, silicide
as well as non-metallic materials have been widely used for cavitation erosion resistance

[45]. However, these coatings have high associated costs, particularly for commonly used

11



nickel and titanium alloys [46]. Moreover, coatings may introduce a material discontinuity
between the substrate and the coating, leading to mechanical impurities and defects where
mechanical failure or corrosion can be more easily initiated. Because of these detrimental
effects, metallic, intermetallic, metal-ceramic and silicide coatings are less attractive and
fluorinated coatings have been increasingly used [47-49]. However, fluorinated erosion-
resistant coatings remain toxic and are prone to degradation under prolonged cavitation
events, which has brought attention to more durable laser-based alternatives. Laser
hardening techniques including peening, alloying, and cladding have been studied for
increased resistance to cavitation erosion by altering the surface composition and structure
[50-53]. Less attention, however, has been placed on erosion resistance via laser-textured
surfaces which may dampen the dynamics of cavitation as opposed to hardening the bulk
material. Recently, S. R. Gonzalez Avila et al., demonstrated that biomimetic gas
entrapping microtextured surfaces (GEMS) can repel cavitation bubbles and potentially
reduce erosion [54]. Their technique relies on entrapped air in mushroom-shaped
microcavities which require complex fabrication via molecular vapor deposition.
Additionally, GEMS are susceptible to a Wenzel state transition under cavitation stand-off
distances of y<5, requiring the surfaces to be dried for reactivation. Thus, laser nano and

micro-surface texturing may be a more scalable and durable erosion resistant approach.

In this regard, Laser Induced Periodic Surface Structures (LIPSS) have shown to
be a straightforward method to obtain nano and micro texturing. The generation of LIPSS
requires irradiation of a solid with linearly polarized laser pulses at fluences below the

ablation threshold [55,56]. These irradiation conditions restructure the surface according

12



to an inhomogeneous intensity distribution, which is the result of an interference process
between the incident beam and the scattered wave generated by the surface roughness at
the start of irradiation [57]. In the past decade, LIPSS have gained interest for varied
applications. For instance, Guay et al. showed that a full color palette can be created on
noble metals, independent on the viewing angle which can be used for security or aesthetic
purposes [58]. Additionally, Muller et al. demonstrated that hydrophobicity can be tuned
by biomimicking natural hydrophobic hierarchical structures such as the lotus leaf [59].
Moreover, Rebollar et al. found that the nanoscale topography of LIPSS strongly influence
cell function adhesion and proliferation [60]. Although several applications have been
reported using LIPSS, the use of these structures to mitigate cavitation erosion is yet to be

explored.

In this paper we study for the first time the effect of LIPSS on the erosion of brass
caused by series of laser induced cavitation events and compare with the erosion observed
in un-processed material subjected to the same cavitation conditions. The proposed LIPSS
were scribed by a NIR femtosecond laser source generating a surface periodicity on the
same order of magnitude as the wavelength employed (low spatial frequency LIPSS,
LSFL). To remove the variability of damage contributions described by M. Dular [x], we
conducted all erosion tests with up to 200,000 subsequent laser-induced cavitation bubbles

at a constant stand-off distance of y = 0.5.
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2.3 Materials and methods

2.3.1 Sample material

Brass was selected because it has properties that make it suitable for applications
where cavitation and erosion are likely to occur, such as boat propellers and pump
impellers. For example, high ductility and high corrosion resistance are properties that
make brass a desired material for such applications. Additionally, brass has previously
shown higher erosion rates and depths compared to bronze and stainless steel, making it a
viable test subject [61]. Brass sheets of 1.6 mm thickness (McMaster-Carr, 8948K12) were
cut into 25 mm squares. Then the samples were polished with an automatic polisher (Pace
technologies, NANO 1000T) and diamond compounds progressively decreasing from 30
pm down to 6 pum, 1 um and finally 0.2 pum. Once polished and cleaned with IPA, the brass
squares were processed on one surface using an ultrafast NIR pulsed laser to obtain the
desired structures. After laser-processing, the samples were analyzed using SEM and AFM
and stored in atmospheric conditions (1 atm, 20 °C) until cavitation erosion tests were

performed.

2.3.2 LIPSS fabrication

LIPSS were scribed under normal atmospheric conditions (1 atm, 20 °C) with a
linearly polarized Ti:Sapphire laser (Amplitude Systemes, Satsuma HP3). The laser used
for scribing LIPSS delivers 350 fs pulses at 1030 nm with a maximum energy per pulse of
40 uJ. During the process, the relative laser spot position was controlled by a XY motorized

stage and focused normal to the sample surfaces. Additionally, the energy per pulse was
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adjusted by an external attenuator composed of a half wave plate and a polarizing beam
splitter. Each 25x25 mm? brass sample was sectioned into 1x1 mm? sub-sections and

scribed with LIPSS.

As schematically shown in Fig. 2.1, the laser pulses are focused to a spot radius of
18 pm (1/e?). To scribe LSFL, the fluence was set to 0.78 J/cm?; a fluence slightly below
the ablation threshold [55]. For this process, the XY stage was programmed to form a
hatching pattern on the entire 1x1Imm? section at a constant velocity of 2.5 mm/s. Figure
2.1b shows a representative SEM image of the processed samples. The characteristic
periodic groove-like pattern of LIPSS is evident from Fig. 2.1b. As shown in Fig. 2.1c, the
Fourier transform of the SEM image of Fig. 2.1b indicate that the periodicity of the LIPSS
features is highly uniform with a period (800 nm) smaller than the wavelength of the laser
(1030 nm). A similar LIPSS periodicity has previously reported in brass [62]. Moreover,
the grooves are aligned perpendicular to the polarization direction as reported in previous
works [55]. Finally, AFM data revealed that depth of the scribed LIPSS lies between 100

and 120 nm as shown in Fig.2.1d.

2.3.3 Experimental setup

Laser-induced cavitation was used to perform erosion tests on each brass sample.
Each sample was submerged in a cuvette containing deionized (DI) water which served as
the cavitating fluid. An Nd:YAG laser (Continuum Surelite SLI1-10) operating at 1064 nm
wavelength and 6 ns pulse duration was focused into DI water using a 10x objective and

fired at a frequency of 10 Hz for all the experiments. The 10x objective (Thorlabs, LMH-
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10x-1064) has an effective focal length of 20mm and NA= 0.25. The laser energy was
adjusted to ~2 mJ using an attenuator prior to each erosion experiment to ensure a 100%
bubble formation probability and an average maximum bubble diameter of 1.5 mm % 23
pum (averaged over 10 events). First, the average bubble diameter of 1.5 mm was obtained
by generating cavitation bubbles 5 mm above the target samples which ensured spherical
bubble formation. Then, the sample was raised by a 3-axis stage to generate cavitation at a
stand-off distance of y = 0.5. As depicted in Fig. 2.2, a high-speed camera (Photron NOVA
S6, HSC 1) coupled with a long-distance microscope recorded a side-profile of the bubble
dynamics (representative image in Fig. 2.2c). Cavitation erosion tests were conducted on
each brass sample using several representative numbers of cavitation events between
50,000 and 200,000 at 10 Hz. The side-profile high-speed images (HSC 1) captured
representative cavitation events at 125,000 frames per second using a 128x160 pixel
resolution (8 us exposure). A CCD camera (Thorlabs, DCC1645C) configured with a 5x
magnification was used for taking top-view images of the damaged area during the entire

erosion experiment.

2.4 Results

Figure 2.3 shows optical microscope images of LIPSS-scribed and untreated brass
samples subject to different number of cavitation events. Figure 2.3a compares the images
before and after 200,000 cavitation events for the two surfaces studied while Figure 2.3b
summarizes optical microscope images of 100x100 pm? regions taken at the center of the

maximum observed damage. Notice that the maximum bubble diameter is ~1.5 mm?; much
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larger than the imaged area shown in Figure 2.3a. After 200,000 cavitation events, the
untreated brass samples showed a central damage of 200-300 um diameter as shown in the
top-right image of Figure 2.3a. As revealed by the optical microscope images shown in top
row of Figure 2.3b, the damage consisted of pits between 5 and 20 um diameter. Similar
damage features have been previously reported [38,40] and have been associated to a
central jet formation and secondary jets from remanent bubbles at the material surface [41].
As the number of cavitation events increases, the damage in the untreated brass samples
becomes more severe as seen in the progression of Fig 2.3b (top row). This pattern
continues showing a clear surface deformation on untreaded brass surfaces up to 200,000

cavitation events.

The images corresponding to LIPSS-scribed samples presented a darker coloration
than untreated samples (compare to first column of Fig. 2.3a) as the scribed surfaces may
exhibit higher scattering as well as diffraction and plasmonic absorption effects. The
LIPSS-scribed samples showed a different behavior than the untreated surfaces after
200,000 cavitation events. Although the bottom right image of Figure 2.3a shows some
areas with change in coloration, in general no central damage can be seen in the optical
microscope images from LIPSS-scribed samples. Moreover, the images of the bottom row
of Fig. 2.3b reveal similar erosion pits of 5-20 um along the LIPSS-scribed samples.
However, the occurrence of these pits seems less frequent in LIPSS-scribed samples and
shows no clear tendency to concentrate at the center of the sample. To further investigate
this behavior, we analyzed the sample areas shown in Figure 2.3b using atomic force

microscopy (AFM, SmartSPM 1000). The result of these analysis is summarized in Figure
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2.4. As in Figure 2.3a, Figure 2.4a compares untreated brass and LIPSS-scribed brass
samples for the maximum number of cavitation events tested (200,000). The 3D plots of
Figure 2.4a correspond to the images marked with a dashed square in Figure 2.3b. Notice

that the height scale is the same for all 3D plots and runs from 0 to 3 microns.

As in Figure 2.3, Figure 2.4a shows that after 200,000 cavitation events, the
untreated brass suffered more surface deformation due to more erosion pits. Notice that
although the selected pits shown in detail in Figure 2.4a are similar, the total number of
pits in the untreated case is much higher than for the LIPSS-scribed sample. Furthermore,
AFM data shows that the typical depth of the erosion pits range between 1 and 3 microns.
Figure 2.4b show AFM data coded in gray scale for the central area of the tested samples
for different number of cavitation events. Based on this data we estimated the eroded
volume as the volume between a reference plane parallel to the surface and the eroded
surface. The reference planes were obtained using the mean roughness calculated from the
reference samples without cavitation damage. In particular, the average roughness for
untreated brass samples was 10 nm with a standard deviation of 5 nm while the roughness
for LIPSS-scribed brass samples was 100 nm with a standard deviation of 45 nm. Finally,
Figure 2.4c shows the eroded volume as a function of number of cavitation events for
untreated brass and LIPSS-scribed brass samples. A mitigation of erosion is indicated by a
lower slope for the case of LIPSS-scribed samples. The difference becomes more notable
above tests of 100,000 events in which the rate of erosion drastically increases for the
untreated samples but remains constant for the LIPSS-scribed samples. In particular, the

calculated eroded volume for the case of untreated brass after 200,000 cavitation events
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resulted in 3700 pm?®. In contrast, for the same number of cavitation events the LIPSS-
scribed brass sample exhibit an eroded volume of 1100 um?3; which correspond to a

mitigation factor of 3.2.

2.5 Discussion

In this study, we observe a reduced effect of cavitation erosion on LIPSS-scribed
brass surfaces compared to polished untreated surfaces up to a factor of 3.2 for the case of
200,000 cavitation events. As previously reported, cavitation damage may arise from the
cavitation shockwave and jet during the collapse of the primary bubble, but also by the
additional collapses of remnant surface micro-bubbles which may be further activated upon
subsequent cavitation events [41]. Considering that the shockwave is primarily influenced
by fluid properties, and the jet dynamics (width, speed) primarily influenced by the stand-
off distance, keeping the stand-off distance and fluid constant for both samples minimized
the differences from these effects. Additionally, S. J. Shaw et al. previously reported no
observable surface damage due to shockwave impact compared to jet impingement. After
inducing cavitation between two solid boundaries at a small offset from the center, S.J.
Shaw et al. found that the wall which the bubble jet impacted showed evidence of damage
while the opposite wall (without jet impact) had no damage. During bubble collapse, a
shockwave is emitted spherically outward in all directions with equal magnitude and speed,
thus both solid boundaries were impacted by the same relative shockwave, but only the

wall with the jet impact observed damage [63]. Further, by comparing the collapse times
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of cavitation events in proximity to both untreated and LIPSS-scribed samples (162 + 2 us
and 163 + 2 ps respectively), the dynamics (as described by maximum size and collapse
time) do not differ significantly. Thus, we attribute the difference in observed damage
between untreated and LIPSS-scribed samples to the dynamics that occur after cavitation
collapse (i.e., rebound, and secondary activated cavitation sites). To quantify the effects of
LIPSS-scribed and untreated surfaces on remnant micro-bubbles, we recorded the
dynamics occurring at the surface after a cavitation event. The CCD camera in Fig. 2.2a
was replaced with a second high speed camera (HSC 2), to capture an aerial view of the
micro-bubble spread on each LIPSS-scribed and untreated surface (see schematics of Fig.
2.5a). HSC 1 and the 3-axis translation stage were used as before to control and verify the
stand-off distance from the wall to the center of the bubble. HSC 2 captured videos at 500
fps with a 6 x 6 mm? FOV, enough area to capture the maximum bubble diameter. The
illumination was nearly co-parallel with HSC 2 which was focused on the surface (i.e.,

Focal Plane, see schematics of Fig. 2.5a) plane allowing only surface features to be visible.

Figure 2.5a shows two formats of both LIPSS-scribed and untreated brass surfaces
at the same time stamp (110 ms after a first cavitation pulse). The left column of Figure
2.5a, referred to as the “raw image”, is the image captured directly from HSC 2. The images
in the central column have been binarized through a process in which the intensity values
of each pixel in a reference image (an image taken 2 ms before the cavitation event) are
subtracted from the raw image. Following the reference subtraction, we applied a 20%
threshold intensity, thereby removing unfocused features and pixels contributing to noise.

Notice that this process allows to quantify the bubble area between cavitation events; a
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direct evidence of remnant bubbles attached on the surface’ samples. We processed the
whole stack of images using the same operation. The white dashed circle in Fig. 2.5a
represents the projected maximum bubble size for reference. The right column of Fig. 2.5a

schematically shows the position of the HSC 2 in relation to the surface’s sample.

The evolution of remnant bubbles at the surfaces can be seen in Fig. 2.5b. By
utilizing this technique, we can observe that a larger number of bubbles exist at the surface
of the untreated material than the amount at the surface with LIPSS. The bubble fraction
was calculated as the ratio of white pixels (representing surface micro-bubbles) over the
total of pixels in the image. Then, the bubble fraction was obtained in each frame (0 — 130
ms) and was averaged among 5 experiments. In Fig. 2.5c, the comparison between the
average count beforementioned of bubble fraction in the untreated surface against the
surface with LIPSS can be seen. The shaded area represents the standard deviation over the
5 experiments. From this plot we can confirm that the bubble fraction, remains low on the
LIPSS-scribed samples. This differs from the bubble fraction in the untreated surface which
is consistently higher than in LIPSS-scribed surfaces and accumulates after a subsequent
cavitation event noted by the jump on the count at 100 ms. During the collapse of a
following cavitation event, the reduction in pressure expands the present surface
microbubbles which in turn collapse rapidly, each generating its own jet and oscillations
directly on the surface and leading to damage as described by M. Dular et al.[41]. As more
remnant bubbles are present in the untreated case, more bubbles may be activated by the
next cavitation event allowing for an increased damage. In contrast, the reduced number of

remnant bubbles for the LIPSS-scribed samples prevent the erosion mechanism associated
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with secondary cavitation of microbubbles adhered to the material surface. The ten-fold
difference in roughness between the polished surface and the LIPSS-scribed surface may
lead to higher aerophobic property in LIPSS, which may explain the stronger air bubble

adhesion on the polished surface[64].

Additional factors may contribute to the reduction of erosion on LIPSS-scribed
surfaces such as a possible increase in surface hardness during the LIPSS formation
process. However, traditional hardness measurement techniques cannot easily assess
LIPSS hardness properties, due to their nano ripple like structure which complicate typical
diamond impression tests[65,66]. Secondly, the surface structures may physically affect
the dynamics of the cavitation bubbles’ growth, collapse and primary jets, however
significantly higher spatial resolution is required to observe and measure these potential

effects.

2.6 Conclusions

In this study we analyzed the erosion mitigation on a brass surface modified with
LIPSS of roughly 800 nm periodicity and depths of ~110 nm. A series of single laser
induced cavitation bubbles, from 50,000 to 200,000 events, were generated at a y = 0.5
above LIPSS-scribed and untreated brass surfaces to evaluate their erosion responses. We
studied the erosion by optical microscopy and AFM, and we found a tree-fold eroded
volume reduction by the LIPSS surface after 200k cavitation events. According to
subsequent experiments, we showed that LIPSS-scribed samples maintain fewer remnant
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surface micro-bubbles than untreated samples after a cavitation event. We believe that
these remnant micro-bubbles are the primary mechanism of erosion because they adhere
to the surface and are nucleated by a following cavitation pulse leading to multiple
shockwaves, microjets and bubble collapses. We present that nanotexturing a surface with
LIPSS may be a viable method for protecting against cavitation erosion without the use of
coatings or alloys, thereby removing toxicity and flaking issues. However, further research
is needed to assess the complete effect of LIPSS on cavitation dynamics, particularly due

to aerophobicity and a possible change in the surface hardness of the material.
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2.10 Figures
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Figure 2.1 a) Schematic representation of the generation of LIPSS in brass samples. b) Representative SEM
image of the LIPSS-scribed brass samples. ¢) 2D Fourier transform of the SEM image depicted in b. d) AFM
height profile over a 5 um section in the x direction of the LIPSS-scribed brass sample. LIPSS periodicity

(800 nm) calculated from Fourier transform confirms with that measured using AFM.
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Figure 2.2 a) Schematic representation of the experimental setup for inducing cavitation on top of the brass
samples. b) Definition of the stand-off distance y. ¢) and d) representative images taken from the high-speed

camera 1 (HSCL, side view) and the CCD camera (CCD, top view), respectively
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Figure 2.3 a) Optical microscope image of the LIPSS-scribed and untreated brass samples. The right column
corresponds to images of samples subjected to 200,000 cavitation events. b) Central area of the brass
samples after different number of cavitation events from 0 to 200,000. All images in b correspond to an
imaged square of 100x100 microns.
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Figure 2.4 a) Reconstructed 3D plots from AFM data of LIPSS-scribed and untreated samples after and
before 200,000 cavitation events. The depicted surfaces represent a square area of 100x100 um2 and the
vertical scale runs from 0 to 3 microns. The insets at the right in a) detailed two selected pits marked with
white arrows. b) Gray scale-coded AFM data of LIPSS-scribed and untreated brass samples after different
number of cavitation events. The depicted area corresponds in all cases to a square of 100x100 microns. c)
Calculated eroded volume as function of cavitation events for LIPSS-scribed and untreated brass samples.
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Figure 2.5 a) Aerial view of LIPSS-scribed and untreated brass samples 110ms after the occurrence of a
cavitation bubble. The dashed circles correspond to the maximum diameter of the cavitation bubble. The
schematics in a) shows the position of HSC2 to image the remnant bubbles attached to the surface’s samples
(FP, focal plane). b) Temporal evolution of the remnant microbubbles for LIPSS-scribed and untreated brass
samples. The depicted images correspond to squares of 1.5x1.5mmz2. c) Microbubble area (white pixels) as
function of time for LIPSS-scribed and untreated brass samples. The vertical green bars at 0 and 100ms

indicate the occurrence of laser-induced cavitation.

29



Chapter 3~ Enhanced mitigation of cavitation erosion using hierarchical

structures

Juan Carlos Gonzalez-Parra?, Vicente Robles?, Luis Felipe Devia-Cruz®, Natanael

Cuando-Espitia®, Santiago Camacho-Lopez® and Guillermo Aguilar®®*

4Department of Mechanical Engineering, University of California Riverside, CA,

us.

Centro de Investigacion Cientifica y de Educacion Superior de Ensenada,

Departamento de Optica, Ensenada, Mexico.

‘CONACyYT, Applied Physics Group, DICIS, University of Guanajuato,

Salamanca, Guanajuato 368850, Mexico.
dDepartment of Mechanical Engineering, Texas A&M University, TX, US.

“Corresponding authors: camachol@cicese.mx, aguilar@tamu.edu,

3.1 Abstract

By means of a straightforward 2-step process for fabricating hierarchical structures,
the effect of cavitation erosion on brass has been explored in this work. We found that
hierarchical structures on brass reduce the eroded volume between a factor of 7.2 — 22.7
when comparing it to an untreated brass sample in the case of 800,000 cavitation events.

Additionally, the hierarchical structures reduce the erosion by a factor of 1.1 - 1.5 times
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when comparing to the sample with only microchannels, for the same amount of cavitation
events. The cavitation bubbles were generated at a standoff distance of 0.5 and 3 for
different number of cavitation events (200,000; 500,000 and 800,000). The eroded volume
was computed by means of confocal microscopy. The results show that the reduction in
eroded volume with samples containing microstructures is related to the interaction of the
microstructures with the cavitation bubbles. The additional roughness acts as an energy
dissipator, which is observed by comparing the sizes of the higher order rebound bubbles.
The results presented herein highlight a suitable solution for protecting equipment against

cavitation erosion.

3.2 Introduction.

Cavitation is the sudden appearance of vapor cavities inside a homogenous liquid
medium[67]—typically induced by a hydrodynamical sharp pressure drop, but also by
instantaneous temperature rise[68,69] or plasma formation[70,71]. This phenomenon can
be applied in many areas ranging from thermodynamic applications in heat
exchangers[33,72] to biomedical fields, such as in microbial disruptions[73] or for
intraocular pressure sensing[74]. Although cavitation has a wide application span, the
associated erosion to close surfaces typically hinders its benefit[75,76]. In addition to a
shockwave emission during cavitation collapse under any condition, a liquid jet is formed
when the bubble collapses near a rigid wall [77]. According to Philipp and Lauterborn, the

main damage contribution of cavitation depends on the nondimensional standoff distance
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¥ = d /R4 (1), where d is the distance from the center of the bubble to the wall and Rmax

is the maximum radius of the bubble[78].

On the other hand, ultrashort laser pulses have been used in a wide range of material
machining applications such as ceramic welding[79], ablation of carbides[80], oxidation
of molybdenum thin films[81] and the generation of superficial nano-roughness[82]. In a
previous study[83], we demonstrated that using laser-induced periodic surface structures
(LIPSS) scribed on brass (nano rugosity) reduced the cavitation eroded volume by a factor
of more than 3 compared to a smooth, untreated brass surface. We attributed the difference
in eroded volume to fewer remnant microbubbles attached to the LIPSS-scribed surface as
compared to microbubbles remaining on the untreated surface. Such surface microbubbles
can become nucleation sources, leading to clouds of additional rebounds, shockwaves, and
jet impacts which contribute further to surface damage. Based on our results, we proposed
that LIPSS texturing is a viable solution for protecting surfaces against cavitation erosion,

based on the ease of manufacturing and scalability of laser processing.

In recent years, other techniques for mitigating erosion have been proposed. For
example, Gonzalez-Avila et al. showed that biomimetic gas entrapping microtextured
surfaces (GEMS) can repel cavitation bubbles and, therefore, reduce cavitation impacts
that lead to erosion. However, the GEMS mushroom-like cavities work by entrapping air
which can be easily deactivated at small standoff distances [84]. Another technique has
been recently proposed for controlling the erosion damage of a solid surface by using
fabrication of micro riblets [85]. Under this approach, the bubble’s dynamics are altered

during the collapse and rebound process, leading to a reduction in erosion on the solid. In
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our previous work, we could not appreciate a significative effect on the bubble dynamics
during its collapse and rebound with the addition of nano-scaled surface roughness. In other
words, the scribed nano rugosity seems to have negligible effects on the dynamics of

millimeter-scale cavitation bubbles, as described in our previous study[83].

Recently, several researchers have used hierarchical structures (combination of
structures of different orders of magnitude) in a wide number of applications such as the
enhancement of tribological properties[86], control of cell growth and adhesion[87],
distribution of light in thin-film solar cells[88], and wettability modification[89]. However,
the use of hierarchical structures for mitigating cavitation erosion has not yet been
explored. In this study, microstructures (microchannels) were used to modify the collapse
dynamics of cavitation, and nanostructures (LIPSS) to lower the subsequent microbubble
adhesion to the surface. We systematically investigate the individual and combined effects
of the microchannels and LIPSS on the cavitation dynamics and the corresponding degree

of erosion on brass.

3.3 Materials and methods

3.3.1 Sample material

Brass was selected as the target because it is widely used in nautical applications
(where cavitation erosion is likely to occur e.g., boat propellers and pump impellers) due
to its high ductility and high corrosion resistance. Additionally, brass has previously shown

higher erosion rates and depths compared to bronze and stainless steel, making it a viable
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test subject. Brass sheets of 1.6 mm thickness (McMaster-Carr, 8948K12) were cut into 25
mm squares and polished with an automatic polisher (Pace technologies, NANO 1000T)
using diamond compounds progressively decreasing from 30 um down to 6 um, 1 pum and
finally 0.2 um. Once polished and cleaned with IPA, the brass squares were processed on
the surface using an ultrafast NIR pulsed laser to obtain the desired structures. After laser-
processing, the samples were analyzed using SEM and confocal microscopy and stored in

atmospheric conditions (1 atm, 20 °C) until cavitation erosion tests were performed.

3.3.2 Microstructures fabrication

The microstructures were obtained by ablating the brass samples under normal
atmospheric conditions (1 atm, 20 °C) using a Yterbium-doped fiber laser system laser
(Amplitude Systemes, Satsuma HP3) in a similar setup previously reported [8]. The laser
used for creating the microchannels delivers 350 fs pulses at 1030 nm with a maximum
energy per pulse of 40 pJ. During the process, the position of the sample was controlled by
an XY motorized stage and focused normal to the sample’s surface. The laser power was
fixed to 27 mW, delivering 27 uJ per pulse at a rate of 1 kHz. The beam was focused using
a 75 mm plano-convex lens (Thorlabs, LA4725-B) resulting in a spot size of approximately
60 pum (1/e?). The stage (Newport XY-100) scanning speed was set to 0.12 mm/s to achieve
ablation depths of approximately 30 um. Each microchannel structure was scribed into a 2

mm square within the corresponding brass sample. These parameters are summarized in

Three different pitch sizes (separation between ablation paths, see Fig. 3.1b and

Fig. 3.3b) were used (p = 120, 150, 180 pum) to determine the effect of microchannel
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separation on erosion. The samples scribed with only microchannels (no LIPSS) are
referred to as MS-120, MS-150 and MS-180 in the sections that follow. Figure 3.1 shows

SEM images of a representative microchannel sample with a pitch of 150 um.

3.3.3 LIPSS Fabrication

As in the fabrication of microstructures, LIPSS were scribed under normal
atmospheric conditions (1 atm, 20 °C) using the same laser and processing lens. In this
case, the power was reduced to 8 mW (8 pJ per pulse at 1 kHz) and the scanning speed was
increased to 2 mm/s. The laser power was reduced to a value under the ablation threshold
since that is a condition required to generate LIPSS[90]. These parameters are summarized
in Table 1. Fig. 3.2a shows a SEM micrograph of LIPSS formation on a polished brass
sample. Notice that the direction of LIPSS is perpendicular to the laser’s polarization,
which is indicated as a red doubled pointed arrow on Fig. 3.2a. As seen in Fig. 3.2b, the
Fourier transform (which characterizes the LIPSS periodicity) shows a high component at
0.8 um, a length slightly shorter than the laser’s wavelength (1030 nm, blue vertical dotted
line). This periodicity agrees with previous reports of LIPSS formation in metals[91].

According to Bonse et.al.[92], these nanostructured can be classified as LSFL-I.

3.3.4 Hierarchical structures fabrication
Based on previous sections, laser-scribed hierarchical structures can be obtained by
a 2-step process. First, the power and scanning speed are set to the values before mentioned

(0.12 mm/s and 27 mW, respectively) in Section 3.3.2, creating an array of microchannels
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(Fig. 3.34a, 3.3b), with the flat peaks between each channel that remain untreated (Fig. 3.3b).
Secondly, the parameters are changed accordingly for manufacturing LIPSS (2 mm/s and
8 mW), as described in Section 3.3. These scans are made on top of those flat peaks (Fig.
3.3c, 3.3d) to produce LIPSS features. The parameters used are shown in Table 3.1. The
pitch size for the microstructures on the hierarchical structures (HS) are the same as for the

plain microstructures, referred in the following sections as HS-120, HS-150, HS-180.

3.3.5 Experimental Setup

Laser-induced cavitation was used to perform erosion tests on each brass sample.
Each sample was submerged in a glass cuvette containing deionized (DI) water which
served as the cavitating fluid. An Nd:YAG laser (Continuum Surelite, SLI1I-10) operating
at 1064 nm wavelength and 6 ns pulse duration was focused into DI water using a 10x
objective and fired at a repetition rate of 10 Hz. The 10x objective (Thorlabs, LMH-10x-
1064) has an effective focal length of 20 mm and NA = 0.25. As shown in Figure 3.4, the
laser light is delivered through one of the cuvette walls and the relative position of the focal
point to the surface sample is controlled by a motorized stage. The laser energy was
adjusted to 2 + 0.05 mJ using an attenuator prior to each erosion experiment to ensure a
100% bubble formation probability and an average maximum bubble diameter of 1.5 mm
+ 23 um (averaged over 10 events). First, the average bubble diameter of 1.5 mm was
obtained by generating cavitation bubbles 5 mm above the target samples which ensured
spherical bubble formation. Then, the sample was raised to generate cavitation at a stand-

off distance of y = 0.5 (Fig. 3.4b). As depicted in Fig. 3.4a, a high-speed camera (Photron
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NOVA S6, HSC) coupled with a long-distance microscope recorded a side-profile of the
bubble dynamics. Cavitation erosion tests were performed on each brass sample (1
untreated, 1 LIPSS, 3 MS, and 3 HS) using 200,000; 500,000 and 800,000 pulses at 10 Hz.
To assess the erosion of the samples, measurements of the surface topology were

performed using a confocal microscope (LEICA SP5).

3.4 Results

Fig. 3.5 shows the color-coded topography of a) untreated brass samples, b) LIPSS,
c) MS-120 and d) HS-120 before and after 800,000 cavitation events. The depth
measurements were obtained by means of confocal microscopy (LEICA SP5) instead of
AFM (as in our previous study[83]) because it can scan larger areas and deeper topologies.
Notice that the visual damage (appearing as dark spotted dots) and depths are significantly
larger on the untreated sample. After 800,000 cavitation events, the untreated surface has
a central damaged area of about 500 pum in diameter (FOV shown) with pit diameters
ranging between 10 and 70 pm, and maximum depths of 10 pum. Most of the pits formed
on the untreated surface reach depths surpassing 5 um. The pits on the LIPSS scribed
surface on the other hand, (Fig. 3.5b) appear more scattered and less frequent with
diameters not exceeding 15 pum. The surface with only microchannels (MS-120), appears
to have a central damaged area on the center flat peak that extends to the adjacent peaks as
highlighted by the dotted circle. The surrounding peaks present less damage. Meanwhile,

on the hierarchically structured surface (HS-120) the damaged area is smaller, appearing
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mostly on the central flat peak, and one large pit can be noticed on the top middle flat peak.
Damage was not observed on the walls or troughs of the microchannels in either MS or HS
samples. The surface profile was obtained by using the maximum intensity pixels on a
stack of 60 images taken at height increments of 0.2 um. The minimum value on the scale

in Fig. 3.5 is -5 um to better appreciate the eroded surface on Figs. 3.5b, 3.5¢, 3.5d.

Fig. 3.6 shows a diagram of how the calculations of eroded volume were performed.
First, figure 3.6a shows a schematic of the initial roughness prior to cavitation exposure.
Figure 3.6b shows the surface roughness after cavitation erosion. To calculate the eroded
volume (red striped region on Fig. 3.6b) a volume integration was performed over a 500 x
500 um?area, with its limits being the initial roughness of that surface (orange dotted line),

and the depth of the pits (solid black line below the roughness).

Fig. 3.7a shows the eroded volume for each surface as a function of the number of
cavitation events. As seen in Fig. 3.7a, there is a 3-fold reduction of eroded volume after
800k cavitation events on the surface with scribed LIPSS compared to the untreated
surface. Fig. 3.7b is a zoomed inset of Fig. 3.7a, to better appreciate the eroded volume
values for the microstructured surfaces (MS and HS). As shown in Fig. 3.7b, the eroded
volume decreases with the addition of microchannels with respect to both the untreated
surface and LIPSS scribed surface. The MS samples do not result in eroded volumes above
65,000 um?3after 800k cavitation events, a value surpassed by LIPSS and untreated samples

after only 200k events. It can also be noted that they exhibit a similar behavior as the LIPSS
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and untreated samples in which the rate of erosion decreases after 500k cavitation events.
In each of the tested pitches, when nanostructures (LIPSS) are added on top of the squared
areas of the MS surface, creating a hierarchical structure (HS), further increases the erosion
resistance as compared to the corresponding MS-only sample with the same pitch. For
instance, the eroded volume decreases from ~28,000 to ~19,000 um? with the addition of

LIPSS (HS-120) when compared to the sample with only microchannels (MS-120).

Notice that for surfaces containing microchannels (HS and MS), the smallest pitch
size (p = 120 um) corresponds to the smallest eroded volume while the largest pitch (p =
180) results in a greater eroded volume. However, the largest eroded volume for these
surfaces with microchannels (~ 65,000 um?®) is smaller than both, the untreated (~ 425,000
um?) and LIPSS scribed surfaces (~140,000 um?®) after 800,000 cavitation events. We
believe that the microstructures may modify the dynamics of the primary bubbles and their
respective rebounds, as discussed by Kadivar et al. [85]. This dependency on pitch size
may be attributed to smaller pitch sizes corresponding to higher density of structures which
behave as obstacles to the fluid flow and increase friction forces between the fluid and the
surface, effectively dissipating the bubble energy[93]. Also, the more microstructures on
the surface, the less normal incident area for the bubble and shockwave’s front to damage
the surface, making the force exerted on the surface to break down into 2 components, one

normal, and another parallel to the surface.

Fig. 3.8 depicts a typical cavitation bubble during our experiments formed on top

of an untreated surface at a standoff distance of y = 0.5. At a time of 0 ps, the plasma
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produced by the focused nanosecond pulsed laser can be observed as a white ellipse. The
growth stage of the main bubble is shown on the following frames, reaching its maximum
size at around 85 ps. After this time, the bubble begins to collapse, reaching its minimum
size at 170 ps. After the collapse, a rebound bubble is formed, growing and collapsing 260
s after the initial plasma. The dynamics of both, the main bubble and the rebound bubble,
were analyzed for each of the 8 surfaces studied in this work. An interesting behavior was
found on the dynamics of the rebound bubble’s growth and collapse. This will be explained

further on the discussion section.

3.5 Discussion

In this study, we observed a 3-fold reduction in eroded volume following 800,000
cavitation events when comparing the damage on a LIPSS scribed surface to an untreated
surface. Moreover, a reduction from 6.6 to 15.1 times for a microstructured surface,
depending on the pitch size, and a reduction from 7.2 to 22.6 times for the hierarchically
structured surface. Considering that the shockwave and jet are influenced by the fluid
properties and the standoff distance, respectively, by keeping both parameters constant we
minimized the differences related to these factors. As previously reported, LIPSS-scribed
surfaces may help prevent remnant microbubbles from attaching to the surface and further
activating into additional cavitation sites. This phenomenon can explain the differences
between the erosion in untreated vs. LIPSS scribed samples. However, the further reduction

in damage due to the microstructures seems to entail a different damage-reduction
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mechanism. Kadivar et.al.[85] previously reported that the bubble dynamics and the
rebound of a cavitation bubble near micro-scaled riblets vary from ones formed near a flat
surface. The difference they observed occurs during the collapse of the bubble and the
formation of the microjet whose direction is slightly altered and thus experiences more
damping friction. To determine the effects of the microchannels on the bubble dynamics
and rebound, high speed videos of the bubble formation, collapse and rebound were
recorded at 300,000 fps. These videos were used to observe and measure the primary and
secondary collapse times for the untreated and HS samples. The collapse times of the main
bubble were measured for each of the surfaces, and a significant difference was not
observed among them. For all 8 surfaces studied in this work, the main bubble collapse
time was 167 = 3 ps. However, it is evident that there is a difference in eroded volume.
Thus, the attention was focused on the surfaces’ effects on the rebound bubble dynamics.
For this reason, we use a different temporal variable, rebound time (t;), which uses the

instant at which the main bubble has ended its collapse as the reference.

Figures 3.9a and 3.9b show representative images of the first rebound of a
cavitation bubble on the untreated and HS-120 surfaces, respectively. The labels on the
upper right corner of each frame in Figure 3.9 show the time that has passed since that
reference rebound time (t;). Fig. 3.9a and 3.9b show the end of the collapse of the main
bubble for both surfaces, untreated and HS-120, respectively, t- = 0 ps. Notice that there
appears to be a larger bubble cloud for the untreated surface than for the surface with
microstructures. First, for the untreated sample (Fig. 3.9a), times 25 ps and 50 pys show the

growth of the rebound, having its maximum volume at approximately 50 ps. Then, the
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collapse of the first rebound is shown at approximately tr = 87 ps. On the other hand, the
hierarchical surface rebound bubble maximum size is at about 25 ps and its collapse occurs
at around 60 ps. Finally, frame 4 on Fig. 3.9b shows the bubble cloud approximately 27 us

after the collapse of the first rebound on the HS-120 surface.

To quantify the difference in size between first rebound bubble above each surface,
a binarization process on the image sequences was performed. A reference image (one
frame before the plasma event occurs, Fig. 3.8-1) was subtracted from all frames on the
high-speed video. A 20% threshold intensity was applied to further remove noise from the
subtraction. After that, the “bubble pixel count’ was computed for each frame for all the
surfaces and normalized by the main bubble pixel count for each surface. Fig. 3.10a shows
the normalized pixel count for the 8 different surfaces over time after the main bubble first
collapse (t = 0 ps). Here, we can see that the rebound bubble on the surfaces without
microstructures (untreated and LIPSS scribed surfaces), are significantly larger than the
rebound bubbles on the microstructured surfaces (MS and HS). For instance, the rebound
bubble above the untreated sample is 33%, 48%, and 81% larger than the rebounds above
the MS/HS-180, 150 and 120 respectively. From this subfigure, it can be noted that the
bubble cloud after the second collapse is larger and more crowded for the untreated and
LIPSS scribed surfaces and remains in the vicinity for a prolonged period. In the case of
the microstructured surfaces, the number of small bubbles in the cloud after the first

rebound collapse is smaller and appears to diminish after approximately 100 ps.

Figure 3.10b shows the collapse time of the first rebound bubble for each surface.

Here, it can be seen that there is a significant difference in collapse time for the surfaces
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with microchannels (MS and HS) vs. the surfaces without microchannels (untreated and
LIPSS), the latter having larger collapse times, 88 ps. The average collapse time of the
rebound is reduced to 75 s, 67 us and 61 ps for pitch sizes of 180 um, 150 pum and 120
pum, respectively. The bubbles in these experiments were created using the same value for
the energy, as stated previously in section 3.5, leading to a main bubble of the same size
across all surfaces. However, as seen on Fig. 3.10, there is a clear difference on the size of
the rebound bubbles. This indicate that there is a mechanism that prevents the rebound
bubble’s sizes to be the same among the different surfaces. This differences in bubble’s
size (Fig. 3.9) and rebound bubble’s collapse times (Fig. 3.10) can be analyzed by

comparing the bubble’s energy at the same instant, for all the surfaces.

Vogel et al.[94] state that the energy of the bubble, E,, is given by:

4
E, = §7T(pstat - pv)R3 (2),

with pstat being the static pressure of the surrounding liquid, pv representing the
vapor pressure and R the radius of the bubble at a given time. The size of the main bubble
was consistent for all surfaces as confirmed by the high-speed videos. Thus, by using

equation 2, we can compare how much energy the surface dissipated following the main
bubble collapse. If the terms %nR3 are rearranged and grouped together, the bubble volume

is obtained, so equation 2 can be rewritten as:

Ep = VpubbieAp (3)

From Fig. 3.10a we can calculate the maximum volume of each rebound, and

therefore, we can establish how much energy is lost during the interaction of the jet and
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shockwave with the microstructures, leading to smaller higher order collapses, effectively
reducing cavitation erosion. The energy percentage of the maximum size of the rebounds
for the 180 pm, 150 pm and 120 pm pitch surfaces with respect to the energy of the rebound
bubble in an untreated surface is 57, 45 and 32%, respectively. We believe that the energy
dissipated may be lost due to friction caused by the interaction of the liquid/vapor interface
and the microtextured surface. According to Marschewski et al[93], when microstructures
are added in the fluid flow, the microstructures will exert friction on the fluid, leading to
dissipation of energy as the fluid is disturbed. This dissipation of energy may be the cause
of the rebounds decreasing in size as the microstructures increase in density per area.
Further research is needed to detect and measure forces and stresses on the surface to

quantify the bubble energy dissipated by the surface.

3.6 Conclusions

Cavitation erosion tests were performed on 8 different surfaces of brass: untreated,
LIPSS scribed, microstructured surfaces (MS-120, MS-150, MS-180), and hierarchically
structured surfaces (HS-120, HS-150 and HS-180). A more noticeable surface damage was
observed on the untreated brass sample, followed by the LIPSS-scribed sample, and then
by the surfaces with microchannels (MS and HS). A reduction in the eroded volume by a
factor of 3 was achieved by using LIPSS when compared to the untreated surface, as
previously reported. However, a more drastic erosion reduction (factors of 15 and 22) was

observed for the MS and HS surfaces. A notable difference in the rebound collapse time
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was observed, with the shortest collapse time observed for the 120 um pitch surface
followed by 150 um, 180 um and finally the untreated surface. This variation in rebound
collapse time was correlated to the reduced degree of surface damage due to energy

dissipation provided by the microstructures.

Using high speed videos, the bubble pixel count was integrated to determine the
size of the rebounds atop each surface. The untreated surface had the largest bubble
rebound while the 120-HS pm had the smallest rebound size. The energy at the maximum
size of the rebound bubbles on the 120 um, 150 um and 180 pum pitched surfaces were
calculated to be 32%, 45% and 57% relative to their respective untreated surface. which
may explain the difference in eroded volume between the surfaces. The results presented
here provide insight to the design of nautical and wide selection of hydrodynamical

equipment for efficient protection against cavitation erosion.
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3.9 Figures and table

Table 3.1 Manufacturing parameters used for fabricating microchannels and LIPSS. Notice that the
repetition rate and wavelength is the same for both structures because the same laser is used for each process.
Notice as well that the pitch referred on the table for LIPSS correspond to the manufacturing pitch, not to

their spatial frequency. The analysis of spatial frequency is presented in Figure 3.2.

Parameter Microchannels LIPSS
Power [mW] 27 8
Speed [mm/s] 0.12 ‘ 2
Pitch [pm] 120,150, 180 | 22
Frequency [Hz] 1000
Wavelength [nm] 1030

47



Figure 3.1 SEM micrographs of microchannels manufactured on brass with a pitch size of 150 um. Image

on a) correspond to a magnification of 250x and b) corresponding to a magnification of 600x.
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Figure 3.2 a) SEM micrograph of LIPSS manufactured on brass. The red double pointed arrow indicates the

polarization of laser light. b) 2D FFT of Fig. 2a. A periodicity of 0.84 can be observed.
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Figure 3.3 Schematic representation of hierarchical structures fabrication. a) Microchannels are scribed
using laser energies above the ablation threshold., b) Perpendicular microchannels generate a squared grid
with a separation p between microchannels. c) LIPSS are scribed on top of the non-ablated squares using
laser energies close the ablation threshold. d) Finished hierarchical structures. e) SEM micrograph of

finished hierarchical structures (250x), f) SEM micrograph of finished hierarchical structures (600x).
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Figure 3.4 a) Schematic representation of the experimental setup for inducing cavitation on top of the brass

samples b) Schematic representation of the definition of standoff distance ().
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Figure 3.5 Color coded depth plots reconstructed from confocal microscopy data of untreated (a), LIPSS
scribed (b), microchannels microstructures (MS) (c), and hierarchical structured (HS) (d) surfaces. The
depicted squares represent a 300x300 um2 surface area. The red dotted circle highlights the damaged area

on the MS-120 surface.
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Figure 3.6 . Schematic representation of the calculation of the eroded volume using confocal microscopy

data. a) surface before cavitation erosion, b) surface after cavitation erosion.
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Figure 3.7 a) Calculated eroded volume as a function of number of cavitation events for untreated, LIPSS
scribed, microchannels and hierarchical structured surfaces. b) Detailed inset of eroded volume only for

microstructured and hierarchical surfaces.
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Figure 3.8 Formation (1), growth (2-3) and collapse (4-5) of a main cavitation bubble at ay = 0.5, and the
formation (6-7) and collapse (8) of the rebound bubble for the untreated surface. Black scale bar length on

first frame is 1 mm.
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a) Untreated

Figure 3.9 . a) Individual frames from high-speed videos of a cavitation bubble on top of the untreated brass
surface. b) Individual frames from high-speed videos of a cavitation bubble on top of the HS-120 brass
surface. Notice that the zero-time reference is the time at which the first cavitation bubble collapses (tr). The

black scale bar in both first frames is 1 mm in length.
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Figure 3.10 a) Area fraction of higher order rebounds as a function of time with respect to the projected area

of the primary bubble. b) First rebound collapse times for the different surfaces studied in this work.

57



Chapter 4  Future directions

Although different studies can be found in literature about cavitation erosion, the
phenomena that govern the erosion is rich and complex. Thus, additional research is still
needed to fully understand the underlying phenomena of cavitation erosion in metallic
surfaces. It would be of significant importance to calculate and determine the forces that
are exerted onto the surfaces, possibly via a technique called atomic force microscopy
colloidal probe technique[96]. If the tip is placed near to the solid-liquid interface, it could
give a good estimation of the vertical and horizontal forces applied on the solid. This could
give some insight into designing optimal hierarchical structures, by considering such

forces.

Various kinds of nanostructures could be tested, as well, to measure their ability to
avoid remnant microbubbles to attach. To manufacture other type of structures, some laser
parameters could be modified, such as the polarization (elliptical, circular, etc.), the
fluence, the angle of incidence, and even the wavelength by using a second harmonic
generator. More experiments are also needed to understand the physics of the attachment
of microbubbles to the solid surface. A technique described by Antonini et al[97] called
“image-based adhesion force analysis” can be useful to determine the remnant
microbubbles adhesion force and the relationship with the surface’s features. Furthermore,
future experiments can be designed to assess the effect of LIPSS generation and change in
hardness of the material. This might be a secondary effect of the reduction of eroded

volume on the LIPSS scribed surfaces.
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A crucial aspect in these kinds of phenomena, and a challenge, is that there are
temporal and spatial multiscale phenomena involved in it. In terms of speed, it has been
reported that the shockwave produced by a cavitation bubble can travel at a speed of up to
~2100 m/s[98], whereas the jet produced by it reaches the order of hundreds of meters per
second[70]. In terms of dimensions, the bubble’s diameters can be as small as a few
hundred of micrometers[99] to millimeter sized bubbles[83], and the structures generated
are in the order of hundreds of nanometers[83] to tenths of micrometers[see Fig. 3.3]. In
terms of lifespan, the plasma formation occurs for solely tens of nanoseconds[100], while
a cavitation bubble duration is usually in the order of microseconds[101]. This shows that
the erosion mitigation problem described here, is a very complex one. To fully understand
it, it is necessary to decompose it in smaller subproblems, that, analyzed separately, can be
potentially easier to understand and solve. Furthermore, evaluation of the LIPSS/HS
surfaces needs to be performed under more standardized erosion cavitation tests, such as
the ASTM G32-16[102], which describes methodologies for producing cavitation damage
on surfaces by using ultrasound cavitation. Once the assessment on test surfaces has been

done, the next step would be to test it on propellers and fins.

Finally, it should be noted that regardless of the physical mechanism of LIPSS
generation or the detailed phenomena under cavitation erosion, hierarchical structures have
shown to be a useful and straightforward laser process to prevent erosion. Moreover, as
LIPSS can be scribed in materials such as dielectrics[103,104] and polymers[105,106], the
laser processes described in this work can be used in applications such as fiber optic sensing

and microfluidics. Among the future directions of this work in these two particular topics,
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the creation of an all-fiber Airy-like beam generator by creating grooves on top of the tip
of an optical fiber and using hierarchical structures to mix fluid, but at the same time reduce

the friction coefficient can be seen as interesting future projects.
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Chapter 5 Conclusion

Although some theories have predicted it to some degree of accuracy, LIPSS
formation is still being discussed by the research community. Interestingly, research
efforts has shifted its focus towards the applications of LIPSS in different areas. This work
explores the use nano and micro modification of metallic surfaces via a femtosecond pulsed
laser. The nanometric features being LIPSS and the micrometric being micro channels. The

particular objective of these modification is to reduce cavitation erosion damage.

On the first part of this study, only a nano texturization of the surface was
conducted. This texturization was done via LIPSS. Their periodicity was 800 nm and their
depths of ~ 110 nm. For the 200,000 cavitation events generated at a y = 0.5, we
demonstrated that the eroded volume was reduced by a factor of 3 on the surface treated
with LIPSS, versus the untreated surface. We showed as well that there were less remnant
microbubbles attached to the surface on the LIPSS scribed samples. We think that these
remnant microbubbles are the main mechanism of erosion because they adhere to the

surface and serve as nucleation sites in the following cavitation events.

On the second part of this study, 8 different surfaces were assessed, those being an
untreated surface, a LIPSS scribed surface, 3 different pitches of a microstructured surface
and 3 different pitches of a hierarchically structured surface. We observed the same trend
for the untreated and LIPSS scribed surfaces. There is a factor of reduction of 1.1 — 1.5
when comparing HS to MS surfaces. This factor is attributed to the reduction in adherence

of remnant microbubbles, as explained in the last part. However, we noticed a clear
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difference between the surfaces that contains microchannels (MS and HS) to the surfaces
without them (LIPSS scribed and untreated). We found a reduction factor of 15 for the best
performing MS surface and a factor of 22 for the best performing HS surface. We believe
that this difference is connected to energy dissipation of the cavitation bubble onto the
micrometric features on the surface. This is supported by the experimental observation of

smaller rebound bubbles for the case of surfaces with microstructures.

With this work we proved that with an easy, economical, and scalable mean, such
as laser processing of materials, we can modify surfaces that are more resistant to cavitation
erosion damage. The results presented on this work could be applied to provide some

insight and improve the design of hydraulic systems to enhance their erosion resistance.
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